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Abstract

Abstract

This thesis aims at the synthesis of acid-labile poly(ethylene glycol) (PEG) building blocks suitable
for nanogel formation by radical polymerization, as well as the synthesis of heterobifunctional
PEGs for the functionalization of nanocarrier systems to obtain polymer networks for
transportation and controlled release of therapeutic proteins. The thesis was motivated both by
principal synthetic challenges and the potential future application of the nanocarriers in allergen-
specific immunotherapy. A special feature of this thesis is the interdisciplinary approach through
the fact that it was carried out in two laboratories; hence polymer synthesis, nanocarrier

preparation and cellular tests are performed by the same person.

Chapter 1 serves as an introduction to this thesis. In chapter 1.1, the benefit of using polymer-
nanocarriers for protection, transport and release of allergens as therapeutic proteins is discussed
in an editorial article. The underlying mechanism of allergen-specific immunotherapy (AIT) in
general as well as nanoparticle supported AIT are explained. Different biodegradable and non-
biodegradable polymers, synthetic or nature-derived nanostructures and inorganic nanoparticles
that were investigated for AIT are summarized in a comprehensive review in chapter 1.2 that gives
the state of the art in this field. Chapter 1.3 focuses on the synthesis of poly(ethylene glycol)s with
cleavable moieties in the polymer backbone, as they represent interesting candidates for
reversible bioconjugation or as stimuli-responsive, degradable building blocks for e.g.

nanocarriers.

The synthesis and characterization of an acid-labile PEG-acetal-dimethacrylate building block is
presented in chapter 2. A quantitative acid-catalyzed addition reaction of the hydroxyl function of
PEG to avinyl ether methacrylate yields an acetal-containing macromonomer that degrades under
mildly acidic conditions (hydrolysis half-life time at pH 5 is 48 hours). The protein cargo and the
PEG macromonomer are encapsulated inside of the liposomes prepared by dual centrifugation.
The loaded liposomes function as templates for UV-induced crosslinking. In vitro studies
investigate cellular uptake, cytotoxicity and the absence of cell maturation. The shielding of the
protein cargo from detection by antibodies and immune cells as well as the release of the
therapeutic proteins inside of the cell and its capability to induce T cell responses are

demonstrated in proof of principle experiments.

Chapter 3 expands the scope of available building blocks for nanocarrier formation by presenting

a synthetic concept for PEG with acid-labile ketal units in the polymer backbone. A ketal-initiator
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Abstract

is used for anionic ring-opening polymerization of ethylene oxide. Methacrylate units are attached
by a post-polymerization reaction with Candida Antarctica lipase B to enable three-dimensional
crosslinking via radical polymerization. The degradation kinetics is analyzed by in-situ 'H NMR
studies, revealing faster degradation of PEG-ketal-dimethacrylates compared to PEG-ketal-diols.
The novel PEG-ketal-dimethacrylate macromonomer is used to synthesize hydrogels composed of
non-degradable PEG-dimethacrylate and PEG-ketal-dimethacrylate. The degradation kinetics of
the hydrogels was studied at pH 5 and 7.4. Since nanogels feature a much higher surface to volume
ratio compared to macroscopic hydrogels, they are likely to disintegrate ever faster. Thus, the use

of PEG-ketal-dimethacrylates in protein loaded nanoparticles seems promising.

In Chapter 4, a simple, but effective method for polymer desymmetrization of PEG to
heterobifunctional PEGs is presented. Low-cost symmetric PEG was transformed into
monotosylated PEG with yields exceeding the expected ratios from statistical considerations upon
addition of silver(l)-oxide as a heterogeneous catalyst. The reaction products of the catalyzed
transformation and the non-catalyzed reaction were compared by using an analytical HPLC
method that makes use of evaporative light scattering detection. Since the peaks of the different
reaction products are base-line separated, the HPLC method is easily transferable to the semi-
preparative scale to obtain pure heterobifunctional PEG in a one-step reaction following HPLC
purification of 200 mg of crude product per injection. In the context of this thesis, the purified
heterobifunctional PEG-synthons can be transformed into valuable components for the
functionalization of nanocarriers. a-4-(a-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-w-
methacryloyl-PEG is exemplarily synthesized from symmetrical PEG-diol as one possible

functionalization option to target CD11c-positive cells.

As one example for the wide range of possible applications of the molecular building block PEG-
acetal-dimethacrylate, the preparation of vaterite nanoparticle-containing PEG-hydrogels is
described in Chapter 5, which is the result of a close collaboration with Romina Schroder (Tremel
group, Inorganic Chemistry, University of Mainz). These biodegradable PEG hydrogels serve as
mineral storage that might be applied as bone biomaterial during bone regeneration. Vaterite
nanoparticles incorporated into the polymer network show an accelerated transformation to
hydroxycarbonate apatite when incubated in simulated body fluid at 37 °C compared to free

vaterite nanoparticles.
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Zusammenfassung

Zusammenfassung

Ziel dieser Arbeit war die Synthese von saurelabilen oligomeren Polyethylenglykol (PEG)-
Bausteinen fiir die Herstellung von Nano-Hydrogelen durch radikalische Polymerisation, sowie die
Synthese von heterobifunktionellen PEGs zur Funktionalisierung von Nanocarrier-Systemen, die
polare und biokompatible Polymer-Netzwerke fiir den Transport und die gezielte Freisetzung von
therapeutischen Proteinen enthalten. Die Untersuchungen sind sowohl durch die grundlegenden
synthetischen Herausforderungen, als auch durch die mogliche zukiinftige Anwendung der
Nanocarrier-Systeme in der allergen-spezifischen Immuntherapie motiviert. Ein besonderes
Merkmal dieser Doktorarbeit ist der interdisziplindre Ansatz: Die Polymersynthese, die
Nanocarrier-Herstellung und die Zelltests wurden in zwar in verschiedenen Laboren durchgefiihrt,

jedoch von einer Person ausgefiihrt.

Kapitel 1 stellt eine Einleitung zur allergen-spezifischen Immuntherapie (AIT) dar. Es wird auf die
Anwendung von Nanocarrier-Systemen in der AIT und die bereits bekannten spaltbaren Gruppen
in PEGs eingegangen. In Unterkapitel 1.1 werden die Vorteile der Verwendung von Nanocarrier-
Systemen zum Transport, zum Schutz vor vorzeitigem Abbau und zur gezielten Freisetzung von
Allergenen beschrieben. Der zugrundeliegende Mechanismus der AIT mit freien Allergenen im
Vergleich zur AIT mit Nanocarrier-Systemen wird erldutert. Einen vollstindigen Uberblick tiber den
Stand der Technik im Gebiet der verschiedenen bioabbaubaren und nicht-bioabbaubaren
Nanostrukturen (synthetischer oder natirlicher Abstammung), die fir die Anwendung in der AIT
untersucht wurden, gibt Unterkapitel 1.2. Eine Ubersicht tiber die bekannten spaltbaren Gruppen
in PEGs, welche als Sollbruchstellen im Polymer-Riickgrat eingebaut werden, gibt Unterkapitel
1.3. Die spaltbaren PEGs stellen vielversprechende Kandidaten fiir die reversible Biokonjugation

oder fiir stimuli-responsive, abbaubare molekulare Bausteine fiir die Nanocarrier-Systeme dar.

Die Synthese und Charakterisierung des saurelabilen PEG-acetal-dimethacrylat Bausteins ist
Gegenstand von Kapitel 2. Die quantitative sdurekatalysierte Additionsreaktion der
Hydroxylgruppe des PEG mit einem Vinylether-Methacrylat ergibt einen Acetal-haltigen Baustein
der unter mild sauren Bedingungen hydrolysiert wird (die Halbwertszeit der Hydrolyse bei pH 5
betragt 48 Stunden). Die zu transportierenden Proteine und der spaltbare PEG-Baustein werden
in Liposomen, die als Template fir die UV-induzierte Vernetzung der Bausteine dienen,
eingeschlossen. Die Liposomen werden mittels dualer Zentrifugation hergestellt. Zellstudien zur

Aufnahme der Nanocarrier-Systeme, zur Toxizitdt und zur Untersuchung der ausbleibenden
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Zusammenfassung

Zellreifung wurden durchgefihrt. Um die Wirksamkeit der Verkapselung zu untersuchen, wurde
die Abschirmung der Proteine vor Erkennung durch Antikdrper und Zellen des Immunsystems,
ebenso wie die Freisetzung des therapeutischen Proteins innerhalb der Zelle und dessen Fahigkeit,

T-Zellantworten zu induzieren, nachgewiesen.

In Kapitel 3 wird das Synthesekonzept fiir einen neuartigen saurelabilen Baustein vorgestellt,
welcher Ketalgruppen im Polymerriickgrat enthalt und somit die zur Verfligung stehenden
molekularen Bausteine fiir die Nanocarrier-Herstellung erweitert. Ein Ketal-Initiator wird in der
anionischen Ringoffnungspolymerisation von Ethylenoxid eingesetzt. Methacrylat-Einheiten
werden in einer Post-Polymerisationsmodifikation mit dem Enzym Candida antarctica lipase B
eingefiigt um die dreidimensionale Vernetzung durch radikalische Polymerisation zu ermoglichen.
Die Abbaukinetik wurde mittels in-situ *H-NMR Spektroskopie-Studien untersucht, und offenbarte
eine schnellere Spaltung der PEG-ketal-Dimethacrylate (DMA) im Vergleich mit der Vorstufe PEG-
ketal-diol. Der neuartige Baustein wurde in verschiedenen Mischungsverhaltnissen mit nicht-
spaltbarem PEG-DMA fiir die Synthese makroskopischer Hydrogel-Proben eingesetzt. Der Zerfall
der Hydrogele bei pH 5 und pH 7 wurde untersucht. Da Nano-Hydrogele im Vergleich zu
makroskopischen Hydrogelen ein hoheres Oberflachen-zu-Volumen-Verhaltnis aufweisen und
somit noch schneller gespalten werden sollten, ist die Verwendung von PEG-ketal-DMA in Protein-

beladenen Nano-Hydrogelen sehr vielversprechend.

Der Schwerpunkt von Kapitel 4 ist die Entwicklung einer einfachen, aber dennoch effektiven
Methode zur Polymer Desymmetrisierung von PEG-Diolen zu heterobifunktionellen PEGs.
Kostenglinstiges, konventionelles PEG kann durch Zugabe von Silberoxid als heterogenem
Katalysator mit Ausbeuten, welche die erwarteten statistischen Werte (ibertreffen, in
monotosyliertes PEG transformiert werden. Die Reaktionsprodukte der katalysierten und der
unkatalysierten Umsetzung werden durch die Verwendung einer analytischen HPLC-Methode mit
integriertem Verdampfungs-Lichtstreudetektor verglichen. Da die Signale der verschiedenen
Reaktionsprodukte basisliniengetrennt sind, kann die HPLC-Methode leicht auf einen semi-
praparativen MaRstab (ibertragen werden. Reines heterobifunktionelles PEG kann durch eine
einstufige Synthese mit anschlieBender HPLC Aufreinigung mit 200 mg Rohprodukt pro Injektion
erhalten werden. Monotosyliertes PEG kann als Ausgangsverbindung fir die Synthese weiterer
wertvoller heterobifunktioneller PEGs und fiir die Funktionalisierung der Nanocarrier-Systeme

genutzt werden. Die Synthese von a-4-(a-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-w-
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Zusammenfassung

methacryloyl-PEG aus symmetrischem PEG-diol als Beispiel fiir eine mogliche Funktionalisierungs-

option zur gezielten Wirkstoffabgabe in CD11c-positive Zellen wird gezeigt.

Als ein Beispiel fiir die groRe Vielfalt an moglichen Einsatzgebieten des PEG-acetal-DMA Bausteins
wird die Synthese von mit Vaterit-Nanopartikeln beladenen PEG-Hydrogelen in Kapitel 5
beschrieben. Dieses Kapitel ist in enger Kooperation mit Romina Schréder aus dem Arbeitskreis
Prof. Tremel am Institut fir Anorganische Chemie der Universitdit Mainz entstanden. Diese
abbaubaren PEG-Hydrogele fungieren als Mineralspeicher fiir die Anwendung als
Knochenersatzmaterial wdhrend der Knochenregeneration. Der Einschluss von Vaterit-
Nanopartikeln in das Polymer-Netzwerk fiihrt im Vergleich zu freien Vaterit-Nanopartikeln zu
einer beschleunigten Transformation in carbonathaltigen Hydroxylapatit bei Inkubation in

simulierter Korperflissigkeit bei 37 °C.
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Motivation and Objectives

During the last decades, the number of patients suffering from allergic diseases has increased
alarmingly. In 2008, there were about 8 million allergic patients worldwide. While avoidance of
the allergen is the easiest and most successful strategy to circumvent suffering from allergies, it is
merely impossible for numerous allergens in daily life. The only available disease-modifying
treatment against allergies is allergen-specific immunotherapy (AIT), where an allergen is
administered in increasing doses to induce immunological tolerance. Among the disadvantages of
this therapy are long duration (3-5 years) and the risk of severe side effects. Currently, the
application of high allergen doses during AIT is restricted because of adverse reactions like allergic
symptoms or even anaphylactic shock. Several attempts have been made to reduce side effects,
e.g. by chemical modification of the allergen to destroy the B cell epitopes under simultaneous
preservation of the required T cell epitopes, to obtain so called “allergoids”. An alternative
approach is the encapsulation of allergens in polymer nanoparticles. Polymer nanoparticles most
likely possess great potential in the treatment of allergic diseases like hay-fever or asthma (among
others). Through encapsulation of allergens (proteins and peptides) their delivery to antigen
presenting cells, especially dendritic cells, might be realized without activation of other immune
cells and recognition by antibodies, therefore avoiding severe side effects. Currently known
carrier-structures, however, suffer from several disadvantages, such as poor water solubility and
the intrinsic capability to mature and activate cells, or from the fact that they are is not practicable

because of long degradation times and slow release of the cargo.

In this work, we designed polymeric nanoparticles solely composed of poly(ethylene glycol) (PEG),
a widely used polymer, which is FDA-approved in numerous formulations and has undergone
broad clinical studies as well as several decades of application. A significant difference in pH/redox
potential between the endolysosome and other cell compartments (i.e. the cytosol) and the
extracellular fluid can be exploited for novel stimuli-responsive materials. Chemical design of the
oligomer building blocks for the nanoparticles, so called “macromonomers” and subsequent
crosslinking lead to PEG-nanoparticles that degrade at a predefined pH-value specifically inside
the endolysosome of a cell. This degradation triggered by a certain stimulus is a major

improvement over carrier systems that degrade through unspecific hydrolysis.

The specific objectives of this thesis are described in the following.
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Motivation and Objectives

i)

The design of a carrier system for proteins is envisaged that encapsulates high
amounts of protein, is stable in aqueous solutions under neutral conditions, but
specifically degrades and releases its protein cargo upon acidification. The main topic
of the first part of this thesis is the synthesis of an acid-labile macromonomer suitable
for three-dimensional crosslinking in aqueous solution and subsequently the
development of a synthetic route for nanogels from this macromonomer. Key-
requirements for the created carrier system primarily imply water solubility, non-
toxicity and prevention of cell maturation or activation.

The incorporation of acetal units into the poly(ethylene glycol) backbone resulted in
degradation at pH 5 within several days. As nanocarriers with a burst release behavior
upon acidification are desired for the application as an allergen delivery tool in
allergen-specific immunotherapy, the acetal units were replaced with ketal units
which are known for their higher acid-lability. The combination of a new ketal-
containing initiator with epoxide chemistry aims at enlargement of the
macromonomer toolbox for nanogel synthesis.

A targeted delivery in addition to the controlled release of the allergen into antigen-
presenting cells is a key step in modulating the immune responses against harmless
allergens towards tolerance or anergy. Furthermore, attachment of fluorescent dyes
to track the fate of nanoparticles in vitro and in vivo is highly desirable. For both
intended purposes, heterobifunctional poly(ethylene glycols) are essential bearing
one end group that enables covalent incorporation into the polymer network of the
nanogel and a second end group that allows for the attachment of a targeting moiety
or a fluorescent dye. To obtain heterobifunctional PEGs from symmetric PEG-diol
precursors, a maximum vyield of the monofunctional polymer product in a “polymer
desymmetrization” step is crucial. The purity of the monofunctional PEG-precursor is
important to permit complete incorporation of the expensive, biologically active
targeting molecule or the fluorescent dye into the nanoparticle network.

Motivated by the need for synthetic bone and tissue substitutes to promote bone
healing in vivo, particular interest has been pronounced in the use of macromonomers
from nanogel synthesis for the preparation of hydrogels. A new bone grafting material
is developed by incorporating vaterite nanoparticles into hydrogel networks, in order

to introduce flexibility and degradability, while retaining the nanoparticles’ bioactivity
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v)

and osteoconductivity. This work was carried out in close collaboration with Romina
Schréder from the group of W. Tremel at the Institute of Inorganic Chemistry.

An immediate evaluation of the designed carrier systems using blood cells of allergic
human blood donors was one of the main goals of this work. The nanocarrier systems
were tested with regard to cytotoxicity, endotoxin content, cell maturation, uptake
into dendritic cells, release of the cargo protein inside of dendritic cells, and shielding
of the cargo proteins by the nanocarriers from detection by immune cells. Depending
on the results of the cellular tests, the reagents of the nanocarrier synthesis as well as
the synthetic procedure for the nanocarrier formation could be adapted straight
away, which is a clear advantage of the interdisciplinary research project handled by
the same person. With detailed in vitro testings, problems for biological applications
occurring during the nanocarrier synthesis could be eliminated prior to envisaged in

vivo tests and the eventual clinical trials for application in humans.
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“Chemists, pharmacists and clinicians should work hand in hand to adapt the existing concepts of

protein delivery into dendritic cells for the potential application in AIT.”

Allergen-specific immunotherapy — Challenges

The total number of people suffering from allergic diseases increased dramatically during the last
decades. Allergic reactions of the immediate type (type | hypersensitivity reactions according to
classification by Coombs and Gell) involve an overreaction of the immune system and the
formation of IgE antibodies, which act against environmental substances that are essentially
harmless to the body. IgE binds to mast cells and basophilic leucocytes that release pro-
inflammatory mediators upon contact (cross-presentation) with allergen responsible for
symptoms like asthma, hay fever, or anaphylactic shock. So far, allergen-specificimmunotherapy
(AIT) treats the allergy by repeated subcutaneous injections or sublingual application of increasing
doses of allergen which leads to the development of tolerance toward the specific allergen. The
efficacy of AIT has been proven in a great number of clinical trials, but possible dangerous side
effects and long-term treatment with insufficient adherence to therapy remain obstacles. On a
cellular level, immunotherapy leads to a shift from a Th2 and Th17 towards a Th1 response and

the induction of regulatory T cells.!” This is characterized by reduced production of IgE, IL-4 and
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Chapter 1. Introduction

IL-13 and an enhanced production of IFN y and 1gG subtypes, which act as blocking antibodies and
capture the allergen before activating effector cells. The exact mechanisms of specific

immunotherapy have been reviewed in detail.”

How can nanoparticles aid?

Nanoparticles (NPs) can either serve as adjuvants®® or as carrier systems for the allergen or DNA
molecules, or both.” The nanoparticles can encapsulate and thereby protect sensitive cargo
from degradation by enzymes or changes in pH, enable high-density loading of cargo, and can
deliver antigens and, if desired, co-deliver adjuvants to the desired location in the body. On the
other hand, antigen shielding by nanoparticles can avoid detection of the cargo by IgE-antibodies
on the surface of basophilic leucocytes or mast cells, and thereby prevent undesired side effects
during AIT. Through “hiding” the allergen from detection by the immune system, undesired and
sometimes severe side effects may be prevented. It is even conceivable that AIT may be facilitated
where it is not yet routinely available (e.g. for food allergies like peanut allergy).® For oral
immunotherapy, the design of nanoparticles resistant to acidic conditions in the stomach is
feasible, which are capable of crossing the mucosa and epithelial barrier to deliver their cargo to
dendritic cells in the intestine.l”? Furthermore, NPs can enhance uptake of allergen into dendritic
cells and thereby may allow therapy with lower doses of allergen compared to conventional AIT.
The AIT with allergen entrapped in nanoparticles could result in a more convenient therapy for
the patient due to fewer injections and may thereby effect a decrease in the timeframe required
for effective AIT and reduce harmful secondary effects, which may in turn result in higher patient

compliance.

Which kinds of delivery systems do we know?

Many concepts are known, have been tested and further developed for transportation of proteins
and DNA molecules in preventive vaccination against infectious diseases or cancer.®® Surprisingly,
only a couple of dozen articles have been published on the utilization of nanoparticles in a
therapeutic approach on established allergic diseases. These nanoparticles include allergen-
loaded, allergen-coated, and empty NPs. Allergen-loaded NPs offer the advantages described in
the section above. Nanoparticles coated with allergens facilitate cross-linking and activation of
immunoglobulins on cell-surfaces and are more often used for preventive vaccination strategies.

Nanoparticles that do not contain specific allergens utilize the materials capability of inducing Th1-
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driven immune responses and thereby establish a balance between allergy-related Th2- and Th2-

s.[10-121 Although this approach does not belong to immunotherapy

antagonizing Thl-response
treatment, the results are promising. However, extensive studies investigating mechanisms and

effects on systemic Th1 activation are required.

Materials investigated for the delivery of allergens to date are based on biodegradable and/or
biocompatible synthetic polymers like polyanhydride, poly(D,L-lactide-co-glycolide) (PLG) and
poly(D,L-lactide-co-glycolic acid) (PLGA), poly(ethylene glycol)-dimethacrylate (PEG-acetal-DMA),
poly(methyl vinyl ether-co-maleic anhydride) (Gantrez-NPs), poly-e-caprolactone (PCL),
polyvinylpyrrolidone, poly(propylene imine), and polymethacrylic acid co-polymers (i.e. Eudragit
L-100). Some materials are obtained from nature as bacterial ghosts (emptied bacterial envelopes
as a carrier) like lactic acid bacteria (LAB) or heat/phenol-killed E. coli. Biopolymers or bio-inspired
polymers like sodium alginate, neoglycocomplexes, micro-sepharose, protamine-based
nanoparticles (proticles), and liposomes serve as carrier structures as well as core-shell
construction consisting of different materials like carbohydrate modified ultrafine ceramic core
based nanoparticles (aguasomes), or enteric-coated NPs. For DNA delivery, chitosan, liposome-
protamine-DNA nanoparticles (LPD), PLGA, and poly(ethylene imine) represent materials already

tested for application in AIT.1% 13715

By far, the most popular materials used for nanoparticle preparation are the rather apolar, water-
insoluble PLG and PLGA in case of protein encapsulation, and chitosan regarding DNA entrapment.
These materials all exhibit unspecific degradation behavior upon hydrolysis and enzymatic
degradation. This property results in sustained release, which may be advantageous in terms of a
depot effect, but also affects storage stability of synthesized nanoparticle formulations in solution
(short shelf-life). Degradation of the carrier system and release of the cargo may take up to several
weeks.'® Many of the aforementioned materials are not susceptible to an external stimulus that
enables particle degradation. This can result in cargo release before application or at undesired
locations in vivo, i.e. in the extracellular matrix or blood. In turn, the immune system can be
activated and side effects that one tries to circumvent by nanoparticle shielding may occur

nevertheless.

Future prospects/Conclusion

AIT today still is not free from undesired effects occurring during therapy, limiting its therapeutic

scope. A key objective for the therapy development should be to decrease undesired effects,
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thereby enhancing the patients’ safety and clinical efficacy. Research during the last decades
examined specific immunotherapy with allergoids (chemically modified allergens) or peptides
(B cell epitopes are removed preventing cross-linking of IgE immunoglobulins), or co-
administration of anti-lgE-antibody omalizumab or DARPins (prevent binding of free IgE to
FceRI1).”) Approaches aim on influencing the balance of T cell subtypes include synthetic CpG-
oligodeoxynucleotides (unspecific induction of Thl response), and sialic acid polyclonal IgG,
Tregitopes or Lactobacillus rhamnoses (induction of regulatory T cells).*®! Nanoparticles, on the
other hand, can combine the advantages of these approaches by acting as delivery systems
(protection from degradation, avoidance of IgE cross-linking, targeting of dendritic cells, co-
delivery of adjuvants), which show promising results for the improvement of safety and efficacy
that should be beneficial to AIT. It is a safe bet that in the next decade nanoparticles will gain
increasing influence in AIT because of these favorable features. The stage is set: We have now
attained comprehensive knowledge regarding the influence of NPs on the immune system.
However, further studies will be necessary to comprehend effects of nanoparticles on the immune
system when applied in the way of repeated injections and to prove their long-term compatibility

before widespread application can be considered.

Many NP systems with new capabilities and functionalities are known from recently developed
drug delivery concepts, e.g. in cancer therapy.® 1> °1 The employment of biocompatible, non-toxic
and non-immunogenic polymers bears promise, as they may combine the advantage of long-term
stability and degradation only upon a certain stimulus, such as a pH difference inside the
endolysosome.?” The design of novel carrier systems should take advantage of the progress in
nanoparticle engineering, i.e. by using NPs that can selectively target cells or organs, and contain
predetermined degradation sites that facilitate drug delivery upon a certain stimulus. To this end,
chemists, pharmacists and clinicians should work hand in hand to adapt the existing concepts of

protein delivery into dendritic cells for the potential application in AIT.
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Abstract

Within the last decades, the number of patients suffering from allergic asthma and rhino-
conjunctivitis has increased dramatically. The only available cause-oriented therapy is allergen-
specific immunotherapy (AIT). AIT reduces symptoms, but also has a disease modifying effect.
Disadvantages are a long-lasting procedure, and in a few cases severe adverse effects like
anaphylactic reaction. Encapsulation of allergens or DNA vaccines for AlIT into nanostructures may
provide advantages compared to the conventional AIT: The protein/DNA molecule can be
protected from degradation, higher local concentrations and targeted delivery to the site of action
appear possible and most importantly, recognition of encapsulated allergen by the immune
system, especially by IgE antibodies is prevented. AIT with nanoparticles (NPs) offers a safer and
potentially more efficient way of treatment for allergic diseases. In this review we summarize

different approaches using NPs for AIT.
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1. Introduction

1.1 Allergy and AIT

The prevalence of allergic diseases increased dramatically during the last century. Immediate
hypersensitivity, also known as type | hypersensitivity reaction as classified by Coombs and Gell,
is caused by an overreaction of the immune system to usually otherwise harmless environmental

substances.™
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Figure 1. Prevalence of asthma and allergic rhinitis among finish military conscripts in 1966-2003
in percent shows an increasing trend. Modified from Ref. 2,
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In the sensitization phase after first contact with the allergen, the allergen is internalized,
degraded and presented on the cell surface by antigen-presenting cells, especially dendritic cells
(DCs) resident in the epithelia of skin and mucosa. After migration to the lymph nodes, DCs can
present the allergen-fragments on their cell surface especially to naive T cells initiating the
induction of a T cell response and further Th2 cell differentiation. Th2 cells can activate B cells to
transform into plasma cells that secrete IgE antibodies against the allergen. IgE can bind to high-
affinity membrane-bound receptors (FceRl) on the surface of mast cells and basophilic leucocytes

(see Figure 2a).

Upon further contact with the allergen, the IgE molecules bound to the mast cell surface are cross-
linked by the specific allergen and trigger a signaling cascade resulting in degranulation of these
cells and the release of preformed mediator molecules like histamine and leukotrienes. The
release of these mediator molecules is responsible for the early inflammatory response and in this
way for the symptoms of allergic patients. These symptoms include sneezing, oedema, wheezing
and mucus congestion in hay fever and asthma and are created by bronchoconstriction,
vasodilation, leucocyte recruitment and increased mucus production. In the most serious cases of
allergy against insect stings, drugs, or food allergy like peanuts, the inflammatory responses affect
many body systems simultaneously, and an anaphylactic shock can occur (see Figure 2b and c).
Additionally, memory Th2 cells are activated by dendritic cells and release chemoattractant
molecules that besides mast cells also attract further granulocytes, especially eosinophils leading
to late inflammatory responses such as oedema, pain, warmth, erythema, airway narrowing, and
mucus hypersecretion. A more detailed description of the mechanisms occurring during allergic

inflammation is given by Galli et el.l*!
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Figure 2. Schematic representation of a) sensitization against allergen, (b) re-exposure to the same
allergen, and (c) allergic effects upon repeated contact with allergen.

To date, allergen-specific immunotherapy (AIT) is the only cause-oriented therapy for immediate
hypersensitivity. Invented over 100 years ago by Leonhard Noon and John Freeman, AIT consists
of repeated injections of the specific allergen in increasing doses, resulting in restored tolerance
towards this specific allergen.”! Applications in clinical use are restricted to subcutaneous

injections or sublingual application (droplets or tablets).

The mechanisms underlying AIT are not fully elucidated, nonetheless it is known that allergen-
specific memory T- and B-cell responses are modified, combined with an antibody class switch
from IgE towards protective IgG antibodies. IgG antibodies can neutralize the allergen before it
gets in contact with effector cells. Furthermore, infiltration and activation of eosinophils, mast
cells, and basophilic leucocytes is reduced. AIT influences the reciprocal regulation of T cell
subtypes Thl, Th2, Th9, Th17, Th22 and Treg. Successful AIT is characterized by a shift from
Th2/Th17 immune response towards an induction of regulatory T cells sometimes along with a
Th1 response. On the cytokine level, IL 4 and IL 13 are reduced while IL 10 and IFN y levels are
elevated (see Figure 3). The exact mechanisms of AIT have been reviewed elsewhere. ¢ Although
effectiveness of AIT was confirmed in the majority of clinical trials, it still suffers from drawbacks

like the potential induction of severe side effects, long treatment duration and sometimes limited
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treatment effect, which all affect therapy safety and patient compliance. In the following section,

different approaches for potential improvement of AIT will be discussed.
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Figure 3. Comparison of allergen-specific immunotherapy with soluble allergen and with allergen
encapsulated in nanoparticles.

1.2 Co-administration of antibodies or fusion proteins

Combination of anti-IgE (Omalizumab, Ligelizumab) and conventional AIT shows certain benefits
compared to treatment without Omalizumab. Anti-IgE antibody may decrease the symptom load
during AIT as well as increase the safety when during up-dosing in rush immunotherapy.: & The
fusion protein DARPin (designed ankyrin repeat protein) may also be of great interest for co-
administration in AIT. They do not only antagonize the interplay between FcZRI and unbound IgE,

but also disrupt existing IgE-FceRlI interaction.®1
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13 Allergoids

One approach to improve safety and efficacy of AIT is the chemical modification of allergens. So-
called allergoids are prepared by reaction with glutaraldehyde or formaldehyde and are
characterized by destruction of B cell epitopes (reduced allergenicity) but maintenance of T cell
epitopes (same immunogenicity). Glutaraldehyde (a bis-aldehyde) treatment of native allergens
results in conjugation to the proteins and thus polymerization of the proteins.*? 3 Inter-molecular
cross-linking of allergens can also be achieved by through microbial transglutaminases.**
Treatment with allergoids in clinical trials results in reduced side effects during AIT.™*> ! Similar
approaches are the use of peptides (fragmented allergens) for AIT*” and recombinant and/or
genetically modified allergens*® **! Another advantage of recombinant allergens over natural
extracts is better standardization due to non-seasonal shifts in allergen composition. Another
approach is conjugation of allergens to polymers, e.g. to poly(ethylene glycol), so called

PEGylation, leading to reduced allergenicity but retained immunogenicity, too.[% 2!

1.4 Adjuvants

Approved and most commonly used adjuvant (agent that modifies the effects of antigens) in AIT
is alum (aluminum hydroxide). The allergen is adsorbed to hardly soluble alum, which, in addition,
strengthens the immunologic effect (functions as an allergen depot). However, alum also shows
some disadvantages as it can cause sensitivity to aluminum, and due to its function as a Th2 cell
inducer, it may also aggravate allergic reactions.?? Therefore, the exploration of other adjuvants

for AIT is desirable.

Adjuvant-allergen conjugates do not influence allergenicity but trigger the innate immune
response and thereby shift it towards Thl. The conjugates may compose e.g. of CpG

oligonucleotides, imidazoquinolines, adenine derivatives, or monophosphoryl lipid (MPL-A).[23-26]

1.5 Nanoparticles

Nanoparticulate structures may serve as carrier system for proteins, peptides, or DNA molecules
and may also have adjuvant effects. There are two possible ways of transportation: encapsulation
or surface coating of the cargo. Encapsulation offers protection from enzymatic or acidic
degradation, delivery and co-delivery with other molecules to the targeted site of action, which
enable high local concentrations, and prevent detection of the cargo molecule by the immune

system. Especially in AIT, shielding of the allergen prevents recognition by IgE bound on the

35



1.2 Nanoparticles for Allergen-specific Immunotherapy

surface of mast cells or basophilic leucocytes, which in turn should mitigate or even prevent side-
effects (i.e. in the worst case anaphylactic shock) during AIT treatment. This property may be also
useful for the realization of AIT against food allergies, where it is not yet routinely available.?”’ An
oral administration route for food AIT seems natural, but it brings along additional requirements
for the nanocarrier; as the cargo needs to be delivered to the intestine, NPs have to be resistant
to gastric acid and need to cross epithelial barrier and the mucosa to reach the lamina propria.l®!
Another important feature of NPs depending on the design (size, charge, particle shape) is
improved and accelerated cellular uptake, which might enable treatment during AIT with reduced
doses of allergen. Reduced doses in turn may lead to fewer injections and in this way to a less
unpleasant therapy for the patient. Allergen-coated NPs, on the other hand, facilitate cross-linking
of IgE on the cellular surface and thereby activation of the immune cells and are usually used for
investigation of prophylactic allergen vaccinations in mice. Non-loaded NPs have also been tested
for allergen treatment, mostly in a prophylactic approach and show promising results due the

ability to restore balanced Th1 and Th2 responses due to their adjuvant activity.

There are thousands of publications concerning NPs as carrier systems for drug delivery!?®3°' many
of them with focus on vaccination strategies against cancer, infectious diseases or autoimmune
diseases.’®3* Considerably less research has been undertaken for NPs with focus on AIT. Some
concepts investigate prophylactic vaccination strategies against allergies, others concentrate on a
therapeutic approach in established allergic disease. Nanoparticle composition, structure and
origin is manifold; the cargo (allergen or DNA) may be encapsulated or deposited on the surface.
In the following sections, we will present the different NPs used for AIT sorted by their

composition, 13537 31: 381
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2 Biodegradable Nanostructures
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Figure 4. Overview of biodegradable nanostructures used in AIT.

2.1 Polymer Nanoparticles

2.1.1 Polyesters

The most popular polyesters used in drug delivery are the polyesters poly(lactic acid) (PLA) and
poly(lactic-co-glycolide) (PLGA, poly(lactic-co-glycolic acid)).*® These biodegradable polymers
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degrade under biological conditions via enzymatic hydrolysis. Degradation times can be adjusted
from 2 weeks to 24 months.[*% 4 The rather long degradation times together with the acidic
degradation products, which may result in inflammation at higher concentrations, and the
difficulty of derivatization are the main drawbacks of these materials. To overcome these
limitations, copolymers of basic character to neutralize generated acidity or copolymers to allow
derivatization can be utilized.!*" Poly(e-caprolactone) nanoparticles are distinguished by very low
degradation rates by hydrolysis and enzymatic degradation, drug molecule release is dominated
mainly by diffusion. This characteristic results in long term drug release, and sometimes
incomplete drug release.*? Here again, the limitations can be circumvented by copolymerization
with suitable comonomers like other lactones. Poly(anhydrides) are applied in controlled-release

coatings or temporary medical implants, as they degrade hydrolytically.
2.1.2  Poly(lactic-co-glycolic acid)

The copolymer poly(lactic-co-glycolide) (PLGA or poly(lactide-co-glycolide), PLG) combines many
advantageous features like easy preparation, biocompatibility, inexpensive and commercially

availability and degradation by hydrolysis.[4% 38!

The encapsulation of the major olive pollen allergen Ole e 1 in PLGA microparticles was
investigated by Batanero et al. Interestingly, the microparticles showed a fast allergen release
profile (about 45% release within 1 h).*¥ Immunization of mice with these NPs resulted in a Th1-
type immune response (enhanced IgG2a and IFN-y production, no IL-4 production).** Igartua et
al. investigated their olive pollen loaded PLGA microspheres physicochemically as well as in mice
concerning the induction of an immune response following sensitization with allergen-loaded
microspheres. IgM antibodies were detected after sensitization and sustained for 28 weeks.!*”
Marazuela et al. observed inhibited allergen-specific IgE and 1gG1 antibody levels, and increased
specific 1gG2a upon preventive treatment of mice with Ole e 1-peptide loaded PLGA NPs.
Furthermore they showed that IL-5 and IL-10 levels in spleen cell cultures were suppressed, as

well as airway histopathologic parameters.[*®!

Fattal et al. developed PLGA-microspheres loaded with milk protein B-lactoglobulin (BLG) for oral
delivery. Treatment of mice with this carrier system tolerized mice to subsequent BLG challenge

reducing both specific IgE and delayed type hypersensitivity responses.[47: 48!

Martinez Gémez et al. observed protection against an allergen challenge (exposure to the

allergen) in PLA2-allergic mice treated with PLGA microspheres loaded with PLA2 (phospholipase
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A2 from honey bee venom) and CpG. Consequently, the authors reported an increase of IgG2a.
The therapeutic effect was even enhanced by co-encapsulating allergen, CpG and protamine.!*!
Jilek et al. used PLGA microspheres to encapsulate PLA2-DNA. Mice that received these delivery
systems showed T-cell hyporesponsiveness, increased PLA2-specific IgG1 and 1gG2a, and reduced
PLA2-specific IgE. Challenge with allergen resulted in balanced Th1 and Th2 cytokine expression

as well as sustained expression of [L-10.5%

PLGA as possible oral delivery platform for bee venom phospholipase A2 was analyzed by Guerin
et al. The authors showed no in vivo data, but proved integrity of the entrapped PLA2 by PLA2-
specific ELISA.Y Detailed analyses of the physicochemical properties of bee venom, % >3 mellitin
from bee venom,® and house dust mite allergen Der p 15° were performed investigating the

influence of the reaction conditions necessary for PLGA NP preparation on the proteins.

Xiao et al. treated pre-sensitized mice with recombinant Caryota mitis profilin -loaded PLGA
nanoparticles. The treatment resulted in conversion of Th2 to Thl response, and evidently

alleviated allergic symptoms.°®!

Joshi et al. described a preventive treatment with PLGA NPs co-administered during sensitization
against Der p 2 allergen in mice. The authors found increased numbers of eosinophils in BAL fluids,
increased IgE and IgG1 antibody levels, and increased airway hyperresponsiveness for Der p 2 NPs.
However, when these NPs were loaded with CpG, airway hyperresponsiveness was prevented and
IgG2a antibody levels elevated. Unfortunately, the effect of CpG alone was not compared to the
results.®”? Upon treatment of pre-sensitized mice with recombinant Der p 2-loaded PLGA NPs, Yu
et al. detected decreased lung inflammation and mucus secretion, the number of total cells and

eosinophils decreased in BAL fluid, and a shift towards a Th1 response could be observed.®

Salari et al. treated pre-sensitized mice with PLGA-encapsulated rChe a 3. AIT with these NPs

resulted in a shift from Th2 to Th1 as well as an upregulation of regulatory T cells.%

Takagi et al. presented a delivery system based on PLGA and loaded with OVA. AIT with these NPs
in guinea pigs showed weaker local tissue reactions, increased in the threshold value of antigen
inhalation test, and the amount of IgG2 blocking antibody.® Smarr et al. synthesized PGLA
particles either conjugated to or loaded with ovalbumin. Particles with OVA conjugated to the
surface could only partially inhibited Th2 responses in a therapeutic approach, although they

worked well in prophylactic vaccination of mice. NPs with encapsulated OVA were able to inhibit
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Th2 responses as well as airway inflammation both in a prophylactic and in a therapeutic approach

in mice.64

The group of Jensen-Jarolim developed PLGA microspheres functionalized with lectin or wheat
germ agglutinin to target a-L-fucose residues on M-cells and enhance uptake in human
enterocytes.®? In a preventive immunization approach, mice treated with birch pollen-loaded
microspheres showed higher levels of allergen-specific 1gG.[®3 Treatment of pre-sensitized mice
with birch-pollen loaded microspheres resulted in a shift towards Th1l response. Functionalized
microspheres showed better therapeutic effect than unfunctionalized ones./®* Encapsulated
protein was protected from gastric degradation. Immunization of mice with these PLGA
microspheres resulted in an increase of specific IgG2a, but no increase of IgG1 antibodies.®* In an
in vitro experiment with human PBMCs, microspheres showed no cytotoxicity but immune
stimulatory properties in general.’®! Schéll et al. investigated the benefit of a single-shot
treatment of sensitized mice with Bet v 1-loaded PLGA nanospheres. Mice receiving the loaded
nanospheres subcutaneously or orally with or without alum showed a decrease of IgG1l and

increase of IFN-y and IL-10.[¢7: ¢8I

Zhang et al. entrapped OVA as model antigen together with CpG ODN (a TLR 9 agonist) in PLGA
microparticles and compared the generation of immune response to an OVA-CpG ODN fusion
molecule. OVA and CpG ODN loaded microparticles injected in mice showed higher IgG2a and IFN-
y levels than CpG-ODN fusion molecules.!® Dendritic cells that took up the microparticles matured
and were more effective in T cell activation.’® San Roman et al. treated pre-sensitized mice with
PLGA microparticles loaded with OVA and CpG. The treatment protected mice from anaphylactic
shock after allergen challenge. The presence of CpG shifted the immune response of mice with an
established allergy towards Th1.Y In a recent publication, Maldonado et al. demonstrated the
use of PLGA as tolerogenic NPs with the capability to use as prophylactic or post-sensitization
therapy. The model allergen ovalbumin was co-encapsulated with immunosuppressant
rapamycin. Mice treated prophylactically with these PLGA-NPs exhibited an IgE response and
suppressed recruitment of lymphocytes to the airways. Independent from the route of
administration during sensitization (oral or nasal), treatment with PLGA-NPs induced regulatory B
cells, T cell activation was inhibited. The quantity of lymphocytes and eosinophils in BAL fluid was

reduced as well as antigen-specific hypersensitivity reactions.”?
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2.1.3 Poly(e-caprolactone)

Poly(g-caprolactone) is one of the most popular polymer for biodegradable drug delivery systems
because of its characteristics like biocompatibility, high permeability, and low glass transition
temperature.*” 73! San Roman et al. found out that immunization of naive mice with poly-¢-
caprolactone (PCL) microparticles with a single shot by an intradermal route resulted in a Th2-type
immune response. When the same microparticles were used in a therapeutic approach in mice,
high OVA-specific 1gG but low levels of IgE were found together with lower levels of serum
histamine, leading to a higher survival rate after allergen challenge and induced anaphylactic

shock.l’4
2.1.4 Poly(anhydride) nanoparticles

Poly(anhydrides) degrade within days to several months. This property in concert with
biocompatibility, low melting points and solubility in organic solvents makes them interesting
candidates for drug delivery.[*? 7> De Souza Rebougas et al. immunized naive mice with peanut
protein loaded poly(anhydride) nanoparticles. Depending on work-up procedure, the authors
observed balanced Thl and Th2 antibody and cytokine responses using lyophilized NPs, while

spray-dryed NPs additionally induced enhanced Th1 and Treg cytokines.[’¢ 77!

2.2 Natural biodegradable polymers

Natural biodegradable polymers are most often obtained from plants, e.g. chitosan, dextran,
alginate, or cellulose derivatives. The source of origin is advantageous as there exists a low risk of
unwanted immunological reactions due to the plant origin.!® With regard to their composition,
biodegradable natural polymers may consist of proteins (e.g. collagen, albumin, globulin, gelatin)

or polysaccharides (e.g. starch, chitosan, alginate, dextran, hyaluronic acid).[’®
2.2.1 Polyamides

For drug delivery purposes, mostly natural poly(amino acids) or synthetic polyamides like
polyhydroxyethylaspartamide are used due to their water-solubility and biodegradation. Natural
water-soluble polymers have not only been used to encapsulate allergens but also DNA or

activators of Th1 cells like CpG-ODN.
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2.2.1.1 Protamine-based nanoparticles

Protamines are arginine-rich proteins derived from the sperm of different fish species. In nature
proteamin complexes DNA by electrostatic interaction, and for drug delivery it can bind
nucleotides or peptides/proteins.”® Pali-Schéll encapsulated peanut protein Ara h 2 together with
CpG in protamine-based nanoparticles (proticles). Immunization of mice with Ara h 2-loaded
proticles resulted in increased specific IgG2a antibodies whereas specific IgE was not detectable.
On the cytokine level, they detected a low ratio of IL-5/IFN-y. Type | skin test reactivity to Ara h 2
was lower and granuloma formation was completely absent. Furthermore, stimulation of bone

marrow-derived DC with Ara h 2-loaded proticles resulted in an upregulation of CD11c, CD80 and

IL_6_[80,' 81]

2.2.1.2 Poly(y-glutamic acid)

Poly(y-glutamic acid) (y-PGA) is a poly(amino acid) showing water-soluble, biodegradable, edible,
and non-toxic properties. y-PGA is synthesized by gram positive bacilli and can be used as an
carrier and adjuvant simultaneously.®? Self-aggregated nanoparticles made of graft copolymers
composed of hydrophilic y-PGA and hydrophobic L-phenylalanine ethylester loaded with OVA as
well as empty ones were prepared by Akagi et al.®® Broos et al. investigated whether these NPs
could serve as adjuvants in AIT. They could show that y-PGA NPs were strong activators of human
monocyte-derived DC and that stimulation of DC from allergic donors with a mixture of y-PGA
and grass pollen extract in vitro enhanced proliferation and IL-10 production of autologous

memory T cells.®

Kunda et al. synthesized poly(glycerol adipate-co-w-pentadecalactone) NPs which showed
excellent BSA adsorption behavior. NPs were not suitable for direct inhalation because the
majority of the inhaled dose would be exhaled due to their small size. The authors circumvented
this problem by delivering the NPs inside of L-leucine microcarriers which might be promising for

pulmonary vaccine delivery.[

Toita et al. investigated the biodistribution of s.c. injected fluorescent labelled poly(y-glutamic
acid)-phenylalanine (y-PGA-Phe-633) NPs in mice. The authors observed complete disappearance
of the NPs at the injection site and major organs within 1 month after administration. When the
NPs were administered systemically via the i.v. and i.p. route, the NPs mainly accumulated in the

liver and were more rapidly cleared compared to non-biodegradable NPs. &
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2.2.2 Polyhydroxyethylaspartamide

Polyhydroxyethylaspartamide (PHEA) is an artificial polymer adopting protein-like structure with
high water solubility, multifunctionality, biocompatibility and low cost of production.” An
allergen-copolymer nanoaggregate consisting of Parietaria judaica pollen allergens and
poly(hydroxyethyl)-aspartamide with butyryl and succinyl side chains was prepared by Licciardi et
al. The formation of the complex had no influence on allergenicity in vitro. Unfortunately, the

authors do not show any immunological tests. %!
2.2.3 Polysaccharides

Biodegradable natural polymers containing polysaccharides may be starch, chitosan, alginate,
dextran, or hyaluronic acid.®" Polysaccharides have not only been used to encapsulate allergens

but also DNA or activators of Th1 cells like CpG-ODN.
2.2.3.1 Neoglycocomplexes

Neoglycocomplexes were prepared by oxidizing mannan to obtain aldehyde groups that
thereafter can react with proteins.’® Weinberger et al. synthesized mannan-conjugates with OVA
or papain that target dendritic cells in vivo. Both proteins induced elevated specific humoral
immune responses and a shift from IgE to IgG in mice. Additionally, papain glycocomplexes

combine the DC targeting and simultaneously mask B-cell epitopes revealing hypoallergenicity.!*”
2.2.3.2 Carbohydrate-based particles (micro-Sepharose)

Proteins can be coupled to the surface of polysaccharides by cyanogen halide coupling.Y
Gronlund et al. coupled timothy grass pollen allergen to sepharose microbeads and treated mice
with this formulation. The microbeads were more effective than conventional immunization with
soluble allergen and induced a mixed allergen-specific Th1/Th2 immune response. Injection of the
microbeads did not lead to granulomatous tissue reactions compared to the alum-adsorbed
allergen.® The same micro sepharose beads were used for coupling of cat allergen protein and
tested in vitro on human PBMCs. The microbeads got internalized by DCs leading to an
upregulation of CD86, IL-8 and TNF-a.®®! In a pre-sensitized mouse model treatment with
microbeads reduced airway hypersensitivity reactions and eosinophils in BAL fluid, and
counterbalanced Th1/Th2 immunoglobulins.®* If the microbeads were applied in a preventive
vaccination strategy, airway inflammation was prevented, allergen-specific T cell anergy was

induced, and Th1 immunoglobulins were preferentially produced. Concerning biodistribution, the
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authors ascertained that microparticles were internalized by APCs and transported to the draining

lymph nodes and spleen.?
2.2.3.3 Chitin particles

Chitin is a compound of the cell wall of fungi and upregulates Thl immune responses. Shibata et
al. investigated whether chitin can prevent Th2 responses during sensitization in allergy in mice.
Chitin was administered orally 3 days before and 13 days during sensitization, which resulted in a
decrease of IgE and lung eosinophil numbers. In vitro experiments showed an increase of Thl
cytokines and a decrease in Th2 and Treg cytokines.®® Strong et al. tested chitin microparticles
when directly applied i.n. of pre-sensitized mice during allergen challenge, and observed a
reduction in serum IgE as well as peripheral blood eosinophilia, airway hyper-responsiveness and

lung inflammation.”!
2.2.3.4 Sodium alginate carrier

Alginate is received from the cell walls of brown algae and shows adjuvant activity, too. Taylor et
al. compared the immunogenicity of grass pollen extract adsorbed on alum or conjugated to
alginate and observed enhanced allergen-specific IgG and lower IgE in alginate-conjugate

immunized mice.®!

In clinical trials, immunotherapy with alginate-conjugated grass pollen extract leads to higher
grass-specific 1gG levels compared to alum-conjugation without changing the symptom scores.!
Three placebo-controlled clinical trials were conducted with the same conjugate by Ortolani et
al.*% pastorello et al.*°Y, and Corrado et al.*%?, where the clinical efficacy of AIT with alginate

conjugates was demonstrated.
2.2.3.5 Gelatin nanoparticles

Gelatin consists of denatured and hydrated collagen is derived from animals. Klier et al. developed
an aerosol formulation of gelatin nanoparticle-based CpG. Treatment of allergic horses increased
IL-10 expression and partial remission of allergic symptoms.!*%! n the subsequent Phase | and lla

study, Klier et al. could confirm their results.[*%¥

2.2.3.6 Chitosan NPs

Chitosan is a linear polysaccharide produced by crustacean and is known from different drug

delivery approaches. It has been extensively reviewed concerning applications and features like
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biodegradation, biodistribution and cytotoxicity.['%71%% 35 |n several approaches, chitosan had
been used to complex DNA via complex coacervation process and was investigated for vaccination
efficacy as protection against allergic diseases. Chew et al. immunized naive mice with house dust
mite-chitosan NPs and observed a Th1-skewed immune responses against Der p 1.[1%!Lj et al. used
the same approach and found in agreement with Chew et al. an induction of Thl immune response
and prevention from Th2 cell-regulated specific IgE responses subsequent to sensitization in
mice.!'% Alike, Shi et al. used recombinant house dust mite pVAX1-Derp1 loaded chitosan NPs and
achieved less allergic inflammation in nasal tissue in mice as well as an induction of Thl immune
response.!™ Qu et al. prevented inflammation of nasal mucosa in mice immunized with a DNA
vaccine coexpressing Der p 1 allergen and murine ubiquitin by elicitation of a Thil-type

response.[!*?

Oral administration of peanut-allergen-DNA NPs transduced gene expression in the intestinal
epithelium, as shown by Roy et al. Mice treated with the DNA NP produced secretory IgA and
serum IgG2a, at the same time allergen-induced anaphylaxis was reduced.*® Goldmann et al.
used the model allergen OVA to show that mice treated with OVA-encoding DNA NPs had
suppressed delayed-type hypersensitivity responses, anti-OVA antibodies, and spleen cell
proliferation while Treg were induced.™*'* Another approach is to induce the in situ production of
IFN-y and thereby induce Th1 type reaction. Kumar et al. immunized mice with IFN-y DNA NPs and
monitored a decrease in allergen-specific IgE, airway hypersensitivity reaction, and
eosinophilia.*** On a similar basis, Li et al. immunized mice orally with a TGF-B expressing DNA

chitosan NP to alleviate symptoms of food allergy.®!

Chitosan NPs may also be suitable for encapsulation of proteins for classic AIT. In a preventive
approach Hall et al. could show that treatment of mice with house dust mite peptide adsorbed to
the chitosan prevented induction of airway inflammation by inducing allergen-specific IL-10

production.*”]

Chitosan can be cross-linked via ionotropic gelation with multivalent anions like tripolyphosphate.
Li et al. treated Der f 2-sensitized mice with Der f 2-loaded cross-linked chitosan NP i.p. and
demonstrated a decreased AHR, less eosinophils in the BAL fluid and mitigated lung inflammation
and mucus production after i.n. allergen challenge. Furthermore, they found decreased allergen-
specific IgE and increased allergen-specific IgG2a.*'® When administered intra nasally in mice, Liu
et al. reported additionally to the above-mentioned parameters increased specific IgA, inhibited

T cell proliferation and increased Tregs.[''% 20 The encapsulation of OVA into chitosan
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triphosphate microparticles by Saint-Lu et al. increased uptake, processing and antigen-
presentation as well as specific T cell proliferation in vitro, while in vivo tolerance induction was

enhanced and Th2 responses reduced in mice.?!

Another chemical modification of chitosan was applied by Jirawutthiwongchai et al. The authors
exploited self-aggregation of chitosan-phenylalanine-mPEG for entrapment of house dust mite
allergen extract. Upon stimulation of a human keratinocyte cell line or human PBMCs from allergic
donors with these NPs they observed a reduction in reactive oxygen species, and a decreased IFN-

y and IL-10 production, respectively.*??

23 Liposomes

Liposomes consists of lipids that self-assemble to a vesicular system, in which a lipid double layer
separates an aqueous core from the aqueous environment. Liposomes have been investigated as
drug delivery platforms or as adjuvants for several decades and are extensively reviewed
elsewhere.l'>717] Since 1984, liposomes arouse interest as delivery systems and adjuvants for

AIT 11281291 the following section, different types of liposomes are presented.
2.3.1 Non-modified liposomes

The first report of liposomes as delivery vehicles for allergens in AIT was published 1984 by
Wagner et al.3% Allergen-loaded liposomes did avoid anaphylactic reactions in pre-sensitized

guinea-pigs.!*3Y

The group of Olaguibel in cooperation with ALK-Abellé Spain synthesized liposomes by extrusion
method consisting of dipalmitoylphosphatidylcholine (DPPC), cholesterol, and tocopheryl acid
succinate which were loaded with house dust mite body extract (D. pteronyssinus, Der p 1 and
Der p 2). A clinical trial in young, mono-sensitive, mild asthma patients revealed tolerance of
higher allergen doses, and decreased bronchial immediate responses as well as eosinophilic
inflammation.!*3? Patients reported reduced symptom and medication scores by at least 60%, in
addition organ sensitivity (skin prick test, intradermal testing, and bronchial challenge test) was
reduced. Accordingly, in the humoral immune response specific IgG production was augmented

during the therapy, whereas no change in specific IgE production was observed.33!

Arora et al. published several studies reporting Artemisia scoparia pollen extract-loaded
liposomes by ultra-sonication made from phosphatidylcholine, cholesterol, and phosphatidic acid.

In a first study, they analyzed the tissue distribution. Allergen-loaded liposomes showed an

46



Chapter 1. Introduction

extended retention in all organs except kidneys compared to free allergen.*** Intraperitoneal
treatment of sensitized BALB/c mice with allergen-loaded liposomes resulted in a Thl-immune
response and of Treg increase.!*3> 3¢l The authors found higher survival rates after allergen
challenge, and only a slight increase in plasma histamine levels in liposome-treated mice
compared to mice which received free allergen or allergen adsorbed to alum.t37 138

Unfortunately, the authors did not include untreated mice for comparison of immune responses.

Genin et al. introduced negatively-charged multilamellar liposomes, made from
phosphatidylcholine, cholesterol, and L-a-tocopherol, where one third of the allergen is
associated to the surface and two thirds were encapsulated. Immunogenicity was measured by
basophil activation tests and skin tests in allergic patients.[*** Nigam et al. used the same liposome
composition to encapsulate A. fumigatus glycoprotein, a fungal allergen. AIT with the liposomal

formulation induced Th1 type response in humoral and cellular parameters.[*4%

Audera et al. tested liposomes made from DPPC, cholesterol, and optional dicetylphosphate or
stearylamine to obtain, neutral, positive, or negative charged liposomes. Neutral and positively
charged liposomes seem to be more promising for AIT.28/In a more recent study, Calderon et al.
formulated liposomes from DPPC by dehydration/rehydration method which were loaded with
purified allergen from Dermatophagoides siboney. Treatment of BALB/c mice resulted in high
specific 1gG levels, but in contrast to immunotherapy with allergen adsorbed on alum, IgE levels
were not elevated. Furthermore, a reduced cellular infiltration was observed (especially

eosinophils).14Y

Galvain and coworkers form Stallergenes compared 4 clinical trials with allergen-loaded
liposomes. In the first two trials, they tested cutaneous tolerance of liposomes administered in
skin prick tests and local and systemic safety of empty liposomes after s.c. injection. In the
following two trials, AIT with allergen-loaded liposomes was conducted. They discovered that
liposomal fomulations were as effective as conventional AIT, but systemic safety was less
affirmative and sophisticated manufacturing process leads to their conclusion that liposomes are

not suited for AIT.[42

The liposomes prepared by Tasaniyananda et al. consisting of didodecyldimethylammonium
bromide, phosphatidylcholine, and cholesterol loaded with cat allergens were reported very
recently. AIT with this liposomes resulted in reduced serum IgE and intranasal mucus and cytokine

profile was shifted towards Th1 and Treg.!*+!
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Ouadabhi et al. administered pre-sensitized mice with OVA-loaded liposomes intragastrically, and
compared passive cutaneous anaphylaxis of OVA loaded liposomes and free OVA. In the mouse
model they used, free OVA was able to decrease IgE levels, and liposomal preparations had no

additional benefits.!24
2.3.2 Oligomannose-coated liposomes

Ishii et al. prepared oligomannose-coated liposomes (OMLs) consisting of DPPC, DPPE,
cholesterol, and Man3-DPPE. Preventive vaccination with OLMs lead to decreased IL-4 and IL-5,
IgE and specific IgG1 levels in sera, but increased specific IgG2a and IFN-gamma production. Pre-
sensitized mice treated with OMLs showed likewise suppressed IgE levels, as well as decreased IL-
5 and increased IFN-gamma levels.[**”! Oligomannose-coated liposomes were also used from
Kawakita et al. to analyze the adjuvant activity of OMLs to induce CD8*-Treg that are able to
suppress allergic diarrhea. In vitro, the number of Treg expanded, allergen-specific IgE was

reduced and IL-10, 1gG1, 1gG2 and soluble IgA were elevated.!*!

Meechan et al. compared liposomes loaded with purified Per a 9 allergen to liposomes loaded
with crude extract. Liposomes with Per a 9 were able to alleviate airway inflammation after
allergen challenge and caused a shift of allergic Th2 to Th1 and Treg response, whereas crude-
extract loaded liposomes merely resulted in a shift from Th2 to Thl response, while airway

inflammation and Treg response were not altered.*”!
2.3.3 DNA liposomes

To co-deliver plasmid-DNA of CpG and allergen extract, Mueller et al. introduced preformed
liposomes consisting of DOTIM (octadecenoyloxy{ethyl-2-heptadecenyl-3-hydroxyethyl}
imidazolinium chloride) and cholesterol that were complexed with CpG-DNA and allergen by
mixing before administration. The liposome formulation was administered to dogs with atopic
dermatitis in a series of intradermal injections which resulted in an improvement of the pruritus
score and a decrease in IL-4 mRNA expression in PBMCs compared to the pretreatment values

while IFN-y and IL-10 mRNA as well as medication score did not change.[**®!

The immunotherapy with feline IL-2 cDNA liposome complexes (immune stimulator of innate
immunity and Th1 responses) prepared from DOTIM and cholesterol was investigated by Veir et
al. Cats with chronic rhinitis that were treated with these liposome-IL-2 DNA complexes showed

significant improvement in frequency of sneezing, but no differences in cytokine profile were
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detected compared to placebo control. The authors infer that chronic rhinitis in cats is not a

disease with a Th2 cytokine bias.*%!

Another transport system for DNA was described by Nouri et al. AIT of pre-sensitized mice with
liposome-protamine-DNA nanoparticles shows a reduction in IgE as well as induction of IgG23a,

IFN-y, and T-bet. Furthermore, the authors reported higher lymphoproliferative responses.*>"!

2.3.4 Allergen-coupled liposomes

A completely different approach is presented by Ichikawa et al. In their setup, OVA is covalently
coupled to the DSPC-cholesterol liposome surface. When pre-sensitized mice were treated with
OVA-coated liposomes, OVA-specific IgE was strongly suppressed whereas IgG levels increased
during AIT but decreased after sensitization. A biodistribution study revealed accumulation of
OVA-liposome in the liver and spleen.*>"! Loading of these liposomes with doxorubicin (DOX)
resulted in considerably less OVA-specific IgE, compared to unloaded OVA-coated liposomes. The
authors assume targeted transport of DOX to the OVA-specific B cells in spleen, which were

eradicated by DOX.[**
2.3.5 Potential platforms

Cabral et al. used the dehydration/rehydration method without further homogenization to
prepare small unilamellar liposomes from phosphatidylcholine and cholesterol. For lyophilization
and reconstitution they used trehalose as cryoprotectant and compared liposome characteristics

before and after freeze-drying.™*>*

Wojdani describes in his US patent liposomes with different lipid compositions that encapsulated
or covalently bound allergen. The results shown indicate reduced specific IgE and elevated IgG

serum levels in rabbits.[>4

McWilliam et al. described another potential delivery system for house dust mite allergens. The
group compared the suitability of multilamellar, small unilamellar, and reversed phase vesicle
liposomes regarding encapsulation efficiency and entrapment of allergens of different MW.

Unfortunately, no cellular tests were performed.[*>

2.4 Virus-like particles

Virus-like particles have been applied as adjuvants or drug delivery systems.[*® 71 To test an

allergen-free immunomodulator, a toll-like receptor 9 agonist was encapsulated into virus-like
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particles (VLP). Klimek et al. treated house-dust mite allergic patients and six injections resulted
in lower rhinoconjunctivitis symptoms and better quality of life score. Additionally, a 10-fold

increase in allergen tolerance was demonstrated by conjunctival provocation test.!>8-160

Virus-like particles consisting of bacteriophage Qb coat protein associated with CpG
oligodeoxynucleotide were used as adjuvant for house dust mite allergen extract by Kiindig et al.
In a phase | clinical study, healthy volunteers developed allergen-specific IgG antibodies upon
vaccination with this virus-like particle.™®¥ Symptoms of rhinitis and allergic asthma were
significantly reduced and humoral response was shifted towards Thl in a phase I/lla clinical
trial.l*%2! A single vaccination of Fel d 1 coupled to bacteriophage QB-derived virus-like particles
induced protection against type | allergic reactions. No local or systemic reactions were observed

in sensitized mice. In vitro, their allergen-coupled VLPs did not degranulate human basophils.[*¢3!

The B cell epitope of OVA was inserted in the capsid sequence of adeno-associated virus-like
particles used by Manzano-Szalai et al. After immunization with the VLP, high titers of OVA-specific
IgG1 were observed while allergen-specific IgE was reduced compared to treatment with soluble

OVA. No anaphylactic reaction was observed for VLP-treated mice upon OVA challenge.[**

2.5 Conclusion Biodegradable Nanostructures

PLGA is by far the most intense investigated biodegradable polymer applied in AIT to date. Other
polyester materials like polydioxanone, polycarbonates, poly(phosphate)s, poly(phosphazene)s,
or poly(ortho esters) are well-known materials for biomedical applications and may be interesting
candidates for materials in AIT drug delivery. Poly(alkyl cyanoacrylate) (PACA), which is degradable
under acidic conditions, is also known in drug delivery.!*s> Extensive studies regarding immune
responses to the materials as well as metabolization products need to be performed in detail.
Natural water-soluble polymers possess great potential as drug delivery systems in AIT. So far,
chitosan has been extensively investigated as transport vehicle for DNA and protein delivery.
Other materials like alginate or chitin are tested in the field just now, but there remains an elusive
amount of possible materials. Possible materials may be xanthan gum, pectins, dextran,
carrageenan, cellulose ethers, hyaluronic acid, starch, or starch-based derivatives, to name only a
few of them.['®% 78] The employment of liposomes as allergen delivery vehicles was investigated
by many researchers around the world. Many structural varieties of liposomes tested in other

applications are promising but were not yet transferred to AlIT, like stealth liposomes, liposomes
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with targeting moieties, or liposomes with cross-linked core or shells to improve stability of

liposomes until arrival at the targeted location.

VLP as delivery systems take advantage of manufacturing methods perfected by nature.
Additionally, they often combine transport and adjuvant function. There is an increasing interest

in these nanomaterials for immunotherapy applications.

Table 1. Overview of biodegradable nanostructures for allergen-specific immunotherapy.

Nanoparticle Cargo Vaccination Species/ | Reference
composition and approach Route

manufacturing method

poly(p,.-lactide-co- Olea europaea Olee 1 | prophylactic BALB/c Batanero 200343 44!
glycolide) peptide mice, i.p.

microparticles

poly (o,.-lactide-co- Olea europaea pollen possible BALB/c Igartua 2002143
glycolide) microspheres extracts delivery mice, s.c.

double emulsion solvent platform

evaporation/extraction

method

poly(o,.-lactide-co- Ole e 1 peptide prophylactic BALB/c Marazuela 2008!4¢!
glycolide) microparticles mice, i.n.

double emulsion solvent
evaporation method

poly(o,.-lactide-co- B lactoglobulin (BLG) prophylactic BALB/c Fattal 2002147
glycolide) microspheres mice, Pecquet 200018
p.o.
(orally)
poly(o,.-lactide-co- bee venom therapeutic CBA/) Martinez-Gémez!*®!
glycolide) microspheres phospholipase A2 mice, s.cC.
solvent extraction (PLA2),
method oligodeoxynucleotide
(CpG) and protamine
poly(o,.-lactide-co- bee venom PLA2 DNA | prophylactic CBA/] Jilek 200459
glycolide) microspheres mice, s.C.
spray-drying method
poly(o,.-lactide-co- recombinant Caryota therapeutic BALB/c Xiao 201305
glycolide) NPs mitis profilin (rCmP) mice, s.C.

double emulsion solvent
evaporation method

poly(p,.-lactide-co- Der p 2-coated, CpG prophylactic C3H/HeB | Joshi 201457
glycolide) NPs motifs encapsulated Fel mice,

double emulsion solvent s.C.

evaporation method

poly(o,L-lactide-co- recombinant Der p 2 therapeutic BALB/c Yu 200658
glycolide) NPs mice, s.cC.
poly(o,L-lactide-co- Chenopodium album therapeutic BALB/c Salari 20155
glycolide) nanoparticles pollen rChe a 3 mice, s.l.

double emulsion solvent
evaporation method
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poly(p,L-lactide-co- ovalbumin (OVA) therapeutic guinea Takagi 1992!6%
glycolide) microspheres pigs

double emulsion solvent

evaporation method

poly(p,.-lactide-co- OVA-coated or prophylactic BALB/c Smarr 201604
glycolide) microspheres encapsulated and mice

double emulsion solvent therapeutic

evaporation

method

poly(o,-lactide-co- birch pollen extract prophylactic In vitro Diesner 2012162
glycolide) microspheres and BALB/c Walter 2004163
functionalized with lectin therapeutic mice, Roth-Walter 2005+
from Aleuria aurantia p.o. 66]

(AAL) or wheat germ (orally)

agglutinin (WGA)

poly(p,.-lactide-co- Betv1 therapeutic BALB/c Scholl 2004167,
glycolide) nanospheres mice, s.c. | 2006

double emulsion solvent or p.o.

evaporation method (orally)

poly(o,.-lactide-co- OVA and CpG ODN prophylactic In vitro Zhang 200716% 70
glycolide) NPs and

double emulsion solvent C57BL/6

evaporation method mice

poly(p,L-lactide-co- OVA and CpG ODN therapeutic BALB/c San Roman 2009171
glycolide) microparticles mice. i.d.

double emulsion solvent

evaporation method

poly(o,L-lactide-co- OVA + rapamycin therapeutic BALB/c Maldonado 201572
glycolide) NPs (tolerogenic and mice, i.v.

double emulsion solvent | immunomodulator) prophylactic

evaporation method

poly(p,.-lactide-co- bee-venom possible In vitro Guerin 200254
glycolide) microspheres phospholipase A2 delivery ELISA

double emulsion solvent | (PLA2) platform no

evaporation method cellular tests

poly(p,.-lactide-co- bee venom possible Preformu | Trindade 201262
glycolide) microspheres delivery -lation

double emulsion solvent platform no studies

evaporation method cellular tests

poly(p,.-lactide-co- Dermatophagoides possible preformu | Sharif 199553
glycolide) microparticles | pteronyssinus Der p 1 delivery -lation

double emulsion solvent platform no studies

evaporation method cellular tests

poly (p,.-lactide-co- Melittin (bee venom) possible preformu | Park 201564
glycolide) NPs delivery -lation

double emulsion solvent platform no studies

evaporation method cellular tests

poly-e-caprolactone ovalbumin (OVA) prophylactic BALB/c San Roman 2007174
(PCL) microparticles and mice, i.d.

solvent extraction/
evaporation method

therapeutic
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poly(anhydride) raw or roasted peanut | prophylactic C57BL/6 De Souza Reboucas
nanoparticles proteins mice, p.o. | 2012181201407
solvent displacement (orally)
method
protamine-based CpG-oligodeoxy- prophylactic BALB/c Pali-Schéll 2013
nanoparticles (proticles) | nucleotides (ODNs), mice, s.cC. Zimmer 201484
self-assembly in aqueous | complexed with Ara h
solution 2 extract (peanut)
poly(gamma-glutamic mixture y-PGA NPs and | prophylactic In vitro Akagi 2005#%! Broos
acid) (gamma-PGA) Phleum pretense human 20104
nanoparticles extract Phl p MoDCs
self-assembly in aqueous
solutions
poly(y-glutamic acid)- ovalbumin possible mice s.c., Toita 201388
phenylalanine (y-PGA- delivery i.v.ori.p.
Phe-633) platform no
self-assembly in aqueous immunologica
solutions | tests
PGA-co-PDL polymeric BSA possible for dry Kunda 20158
nanoparticles (NPs) delivery powder
within L-leucine (L-leu) platform no inhalation
microcarriers cellular tests
poly(hydroxyethyl)- ParjlandParj?2 possible in vitro Licciardi 201488
aspartamide (PHEA) delivery (murine Bondi 2011167
allergen-copolymer platform no and
nanoaggregate cellular tests human)
neoglycocomplexes ovalbumin and papain prophylactic BALB/c Weinberger
Mannan was oxidized mice, i.d. 201300
and the reacted with
proteins
carbohydrate-based timothy grass pollen prophylactic BALB/c Gronlund 200262
particles (micro allergen, Phl p 5b mice, s.C.
sepharose)
carbohydrate-based rFeld 1 therapeutic in vitro, Andersson 2004%3!
particles (micro cat allergen protein human
sepharose) PBMCs
hydrate-based particles recombinant cat therapeutic BALB/c Neimert-Andersson
(micro sepharose) allergen rFel d 1 and mice, i.n. 200804
prophylactic ors.c. Thunberg 200953
chitin particles empty prophylactic BALB/c Shibata 2000
Ultrasonication of chitin and Strong 200267
powder C57BL/6
mice,
orally
sodium alginate carrier grass pollen extract, prophylactic BALB/c Taylor 198108
(Conjuvac®) Parietaria judaica and mice, s.c., Pegelow 19841
purchased extract or D. therapeutic and clinical | Corrado 1989102
pteronyssinus extract trial, s.c. Pastorello 199001
Ortolani 1994100
gelatin nanoparticles CpG-ODN therapeutic horses, Klier 20121103
inhalation | 2015004
therapy
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chitosan NPs pDerp 1and pDerp1 | prophylactic BALB/c Chew 2003109
complex coacervation DNA mice,
orally
chitosan NPs plasmid DNA Der p 2 prophylactic BALB/c Li Liu 20091120
complex coacervation mice,
orally
chitosan NPs recombinant house prophylactic BALB/c Shi 2013014
complex coacervation dust mite pVAX1- mice, i.n.
Derpl
chitosan NPs DNA vaccine prophylactic BALB/c Ou 2014112
complex coacervation coexpressing Derp 1 mice, i.n.
allergen and murine
ubiquitin
chitosan-DNA NPs peanut allergen DNA prophylactic AKR/J Roy 19991113l
complex coacervation (PCMVArah2) mice,
orally
chitosan NPs (OVA)-encoding DNA prophylactic BALB/c Goldmann 201214
complex coacervation mice,
orally
chitosan NPs IFN-y pDNA prophylactic STAT4-/- Kumar 20031151
complex coacervation BALB/c
mice, i.n.
chitosan NPs TGF-B expressing DNA | therapeutic BALB/c Li Wang 200916l
complex coacervation vector mice,
orally
chitosan NPs D. pteronyssinus Der p | prophylactic C57BL/6 Hall 200247
Peptide adsorbed on 1 allergen peptide mice, i.n.
chitosan
chitosan triphosphate Der f 2 allergen therapeutic BALB/c Li Liu 2008!118]
microparticles peptide mice, i.p.
ionotropic gelation
chitosan-triphosphate Der f allergen therapeutic BALB/c Liu 20091129
NPs mice i.n. Yu 2011020
ionotropic gelation
chitosan triphosphate OVA therapeutic mice, s.l. Saint-Lu 2009121
microparticles
ionotropic gelation
chitosan-phenylalanine- | house dust mite therapeutic in vitro, Jirawutthiwongcha
mPEG NPs allergen extract human i 2016122
Self-aggregation PBMCs
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Table 2. Overview of liposomes investigated for allergen-specific immunotherapy.

Liposome composition Cargo Vaccination | Species/ Reference

and manufacturing approach Route

method

not known ragweed allergen guinea pigs, | Wagner
i.p. 1984139

DPPC, cholesterol and Dermatophagoides therapeutic Clinical trial Alvarez

tocopheryl acid succinate | pteronyssinus extract s.C. 2002132

dehydration/rehydration+ | (Der p 1 and Der p 2) Basomba

extrusion 2002(33]

phosphatidylcholine, Artemisia scoparia pollen therapeutic BALB/c Arora 1990-

cholesterol, and extract mice, i.p. 19981341371

phosphatidic acid Sehra 1998(38

dehydration/rehydration +

ultra-sonication

phosphatidylcholine, Aspergillus fumigatus therapeutic BALB/c Nigam

cholesterol, and glycoprotein (Af-gp) mice, s.c. 2002(140]

phosphatidic acid

dehydration/rehydration

method

phosphatidylcholine, Dactylis glomerata, therapeutic in vitro Genin

cholesterol, and L-a - Dermatophagoides (human) and | 199439

tocopherol pteronyssinus, and cat hair skin prick

dehydration/rehydration and dander test

method

DPPC, DPPE and Cryptomeria japonica (Cry | prophylactic | BALB/c Ishii 20101143

cholesterol, Man3-DPPE j 1, japanese cedar pollen) | and mice, i.d.

dehydration/rehydration + therapeutic

extrusion

DPPC, cholesterol and ovalbumin (OVA) therapeutic BALB/c Kawakita

Man-DPPE mice, i.n. 2012(1481

purchased

phosphatidylcholine, Periplaneta americana therapeutic BALB/c Meechan

cholesterol, and crude extract and Pera 9 mice, i.n. 20131471

didecyldioctadecylammoni | (cockroach allergen)

um bromide

dehydration/rehydration

method

DPPC Dermatophagoides therapeutic BALB/c Calderon

dehydration/rehydration siboney, Der s 1 and Der s mice, i.p. 2006141

method 2

DPPC, cholesterol, and Dermatophagoides therapeutic BALB/c Audera

optional dicetylphosphate | pteronyssinus, Lolium mice, s.c. 1991028

or stearylamine
dehydration/rehydration +
extrusion

perenne, Phleium
pretense, Parietaria
Judaica, Artemisia
vulgaris, and cat dander
extract
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phosphatidylcholine,
cholesterol,
diacetylphosphate, and L-
a -tocopherol
dehydration/rehydration
method

5 grass pollens (orchard,
timothy, sweet vernal, rye,
and meadow grasses) or
Dermatophagoides
pteronyssinus extract

therapeutic

clinical trial,
skin prick
test, s.c.

Galvain
1999(1421

DOTIM (octadecenoyloxy
[ethyl-2-heptadecenyl-
3-hydroxyethyl]
imidazolinium chloride
and cholesterol
dehydration/rehydration +
extrusion

feline IL-2 cDNA

therapeutic

cats, i.p.

Veir 200614

distearoylphosphatidylcho
line (DSPC) and
cholesterol
dehydration/rehydration +
extrusion

OVA coupled to the
liposome surface,
optionally DOX loaded

therapeutic

BALB/c
mice, i.v.

Ichikawa
2007051
20130152

Didodecyldimethyl-
ammonium bromide,
phosphatidylcholine, and
cholesterol
dehydration/rehydration
method

native Fel d 1 or crude cat
hair extract

therapeutic

BALB/c
mice, i.n.

Tasaniyanand
a
20160143

phosphatidylcholine or
DSPC, cholesterol, and
dicetylphosphate
dehydration/rehydration
method

OVA

therapeutic

BALB/c
mice, i.g.
(intragastric)

Ouadahi
19971144

phosphatidylcholine and
cholesterol
dehydration/rehydration +
extrusion

Dreschlera
(Helminthosporium)
monoceras extract

possible
delivery
platform

Cabral
200411531

different lipids
dehydration/rehydration
method

different allergens
covalently linked to lipids

possible
delivery
platform

Wojdani
1991134

DPPC,

phosphatidyl glycerol and
cholesterol
dehydration/rehydration
method

Dermatophagoides
Pteronyssinus extract

possible
delivery
platform

McWilliam
198911531

DOTIM
(octadecenoyloxy{ethyl-2-
heptadecenyl-3-
hydroxyethyl}
imidazolinium chloride)
and cholesterol
dehydration/rehydration +
extrusion

CpG-DNA and several
allergen extracts

therapeutic

dogs, i.d.

Mueller
2005!%48]

DOTAP, cholesterol,
protamine, CpG
dehydration/rehydration +
sonication

recombinant hybrid
molecule

therapeutic

BALB/c
mice, s.C.

Nouri 20151501
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virus-like particles TLR9 ligands (CpG) therapeutic clinical trial, | Klimek
(bacteriophage Qb coat s.C. 2011158
protein)

spontaneous assembly

virus-like particles Der p 1 allergen prophylactic | clinical trial, | Senti 20091162
(bacteriophage Qb coat and i.m.ors.c. Kindig
protein) therapeutic 20061164
spontaneous assembly

virus-like particles Feld 1 prophylactic | BALB/c Schmitz
(bacteriophage Qb coat mice, s.c. 200911631
protein)

spontaneous assembly

adeno-associated virus- OVA prophylactic | BALB/c Manzano-
like particles mice, s.c. Szalai 2014164
Spontaneous assembly

3 Non-biodegradable Nanostructures

Non-biodegradable polymers find wide application in everyday life as bottles, packaging materials,
plastic films, toys, and hundreds of other applications. Only a few materials used for AIT are
described in literature so far. Inorganic nanoparticles have physical and structural properties that
can be tailored for the desired interactions with biological systems. Surface coating of inorganic
NPs inaugurates pathways for diagnosis and as delivery systems.!*%% 169 |n AIT, most inorganic
nanoparticles do not have an exclusive influence on the allergy but act in a rather general way

immunomodulatory.
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Figure 5. Overview of non-biodegradable polymers used in AIT. Enteric-coated nanoparticles,
reprinted from Ref. 179 with permission from Elsevier.
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3.1 Polymer Nanoparticles
3.1.1 Poly(propylene imine) dendrosomes

Dendrimers, which are symmetrically branched polymer structures, were investigated as drug
delivery systems.'7*-1731 Balenga et al. presented a dendrimer made from poly(propylene imine)
loaded with Bet v 1a gene. Vaccination of mice with these nanotransporters resulted in plasmid

release and thereby decreased specific IgE combined with balanced Th1/Th2 response.[*74

Another possible delivery platform made of guanidine-terminated dendrimers is presented by
Kojima et al.'*””! The dendrimer contains an amyloid-promoting peptide derived from the helix B
region of OVA, which acts as an anchoring point for the OVA protein and is responsible for NP
formation. The NPs effectively associate with RAW264 cells, but unfortunately no further
immunological tests are shown. In both cases, it is likely that the cargo is transported by several

molecules that assemble to form NPs, not by one dendrimer molecule itself.
3.1.2 Poly(propylene sulfide) NPs

The therapy with allergen-unspecific CpG coupled in a poly(propylene sulfide) (PPS) NP was
investigated by Ballester et al. Independent of a preventive or therapeutic experimental setup,
they observed an enhanced recruitment of activated DCs and a shift towards Th1l immunity which

was superior compared to free CpG.[7®
3.1.3 Poly(ethylene imine)

Garaczi et al. assembled nanoparticles by mixing poly(ethylene imine) with OVA pDNA. The NPs
migrated to the lymph nodes, cells that internalized the NPs express the antigens and present the
epitopes to naive T cells. In a preventive approach in a murine allergic rhinitis model, NPs were
administered topically resulting in reduction of nasal symptoms of about 50% and a balanced

Th1/Th2 response.l'””]
3.1.4 Poly(vinylpyrrolidone)

Madan et al. encapsulated fungal allergen A. fumigatus in poly(vinylpyrrolidone) (PVP) NPs. The
authors could show intact integrity and immunoreactivity of the allergens after entrapment in
nanoparticles, and a sustained allergen release in 9 weeks. Mice immunized with these NPs in a

single dose showed decreased specific IgE as well as persisting 1gG levels. 78]
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3.1.5 Poly(methyl vinyl ether-co-maleic anhydride)

Gantrez® AN nanoparticles made from poly(methyl vinyl ether-(PMVE)-co-maleic anhydride) were
loaded with OVA as model allergen and in some cases with LPS as immunomodulator. In the first
publication, the authors compared OVA encapsulated vs. OVA-coated NPs and reported a shift
towards Thl cytokine response in mice mainly in the formulation that contained the antigen
inside.*”?!In further studies, they proved that immunization with their NPs protected mice from
anaphylactic shock and observed increased 1gG2a and 1gG1 levels.'®” Although there was no
strong difference with regard to the histamine release and temperature decrease between OVA
and LPS encapsulated or coated NPs, full protection against anaphylaxis and survival of the mice
was only achieved by OVA plus LPS entrapped NPs.[*8! The authors confirmed the application of
Gantrez® AN nanoparticles in AIT by encapsulating the clinical relevant allergen L. perenne, and
treated pre-sensitized mice with this formulation. Likewise, the therapy resulted in induced Th1l

responses and a decreased mortality rate following allergen challenge.[*8?

3.1.6 Poly(ethylene  oxide)-poly(propyleneoxide)-NHC2H4NH-  poly(propyleneoxide)-poly

(ethylene oxide)

Poloxamine nanospheres loaded with Der f 1 plasmid were tested by Beilvert et al. regarding
therapeutic effect on asthmatic mice. The authors observed a reduction of airway

hyperresponsiveness and a decrease in inflammatory cytokines. 28]

3.1.7 Enteric-coated NPS (solid-in-oil (S/O) nanodispersion)

Water phase
removal
Water phase
Protein
Surfactant
A Surfactant-protein
Water-in-oil emulsion complex

Figure 6. Synthesis of enteric-coated nanoparticles, reprinted from Ref. 7% with permission from
Elsevier.
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3.1.7.1 Sucrose erucate

An interesting method to prepare nano-sized peptide-surfactant complexes by solid-in-oil
nanodispersions with proteins was reported by Tahara et al.'’® Kitaoka et al. prepared a
nanodispersion with Japanese cedar allergen by the same method, which facilitates skin

penetration of the allergen peptide and suppressed IgE levels in mice.!*84
3.1.7.2 Poly(methacrylate-methyl metharylate) copolymer

Acrylamides and Methacrylamides are also widely used for drug delivery applications, e.g.
Eudragit®, a copolymer of methacrylic acid and methylmethacrylate used as gastro-resistant
capsules in drug delivery. Litwin et al. conducted several clinical studies with ragweed pollen
encapsulated in polymethacrylic acid co-polymers NPs. For the NP preparation, the authors spray-
coated a sugar starch core with allergen dissolved in poly(vinyl pyrrolidone) and enterocoated the
NP with polymethacrylic acid co-polymers. Human volunteers treated with the encapsulated
allergen in AIT produced high titers of allergen-specific IgG antibodies and showed no increase in
specific IgE antibodies. The therapy was possible without side effects and decreased symptomatic
medication.[*® 88l The same nanoparticle system was applied for encapsulation of timothy grass
pollen by TePas et al. The authors discovered additionally to decreased medication and symptom
scores in in vitro experiments with blood cells of the volunteers resulted in a reduced allergen-

specific T cell proliferation and IL-5 mRNA production.¢3!

The same method was applied 25 years earlier by Wheeler et al. The authors utilized methacrylic
acid-methylmethacrylic acid copolymer as surfactant. The enteric coated grass pollen allergen
induced increased secondary antibody responses upon oral treatment of pre-sensitized guinea
pigs.'® The authors annotated that this system required unacceptably high amounts of

formulation for any benefit.[18% %]
3.1.8 Poly(ethylene glycol) (PEG)

The most prominent synthetic water-soluble polymer is poly(ethylene glycol) (PEG), which is
widely used in pharmaceutical applications. PEG is determined as the “gold standard” in
biomedical applications and received this status because of its unique properties.*®¥ As PEG is
considered a non-biodegradable polymer, cleavage sites needs to be introduced for controlled
delivery of proteins in AIT. Acid-labile units were introduced into the PEG backbone by Pohlit et

al. Nanogels prepared from PEG-acetal-dimethacrylate molecular building blocks showed
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targeted delivery and the potential to induce T cell proliferation concurrently with allergen

shielding from recognition by IgE antibodies in human in vitro experiments.*°%

3.2 Carbon-based NPs
3.2.1 Carbon Nanotubes

Carbon nanotubes are extensively investigated in the field of drug delivery, especially in tumor-
targeting and as biosensors. The toxicity and influence on the immune system is controversially
discussed.!'! Laverny et al. incubated human PBMCs from allergic donors with allergen and with
or without multi-walled carbon nanotubes (MWCNTs). Cytokine release was not altered by
MWCNTSs alone but in combination with allergen, IL-5 secretion was inhibited and differentiation
of monocytes into functional DC was altered. The authors concluded that MWCNTs may either
promote or suppress immune responses.[*** In another study Ronzani et al. investigated the effect
of MWCNTSs on asthma. The authors found a worsening effect of MWCNTs when co-administered
with house dust mite allergen on allergen-induced systemic immune response and airway
inflammation.!*®! Whether the immune system is activated or not by MWCNTs depends on
diameter and functionalization. Some MWCNTs are cell specificimmunomodulatory systems, and

may therefore be suitable adjuvants, as Pescatori et al. described.[*%

3.2.2 Fullerenes

For several decades, fullerenes, a carbon allotrope, have been investigated for possible application
in biotechnology and medicine. Ryan et al. described a negative regulator function of C60 fullerene
on mast cells and basophils, which showed an inhibition of IgE dependent mediator release. Due
to hindrance of signaling molecules and cytoplasmic reactive oxygen species levels, fullerenes
prevented the in vivo release of histamine and anaphylaxis.[**”’ Norton et al. reported that pre-
sensitized mice treated with tetraglycolate fullerenes show reduced airway inflammation,
eosinophilia, and bronchoconstriction. The authors investigated the inhibition mechanism and
found out that their fullerenes triggered the production of an anti-inflammatory P-450 eicosanoid
metabolite.[%% 1% These two reports reveal the possibility to use fullerenes for allergic symptom

alleviation.

Fullerenes have also been tested as immunomodulator as an alternative for AIT. Kaidashev et al.
treated pre-sensitized mice with fullerenes or OVA-fullerenes and observed reduced specific IgE

levels, eosinophilic infiltration, and pathological changes in the lungs.[?°% 20 Another therapeutic
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approach was described by Shershakova et al. Upon treatment of pre-sensitized mice with water-
soluble form of C60 fullerene, the authors observed a shift in the cytokine production from Th2 to
Thl. Additionally, Foxp3 and filaggrin mRNA expression was increased and eosinophil and
leucocyte infiltration was reduced. The treatment was more effective with epicutaneous

compared to subcutaneous application.?%?

3.3 Metal-based NPs
3.3.1 Gold NPs

Gold NPs are known for their application as biosensors and gene delivery vehicles, and in general
for their anti-inflammatory and anti-oxidant effects.[?°% 2%4 Barreto et al. investigated the
therapeutic effect of gold NPs administered to mice prior to allergen challenge. Gold NPs inhibited
accumulation of inflammatory cells, mucus production, and production of pro-inflammatory

cytokines and reactive oxygen species.?%!
3.3.2 Dextran-coated magnetic NPs

Magnetic NPs combine the advantage of good detectability for imaging purposes and drug
delivery and gained attention e.g. in hyperthermia-based therapy.?°%2°”?Marengo et al. presented
a possible delivery platform for AIT made of MngsZng,Fe,04 NPs coated with carboxymethyl
dextran and bovine B-lactoglobulin (BLG) or ovomucoid. They observed higher uptake of the BLG-
conjugated MNPs compared to non-conjugated MNPs and confirmed internalization by confocal

laser scanning microscopy.?%!
3.3.3 Calcium-phosphate-based NPs
3.3.3.1 Nanodecoy

Nanodecoys consist of a solid core made of hydroxyl apatite which provides structural stability,
and a carbohydrate coating to which peptides and proteins can adsorb.?° Ultrafine nanodecoys
coated with trehalose and adsorbed by ovalbumin were prepared by Pandey at al., also called
aquasomes. Pre-sensitized mice treated with aquasomes showed lower levels of IgE, serum

histamine, higher survival rate and reduced symptoms during anaphylaxis induction.?*”!
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3.4 Conclusion non-biodegradable polymers

Non-biodegradable polymers as drug delivery systems for allergen or allergen-DNA possess
potential but the whereabouts of the carrier needs to be thoroughly investigated. As these
materials do not naturally degrade in the body, they are usually biocompatible and no possible
toxic degradation products are formed. This advantage opens the way for applications in e.g.
implants and catheters. Due to repeated NP application during AlT, discharging of nanoparticle
remnants from the body is inevitable, and degradation may be promoted by artificially enclosed
predefined degradation points. A polymer with great impact on drug delivery but not in AIT yet is
poly(methyl methacrylate) PMMA.?*Y Positively charged polymers, such as polyethylenimine (PEI)
and poly(l-lysine) show a common draw back as drug delivery materials as they often show cell
toxicity, which might explain the few reports of these materials in drug delivery.?*? In the last
decades, the amount of water-soluble non-degradable synthesized polymers has expanded
incredibly. Some of them are currently explored with regard to their potential as drug delivery
systems. To name only a few of them, poly(vinyl alcohol),?*® with the advantage of high stability
and many hydroxyl groups available, poly(vinyl pyrrolidone),?*¥ poly(acrylic acid),
poly(acrylamides), N-(2-Hydroxypropyl) methacrylamide, poly(divinyl ether-co-maleic anhydride),
and poly(oxazoline)s are possible materials for drug delivery systems.'®®! Only few systems of
inorganic NPs are described for AIT so far. Inorganic NPs may contribute with structural properties
desirable during AIT like the intrinsic Thl activating effect or the option for facile modification.
The fate of inorganic nanostructure is of particular importance as a lack of elimination from the
body may result in undesired side effects. Furthermore, the impact of highly anisotropic NPs on

cells needs to be investigated in detail.

Table 3. Overview over nanoparticles made from non-biodegradable polymers for allergen-
specific immunotherapy.

Nanoparticle Cargo Vaccination Species/ Route | Reference
composition and approach
manufacturing
method
dendrosome Den123 Bet vl gene prophylactic BALB/c mice, Balenga
ampbhiphilic polymer s.C. 2006174
Self-assembly
guanidine-terminated | amyloid- possible delivery | in vitro, no Kojima
dendrimers promoting platform immunological | 201507
peptide derived readout
from OVA
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pluronic-stabilized CpG prophylactic and | C57BL/6 mice, | Ballester
poly(propylene therapeutic injections 2015278
sulfide) NPs, surface i.n.
conjugation of CpG
polyethylenimine synthetic prophylactic BALB/c mice, Garaczi
containing 3% plasmid OVA patch 2013177
mannobiose NPs pDNA treatment
self-assembly (administered
topically)

poly(vinylpyrrolidone) | A. fumigatus prophylactic BALB/c mice, Madan
NPs allergen s.C. 1997178
reverse micelles
method
poly(methyl vinyl OVA and LPS prophylacticand | BALB/c mice, Gomez
ether-co- (immune- therapeutic orally ori.d. 2006179
maleic anhydride) NPs | modulator) 200718
(Gantrezs AN NPs) 2008181
solvent displacement
method
poly(methyl vinyl Lolium perenne | therapeutic BALB/c mice, Gomez
ether-co- extract and LPS i.d. 200911821
maleic anhydride) NPs
(Gantrez® AN NPs)
solvent displacement
method
PEO-PPO-ethylene Der f 1 plasmid prophylacticand | BALB/c mice, Beilvert
diamine-PPO-PEO therapeutic i.m. 2012083
(block copolymer 704)
Self-assembly
solid-in-oil (S/0) Cryptomeria therapeutic B10.S mice, Kitaoka
nanodispersion with | japonica peptide transcutaneous | 20151184
sucrose erucate as administration
surfactant
poly(vinyl pyrrolidone) | short ragweed therapeutic clinical trial, Litwin
on sugar starch core, | pollen extracts orally 1996!8!
enterocoated with or timothy grass 19971186]
polymethacrylic acid pollen TePas
co-polymers 2004287
solid-in-oil grass pollen therapeutic guinea pigs, Wheeler
nanodispersion MA- extract administered 19871288l
MMA-copolymer orally Horak
(Eudragit L-100) as clinical trial 198718
surfactant
PEG-acetal-DMA-NPs | OVA, grass possible delivery | in vitro human | Pohlit
Liposomes as pollen/ house platform 2015292
templates dust mite

allergen
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modified (aguasomes)
Self-precipitation
method

multi-walled carbon none possible in vitro, human | Laverny
nanotubes immunomodulat | PBMCs 20130294
ory
nanostructure
multi-walled carbon mixed with prophylactic BALB/cBy!) Ronzani
nanotubes house dust mite mice, injection | 201401%!
allergen
multi-walled carbon none possible in vitro, cell Pescatori
nanotubes immunomodulat | lines and 20132
ory PBMCs
nanostructure
C(60) fullerenes none blocking in vitro human, | Ryan
signalling for in vivo mice 2007197
mediator
release in mast
cells and
basophils
C(70)-tetraglycolate none blocking C57BL/6 and Norton
fullerenes signalling for BALB/c mice, 201018
mediator i.n.and human | 20120(%
release in mast mast cells in
cells and vitro
basophils
C(60) fullerenes OVA-coupled to | therapeutic mice, i.m. Kaidashev
the surface 20102
Bobrova
20121201
C(60) fullerenes none therapeutic BALB/c mice, Shershakova
s.c. or e.C. 2016292
gold NPs none therapeutic Swiss-Webster | Barreto
(outbred) and | 20152%!
A/J (inbred)
mice
dextran-coated bovine - possibile in vitro human | Marengo
magnetic lactoglobulin delivery monocytes 2011208
nanoparticles (MNPs) | (BLG) and platform
chemical ovomucoid
coprecipitation (OM)
method
hydroxy apatite NPs, ovalbumin prophylacticand | BALB/c mice, Pandey
carbohydrate (OVA) adsorbed | therapeutic i.d. 201120
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Summary and Outlook

Although being the only disease modifying therapy for allergic rhino conjunctivitis and asthma so
far, allergen-specific immunotherapy (AIT) suffers from potentially severe side effects occurring
during treatment. Prevention of these side effects resulting in safer therapy as well as a more
efficient treatment is a main goal for improving strategies in AIT. Approaches to achieve this goal
tested so far include the therapy with modified allergens or peptides or co-administration of anti-
IgE-antibodies.™™ Another concept as an alternative to AIT aims at shifting the imbalance of T cell
subtypes towards a more balanced one by unspecificinduction of Th1 cells with adjuvant moieties,
e.g. immunostimulatory DNA, monophosphoryl lipid A, or lactic acid bacteria. Nanoparticles can
provide delivery function and in some cases adjuvant function at once; they may prevent
enzymatic degradation and IgE cross-linking of the cargo molecule, can act as or co-deliver

adjuvants and may have an additional targeting function.

AIT with proteins and DNA molecules protected by a variety of polymer structures and
nanomaterials has been investigated so far. The most intensively investigated materials for NPs
are rather apolar, like water-insoluble PLGA and chitosan. Degradation of these materials and
thereby cargo release depends on hydrolytic/enzymatic degradation and may last several
weeks.?*I This timeframe may be suitable for a depot function with sustained release behavior,
but due to the unspecific degradation behavior shelf-live in aqueous solutions is affected. The
need for nanoparticle engineering of structures that show extended shelf-live, targeted drug
delivery, as well as desired degradation behavior, exists. This can be achieved e.g. by designing
materials susceptible to external stimuli like reducing conditions, enzymes, pH changes, or
light.[2*6-2221 Stimuli-responsive materials, possibly with attached target functions like antibodies,
ensure delivery of the cargo at the targeted site of action with less cargo release in a non-specific
way (i.e. before administration or at undesired sites, which can result in immune activation and
side effects).l?2!Only a nanoparticle that shields the cargo from detection by the immune system
and that is stable until it reaches its destination could prevent side effects during AIT. Another
field where improvements are required are the preparation of sterile and endotoxin-free
formulations for testing in in vivo experiments. Sterilization of NPs may be problematic when
implemented after the NP synthesis process as it may alter the properties of the NP and/or the
cargo.??!! Storage of these formulations needs also to be taken into account considering
applicability for patients. Moreover, characterization and understanding of protein corona

formation is required to accomplish the desired delivery and targeting.
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Certainly, research of nanoparticles in AIT will be intensified as motivated by the promising results
obtained so far and the huge diversity of nanoparticle formulations already described for other
drug delivery purposes. This is exemplified for the usage of self-assembly processes,!?2>-2?’! nature-
mimicking structures,??% 2%l polymer nanogels,'3% 23! or multilayer capsules,?32-234 to name only

a few possibilities.

Improvements from other fields of NP engineering may be exploited for targeting cells or organs,
and degradation mechanisms for predetermined degradation. Findings concerning the effects of
NPs on the immune system made in other contexts can be transferred to application in AIT and
knowledge regarding possible effects of long-term compatibility and immunogenicity upon

repeated injections need to be broadened.
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interferon; lg, immunoglobulin; IL, interleukin; i.d., intradermal; i.g., intragastrical;, i.m.,
intramuscular; i.n., intranasal; i.p., intraperitoneal; i.v., intravenous; LAB, lactic acid bacteria; LPS,
lipopolysaccharide; mPEG, methyl-poly(ethylene glycol); MPL-A, monophosphoryl lipid A;
MWCNTs, multi-walled carbon nanotubes; NP, nanoparticle; ODN, oligodeoxynucleotide; OML,
oligomannose-coated liposome; OVA, ovalbumin; PBMCs, peripheral blood mononuclear cell; PCL,
poly(caprolactone); PEG, poly(ethylene glycol); PEI, poly(ethylene imine); PGA, poly(glutamic
acid); PHEA, Polyhydroxyethylaspartamide; PGA, poly(glutamic acid); PLA, phospholipase A; PLGA,
poly(lactic-co-glycolic acid); P(MA-co-MMA), poly(methacrylate-methyl metharylate) copolymer;
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PMVE, poly(methyl vinyl ether); p.o., per os (orally); PPS, poly(propylene sulfide); PVP,
poly(vinylpyrrolidone); s.c., subcutaneous; s.l., sublingual; TLR, toll-like receptor; TGF,

transforming growth factor; Th, T helper cell; Treg, regulatory T cell; VLP, virus-like particle.
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(see Appendix A2).

6.2.1. Polyethers Bearing Cleavable Moieties.

Ethers are characterized by their high stability toward chemical or physical treatment.
Consequently, low molecular weight ethers are typical solvents in organic chemistry. Also
polyethers are very stable and flexible polymers. Under oxidative stress, however, PEG may be
degraded by reactive oxygen species (ROS) due to B-scission, as observed in long-term in vivo
experiments.! Degradation of PEG under application of voltage and air,’”? UV light,®
ultrasonication,” and temperature®® is described in literature. The degradation rate depends on
whether the experiment is conducted in bulk or in aqueous solution and on pH values.”! If higher
oxidative stability is required for certain applications, aromatic polyethers can be applied.t®

Aromatic polyethers are known to exhibit higher stability against oxidation compared to PEG,
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albeit at the expense of low solubility in water and a lack of biocompatibility. If PEG-derivatives
are expected to degrade, which may be beneficial for specific biomedical applications such as
reversible PEGylation (see section 6.1), incorporation of cleavable moieties into the polymer
backbone is necessary. PEG is regarded as the gold standard for polymer-drug conjugation in order
to prevent proteolytic degradation of pharmaceutic agents (see section 6.1), as it is nontoxic,
chemically inert, water-soluble and has a low immunogeneity.”’ However, PEG is not
biodegradable restricting its use to a maximum molecular weight of 40 kDa, as higher molecular
weight PEGs can accumulate in human tissue and may lead to storage diseases.® This molecular
weight threshold represents the renal excretion limit of human kidneys exhibiting a natural
boundary for the utility of PEG. However, the use of high molecular weight PEG is particularly
favorable, as blood circulation times of PEGylated drugs prolong with increasing molecular
weights of PEGP making the design of in-chain cleavable PEG derivatives especially desirable. A
variety of different stimuli, such as potential pH-sensitivity, redox-response and enzymatic
cleavage, have been employed to trigger the in-chain scission of the PEG backbone or the
detachment of PEGs from the drug conjugate within a targeted tissue or cellular compartment.*”’
More recently, light as a stimulus has likewise been exploited to induce cleavage of PEG derived
structures.™ Table 1 compiles different cleavable moieties which have been used as linkers of
PEG conjugates or have been incorporated into the polyether backbone as in-chain junctions.
Additionally their synthesis strategies and the respective cleaving stimuli are attributed. A
comprehensive review article has recently been published focusing on strategies to incorporate
cleavable moieties into PEG chains and PEG conjugates.' It is obvious that PEG-based lipids
bearing cleavable moieties have become increasingly attractive for the design of surface modified
liposomes (stealth liposomes) as drug delivery systems.[*

Table 1: Compilation of cleavable groups, synthesis strategies and respective cleaving stimuli
reported for PEGs and derivatives.

Cleavable Unit Structure Synthetic Approach  Degradation ™ Ref.

Acetals Z/OXO\SS PEG coupling pH < 7.4 13-16
R H

Acetals/ ketals %X Cleavable AROP oH < 7.4 17,18
Rf f initiator
R=R%H

Aconitic acid " " PEG coupling pH< 7.4 1’

. . N AN NS

diamides L I

o) OH
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Azo groups u‘,:N:N/z PEG coupling enzymatic 20,21
Carbonates © PEG coupling basic hydrolysis 2223
SS\OJJ\O/Z
(0]
Carboxylates )J\ P PEG coupling hydrolytic, 24,25
Y o enzymatic
Disulfides ‘Z,’S‘s/‘l’ PEG coupling reductive 26,27
OH
Hemi-acetals )\ P2 PEG oxidation acidic or basic 28
¥ o
Orthoesters P\/"9% 0%  PEG coupling pH< 7.4 2
5% XX
Peptides 9 PEG coupling enzymatic 30,31
LL,)J\”/‘?-)
Q.o ; i ; 32,33
Phospho- 55\ R \SS PEG coupling acidic or basic g
esters O R
Urethane o PEG couplin (hydrolytic) 34,35
Sy Pine Yerow
H
Vinyl ethers Elimination pH< 7.4 or 36
<?_,JJ\O;"-» functionalized PEG, light/'0
PEG coupling g 2
o-Nitro o . : 11
benzyl ethers é_u’_@ PEG coupling light
0—3

[a] Adapted with permission from Dingels, C.; Frey, H. In Hierarchical Macromolecular Structures: 60 Years
after the Staudinger Nobel Prize II; Percec, V., Ed.; Springer International Publishing: 2013; Vol. 262, p 167.
Copyright 2013 Springer.[*% [b] Conditions may vary for the same cleavable unit due to different adjacent
moieties.

The presence of stimuli-cleavable linkers in the lipid structures triggers shedding of liposomes
within a particular cellular compartment or tissue to improve the efficacy of a liposomal
formulation. Numerous reports on acid-labile PEG lipids based on cholesterol with cleavable
junctions, such as aconitic acid, hydrazones, or vinyl ethers, have beenestablished.536 Alternative
polymers which combine the properties of PEG, such as high water-solubility, low protein
adsorption with degradability may be polypeptides, polypeptoides (i.e., polysarcosin), HES, poly-
N-(2-hydroxypropyl) methacrylamide(PHPMA), polyglutamic acid (PGA), polyacetal (“fleximer”),

poly(oxazoline)s, poly(phosphoester)s, and polysialic acid.3”-3844
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Abstract

In the last decades, the number of allergic patients has increased dramatically. Allergen-specific
immunotherapy (SIT) is the only available cause-oriented therapy so far. SIT reduces the allergic
symptoms, but also exhibits some disadvantages; that is, it is a long-lasting procedure and severe
side effects like anaphylactic shock can occur. In this work, we introduce a method to encapsulate
allergens into nanoparticles to avoid severe side effects during SIT. Degradable nanocarriers
combine the advantage of providing a physical barrier between the encapsulated cargo and the
biological environment as well as responding to certain local stimuli (like pH) to release their cargo.
This work introduces a facile strategy for the synthesis of acid-labile poly(ethylene glycol) (PEG)-
macromonomers that degrade at pH 5 (physiological pH inside the endolysosome) and can be
used for nanocarrier synthesis. The difunctional, water-soluble PEG dimethacrylate (PEG-acetal-
DMA) macromonomers with cleavable acetal units were analyzed with 1H NMR, SEC, and MALDI-
ToF-MS. Both the allergen and the macromonomers were entrapped inside liposomes as

templates, which were produced by dual centrifugation (DAC). Radical polymerization of the
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methacrylate units inside the liposomes generated allergen-loaded PEG nanocarriers. In vitro
studies demonstrated that dendritic cells (DCs) internalize the protein-loaded, nontoxic PEG-
nanocarriers. Furthermore, we demonstrate by cellular antigen stimulation tests that the
nanocarriers effectively shield the allergen cargo from detection by immunoglobulins on the
surface of basophilic leucocytes. Uptake of nanocarriers into DCs does not lead to cell maturation;

however, the internalized allergen was capable to induce T cell immune responses.

Introduction

In biomedical applications, micro- and nanocarriers are gaining increasing interest for the
transport of active compounds (i.e., drugs, therapeutic proteins as insulin' or cytokines? and
living cells).®* Nanocarriers may serve several important purposes: (i) protection of a sensitive
cargo against degradation; (ii) delivery of poorly soluble drugs; (iii) high local concentration and
targeting of the desired localization in the body or cell type. In summary, nanocarriers may aid
to minimize side effects. For actual use in the body, the respective polymers have to be
(bio)degradable, in view of both the release of their cargo and safe elimination of polymer
remnants. For polymer based nanocarriers, the discharge of their cargo depends on diffusion,
degree of swelling, and the rate of their biodegradation (hydrolysis, enzymatic degradation).®®
Degradable nanocarriers possess the advantage of providing a physical barrier between the
encapsulated cargo and its surroundings. It would be desirable to trigger release of the cargo in
response to certain local stimuli.””! To achieve degradability in polymeric nanoparticles, several
moieties can be introduced into a polymer backbone or the cross-linker, for example, pH-,
thermo-, redoxpotential-, enzyme-, and photoresponsive structures.®** For instance, Grafahrend
et al. presented bioactive, degradable extracellular matrix-mimetic scaffolds (PLGA, ester linkages
undergo hydrolysis) which enable adhesion of cells for biomedical implants.[*? pH-responsive
polymers have been widely employed as nanocarriers for drug delivery,®%13-% either with an acid-
labile linker (such as acetals, ketals, imines, orthoesters, or hydrazones) between the drug
molecule and the polymer®®18 or as block copolymers forming micelles!*2% or
polymersomes???3! that incorporate the drug. Tomlinson et al. synthesized an acid-labile
polyacetal-doxorubicin (APEGDOX) conjugate, which is less toxic and exhibits prolonged blood
half-life and enhanced tumor accumulation compared to free DOX.!®!

PEG is a highly established material that has undergone extensive clinical studies as well as several
decades of biomedical application in drug delivery, cosmetics, surface modification, and a variety

of industrial processes.? Acid degradable PEG containing an acetal group,'?>2?% dendrimer-like
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PEG,"?” polycondensation of PEG and aldehyde,?®! polyacetals derived from diphenol monomers
and PEG!*! or hemiacetal containing PEG” have been reported.

Polymeric nanoparticles (NP) possess great potential in the treatment of allergic diseases like hay
fever or asthma. They are already widely distributed as engineered systems to tune immunity in
cancer and autoimmune disease.?"33 We chose the usage of liposome nanoreactors for uniform
nanoparticles synthesis as previously described by Kazakov et al.?* Through the encapsulation of
allergens (proteins and peptides), their delivery to antigen-presenting cells (APC), particularly
dendritic cells (DCs), might be realized without activation of other immune cells via recognition by
antibodies. The only cause-related therapy against allergy available to date is specific
immunotherapy (SIT).>%® Recent efforts to avoid IgE mediated side effects occurring sometimes
during SIT are chemically modified allergoids,®” allergen-polymer aggregates,*® or nanocarrier
systems.[®3% Thus, targeted and controlled release of the allergen inside the APC may be a key
step in modulating the immune responses against harmless allergens toward tolerance or anergy.
A recently published, comprehensive review article from Gamazo et al. summarizes the use of NPs
for allergen delivery systems.*”y Among other, nanoparticles consisting of biodegradable PLGA are
popular candidates for transportation of therapeutic proteins. These systems suffer from the
disadvantage of slow degradation because of hydrolysis that can take up to several weeks. In
addition, a local acidic microenvironment occurs due to release of the degradation product lactic
acid.[*Yl Other types of well established nanocarriers are made, for example, of chitosan or PVM-
MA, but also show slow degradation and release of cargo over several days to weeks.*” Here, we
present a novel type of PEG-derived NPs that only degrade upon certain stimuli (i.e., acidic
environment inside the lysosome), which enables fast release of the allergen cargo as well as
degradation of the NP. In this work, we introduce a novel type of PEG acetal dimethacrylate (PEG-
acetal-DMA) macromonomer with acid labile acetal sites, which is suitable for the generation of
PEG nanoparticles (PEG-NP) via radical polymerization. These NP were loaded with proteins, and
their transport to the site of action as well as deliberate release of the load in the endolysosome

(pH 4.5-5) is shown in Figure 1. Furthermore, a potent immune response is demonstrated.
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Figure 1. Schematic overview of the encapsulation concept: Entrapment of both allergen and
macromonomer in liposomes, photoinitiated radical polymerization, acid-triggered degradation,
and release of encapsulated protein cargo.

Experimental Section

Materials. PEG2000, para-toluenesulfonic acid, sodium hydroxide, deuterated water D,O,
ovalbumin (OVA grade VI, >99%, from chicken egg), 2-hydroxy-2-methylpropiophenone
(photoinitiator, Pl), and L-a-phosphatidylcholine (>99%, from egg) were purchased from Sigma-
Aldrich (St. Louis, MO) and used without further purification. Dichloromethane (p.a., Sigma-
Aldrich) was dried according to literature procedures. 2-(Vinyloxy)ethyl methacrylate was
synthesized per a modified procedure of Vysotskaya et al.*? Dulbecco’s phosphate buffered saline
(PBS, Invitrogen, Carlsbad, CA), glass beads (1 mm diameter, P. Marienfeld GmbH, Lauda-
Kénigshofen, Germany), ethanol (100% undenatured, Merck, Darmstadt, Germany), grass pollen
extract (Phleum pratense), dust mite allergen (Dermatophagoides pteronyssinus), (both supplied
from ALK-Abellé, Hamburg, Germany), Centrisart | tubes (Sartorius, Goéttingen, Germany), Alexa
Fluor 633 C5 maleimide (A20342), Alexa Fluor 633 protein labeling kit (A20170, Invitrogen), Ficoll
Paque 1.077 g/mL (PAA Laboratories GmbH, Célbe, Germany), IMDM (PAA Laboratories GmbH),

LysoTracker Green DND-26 (Molecular Probes, Eugene, OR), Hoechst 33342 (Invitrogen), IL-4,
TNF-a, and IL-1B (Miltenyi Biotec, Bergisch Gladbach, Germany), GM-CSF (Leukine; Immunex

Corp., Seattle, WA), prostaglandin E2 (Cayman Chemical, Ann Arbor, MI), fluorescein
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isothiocyanate (FITC)-conjugated HLA-DR (L243), phycoerythrin (PE)-conjugated CD80 (L307.4),
CD83 (HB15e), CD86 (2331[FUN-1]), and mouse IgG isotype controls (all from BD Biosciences, San
Jose, CA), antibody-coated paramagnetic MicroBeads (MACS, Miltenyi Biotec), AlexaFluor
647-conjugated CD4 (MT310; Santa Cruz Biotechnology, Santa Cruz, CA), [methyl-3H]thymidine

([3H]TdR; ICN, Irvine, CA), PE Annexin V and 7-AAD (BD Biosciences), and cellular antigen
stimulation test (CAST-2000 ELISA; BiihImann Laboratories AG, Schénenbuch, Switzerland) were
used as purchased. All other chemicals and solvents were purchased by Acros Organics, Geel,

Belgium.

Characterization Methods. 'H NMR spectra (300 and 400 MHz) were recorded using a Bruker
AC300 or a Bruker AMX400 spectrometer. All spectra were referenced internally to residual
proton signals of the deuterated solvent. For SEC measurements in dimethylformamide (DMF,
containing 0.25 g/L of lithium bromide as an additive), an Agilent 1100 series was used as an
integrated instrument, including a PSS HEMA column (106/105/104 g mol™!) and a refractive index
(RI) detector. Calibration was carried out using poly(ethylene oxide) standards provided by
Polymer Standards Service.

MALDI-ToF mass spectrometry was performed on a Shimadzu Axima CFR MALDI-ToF mass
spectrometer equipped with a nitrogen laser delivering 3 ns laser pulses at 337 nm. Dithranol was
used as a matrix, and potassium trifluoro acetate was added to facilitate ionization of polymer
samples.

For light scattering, a Zetasizer Nano Series Nano ZS (Malvern instruments) was used with a
constant scattering angle of 173° and measuring temperature of 25 °C. The samples were diluted
(1:1000) and measured three times in a disposable plastic cuvette.

A Philips EM420 transmission electron microscope (TEM) using a LaB6 cathode at an acceleration
voltage of 120 kV was used to obtain TEM images. TEM grids (carbon film on copper, 300 mesh)
were purchased from Electron Microscopy Sciences, Hatfield, PA. Staining was not necessary. As
autoclave a high pressure laboratory autoclave model Il from Carl Roth GmbH + Co. KG was used.
Circular dichroism (CD) spectra were measured over the range of approximately 190-320 nm by
using a J-815 CD spectrometer (Jasco Labor- and Datentechnik, GroR-Umstadt, Germany). All
measurements were made by using 10 mm quartz glass Suprasil cells (volume 350 uL) and protein
solutions of approximately 1 mg/mL. The instrument was calibrated by measuring PBS as baseline.
Each solution was measured five times at 20 + 1 °C with a scan rate of 50 nm/min. Absorption

spectra were measured in the same instrument.
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Flow cytometry analysis and confocal laser scanning microscopy. For characterization of allergen
uptake by immature DCs, allergen was labeled using an Alexa Fluor 633 protein labeling kit
according to the manufacturer’s protocol (Molecular Probes). For characterization of flow
cytometry analysis, labeled NPs or unlabeled allergen were added to DCs on day 6 of culture and
internalization was analyzed after at different time points in a FACS Calibur (BD Biosciences)
equipped with CELLQUEST software (Becton Dickinson). For confocal laser scanning microscopy,
internalization of labeled free allergen or allergen encapsulated in NPs was observed as followed:
Labeled free protein or protein-loaded NPs were added to DCs on day 6 of culture and
internalization was analyzed after 4 h of incubation using the Zeiss laser scanning system LSM 710
(Zeiss, Gottingen, Germany). DCs were labeled with 60 nM LysoTracker Green DND-26 and 200

ng/mL Hoechst 33342 10 min before analysis.

Preparation of Macromonomer (PEG-acetal-DMA). PEG2000 (2 g, 1 mmol), 2-(vinyloxy)ethyl
methacrylate (781 uL, 5 mmol), and para-toluenesulfonic acid (19 mg, 0.1 mmol) were dissolved
in 5 mL dichloromethane. Next, 20 mg of hydroquinone were added as radical inhibitor. The
reaction mixture was stirred at room temperature for 25 min followed by quenching with
triethylamine (27.7 pL, 0.2 mmol). As workup, the reaction mixture was extracted with the same
volume of sodium hydroxide solution (1 mol/L); thereafter the aqueous phase was again extracted
with dichloromethane twice. Organic phases were combined and dried over magnesium sulfate,
and then the solvent was removed by rotary evaporation. The crude product was precipitated in
cold diethyl ether, and additional hydroquinone (20 mg) was added before final drying at high
vacuum to obtain PEG-acetal-DMA as colorless solid in quantitative yield. 1H NMR (300 MHz,
CDCI3) 8[ppm] = 1.33 (d, 7H, CH-CH3, J = 5.37 Hz), 1.92 (t, 6H, CH3), 3.59-3.96 (m, 310H, CH2),
4.31-4.34 (m, 4H, CH2-0-CH), 4.89 (q, 2H, CH-CH3), 5.94 (d, 4H, CH2 = C, J = 126.14 Hz).

Preparation of NPs. Volumes of 148.3 uL phosphatidylcholine solution (100 mg/mL in ethanol)
and 246.7 pL cholesterol solution (25 mg/mL in ethanol) were mixed in a vial. The solvent was
removed by vacuum centrifugation and subsequent freeze-drying. Next, 60 mg of glass beads
were added together with the liquid phase containing 19.5 mg of PEG-acetal-DMA, 26 uL of PBS,
0.5 pL of PI, and 150 pg of protein (allergen or OVA) dissolved in 10 pL of PBS. In the case of empty
NPs, the volume of the protein solution was substituted by PBS. The reaction mixture was
centrifuged for 2 min in a normal centrifuge to guarantee contact between the dried lipids and

the liquid phase and then incubated for 10 min for swelling. After that the reaction vessel was
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centrifuged 25 min at 3500 rpom and room temperature in the DAC (dual centrifuge, Rotanta 460,
Hettich Zentrifugen, Andreas Hettich GmbH & Co KG, Tuttlingen, Germany). To redisperse the
liposomes, 120 uL of PBS were added to the reaction mixture and centrifuged twice 2 min at 3500
rpm at room temperature in the DAC. Before the second centrifugation, the reaction container
was turned about 180°. Purification of the liposomes was achieved by using ultrafiltration
concentrators Centrisart | tubes with a MWCO (molecular weight cutoff) of 100 kDa to remove
nonencapsulated macromonomer and protein. The liposomes were diluted with 2 mL of PBS and
subsequently centrifuged for 60 min at 3200 rpm and 5 °C. This purification step was repeated
once. The macromonomer was photopolymerized by irradiation at 365 nm for 10 s (black light
blue lamp F8 T5 BLB, Sylvania, Antwerpen, Belgium). The liposome templates were removed by 2-
fold addition of 200 pL of chloroform and decantation of the aqueous layer after vortexing and
phase separation. NPs were stored at 4 °C. For fluorescent labeling of NPs, Alexa Fluor 633 C5
maleimide (1 mol% referred to PEG-acetal-DMA) was added prior to the centrifugation process

and upon radical polymerization statistically incorporated into the NP network.

Blood Donors. Buffy coats were obtained from eight allergic donors sensitized to Phleum pratense
with an ImmunoCAP class > 2 (Transfusion Centre, Mainz, Germany). Specific sensitization was
verified by detection of allergen-specific IgE in the sera (ImmunoCAP specific IgE blood test; Phadia
AB, Uppsala, Sweden). The study was approved by the local ethics committee. Informed consent

was obtained from all subjects before the study.

Generation of Monocyte-Derived DCs. Peripheral blood mononuclear cells (PBMCs) and
autologous plasma were isolated from heparinized blood by Ficoll Paque 1.077 g/mL density
centrifugation. CD14* cells were enriched by incubation of 5 x 10° PBMC in a 12-well-plate
(Greiner, Frickenhausen, Germany) with 1 mL/well Iscove’s modified Dulbecco’s medium
containing L-glutamine and 25 mM HEPES (IMDM) and 3% autologous plasma, which was collected
from the upper phase after Ficoll density centrifugation and which was heat inactivated for 30 min
at 56 °C. Nonadherent cells were washed twice with prewarmed PBS. The remaining monocytes
were incubated with 1.5 mL/well IMDM, 1% autologous plasma, 1000 U/mL IL-4, and 200 U/mL
granulocyte-macrophage colonystimulating factor (GM-CSF). On day 6, the immature DCs were
pulsed with 5 pg/mL fluorescent dye-labeled allergen or allergen loaded NPs as indicated (grass
pollen extract or dust mite extract) and stimulated with 1000 U/mL tumor necrosis factor a

(TNF a), 2000 U/mL IL-1B, and 1 pg/mL prostaglandin E2 (maturation cocktail) to reach final
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maturation.3*4 After 48 h, the mature DCs were harvested, washed twice with PBS, and used for
T cell stimulation assays or for analysis of surface marker expression and nanoparticle uptake by
flow cytometry. The following antihuman mAbs for staining of DCs (20 min at 4 °C) were used:
FITC-conjugated HLA-DR, phycoerythrin (PE)-conjugated CD80, CD83, and CD86, and mouse IgG
isotype controls. To investigate cytotoxicity of NP degradation products, NPs without liposomes
were acidified to pH 1 for 30 min, 37 °C and then neutralized to pH 7 prior to cell incubation.

Additionally, PBS containing liposomes were tested (data not shown).

Purification of T Cells. Autologous CD4* T cells were obtained from PBMCs using antibody-coated
paramagnetic MicroBeads (MACS) according to the protocol of the manufacturer (Miltenyi
Biotec). Separation was controlled by flow cytometry (purity > 98% CD4* T cells). AlexaFluor-647-

conjugated CD4 was used for staining of T cells.

Coculture of T Cells and Autologous Allergen (Or Allergen-Loaded NPs)-Pulsed DCs. For the
proliferation assay, 1 x 10° CD4* T cells were cocultured in triplicate with 1 x 10* DCs, pulsed with
allergen or allergen loaded NPs, in 200 puL IMDM supplemented with 5% heat inactivated
autologous plasma. After 5 days, the cells were pulsed with 37 kBg/well of [methyl-3H]thymidine
([BH]TdR) for 8 h. Incorporation of [*H]TdR was measured in a beta counter (1205 Betaplate; LKB
Wallac, Turku, Finland). All proliferative responses were scaled to the medium control in order to
obtain proliferation indices.

Annexin V Assay. The cells were stained with PE annexin V and 7-AAD from BD Biosciences
according to the protocol of the manufacturer. DCs were matured with maturation cocktail and
incubated with NPs (5 pug/mL allergen) or degradation products of empty NPs (equivalent or
double amount to nondegraded NPs) for 48 h prior to annexin staining. For the degradation

products, NPs were acidified to pH 4 for 48 h and then neutralized to pH 7.5.

Determination of Leukotriene Release from Activated Basophils (CAST-ELISA). Allergenicity was
tested via leukotriene release of activated basophils using the cellular antigen stimulation test
(CAST-2000 ELISA) according to the protocol of the manufacturer.Briefly, dextran (250 pL) was
added to 1 mL of EDTA-blood of six atopic donors sensitized to Phleum pratense with an
ImmunoCAP class > 2 and incubated for 90 min at room temperature to allow sedimentation of
erythrocytes. Then, peripheral blood leucocytes were centrifuged at 130g for 15 min and

resuspended in 1 mL of stimulation buffer containing IL-3. A volume of 200 pL of peripheral blood
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leukocytes was stimulated with 50 pL of allergen or allergen loaded NPs at different
concentrations or mouse anti-human IgE receptor antibody as positive control for 40 min at 37 °C.
Finally, the cells were centrifuged and supernatants were stored at -20 °C until analysis of

leukotriene concentration.

Statistics. ANOVA was used for analysis of variance between different experimental groups.
Student’s paired t test was used to test the statistical significance of the results; P < 0.05 was

considered to be significant.

Results and Discussion

PEG-acetal-DMA was prepared by reacting linear dihydroxyfunctional PEG quantitatively with 2-
(vinyloxy)ethyl methacrylate with the hydroxyl end groups of PEG under acidic catalysis,
generating two acetal units in the resulting PEGdimethacrylate. Subsequent purification was
possible by simple precipitation (Scheme 1). The difunctional product was analyzed by H NMR,
GPC, and MALDI-ToF (Figures S1-54).

1. pTSA *H,0
HO. OH (o) hydroquinone, DCM
\Voif\/ + 2 /\O/\/ —_—
n
2. NEt;
M=2000 g/mol 0
M=156 g/mol
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Scheme 1. PEG-Acetal-DMA Macromonomer Synthesis.

Two macromonomers were synthesized with different PEG chain lengths (600 and 2300 g mol™?).
However, for the subsequent preparation of the corresponding NPs, only the higher molecular
weight polymers were used, since the aqueous solubility of the macromonomer depends on the
PEG chain length. Clearly, solubility in aqueous solutions is indispensable for NP synthesis. As a
side reaction, transacetalization leads to a high molecular weight shoulder at ca. 4200 g mol? in
SEC, but the presence of transacetalized product is not a disadvantage for the planned application
(see Figure S4). Lysis of the macromonomer under acidic conditions was studied by GPC (Figure
S5) and *H NMR kinetics at pH 5 (Figure 2) and pH 4 (Figure S6). Linear acetal units are known to
be cleaved at pH values of approximately 5, and the pH present in the endolysosome is reported

to be about pH 4.5-5.14°!
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To simulate physiological conditions, as present for instance in lysosomes, the macromonomer
was acidified to pH 5 and NMR was measured after different periods. In the positive control
experiment, the macromonomer was treated with deuterated hydrochloric acid, which resulted

in complete degradation (Figure 2).

a b b ¢ 'd ef
Y Y L vy
positive | :
control | | :
t=120h | P :
il e ]
t=48h | b o
e e :
t=24h | b P
t=6h | . o
t=3n | b
o 7& . W
t=0h | : ﬁ f iJ

10096 60 56 52 48 4.4 4.0 3.6 3.2 28 24 20 1.6 1.2
chemical shift / ppm

Figure 2. Lysis of macromonomer in aqueous solution at pH 5, monitored via *H NMR kinetics. As
a positive control, PEG-acetal-DMA was degraded at pH 3.

The integrals of the acetal and the methacrylate end group (d,j) decrease significantly with
reaction time and disappear completely in case of the positive control. In contrast, the signals of

the decomposition product acetaldehyde (a,h) increase compared to the constant signal of the
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methylene group (b). Cleavage of the acetal groups furthermore results in a shift of the methylene
protons next to it from 4.32 to 4.25 ppm (e,f). At 48 h, half of the acetal groups are cleaved, which
is important because 48 h is the time an APC can effectively present an antigen-fragment before
it is mortified. That means an encapsulated allergen has to be released before. The formed
acetaldehyde forms the hydrate in aqueous solution (c,k). At pH 4, half of the acetal groups are
cleaved in 1-2 h and degradation is completed in less than 24 h (see Figure S6). The solvent
deuterium isotope effect is likely to slightly lower the reaction rate constant in water,*® which
needs to be further investigated.

NPs were generated using liposome templates®”! to obtain uniform size and form distributions by
DAC, a novel technique introduced by the group of Massing et al.1**% The advantage of DAC
compared to other NP preparation methods is its potential to carry out all synthesis steps at room
temperature, under sterile conditions and in small volumes, which results in high encapsulation
efficiencies for the cargo. After removal of nonentrapped macromonomer and cargo by dialysis,
the methacrylate groups were cross-linked by photoinitiated radical polymerization, creating a
three-dimensional network. Subsequent to polymerization, the liposome templates were
removed for some experiments to study the influence of the lipids on NP internalization
(Scheme 1). CD spectra indicate that the secondary protein structure is mainly preserved
(Figure S7).

The NPs synthesized showed a size of 150-200 nm with narrow size distribution (hydrodynamic
radius analyzed by light scattering in PBS, see Figure S8). By TEM, the estimated projected area
diameter (core size) shows a smaller size, as generally expected due to sample preparation under
vacuum. The NPs have a circular shape and are monodisperse (see Figure S9).

The amount of encapsulated protein was quantified by protein assay and by fluorescence
photometry. Both techniques resulted in an encapsulation efficiency up to 45% for liposome-free
NPs and up to 60% for liposome-containing NPs. The difference in encapsulation efficiencies may
occur because of protein trapped between the inner liposome shell and the polymerized NP.
Fluorescence-labeled NPs were used to determine the uptake of NPs into immature DCs, which

was quantified by flow cytometry 48 h after further maturation (Figure 3).
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Figure 3. Uptake of fluorescence-labeled degradable PEG-NPs into DCs; NP 1 = with allergen and
liposome; NP 1* = with allergen without liposome; NP 2 = empty with liposome; NP 2* = empty
without liposome; neg = untreated/unstained cells; n = 3.

No significant fluorescence, that is, uptake, could be detected in mature DCs (treated with
maturation cocktail-containing medium with or without grass pollen or house dust mite allergen).
The percentage of fluorescent cells increased in DCs treated with fluorescence-labeled NPs
compared to DCs incubated with unlabeled allergen. Expression of the dendritic cell-specific
maturation marker CD83 was not affected by allergen and NPs. To ensure endocytosis instead of
mere surface adsorption, immature DCs treated with allergen-loaded NPs were investigated by

confocal laser scanning microscopy after 4 h of incubation (Figure 4).

Figure 4. Uptake of NPs into DCs investigated by laser scanning confocal microscopy (A, nucleus,
blue staining with Hoechst 33342; B, lysosomes, green staining with Lyso Tracker green DND-26;
C, NPs loaded with red fluorescent grass pollen allergen (allergen-Alexa 633); D, overlay of A-C).
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Colocalization of allergen and lysosomes appears as a yellow fluorescence in overlay (D) in
Figure 4. The images give clear evidence of endocytotic uptake of the NPs and entrapped allergen,
which leads to the desired localization of NP in lysosomes. This is a prerequisite for acidic
degradation of the NPs and concurrent release of their cargo inside the APC. Potential cytotoxicity
of the PEG-nanocarriers is a key issue for clinical application. In this context, an apoptosis assay
was carried out. Fluorescent staining was performed with annexin V (apoptosis marker) and 7-
AAD (DNA marker) to distinguish living cells from dead cells. No nanoparticle or degradation
product related cytotoxicity could be detected upon incubation of DCs with nanoparticles
compared to medium as negative control (Figure S10).

To investigate whether NPs per se lead to dendritic cell maturation probably due to LPS
contamination, immature DCs were incubated with maturation cocktail or NPs (loaded with grass
pollen allergen, house dust mite allergen, or empty) or were left untreated and analyzed by flow

cytometry 48 h later (Figure 5).
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Figure 5. Investigation of maturation markers on dendritic cells, measured by flow cytometry;
n=3.

As expected, immature DCs constitutively express MHC-class Il molecules (HLA-DR) and CD86, and
show no or only low expression of CD80 and CD83, while mature DCs strongly express these
maturation markers. Remarkably, in contrast to other observations>*? where NPs led to cell
maturation, DCs incubated with our NPs remain immature.

To investigate whether the allergen is shielded by the NP, we tested allergen detection by IgE-
loaded basophilic leucocytes and subsequent leukotriene release upon stimulation with grass

pollen or house dust mite allergen alone, allergen entrapped in NP (NP 1 are liposome containing,
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NP 1* are liposome-free), or empty NP (NP 2 are liposome containing, NP 2* are liposome-free;

see Figure 6).
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Figure 6. Leukotriene release of basophilic leucocytes from allergic donors incubated with allergen
alone, allergen entrapped in NPs (NP 1 and NP 1*), and empty NPs (NP 2 and NP 2*). Experiments
were carried out with cells of n = 4 allergic donors. *p < 0.05 compared to allergen alone.

The leukotriene release stayed at a constant level for cells incubated with allergen alone.
Basophilic leukocytes treated with allergen-loaded NPs showed a significantly lower leukotriene
release which dropped to zero at a certain concentration. Empty NP and medium did not lead to
leukotriene release as expected. In order to demonstrate delivery of allergen into the antigen
presenting pathway, DCs from allergic donors were incubated with grass pollen or house dust mite
allergen loaded or empty liposome-containing (NP 1 or NP 2) and liposome-free NPs (NP 1* or
NP 2*) or allergen alone, respectively, matured for 48 h, and subsequently cocultured with

autologous CD4"* T cells (Figure 7).
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Proliferation Index

0 T T T T T 1
medium allergen NP1 NP 1* NP 2 NP 2*

Figure 7. T cell proliferation assay with DCs incubated with medium, allergen, allergen-loaded, or
empty NPs. Experiments carried out with cells of n = 7 allergic donors. *p < 0.05 compared to
empty NPs.

After 5 days of coculture, the strength of T cell proliferation was measured by [3H]-thymidine
incorporation in counts per minute (cpm) as a result of effective T cell activation by DCs. Figure 7
demonstrates strong proliferation of CD4* T cells stimulated with allergen-treated DCs compared
to CD4* T cells stimulated with DCs that were left untreated (medium). DCs which had been
treated with allergen-loaded NPs with (NP 1) and without liposomes (NP 1*) induced about 41%
and 53%, respectively, of the proliferation intensity observed for T cells stimulated with DCs
treated with free allergen. Empty NPs as control (NP 2 and NP 2*) did not lead to enhanced T cell
proliferation. These results provide strong evidence that allergens encapsulated in the degradable
PEG-NPs can be liberated and retain their biological activity. In all in vitro experiments
investigated, no difference in behavior between liposome-containing and liposome-free NP could
be observed. We are currently examining the leakage of protein from the NPs, which may be
affected by the existence of the liposome shell. The reduced proliferative response to
encapsulated allergens compared to free allergens is most likely due to reduced uptake of
encapsulated allergens compared to free allergens (see Figure S11). This potential disadvantage
could be overcome by increased amounts of allergens encapsulated (not leading to increased side
effects due to encapsulation) or by functionalization of nanoparticles with mannose, for example,
enhancing uptake into dendritic cells. The group of Fréchet created OVA-loaded pH-sensitive
hydrogel NPs made of polyacrylamide® or dextran® with a degradable cross-linker that were
able to activate CD8" T cells more efficiently than free OVA. Jain et al. synthesized PEG

nanocarriers loaded with OVA and modified with an adjuvant for antigen delivery into antigen-
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presenting cells. The nanocarriers were tested in murine cell lines and led to CD4* and CD8* T cell
activation (measured by IL-2 production), but did not include any degradable sites.>® The NPs
presented here, which combine acid-degradability with the desired features of PEG-derived NPs,
were tested in vitro on human cells and showed immune reactions for CD4* T cell proliferation.
For the novel NPs introduced here, no cross-linkers are needed, so the whole nanoparticle
network can be degraded and excreted via the kidney. The goal for these nanoparticles is to

deliver their cargo into the antigen presenting pathway and to avoid undesired effects during SIT.

Conclusion

In summary, we introduce a new type of degradable PEG-based dimethacrylate and have been
able to demonstrate the usefulness of acetal-functionalized PEG nanoparticles that were allergen-
loaded and degradable inside the lysosome, to induce specific immune responses. The whole
chain of events from the design of acid-labile PEG macromonomers, the generation of protein-
loaded nanoparticles, their uptake by cells, and controlled release of the cargo, which results in a
specific immune response, was demonstrated. These promising results encourage further
research. The concept of encapsulation bears promise for application not only in specific
immunotherapy with allergens, but also for vaccination in general and different forms of

immunotherapy for cancer or AIDS.
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Figure S1. *H-NMR-Spectrum (300 MHz, C¢Ds) PEG-Acetal-DMA Mn = 2300 g mol™.

—— UV detector
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Figure S2. Gel permeation chromatography elugram (eluent: DMF, PEG-calibration) of PEG-acetal-
DMA (Mn = 2300 g mol?, red line: RI detector, blue line: UV detector). Besides the distribution at
ca. 2000 g mol? both lines show a high molecular weight shoulder at ca. 4200 g mol? due to
transacetalization reactions of PEG-acetal-DMA (see Figure S4).
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Figure S3. MALDI-ToF analysis (matrix: dithranol, salt: potassium triflate) of PEG-acetal-DMA (Mn
= 2300 g mol™). Only one distribution can be observed that can be assigned to the difunctional
product, the presence of monofunctionalized product can be excluded.
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Figure S4. Chemical equation of transacetalization and functionalization reactions of PEG-acetal-
DMA (Mn = 2300 g mol?) to PEG acetal DMA with Mn = 4200 g mol™.
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To confirm acid-degradability, the macromonomer was dissolved in citrate-phosphate buffer (pH
3.5—-pH 6 at 38 °C for 48 h). As a negative control, the macromonomer was dissolved in PBS at pH
7 to demonstrate stability of the macromonomer under neutral conditions. Clearly, upon
acidification, the macromonomer is cleaved in 48 hours until acidification to pH 4.5 and a shift in

molecular weight back to the Mn of PEG is observed in GPC (PEG-2000 as control).

PEG-acetal-DMA, 48 h
——PEG 2000
——pH 3.5
——pH 4.0
pH 4.5
-pH 5.0
pH 6.0
——pH7.0

T T ' T T v T — T s 1
18 19 20 21 22 23 24
Elution volume (ml)

Figure S5. Lysis of macromonomer in aqueous solution at pH 3.5-pH 7, monitored via GPC analysis
(eluent: DMF, PEG-calibration). Black line: PEG (Mn = 2000 g mol™) before functionalization, red
line: PEG-acetal-DMA pH 3.5, orange line: PEG-acetal-DMA pH 4, yellow line: PEG-acetal-DMA pH
4.5, green line: PEG-acetal-DMA pH 5.0, cyan line: PEG-acetal-DMA pH 6.0, blue line: negative
control, PEG-acetal-DMA at pH 7, Mn = 2300 g mol™.
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Figure S6. Lysis of macromonomer PEG-acetal-DMA in aqueous solution at pH 4, monitored via
IH-NMR kinetics. As a positive control, PEG-acetal-DMA war degraded at pH 3. At pH 4, half of the
acetal groups are cleaved in 1-2 hours and degradation is completed in less than 24 hours. The
formed acetaldehyde forms the hydrate in aqueous solution (c,k).
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Figure S7. CD spectra of model protein ovalbumin (OVA) native (1 mg/ml, before centrifugation),
OVA DC (1 mg/ml, after centrifugation with ceramic-beads), OVA NP (0.2 mg/ml, OVA inside the
PEG-acetal-DMA NP without liposomes) and OVA denatured (1 mg/ml of OVA native, treated for
48 h at 80 °C). Spectra were measured with a 0.1 cm cell in the far UV region and scaled to the
absorption maximum.

The far UV CD spectra of ovalbumin as a model protein gave almost the same curve (Fig S7) for
OVA native, OVA DC and OVA NP. These results indicate that the secondary structure of ovalbumin

appears to be mainly preserved under the nanoparticle synthesis conditions. OVA that was heat-

denatured did not show any secondary structure.
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Figure S8. Size distribution analysis of PEG-acetal-DMA-nanoparticles with liposomes by zetasizer.
The result is expressed as average value * standard deviation. Comparison of particle size after
synthesis and after 4 months of storage at 4° C (both measurements in triplicate). The diameter
of the NPs stayed constant at 225 nm over the time-period of 4 months.
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Figure S9. TEM images of a) NP with liposomes, loaded with grass pollen allergen and b) NP after
removal of liposomes, loaded with grass pollen allergen (solvent: milliQ-water, c = 1.0 g/I).

In order to support the results of the DLS measurements, additional transmission electron
microscopy (TEM) measurements were carried out to obtain information on the shape of the
structures formed. To perform this experiment the nanoparticles were dissolved in milliQ-water,
and one drop of the solution (c = 1.0 mg/ml) was deposited on a carbon-coated copper TEM grid.
Subsequently the solvent was evaporated under vacuum. No further sample treatment was
necessary. Relating to the size, the difference between the TEM and DLS results are explained by

drying effects.
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Figure S10. Apoptosis assay of mature dendritic cells; flow cytometry measurement of annexin V
and 7-AAD positive cells; the graph shows the normalized cell survival compared to the medium
control. NP 1 = with allergen and liposome; NP 1* = with allergen without liposome; NP 2 = empty
with liposome; NP 2* = empty without liposome. Degradation products (deg. prod.) were tested
in apoptosis assay after acidification to pH 4 for 48 hours and subsequent neutralization.
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Figure S11. Uptake of protein labeled with fluorescent dye into matured dendritic cells (A
percentage of fluorescent cells, B mean fluorescence intensity of fluorescent cells) NP 1= with
liposome, NP 1* = without liposome; n=7. * = p<0.05 compared to medium control.
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Abstract

Stimuli-responsive drug-delivery systems for the transport and targeted release of therapeutic
proteins have gained increasing interest during the last decades. We describe poly(ethylene
glycol) (PEG) based macromonomers containing acid-labile ketal moieties as well as terminal
methacrylate units that are amenable to radical polymerization. The synthesis of PEGs of different
molecular weights (ranging from 2000 to 13,000 g mol™ with polydispersities < 1.15) with a central
ketal unit (PEG-ketal-diol) and their conversion to PEG-ketal-dimethacrylates (PEG-ketal-DMA) is
introduced. Degradation rates of both PEG-ketal-diols and PEG-ketal-dimethacrylates were
investigated by in-situ *"H NMR kinetic studies in deuterated phosphate buffer. The hydrolysis half-
life times varied from 82.4 min (pH = 5, room temperature, PEG-ketal-diol) to 5.6 min (pH =5,
body temperature, PEG-ketal-DMA). As expected, the degradation rate of the ketal moieties
increased with temperature, resulting in hydrolysis half-life times from 82.4 min (296 K) to 10.4
min (310K) at an increase of temperature about 14 °C. Unexpectedly, all PEG-ketal-
dimethacrylates degraded faster than PEG-ketal diols of similar molecular weights under the same
conditions. An arrangement of the methacrylate units in the way of flower-like micelles may

account for the higher hydrolysis rates in PEG-ketal-DMA. Hydrogels containing of O, 5, or 10
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weight% of PEG-ketal-DMA and 100, 95, or 90 weight% of PEG-DMA, respectively, were
synthesized and disintegration of the gels was investigated in buffers at different pH values. Visible
disintegration of the gels required 8 hours at pH 5 for hydrogels with 10% of degradable PEG-
ketal-DMA and more than 21 days at pH 5 for hydrogels with 5% incorporation of PEG-ketal-DMA.
No visible degradation was observed at all at pH 7.6 or for PEG hydrogels without degradable PEG-

ketal-DMA units prepared for comparison.

At A
H +

PEG-ketal-DMA

Dvea

Hydrolysis rate Hydrogel Synthesis

Keywords: PEG, acid-labile, ketal, degradation studies, in-situ NMR kinetics, drug delivery

Introduction

Polymeric drug carrier systems offer significant advantages for nanomedical applications.!* 2 They
can protect their therapeutic payload from degradation, enable the transport of poorly water-
soluble drugs and at the same time they allow for targeted transport to the desired site of action
instead of unspecific distribution throughout the body.® 4 Furthermore, by modifying the
nanoparticle (NP) surface, one may generate a target function for a specific cell type or attach
polymer molecules (e.g. polyethylene glycol (PEG)) to impede uptake of the NP by phagocytes.! ©
Stimuli-responsive drug delivery systems, so called “smart” systems, can capitalize on specific
chemical triggers to tailor release profiles. These reactions include solubility switches due to
specific protonation, hydrolytic or enzymatic cleavage, conformational changes or structural
response to physical stimuli, such as temperature, pressure or magnetic/electrical field

changes.’=1 Cleavable moieties must be incorporated into the polymer backbone in order to
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achieve biodegradability of the polymer carrier system, which is essential for repetitive
applications in vivo to prevent deposition of polymer nanoparticle remnants leading to the so-

called storage disease.!**"%4

pH changes in vivo can occur intracellularly in the lysosome, in cancer or inflammatory tissue, or
in organs like the vaginal or the gastric/intestinal tract. Drug delivery systems with pH-dependent
cleavage sites are gaining increasing interest due to their potential for intracellular degradation
and release of the cargo. Acid-labile polymers, therefore, even if known and explored for decades,
still represent promising molecular building blocks for drug delivery systems. One can distinguish
between systems with moieties that are susceptible to (de )protonation, leading to changes in
solubility and/or conformation upon pH changes and systems with acid-cleavable moieties that
may degrade and release target molecules.”” *>7'8 Furthermore, pH-sensitivity can enable
lysosomal escape through the “proton sponge” effect and directed transport of cargo molecules
into the cytosol of a cell.**! Acid-labile polymers have been employed as materials for drug delivery
systems for many years. Examples for acid-labile structures include acetals,?% 2! ketals,!?% 23!
tertiary esters,?? imines,?® orthoesters,?® 27! cis-aconitates,?® ?*! hydrazones,?% 3 or B-

thiopropionates.t*?

The combination of acid-cleavable moieties with the highly biocompatible polymer poly(ethylene
glycol) (PEG) is desirable, since PEG exhibits multiple favorable properties required for polymers
used for drug delivery and is therefore often viewed as the “gold standard”. It is FDA approved
and has been used for biomedical applications over decades.’*¥ PEG is also employed in industrial
applications, in cosmetics, and for surface modification of therapeutic proteins (“PEGylation”) and

in anti-fouling coatings.%

A prominent approach is the combination of hydrophobic and hydrophilic polymers in amphiphilic
block structures linked by ketal units forming micelles that disassemble in acidic environment.?
Also, pendant ketals along the polymer backbone can be used to transform the hydrophobic part
of the amphiphile into a hydrophilic structure.®® Another strategy builds upon the use of small
molecules with ketal units as cross-linker for hydrogel or nanogel synthesis.™ PEG Hydrogels have
been extensively investigated as sustained release drug delivery systems, especially as scaffolds
for tissue engineering.®”' There is a large number of reports on polymeric systems other than PEG
that contain ketal units in the backbone.*##”1 Most of them show degradation kinetics that is too
slow!*¥ or the respective materials are too hydrophobic!*® for application as stimuli-responsive

drug carrier systems. An interesting approach was described by Olejniczak et al., wherein a ketal
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unit and a light-sensitive moiety were incorporated into the same polymer backbone. Upon
irradiation a carbonyl function is liberated in-situ that catalyzes hydrolysis of the ketal units in the

backbone.!

To date, there are only a few reports on ketal groups incorporated in PEG. Feng et al. synthesized
acid-labile PEG-dendrimers, and confirmed uniformity of high generation dendrimers by
degradation studies.®™™ Low molecular weight cross-linkers such as 2,2-di(acryloyloxy-1-
ethoxy)propane with one repeating unit of ethylene glycol have been published by Heath et al.!>
To the best knowledge of the authors, only one report exists on ketals incorporated into linear
oligo ethylene glycol chains. Kim et al. synthesized cross-linker monomers with a dimethyl ketal

unit that degrades under the release of acetone, applicable in self-exfoliating garments.??

In a previous work, we described the use of PEG nanogels for protein delivery containing acetals
as labile units.®? Ketals show faster degradation kinetics compared to acetals. In the present work,
we introduce ketal units into the backbone of PEG to obtain acid-labile macromonomers that can
be radically cross-linked. In a model study, the degradation of the ketal units incorporated in the
PEG macromonomers was monitored via online *H NMR kinetic measurements as described by
Jain et al.* PEG-ketal-dimethacrylates (PEG-ketal-DMA) are utilized for the synthesis of acid-
labile PEG-hydrogels for proof-of-principle studies of degradation. We suggest that the results of

these fundamental studies can be transferred to nanogels as well.

Materials and methods

Materials

Dimethylformamide (DMF), Potassium triflate, sulfuric acid, toluene, dichloromethane, ethyl
acetate, benzene, petroleum ether, potassium hydroxide, tetrahydrofuran (THF), candida
antarctica lipase B (CALB), ethylene oxide, diethyl ether, 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone, citric acid, and disodium hydrogen phosphate were purchased from Sigma
Aldrich. THF used for AROP was dried with sodium prior to use and stored over
sodium/benzophenone. LiBr, molecular sieve 4 A, ethylene glycol, magnesium sulfate, para-
toluenesulfonic acid, and hydroquinone were purchased from Acros. Dithranol was purchased
from Fluka and acetic acid was obtained from VWR. Sodium bicarbonate, calcium chloride,
ethanol, and sterile water were purchased from Fisher Scientific. 2,2-Dimethoxypropane and

vinyl-methacrylate were purchased from TCl. Alox and silica gel were purchased from
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Macherey/Nagel. PBS buffer was obtained from gibco life technologies. 1-butanol was purchased
from Alfa Aesar. Spectra/POR Dialysis membranes CE Tubing MWCO 100-500 Da were purchased
from Spectrum labs. Deuterated water was purchased from Deutero GmbH and sodium
dihydrogenphosphate and disodium hydrogenphosphate from Merck. All chemicals were used as
received without further purification unless stated otherwise. 48 well plates for hydrogel synthesis

and disposable petri dishes with lid were purchased from Greiner, Frickenhausen, Germany.

Characterization methods

'H NMR spectra (300 and 400 MHz) were recorded using a Bruker AC300 or a Bruker AMX400
spectrometer. *H NMR kinetic spectra were recorded at 400 MHz on a Bruker Advance Il HD 400
(5 mm BBFO-SmartProbe with z-gradient and ATM). All spectra are referenced internally to
residual proton signals of the deuterated solvent. *H NMR kinetic spectra were analyzed with

MestReNova v10.0.1 and the calculations were performed in OriginPro 2016G.

For size exclusion chromatography (SEC) measurements in dimethylformamide (DMF, containing
0.25 g L™ of lithium bromide as an additive), an Agilent 1100 series was used as an integrated
instrument, including a PSS HEMA column (106/104/102 A porosity) and a refractive index (RI)
detector. Calibration was carried out using poly(ethylene oxide) standards and the software used

for analysis was PSS WinGPC Unity v7 provided by Polymer Standards Service GmbH.

MALDI-ToF mass spectrometry was performed on a Shimadzu Axima CFR MALDI-ToF mass
spectrometer equipped with a nitrogen laser delivering 3 ns laser pulses at 337 nm. Dithranol or
a-cyano-4-hydroxy-cinnamonic acid (CHCA) with glycerol was used as matrix, and potassium
trifluoroacetate was added to facilitate ionization of polymer samples. The MS spectra were

analyzed with Kompact Version 2.4.1 from Kratos Analytical Ltd.
For pH measurements, a Hanna instruments HI 991001 pH electrode was used.

Illustrations were designed with Adobe lllustrator© CS5 v15.0.2.
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Synthetic procedures

Synthesis of ethylene glycol monoacetate (1)

The synthetic procedure was modified from a synthesis route by LEK Pharmaceuticals.3!
Molecular sieve (0.8 g, 4 A) was flame dried. Dry ethylene glycol (20.0 mL, m = 22.3 g,
n =0.359 mol, 1 eq.), acetic acid (20.6 mL, m = 21.6 g, n = 0.360 mol, 1 eq.), and sulfuric acid
(0.50 mL, m=0.92 g, n=9.4 mmol, 0.026 eq.) were added under argon and kept on a shaker plate
at room temperature for 72 h. The reaction was neutralized by addition of saturated sodium
hydrogen carbonate solution (25 mL). Molecular sieve was filtered off. Aqua dest. (20 mL) was
added and the aqueous phase was extracted three times with toluene (50 mL each) and 5 times
with dichloromethane (50 mL each). The toluene phase was discarded. The dichloromethane
extracts were combined and dried over magnesium sulfate. Dichloromethane was removed under
reduced pressure to obtain the crude product (20.0 g). The crude product was purified by silica
gel chromatography with pure ethyl acetate as eluent. The pure product was recovered (rf = 0.69)
as colorless liquid (18.8 g, yield = 56%, M = 104.10 g mol™). *H NMR (300 MHz, CDCl;) 6 [ppm] =
2.08 (s, 3H, CO-CHs), 2.39 (s, 1H, CH,-OH), 3.78-3.81 (m, 2H, CH,-OH), 4.16-4.19 (m, 2H, CH,-O-
CO), see Fig. S1.

Synthesis of propane-2,2-diylbis(oxyethane-2,1-diyl) diacetate (2)

2,2-dimethoxypropane (6.13 mL, m =5.21 g, n = 50.0 mmol, 1 eq.), ethylene glycol monoactetate
((1), 10.4 g, n = 99.9 mmol, 2 eq.), a spatula-tip full of para-toluenesulfonic acid and benzene
(150 mL) were placed in a round bottom flask equipped with a Soxhlet extractor filled with calcium
chloride. The mixture was refluxed for 16 h. Subsequently the solvent was evaporated. The crude
product was purified by neutral aluminum oxide column chromatography with petroleum ether :
ethyl acetate (5:1). The pure product was recovered (rf = 0.83) as a colorless liquid (6.71 g, yield =
54%, M = 248.27 g mol™). *H NMR (400 MHz, CsDs) 6 [ppm] = 1.18 (s, 6H, C(CHs)), 1.70 (s, 6H, CO-
CHs), 3.41-3.44 (m, 4H, CH»-0-C(CHs)2), 4.09-4.12 (m, 4H, CH»-0-CO) see Fig. S2.

Synthesis of 2,2'-(propane-2,2-diylbis(oxy))diethanol (3)

Propane-2,2-diylbis(oxyethane-2,1-diyl) diacetate ((2), 2.5 g, M = 248.27 g mol™%, n = 10.0 mmol,
1 eq.), potassium hydroxide (2.8 g, n=50.0 mmol, 5 eq.), ethanol (50 mL) and MilliQ water (180 pL,

n =10.0 mmol, 1 eq.) were refluxed for 2 h. After removal of the solvent, the solid crude product
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was dissolved in PBS buffer and extracted three times with 1-butanol (30 mL each). The pure
colorless product was obtained after evaporation of 1-butanol (yield = 84%, M = 164.20 g mol™).
'H NMR (400 MHz, CD,Cl,) 6 [ppm] = 1.18 (s, 6H, C(CH;5)2), 1.70 (s, 6H, CO-CHs), 3.41-3.44 (m, 4H,
CH>-0-C(CHs)3)), 4.09-4.12 (m, 4H, CH»-O-CO) see Fig. S3.

Synthesis of 2,2'-(propane-2,2-diylbis(oxy))dipoly(ethylene glycol)

The procedure is exemplified for the synthesis of polymer sample PEG(2700)-ketal-diol. It was
carried out accordingly for all PEG-ketal-DMA polymers presented in this paper. Cesium hydroxide
(37 mg, n=0.22 mol, 1 eq.) was weighted into a flame dried Schlenk flask under argon in a glove
box. 2,2' (propane-2,2-diylbis(oxy))diethanol ((3), 36 mg, n =0.22 mmol, 1 eq.) was dissolved in a
mixture of benzene (2 mL) and ethanol (1 mL) and was added via syringe. After stirring the solution
for 1 h the moisture was removed by azeotropic distillation and drying under high vacuum
overnight. Dry THF was cryo-transferred into the Schlenk flask and dry DMSO (3 mL) was added
via syringe. After 30 min of stirring to allow solvation, ethylene oxide (1.0 mL, n =20 mmol, 92 eq.)
was cryo-transferred via a graduated ampule to the macroinitiator solution. The reaction mixture
was allowed to warm up to room temperature and then stirred for 2 d at 50 °C. After quenching
the reaction with methanol (5 mL) and stirring for 2 h, the polymer was dialyzed ina MWCO = 100-
500 g mol™ dialysis tube twice against methanol for 16 h to remove DMSO. The polymer was
precipitated from methanol in cold diethyl ether twice and dried under high vacuum to obtain a
colorless powder (yield: 583 mg (50 - 83%, depending on molecular weight). *H NMR (400 MHz,
CeDs) 6 [ppm] = 1.32 (s, 6H, C(CH3),), 3.40-3.56 (m, 253H, (CH,-CH»-0),) see Fig. S4.

Synthesis of 2,2'-(propane-2,2-diylbis(oxy))dipoly(ethylene glycol)dimethacrylate

The procedure is described exemplary for the synthesis of polymer sample PEG-(2700)-ketal-DMA,
however it was carried out accordingly for all PEG-ketal-DMA polymers discussed in this paper.
PEG(2700)-ketal-diol (300 mg, n=0.111 mmol, 1 eq.) were dissolved in THF (8 mL). CALB (30 mg),
hydroquinone (30 mg) and vinylmethacrylate (133 pL, 10 eqg., n = 1.11 mmol, m = 124 mg) were
added and stirred at 50 °C for 48 h. CALB was filtered off and the solvent was constricted under
reduced pressure. The crude product was dissolved in methanol and precipitated twice into cold
diethyl ether. The polymer was dried under high vacuum to obtain the beige-colored powder

(yield: 201 mg (63 - 81%, depending on molecular weight). *H NMR (400 MHz, CsD¢) & [ppm] = 1.32
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(s, 6H, C(CHs)2), 1.85 (s, 6H, CH»-C-CH3s), 3.40-3.56 (m, 242H, (CH»-CH;-0),), 4.17-4.20 (t, 4H, CH»-
0-C0), 5.22 (m, 2H, CH»=C-CH3), 6.18 (m, 2H, CH,=C-CHjs) see Fig. S8.

'H NMR degradation kinetics of PEG-ketal-diol or PEG-ketal-DMA in deuterated phosphate
buffer pH 6

Deuterated phosphate buffer solution were produced by mixing of two stock solutions and pH
adjustment was controlled with pH electrode. Stock A contained of 100 mM Na;HPQOsand stock B
contained of 100 mM NaH,PO, in deuterated water. The measured pH was converted to pD as

described elsewhere.’®¥

For in-situ 'H NMR degradation kinetics, the respective polymer (50 mg) was dissolved in
deuterated phosphate buffer (pH 6.1, 0.7 mL) and placed in a NMR tube immediately after
dissolution. The NMR tube was placed in a preheated NMR spectrometer (23 °C and 37 °C), and
the sample was locked to the solvent and shimmed after the sample temperature was constant
(AT = 0.1 K) for 2 min. Spectra were recorded with 16 scans at 2-minute intervals during the first
hour, then at 5-minute intervals for 2 hours, at 10-minute intervals within the next 5 hours due to
the decreasing of the reaction rate. The kinetic analysis was stopped manually after the complete

conversion of the cleavage reaction was verified.

Synthesis of PEG-dimethacrylate (13)

PEG(2000) (1 g, n = 0.5 mmol) was dissolved in benzene (5 mL) in a Schlenk flask and dried under
high vacuum after azeotropic distillation of benzene to remove water. PEG was dissolved in
toluene (10 mL). Candida antarctica lipase B (CALB, 100 mg) beads and vinyl methacrylate (600 pL,
10 eq., n = 5 mmol, m = 560 mg) were added and the reaction was performed at 50 °C for 72 h.
After removal of CALB beads by filtration through a filtration paper, the solvent was removed by
rotary evaporation. The crude product was purified by twofold precipitation from methanol into
ice-cold diethyl ether. Hydroquinone (approx. 10 mg) was added for storage. The pure product
was dried under high vacuum for 24 hours. The pure product was recovered as a colorless powder
(875 mg, yield = 80%, M = 2178 g mol™). *H NMR (400 MHz, CDCl3) 6 [ppm] = 6.11 (s, 2H, CH,-C-
CHs), 5.56 (s, 2H, CH»-C-CHs), 4.28 (m, 4H, CH>-0-CO), 3.47-3.74 (m, 191H, (CH»>-CH2-0)x), 1.93 (s,
3H, -CHj3), see Figure S12.
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Hydrogel synthesis and degradation studies

The hydrogel synthesis was adapted from Schroeder et al.>® Briefly, 10 weight% polymer solutions
of PEG-ketal-DMA and PEG-DMA were prepared and mixed in different compositions to obtain
hydrogels with different degradability. 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(2 pl per 100 pL polymer solution, pre-diluted 1:10 in ethanol) as a photoinitiator was added to
the polymer solution, mixed, and 100 pL of this solution were transferred into a well of a 48-well
disposable plate. Polymerization was carried out at 365 nm for 15 minutes. The hydrogels were
transferred into disposable petri dishes with lid and covered with phosphate buffer solution or
phosphate-citrate buffer solution at the desired pH. Phosphate-citrate buffer solution was
produced by mixing of two stock solutions and pH adjustment was controlled with a pH electrode.
Stock A contained of 10 mM citric acid monohydrate and stock B contained of 200 mM Na;HPO,

in sterile water. The hydrogels were incubated on a shaking incubator at 150 rpm for several days.
Results and Discussion

Initiator synthesis

The initiator for PEG-ketal-DMA was synthesized in a three step synthesis process. The first step
includes an esterification reaction of acetic acid with ethylene glycol. The monoester product 1
was purified by column chromatography. The second step is a transketalization reaction
performed with a soxhlet apparatus to shift the chemical equilibrium to the benefit of the
product 2. The initiator 3 is obtained after a saponification step to remove the acetate protecting

group (see Scheme 1).
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Scheme 1. Synthesis of the ketal-initiator 3.
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EO polymerization and MA functionalization

A set of 6 different PEG-ketal polymers with molecular weights ranging from 2000 to
13000 g mol~! with polydispersities < 1.15 were synthesized by polymerization of ethylene oxide
(EOQ) using the initiator 3 (for SEC traces see Figure S7). In a subsequent functionalization step, two
methacrylate functionalities were attached to the chain ends of PEG. Candida antarctica lipase B
(CALB) was used for mild transesterification between the hydroxyl function of PEG and vinyl
methacrylate (see Scheme 2 and Table 1). Three PEG-ketal-diol polymers with varied molecular
weights (PEG(2700)-ketal-diol, PEG(8200)-ketal-diol and PEG(12800)-ketal-diol (5, 8 and 9) were
functionalized in this manner. PEG-ketal-diols with a molecular weight of 2700, 8200 and
12800 g mol™ were chosen to represent the entire molecular weight spectrum synthesized.
'H NMR, size exclusion chromatography (SEC) and matrix assisted laser desorption ionization -
time of flight mass spectrometry (MALDI-ToF-MS) characterization are shown in Figure 1

exemplarily for PEG(2700)-ketal-DMA.

CsOH

“°\/\o><o/\/°“ Z’ HJ[°V\EO><O+V°]L"H
/l@ °\/\]:o><o+V°HJ\

Scheme 2. Ketal-diol initiated polymerization of ethylene oxide and subsequent CALB-catalyzed
functionalization with methacrylate units (used for samples 5, 8 and 9, see Table 1).

Table 1. Characteristics of the cleavable PEG-ketal-diols and PEG-ketal-dimethacrylates.

Sample | Sample name Mhnsec (8 mol™) | Monmr (g mol™) | Dsec
4 PEG(2100)-ketal-diol 1600 2100 1.10
5 PEG(2700)-ketal-diol 2400 2700 1.09
6 PEG(4200)-ketal-diol 3200 4200 1.15
7 PEG(5000)-ketal-diol 4500 5000 1.09
8 PEG(8200)-ketal-diol 6600 8200 1.07
9 PEG(12800)-ketal-diol 8000 12800 1.12
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10 PEG(2700)-ketal-DMA? 2500 2700 1.07
11 PEG(9700)-ketal-DMAP 5900 9700 1.10
12 PEG(13200)-ketal-DMA® 8000 13200 1.13

2 derived from 5. ° derived from 8. © derived from 9.

The functionalized polymer PEG(2700)-ketal-DMA was characterized by *H NMR, size exclusion
chromatography (SEC) and MALDI-ToF mass spectrometry (see Figure 1). In the *H NMR spectrum,
all peaks could be assigned. In general, the molecular masses determined by *H NMR were
systematically higher than the values determined by SEC. Depending on the matrix used for
MALDI-ToF MS and the time delay between sample preparation and sample measurement, we
always observed degradation of a certain fraction of the ketal, independent of the presence or
absence of methacrylate units. Even with pencil lead as a matrix, we observed partial degradation.
In dithranol with potassium trifluoroacetate as counter ion, least degradation was observed. Half
of the ketal was degraded when measured in a-cyano-4-hydroxycinnamic acid (CHCA) matrix (see
Fig. S5), and complete degradation was achieved upon addition of glycerol in CHCA matrix (see
Fig. S6). After complete acidic degradation for all three PEG-ketal-DMAs (see Fig. S6, S9, and S10),
only PEG-monometharylate as the expected degradation product was found in MALDI-ToF-MS.
Taking these results into account, the molecular weights determined by *H NMR and MALDI-ToF-
MS are in good agreement and appear to be more credible than SEC molecular weights. We also
attempted measurements with electrospray ionization mass spectrometry (ESI-MS), but also
obtained degradation during the measurement (data not shown here). As the degradation is
absent in SEC and 'H NMR measurements, the degradation appears during mass spectrometry
sample preparation and not during synthesis or purification of the macromonomer. As lyophilized

materials, the macromonomers are stable for several months at 4 °C.
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Figure 1. Characterization of PEG(2700)-ketal-DMA. a) *H NMR (400 MHz, C¢sD¢). b) MALDI-ToF-MS
measurements using a dithranol matrix and KTFA as salt. ¢) SEC elugram (eluent: DMF, PEG
calibration, RI detector signal).

To the best of our knowledge, this is the first example of a linear PEG (> 1000 g mol™) with
incorporated ketal unit and methacrylate termini. The incorporation of ketal units in
oligo(ethylene glycol)s with one to six repeating units and methacrylate or acrylate
functionalization has been described as degradable cross-linkers by Kim et al.?? and Heath et al.5%
Due to the low molecular weight nature of bismethacrylates, they could be purified by flash
column chromatography or were used without further purification. The obtained yields after

purification were rather low (below 40%) or not determined.

Based on the ring-opening polymerization of ethylene oxide we were able to tailor the molecular
weight and furthermore to achieve aqueous solubility of the degradable PEG-macromonomers.
Water-solubility is crucial for many hydrogel applications to afford good mixing behavior of the
cross-linker and the other polymeric components forming the polymer network. For our targeted
application as a macromonomer for the synthesis of degradable PEG-nanogels, water-solubility is

mandatory for the nanogel synthesis step, which is carried out in aqueous solution to enable
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protein encapsulation. All synthesized macromonomers (PEG-ketal-diols and PEG-ketal-DMAs)

were highly water soluble.

A crucial feature for the ketal-based macromonomers is their degradation behavior in acidic
aqueous solution, particularly in view of their use for nanocarriers. To investigate the degradation
kinetics of both PEG-ketal-diols and PEG-ketal-DMA macromonomers, we measured the in-situ H
NMR kinetics of the degradation of macromonomers dissolved in deuterated phosphate buffer
solutions buffered to different pH values (degradation scheme see Scheme S1). In-situ *H NMR
measurements have been extensively used to monitor polymerization reactions online.”*%? |t is
also possible to use this technique to analyze the cleavage of ketal macromonomers by monitoring

the changes of typical NMR signals in situ during the hydrolysis reaction.

To cover the whole range of molecular weights synthesized, we conducted degradation studies
with the PEG-ketal-diols 5, 8 and 9 as well as various PEG-ketal-DMAs 10, 11 and 12. In the
following section, we focus on degradation rates of PEG(2700)-ketal-DMA 10, which probably is
the most suited candidate for nanogel synthesis due to the crosslinking density achieved. The
macromonomer PEG(2700)-ketal-DMA 10 showed complete degradation at pH 7.6 after 2 days
(data not shown). This fact requires storage of PEG-ketal-DMA as a powder or at basic pH. We
were particularly interested in the degradation in slightly acidic environment, as it is present inside
of the endolysosome in a cell (as low as pH 4.5)"% or in inflammatory/cancerous tissue (about

pH 6.5)17:%8,

The degradation at a pH value of 5 was complete within less than 7 minutes and therefore out of
the scope of in-situ *H NMR measurements. For that reason we decided to study degradation by
'H NMR measurements at pH 6.1. Exemplarily, we show the *H NMR spectra of the degradation
of PEG(2700)-ketal-diol (6) at 23 °C in deuterated buffer at pH 6.1 (see Figure 2). The *H NMR
spectra were normalized to the constant peaks of the polymer backbone at 3.6 ppm. We observed
a decrease of the signal intensity of the resonance corresponding to the methyl groups at the ketal
moieties (at 1.33 ppm), simultaneously to an increase of the signal intensity of the methyl group

of the degradation product acetone (at 2.13 ppm) over degradation time.
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Figure 2. In-situ *H NMR spectra of the degradation of PEG(2700)-ketal-diol at 23 °C in deuterated
phosphate buffer at pH 6.1, revealing a decrease of the ketal methyl group signal intensity
(1.33 ppm) as well as an increase of the acetone methyl group signal intensity (2.13 ppm) over
time. In order to aid clarity, an excerpt of 13 spectra is shown over the whole measurement range
(top) and a magnification for the measurement range 2.25 to 1.25 ppm (bottom).

The integrals of the ketal methyl group signals at 1.33 ppm were plotted over the reaction time
(see Figure 3). From this presentation it is possible to calculate hydrolysis half-life times (t1/2) for
the different macromonomers studied. The degradation at room temperature (23 °C) was
compared to the degradation rate at body temperature (37 °C). As expected, faster degradation
at higher temperatures (t1/> (PEG(2700)-ketal-diol at 23 °C) = 82.4 min versus ti1/, (PEG(2700)-ketal-
diol at 37 °C) = 10.4 min was observed. Surprisingly, in addition we observed a dependency of the
presence or absence of methacrylate units with otherwise equal molecular weight on the
degradation rate. Esterification with methacrylate groups resulted in significantly increased
degradation half-life times (t1/> (PEG(2700)-ketal-diol at 23 °C) = 82.4 min versus t1/2 (PEG(2700)-
ketal-DMA at 23 °C) = 23.2 min and (ti2 (PEG(2700)-ketal-diol at 37 °C) = 10.4 min versus
t1/2 (PEG(2700)-ketal-DMA at 37 °C) = 5.6 min. Shenoi et al. synthesized polyglycerol using the
same ketal initiator as presented here. At pH 6.1, they observed half-life times of t;, =1 h for a

polymer with 5200 g mol™.[3 Under the given circumstances of structural difference, these
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reports are on the same order of magnitude and hence consistent with our findings. Kim et al.
synthesized the polymer structure with the smallest deviation compared to the structures
presented in this manuscript. They analyzed the hydrolysis rates of their OEG-ketal-DMA and
achieved half-life times of ti, = 18 min at pH 5 and t1/> = 2 min at ph 4.2 These results prompt

the conclusion that the hydrolysis rate increases with higher molecular weight of the PEG chains,

i.e. increasing hydrophilicity.

1,04,
z R
2 Lt
c ) . .
O 0841% + PEG-ketal-diol 2 (23 °C)
c s 3
o 12 \ ©  PEG-ketal-diol 2 (37 °C)
- i
o 0645 » +  PEG-ketal-DMA 1 (23°C)
(o)) | SN
=S »  PEG-ketal-DMA 1 (37°C)
% 014 —io 4 .o.
U4 "
g %4 ﬁ‘k
_2 0,2 = ﬂi tx o.
et Lo R 'o.
© 2% %
qh) %&éﬂ( ..... .."0.
0,04

0 100 200 300 400 500 600 700
time / min

Figure 3. Comparison of in-situ *H NMR integrals of the degradation of PEG(2700)-ketal-diol and
PEG(2700)-ketal-DMA at 23 °C and 37 °C, respectively, in deuterated phosphate buffer at pH 6.1.

We furthermore investigated the influence of the degree of polymerization of the polyether
backbone on the degradation rates. PEG(2700)-ketal-DMA, PEG(9700)-ketal-DMA, and

PEG(13200)-ketal-DMA were incubated at 37 °C in deuterated phosphate buffer at pH 6.1 and in-

situ *H NMR kinetics were measured. No influence of molecular weight on degradation times could

be observed (see Figure S15).

We hypothesize that the different degradation rates for PEG-ketal-diol and PEG-ketal-DMA may
result from the polymer conformation in aqueous solution (see Figure 4). PEG-ketal-diol chains

with hydroxyl groups at the chain end may form a polymer coil with the ketal group located in the
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center, i.e. shielded inside the polymer coil. In the PEG-ketal-DMA molecules instead, the
methacrylate units may associate to form a kind of “flower-like micelles”, as known from
literature.'® This may result in an improved accessibility of the ketal units and thereby in an

increased degradation rate.

PEG-ketal-diol PEG-ketal-DMA

Figure 4. Possible polymer chain arrangement of PEG-ketal-diol and PEG-ketal-DMA in aqueous
solution. The methacrylate units loosely associate to form “flower-like micelle”-structures which
results in an improved accessibility of the ketal units.

In a series of experiments, 10 weight% PEG-DMA hydrogels with different amounts of PEG-ketal-
DMA (0%, 5% or 10%) were synthesized in a 48-well-plate at pH 7.4. The 10 weight% polymer
solution were mixed with a photo-initiator solution and crosslinked for 15 minutes using a 365 nm
UV lamp. The obtained hydrogels were incubated in a citrate/phosphate buffer at pH 5, pH 6 or in
a phosphate buffer at pH 7.4 as control in plastic petri dishes and shaken on a shaker plate at

150 rpm at room temperature.
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Figure 5. Incubation of PEG-hydrogels in citrate-phosphate buffers at different pH values. 10%
PEG-ketal-DMA hydrogel disintegrated at pH 5 within 8 days (top right), whereas 5% PEG-ketal-
DMA hydrogel did not show complete disintegration after 22 days (bottom right). 10% PEG-ketal-
DMA hydrogel incubated at pH 7.4 (top left) and the hydrogels without PEG-ketal-DMA incubated
at pH 5 (bottom left) did not show visible disintegration within 22 days.

The disintegration of the gels took generally longer than the hydrolysis of the PEG-ketal-DMA
macromonomers. Complete disintegration of hydrogels is defined as invisibility of the hydrogels
to the unaided eye. The hydrogel containing 10% PEG-ketal-DMA dissolved completely within
8 days. Compared to that, the hydrogel with 5% PEG-ketal-DMA content disintegrated only
partially within 22 days. Hydrogels that do not contain PEG-ketal-DMA do not show any signs of
disintegration at pH 5 in the same time-frame. On the other hand, hydrogels that contain 10% of

PEG-ketal-DMA, but were incubated at pH 7.4, did not show disintegration.

From these exploratory results one can estimate that disintegration times of nanogels will be in
between the hydrolysis times of the macromonomer and the disintegration times of the

hydrogels, as they feature a considerably higher surface to volume ratio.
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Conclusion and Outlook

In summary, we introduced a new PEG-based acid-labile macromonomer with methacrylate units
that enables three-dimensional cross-linking. This type of macromonomer is highly interesting for
the formulation of drug delivery systems for transportation of therapeutic proteins, as it combines
the excellent properties of poly(ethylene glycol) (biocompatibility, water-solubility, low
immunogenicity) with stimuli-responsive units that enable triggered drug release. The synthesis
of the macromonomer via anionic ring-opening polymerization allows for the adjustment of
molecular weights and aqueous solubility (starting at a molecular weight of 1000 g mol™). PEG-
ketal-diols of different molecular weights ranging from 2000 to 13,000 g mol™ (polydispersities
< 1.15) and their conversion to PEG-ketal-dimethacrylates is described. The synthesized
macromonomers degrade readily under slightly acidic conditions (pH 6.1) as present in
endolysosomes, cancerous and inflammatory tissue and are stable as lyophilized materials at 4 °C.
As the macromonomer also degrades at pH 7 within several days, this leads to a clear caveat
working with these ketals requires pH values > 7, which should be kept in mind when handling
these compounds. The hydrolysis half-life times investigated by in-situ 'H NMR kinetic studies
varied from 82.4 min to 5.6 min. An increase in temperature leads to reduced half-life times as
expected. All PEG-ketal-dimethacrylates showed faster degradation compared to their PEG-ketal
diol counterpart under the same hydrolysis conditions, which may be by virtue of an arrangement
of the methacrylate units in the way of flower-like micelles. No influence of molecular weights on
the hydrolysis half-life times could be observed. Acid-labile hydrogels were prepared from PEG-
ketal-DMA and PEG-DMA in different compositions. When incubated in buffer at pH 5, complete
degradation occurred within 8 days for the 10% PEG-ketal-DMA hydrogel whereas the 5% PEG-
ketal-DMA hydrogel showed much slower disintegration. Hydrogels that did not contain PEG-
ketal-DMA did not show visible disintegration, just as hydrogels containing 10% of PEG-ketal-DMA
incubated at pH 7.4. The investigation of protein release from nanogels prepared from the new

acid-labile PEG-ketal-DMA structures seems encouraging.
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Figure S1. *H-NMR spectrum (300 MHz, CDCls) of ethylene glycol monoacetate (1).
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Figure S2. H-NMR spectrum (400 MHz, C¢D¢) of propane-2,2-diylbis(oxyethane-2,1-diyl)
diacetate (2).
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Figure S4. *H-NMR spectrum (400 MHz, CsD¢) of 2,2'-(propane-2,2-diylbis(oxy))dipoly(ethylene
glycol) (4).
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Figure S5. MALDI-ToF-MS of PEG(4200)-ketal-diol (6, partially degraded) using a CHCA matrix and
KTFA as salt.
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Figure S6. MALDI-ToF-MS of PEG(5000)-ketal-diol (7) after complete degradation using a CHCA

matrix and KTFA as salt.
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SEC (eluent: DMF, calibration: PEG, detector: Rl)
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Figure S7. SEC elugrams of all PEG-ketal-diols (eluent: DMF, PEG calibration, Rl detector signal).
Molecular weights and polydispersities are specified in Table 1.
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Figure S8. *H-NMR spectrum (400 MHz, C¢D¢) of 2,2'-(propane-2,2-diylbis(oxy))dipoly(ethylene
glycol)dimethacrylate (PEG(2700)-ketal-DMA, (10)).
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Figure S9. MALDI-ToF-MS of PEG(9700)-ketal-DMA (11) after complete degradation using a
dithranol matrix and KTFA as a salt.
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Figure S10. MALDI-ToF-MS of PEG(13200)-ketal-DMA (12) after complete degradation using
dithranol matrix and KTFA as salt.
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Figure S12. H-NMR spectrum (400 MHz, CDCl;) of poly(ethylene glycol)-dimethacrylate
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Figure S13. SEC result for PEG-dimethacrylate (eluent: DMF, PEG calibration, Rl detector signal).
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Abstract

Heterobifunctional polyethylene glycols (PEGs) are key structures for bioconjugation in the
context of the “PEGylation” strategy to enhance blood circulation times of e.g., peptide drugs or
“stealth” liposomes. The formation of heterobifunctional PEGs from symmetric PEG diols is
challenging because of limited yields of the targeted monofunctional product and difficulties
associated with separation steps. Based on a detailed comparison of reaction conditions, we have
developed a “polymer desymmetrization” strategy to maximize the yields of monofunctional PEG
tosylate. The tosylation reaction in presence of the heterogeneous catalyst silver oxide and
potassium iodide in a specific stoichiometric ratio proved to be highly efficient, resulting in 71-
76% yield of monofunctional PEG depending on molecular weight, exceeding the expected value
of 50% in a statistical reaction. For characterization as well as for the preparative separation of
monotosylated PEG, we developed a HPLC method, using an evaporative light scattering detector,
enabling both analytic and semi-preparative separation of mono-tosylated PEGs up to
8000 g mol™L. To demonstrate the efficiency of the procedure, we synthesized an a-azide-w-
methacryloyl-PEG, a building block suitable for azide-alkyne click-type reactions that can be

incorporated into polymer networks via radical polymerization. We click-functionalized a-azido-
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w-methacryloyl-PEG with a mannose-functionalized alkyne to enable functionalization of
nanogels for enhanced cell uptake via the mannose receptor. The synthesis strategy is suitable for

a broad range of applications in the field of hydrogel and nanogel functionalization.
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Keywords: heterobifunctional PEG, click reaction, polymer desymmetrization

Introduction and Motivation

Poly(ethylene glycol) (PEG) shows highly desirable characteristics for biomedical applications. It is
soluble in water and a variety of organic solvents, as well as non-toxic, chemically inert and mostly
non-immunogenic. These advantages render PEG the current gold standard polymer for anti-
fouling materials, drug-delivery systems or attachment to therapeutic molecules to enhance
water-solubility, blood-circulation times and bioavailability.[* 2 To achieve targeted drug delivery,
the attachment of targeting molecules to nanocarrier systems is often required.’® 4 For
conjugation of targeting molecules to the nanocarrier surface, heterobifunctional PEGs (PEGs
bearing two different end groups) are particularly interesting. Depending on the end groups of the
polymer chain, one can choose between different conjugation strategies to attach targeting
molecules (i.e. antibodies or sugar-based substrates).”! Popular conjugation chemistries target
amino acid residues present in proteins and peptides (e.g.,, reaction of mMPEG-N-
hydroxysuccinimide with lysine residues), click chemistry (“alkyne azide click”, AAC) or thioether

formation (“thiol-ene click”).

At present, various heterobifunctional PEGs are commercially available. Four different strategies
have been described to obtain heterobifunctional oligo(ethylene glycol)s (OEGs) and PEGs: (i) ring-
opening polymerization of ethylene oxide (EO) using an initiator and a termination reagent with

different functional moieties. This method limits the availability of functional groups, as they need
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to survive the strongly basic conditions of the oxyanionic polymerization. Furthermore, the
synthesis needs to be carried out under inert atmosphere to exclude polymer chain growth
initiated by traces of water and requires handling of the toxic gas EO.%3 (ii) The second method
involves iterative coupling reactions of heterobifunctional oligomers to build up OEGs and PEGs.
This method requires considerable synthetic effort and purification in between the individual
coupling steps.1?* 2% (jii) The third strategy consists of a monofunctionalization of readily available
and inexpensive OEG/PEG-diol with a functional group and subsequent (chromatographic)
isolation of the desired heterobifunctional PEG molecule. Symmetrical PEG-diols as inexpensive
starting materials are available in large quantities and with a broad range of molecular weights.
For statistical reasons, this functionalization always results in a mixture of non-, mono-, and
disubstituted PEG, resulting in low yields of the desired monofunctional product. Furthermore,
difficulties have been reported for the purification of higher molecular weight PEGs (with Mn
exceeding 1000 g mol™), as the chemical differences (none, one or two end groups) between the
reaction products decrease with molecular weight as a result of the decreasing influence of the
end group with molecular weight.[?°=3¢ For this reason, the third approach has been mostly used
for low molecular weight oligomers or heterobifunctional PEGs that possess ionizable end groups
that facilitate separation by ion exchange chromatography.’*” In this work, the third method based
on polymer desymmetrization of PEG was exclusively employed for the synthesis of
monotosylated PEG (Mn = 1500 to 8000 g mol™), which is a valuable intermediate that can be

converted into a broad range of heterobifunctional PEGs.

In recent years, several reports have described an enhanced selectivity during tosylation of
oligo(ethylene glycol)s to monosubstituted product upon addition of silver oxide and potassium
iodide. Bouzide et al. were the first to report the beneficial use of silver oxide together with
potassium iodide for the tosylation reaction of OEGs.¥ This method mediates sulfonation
reactions of alcohols in high yields under neutral reaction conditions without the release of
chloride as a by-product. Potassium iodide is required because it converts the tosyl chloride to the
much more reactive tosyl iodide in situ and thereby accelerates the reaction rate.®® In a
subsequent publication, Bouzide et al. investigated monotosylation reactions, and observed high
yields of monotosylated OEGs (yield 61-92% monotosylated product for OEG with molecular
weights of 62 — 282 g mol™). From simple statistical considerations for a 1:1 reaction of PEG with
tosyl chloride one would expect a product ratio of 25% PEG-diol 1, 50% PEG-monotosylate 2 and
25% PEG-ditosylate 3 (see Scheme 1).

154



Chapter 4. A Magic Effect of Silver Oxide on the Monotosylation of PEG?

H{O\/\]FOH 1

Ag,0, KI, T o
O TsClI o) S
wofon — 1 o
n toluene, 40 °C nO 6 2
+
0]
\@\O I
1 [O S
S/{ \/i\o’n©\ 3
n
6 0]

Scheme 1. Tosylation reaction of OEG or PEG with silver oxide and potassium iodide in toluene at
40 °C with expected product mixture.

The authors tentatively explained the enhanced yields of monotosylated OEG by coordination of
the silver cation with the oxygen atoms in the OEG backbone (see Scheme 2).B3% The general
concept can be transferred to monoacylation, monobenzylation, or monophosphorylation of e.g.
carbohydrates,“°#? and has also been used for other oligo(ethylene glycol)s*¥! or poly(ethylene
glycol)s.[?” 44471 Hsy et al. as well as Mahou et al. explain the selectivity towards mono-
functionalized PEG with intramolecular hydrogen bonding. They propose that intramolecular
hydrogen bonding is responsible for deprotonation of one hydroxyl group by silver oxide because
the other hydroxyl group becomes less acidic./*®*? However, it is unlikely that the preferred mono-
substitution of poly(ethylene glycol) depends on the coordination of all oxygen atoms to the silver
cation, as it was proposed for oligo(ethylene glycol). Furthermore, due to the low solubility of
silver oxide in toluene, free silver cations would rather interact with iodide than with the ether
oxygens. Obviously, the silver oxide-based strategy bears high promise although it currently lacks
a conclusive, mechanistic picture. Unfortunately, none of the existing publications suggests a
mechanism for the preferential monotosylation reaction of poly(ethylene glycol), and analytical
data are limited or missing. Based on our previous experience, characterization of
monosubstitution products by *H NMR and GPC is not adequate, as the global information
obtained from NMR and GPC cannot conclusively distinguish between a monotosylated PEG and
a mixture of non- and ditosylated PEG. MALDI-ToF MS alone is not suitable to quantify the amount
of the different PEG structures in a reaction mixture with non-, mono-, and ditosylated PEG. To
date, there is no systematic analysis and comparison of monotosylation reactions of
dihydroxyfunctional (= unfunctionalized) PEG conducted with the additives silver oxide and
potassium iodide versus conventional statistical monotosylation reactions without any catalyst

added. In the first part of this work, the effect of silver oxide and potassium iodide on the yield of
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monotosylated PEG is investigated. As an example for the synthetic value of monotosylated PEG,
modification of PEG chains with an azide functionality as well as a methacryloyl unit in w-position
is presented, permitting both azide-alkyne click reactions and covalent incorporation of the

heterobifunctional polymers into chemical networks via radical polymerization.

Results and Discussion

A. Synthesis and purification of monotosylated PEG

The monotosylation step is crucial as it represents the desymmetrization of the PEG diol.
Subsequently, recovery of the pure monofunctionalized product is essential for the subsequent
transformations to obtain pure products. For statistical reasons, in a stoichiometric ratio of PEG
and tosyl chloride, i.e., using a 1:1 ratio of PEG and tosyl chloride, one would expect a mixture of
the possible reaction products PEG-diol 1, PEG-monotosylate 2 and PEG-ditosylate 3 a ratio of
1:2:1. Improving the yield of monotosylated PEG is highly desirable. An enhanced selectivity
towards monotosylation of PEG has been proposed for reactions in the presence of silver oxide
and potassium iodide in toluene.[*”: %! To the best of our knowledge, the beneficial effects of silver
oxide and potassium iodide for the tosylation reaction have not been studied for polymer diols,
such as PEG in comparison to statistical tosylation reactions so far. Therefore, we decided to vary
and compare different reaction conditions with regard to the amount of monotosylated PEG

produced.

To date, merely *H NMR and MALDI-ToF MS have been employed to confirm formation of the pure
monotosylated product. However, 'H NMR spectroscopy is inappropriate to exclude the presence
of diol-PEG and ditosylated PEG. The integrals of the hydroxyl group and the tosylate group may
be in good agreement for monotosylated PEG product in *H NMR (as an example see Figure S1),
however detailed investigation of the sample by MALDI-ToF mass spectrometry shows
distributions that can be clearly assigned to the monotosylated product 2, diol-PEG 1 or
ditosylated PEG 3 (see Figure S3). On the other hand it is not possible to quantify the amount of
non-, mono-, and ditosylated PEG by MALDI-ToF MS, as we were able to confirm by mixing the
purified components in different ratios, subsequently analyzing the integrals appearing in the
MALDI-ToF MS (see Figure S37 - Figure S40). The signals cannot clearly be assigned to the non-,
mono-, and ditosylated compounds 1, 2 and 3, since combination with different cations may result

in the same m/z value (see Figure S37). Furthermore, the fraction of polymer coordinating to a
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certain type of cation is not predictable and not reproducible. These facts lead to a visible trend
upon mixing of different PEG species, but it is not sufficient to obtain a calibration curve (see
Figure S40). The observation that quantification of different polymer species possessing different
end groups in a polymer mixture is not adequate by MALDI-ToF-MS, for example o-(2-propenyl)-
w-(2-propenyloxy)-poly(oxyethylene), a-(2-propenyl)-w-carboxy-methylthio-poly(oxyethylene)
and a-carboxymethylthioethyl-w-carboxymethylthio-oligo (ethylene glycol), is described by

Volcker et al.?®

To investigate how silver oxide and potassium iodide enhance the yield of monotosylated product,
statistical tosylation of PEG samples of different molecular weights was performed in a variety of
solvents. Both the stoichiometric ratio (PEG/solvent/silver oxide) and the mode of addition of tosyl
chloride (in one dose or via slow addition) was varied and analyzed. To exclude adsorption of one
component of the reaction mixture to the silver oxide surface, silver oxide was also added
subsequent to a tosylation reaction under statistical conditions (see Table 1, sample C14). Silver
oxide is insoluble in the solvents employed, which results in a heterogeneous character of the
reaction mixture and influences its interplay with PEG and tosyl chloride. Reverse phase HPLC was
employed to quantify the amounts of the three possible reaction products and was optimized to
separate the monotosylated PEG (Mn = 1500 to 8000 g mol™) on a semi-preparative scale for
further reactions. A range of molecular weights of PEG was chosen (see Table 1) that represents
the most commonly used molecular weights for PEGylation and functionalization of nanoparticles
or liposomes.™ Using a 20 minutes HPLC gradient (40% to 100% acetonitrile) method it was
possible to separate all three possible reaction products. The elution of the reaction products was
monitored by means of an evaporative light scattering detector. The purity of the separated PEG

products was confirmed by MALDI-ToF-MS.

Figure 1 shows the typical separation and characterization, employing a mixture of PEG-1500-diol
1, PEG-1500-monotosylate 2 and PEG-1500-ditosylate 3, obtained in a reaction using silver oxide
and potassium iodide (1.5 eq. of Ag,0, 0.2 eq. of KI, 12.5 mL of toluene) that was analyzed with
the HPLC method. For detailed mass spectrometry data of the distinct tosylation products, see
Figures S5 - S7. Remarkably, HPLC separation of unreacted diol 1, targeted monotosylated PEG 2
and ditosylated PEG 3 was applicable even for PEG chains with higher molecular weights (up to

8000 g mol-1) with only little variation of the gradient program (see Figure S12). Integration of
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the peak area allows to determine the relative amounts of the reaction products obtained from a

crude reaction mixture.
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Figure 1. Typical separation of crude mixture of PEG-1500-diol 1, PEG-1500-monotosylate 2 and
PEG-1500-ditosylate 3 with reverse phase HPLC. The purity of the separated PEG-derived
structures was confirmed by MALDI-ToF-MS after separation.

The tosylation reaction catalyzed with silver oxide and potassium iodide yields between 76.2%
and 42.0% of monotosylated PEG 2. The amount of the targeted monotosylated product 2 is

lowered with increasing molecular weight of PEG. The difunctional side product ditosylate-PEG 3
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was produced in surprisingly low yields in the range of 14.4% — 2.7%, and unreacted PEG 1 was
recovered with yields in the range of 15.8% — 55.2% (see Table 1). A systematic comparison of the
influence of different reaction conditions on the yield of monotosylated product is summarized in

Table 1.

To investigate (and eventually to confirm or dispute) the influence of silver oxide and potassium
iodide, statistical tosylation (non-catalyzed tosylation reaction) of PEG in dichloromethane with
triethylamine and tosyl chloride was performed. Under these conditions, regardless of slow
addition of tosyl chloride to the solution or addition in one portion, the tosylation afforded 33.5%
and 55.2% of monotosylated PEG-2000 2, respectively (see Table 1, samples C12 and C13). These
results are in good agreement with literature regarding the tosylation of PEG-2000, giving values
of 34% PEG, 49% PEG-monotosylate and 12% PEG-ditosylate.?®! The reaction with silver oxide
constantly produced higher yields of monotosylated PEG 2 for PEG with Mn between 1500 and
8000 g mol™* compared to the statistical reaction conditions (see Table 1, samples C1, C4, C5, C7).
Possibly, the underlying key effect for enhanced monotosylation adding silver oxide compared to
the statistical reaction is the insolubility of silver oxide in organic solvents and its low solubility in
water (solubility product Ksp(Ag,0) in water at 20 °C = 1.69 x 10° mol3L™3).1*® Silver(l)oxide shows
a rather inhomogeneous particle size distribution in the size range of a few nanometers up to
5 um, which supports a heterogeneous catalysis process at the surface of the silver oxide particles
(see Figure S41 and Figure S42). The hydroxyl end groups of PEG can dynamically interact with
free coordination sites at the silver oxide surface, forming weak interactions with the silver(l)oxide
particles, thereby promoting polarization and tosylation of hydroxyl groups. Backfolding, i.e., loop
formation of polymer chains is entropically disfavored, therefore coordination of both hydroxyl
groups of PEG to Ag,0 is unlikely. Based on our results (Table 1) we suggest a surface-controlled
activation of PEG at the heterogeneous surface of the silver oxide particles. However, the
significantly enhanced amount of monotosylated product must be due to a complex interplay

between surface activation and exchange dynamics at the surface.
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Scheme 2. Coordination of oligo(ethylene glycol) with silver cations, as proposed by Bouzide et al.
(left) versus surface controlled asymmetric activation of PEG at the heterogeneous silver oxide
catalyst particles (right).

To elucidate to which extent this effect depends on the stoichiometric ratio of PEG, silver oxide
and solvent, reaction time and reaction temperature, another set of experiments was conducted.
15 equivalents or 30 equivalents of silver oxide instead of 1.5 eq. under otherwise the same
reaction conditions resulted incomparable amounts of monotosylation product (see Table 1,
sample C7 and C8). In contrast, dilution (only 0.15 eq. of silver oxide or 10-fold the amount of
solvent) resulted in drastically decreased yields of monotosylated product 2 (see Table 1, samples
C6 and C9). The catalyst-free statistical reaction with triethylamine in toluene or dichloromethane
or in pyridine resulted in a lower yield of monotosylated PEG 2 compared to catalyzed reactions,
independent of molecular weight (see Table 1, samples C2-C3, C10-16, C19, C22, C25). To exclude
an adsorption effect of one subset of products, the reaction was performed under statistical
conditions in DCM. After 16 h of reaction time, Ag,0 was added and removed by filtration after
30 minutes of stirring. The amount of monotosylated product and side products remained
constant compared to the reactions in which no silver oxide was added (see Table 1, sample C16).
Mahou et al. suggested the selectivity towards mono-functionalized PEG depends on coordination
of hydroxyl groups to silver cations and activation through intramolecular hydrogen bonding.
However, if silver nitrate is used as a catalyst instead of silver oxide, no selectivity towards mono-
functionalized PEG was observed (see Table 1, sample C10). It is noteworthy that even silver

nitrate is insoluble in toluene and reacts with potassium iodide to precipitated silver iodide.
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The role of Kl was also investigated by Bouzide et al.*® Potassium iodide was reported to enhance
tosylation reaction rates, as is converts the tosyl chloride to the much more reactive tosyl iodide

in situ.38

In general, with increasing molecular weight of PEG, the conversion and the yields of
monotosylated PEG under the same reactions conditions decreased. For this reason, we altered
the reaction conditions to three equivalents of silver oxide and 48 hours reaction time for PEG-
4000 and PEG-8000, respectively (see Table 1, samples C17-C25). With three eq. of Ag,0, PEG-
4000 could be converted to PEG-monotosylate with yields of 60.2% (2, see Table 1, sample C18)
which compares favorably to 25.2% of PEG-monotosylate (2, see Table 1, sample C19) obtained
under uncatalyzed reaction conditions. For PEG-8000, prolongation of reaction conditions from
16 to 48 hours resulted in 32.8% and 42.0% of the targeted monotosylated product compared to
9.4% and 12.6% from uncatalyzed, but otherwise similar reaction conditions (see Table 1, samples

C21, C22, C24, C25).

To conclude this series of experiments, we observed that silver oxide in combination with KI
reproducibly provides an enhanced selectivity towards monotosylation reactions of poly(ethylene
glycol)s (42 — 76% monotosylated product depending on molecular weight). In contrast, the
uncatalyzed tosylation reaction resulted in a yield of monotosylated product ranging from 12 to
55% depending on molecular weight in a range expected for the statistical process. For PEG-2000
or lower molecular weights, 1.5 equivalents of Ag,O were sufficient to obtain high yields of
monotosylated product (see Table 1, samples C1 and C5). For PEG with a molecular weight above
2000 g mol™, the amount of catalyst had to be increased to 3 equivalents, and the reaction time
had to be prolonged to 48 hours to afford high monotosylation yields (see Table 1, samples C18
and C24). Slower reaction kinetics for larger PEGs are not surprising, as larger PEGs are sterically

disfavored to react at both hydroxyl groups of the polymer coils.

161



Chapter 4. A Magic Effect of Silver Oxide on the Monotosylation of PEG?

Table 1. Comparison of the influence of different reaction conditions on the amount of
monotosylated PEG. Amounts of reaction products were calculated from peak areas in analytical
HPLC measurements. Gray-shaded fields: uncatalyzed reaction conditions, non-shaded fields:
Ag,0-catalyzed reaction conditions.

Condition | Reaction conditions (1.0 eq. PEG, 1.0 eq. | PEG (M, / | Yield 1 | Yield 2 | Yield 3

# TsCl, 40 °C, 16 h) g mol™) /% /% /%
C1 1.5 eq. Agy0, 0.2 eq. /KI, 12.5 mL toluene | 1500 17.9 73.3 8.8
c2 1.5 eq. NEt;, 12.5 mL DCM! 1500 76.1 23.5 0.4
c3 1.5 eq. NEt;, 25 mL DCM! 1500 90.1 9.9 0.0
C4 1.5 eq. Ag,0, 0.2 eq. KI, 12.5 mL toluene | 2000 14.4 71.2 14.4
(65) 1.5 eq. Ag,0, 0.2 eq. KI, 25 mL toluene 2000 15.8 76.2 7.9
C6 1.5 eq. Ag.0, 0.2 eq. Kl, 125 mL toluene | 2000 99.5 0.5 0.0
c7 15 eq. Ag;0, 2 eq. KI, 12.5 mL toluene 2000 22.8 69.7 7.5
Cc8 30 eq. Ag20, 4 eq. KlI, 12.5 mL toluene 2000 29.6 70.4 0.0
C9 0.15 eq. Ag,0, 0.02 eq. KI, 12.5mL | 2000 99.4 0.6 0.0
toluene
C10 1.5 eqg. AgNOs, 0.02 eqg. KI, 12.5 mL | 2000 74.6 23.2 2.1
toluene
C11 1.5 eq. NEt3, 12.5 mL toluene 2000 77.2 225 0.3
C12 1.5 eq. NEt;, 12.5 mL DCM! 2000 42.9 55.2 1.9
C13 1.5 eq. NEt;, 12.5 mL DCM!, TsCl | 2000 65.4 33.5 1.1

dissolved in DCM added dropwise

Cl4 1.5 eq. NEt3, 25 mL DCM? 2000 81.2 18.8 0.0
C15 12.5 mL pyridine 2000 96.9 3.1 0.0
Cle 1.5 eq. NEt;, 12.5 mL DCM, subsequent | 2000 38.7 55.3 6.0

addition of Ag,0

C17 1.5 eq. Ag,0, 0.2 eq. KI, 12.5 mL toluene | 4000 57.3 41.8 0.9
C18 3 eq. Agx0, 0.4 eq. Kl, 12.5 mL toluene 4000 26.6 60.2 13.2
C19 1.5 eq. NEt;, 12.5 mL DCM! 4000 74.0 25.2 0.8
C20 1.5eq., Ag,0, 0.2 eq. Kl, 12.5 mL toluene | 8000 88.3 11.4 0.3
Cc21 3 eq. Agx0, 0.4 eq. KlI, 12.5 mL toluene 8000 65.2 32.8 2.0
C22 1.5 eq. NEt3, 12.5 mL DCM* 8000 90.6 9.4 0.0
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C23 1.5eq., Ag,0,0.2 eq.Kl, 12.5 mL toluene, | 8000 73.4 25.6 1.0
48 h

C24 3 eq. Ag20, 0.4 eq. KI, 12.5 mL toluene, | 8000 55.2 42.0 2.7
48 h

C25 1.5 eq. NEt3, 12.5 mL DCM?, 48 h 8000 87.4 12.6 0.0

1 DCM = dichloromethane

Efficient removal of unsubstituted PEG 1 and disubstituted product 3 is a key requirement for the
preparation of pure monotosylated product 2. For all molecular weights investigated, excellent
separation via analytical as well as semipreparative HPLC was achieved. Remarkably, even the
reaction products of PEG with 8000 g mol™ can be separated with the HPLC method described
with baseline resolution, merely on the basis of the different end groups. (See Table 1, samples
C20 - C25) The results assessed in the analytical HPLC measurements were reproduced on a semi-
preparative scale (up to 200 mg of crude product per injection), again with baseline separation of
the three relevant PEG species. Thus, this polymer desymmetrization method permits to obtain
pure monotosylated product on a gram scale after several runs of semi-preparative HPLC. The
purified monotosylated product could be converted to heterobifunctional PEGs with a variety of
functional groups. As an example, the synthesis of a-4-(a-D-mannopyranosyl-oxymethylene)-
1,2,3,triazol-1-yl-w-methacryloyl-PEG, a polymer which is suited for hydrogel and nanogel

functionalization, is described below.

B. Conversion of heterobifunctional PEG to a-4-(a-D-mannopyranosyloxymethylene)-

1,2,3,triazol-1-yl-w-methacryloyl-PEG

This section shows an example for the preparative value of the monotosylated PEGs. Targeting of
the mannose receptor on CD11c positive cells (e.g. dendritic cells) is important to enhance
efficient cell-specific uptake of nanoparticles.**-? For the conjugation of mannose to the polymer
chain, a copper(l)-catalyzed alkyne-azide cycloaddition (CUAAC)®%>¥ click reaction was used. In a
four step sequence, the commercial PEG-diol was transformed into a-4-(a-D-
mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-w-methacryloyl-PEG, a building block that is
highly valuable to incorporate a functionality into nanoparticles synthesized by radical
polymerization (see Scheme 3). To the best of our knowledge, this is the first report regarding a
facile method to attach both methacrylate, enabling a radical polymerization, and mannose to a

heterobifunctional PEG chain.
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Scheme 3. Reaction scheme of subsequent transformation of PEG-monotosylate (2) to a-4-(a-D-
mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-w-methacryloyl-PEG (10) in a three step
reaction.

In the first step, we substituted the tosylate moiety by an azide to obtain a-azide-w-hydroxyl-PEG.
Already in the two-step reaction of PEG-diol to a-azide-w-hydroxyl-PEG, the preparative value of
the synthesized heterobifunctional product increases dramatically. The chemical characterization
is shown in Figure S17 - Figure S19 in the Supporting Information. All resonances in the *H NMR
can be assigned, and there are no signals indicating unreacted tosylate moieties. SEC and MALDI-
ToF-MS measurements also show a monomodal distribution and the absence of residual
monotosylate-PEG (confirmed by MALDI-ToF-MS). The free hydroxyl group at the w-position can
be further functionalized to enable crosslinking by radical polymerization. This was achieved by a
mild transesterification reaction of the hydroxyl group with vinyl methacrylate in the presence of
Candida antarctica lipase B (CALB). Complete functionalization with methacrylate was confirmed

by *H NMR, SEC, and MALDI-ToF-MS analysis (see Figure S20 — Figure S14).

OH BF3 -OEt,, DCM
OH A0, I, S 7 c NaOMe, MeOH
o o _ 18hrt o ACO _16h,rt, 98% Ho
HO T quant 24h,1t,74%  AcO

D-Mannose OH 8

Scheme 4. Reaction Scheme of Propargyl -a-D-mannopyranoside (9).

Propargyl a-D-mannopyranoside was synthesized in a three step sequence as shown in Scheme

4.The CuAAC reaction was tested with phenyl acetylene as a model reaction. According to 'H NMR
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and MALDI-ToF-MS, the click reaction was quantitative, und no residual a-azido-w-methacryloyl-
PEG could be detected (see Figure S23 - Figure S25). The whole chain of reactions from PEG-diol
to a-1,2,3-triazole-4-phenyl-w-methacrylate-PEG was additionally monitored by FTIR (see Figure
S26).

For the application in nanogel synthesis, the covalent attachment of target molecules like
mannose to the polymer is a crucial requirement. Therefore we used copper(l)-catalyzed alkyne-
azide cycloaddition to attach a mannose-substituted alkyne to the a-azide-w-methacrylate-PEG.
All resonances could be assigned in the 'H NMR spectrum. The integral of H-5 of the triazole ring
at 8.11 ppm and the peaks of the mannose are slightly underestimated (0.72 instead of 1.00 for
H-5), which may be due to shielding of the highly polar mannose molecule by the PEG chains in
organic solvents (see Figure S34). A similar effect was not detected in the case of phenylacetylene.
A shift towards higher molecular weights is visible in SEC measurements compared to a-azido-w-
methacryloyl-PEG (see Figure S35). In the SEC elugramm, a higher molecular weight shoulder at
approx. 4000 g mol™ is visible, which may be due to starting crosslinking of methacrylate units
during SEC sample preparation. No higher molecular weight shoulder is visible in MALDI-ToF-MS

spectra (see Figure S36). The successful click reaction was confirmed by MALDI-ToF-MS.

Materials and Methods

Materials

Dimethylformamide, potassium trifluoroactetate, toluene, dichloromethane, benzene, methanol,
acetonitrile, Candida antarctica lipase B (CALB), silver(l)oxide, silver nitrate, potassium iodide,
Cu(l)Br, and diethyl ether were purchased from Sigma Aldrich. LiBr, magnesium sulfate,
phenylacetylene, tosyl chloride, N,N,N’,N”,N”’-pentamethyldiethylentriamine (PMDETA), sodium
azide, and hydroquinone were purchased from Acros. Dithranol was purchased from Fluka and
vinyl-methacrylate were purchased from TCIl. Deuterated DMSO and methanol were purchased
from Deutero GmbH. PEG standards were obtained from Polymer Standards Service GmbH.
Lewatit Mono Plus S100CHC4124 was a gift from Lanxess. Dimethylformamide (DMF, Extra dry,
AcroSeal ®) and pyridine was purchased from Acros. All chemicals were used without further
purification, unless otherwise stated. Acetonitrile and dichloromethane was distilled from calcium
hydride. The eluents for column chromatography (cyclohexane and ethyl acetate) were distilled

prior to use. Deuterochloroform was stored over alumina (Brockmann activity I).
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All reactions involving air or moisture sensitive reagents or intermediates were performed under
aninert atmosphere of argon in glassware that was oven dried using standard Schlenk techniques.

Reaction temperatures referred to the temperature of the particular cooling/heating bath.
Chromatography:

Thin-layer chromatography (TLC) was carried out on silica gel 60 F254 plates (Merck) or RP silica
gel RP-18 F254s plates (Merck). Compounds were visualized using UV light and/or by immersion
in a solution of m-methoxyphenol (0.1 mL) in ethanol (95 mL) and sulfuric acid (2 mL) followed by
heating. Chromatography was performed using flash chromatography of the indicated solvent

system on 35—70 um silica gel (Acros Organics).

Characterization Methods

'H NMR spectra (400 MHz) were recorded using a Bruker AMX400 spectrometer and referenced
internally to residual signals of the deuterated solvent. *H NMR spectra were analyzed with

MestReNova v10.0.1.

For size exclusion chromatography (SEC) measurements, an Agilent 1100 series integrated
instrument was used, including a PSS HEMA column (106/104/102 A porosity) and a refractive
index (RI) und ultraviolet (UV) detector. Samples were measured in dimethylformamide (DMF,
containing 0.25 g L™? of lithium bromide as an additive) and calibration was carried out using
poly(ethylene oxide) standards. The standards and the software used for analysis (PSS WinGPC

Unity v7) were provided by Polymer Standards Service GmbH. Data was plotted with MATLAB.

MALDI-ToF mass spectrometry was performed on a Shimadzu Axima CFR MALDI-ToF mass
spectrometer equipped with a nitrogen laser delivering 3 ns laser pulses at 337 nm. Dithranol was
used as matrix, and potassium trifluoroacetate was added to facilitate ionization of polymer

samples. The MS spectra were analyzed with Kompact Version 2.4.1 from Kratos Analytical Ltd.
The freeze-drier used was a Christ Alpha 2-4 LD Plus.

The gradient HPLC system for analytical and semi-preparative setup consisted of an Agilent
Technologies 1260 Infinity system with a 1260 Quat Pump, 1260 ALS autosampler, 1260 VWD UV-
vis variable-wavelength spectrophotometric detector and a Softa 1300 evaporative light
scattering detector. The UV detector was operated at a wavelength of 254 nm. For analysis, a

Reprosil 100 (C18, 5 um particle size, 4.6 x 250 mm i.d.) column from Maisch GmbH was used.
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Data was analyzed with PSS WinGPC Unity v7, provided by Polymer Standards Service GmbH. For
separation, a Reprosil 100 (C18, 5 um particle size, 20 x 250 mm i.d. protected with 20 x 30 mm
i.d. column guard) column from Maisch GmbH was used. The mobile phases consisted of

acetonitrile (Inlet A), and Milli Q water (Inlet B).

Fourier transform infrared spectroscopy (FTIR) was measured using a Nicolet iS10 spectrometer

from Thermo Fisher Scientific Inc. The software for spectra analysis was Omnic Software v8.1.210.

Synthetic procedures

Synthesis of a-tosyl-w-hydroxyl-PEG (1,2 and 3)

The synthesis of a-tosyl-w-hydroxyl-PEG was modified from Mahou et al.*”! Exemplarily, the
synthesis of a-tosyl-w-hydroxyl-PEG-1500 is described below. PEG (1.00 g, M = 1500 g mol™, n =
0.667 mmol) was dissolved in benzene (5 mL) in a Schlenk flask and dried under high vacuum after
azeotropic distillation of benzene to remove water. For the standard experiment, PEG was
dissolved in dry toluene (12.5 mL) and the reaction solution was heated to 40 °C. Under vigorous
stirring, Ag,0 (261 mg, 1.5 eq, n=1.00 mmol) and potassium iodide (25 mg, 0.2 eq., n =0.15 mmol)
were added under inert conditions. After 15 minutes of stirring, tosyl chloride (150 mg, 1.05 eq, n
= 0.788 mmol) was added under argon counterflow and the reaction mixture was rigorously
stirred overnight at 40 °C. The amount of solvent, silver oxide, reaction temperature and reaction
time were modified according to Table 1. The solution was filtered through a filtration paper at
40 °C followed by solvent removal by rotary evaporation. The crude product was purified by
twofold precipitation from methanol into ice-cold diethyl ether. The pure product was dried under
high vacuum for 24 hours. The product mixture (1, 2 and 3) was recovered as colorless powder
(891 mg, yield = 80%, M = 1670 g mol™). *H NMR (400 MHz, DMSO) & [ppm] = 7.78 (d, 2H, CaromH-
C-S0s), 7.48 (d, 2H, CaromH-C-CH3), 4.58 (t, 1H, -OH), 4.11 (m, 2H, CH»-S03), 3.40-3.56 (m, 119H,
(CH,-CH;-0O)n), 2.42 (s, 3H, -CH3), see Figure S1.

For the non-catalyzed tosylation reaction, a procedure reported by Li et al. was used and slightly
modified.”® In short, PEG (1.0 g, M = 2000 g mol™?) was dried with azeotropic distillation of
benzene. PEG was dissolved in DCM (12.5 mL), followed by the addition of tosyl chloride (95 mg,
1 eq.) and TEA (138 pl, 2 eq.), and stirred under argon atmosphere at 40 °C for 16 h. The solvent
was removed by rotary evaporation. The crude product was purified by twofold precipitation from

methanol into ice-cold diethyl ether. The pure product was dried under high vacuum for 24 hours.
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The pure product mixture (1, 2 and 3) was recovered as colorless powder (873 mg, yield = 78%,

M = 2170 g mol™).

For the different reaction conditions, reactants and solvent conditions were modified, as stated in

Table 1.

Analysis and purification of (1, 2 and 3) via HPLC

Analytical: The mixture of a-tosyl-w-hydroxyl-PEG (2), diol-PEG (1) and a,w-ditosyl-PEG (3) (1 mg)
was dissolved in acetonitrile (ACN) : water (40:60, 1 mL), filtered through a Rotilabo® syringe filter
(PTFE, pore size 0.45 pm) and was analyzed by RP-HPLC with an Acetonitrile/water gradient.
Gradient conditions: linear gradient from 40% ACN to 70% ACN over 7.5 min, then a linear gradient
to 100% ACN over 1.5 min, and then isocratic at 100% ACN for 3 min. Subsequently the starting
gradient was restored in one minute and a 8 min reconditioning time of 40% ACN : 60% water was
allowed before further gradient analyses. Total run time was 20 min at a flow rate of 1 mL min™.
For PEG > 2000 g mol™, a linear gradient from 40% ACN to 50% ACN over 7.5 min, then a linear
gradient to 100% ACN for 1.5 min, and then isocratic at 100% ACN for 3 min was used. Then the
starting gradient was restored in one minute and a 8 min reconditioning time of 40% ACN : 60%

water was allowed before further gradient analyses.

Semi-Preparative scale: The mixture of a-tosyl-w-hydroxyl-PEG (2), diol-PEG (1) and a-tosyl-w-
tosyl-PEG (3) (100 mg) was dissolved in acetonitrile (ACN) : water (40:60), filtered through a
Rotilabo® syringe filter (PTFE, pore size 0.45 um) and were separated by RP-HPLC with an
acetonitrile/water gradient. Gradient conditions: linear gradient from 40% ACN to 70% ACN over
7.5 min, then a linear gradient to 100% ACN over 1.5 min, and then isocratic at 100% ACN for
3 min. Subsequently the starting gradient was restored in one minute and an 8 min reconditioning
time of 40% ACN : 60% water was allowed before further sample injection. Total run time was
20 min at a flow rate of 10 mL min™™. The sample fraction of monotosylated PEG (2) between 5.5
and 6.5 minutes was collected, dried in a freeze-drier and analyzed by MALDI-ToF-MS. For PEG >
2000 g mol™, a linear gradient from 40% ACN to 50% ACN for 7.5 min, then a linear gradient to
100% ACN over 1.5 min, and then isocratic at 100% ACN for 3 min was used. Subsequently the
starting gradient was restored in one minute and a 8 min reconditioning time of 40% ACN : 60%

water was allowed before further sample injection.
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Synthesis of a-azide-w-hydroxyl-PEG (4)

The synthesis of a-azide-w-hydroxyl-PEG was developed based on Mahou et al.'*”! Exemplarily, the
synthesis of a-azide-w-hydroxyl-PEG-1500 is described below. a-tosyl-w-hydroxyl-PEG ((2),
500 mg, M = 1670 g mol™, n = 0.299 mmol) and sodium azide (97 mg, 5 eq., h = 1.5 mmol) were
dissolved in dry dimethylformamide (DMF, 10 mL) and stirred overnight at 90 °C und argon
atmosphere. After cooling to room temperature, DMF was removed under reduced pressure. The
crude product was dissolved in dichloromethane (DCM, 5 mL) and extracted twice with brine
(5 mL) each and twice with deionized water (5 mL) each. The organic phase was dried with
magnesium sulfate. After removal of DCM the crude product was precipitated twice from DCM
into ice-cold diethyl ether. The pure product was dried under high vacuum for 24 hours. The pure
product was recovered as colorless powder (266 mg, yield = 58%, M = 1541 g mol™). 'H NMR
(400 MHz, DMSO) 6 [ppm] = 4.58 (t, 1H, -OH), 3.46-3.56 (m, 132H, (CH2-CH»-O).), 3.41 (m,
4H, -(CH;),-Ns), see Figure S17.

Synthesis of a-azido-w-methacryloyl-PEG (5)

Exemplarily, the synthesis of a-azide-w-methacrylate-PEG-1500 is described below. a-tosyl-w-
azide PEG ((4), 266 mg, M = 1541 g mol™, n =0.173 mmol) was dissolved in toluene (2 mL). Candida
antarctica lipase B (CALB, 58 mg) beads and vinyl methacrylate (104 L, 5 eq., n = 0.865 mmol,
m = 97.0 mg) were added and the reaction were allowed to proceed for 48 h at 50 °C. After
filtration through a filtration paper the solvent was removed by rotary evaporation. The crude
product was purified by twofold precipitation from methanol into ice-cold diethyl ether.
Hydroquinone (approx. 2 mg) was added for storage. The pure product was dried under high
vacuum for 24 hours. The pure product was recovered as colorless powder (202 mg, yield = 73%,
M =1609 g mol™). *H NMR (400 MHz, DMSO) & [ppm] = 6.03 (m, 1H, CH,-C-CHs), 5.69 (m, 1H, CH.-
C-CH3s), 4.20 (m, 2H, CH»-0-CO), 3.65 (m, 2H, CH,-CH,-0-CO), 3.43-3.56 (m, 119H, (CH»-CH>-0)n),
3,39 (m, 2H, CH,-N3), 1.88 (s, 3H, -CH3s), see Figure S20.
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Synthesis of a-4-phenyl-1,2,3,triazol-1-yl-w-methacryloyl-PEG (6)

Exemplarily, the synthesis of a-4-phenyl-1,2,3,triazol-1-yl-w-methacryloyl-PEG-1500 is described
below. a-azido-w-methacryloyl-PEG ((5), 150 mg, M = 1609 g mol™, n = 0.0932 mmol),
phenylacetylene (15 uL, 1.5 eq., n = 014 mmol, m = 14 mg), NNN,N”’N”"-
pentamethyldiethylentriamine (PMDETA, 5.9 uL, 0.3 eq., n = 0.028 mmol, m = 4.9 mg), and
methanol (2 mL) were mixed in a Schlenk flask. Three cycles of freeze pump-thaw were performed
for degassing the solvent. Addition of CuBr (4 mg, 0.3 eqg., n = 0.03 mmol) under argon
counterflow. Stirring at room temperature overnight, protected from light by tin foil. Addition of
three tips of a spatula acidic ion exchange resin Lewatit Mono Plus, stirring for approx. 1 h until
discoloration of the solution. The solution was filtered through a filtration paper followed by
solvent removal by rotary evaporation. The crude product was purified by twofold precipitation
from methanol into ice-cold diethyl ether. The pure product was dried under high vacuum for 24
hours. The pure product was recovered as colorless powder (139 mg, yield =87%, M=1711 g mol~
1). IH NMR (400 MHz, DMSO) 6 [ppm] = 8.53 (s, 1H, CH-N), 7.84 (m, 2H, CaromH(0rtho)), 7.44 (m,
2H, CaromH(meta)), 7.34 (m, 2H, CaromH(para)), 6.03 (m, 1H, CH,-C-CHs), 5.69 (m, 1H, CH,-C-CH;s),
4.57 (m, 2H, CH»>-N), 4.20 (m, 2H, CH,-0-CO), 3.87 (m, 2H, CH»-CH>-N), 3.65 (m, 2H, CH,-CH,-0-CO),
3.43-3.56 (m, 158H, (CH»-CH»-O)x), 1.88 (s, 3H, -CHs), see Figure S23.

Synthesis of 1,2,3,4,6-Penta-0-acetyl-a,B-D-mannopyranose (7)

The synthesis of peracetylated mannose was modified from Kartha et al.>> lodine (560 mg,
2.2 mmol, 0,04 eq.) and acetic anhydride (50 mL) were mixed under Ar atmosphere. D-Mannose
(10.0 g, 55.5 mmol, 1 eq.) was added portion by portion at 0 °C. After stirring for 30 min at 0 °C
and additionally for 18 hours at room temperature TLC (cyclohexane/toluene/ethylacetate 3:3:1)
showed complete consumption of the starting material. The reaction mixture was diluted with
dichloromethane (50 mL) and was washed twice with cold saturated aqueous Na,SO; solution
(2 x 80 mL), then with a saturated aqueous solution of NaHCOs; (4 x 50 mL). The separated organic
layer was dried over anhydrous MgS0O.. The solvent was removed in vacuo to afford the desired
peracetylated D-mannose (21.5 g, 55.1 mmol, 99%, mixture of both anomers a /B 1: 4.75) as a

yellowish high viscous oil.

Rf = 0.30 (silica gel, cyclohexane/toluene/ethyl acetate, 3:3:1);
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Signals assighable to B-anomer: *H NMR, COSY (400 MHz, CDCl3) § (ppm) = 6.09 (d, 3/ = 1.9 Hz, 1H,
H 1), 5.34-5.36 (m, 2H, H 3, H 4), 5.25-5.27 (m, 1H, H-2), 4.28 (dd, %/ = 12.4 Hz, *J = 4.9 Hz, 1H, H
6a), 4.10 (dd, 2/ = 12.4 Hz, 3/ = 2.5 Hz, 1H, H 6b), 4.03 4.07 (m, 1H, H 5), 2.18, 2.17, 2.10, 2.05, 2.01
(5 x s, 15H, COCH; ); 13C NMR, HSQC, HMBC (100.6 MHz, CDCls) 6 (ppm) = 170.8, 170.2, 169.9,
169.7, 168.2 (5x COCHs), 90.7 (C-1), 70.7 (C-5), 68.8 (C-3), 68.4 (C-2), 65.6 (C-4), 62.2 (C-6), 21.0,
20.9, 20.9, 20.8, 20.8 (5 x COCHs).

The spectral data are in accordance with literature.’®

Synthesis of Propargyl 2,3,4,6-Tetra-O-acetyl-a-D-mannopyranoside (8)

The synthesis of propargyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside was modified from Daly
et al®” 1,2,3,4,6-Penta-O-acetyl-a,B-D-mannopyranose (7, 10.0 g, 25.6 mmol, 1 eq.) and
propargyl alcohol (7.18 g, 7.48 mL, 128 mmol, 5 eq.) was dissolved in dichloromethane (100 mL).
After stirring for 20 minutes at room temperature, the reaction mixture was cooled to 0 °C and
BF3-OEt; (16.22 mL, 128 mmol, 5 eq.) was added dropwise. The mixture was stirred for 15 min at
this temperature, then at room temperature for 24 h. The solution was treated with saturated
NaHCOs solution (25 mL). Subsequently the aqueous layer was extracted with dichloromethane
(2 x 50 mL), and the combined organic layers were dried over anhydrous MgS0.. The solvent was
removed in vacuo and the residue was purified by flash column chromatography
(cyclohexane/ethyl acetate, 1:1) to give the title compound (7.23 g, 18.7 mmol, 73%) as a colorless

viscous oil.
Rf = 0.43 (silica gel, cyclohexane/ethyl acetate, 1:1);

H NMR, COSY (400 MHz, CDCl3) & (ppm) = 5.36 (m, 3H, H 2, H-3, H4), 5.02 (d, 1H, %/ = 1.7 Hz, H 1),
4.31-4.25 (m, 3H, H-6a, CH~C=C), 4.10 (dd, % = 12.2 Hz, 3) = 2.5 Hz, 1H, H 6b), 4.01 (ddd, *J =
9.3 Hz, 3/ = 5.2 Hz, 3) = 2.5 Hz, 1H, H 5), 2.47 (t, “/ = 2.4 Hz, 1H, CH), 2.15, 2.09, 2.03, 1.98 (4 x s,
12H, COCH; ); ®C NMR, HSQC, HMBC (100.6 MHz, CDCls) & (ppm) = 170.8, 170.1, 170.0, 169.8
(4 x COCH), 96.4 (C-1), 86.0 (C=CH), 75.7 (C=CH), 69.5 (C-2), 69.1 (C-5), 69.1 (C-3), 66.1 (C-4), 62.4
(C-6), 55.1 (CH2), 21.0, 20.9, 20.8, 20.8 (4 x COCHs),

IR (ATR) Amax/cm™ 1756, 1738, 1431, 1256, 1232, 1186, 1056, 1013, 979, 795, 691;
[a]2? +53.4° (c = 1.00, CHCl3);

HRMS (ESI): calculated for [C17H2,010 + Na]*: 409.1111, found: 409.1116.
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Synthesis of Propargyl -a-D-mannopyranoside (9)

The synthesis of propargyl-a-D-mannopyranoside was modified from Daly et al.’”! Propargyl
2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (8, 7.00 g, 17.9 mmol) was dissolved in methanol
(70 mL) and sodium methoxide was added until pH 9-10 (approx. 60 mg). The reaction mixture
was stirred at room temperature for 16 h. Subsequently, the solution was neutralized with
Amberlite 120 H* resin until pH 7. The mixture was filtered over Celite, which was washed
thoroughly with methanol. The solvent was removed in vacuo to afford the desired 1-propargyl-
a-D-mannopyranoside (3.83 g, 17.6 mmol, 98%) as a highly viscous syrup which solidified soon to

an amorphous solid.
Rf = 0.85 (RP-silica gel, acetonitrile/water, 1:9);

IH NMR, COSY (400 MHz, CDsOD) & (ppm) = 4.96 (d, ¥ = 1.7 Hz, 1H, H 1), 4.27 (d, 1H, %/ = 2.4 Hz,
CH.), 3.84 (dd, 2/ = 11.8 Hz, ¥ = 2.3 Hz, 1H, H 6a), 3.79 (dd, 1H, 3/ = 3.1 Hz, %/ = 1.7 Hz, H 2), 3.74
3.58 (m, 3H, H 3, H-4, H-6b), 3.54-3.47 (m, 1H, H-5), 2.86 (t, 4] = 2.4 Hz, CH); *C NMR, HSQC,
HMBC (100.6 MHz, CD;0D) & (ppm) = 99.8 (C 1), 80.0 (C=CH), 76.0 (C=CH), 75.1 (C 5), 72.5 (C 3),
72.0 (C2), 68.5 (C—4), 62.8 (C—6), 54.8 (CH,-C=CH),

IR (ATR) Amax/cm™ 3403, 3276, 2934, 2909, 1586, 1343, 1252, 1134, 1061, 963, 916, 814, 663;
[a]3? +116.7° (c = 1.00, MeOH);

HRMS (ESI): calculated for [CoH1406 + Na]*: 241.0688, found: 214.0692.

Synthesis of a-4-(a-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-w-methacryloyl-PEG
(10)

Exemplarily, the synthesis of a-4-(a-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-w-
methacryloyl-PEG-2000 is described below. a-azido-w-methacryloyl-PEG ((6), 96 mg, M =
2106 g mol™, n = 0.046 mmol), mannose alkyne ((9), 12.5 mg, 1.24 eq., n = 0.057 mmol), PMDETA
(2.9 uL, 0.3 eq., N =0.014 mmol, m = 2.4 mg), and methanol (1 mL) were mixed in a Schlenk flask.
Three cycles of freeze pump-thaw were performed for degassing the solvent. Addition of CuBr
(2 mg, 0.3 eq., n = 0.01 mmol) under argon counterflow. Stirring at room temperature overnight,
protected from light by tin foil. Addition of two tips of a spatula acidic ion exchange resin Lewatit
Mono Plus, stirring for approx. 1 h until discoloration of the solution. The solution was filtered

through a filtration paper followed by solvent removal by rotary evaporation. The crude product
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was purified by twofold precipitation from methanol into ice-cold diethyl ether. The pure product
was dried under high vacuum for 24 hours and thereafter recovered as colorless powder (103 mg,
yield =96%, M = 2324.2 g mol™). *H NMR (400 MHz, MeOH) 6 [ppm] = 8.11 (s, 1H, CH-N), 6.14 (m,
1H, CH2-C-CHs), 5.66 (m, 1H, CH,-C-CH3), 4.61 (m, 2H, CH,-Mannose), 4.31 (m, 2H, CH»>-0-CO), 3.93
(m, 2H, CH2-N), 3.53-3.86 (m, 261H, (CH,-CH,-0)»), 1.96 (s, 3H, -CH3), see Figure S34.

Conclusions and Outlook

Heterobifunctional PEGs are highly valuable reaction products as they are widely used for
bioconjugation (“PEGylation”) of e.g. proteins, nanoparticles, hydrogels, nanogels and liposomes.
The preparation of heterobifunctional PEGs from symmetrical PEG diols is desirable, but the
polymer desymmetrization step is challenging due to low yields and demanding separation of the
reaction products, especially for PEG exceeding 1000 g mol™. Monotosylation of PEG via an
Ag,0/KI catalyzed strategy was compared to the non-catalyzed tosylation reaction with respect to
enhancing the amount of monotosylated reaction product. The addition of silver oxide and
potassium iodide resulted in higher yields of monofunctionalized PEG (71 - 76%, M, 2000 g mol™)
compared to the uncatalyzed, statistical tosylation reaction (below 56%) with one equivalent of
tosyl chloride. The yield for monotosylated product decreased under the same reaction conditions
with increasing molecular weight of the polymer due to inferior accessibility of the chain ends of
the coiled polymer chains (11.4% for Ag.O-catalyzed compared to 9.4% uncatalyzed). For this
reason, reaction time and silver(l)oxide equivalents were adjusted to vyield 42.0% of
monotosylated PEG-8000 compared to 12.6% for the uncatalyzed reaction under comparable

reaction conditions.

An analytical HPLC method was developed to analyze the crude reaction mixture. Monotosylated
PEG was separated from the crude product by an adapted semi-preparative HPLC method with
baseline resolution. As an example of the further use of the monotosylated PEG-synthon, using a
three step route, the a-tosyl-w-hydroxyl-PEG could be converted into the complex,
heterobifunctional  a-4-(a-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-w-methacryloyl-
PEG, which can be applied for functionalization of hydrogels and nanogels. To the best of our
knowledge, this is the first report on the combination of a PEG spacer, mannose and methacrylate
to obtain a-4-(a-D-mannopyranosyl-oxymethylene)-1,2,3,triazol-1-yl-w-methacryloyl-PEG. Since
click reactions are highly selective even in the presence of numerous other functional groups, this

synthesis strategy is suitable for broad application in the field of hydrogel and nanogel
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functionalization. In brief, the desymmetrization strategy for PEG has been proven to represent a
versatile method to provide pure a-tosyl-w-hydroxyl-PEG in a molecular weight range of 1500 to
8000 g mol™. This compound is a key intermediate for heterobifunctional PEGs, rendering this

approach highly valuable for a broad range of new PEGylation reagents.
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Supporting Information

a-tosyl-w-hydroxyl-PEG (1, 2, and 3)
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Figure S1. *H-NMR spectrum (400 MHz, DMSO) of a-tosyl-w-hydroxyl-PEG-1500 (C12), before
purification by semi-preparative HPLC.

SEC (eluent: DMF, calibration: PEG, detector: RI/UV)

Rl detector
UV detector

f L . .
18 19 20 21 22 23 24
elution volume [mL]

M 21600 g/mol; ©: 1.04
——— M : 1590 g'mol; ©: 1.05

10°
moalar mass [g/mol]

Figure S2. SEC elugram and mass distribution of a-tosyl-w-hydroxyl-PEG-1500 (C12), (eluent: DMF,
PEG calibration, Rl und UV detector signals), after purification by semi-preparative HPLC.
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Figure S3. MALDI-ToF-MS of the crude tosylation product mixture of PEG-1500-tosylate (C12)
using a dithranol matrix and KTFA as salt.
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Figure S4. Reverse phase HPLC measurement of the crude tosylation products using a gradient
method from 40 — 100% acetonitrile in 30 min. The three products are baseline-separated with
elution times of PEG-1500-diol (1) at 2.6 min, PEG-1500-monotosylate (2) at 7.5 min and PEG-
1500-ditosylate (3) at 11.5 min (Sample C12).
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Figure S5. MALDI-ToF-MS of a,w-dihydroxyl-PEG-1500 (C12, 1) using a dithranol matrix and KTFA
as salt, purified with semi-preparative HPLC, product eluted at 2.6 min.
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Figure S6. MALDI-ToF-MS of a-tosyl-w-hydroxyl-PEG-1500 (C12, 2) using a dithranol matrix and
KTFA as salt, purified with semi-preparative HPLC, product eluted at 7.5 min.
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Figure S7. MALDI-ToF-MS of a,w-ditosyl-PEG-1500 (C12, 3) using a dithranol matrix and KTFA as
salt, purified with semi-preparative HPLC, product eluted at 11.5 min.
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Figure S8. Reverse phase HPLC measurement of the crude tosylation products using a gradient
method from 40 — 100% acetonitrile in 30 min. The three products are baseline-separated with
elution times of PEG-4000-diol (1) at 4.5 min, PEG-4000-monotosylate (2) at 10.5 min and PEG-
4000-ditosylate (3) at 13.0 min (Sample C18).
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Figure S9. MALDI-ToF-MS of a,w-dihydroxyl-PEG-4000 (1, C18) using a dithranol matrix and KTFA
as salt, purified with semi-preparative HPLC, product eluted at 4.5 min.
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Figure $10. MALDI-ToF-MS of a-tosyl-w-hydroxyl-PEG-4000 (2, C18) using a dithranol matrix and
KTFA as salt, purified with semi-preparative HPLC, product eluted at 10.5 min.
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Figure S11. MALDI-ToF-MS of a,w-ditosyl-PEG-4000 (3, C18) using a dithranol matrix and KTFA as
salt, purified with semi-preparative HPLC, product eluted at 13.0 min.
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Figure S12. Reverse phase HPLC measurement of the crude tosylation products using a gradient
method from 40 — 100% acetonitrile in 30 min. The three products are baseline-separated with
elution times of PEG-8000-diol (1) at 8.5 min, PEG-8000-monotosylate (2) at 11.5 min and PEG-
8000-ditosylate (3) at 13.0 min (Sample C24).

184



Chapter 4. A Magic Effect of Silver Oxide on the Monotosylation of PEG?

H{o\/]:OH

+Nat +KT

8718.7 8762.6 8806.9

8734. 8778. 8822.2

8700 8720 8740 8760 8780 8800 8820
mass/charge

r— 1.~ 1 -~ 1 1 1 1 1 1T - 1 °1
7000 7500 8000 8500 9000 9500 10000 10500 11000 11500 12000

mass/charge

Figure S13. MALDI-ToF-MS of a,w-dihydroxyl-PEG-8000 (1, C24) using a dithranol matrix and KTFA
as salt, purified with semi-preparative HPLC, product eluted at 8.5 min.
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Figure $14. MALDI-ToF-MS of a-tosyl-w-hydroxyl-PEG-8000 (2, C24) using a dithranol matrix and
KTFA as salt, purified with semi-preparative HPLC, product eluted at 11.5 min.
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Figure S15. MALDI-ToF-MS of a,w-ditosyl-PEG-8000 (3, C24) using a dithranol matrix and KTFA as
salt, purified with semi-preparative HPLC, product eluted at 13.0 min.
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SEC (eluent: DMF, calibration: PEG, detector: Rl)
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Figure S16. SEC traces of a-tosyl-w-hydroxyl-PEG prepared (eluent: DMF, PEG calibration, RI
detector signal) of samples purified with semi-preparative HPLC. PEG-6000 sample is not discussed
in the manuscript.

187



Chapter 4. A Magic Effect of Silver Oxide on the Monotosylation of PEG?
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Figure S17. *H-NMR spectrum (400 MHz, DMSO) of a-azido-w-hydroxyl-PEG-1500 (4).
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Figure S18. SEC elugram and mass distribution of a-azido-w-hydroxyl-PEG-1500 (4), (eluent: DMF,
PEG calibration, Rl und UV detector signals).
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Figure $S19. MALDI-ToF-MS of a-azido-w-hydroxyl-PEG-2000 (4), using a dithranol matrix and KTFA
as salt.
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Figure 520. *H-NMR spectrum (400 MHz, DMSO) of a-methacryloyl-w-azido-PEG-1500 (5).
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Figure 521. SEC elugram and mass distribution of a-methacryloyl-w-azido-PEG-2000 (5), (eluent:
DMF, PEG calibration, Rl und UV detector signals).
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Figure S22. MALDI-ToF-MS of a-methacryloyl-w-azido-PEG-2000 (5) using a dithranol matrix and
KTFA as salt.
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Scheme 1. Reaction scheme of heterobifunctional functionalization of poly(ethylene glycol) in a
four step reaction with phenyl acetylene as test reaction.
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Figure 523. *H-NMR spectrum (400 MHz, DMSO) of a-4-phenyl-1,2,3,triazol-1-yl-w-methacryloyl-
PEG-1500 (6).
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Figure S24. SEC elugram and mass distribution of a-4-phenyl-1,2,3,triazol-1-yl-w-methacryloyl-
PEG-1500 (6), (eluent: DMF, PEG calibration, Rl und UV detector signals).
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Figure S25. MALDI-ToF-MS of a-4-phenyl-1,2,3,triazol-1-yl-w-methacryloyl-PEG-2000 (6), using a
dithranol matrix and KTFA as salt.
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Figure S26. FTIR spectra of the different reactions steps from a,w-dihydroxyl-PEG to the clicked a-
4-phenyl-1,2,3,triazol-1-yl-w-methacryloyl-PEG. a,w-dihydroxyl-PEG (orange line), a-tosyl-w-
hydroxyl-PEG (red line), a-azido-w-hydroxyl-PEG (green line), a-azido-w-methacryloyl-PEG (pink
line), a-4-phenyl-1,2,3,triazol-1-yl-w-methacryloyl-PEG (blue line).

The broad band at 3600-3200 cm™ of the hydroxyl group is visible for PEG-diol (orange line)
disappears during the first reaction step and a new signal at 650 cm™ (red line) appears for the
deformation vibration. During the second reaction step, the aromatic deformation vibration
vanishes and an azide stretch vibration at 2160-2120 cm™ can be observed (green line). This peak
remains and two additional peaks at 1650-1600 cm™ (conjugated alkene) and 1685-1666 cm™
(conjugated ketone) are visible after attachment of the methacrylate units (pink line). The peaks
for the methacrylate unit remain, but the azide peak disappears after the last reaction step (blue

line).
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Propargyl-a-D-mannopyranoside (9)
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Figure 528. 'H NMR spectrum (400 MHz, CDCl3) of 1,2,3,4,6-Penta-O-acetyl-a,B-D-manno-
pyranose (7).
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Figure §29. 3C NMR Spectrum (100.6 MHz, CDCls) of 1,2,3,4,6-Penta-O-acetyl-a,B-D-manno-
pyranose (7).
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Figure $30. 'H NMR spectrum (400 MHz, CDCls) of Propargyl-2,3,4,6-Tetra-O-acetyl-o-D-manno-
pyranoside (8).
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Figure §31. 3C NMR Spectrum (100.6 MHz, CDCls) of Propargyl-2,3,4,6-Tetra-O-acetyl-a-D-
mannopyranoside (8).
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Figure $32. *H NMR spectrum (400 MHz, CDCls) of Propargyl-a-D-mannopyranoside (9).
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Figure 5§33. 3C NMR Spectrum (100.6 MHz, CDCls) of Propargyl-2,3,4,6-Tetra-O-acetyl-a-D-
mannopyranoside (9).
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Figure $34. *H-NMR spectrum (400 MHz, MeOH) of a-4-(a-D-mannopyranosyloxymethylene)-
1,2,3,triazol-1-yl-w-methacryloyl-PEG-2000 (10).
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SEC (eluent: DMF, calibration: PEG, detector: Rl)
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Figure S35. SEC elugram of a-4-(a-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-w-
methacryloyl-PEG-2000 (10), (eluent: DMF, PEG calibration, Rl detector signal). A higher molecular
weight shoulder at approx. 4000 g mol™ is visible, which may be due to starting crosslinking of

methacrylate units during SEC sample preparation.
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Figure S36. MALDI-ToF-MS of a-4-(a-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-w-
methacryloyl-PEG-2000 (10), using a dithranol matrix and KTFA as salt.
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Figure S37. Calculated average masses of PEG-1500-diol (1), PEG-1500-monotosylate (2), and PEG-
1500-ditosylate (3) with different cations.
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Figure S38. MALDI-ToF-MS spectra obtained by mixing PEG-1500-monotosylate 2 and PEG-1500-
ditosylate 3 in different ratios.
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Figure S39. Magnification of MALDI-ToF-MS spectra obtained by mixing PEG-1500-monotosylate
2 and PEG-1500-ditosylate 3 in different ratios.
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Figure S40. Calibration curve for PEG-1500-ditosylate 3 with PEG-1500-monotosylate 2 as internal

standard.
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Figure S41. TEM image of silver(l)oxide (solvent: ethanol, c = 1 mg mL™).
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Figure S42. Magnification of TEM image of silver(l)oxide (solvent: ethanol, ¢ * 1 mg mL™).

Methods

lllustrations were designed with Adobe lllustrator® CS5 v15.0.2.
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Chapter 5. Transformation of vaterite nanoparticles to hydroxylcarbonate
apatite in a hydrogel scaffold: Relevance to bone formation
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Abstract

Biomimetic materials have been gaining increasing importance for use as bone biomaterials,
because they may provide regenerative alternatives for the use of autologous tissues for bone
regeneration. We demonstrate a promising alternative for the use of biomimetic materials based
on a biodegradable PEG hydrogel loaded with vaterite nanoparticles as mineral storage. Vaterite,
the least stable CaCO3 polymorph, is stable enough to ensure the presence of a potential ion
buffer for bone regeneration, but still has sufficient reactivity for the transformation from CaCO3
to hydroxyapatite (HA). A combination of powder X-ray diffraction (PXRD), electron micros-copy,
and fourier-transform infrared (FT-IR) and Raman spectroscopy showed the transformation of
vaterite nanoparticles incorporated in a PEG-acetal-DMA hydrogel to hydroxycarbonate apatite
(HCA) crystals upon incubation in simulated body fluid at human body temperature within several
hours. The transformation in the PEG-acetal-DMA hydrogel scaffold in simulated body fluid or
phosphate saline buffer proceeded significantly faster than for free vaterite. The vaterite-loaded

hydrogels were free of endotoxin and did not exhibit an inflammatory effect on endothelial cells.

203



Chapter 5. Transformation of vaterite nanoparticles to hydroxylcarbonate

These compounds may have prospects for future applications in the treatment of bone defects

and bone degenerative diseases.

Introduction

Driven by the need for synthetic bone and tissue substitutes that promote bone healing in vivo
there has been much interest in understanding the structure of bone and bone formation
mechanisms.!Y Bone is a nanocomposite composed of organic (mainly collagen) and inorganic
(nanocrystalline hydroxycarbonate apatite (HCA)) components, with a complex hierarchical
structure ranging from the nano- to the macroscale.'*3! Bone tissue engineering pursues different
strategies to recapitulate those biomaterials which are present in native bone (e.g. HCA and
collagen)** and by providing designed scaffolds that mimic essential features of the natural
extracellular matrix in order to induce the proliferation and differentiation of stem or progenitor
cells for bone regeneration and vascularization.

Inorganic materials like hydroxyapatite (HA), calcium phosphate, calcium sulfate or calcium
carbonate have been used for bone grafting, but their resorption is very slow, which increases the
risk of infection. A low degradation rate may lead to the accumulation of foreign mineral. For
optimal bone regeneration the rate of resorption should match the rate of bone formation,'® and
the mineral supply should be sufficiently stable to ensure the presence of an ion buffer for bone
regeneration at the position of the implantation. Amorphous precursor phases may serve as
mineral buffer to build mature crystalline mineral phases via a series of intermediates under
kinetic control.l”? The resulting crystalline phases exhibit high strength and fracture toughness.”#!
Amorphous calcium phosphate (ACP) has been reported to transform into crystalline calcium
phosphate (mainly apatite).®!) Recent studies on bone and teeth formation revealed the
transient of amorphous mineral precursors to be a general strategy for calcium carbonate- and
orthophosphate-based biomineralization in both vertebrates and inverte-brates.[*>1% ACP has
been postulated to play a key role as bone mineral precursor in vertebrates.*® Mahamid et al.[**
described ACP to be a major component of the initial mineral phase of bone. Complexing agents
like citrate were suggested to affect early ACP formation!*®'”! through the stabilization of ACP
clusters whose subsequent aggregation can be promoted by the presence of non-collagenous
proteins. This was supported by the preparation of citrate-functionalized carbonate-apatite
nanoparticles that lead to a gradual and homogeneous release of Ca?* ions for the precipitation of

nanocrystalline apatite.!*®
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Amorphous CaCO; (ACC) has been considered a potential inorganic precursor to induce the
formation of bone minerals.*® Recently we demonstrated that non-agglomerated and non-
functionalized nanoparticles of vaterite, the least stable crystalline polymorph of CaCOs, can be
synthesized.?>?! Because of their positively charged surface, they can be functionalized with
carboxylate or phosphonate bearing ligands, and they have a moderate solubility that allows their
dissolution and transformation to HCA.!?? Therefore it was tempting to combine the bioactivity
and osteoconductivity of vaterite nanoparticles with the flexibility and degradability of a hydrogel
in order to develop a new bone grafting material.

A common class of hydrogels in (bio)mineralization systems are physical gels based on
polysaccharides such as agarose, pectin, alginate, and cellulose, or proteins such as collagen,
gelatin and silk fibroin.!?*2°! From a chemical perspective, poly(ethylene glycol) (PEG) or hydrogels
from phosphorylated block copolymers are well-known for its use in pharmaceutical and
biomedical applications.?*38 Desirable characteristics like excellent solubility in aqueous and
organic media, biocompatibility and flexibility of the backbone chain have made PEG the “gold
standard” in recent years.

In this contribution we demonstrate a promising alternative for the use of biodegradable
nanoparticles, which have inherent potential bone targeting abilities. A difunctional degradable
PEG-acetal-dimethacrylate (DMA) hydrogel with cleavable acetal units was loaded with vaterite
nanoparticles and incubated with Dulbecco’s phosphate buffered saline (DPBS) or simulated body
fluid (SBF). Complete degradation of conventional PEG-diacrylate hydrogels by hydrolysis of the
ester bond has been reported to take approximately 28-30 weeks.*® A major advantage of PEG-
acetal-DMA compared to conventional PEG without additional cleavable units is the faster
degradation of the implanted hydrogels due to facile hydrolysis of the acetal moieties. Fragments
of the hydrogel detached by hydrolysis can be internalized by phagocytes, e.g., macrophages.
After phagocytosis, the hydrogel fragment undergoes fast further degradation due to the acidic
conditions inside the endolysosome at the introduced acetal units. The degradation products can
be excreted from the body via renal clearance.*”! The vaterite nanoparticles and the PEG-acetal-
DMA precursor were prepared by using recently developed synthetic protocols. Powder X-ray
diffraction (PXRD), electron microscopy, and Fourier-transform (FT-IR) infrared and Raman
spectroscopy showed the transformation of the hydrogel incorporated vaterite nanoparticles to
hydroxycarbonate apatite (HCA) crystals after incubation in simulated body fluid at human body
temperature. The transformation in the hydrogel scaffold in simulated body fluid or phosphate

saline buffer is faster than for free vaterite. The surface of the vaterite nanoparticles shows strong
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interaction with the PEG-acetal-DMA hydrogel. Furthermore we were able to show that the
materials were free of endotoxin and did not induce an inflammatory response by in vitro tests

with human endothelial cells.

Experimental Section

Materials. NaHCOs, ethylene glycol, 2-hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone,
PEG8000, para-toluensulfonic acid, sodium hydroxide and dichlormethane were purchased from
Sigma Aldrich. Dulbecco’s phosphate buffered saline (DPBS) and CaCl;-4H,0 were purchased from
Life Technologies and Merck. Hydroquinone, trimethylamine, magnesium sulfate and diethylether
were purchased by Acros Organics. All reagents and solvents were of analytical grade and used as
received. 2-(vinyloxy)ethyl methacrylate was synthesized after a modified procedure of
Viysotskaya et al.**! We prepared a simulated body fluid (SBF) following the recipe proposed by
Kokubo and Takadama.“? The ion concentrations of SBF are as follows: 142.0 mM Na*, 5.0 mM K*,
1.5 mM Mg¥, 2.5 mM Ca%, 147.8 mM Cl', 4.2 mM HCOs’, 1.0 MM HPO,%, 0.5 mM SO,%. The pH of
the SBF solution was finally adjust to 7.37 at 37 °C by using 1M HCI. All syntheses were carried out
with MilliQ-water (18.2 MQ-cm, 25 °C).

Synthesis.

Synthesis of vaterite nanoparticles and their transformation to HCA. Vaterite nanoparticles were
synthesized as reported in referencel?. 5 mmol calcium chloride tetrahydrate were dissolved in
50 mL of ethylene glycol by sonication at 40 °C (Emmi 40HC by EMAG-Technologies, max. power
250 W, frequency 45 kHz, 100% ultrasonic power). 10 mmol of sodium bicarbonate were dispersed
in 50 mL of ethylene glycol by mechanical stirring and added to the calcium chloride solution. The
resulting dispersion was heated and sonicated for 30 minutes by 40 °C. CaCO; nanoparticles were
separated from the turbid sol product by centrifugation (9000 rpm, 30 minutes), washed several
times with water and ethanol and dried at high vacuum. The yields (60%) were determined
gravimetrically.

The obtained vaterite nanoparticles were soaked in SBF (1 mg/mL) and incubated at 37 °C in a
shaking incubator (150 rpm) for 24 h, 48 h and 72 h for their transformation into HCA. Before
characterization the precipitate was washed several times with water and ethanol and dried at

high vacuum.
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Synthesis of PEG-acetal-DMA hydrogel and vaterite incorporated PEG-acetal-DMA hydrogel and
SBF incubation. Synthesis of PEG-acetal-DMA precursor.

PEG-acetal-DMA was synthesized using a recently reported method.**' 1 mmol PEG8000, 5 mmol
2-(vinyloxy)ethyl methacrylate and 0.1 mmol p-toluene-sulfonic acid were dissolved in 5 mL of
dichloromethane. 20 mg of hydroquinone were added as radical inhibitor. The reaction mixture
was stirred at room temperature for 25 minutes followed by quenching with 0.2 mmol of
triethylamine. As work-up, the reaction mixture was extracted with the same volume of 1 mol/L
of sodium hydroxide solution. Subsequently, the aqueous phase was again extracted with
dichloromethane twice. Organic phases were combined and dried over magnesium sulfate, and
then the solvent was removed by rotary evaporation. The crude product was precipitated twice
in cold diethylether and additional 20 mg hydroquinone was added before final drying at high

vacuum to obtain PEG-acetal-DMA as colorless solid in quantitative yield.

Photopolymerization and vaterite nanoparticle incorporation. For preparation of nanoparticle-
free PEG-acetal-DMA hydrogel, a 10% (w/v) solution of PEG-acetal-DMA in DPBS was mixed with
0.2% (w/v) photoinitiator 2-hydroxy-4’-(2-hydroxyethoxy)-2-methyl-propiophenone used as 10%
(w/v) solution in 70% ethanol. For preparation of vaterite nanoparticle incorporated PEG-acetal-
DMA hydrogel, freshly prepared vaterite nanoparticles were dispersed in DPBS under
ultrasonication for 10 minutes to give a 1% dispersion. PEG-acetal-DMA and the photoinitiator
were added as described above. 1 mL of the polymer- or polymer/vaterite-solution was
transferred to a 24-well plate and the same volume of isopropanol was added to remove emerging
air bubbles and to suppress capillary effects. The polymerization was initiated by 365 nm UV

irradiation for 15 minutes.

SBF incubation. The obtained hydrogels were soaked in SBF (5 mL) and incubated at 37 °Cin a
shaking incubator (at 150 rpm) for 24 h to observe HCA-forming ability of vaterite-loaded
hydrogels. Before further characterization the hydrogels were washed several times with water,
frozen in liquid nitrogen, immediately fractured and lyophilized. Thus, the natural morphology of

the swollen hydrogels was maintained.

Sample characterization.
The vaterite nanoparticles, HCA and the hydrogels were characterized by scanning and

transmission electron microscopy (SEM, TEM), X-ray powder diffraction (XRD), fourier transform
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infrared spectroscopy (FT-IR) and micro-Raman spectroscopy. The elemental compositions of the

samples after SBF incubation were analyzed by using energy dispersive spectroscopy (EDS).

Electron microscopy. The surface morphology and internal structure of the samples before and
after soaking in SBF were visualized by scanning electron microscopy (SEM) using a Nova NanoSEM
630 (FEI) at an acceleration voltage of 6 kV and a working distance from 4 to 5 nm. A low voltage
high contrast detector (vCD) was used as secondary electron detector. All samples were prepared
on a silicon-wafer (Si) and sputter-coated with 7.5 nm of gold (Au) to reduced charging of the
sample. EDS was performed using an EDAX detector, an acceleration voltage of 30 kV. The samples
were sputter-coated with 7.5 nm of silver (Ag) using a Bal-Tec, MED020 coater.

Transmission electron micrographs of vaterite nanoparticle powder and their converted HCA-
powder were prepared by dispersing the powders in ethanol, placing a droplet onto a carbon-
coated copper grid and drying at ambient temperature. The measurements were carried out by a

Philips EM 420 electron microscope at an accelerating voltage of 120 kV.

X-ray Diffraction (XRD). Powder XRD patterns of the samples were obtained on a Bruker AXS D8
Discover diffractometer using Cu-Ka (A = 1.5405 A) radiation. XRD patterns were recorded in a 28
range from 5° to 80° at ambient temperature. The powder samples of vaterite nanoparticles and
the final HCA powders were prepared on a glass substrate by gentle pressing. The freeze-dried
hydrogels were prepared as pellets at 5 bar for 30 minutes to obtain a smooth surface. The
measurement proceeded across the entire surface of the pellet to ensure a random particle
distribution. The XRD phase identification was performed using JCPDS standard XRD cards.
Quantitative phase analysis was performed by full pattern profile fits according to establishes
structure models (“Rietveld Refinement”). Reflection profiles were generated applying the
fundamental parameter approach as implemented in TOPAS Academic V5.4 The results are
compiled in Table 1. Besides strain the crystallite size was the only sample (phase) dependent,

refineable parameter for the profiles.

Fourier-Transform Infrared (FT-IR) and Raman spectroscopy. In order to identify the existence of
functional groups (e.g. phosphate or carbonate) in the samples, Raman and FT-IR spectra were
recorded. A Nicolet iS10 FT-IR spectrometer (Thermo Scientific) was used in the range from 550
to 4000 cm™ with a resolution of 4 cm™. All Raman spectra were recorded using a Horiba Jobin

Yvon LabRAM HR 800 spectrometer equipped with a CCD detector and an integrated Olympus
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BX41 optical microscope using a 50 x magnification with a slit width of 100 um. Nd-YAG-Laser (A =
632,817 nm). A spot size of 2 x 2 um was used for excitation. The Raman spectra were recorded

in the range of 150-1600 cm™.

Table 1. Results of the quantitative phase analysis based on the XRD data after soaking vaterite
nanoparticles in SBF at 37 °C for 24 h, 48 h, and 72 h.

Table 1 Results of the gquantitative phase analysis based on the XRD data after scaking vaterite nanoparticles in SBF at 37 "Cfor 24 h48hand 72 h

Vaterite in SBF after 24 h Vaterite in SBF after 48 h Vaterite in SBF after 72 h

Diffractometer
Sample preparation

Bruker AXS D8 Discover with HiStar
On a glass substrate by gently pressing

Measuring mode Reflection

Wavelength CuKea (graphite monochromatized)

Measuring range 57 < 280 < 86.6;0.48 < QJA™' < 559

Temperature/K 298

Profile fit Rietveld refinement according to reported erystal structure models

Background Chebyshev

Profile function Fundamental parameters approach, crystallite size anisotropy modeled in quadratic correction

Program TOPAS Academic V5

Total no. of parameters/background anf12 3nf2 3nf2
536 6.05 4.56

GoF 068 0.77 0.59

Dw 007 0.03 0.08

Biso [overall) 1.20(8) 1.35(8)

CaCoO,Calcite

Space group Ric

Cell parameters/A a = 4.996(2) a = 4.996(2) a = 4.995(2)
c= 17.042(8) €= 17.047(9) c=17.051(8)

Crystallite size/nm 55(4) 51(3) 44(2)

Mass fraction/%wt 1.9(1) 2.2(3) 2.9(1)

CaCOy vaterite

Space group c1

Cell parameters/A a=12.359(1) a =12.370[2) a = 12.359(2)
b= 7.1684(6) b =7.1678(9) b =7.164(1)
€= 25.722(1) €= 25.763(1) € = 25.704(2)
= 98.989)° F=99471) f=98.9502)

Crystallite size/nm a9(1) 39(3)

Mass fraction/wi% #1.6(5) 60.8(8)

Cag(P0O,zOH hydroxy-apatite

Space group Phyfm

Cell parameters/A a=9.46(1) a=9.477(5) a = 9.458(3)
€= 6.935(3) € = 6.892(2) c = 6.884(1)

Crystallite size/nm 17(2) by 32(3) 15(1) by 30(1) 13(1) by 26(1)

Mass fraction/wi% 4.7(3) 16.2(5) 16.2(8)

Swelling ratio (SR). SRs at equilibrium of the obtained hydrogels were determined by gravimetry.
The hydrogels were washed several times and swelled in DPBS or SBF, then dried by lyophilisation
until constant weight was obtained. The dried gels were reimmersed in DPBS or SBF at 37 °Cin a
shaking incubator (150 rpm), and the weight of swollen hydrogels was measured in an equilibrium-

swollen state. The swelling ratio was calculated according to

My Mg — My

SR =

gy ng
(1),

where m,, is the amount of water absorbed by the gel, mq is the mass of dried hydrogel and ms is

the mass of swollen hydrogel.*4
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Adhesion molecule — enzyme immunoassay (CAM-EIA). A CAM-EIA was used to analyze the
amounts of E-selectin induced by the vaterite nanoparticles, PEG-acetal-DMA precursor and PEG-
acetal-DMA hydrogels. The CAM-EIA was carried out as reported earlier.*”? This assay has a dual
function in that an induction of E-selectin on the cells is an indicator of the presence of endotoxin,
also known as lipopolysaccharid (LPS), or that the compounds administered have an inflammatory

potential.

20/ for CuK-radiation
20 30 40 50 60 70 80

(d) ?Zh

’ ; 1 (c) 48h

> SBF
% | ! ! (b) 24h

Eé!i

(a) V-NP

15 2 25 3 35 4 45 5 55
Q/A"!

Figure 1. Quantitative phase analysis of the XRD data by profile analysis after soaking vaterite
nanoparticles (V-NP) in SBF. Red dots are measured data, black lines correspond to the
adjustment, the red lines show the difference. The red marks indicate vaterite (JCPDF 33-0268).
the black marks indicate hydroxyapatite (JCPDF 1-084-1998).

Results and Discussion

Transformation of vaterite-nanoparticles to HCA. Vaterite nanoparticles (V-NP) were obtained
by ultrasonicating a solution of CaCl,-4H,0 and NaHCO; in ethylene glycol. The precipitate remains
nanocrystalline because the dispersant is only weakly coordinating. Fig. 1 shows XRD patterns,

SEM (Fig. 2al) and TEM images (Fig. 2a2) of the vaterite nanoparticles. XRD analysis shows that
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vaterite is the predominant CaCOs phase with traces of calcite. SEM and TEM images show vaterite

nanoparticles with a typical ellipsoidal shape and dimensions of approximately 25x50 nm.!2°!

Figure 2. SEM and TEM images (al, a2) before and after soaking vaterite nanoparticles in SBF at
37 °C for (b) 24 h, (c) 48 h and (d) 72 h. (e) Magnified SEM image of the corresponding surface,
showing plate-shaped agglomerates consisted of plate-like HCA nanocrystals.

The vaterite nanoparticles were immersed in SBF to assess their in vitro bone-like HCA forming
ability. Fig. 1 shows the results after 24 h, 48 h and 72 h of immersion in SBF. The XRD patterns
show additional reflections at 26 ~ 26° and 20 ~ 32° due to formation of HCA.*¥*° With longer
immersion time these intensities increase. The mass fraction (%wt) of vaterite, HA and calcite
were determined by quantitative phase analysis of XRD data. The results are compiled in Table 1
and 2. Fig. 3 shows the mass fractions of vaterite, HA and calcite as a function of incubation time
in SBF. SEM images show significant morphological changes after time passages of 24 h, 48 h and
72 h (Fig. 2b-e). Vaterite remains stable at ambient temperature as long as water is completely

eliminated from the environment, for ex-ample, in a desiccator or in ethanol.
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Table 2. Results of the quantitative phase analysis of the XRD data after 24 h, 48 h and 72 h
incubation of vaterite in SBF.

Incubation time | vaterite HA / %wt | calcite
/h / %wt / %wt
24 93,4(3) 4,7(3) 1,9(1)
48 81,6(5) 16,2(5) 2,2(3)
72 60,8(8) 36,2(8) 2,9(1)
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Figure 3. Phase composition from XRD data as a function of incubation time in SBF.

Plate-like nanocrystals were formed in increasing amounts in SBF and self-assembled to plate-
shaped agglomerates with typical HCA morphology.P®*" The basic building blocks of these
aggregates are nano-plates with sizes of 26-32 nm in length and 13-17 nm in width as determined
by profile analysis of the X-ray diffractograms and image analysis (see Fig. 4 and Table 3). The
decreasing particle size with incubation time may be explained as follows. The density of a highly
crystalline sample is higher than that of a sample with low crystallinity. During incubation there is
no additional crystal growth any more, only the crystallinity of the crystallites increases. As the
crystallite size is confined, the reorganization of the crystallites leads to a compactization, i.e. an
increasing density through a transport of material/ions from the rim to the core of the particles.

Therefore, the crystallite size decreases as confirmed by the Rieveld refinement.
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Table 3. Results of the crystallite size determination of HA by profile analysis of XRD data after 24
h, 48 h and 72 h incubation of vaterite in SBF.

Incubation length of HA | width of HA
time / h /nm /nm
24 32(3) 17(2)
48 30(1) 15(1)
72 26(1) 13(1)

EDS analysis of the agglomerates shows the presence of C, O, Ca and P (Fig. 4). The relative stability
and large size of the HCA aggregates enabled us to observe details of the transformation
mechanism, which resulted in flower-like aggregates of HCA.

The topography of the resulting particles was found to consist of aggregated nanoplates, the
individual plates having a similar size as the original vaterite nanoparticles (Fig. 2b-e). This change
in morphology indicates a change in the dissolution-crystallization process as crystal growth
proceeds. In the second phase of crystal growth, the ion reservoir from the vaterite precursor
migrates and crystallizes as discrete entities on the growing HCA crystal, i.e. the plate-like HCA
forms by secondary nucleation on top of the vaterite nanoparticles (Fig. 2b-e). After about 72 h
the transformation was complete approx. 40% of the vaterite was consumed by the growing HCA
crystals. The crystallinity increases with time. The crystal surfaces were composed of irregularly
pitted (001) faces. This surface texture implies that the growth of the HCA crystals occurs through
particle aggregation. We assume that Ca?* and COs> ions are released by dissolution of the vaterite
nanoparticles upon immersion in SBF. Consequently a high local Ca?* concentration is observed
above the supersaturation point, which includes HCA nucleation on the vaterite surface in SBF.
The transformation of vaterite to HCA with time was analyzed by TEM “snap-shots”. Fig. 5 shows

vaterite nanoparticles after soaking in SFB for 24 h (b) and 72 h (c).
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Counts Si

Element: | Wt % At %

c(K) 1041  17.26
o(K) 4968 61.83
P(K) 740 476
ca(k) | 3251 16.15

Figure 4. EDS spectrum of the HCA agglomerates showing the presence of C, O, P and Ca after
incubating vaterite nanoparticles for 72 h in SBF. The Si and Ag signals were obtained due to the
sample preparation.

100nm7- 'b_

Figure 5. (a) Magnified SEM image, showing plate-shaped agglomerates consisted of plate-like
nanocrystals after 72 h of incubation in SBF. (b) TEM image HCA agglomerates after 24 h and (c)
72 h of incubation in SBF. (d) Magnified TEM image of a plate-like HCA layer on top of the vaterite
nanoparticles.

The presence of phosphate groups in the converted plate-shaped HCA was confirmed using FT-IR
and Raman spectroscopy (Fig. 5a and Fig. 6). All FT-IR spectra of vaterite before and after soaking
in SBF show the typical vibrational frequencies of the COs? ion. All bands in the range from 1487
cm? to 1411 cm are assighed to the antisymmetric v3 stretching mode, the band at 877 cm?

corresponds to v2 mode (out-of-plane bending motion). The band at 744 cm™ corresponds to the
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v4 mode (in-plane bending motion), and the band at 1089 cm™ corresponds to vl symmetric

stretching mode."
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Figure 6. (a) FT-IR spectra before (black) and after soaking vaterite nanoparticles in SBF at 37 °C
for 24 h (red), 48 h (green) and 72 h (blue) including the four vibrational frequencies of COs> ion
(v1,v2, v3 andv4) and normalized to v2. (b) PO,*/COs? ratio as a function of SBF incubation period
calculated from the intensity of the FT-IR bands of the antisymmetric stretching mode of PO,*
group and the v3 vibration of the COs* group.

The v1 frequency of vaterite is the most intense signal of the Raman spectrum (Fig. 7, black) and
shows a typical triplet in the region between 1075 cm™ and 1089 cm™.? In addition to the
vibrations of the COs?- group bands with increasing intensities at 963 cm™ and at 1024 cm™ were
observed during incubation in SBF, which were as-signed to the non-degenerate symmetric
(963 cm™) and the triply de-generate antisymmetric P-O stretching modes (1024 cm™) of the
phosphate group.®*4 The simultaneous presence of the characteristic COs> and PO4> bands

indicates that the vaterite nanoparticles transformed to spherical HCA agglomerates. Fig. 7b
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shows the ratio of the PO;* to the COs* groups as a function of incubation time in SBF based on
the intensity of FT-IR bands of the antisymmetric stretching mode of PO,* group and the v3
vibration of the CO3% group. As a result the PO,>/C0Os* ratio increases linearly with incubation time
in SBF, up to a 1:1 ratio after 72 h. The absorption bands at 1487 cm™, 1411 cm™ and especially at
877 cm correlate to type B HCA as found in bone mineral, where the carbonate ions substitute
for phosphate ions.>® After 72 h of incubation in SBF the Raman spectrum (Fig. 7, blue) shows
also a characteristic signal at 962 cm™ for the nondegenerated symmetric stretch of the P-O bond
of the phosphate group. In addition, weak signals of the phosphate group are detected at 447 cm’
1 (doubly degenerate O-P-O bending mode), 594 cm (triply degenerate O-P-O bending mode) and
1040 cm™ (triply degenerate asymmetric P-O stretching mode).”* The band position at 962 cm™
indicates the presence of highly crystalline phosphate apatite, but the full width at half maximum
(FWHM) indicates smaller and unordered crystallites due to carbonate substitution of

phosphate.’!
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Figure 7. Raman spectra before (black) and after (blue) 72 h of incubation in SBF.

Transformation of vaterite nanoparticles to HCA in PEG-acetal-DMA hydrogel

For using vaterite nanoparticles as bone grafting biomaterial a three-dimensional scaffold is
necessary, including a high water content and a physicochemical similarity to natural extracellular
matrices (ECM). We used a biodegradable PEG-acetal-DMA hydrogel as support for three-

dimensional scaffolding. 10% PEG-acetal-DMA hydrogels containing vaterite nanoparticles were
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obtained via polymerization initiated by UV-radiation at 365 nm for 15 minutes. The analytical
results concerning the structural properties of the hydrogels at the equilibrium swelling ratio are
compiled in Table 4. The equilibrium swelling state was achieved after 24 h of immersion of the
hydrogels in DPBS as well as in SBF. The vaterite incorporated hydrogels showed almost the same
swelling behavior in DPBS as vaterite-free hydrogels, but the immersion in SBF showed clear
differences. The swelling ratio in SBF decreased from vaterite-free to vaterite-loaded hydrogels.
This may be caused by the limited flexibility of the PEG-acetal-DMA polymer chains, which are
partly coordinated to the vaterite nanoparticles, and especially by ion-dipole interactions to the
salts of SBF. The salt content in SBF is much higher than in DPBS. Through these interactions the
water absorption capacity is reduced, and therefore the swelling behavior is limited. A decreased
swelling ratio of the vaterite-loaded hydrogel in SBF leads to a smaller increase in size of the
hydrogel, which renders them suitable for biomedical applications in which the implant should

not increase significantly in size.

Table 4. Swelling ratio (SR) after 24 h of immersion in DPBS and SBF determined for 10% PEG-
acetal-DMA hydrogels (HG), without vaterite or containing 1% of vaterite nanoparticles (+V).

Sample SR (DPBS) SR (SBF)
PEG-acetal-DMA HG 10.2+0.5 11.2+0.6
PEG-acetal-DMA HG + V 10.2+0.2 9.2+0.7

Fig. 8 shows digital photographs of the swollen (A) vaterite-free and (B) vaterite-loaded PEG-
acetal-DMA hydrogels after 24 h of incubation in DPBS and SBF. The milky clouding of the vaterite-
loaded hydrogels result from the incorporation of vaterite nanoparticles in the three dimensional
network of PEG-acetal-DMA precursors. The distribution of the vaterite nanoparticles in PEG-
acetal-DMA hydrogels is not homogeneous, due to the sedimentation of the vaterite
nanoparticles during photopolymerization of the hydrogel, which may be an advantage for
applications as hard tissue regenerating material. Our hydrogels show two different sides with
different physiological properties. The top side contains vaterite nanoparticles with high
transformation ability to HCA, which is osteoconductive and similar to the apatite in living bone.
The bottom side contains vaterite-free hydrogel, which may act as an extracellular matrix that

stimulates cell proliferation and natural bone regeneration.
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A (a) DPBS (b) SBF B (a) DPBS (b) SBF

Figure 8. Digital images of swollen PEG-acetal-DMA hydrogels (A) with-out vaterite nanoparticles
and (B) with vaterite-nanoparticles in (a) DPBS and (b) SBF and (C) pieces of lyophilized PEG-acetal-
DMA hy-drogel without vaterite-nanoparticles.

Morphology and characterization of the prepared PEG-acetal-DMA hydrogels

The morphology and mineralization ability of vaterite-free and vaterite-loaded PEG-acetal-DMA
hydrogels were analyzed on lyophilized samples (see Fig. 8C) of the corresponding hydrogel. We
analyzed the in vitro (bone-like) HCA generating ability of vaterite-loaded hydrogels after soaking
in DPBS and SBF by XRD (Fig. 9 and 11) and SEM. In both cases, after 24 h of incubation in DPBS
and SBF, we found chemically inert vaterite-free hydrogels showing the characteristic reflections
of the PEG-acetal-DMA precursor. In comparison, the XRD patterns of vaterite-loaded hydrogels
showed additional broad signals at 26 ~ 26° and 26 ~ 32° after soaking for 24 h in DBPS and SBF,
which were assigned to HCA (similar as for the vaterite-nanoparticles). The characteristic
reflections of vaterite could no longer be detected. This indicates a complete transformation of
the vaterite nanoparticles into HCA within the PEG-acetal-DMA hydrogels after 24 h incubation in
DPBS as well as in SBF. This can be rationalized from the well-known reactivity of vaterite even in

the presence of water traces.[*>20:22]
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(b) HG+V — 24h DPBS
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PEG-acetal-DMA hydrogel (HG+V) after immersion in DPBS for 24 h. H indicates hydroxyapatite
(JCPDF 1-084-1998). ). The diffraction pattern of the polymer is indicated by the dashed line.
(Bottom) the corresponding SEM images of lyophilized (al-a2) vaterite-free and (b1-b2) vaterite-
loaded PEG-acetal-DMA hydrogels after immersion in DPBS for 24 h.

SEM images in Fig. 9 and 11 show (al-a2) characteristic meshes of a three-dimensional polymer
network. After soaking vaterite-loaded hydrogels in DPBS (Fig. 8b1-b2) and in SBF (Fig. 11b1-b2)
for 24 h we observed plate-like agglomerates on the polymer surface (similar as before for the
reaction of vaterite nanoparticles). EDS analysis of these agglomerates indicated the presence of
C, O, Ca and P (Fig. 10 and 12). After soaking vaterite-loaded hydrogels in DPBS for 24 h a Ca:P

ratio of 1.7 was obtained, whereas soaking of the hydrogels in SBF resulted to a Ca:P ratio of 1.4.
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Calcium-deficient hydroxyapatite (a precursor of HCA) is known to have Ca:P ratios between 1.5

and 1.65.58 In addition, we detected small amounts of Na as well as Mg after incubation in SBF

(similar as in natural inorganic bone material).l>®

Counts da

&

Element: Wt % At %
C(K) 24.61 42.01
0O(K) 22.01 28.20
P(K) 16.58 10.98
Ca(K) 36.80 18.82
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Figure 10. EDS spectra of the incorporated plate-like agglomerates after 24 h of incubating
vaterite-loaded hydrogels in PBS, showing the presence of C, O, P and Ca. The Si and Ag signals
were obtained due to the sample preparation.

The presence of phosphate groups of the resulting plate-like HCA was confirmed by FT-IR and
Raman spectroscopy (Fig. 13 and 14). After 24 h of incubation in DPBS or SBF the FT-IR spectra of
vaterite-loaded hydrogels showed the characteristic bands of the PEG-acetal-DMA precursor and
a new band at 1033 cm™, which corresponds to the triply degenerate antisymmetric stretching
mode of the phosphate group (marked with a red arrow).

Additional bands in the Raman spectra were observed after 24 h of incubation in DPBS as well as
SBF. The strong band at 962 cm™ corresponds to non-degenerate symmetric P-O stretching mode,
while the weak band at 440 cm™ corresponds to a doubly degenerate O-P-O bending mode of the
phosphate group (marked with a red arrow). The transformation of vaterite nanoparticles to HCA
within the hydrogel scaffold proceeds significantly faster than for free vaterite. After soaking
vaterite-loaded hydrogels in both, DPBS and SBF, media for 24 h no characteristic XRD reflections
or IR and Raman bands could be detected, which indicates a complete transformation of vaterite
to HCA within this period. The rapid transformation in the PEG-acetal-DMA hydrogel may be
attributed to the larger surface due to the compart-mentalization in the gel and presence of
functional carbonyl groups. Functional groups have been reported to interact with the dissolved
calcium ions of vaterite and thus the nucleation of HCA is induced or rather accelerated.*° The

incorporation of smaller amounts (1%, w/v) vaterite nanoparticles in PEG-acetal-DMA hydrogels
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changed mineralization behavior dramatically. In the absence of vaterite particles there is no

mineralizing activity after 24 h, and the hydrogels remain chemically inert.

(b) HG+V — 24h SBF

Intensity / a.u.

(a) HG — 24h SBF

Figure 11. (Top) XRD patterns of PEG-acetal-DMA precursor, vaterite-free (HG) and vaterite-
loaded PEG-acetal-DMA hydrogel (HG+V) after immersion in SBF for 24 h. H indicates
hydroxyapatite (JCPDF 1-084-1998). The diffraction pattern of the polymer is indicated by the
dashed line. (Bottom) the corresponding SEM images of lyophilized (al-a2) vaterite-free and (b1-

b2) vaterite-loaded PEG-acetal-DMA hydrogels after immersion in SBF for 24 h.
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Element: Wt % At %
C(K) 19.93 32.00
O(K) 37.83 45.59
P(K) 14.81 9.22
Ca(K) 27.43 13.19

1.00 2.00 3.00 4.00 keV

Figure 12. EDS spectra of the incorporated plate-like agglomerates after 24 h of incubating
vaterite-loaded hydrogels in SBF, showing the presence of C, O, P and Ca. The Si and Ag signals are
due to the sample preparation.
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Figure 13. FT-IR spectra of (a) PEG-acetal-DMA precursor, (b) vaterite-free and (c) vaterite-loaded
PEG-acetal-DMA hydrogels after soaking in (A) DPBS and (B) SBF for 24 h.
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Figure 14. Raman spectra of PEG-acetal-DMA precursor (a), vaterite-free (b) and vaterite-
loaded(c) PEG-acetal-DMA hydrogels after soaking in (A) DPBS and (B) SBF for 24 h.
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Figure 15. Results of the CAM-EIA method, containing unstimulated HUVEC (negative control),
1 pg/mL LPS stimulated HUVEC (positive control) and HUVEC which were stimulated with vaterite
nanoparticles, PEG-acetal-DMA precursor and PEG-acetal-DMA hydrogels (HG) containing or not
vaterite nanoparticles (V) directly after photopolymerization and also after 72 h incubation in
medium M199 (Sigma-Aldrich, Steinbach, Germany) + 20% FCS (Life Technologies, Karlsruhe,
Germany) + 2 mM Glutamax | (Life Technologies) + 100 U/100 pug/mL Pen/Strep + 25 pg/mL sodium
heparin (Sigma Aldrich) + 25 pg/mL endothelial growth factor supplement (ECGS, Becton

Dickinson, Brad-ford, MA).
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Conclusions

We have demonstrated a promising alternative for the use of biodegradable nanoparticles with
potential bone targeting capability based on a multi-functional PEG hydrogel loaded with vaterite
nanoparticles as (Ca2+ cation) mineral. Vaterite, the least stable CaCO3; polymorph, is inherently
labile to ensure the presence of a potential ion buffer for bone regeneration, but still has sufficient
reactivity for the required transformation of CaCOs to hydroxycarbonate apatite. A combination
of powder X-ray diffraction (PXRD), electron microscopy, and FT-IR and Raman spectroscopy
showed the transformation of vaterite nanoparticles incorporated in a PEG-acetal-DMA hydrogel
to hydroxycarbonate apatite crystals with low crystallinity upon incubation in simulated body fluid
at human body temperature. XRD and FTIR/Raman data also showed that the hydrogel plays an
important role in the transformation process. The transformation of the vaterite nanoparticles to
HCA in the PEG-acetal-DMA hydrogel scaffold proceeded significantly faster than for free vaterite,
which clearly shows that the hydrogel actively controlled the transformation process within the
gel. This might be explained by the larger surface area (i) due to the compartmentalization in the
gel, (ii) the smaller diffusion distances in the gel compartments and (iii) presence of functional
carbonyl groups. FTIR data revealed chemical interactions between the hydrogel and the mineral
phase, which may be assigned to complexation of exposed the Ca?" surface ions through the
carbonyl groups in the hydrogel, which have been postulated to interact with Ca?* ions of the
CaCO;s particle surface that aid or accelerate the nucleation of HCA.[5%6%

Using the combination of vaterite nanoparticles with a hydrogel simulate the inorganic and the
organic components of natural bone, including the two main characteristics — hardness (of HCA
after transformation of vaterite nanoparticles in SBF) and elasticity (of the polymer strands). An
interesting aspect of the used PEG-acetal-DMA hydrogel is their biodegradability by cleavage of
the acetal units to excretable PEG segments. Thus, the hydrogel would not remain permanently
in the body, but rather serves as a porous three dimensional scaffold offering the ingrowth of
blood vessels and bone-forming cells for regeneration of new bone tissue. The vaterite-containing
hydrogels were evaluated and shown to be free of endotoxin and to exhibit no inflammatory
potential. This may have prospects for future applications in the treatment of bone defects and
bone degenerative diseases. The results presented in this work demonstrate important aspects of
hydrogel-controlled crystallization, which contributes to the understanding of composite material

design.
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Figure S1. Quantitative phase analysis and determination of the crystallite size based on the XRD
data after soaking vaterite nanoparticles in SBF at 37 °C for (a) 24 h (b) 48 h and (c) 72 h. Red dots
are measured data, black lines correspond to the adjustment and the red lines show the
difference. The red marks indicate vaterite and the black marks indicate HA.
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Veroffentlicht in: Spitzenforschung in der Allergologie — Auszeichnungen und innovative

Fortschritte 2015/2016, Lebendige Wissenschaft Medizin, 2015, 54-57, ISSN: 1861-4620.

Der vorliegende Beitrag stellt eine Zusammenfassung der folgenden Publikation dar:
Biodegradable pH-Sensitive Poly(ethylene glycol) Nanocarriers for Allergen Encapsulation and
Controlled Release, Pohlit, H., Bellinghausen, 1., Schémer, M., Heydenreich, B., Saloga, J., Frey, H.,
Biomacromolecules, 2015, 16, 3103-3111. Aus dieser Publikation konnen weitere Angaben zu

Methoden und Ergebnissen entnommen werden.

Einleitung

Weltweit ist die Zahl von Allergikern in den letzten Jahrzehnten alarmierend gestiegen und ein
weiterer Anstieg ist zu beflirchten. Die bisher einzige kausal orientierte Therapie ist die Allergen-
Spezifische Immuntherapie, welche jedoch eine lange Behandlungsdauer und mogliche
unerwiinschte Wirkungen, wie z. B. einen anaphylaktischen Schock, mit sich bringt.™>2 Um die
unerwinschten Wirkungen zu vermindern oder sogar ganz zu verhindern, wurden in den letzten
Jahren verschiedene Ansitze verfolgt.”®! Durch chemische Modifikation der applizierten Allergene
werden sogenannte Allergoide erzeugt, bei denen idealerweise B-Zell-Epitope zerstort, T-Zell-
Epitope jedoch erhalten bleiben sollen, was jedoch nach einigen Untersuchungen nicht vollstandig
gelingt.l” Weitere Ansitze zielen darauf ab, das Allergen durch Einschluss in Transportvehikel vor
der Erkennung durch Antikorper und Zellen mit IgE-Rezeptor abzuschirmen. Diese Konzepte
haben jedoch bisher meist den Nachteil, dass kein spezifischer Abbaumechanismus »on demand«

vorhanden ist, welcher die schnelle und zielgerichtete Freisetzung des Allergens sicherstellt.> =7
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Das Konzept unserer biokompatiblen und abbaubaren PEG-Nanopartikel besteht darin, ein weit
verbreitetes und seit Jahrzehnten erprobtes Polymer wie PEG mit einer spezifischen Spaltstelle
auszustatten. Wird aus diesem neuartigen PEG ein mit Allergen beladener Nanopartikel
hergestellt, erlaubt ein Stimulus im Endolysosom (fallender pH-Wert) den Abbau der Nanopartikel

und somit die Allergenfreisetzung innerhalb der antigenpréasentierenden Zelle.!®!

Eigene Ergebnisse

Um sdurespaltbare Nanopartikel zu erhalten, wurde in einem ersten Schritt ein molekularer
Baustein hergestellt, der sowohl eine spezifische Spaltstelle aufweist, als auch die reidimensionale
Vernetzung zu einem Nanopartikel-Netzwerk durch radikalische Polymerisation erlaubt. Mit der
Wahl von Polyethylenglykol (PEG, blau, siehe Abbildung 1) wurde darauf geachtet, ein gut was
serlosliches und nicht-toxisches Polymer zu verwenden, welches schon mehrere Jahrzehnte in
Arznei- und Lebensmitteln eingesetzt wird. Durch den Einbau von Acetal-Gruppen (rot, siehe
Abbildung 1) kann das Polymer bei einem physiologischen pH-Wert von 5 gespalten werden, wie
er im Endolysosom vorkommt. Die eingebrachten Methacrylatgruppen (schwarz, siehe
Abbildung 1) ermoglichen eine einfache Vernetzung der einzelnen Polymerketten zu einem

Polymernetzwerk durch UV-Bestrahlung.

Ay s

Abbildung 1. Struktur des neuartigen Polytehylenglykol-Acetal-Dimethacrylates (PEG-Acetal-
DMA).

Die Herstellung der Nanopartikel erfolgte mittels Liposomen als Template. Durch das Mischen von
Allergen mit Polymer, Lipiden und Phosphatpuffer bilden sich durch Selbstaggregation Liposomen,
welche durch duale Zentrifugation homogenisiert werden kénnen. Das Allergen welches nicht
physikalisch in die Liposomen eingeschlossen wurde, kann durch Dialyse entfernt werden. Nach
Bestrahlung der Liposomen mit UV-Strahlung, um die Polymerketten zu vernetzen, kann das
Templat, die Liposomenhiille, entfernt werden. Der pure PEG-Partikel kann durch Ansduern

wieder abgebaut werden und das Allergen freisetzen (siehe Abbildung 2).
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Abbildung 2. Syntheseschema der Nanopartikelherstellung: Durch Mischen der Allergene mit dem
PEG-Acetal-DMA und Lipiden in Phosphatpuffer entstehen Liposomen, welche mittels DAC
homogenisiert werden. Ein Dialyseschritt entfernt nicht-eingeschlossenes Allergen, anschlieRend
werden durch UV-Strahlung die Polymerketten vernetzt. Herabsetzen des pH-Wertes fihrt zum
Abbau des Nanopartikels.

Die Effektivitat der hergestellten und mit Graser oder Hausstaubmilben-Allergen beladenen

Nanopartikel wurde in vitro an Blutzellen von allergischen Donoren untersucht. Es konnte gezeigt

werden, dass die hergestellten Nanopartikel keinen maturierenden Einfluss auf dendritische

Zellen ausiben. Durch einen Apoptose-Assay konnte die toxische Wirkung auf dendritische Zellen

ausgeschlossen werden. Mit Hilfe von FACS-Messungen und durch Konfokale Laser Scanning

Mikroskopie (CLSM) konnte die Aufnahme der Nanopartikel in dendritische Zellen gezeigt werden

(siehe Abbildung 3).
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Abbildung 3. Konfokale Laser Scanning Mikroskopie einer dendritischen Zelle. In Bild A ist der
Zellkern, in Bild B die Lysosomen und in Bild C die Nanopartikel geférbt. In der Uberlagerung von
A, B und Cin Bild D erscheint gelb-orangene Fluoreszenz, welche ein Hinweis auf Co-Lokalisation
von Allergen und Lysosomen ist.

Fur die CLSM Aufnahmen wurden dendritische Zellen vier Stunden mit rot-fluoreszierenden
Nanopartikeln inkubiert, bevor die Zellen mit Hoechst 33342 (blau) und Lysotracker green gefarbt
und mit dem Mikroskop untersucht wurden. Die Aufnahmen zeigen eine Uberlagerung von griiner
und roter Fluoreszenzintensitat, was auf die Co-Lokalisation der Nanopartikel und der Lysosomen
schlieBen lasst. Um zu liberprifen, dass das in die Nanopartikel eingeschlossene Allergen vor der
Erkennung durch Immunglobuline auf der Oberflaiche von basophilen Leukozyten geschitzt ist,
wurde ein Cellular Antigen Stimulation Test (CAST) mit anschlieRendem ELISA durchgefiihrt.
Basophile Leukozyten von allergischen Spendern, die mit nichtverkapseltem Allergen inkubiert
wurden, zeigten eine konstant hohe Leukotrienausschiittung. Zellen, die mit den allergen-
beladenen Nanopartikeln (A — NP) inkubiert wurden, zeigten dahingegen eine stark verringerte
Leukotrienausschiittung. Leere Nanopartikel flhrten zu keiner messbaren

Leukotrienausschittung (siehe Abbildung 4).
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Abbildung 4. CAST-ELISA. Basophile Leukozyten von allergischen Donoren wurden mit
unverkapseltem Allergen, allergen-beladenen Nanopartikeln oder leeren Nanopartikeln inkubiert
und die Leukotrienausschiittung wurde vermessen. Als Negativkontrolle wurden die Zellen mit
Medium inkubiert, als Positivkontrolle wurden sie mit anti-IgE-Rezeptor stimuliert. Gezeigt ist ein
reprasentatives Einzelbeispiel.

Ein T-Zell-Proliferationsassay von mit Allergen bzw. A-NP-beladenen dendritischen Zellen und
autologen T-Zellen wurde herangezogen um die Freisetzung sowie die Funktionalitdt des Allergens
nach der Verkapselung in unsere PEG-Nanopartikel zu untersuchen. T-Zellen, die mit
nichtverkapseltem Allergen-beladenen DCs co-kultiviert wurden, zeigten eine im Vergleich zur
Mediumkontrolle erhéhte allergen-spezifische Proliferation (Positivkontrolle). T-Zellen, deren
dendritischen Zellen mit A-NP beladen wurden, zeigten ebenfalls eine signifikant erhéhte allergen-
spezifische Proliferation, wenn auch weniger stark ausgepragt als die der Positivkontrolle. Wurden
die T-Zellen mit DCs inkubiert, die mit leeren Nanopartikeln beladen wurden, so kommt es zu
keiner signifikant erhdhten Proliferation (siehe Abbildung 5). Diese Ergebnisse zeigen, dass das
Allergen aus den Nanopartikeln freigesetzt wird und die T-Zell-Epitope wahrend der

Nanopartikelherstellung erhalten bleiben.
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Abbildung 5. T-Zell-Proliferationsassay mit dendritischen Zellen, welche vor der Co-Kultur mit
autologen T-Zellen mit nicht-verkapseltem Allergen, allergen-beladenen Nanopartikeln oder
leeren Nanopartikeln inkubiert wurden. Gezeigt ist ein reprdsentatives Einzelbeispiel.

Zusammenfassung und Ausblick

Es konnte ein neuartiges Polymer hergestellt werden, das als Baustein fir die spaltbaren PEG-
Nanopartikel verwendet werden kann. Die homogenen, mit Allergen beladenen Nanopartikel

wurden mit Hilfe von Liposomen als Template hergestellt. Die so erhaltenen abbaubaren PEG
Nanopartikel zeigten keine Toxizitdt und flhrten nicht zur Ausreifung von dendritischen Zellen,
wurden von diesen jedoch in das Endolysosom aufgenommen. Das Allergen war innerhalb der
Nanopartikel vor der Erkennung durch Immunglobulinen auf basophilen Leukozyten geschiitzt.
Die Co-Kultivierung von mit Nanopartikeln beladenen dendritischen Zellen und T-Zellen fiihrte zu
einer signifikant gesteigerten allergenspezifischen Proliferationsrate. Diese vielversprechenden
ersten Ergebnisse ermutigen die weitere Analyse und die Verbesserung der beschriebenen
Nanopartikel. Die nachsten Schritte werden die Funktionalisierung der Nanopartikel sowie die
Herstellung und Untersuchung von anderen spaltbaren Gruppen im Polymer zum schnelleren
Abbau der Nanopartikel beinhalten. Da das Allergen fir den Einschluss in die Nanopartikel nicht
modifiziert wird und das Konzept nicht auf einer kovalenten Bindung zwischen dem Allergen und
dem Nanopartikel beruht, ist es universell einsetzbar (z. B. flir die Verkapselung von
Allergen/Antigen-Gemischen oder einem Gemisch aus Allergenen/Antigenen und einem

biological response modifyer).
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ABSTRACT: The review summarizes current trends and developments in the polymer- N
ization of alkylene oxides in the last two decades since 1995, with a particular focus on the =
most important epoxide monomers ethylene oxide (EQ), propylene oxide (PO), and &
butylene oxide (BO). Classical synthetic pathways, i.e., anionic polymerization, coordination c:@
polymerization, and cationic polymerization of epoxides (oxiranes), are briefly reviewed. The /P\l/
main focus of the review lies on more recent and in some cases metal-free methods for R
epoxide polymerization, i.e., the activated monomer strategy, the use of organocatalysts, such -
as N-heterocyclic carbenes (NHCs) and N-heterocyclic olefins (NHOs) as well as L & &/"‘n %
phosphazene bases. In addition, the commercially relevant double-metal cyanide (DMC) &R A o R @
catalyst systems are discussed. Besides the synthetic progress, new types of multifunctional R
linear PEG (mf-PEG) and PPO structures accessible by copolymerization of EQ or PO with Pharmaceutics Surfaces
functional epoxide comonomers are presented as well as complex branched, hyperbranched,

and dendrimer like polyethers. Amphiphilic block copolymers based on PEO and PPO (Poloxamers and Pluronics) and advances
in the area of PEGylation as the most important bioconjugation strategy are also summarized. With the ever growing toolbox for
epoxide polymerization, a “polyether universe” may be envisaged that in its structural diversity parallels the immense variety of
structural options available for polymers based on vinyl monomers with a purely carbon-based backbone.
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1. INTRODUCTION

Aliphatic polyethers generated by the ring-opening polymer-
ization (ROP) of the epoxide monomers ethylene oxide (EO),
propylene oxide (PO}, and, to a lesser extent, butylene oxide
(BO) are a highly established and important class of polymers
that are commercially used for an immense variety of
applications. The characteristic properties of polyether-based
materials are due to their unique backbane, in particular its high
flexibility leading to low glass transitions below —60 °C, and its
hydrophilicity due to the C—O—C bond. These properties can
not be matched by a carbon-based backbone, as it is present in
polyolefins or other vinyl polymers.

Although generally three- to five-membered cyclic ethers can
be polymerized to generate polyethers by ROP, epoxides clearly
represent the most versatile class of monomers for polyether
synthesis,"”” since they can be polymerized by different
mechanisms, and EO and PO are readily available in industry
in large quantities directly from the oxidation of the respective
alkenes. The driving force for the ROP is the high ring strain of
epoxides, which is on the order of 110—115 kJ/mol for ethylene
oxide.” This enables polymerization of epoxide (IUPAC:
oxirane) monomers in three ways: (i) base-initiated, (i) acid-
initiated, and (iii) by coordination polymerization.

Other classes of epoxide monomers, such as epichlorchydrine,
longer alkylene epoxides, a large variety of glycidyl ethers, and
glycidyl amines, play an increasing role in academia and are
highly promising as comonomers for specialty applications in the
future. However, they currently lack the commercial importance
of the structurally simple key monomers shown in Scheme 1 that
are produced on a scale of more than 33 million tons per year.
This review summarizes the enormous progress in the

Scheme 1. Monomers EQ, PO, and BO and respective

polyethers formed after polymerization

EO

A A~-03, recrpE0
Po A h/")\" PPO

BO &_\/ ,(/f# PBO

polymerization of the alkylene oxides EO, PO, and BO in the
last two decades, focusing both on novel polymerization
techniques and innovative polyether architectures that are
often obtained in combination with a small fraction of other
epoxide comonomers, Important applications of the respective
polyethers have seen a tremendous development in the last two
decades, which will also be reviewed. A particular emphasis is
placed on amphiphilic polyether copolymers and on advances in
the PEGylation of biomolecules.

Historical Remarks

As early as 1863, Wurtz reported the polymerization of EO with
alkali metal hydroxide or zinc chloride.” In several key works,
Staudinger and Schweitzer prepared a series of poly(ethylene
glycol) samples from EO as model polymers and separated the
polymers according to their molecular weights for detailed
viscosimetry studies in 1929.° Already in the 1930s, poly-
(ethylene glycol) was commercialized, based on the addition of
EQ to ethylene glycol under basic conditions. Within one decade,
a variety of applications was developed in areas ranging from
pharmaceutics to lubricants, cosmetics and detergents. In 1940,
in a famous work Flory established the mechanism of the base-
initiated polymerization of EO, predicting a Poisson-type
distribution for a living chain-growth process for the first time.’
The anionic polymerization of propylene oxide was rapidly
developed in the 1940s to generate liquid polyols that were
established for hydraulic fluids and lubricants. The introduction
of PEO as polar, water-soluble block for nonionic surfactants
represents another key development in the 1950s. The respective
“fatty alcohol ethoxylates™ and “alkyl phenol ethoxylates™ are
prepared on a million ton scale today and represent the most
important class of nenionic surfactants.”®

1.1. PEG (PEO)

Poly{ethylene glycol) is the gold standard biocompatible
polymer for pharmaceutical, cosmetic, and medical applications
and is used for an extremely wide range of products ranging from
skin care products to tablet formulations, laxatives, and food
additives.”® Higher molecular weight polymers of EQO are
commonly called poly(ethylene) oxide (PEQ) or sometimes
poly(oxyethylene) (POE), whereas polymers with molecular
weights below 30 000 g/mol are referred to as poly{ethylene
glycol) (PEG). However, for medical applications in general the
abbreviation “PEG” is common and exclusively used. The
abbreviation mPEG designates a monomethyl-ether terminated
PEG with a single terminal hydroxyl group that can be further
functionalized for block copolymer synthesis or bioconjugation
with PEG, commonly called “PEGylation”. PEG is a crystalline
thermoplastic polyether that is highly water-soluble in practically
all concentrations and exhibits very low immunogenicity,
antigenicity and toxicity."' The high aqueous solubility of PEG
is unique among aliphatic polyethers that are commonly not
water-soluble.”” This feature is ascribed to the distance of the
oxygens in the polymer structure that is compatible with the
distance of the hydrogens in the water molecule.””

PEG and PEO are liquids or low melting solids, depending on
molecular weight. The melting point of PEG depends on the
chain length (65 °C for high molecular weight PEO) and can be
tailored in the physiological temperature range by blending and
cocrystallizing different molecular weights of PEG, which is
important for skin creams, ointments, and suppositories. PEG is
available under several trade names that are established for
medical, cosmetic, and pharmaceutical purposes, e.g., Carbowax,
Macrogol, Fortrans, Pegoxol, Polyox. Besides the use of PEG as a

DOI: 10.1021/acs.chemrev.5b00441
Chem. Rev, 2016, 116, 2170-2243
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material on the macroscopic scale, it is widely employed on a
molecular basis for the medification of therapeutic peptides or
proteins and liposomes to greatly enhance blood circulation
times. This so-called “PEGylation” strategy relies on the “stealth
properties” introduced by the attachment of PEG chains,'*"*

In recent years, several excellent reviews have been published
on specific topics related to PEG, for instance pharmaceutical
applications of PEG, particularly PEGy]ation“"17 synthesis of
high molecular weight PEQ,"® and regarding the introduction of
degradation sites into PEG."” These topics will therefore not be
discussed specifically in this review, The current review focuses
on recent advances in the polymerization of epoxides as well as
novel, often complex polymer architectures available via this
route. Recent developments for nonionic, amphiphilic block
copolymers of PEG with the rather apolar poly(propylene oxide)
will also be recapitulated as well as advances in the field of
“PEGylation” as the key bioconjugation technique at present.

1.2. PPO

Poly(propylene oxide) (PPO), often designated poly{propylene
glycol) (PPG) for lower molecular weights, is commonly
produced by the ROP of PO. The flexible polymer (glass
transition —70 °C) is noncrystalline due to the use of the racemic
PO monomer, which leads to a nonstereoregular (atactic)
structure. In contrast to PEG or PEQ, PPO is not water-soluble
at room temperature due to the additional methyl group in each
repeating unit that sterically shields the backbone. However,
rather low molecular weight PPGs are soluble in aqueous
solution at low temperature and exhibit a lower critical solution
temperature at around 15 °C that depends on molecular
weight.®” The base-initiated polymerization of PO in industry
mostly relies on potassium hydroxide and alcohols as initiators.™"
Since a major fraction of PO is used for the preparation of star
polymers, so-called polyether-polyols, multifunctional initiators,
such as glycerol, pentaerythritol, or sorbitol are often used. PPO-
based star polyether polyols play a key role in the synthesis of
polyurethane flexible foams due to their chain flexibility, Le., low
glass transition and their amorphous nature.”* Generally, PPG is
used for lubricants, antifoaming agents, softeners, rheology
modifiers, flexible poly(urethane) foams, and nonionic surfac-
tants, often in combination with PEG. The synthesis of PPO,
differences compared to the polymerization of EO and recent
developments in this area will be discussed in section 2.1.2 of this
review.

1.3. Other Poly(alkylene oxides)

In contrast to EQ and PO the 1,2-butylene oxide monomer,
designated butylene oxide (BO) throughout this article, has to be
produced in a two-step industrial process and cannot be obtained
by direct oxidation of the respective alkene.”® The synthesis relies
on the oxidation of butadiene to vinyloxirane and subsequent
hydrogenation. 1-Butylene oxide is the longest alkylene oxide
available on industrial scale. The properties of poly{butylene
oxide) {(PBQO) resemble PPO, however, as expected, it is more
hydrophobic. The high hydrophobicity of PBO is advantageous
for several applications, for instance for polyurethanes that have
to be stable toward water or hot water vapor. Small amounts of
PBO added to lubricants can serve to improve their properties. In
several cases, BO is used as a comonomer to modify the
properties of other polyethers, ie., to increase their apolar and
amorphous structure. The increased hydrophobicity of PBO isan
advantage for surfactants combining PEO and PBO blocks.™

244

2. POLYMERIZATION OF ALKYLENE OXIDES:
METHODS

2.1. Oxyanionic Polymerization

2.1.1. Ethylene Oxide. The oxyanionic polymerization of
epoxides represents the “classical” technique for the synthesis of
the respective polyethers. It has been the key technique for the
polymerization of EO since the 1930s and is still employed for
the major fraction of PEQ and PPQ produced, despite the
fundamental disadvantages and molecular weight limitations of
the technique for the polymerization of PO and other alkylene
oxides (vide infra). The anionic polymerization of EO is based on
nucleophiles as initiators. The widely applied standard method
for the technical synthesis of low molecular weight PEG is the
controlled addition of EO to water or alcohols as initiators in the
presence of alkaline catalysts. In most cases alkali metal
compounds with high nucleophilicity are employed for this
purpose. For higher molecular weights, alkali metal hydrides,
alkyls, aryls, hydroxides, alkoxides, and amides can be employed
for the living anionic polymerization of EQ in an inert solvent. As
in all ionic polymerizations, the counterion plays a key role and
should exhibit low Lewis acidity and preferentially little or no
interaction with the chain end. Solvents employed for the anienic
polymerization of epoxides must be polar and aprotic; therefore,
tetrahydrofuran (THF), dioxane, dimethyl sulfoxide (DMSO),
and hexamethylphosphoramide (HMPA) are often used.”™
Furthermore, polymerization in the bulk monomer is possible,
if low molecular weights are targeted, albeit at the expense of a
higher polydispersity. The fundamentals of this established
technique are well understood since the late 1980s, which is
mainly due to fundamental kinetic studies by Sigwalt and
Boilean,” Kazanskii et al,, and Tsvetanov and co-workers.

Alkoxides with sodium, potassium, or cesium counterions in
ethers (most often THF) or other polar, aprotic solvents
represent the most popular initiator systems. The addition of
complexing agents, such as crown ethers suitable for the
respective cation can strongly accelerate epoxide polymer-
ization.””* Since the polymerization of epoxides is a living
process, a Poisson-distribution is obtained® and facile and
quantitative end-functionalization of the resulting PEG can be
achieved.™ The active alkoxide chain end of the growing PEG is
rather stable with respect to termination, and the mechanism of
the polymerization is therefore simple (Scheme 2). One has to
emphasize that partial deprotonation of the alkoxide initiator
(often only 10—20%) is sufficient for polymerization due to the

Scheme 2. Oxyanionic Polymerization of EO with Rapid
Degenerative Proton Transfer Leading to an Equilibrinm
between Active Alkoxides and Dormant PEG—OH Species
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rapid proton exchange equilibrium in the system. In such
systems, chain growth can be viewed as a polymerization with
degenerative chain transfer, ie, reversible termination, the
hydroxyl terminated chains being the dormant species and the
alkoxide termini the active chain end. Proton exchange is
extremely rapid, and therefore the combination of alkoxide with
the respective alcohol is employed as initiator system in most
instances, particularly in the synthesis of polyether polyols (ie.,
PPO or PPO/PEG star polymers) to retain solubility of the
respective multihydroxyfunctional initiator.

Besides alkoxides, also highly nucleophilic hydrides, amides
and alkyl- or aryl compounds of sodium, potassium, and cesium
can be employed to initiate the polymerization of EQ.*

The oxyanionic polymerization of EQ in solution relies on the
oxygen atom at the charged end of the growing chains as the
active center, where the negative charge is localized. Depending
on the counterion, solvated contact ion pairs may be present. In
addition, the active chain ends can be highly associated even in
dilute solution. The presence and reactivity of aggregated species
and ion pairs versus free ions and their respective contributions
to the oxyanionic polymerization of EO (cf. Scheme 3) has been

Scheme 3. Aggregated Chains (Left), Solvated Ion Pairs and
Free Ions in Epoxide Polymerization and Their Respective
Propagation Rate Constants
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subject of numerous studies, mainly in the 1970s. In solvents of
low or medium polarity, alkali metal alkoxides of sodium show a
strong tendency to aggregate, which leads to complex polymer-
ization kinetics. The polymerization of EO within alkoxide
aggregates is slow or negligible in most cases.>> EO polymer-
ization kinetics has been investigated in various media, ie., in
HMPA, DMSO, and various ethers, mainly THE.” In the case of
K or Cs counterions, the alkoxide-initiated polymerization in
solution proceeded almost exclusively by free ions due to the
high dissociation constant of these ions (k; = 9.4 X 107> mol L'
at 50 °C). In THF the propagation rate constant kp~ of the free
alkoxide anions was found to be 1.7 L mol™* s7* at 20 °C by
Solovyanov and Kazanskii,”* using Cs as a counterion.

In the case of lithium alkoxides, typically no polymerization
occurs, but merely a single ring-opening step that results in a
bond of rather covalent character between the alkoxide chain end
and the Li counterion. The failure of a polymerization in this case
may also be explained on the basis of the hard and soft acid and
base (HSAB) concept,™ taking into account the strong
interaction between the “hard” oxygen anion and the “hard”
lithium cation. However, capitalizing on the absence of further
epoxide polymerization, EO and other epoxides have frequently
been employed for the functional termination of BuLi-initiated
carbanionic polymerization to generate hydroxyl-functional vinyl
polymers, since in most cases attachment of only one
hydroxyethyl unit at the chain end is achieved.”*™** However,
for some epoxides very slow oligomerization over a period of
several weeks was observed with Li-based initiators.”® Also the
strong aggregation in the case of Li-counterions additionally
impedes polymerization.””
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In the case of a sodium-methoxide initiated polymerization of
EO a contact ion pair is observed. Commonly the reaction rate of
the alkoxide-initiated polymerization is slow but can be
accelerated to a certain extent by raising tcrg;)craturc and also
by a small excess of the respective alcohol.” In this case the
presence of an initiator complex between alcohel and alkoxide
has been suggested that leads to some degree of separation of the
ion pair at the chain end. The rather low rate of the EO
polymerization in various solvents permits direct in situ
observation by NMR spectroscopy, as will be detailed in section
3.3 of this review, enabling direct observation of the menomer
sequence along the chains formed.* Since the late 1990s studies
regarding the terminal functionalization of PEG have profited
greatly from the advent of MALDI-TOF spectroscopy, since
PEG shows excellent desorption characteristics for a number of
typical matrices employed for this method, permittinﬁ Precise
evaluation of the extent of terminal functionalization.**

Pioneerin§ works by Panayotov et al,”* Kazanskii and co-
workers, ™" Sigwalt and Boileau, """ as well as Berlinova et
al*** have created a detailed understanding of the mechanism
of the oxyanionic EO polymerization, An excellent review of the
kinetic characteristics of the oxyanionic polymerization in
comparison with other living ionic polymerization strategies
was published by Penczek et al?® A peculiar feature of the
synthesis of PEG by anionic polymerization is the capability of
the oxygen atoms in the polyether backbone to aid in the
solvation of the cation of the ion pair. The mobility of the PEG-
segments in combination with its solvating properties lead to the
formation of ion-triplets and self-solvation.”* ™' Thus, a
“penultimate effect” can be observed, ie., the activity of the
chain ends depends on the number of EO units already added
(Scheme 4). The activation energy for the EO addition to the

Scheme 4. Interaction and Complexation of Potassium
Counterion at the Chain End of PEG with Crown Ether like
Structure, Resulting in a Penultimate Effect on EOQ
P(leTnen'zation30
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growing end is 74.5 kJ mol %, This, as well as the insensitivity of
the rate of propagation to the nature of the solvent is explained by
the self-association “shielding” effect of monomer units located
near the alkoxide chain end. In addition, interaction between the
cation employed and the EQ monomer may also play a
role 264752

Another important feature of the EO polymerization process is
its strong temperature dependence. Interestingly, at very low
temperature the monomer EO can even be employed as an inert
ether solvent for the anionic polymerization of MMA and 2-
vinylpyridine, demonstrating its stable character for the
carbanionic low temperature polymerization.™

Conductivity measurements were employed to study the
presence of free ions as well as associated species in the
polymerization (for a typical result see Figure 1). The
conductivity of short-chain living polymers R-(CH,CH,0),.,-
CH,CH,0~ M*in THF is a function of chain length and tends to
reach a steady-state value for n between 3 and 7.%*%%
Interestingly, the rate of propagation in the EO polymerization

DOI: 10.1021/acs.chemrev.5b00441
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Figure 1. Result of conductivity measurements at different EQ/
NaAlBu, ratios in toluene,* demonstrating the presence of different
types of complexes at different initiator concentrations. Reproduced
with permission from Tsvetanov, C. B,, Petrova, E. B.; Panayotov, L M. J.
Macromol. Sci. Chem. 1985, 22, 1309; Publishers Taylor & Francis.

was observed to be almost independent of the solvent
employed.”

In summary, the oxyanionic polymerization of EO is
characterized by (i) tight ion pairs with low dissociation
constants (107°—10 72 mol L™!) in THF; (ii) the presence of
ion triplets and higher associates; (iii) competitive interaction of
the growing chains with monomer unit sequences and most
likely also with the EQO monomer. This complex nature of the
active center presents a fundamental problem in the anionic
polymerization of EQ, but also for PO and other oxiranes in
solution, An upper limit of 50000 g/mol for the attainable
molecular weights has been reported for this common
a.pproach.57

In order to achieve an effective polymerization, primary
hydroxyl groups are preferable, since they exhibit higher
reactivity than secondary alkoxides. The polymerization rate of
EO is consequently considerably faster than that of PO, which
plays an important role in the frequently used anionic
copolymerization of EO and PO. Generally, the reactivity of
alkylene oxides decreases with increasing length and bulkiness of
the alkyl substituent at the epoxide moiety. High temperature
and high pressure polymerization aid to overcome the problems
mentioned to some extent. In addition, the use of potassium or
cesium as counterions in ether solution leads to a considerably
lower degree of association, and consequently polymerization by
the free ions, which also improves molecular weight control.

2,1.2. Anionic Polymerization of Propylene Oxide and
Higher Alkylene Oxides. The oxyanionic polymerization of
propylene oxide is hampered by proton abstraction from the
methyl group by the highly basic initiator system and
consequently extensive chain transfer to the PO monomer.
Subsequent elimination reaction creates an allyl alkoxide that can
initiate polymerization of a new chain (Scheme 3). This results in
low molecular weight PPO with an unsaturated allyl end group.
Due to this reaction, the molecular weight of PPO and also
longer alkylene oxides prepared by oxyanionic polymerization is
limited to 6000 g/mol, which correlates with the ratio of the
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Scheme 5. Molecular Weight-Limiting Chain Transfer to
Monomer and Subsequent Elimination Reaction in the
Oxyanionic Polymerization of PO
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polymerization rate constant and the rate constant of chain
transfer to the PO monomer (kr/kh.m).j" The counterion
influences the chain transfer to the monomer and the resulting
isomerization of PO to allyl alcohol. This decreases in the order
Na* > K* > Cs*, which is related to the interactions between the
metal cation and the alkoxide.® Therefore, improved conditions
to maintain the living character and to achieve higher molecular
weights have been a major objective of research on PO
polymerization, ever since PPO has been employed for
important applications as telechelic oligomers and high
molecular weight elastomers.

The ﬂbUVE side reactions may be overcome to a great extent
when employing cesium-initiating systems, which are often used
in academic research, but not for large scale industrial synthesis.”®
In addition, the transfer side reaction can be suppressed to some
extent by counterion complexation with crown ethers that also
leads to an acceleration of the polymerization. Nevertheless, even
in such systems the molecular weight (M,) of poly(1,2-
propylene oxide} (PPO) does not exceed 15000 g/mol. Price
et al. showed that molecular weights of 13 000 are the result of
carrying out the polymerization in neat propylene oxide at 40 °C
with potassium and 18-crown-6 ether as an additive.””
Alternative strategies and recent progress enabling to overcome
these limitations for PO and other substituted epoxide
monomers, such as glycidyl ethers, are presented in sections
2.3 and 3.1 of this review,

2.2. Coordination Polymerization

Since high molecular weight polymers of EQ with molecular
weights exceeding 30 000 g/mol are commonly called PEQ, this
term will also be used in the ensuing paragraph. PEQ with
molecular weights exceeding 100 000 g/mol is of great interest
for hydrogels, PEO fibers, mechanically strong films and for
surface modification, albeit preparation by oxyanionic polymeri-
zation is not possible. Sloop et al.’™® and Daytcheva et al.™
showed for instance that PEO with molecular weights exceeding
200 000 g/mol {up to 7 000 000 g/mol) can be cross-linked by
irradiation with UV light, when a hydrogen-abstracting
benzophenone (BP) as a photoinitiator is present. Mechanically
stable hybrid films of high molecular weight PEO combined with
another water-soluble polymer (e.og., polysaccharide) can be
prepared from a common solvent.”” UV-cross-linking can be
successfully performed not only with PEQO films, but also with
PEQ in aqueous solution,”'

An excellent overview of the coordination polymerization
(sometimes also called “anionic coordination polymerization”)
leading to high molecular weight PEO with molecular weights up
to several millions was recently given by Dimitrov and
Tsvetanov.'® Therefore, this technique will be described only
briefly in this review. Due to the limitations of the oxyanionic
polymerization, the coordination polymerization has been
studied for a long time, particularly aiming at the preparation
of high molecular weights for PEO as well as for other epoxide
monomers. A large number of initiators has been investigated

DOI; 10,102 1/a¢s.chemrev,5b00441
Chem, Rev. 2016, 116, 2170-2243



Appendix

Chemical Reviews

Review

with respect to kinetics and molecular weight control. Alkaline-
earth carbonates and aluminum isopropoxide-zinc chloride, alkyl
aluminum-water-acetylacetonate, diethyl zinc—aluminum oxide,
bimetallic oxido-alkoxide catalysts have been employed by Hill et
al.%* Miller and Price,% \/"rmdé:n‘berg,‘s4 Osgan and Teyssie:,'55
Hsieh,% and more recently Zhang and Shen.” Commonly, the
catalysts consist of an organometallic compound and a protic
compound that lead to multinuclear structures with an active
metal-heteroatom (Mt-X} bond. The metal may be Al, Zn, and
Cd, and X = O, §, and N. Also nonassociated mononuclear
species with the Mt—X active bond {Mt = Al and Zn, X = Cl, O,
and S) can be used.

The coordination of the epoxide results in two main effects: {i}
activation of the monomer for the polymerization, and {ii)
generation of a specific orientation of the reacting molecules that
may lead to stereospecific polymerization of PO or longer
alkylene oxides. The currently established most effective
initiators are derivatives of divalent and trivalent metals, e.g,
Ca, Zn, and Al It is obvious that metals used for this purpose
should exhibit Lewis acidity. In industry, mostly calcium and
zinc/aluminum-based catalysts are used. Zhang and Shen®” used
alkaline-earth carbonate, [{RO),Al-O—Zn-Al{OR),], trialkyla-
luminum-watet-zinc acetylacetonate, trialkylaluminum-water,
and rare earth metal acetylacetonate as catalysts to obtain high-
MW PEO.

The polymerization of heterocyclic monomers with coordi-
nation catalysts represents a peculiar group of coordination
polymerization processes that ditfers essentially from the highly
relevant coordination ponInerization of vinyl monomers. Both
the mode of monomer coordination and chain formation
mechanism of the coordinating monomer are different. With
the exception of Ca-based catalysts, oxirane polymerizations rely
on monomer coordination at the active site of the catalyst via o
bond formation between the monomer heteroatom and the
catalyst metal atom. This is followed by a nucleophilic attack of
the initiating group or polymer-chain active site on the
coordinating monomer in the initiation or propagation step,
respectively.

Calcium initiators generally exhibit weaker coordination with
epoxides than aluminum or zinc complexes. Consequently, they
are particularly effective for the polymerization of EO, which
forms complexes more readily compared to other epoxides.
Calcium initiators form weaker complexes with the substituted
oxiranes, PO in particular, and therefore slow polymerization is
observed.

Alkaline-earth amides and arnide-alkoxides are applied for the
commercial production of high molecular weight PEO and are
considered to be the most active catalysts for EO polymerization.
They are active in the temperature range 0 °C — 50 °C. This is
unusual, considering that alkaline earth carbonates and oxides
require much higher temperatures, commonly exceeding 70 °C.
As Tsvetanov et al. pointed out,' the fact that calcium amide
catalysts are very active at temperatures below the melting point
of PEO (65 °C}, possesses considerable industrial significance. It
would be technologically impractical or even impaossible to carry
out the polymerization of EQ in bulk or in solution because of the
high viscosity and heat-transfer problems. In addition, rapid
degradation of PEQ occurs in strong shear fields. The synthesis
of PEQ resins in the form of free-flowing white powders is
therefore commonly realized in a precipitant medium, where the
polymer is directly generated in the form of fine particles. This
polymerization represents a precipitation {dispersion) polymer-
ization, since the hydrocarbon reaction medium dissolves only
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the monomer, not the PEQ formed. While PEQ is insoluble in
hydrocarbons, the apolar PPO, poly{1,2-epoxybutane) {PBO),
and PEEGE form highly swollen gels under these conditions.®®
Therefore, hydrocarbons are considered to act as organic
reaction diluents. Below the melting point, the polymer formed
remains in granular form. The temperature is easily controlled by
the rate of monomer feed. The main prerequisite for the
successful dispersion polymerization is the addition of a nonionic
surfactant or amphiphilic block copolymer to stabilize the
interface of the polymer particles formed. The most efficient type
of dispersant is based on block or graft copolymers. Suitable
polymer dispersants commonly consist of two polymer seg-
ments, one segment being soluble in the liquid medium, which is
interspersed by short segments of the other that are strongly
adsorbed at the particle surface, anchoring the dispersant there.
Calcium-based catalysts are often highly active. For instance, the
Union Carbide Ca-amide catalyst reported by Goeke and Karol
produces 1800 g of PEQ per g of Ca® Thus, the resulting PEQ
particles contain only a small amount of catalyst impurity and
thus no further purification of the polymer is required. The
polymer powder can be directly recovered by filtration and is
used without further processing.

Although a variety of calcium-based catalysts is known,
systematic studies on catalyst activity and the polymerization
mechanism are scarce and synthetic details are mostly not
disclosed by the manufacturers. Most of the catalyst systems
known are published in the patent literature. Elucidation of the
structure of catalyst active site is extremely difficult. There are
hardly any publications describing the synthesis of Ca catalysts in
more detail.”™" In addition, the catalyst systemns are little defined
heterogeneous aggregates. Like in other heterogeneous catalysis
strategies, the catalyst is formed on silica carriers or on modifled
hydrophobic silica carriers. The activity of the catalysts can be
enhanced by the use of a scavenging agent with no activity in the
polymerization process, such as RyAl, LiAIH,, n-Buli, and ZnEt,.
The scavenger removes traces of oxygen and moisture from the
polymerization mixture. The rather low catalyst activity greatly
differs from the heterogeneous Ziegler—Natta type olefin
polymerization, where extremely high catalyst efficiencies are
achieved.

The synthesis of high molecular weight copolymers of
ethylene oxide and other epoxides with polar functional groups
via the coordination methods remains an interesting challenge.
Polar epoxide monomers may undergo various side reactions
involving either cationic or anionic polymerization, making the
propagation process complex. In summary, in view of the highly
interesting properties and application potential of high molecular
weight PEG and its copolymers, it is a pity that at present hardly
any academic research efforts and recent developments can be
noted in the area of the coordination polymerization of epoxides
and practically all published works date back in the 1980s and
1990s.

2.3. Activated Monomer Strategy

In this section we give an overview of the “activated monomer
mechanism” for the polymerization of epoxide monomers,
developed by Carlotti and Deflieux, which represents a major
breakthrough for many functional epoxides.72‘2 In 2013, Carlotti
et al. published a detailed review regarding polyether syntheses
based on such activated or metal-free anionic ring-opening
polymerizations of epoxide&73 The “controlled” high speed
anionic polymerization of PO by the monomer-activation
technique was introduced in 2004.”” Remarkably, this represents

DOI: 10.1021/acs.chemrev.5b00441
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Scheme 6. Reaction Mechanism of the “Activated Monomer” Technique, Exemplified for the Polymerization of Propylene Oxide
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the first method that permits to obtain high molecular weight
PPO (M, up to 170 000 ¢/mol).”” Inspired by the work of Inoue
and co-workers™* ""and Braune and Okuda,”® monomer
activation results from the interaction of a Lewis acid with the
epoxide ring, reducing the electron density in the epoxide ring,
thereby facilitating subsequent ring-opening. The initiation
proceeds through formation of an “ate complex” between the
Lewis acid (catalyst) and a weak nucleophile (initiating species),
as illustrated in Scheme 6. Chain growth results exclusively in
head-to-tail (H-T) linkages with no appearance of H—H or T-T
junctions, and for racemic epoxides an atactic microstructure is
obtained, indicating a coordination type mechanism.””*

The first initiating systems of this type were based on alkali
metal alkoxides with triallyl-aluminum species, resulting in an
enhanced polymerization rate and little occurrence of transfer
reactions compared to conventional ARQD.”* Improved initiator
systems are based on organic salts, containing noncoordinating
cations such as tetraalkyl ammonium halides or phosphonium
salts combined with triisobutylaluminum as a catalyst, which fully
suppress transfer reactions.” ™"~ However, besides the desired
initiation via the respective halide anion, concurrent ring opening
via hydride or iso-butyl groups is reported, which may lower
molecular weights and lead to a fraction of ill-defined chain ends
(Scheme 6¢).5%

Suitable solvents for the activated monomer approach are
aprotic and should preferably possess no complexing oxygen
atoms. For example, THF complexes the aluminum compound
and thereby impedes activation of the epoxides. A suitable
alternative solvent for THF is 2-methyltetrahydrofuran
(MeTHF).*® Further, the use of cyclohexane, toluene, dichloro-
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methane, chlorobenzene,” and fluorinated benzene was
reported in literature,”>* #2355

Note that the ratio of Lewis acid (catalyst) to the actual
initiator has to exceed unity to ensure the formation of the “ate”-
complex and simultaneously implement an activation of the
epoxide ring, resulting in successful polymerization. Monomers
with strong coordination capability require higher amounts of
the catalyst to overcome strong interactions with the Lewis acid
{Scheme 7). However, low ratios are preferred, to ensure narrow
molecular weight distributions.”

Scheme 7. Complexation of Triisobutylaluminum by Oxygen
Atoms”
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“Interaction of triisobutylaluminum with EQ, GME, and EEGE (from
left to right).

Strong activation of the epoxide ring brings about several
advantages: (i) polymerizations can be carried out under mild
reaction conditions (low temperatures, —30 °C to room
temperature) and (ii) with weak nucleophilic “ate” complexes
as initiator and propagating species. Consequently, molecular
weight limiting transfer-to-monomer reactions are suppressed,
and high molecular weight polyethers are accessible, while the

DOI: 10.1021/acs.chemrev.5h00441
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molecular weight distribution remains narrow. Additionally,

polymerization rates are dramatically increased, and the reactions

can be carried out in hydrocarbon solvents (Figure 2). 78890
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Figure 2. Conversion plotted versus time for PO polymerization
initiated by i-PrONa, NBu,Cl, NOct,Br, and PBu,Cl in cyclohexane
with the respective Lewis acid to initiator ratio and degrees of
polymerization around 170—192. Adapted with permission from Labbé,
A,; Carlotti, S.; Billouard, C.; Desbois, P,; Deflieux, A. Macromoleciles
2007, 40, 7842—7847.%" Copyright 2007 American Chemical Society.

Within less than 2 h, PPO samples with remarkably high
molecular weights of 170 000 g-mol ™' and rather low PD1 = 1.34
were accessible.””*® Note that the use of conventional alkali
metal initiators restricts the molecular weight of PPO to about
6000 g-mol™,”" and even the use of soft counterions such as
cesium or the addition of crown ethers still limits the molecular
weight to about 15000 g:mol™.”>” Further, the authors
demonstrated the applicability of this method by preparing a
number of high molecular weight polyethers such as high
molecular weight PEEGE {up to 85 000 g-mol 2),** PEG (up to
36 000 g'mol~') and PPO—PEG copolymers.* The fascinating
synthetic options created by this method permitted to study the
molecular weight dependence of the viscoelastic properties of
linear polyglycerol (linPG) in the entire molecular weight range
of 1 kg'mol ™! to 100 kg:mol ~. Detailed rheological features of
inPG and its permethylated analogue ([inPG-OMe) were
reported, demonstrating the effect of a hydrogen bonding
network from nonentangled to well-entangled chains.”*

In general, the strong activation of the epoxide ring enables to
polymerize a broad family of less reactive and sterically hindered
epoxides, such as epoxides bearing hydrophobic alkyl chains (1,2-
butene oxide, 1,2-hexene oxide, l,2-octadecene oxide) and
glycidyl methyl ether.”™ In addition, with the controlled
polymerization of epichlorohydrin (ECH), Carlotti and co-
workers demonstrated the high tolerance of this method toward
functional groups. Interaction of the active species with the
chloromethyl function was not observed, and homopolymers of
PECH with molecular weights up to 80000 g-mol* and PDIs
below 1.25 were realized.'™ This strategy gives access to a library
of novel polymers, based on postpolymerization modification of
the chloride groups of PECH, Lynd and co-workers presented
hydrolytically degradable PEG by copolymerizing ECH with EO.
The copolymers were treated with potassium tert-butoxide to
obtain poly(methylene ethylene oxide) units, leading to
degradation at slightly acidic pH."”" Also starting from PECH,

Meyer et al. prepared poly(glycidyl amine).'”* Recently, Baker et
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al. reported the synthesis of a polyether-based poly(ionic liquid)
by derivatizing the chlorides of PECH with 1-butylimidazol,
followed by anion exchan§e with lithium bis-
(trifluoromethanesulfonyl)imide.'” The modified polymers
showed conductivities of 107 S ecm™ at 30 °C and 107 §
em™" at 90 °C. Other challenging epoxides such as glycidyl
methacrylate, fluorinated epoxides, allyl glycidyl ether and
epicyanohydrin®” were also successfully polymer-
ized S H897.95,104

In 2010, Carlotti and co-workers demonstrated that the
activation of ethylene oxide even enables lithium salts to
polymerize epoxides. In particular, this strategy permits the
synthesis of PS-b-PEQ and PT-b-PEQ block copolymers in a one-
pot reaction.'™ Further, the monomer activation with a Lewis
acid can be combined with initiation via phosphazene alkoxides.
Molecular weights of PPQ up to 80 000 g-mol™" were obtained in
this case. However, a certain extent of transfer reactions yielding
unsaturated chain ends was still observed.””

Recently, Babu and Muralidharan expanded the “activated
monomer approach” towards the activation of the epoxide ring
via Zn(Il), Cd(II), or Cu(ll) complexes of 2,5-bis(N-(2,6-
diisapropylphenyl) iminomethyl)pyrrole.'” The authors dem-
onstrated successful polymerization of various phosphate based
epoxides in THF at 70 °C by using tetrabutylammonium
bromide as the actual initiator (Scheme 8).

Scheme 8. Synthesis of Phosphate-Containing Linear
Polyethers Based on Monomer Activation'”®
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Very recently, Roos and Carlotti demonstrated the use of
Grignard reagents as deprotonating agents for PO polymer-
ization.” The authors deprotonated 1-butanal with various
Grignard reagents and observed successful polymerization of PO
in the presence of triisobutylaluminum as an activator. Molecular
weights ranged from 2,500 to 10,000 g-mol’l, while PDIs
remained moderate {1.20—1.37). The formation of allylic end
groups was completely suppressed; however initiation via various
species was detected. MALDI-ToF measurements revealed
initiaion by (i) 30% desired alkoxide magnesium halide
(RO™"MgX), (i) 20% hydride initiation from triisobutylalumi-
num (H™ "MgX) and (iii) 50% halide initiation from the alkoxide
magnesium halide (X™*MgOR), as illustrated in Scheme 9.

Despite its fundamental advantages, the “activated monomer
technique” also bears some challenges. To obtain low PDIs, the
catalyst to initiator ratio has to be kept at a minimum and needs
to be adjusted for each monomer system with respect to the
targeted molecular weight. Further, removal of the residual
initiator counterions, i.e., the tetraalkyl ammonium salts, is often

DO 10.1021/acs.chemrev.5b00441
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Scheme 9. Proposed Initiation Species for Grignard/Alcohol/
Triisobutylaluminum System®
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difficult and time-consuming. Simple precipitation of the
polymer often leads to unsatisfactory results. Column
chromatography or long-term dialysis can be performed, albeit
with reduction of the polymer yie]d.gt More hydrophobic
polyethers, such as PEEGE, can also be purified by consecutive
washing with saturated NaHCO, solution, NaCl solution {10%),
and water.”

Direct calculation of the absolute M, via "H NMR spectros-
copy using "H NMR signals of the initiator is generally not
possible for the activated monomer approach, given the nature of
the initiator species (bromide, chloride, and azide). In the
literature, molecular weights are determined by SEC measure-
ments (refractive index signal or UV signal). However, molecular
weights analyzed by a general SEC setup are not absolute values.
Alternatively, end-group functionalization or absolute methods,
such as static light scattering, have to be performed. Even though
the formation of unsaturated end-groups can be mainly
suppressed, undesired initiation by hydride or iso-butyl groups
was also reported (Scheme 6e).****

In summary, the “activated monomer mechanism” has become
a well-established alternative to the conventional AROP within
the past decade and is a crucial method, both to prepare high
molecular weight polyethers and to polymerize a broad family of
epoxides bearing functional groups to generate novel functional
polyethers.

2.4. N-Heterocyclic Carbenes {(NHCs) and N-Heterocyclic
Olefins (NHOs) as Organocatalysts for Metal-Free Polyether
Synthesis

N-Heterocyclic carbenies (NHCs) have seen a tremendous
development since the turn of the millennium and are known as
efficient ligands of transition metal complexes'™'” or as
organocatalysts for reactions, such as the benzoin condensation
or the Stetter-reaction.'” """ Recently, Taton et al. reviewed the

use of N-heterocyclic carbenes (NHCs) in organocatalysis,
mainly focusing on general macromolecdlar chemistry.'"™' ™ In
2015, Naumann and Dove further highlighted a current trend
regarding NHCs as organocatalysts for various polymer-
izations.'"™'"® Here we summarize current reports devoted to
NHCs as initiators and/or as organocatalysts for the metal-free
ROP of epoxides.

In 1991, Arduengo et al. presented the first crystalline
diaminocarbene and introduced the class of N-heterocyclic
carbenes (NHC)."'® While the first step-growth polymerization
via NHC catalysis followed in the late 1990s,"'”"'® the use for
EO polymerization was not established until 2009, when it was
introduced in a seminal work by Taton and Gnanou et al."** The
authors showed that the strong nucleophilicity of 1,3-bis-
(diisopropyl )imidazol-2-ylidene enabled the direct attack at the
methylene group of EQ, generating an imidazolium alkoxide for
further polymerization of EO. The proposed polymerization
mechanism is based on the formation of a zwitterionic species
(imidazolium alkoxide), as displayed in Scheme 10. Termination
with suitable nucleophiles releases the NHC and affords well-
definded a,m-bifunctional PEG.

This technique enabled the controlled synthesis of hetero-
telechelic PEG up to 13000 g-mol™, with narrow molecular
weight distributions without the need to remove metallic
initiators. Most important, no cyclic species were detected. In
general, the NHC method allows for facile synthesis of azide-
functional PEG, which is suitable for subsequent azide—alkyne
click-chemistry. Furthermore, the authors demonstrated the
versatility of the NHC method by combining the ring-opening
polymerization of epoxides with cyclic esters. In particular, PEG-
b-PCL block copolymers were synthesized by simple addition of
&-caprolactone (CL) to the NHC-initiated PEG-chain.

In addition, Taton et al. demonstrated the successful
polymerization of EO by using NHC as a true organocatalyst.
A typical procedure relies on a ratio of [NHC]/[NuE]/[EOQ] =
0.1:1:100, whereas NuE (Nu = nucleophilic and E = electrophilic
part, e.g, PhCH,0H, HC=CH,OH, N,;5iMe;, and
PhCH,OSiMe;) represents the chain regulator.** Well-defined,
heterotelechelic PEGs up to 12 000 g-mol™" were synthesized
with narrow molecular weight distributions (PDI = 1.07—1.15).
As an example, Figure 3 shows the MALDI TOF MS spectrum of
a-propargyl,e-hydroxyl heterodifunctional PEG, confirming the
absence of any side products and the preservation of the alkyne
functionality during polymerization.'””

The authors considered two possible mechanisms, based on
either monomer activation (path a) or chain-end activation (path
b) by the NHC, as illustrated in Scheme 11.

Motivated by the successful metal-free synthesis of PEG,
Taton et al. also implemented the NHC method for the
polymerization of PO. 2! Yet, low monomer conversion (<40%)

Scheme 10. Proposed Reaction Scheme of the Zwitterionic ROP of EO'"’
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Figure 3. MALDI TOF MS of a-propargyl,a-hydroxyl heterodifunc-
tional PEO. Adapted with permission from Raynaud, ].; Absalon, C,;
Gnanou, Y.; Taton, D. Macromolecules 2010, 43, 2814—2823.'""
Copyright 2010 American Chemical Society.

was observed and the absence of unsaturated impurities was only
ensured for low molecular weight PPOs (4500 g-mol ™).
Recently, Lindner et al. reported several NHC—CO, adducts
as feasible precatalysts for the homopolymerization of PO and
the block copolymerization with e-caprolactone (CL) or block
and random copolymerization with (8,5)-lactide (LA), respec-
tively.'> NHC—CO, adducts are thermally labile progenitors
that allow the in situ generation of NHCs {Scheme 12), as
recently reviewed by Naumann and Buchmeiser.'*® The
homopolymerization of PO was performed by release of the

Scheme 12. Example of a CO,-Protected NHC'**

N
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NHC at 120 °C and initiation with diethylene glycol. Oligomeric
PPO with narrow MWD (1.08—1.23) was obtained. Moreover,
the anthors presented block copolymers of PO and CL, and
block and random copolymers of PO and LA, respectively. In
contrast to pure PPO, the copolymers showed rather poor
manomer conversion and broad MWD {PDI = 1.38—1.77),
assumingly a result of transesterification or backbiting reactions.

In summary, NHCs are suitable initiators and/or catalysts to
synthesize a,@-bifunctional PEGs. To date, the successful
polymerization of EO and the synthesis of low molecular weight
PPO as well as several block copolymers have been presented. Tt
is obvious that this method could also show promising results for
other epoxide-based monomers, for instance to generate
multifunctional PEG. Further, the random copolymerization of
epoxides with cyclic esters is feasible and warrants further study
that may lead to unprecedented copolymer structures.''®'**
Nevertheless, NHCs are highly reactive and sensitive compounds
and careful handling is necessary. Moisture should be avoided
and storage at low temperatures is suggested, However, recently
developed imidazolium-2-carboxylates and (benz)imidazolium
hydrogen carbonates that can be viewed as masked N-

Scheme 11, Proposed mechanisms for the ring-opening polymerization of EO catalyzed by NHC. (a) via monomer activation; (b}
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heterocyclic carbenes permit use for polymerization of various
monomers (lactide, MMA) at room temperature and possess
greatly improved storage stability.'** Therefore, intriguing
potential for the polymerization of epoxide monomers can be
envisaged.

A further step to metal-free polymer synthesis was reported by
Naumann and Dove et al, who applied N-heterocyclic olefins
(NHOs) as organic catalyst for the controlled polymerization of
PO." NHOs are highly polarized alkenes with considerable
electron density on their exocyclic carbon atom, as illustrated in
Scheme 13."° To some extent, they combine NHC-like
adaptability and carbanionic reactivity. NHOs are air sensitive
and should be preferably stored at cold temperatures,'**~'**

Scheme 13. Mesomeric Structure of NHOs, Showing the

Strong Charge Delocalization**
R Ri Ry Ri
- e
RZZNINMRQ — F{Z,N;E "R
Ry™ Ry RyO Ry

Naumann and Dove et al. prepared a library of NHOs and
studied their structural influence on PO polymerization.
Similarly as for the NHCs, the authors proposed two possible
mechanisms for the polymerization of PO with NHO, which are
in agreement with the “monomer activation” and “chain end
activation” shown exemplarily in Scheme 11 for NHCs. For
NHOs, the zwitterionic “monomer activation” leads to the
occurrence of high molecular weight impurities but is mainly
disfavored for NHOs. The authors demonstrate that the
zwitterionic mechanism can be suppressed completely by
increasing steric hindrance and basicity of the catalytically active
site. Consequently, the most suitable NHO for ROP of epoxides
is shown in Scheme 14, bearing twe methyl moieties at the
exocyclic carbon atom.

Scheme 14. Suitable NHO Catalyst to Obtain Well-Defined
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Overall, PPO with molecular weights in the range of 2000—
12000 gmol™ and narrow PDIs below 1.06 were prepared.
Despite the high turnover number (TON) of about 2200, the
polymerization of PO with organic catalysts is rather slow, e.g,
88% conversion of PO with ratios of 1:10:1000 ([NHO]/
[BnOH]/[PO]) was reached in 68 h. Nevertheless, NHOs
represent a promising class of catalysts for novel polymer
structures.

2.5. Phosphazene Bases: Metal-Free Initiators

Another metal-free polymerization technique relies on the use of
phosphazene bases as deprotonation or complexation agents.
‘While various reviews and books have covered the use of
phosghazene bases for living anionic polymeriza-
tions,”">'**713? herein an overview of their general use for
epoxide polymerization and focus on recent achievements will be
presented.

Phosphazene bases, also known as “Schwesinger Bases”,
belong to the family of neutral Brisnsted “super” bases, which are

252
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highly basic but only weakly nucleophilic (selected phosphazene
bases in Scheme 15)."*7'%* Despite their exceptional structure,

Scheme 15, Chemical Structure and Respective pK, Value of
Relevant Phosphazene Bases for Epoxide Polymerization®
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“1-tert-Butyl-d,4,4-tris(dimethylamino)-2,2-bis[tris (dimethyl-amino }-
phosphoranylidenamino]-24°, 44%- catenadi(phosphazene) (t-BuD,)
and  1-tert-butyl-2,2,4,4 4-pentakis(dimethylamine)-22% 44 catenadi-
(phosphazene) (t-BuP,).

phosphazene bases are commerdially available, chemically and
thermally stable, and soluble in nonpolar and moderately polar
organic solvents (e.g, hexane, toluene, and THF)."* Never-
theless, the commercially available phosphazene bases may
contain their respective isomers as impurities, which could have
an influence on their reactivity.** In 1996, Méller and co-
workers introduced the first polymerization of EO with t-BuP, as
a deprotonation agent.'*” In the family of phosphazene bases, t-
BuP, is one of the strongest phosphazene bases with a pK, of 42.6
(in acetonitrile)'** and is typically used for the ROP of epoxides
(Scheme 15). As an alternative to phosphazene bases, Rexin and
Milhaupt investigated several bulky phos?hom'um salts as
deprotonation agents far PO polymerization. "> At polymer-
ization temperatures of 100 °C, the total degree of unsaturations
was lowered, compared to known phosphazene bases, albeit
lower polymerization rates were observed.'*® Recently,
Hadjichristidis and Gnanou et al. reported the first successful
use of the less conéugated and consequently milder t-BuP,
(MeNpR, = 33.5)"* for the polymerization of BO (Scheme
15)."™ This approach enabled an elegant one-pot synthesis of
polyether-polyester block terpolymers (PEO-b-PCL-b-PLA)
with no occurrence of chain transfer reactions (PDI = 1.10).""
However, prolonged reaction times have been reported for the
EO polymerization with +-BuP,, and no successful polymer-
izations of other epoxides have been demonstrated to date. For
example, only #-BuP, enabled successful polymerization of 1,2-
butene oxide {BO), but neither t-BuP,, t-BuP,, nor TiBP, which
is due to insufficient basicity.""" Consequently, +-BuP, remains
the standard phosll::hazene base for epoxide polymerization, e.g.,
EEGE,'"” AGE,'" glycidyl methyl ether (GME),""" ethyl
glycidyl ether {EGE),'"" PO,'™ tert-butyl glycidyl ether
(tBuGE),""" and benzyl glycidyl ether (BnGE).'"

The salient feature of phosphazene bases and especially -Bul,
for epoxide ROP is that they are metal-free and thus alternative
deprotonation agents to common alkali hydroxides. After
deprotonation, the bulky phosphazenium cation [t-BuP,JH’
represents a soft counterion with low tendency for ion-pair
association. Consequently, high polymerization rates also in
nonpolar solvents under mild reaction temperatures can be
observed, as the chain end is highly reactive. Usually, the ratio of
phosphazene base:initiator is close to 1, but also lower ratios {as
low as 0.01 equiv) have been reported but are accompanied by

DOI: 10.1021/acs chemrev.5h00441
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Scheme 16, Synthesis of Figure-Eight Shaped Amphlp}uhc Block Copolyethers Based on Decyl Glycidyl Ether and 2-(2-(2-
Methoxyethoxy )ethoxy)ethyl Glycidyl Ether'*
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Scheme 17. One-Pot Synthesis of Poly(styrene)-block-poly(ethylene oxide)-block-poly(ethoxyethyl glycidyl ether) (PS-b-PEO-b-
PEEGE) Triblock Terpolymers and Subsequent Deprotection to Poly(styrene)-block-poly(ethylene oxide)-block-
tinpoly(glyceral)'*’
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longer reaction times."”*'*™'*" Suitable initiators range from linear polyglycerol block (linPG).""” Narrow PDIs of 1.02
commeon alcohols'** ™' to secondary amides™**'*’ and confirm the living character of the polymerization.
carboxylic acids.'” Kakuchi and Satoh et al. demonstrated the Other examples are PS-5-PEO,'* PB-b-PEO,'™*™'*" PLb-

power of the phosphazene base approach by polymerizing less PEQ," %4 PB-b-EE—b-PEO,mz PS-b-1inPG,'®" P2VP-b-PEO-b-
reactive monomers, such as styrene oxide,">” BO,"*"'5'** decyl P{GME-co-EGE), ™ and II’S,'IYSWTEHE'HUCk'POIY(P‘hYdI'OXYS'f)’T'
glycidyl ether and 2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ene-graft-ethylene oxide) ©" block copolymers. Further, the

ether'™ as well as several glycidyl amine derivatives (see also switch from OYYaI.liOI‘IiC to carbanionic polymerization was
demonstrated for EO and dimethylaminoethyl methacrylate

{DMAEMA), but only PEO-b-PDMAEMA block copolymers
with moderate PDIs (1,40—1.70) were obtained.'®*

In 2012, Carlotti and co-workers combined #BuP, with the
“activated monomer technique” for the rapid polymerization of
PO at room temperature (see section 2.3).” PPO with molecular
weights up to 80000 gmol™' was obtained. However, the
authors reported the occurrence of unsaturated chain ends
indicating the occurrence of transfer reactions despite the high
molecular weight; consequently the combination of both
methods did not lead to a significant improvement of the
common “activated monomer technique”.

Phosphazene bases can also function as organocatalyst for the

section 3,2)."*! Based on a selection of these monomers, the
authors synthesized linear, cyclic, figure-eight-shaped, and
tadpole-shaped amphiphilic block copolyethers starting from
e,-bifunctional initiators, bearing an alcohol and an azide
functionality {Scheme 16)."**

Alternatively, phosphazene bases can be used as complexation
agent and enable ROP of epoxides starting from anions bearing
lithium as a counterion.' ™! *%1%¢ 1n general, lithium alkoxides are
not applicable for epoxide polymerization due to the strong
interaction of the lithium cation with the alkoxide. Addition of
phosphazene bases breaks down the ion association of lithium
cations with the alkoxides, and polymerization can proceed.

Thus, switching from carbanionic polymerization to oxyanionic polymerization of cyclic esters eg, lactide (LA)'™" and &-
polymerization is possible, permitting the one-pot synthesis of a capralactone (CL)_MO Tn general, ideal catalysts are weaker
variety of promising block copolymers. For example, Miiller and phosphazene bases such as BEMP, t-BuP, or -BuP, to suppress
Schmalz et al. presented poly(styrene)-block-poly{ethylene undesired transesterification reactions.'**'**'%” The use of the
oxide)-block-poly(ethoxyethyl glycidyl ether) (PS-b-PEO-b- strong t-BuP, base affords polyesters with rather broad PDIs.'*®
PEEGE) triblock terpolymers in a one-pot procedure (Scheme Yet, this approach permits the synthesis of random polyester-
17) that were deprotected to afford PS-b-PEO-b-linPG with a polyether copolymers, as it was demonstrated for the

2181 DOI: 10,102 1/acs.chemrev.5b00441
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Scheme 18. Copolymerization Scheme of Reaction of £-CL with tBuGE
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Scheme 19. Reaction Scheme of the “Catalyst Switch” Approach for the Block Copolymerization of EO/BO with e-Caprolcatone/

§-Valerolactone or Trimethylene Carbonate'*®
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copolymerization of -caprolactone {CL) with tert-butyl glycidyl
ether (fBuGE) (Scheme 18),"% CI ratios were varied from 0 to
100 mol %, resulting in (co)polymers with molecular weights
ranging from 1.38 X 107" to 4.92 x 10~ g'mol™ and moderate
PDIs 1.28—1.43. After cleavage of the fert-butyl protecting group,
the PCL-co-/inPG copolymers with PCL < 72 mol % showed
faster enzymatic degradation than pure PCL. The authors
attribute the accelerated biodegradation to the lower degree of
crystallization and higher hydrophilicity of PCL-co-linPG than
PCL, induced by the incorporated glycerol units.

Recently, Hadjichristidis and Gnanou et al. utilized a “catalyst
switch” for the sequential one-pot polymerization of polyether-
polyester/polycarbonate block copolymers by applying a
combination of phosphazene bases and diphenyl phosphate
{DPP).'"* As mentioned before, the strong basicity of -Bu,P
promotes chain transfer reactions during the ROP of cyclic esters
or cyclic carbonates leading to relatively broad PDIs. 5168199 gy
the addition of DPP, the phosphazene base was neutralized and
subsequently DPP acted as acidic catalyst for the polymerization
of cyclic esters: a basic to acidic catalyst switch. Various epoxides
{(EOQ, BO) were polymerized by using an alcohol/f-Bu,P system,
followed by excess addition of DPP and the respective cyclic ester
(CL, S-valerolactone) and/or cyclic carbonate (trimethylene
carbonate, TMC) (Scheme 19). Block copolymers and triblock
terpolymers with molecular weights up to 19 000 g-mel™ and
narrow PDIs in the range of 1.04—1.17 were obtained (Figure
4).'*" The authors report a retardation effect of the
phosphazenium diphenyl phosphate on the polymerization
rates of the cyclic esters. Thus, the ratio of -BuP, should be
kept at a minimum (0.2 equiv).

In 2015, the same group expanded the scope of the “catalyst
switch” strategy by synthesizing linear- and three- arm star-
tetrablock quarterpolymers based on the same monomers.' ™ To
expand the toolbox of suitable monomers, Hadjichristidis and
Zhao demonstrated the successful preparation of block
copolymers based on BO or 2-ethylhexyl glycidyl ether
(EHGE) with various substituted lactones, namely §-hexalactone
{(HL), $-nonalactone (NL), and §-decalactone (DL).'"™"
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Figure 4. SEC traces of isolated products of PBO, PBO-b-PEQ, PRO-b-
PEO-b-PCL, PBO-b-PEO-b-PVL, and PBO-b-PEO-b-PTMC respec-
tively, synthesized via “catalyst switch” strategy.'*® Adapted with
permission from Zhao, J.; Pahovnik, D.; Gnanou, Y.; Hadjichristidis,
N. Macromolecules 2014, 47, 3814—3822. Copyright 2014 American
Chemical Society.

In summary, phosphazene bases permit the synthesis of
unprecedented and “challenging” block copolymer pairs with
polyether block, such as vinyl polymer-based block copolymers
(PS, PI, PB, PVP) with-polyether and polyether-polyester/-
carbonate, and also random polyester/polyether copolymers, in a
one-pot reaction with no need for isolation or purification after
individual synthetic steps. In spite of these advantages, it should
be kept in mind that remaoval of phosphazene bases can be time-
consuming and challenging and is not always considered in the

DOI: 10.1021/acs.chemrev.5b00441
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respective works. A suitable procedure for this purpose is the
purification via filtration over alumina.”*"'>° However, often-
times polymers are purified merely by simple precipitation, and
the phosphazene base may remain in the polymer. Especially
with a focus on future biomedical applications, complete removal
of the charged phosphazene bases is mandatory, since
phosphazene base cations are critically discussed with respect
to their toxicity. More specifically, preliminary in vitro studies on
several human cell lines suggest that t-BuP, exhibits high
cytotoxicity, the toxic species being most probably the
corresponding phosphazenium ion. ! Consequently, one
might even consider avoiding the use of phosphazene bases for
biological or biomedical purposes completely. To date,
phosphazene bases have attracted minor attention for industrial
polyether synthesis, which might be due to their rather high cost
in comparison to established alkoxides.

2.6. Heterogeneous Catalysis—Double Metal Cyanide
Catalysts for Epoxide Polymerization

An increasingly important method, yet currently only employed
for specialty polyols in industry, particularly for high molecular
weight polyalkylene ether polyols is based on the so-called
“double metal cyanide catalysts” (DMC)."”” This catalytic
system was first developed by General Tire and Rubber in
1966'"* and has its primary use in the preparation of high-quality
polyols for the polyurethane (PU) production.'”*™"”* A detailed
overview was given by lonescu in “Chemistry and Technology of
Polyols for Polyure‘[hzmes"‘179 Clearly, major progress has been
made in this area in the last 15 years. Here, we will give a brief
overview of the DMC method and will focus on novel polyether
structures obtained with the DMC catalyst.

While this method is well-established for industrial purposes, it
has attracted minor attention in the scientific community. High
polymerization temperatures, elevated pressures, and a complex
catalyst preparation procedure, followed by difficult character-
ization of the actual catalyst structure render this approach less
attractive for scientific purposes. However, the DMC method is
applicable to large scale processes. The formation of unsaturated
impurities is suppressed, and high molecular weight polyalkylene
ether polyols can be achieved. Especially in the industrial
production of polyols based on PPO, where mainly potassium
hydroxide (KOH) is applied as a deprotonating agent and metal
salts have to be removed after polymerization, the DMC catalyst
can be a suitable alternative, enabling a continuous process with
no need for further purification steps. Nevertheless, the DMC
method includes various challenges and limitations, which are
discussed in the following,

DMC is a heterogeneous catalyst with the general structure of
M [M*(CN),],-«M'X, yL-2H,0, where M* = Zn, M?* = Co, Fe.
L is an organic complexing agent, such as tert-butyl alcohol,
diglyme, or other.'*'%" A proyosed structure of the DMC
catalyst is shown in Scheme 20"

Detailed analysis of the DMC structure is difficult, which is due
to its insoluble character and the strong dependence of the crystal
structure on the preparation procedure.“w’lm”lM Since 1966,
intense research efforts were performed to increase the catalytic
efficiency of the DMC catalyst with the focus on cost-efficient
and eco-friendly*® systems for industrial applica-

L 174,181,186—189 ) .
tions. ’ In particular, novel complexing agents/
. 174,188,190,151 .
cocomplexing agents, numerous addi-
. 181,186,187,1%9 . 1 172,184,192-195
tives, and various metal centers were

investigated to increase the performance of the DMC. To date,
catalyst concentrations of as little as 15—50 ppm are sufficient to

2183

Scheme 20. Proposed Structure of the Active Site of Zn—
Co(II1) DMC Catalyst”

=N

N OH (Cl)

L = complexing agent

“Here, the Zn—OH structure acts as the initiating group. L represents
a complexing agent, used during the preparation of the catalyst, eg.,
tert-butanol.

obtain suitable polyols within short reaction times, and the
catalyst can remain in the polymers."””'™ Consequently, no
additional purification {filtration of salts) is necessary and the
overall production steps are reduced.

Scheme 21 shows the mechanism proposed by Huang et al.
and Kim et al. for the DMC-catalyzed PO polymerization *!*!
The active sites of the DMC are believed to be cationic
coordinative, however fully conclusive evidence of the proposed
mechanism is still lacking, given by the heterogeneous character
of the DMC. It is supposed that the polymerization center forms
in two stages: {1} The inactive (CN),ZnCl, species interacts with
the added initiator or a present ligand to form a dormant site at
the catalyst surface. (II) Coordination of PO and subsequent
replacement of a ligand (ROH) take place, followed by the attack
of PO and the formation of the active center. Eventually,
propagation occurs by nucleophilic attack of the growing PPQ
chain on activated PO molecules and proceeds until the
monomet is consumed completely. The DMC method generates
a strict head-to-tail regiosequence and a random configurational
sequence of the resulting PPO.'” The active polymer chain
cannot be terminated by protic species; consequently no
functional end groups can be introduced via a terminating
agent.l% However, after complete polymerizatiom the active
polymer-DMC adduct is dormant, and the polymer chains can be
reactivated by monomer addition at any time. Note that a fast
intermolecular chain transfer (V1) between the active polymer
chain and dormant hydroxyl-terminated polymer chaing ensures
narrow molecular weight distributions (e.g., M,./M, < 1.1 for M
< 6000 g-mo]*l).”1 Further, the occurrence of unsaturated PPC
chains (IV—V) is reduced to around 0.003 mequiv/g, compared
to conventional KOH catalyzed PPO with 0.04—0.10 mequiv/g,
which represents a significant advantage of the DMC-method for
the preparation of specialty polyols.” In general, molecular
weight distributions and amounts of unsaturated species are
strongly influenced by the chosen DMC catalyst system and can
vary significantly in literature.

Although unsaturated structures are suppressed, the DMC
method possesses some characteristic challenges and limitations.
The main characteristic of the DMC is the occurrence of an
induction time, before actual chain growth can be observed. The
substitution of the soft organic ligands by PO molecules leads to a
general induction period of 20—30 min up to several hours.
Consequently, in a common reaction procedure, the DMC has to
be activated first, before the actual polymerization takes

DOI: 10.1021/acs.chemrev.5b00441
Chem. Rev. 2016, 116, 2170-2243
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Scheme 21. Proposed Mechanism of DMC-Catalyzed PO ROP,'®! Including Proposed Side Reactions and the Intermolecular

Chain Transfer' ™
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place. """ However, after the induction period, the reaction
rate exceeds that of the conventional AROP (Figure 5). Several
approaches to avoid an induction period are described in patent
literature but will not be discussed in detail here."*"**

A major drawback of the DMC catalysis for the polyol industry
is the target to produce reactive (EQ)-capped polyoals with
primary hydroxyl termini. These compounds represent an
important class of polyols for flexible PU foams. However, if
EQ is added to a PPO-based polyol, the DMC catalyst leads to a
heterogeneons mixture of unreacted PPQO-palyol and highly
ethoxylated PPO or PEO homopolymer.”" Consequently, KOH
catalysis still remains the method of choice to prepare EO-
capped polyols. Additionally, the DMC catalyst shows

limitations toward common initiator systems. In particular,

256
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initiators having good coordination capability such as ethylene
glycol, glycerol, low-carbon amines, low-carbon acids and urea
act as inhibitors and preclude the coordination of PO at the
catalyst.)”*"%" Therefore, industrially relevant polyols based on
sorbitol or sugars are not accessible via DMC catalysis. Suitable
initiators are low molecular weight PPOs (400—700 g-mol™') or
noncomplexing alcohols.’””® In addition alkaline species
deactivate the catalyst surface and impede polymerization. In
contrast, long-chain carboxylic acids do not interfere with the
catalyst and can be present throughout the polymerization,
allowing for novel polyol derivatives.'”

Another challenging characteristic of the DMC is the
occurrence of high molecular weight polymer impurities
(100 000—400000 Da) in very small quantities (60—400

DOI: 10.1021/a¢s.chemrev.5b00441
Chem. Rev. 2016, 116, 21702243
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Figure 5. PO consumption versus time in PO polymerization with
DMC catalysts and conventional KOH. (Reaction conditions: T =
110 °C; p = 300 MPg; catalyst concentration: ¢(KOH) = 0.25% and
«(DMC} = 200 ppm (0.02%).)+7 Adapted with permission from M.
lonescu, Rapra Technology, 2005. Copyright 2005 Smithers RAPRA
Technology.

ppm).'””'? To date, intense research has been performed to
understand and suppress the formation of high molecular weight
tails. Several approaches are described in the patent literature,
which, however, are beyond the scope of this article.”” %
Considering the tolerance of the DMC catalyst toward epoxide
monomers, unexpected observations were reported. As opposed
to conventional AROP, ethylene oxide exhibits lower reactivity
toward the DMC catalysts than PO. Complexation and
activation of PO is considered to be favored, based on the high
electron density on the oxygen atom, given by the positive
inductive effect of the methylene group. In comparison, EO is
less basic than PO, leading to a lower complexation constant.”"*
In general, literature mostly reports the homopolymerization of
PO or focuses on the copolymerization with carbon
dioxide.””>™""* Only little has been reported on other epoxide
based copolymers. However, Huang et al. reported the random
copolymerization of PO with EQ using a DMC system.”'*
Narrow molecular weight distributions (PDI = 1.2—1.3) were
obtained with low molecular weight fractions of EO (<30%). At
higher EO fractions (>78%), turbid solutions were observed,
caused by the crystallization of long PEO homopolymer
fractions. In 2012, Sun et al. reported the homopolymerization
of epichlorohydrin (ECH) with tri-(2-hydroxyethyl) isocyanu-
rate as an initiator, followed by the use of PECH as chain
extender for PU elastomers.”'® Recently, the homopolymeriza-
tion of racemic ECH, S-ECH, and R-ECH was reinvestigated by
Zhang et al.'** Regioregular PECH was obtained with a head-to-
tail content exceeding 99%, molecular weights ranging from 900
to 2700 g/mol and PDIs of 1.42 to 1.72. Cyclic or oligomeric
byproducts were completely suppressed. Given by the special
nature of the DMC catalyst, extraordinary copolymers are
accessible, which cannot be obtained by conventional ARQOP, Far
example, Langanke et al. reported PPO-b-pFA-b-PPO and PEO-
b-pFA-b-PEQ triblock copolymers initiated from paraformalde-
hyde (pFA) as a macroinitiator (M,/M, 1.11-1.48).2¢
Further, the tolerance of the DMC catalyst to ester groups has
been exploited to create a new class of biobased polyols for the
PU industry, starting from vegetable oils such as castor oil.>'"—'?
Chen and co-workers reported the copolymerization of PO
with maleic anhgzdride (MA) to obtain polyether-ester structures
{Scheme 22).*" Copolymers of molecular weights up to 3000 g
mol™" and moderate PDIs of 1.35 to 1.54 were reported, with a
catalyst efficiency of 10 kg polymer/g catalyst. The reactivity
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Scheme 22, Reaction Scheme for the Copolymerization of PO
with Maleic Anhydride®*’

o
o. 0= DMC | )
B 0 2 oy o o
o} \

ratios of MA and PO were calculated by the extended Kelen-
Tiidds equation with values of r;(MA) = 0 and r,{PO) = 0.286.
Copolymers with the monomer ratio MA/PQ > 1 were almost
alternating, whereas homopolymers of MA are not accessible by
DMC.

In 2010, Kim and co-workers extended the library of
alternating copolymers of PO and cydlic acid anhydrides.**'
The authors reported the copolymerization of PO with succinic
anhydride (SA), maleic anhydride (MA), phthalic anhydride
(PA), and glutaric anhydride (GA), respectively. Comonomer
ratios were varied from 0 to 50 mol % with molecular weights up
to 7000 gmol™" and narrow PDIs below 1.5. However, with
increasing molar ratio of cyclic anhydride the polymer yields
decreased to less than 30%. The reactivity ratios were calculated
by the extended Kelen-TiidGs equation under the assumption
that 7y, for any cyclic acid anhydride is zero. The reported
reactivity ratios for PO are 0.34, 0.28, and 0.26 for PO/SA, PO/
MA, and PO/PA copolymerization, respectively.

In addition to the intriguing copolymers of PO and cyclic
anhydrides, the DMC technique enables the copolymerization of
CO, with various epoxides such as propylene oxide, cyclohexene
oxide, epichlorohydrin, and styrene oxide, which are discussed
elsewhere”” ™% In summary, DMC catalysis is a powerful
method for novel high molecular weight polyether structures;
however, this research field is by no means mature yet and offers
promise for the future. It is also worth noting that to date many of
the new materials obtained by this technique were characterized
only to a very limited extent with respect to their properties.

2.7. Cationic Polymerization

The cationic ROP (CROP) of oxygen-containing heterocycles
plays an important role for the preparation of the commercial
products poly(oxymethylene) {POM, polyacetal), a highly
crystalline engineering plastic prepared by ROP of trioxane as
well as for the synthesis of poly(tetrahydrofuran) {pelyTHF),***
which is used for soft-elastic segments in thermoplastic
elastomers, such as polyurethanes {Lycra) and polyesters
(Hytrel). Generally, four-membered and higher cyclic ethers
polymerize by cationic mechanism only (with a few rather
unusual exceptions that have been mentioned in literature). The
basic mechanistic principles of the CROP of heterocycles are well
understood, based on work carried out by various groups from
the 1960ies to the 1980ies, summarized in excellent reviews by
Kubisa and Penczek et al.****** The CROP is rarely used for the
polymerization of EQ or PO, since the formation of considerable
amounts of cyclic palyether byproducts cannot be avoided,
which is due to “backbiting” processes, i.e., intramolecular chain
transfer.****® For this reason and due to the low number of
recent works on the CROP of epoxides this section of the current
review is rather brief, and merely the basic principles will be
outlined.

The active species in CROP are typically secondary or tertiary
oxonium ions, and two fundamentally different mechanisms have
to be considered that are illustrated in Figure 6: The activated
chain-end mechanism (ACE) that is based on a tertiary oxonium
ion located at the chain and as an active center. A nucleophilic
attack of the oxygen atom in the cyclic monomer at a carbon

DO 10.1021/aes.chemrey. 5500441
Chem. Rev. 2016, 116, 2170-2243
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Figure 6. Fundamentally different mechanisms that govern the CROP
of epoxide monomers: ACE-mechanism (top), leading to the formation
of cyclic products together with linear polymer and AM-mechanism
(bottom), usually based on added aleohols, which permits to suppress
cyclization.

atom in g-position to the oxygen bearing formally the positive
charge leads to propagation. However, since mucleophilic oxygen
atoms are also present in the polymer chains formed, both inter-
as well as intramolecular chain transfer can occur. In the
intramolecular case cyclic byproducts are formed, e.g., 1,4-
dioxane or crown ether structures in the case of EO
polymerization. The chain transfer to polymer is a typical and
inavoidable feature of the CROP, if it is dominated by the ACE
mechanism. In the polymerization of EQ, the basicity of the
polymer unit is higher than that of EQ, thus macrocyclization
proceeds concurrently with propagation.225 Cationic polymer-
ization of EQ was found to lead to a mixture of rather low
molecular weight linear polymer and cyclic oligomers, mainly
1,4-dioxane by Saegusa et al.””” Similar behavior is known for the
polymerization of PO and other substituted epoxides.””®
Generally, the presence of cyclic products is undesired in
polyethers, since in this case end group functionality cannot be
controlled, pure telechelic products are not accessible, and the
cyclic products usually exhibit toxicity for biomedical applica-
tions.

In contrast to the ACE mechanism, the “activated monomer
mechanism” (AM) permits considerably better control over
molecular weights and permits to circumvent the issues related to
cyclization.”**** Since the late 1980ies it is known that the
presence of alcohols as initiators can be exploited to reduce the
amount of cyclic oligomers drastically.”*' In this case, the AM

Scheme 23. Selected Epoxide Derivatives that Have Been Used to Prepare Multifunctional PEGs via Copolymerization with EQ

(See also Table 2)
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Table 1. Selected (Alcohol Based) Functional Initiators

Functionality Structure of initiator Counterion, conditions Features Ref.
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protection group

mechanism®”*** becomes favored over the conventional ACE
mechanism. In the presence of hydroxyl-group containing
compounds the protonated epoxide monomer may react either
with another monomer or with the hydroxyl groups.232 In case of
the AM mechanism, the active centers, Le., the cationic charges
are located on the monomer (Figure 6), and the polymer chain is
neutral, which strongly reduces the occurrence of backbiting.***
Suitable conditions for a controlled AM-type polymerization of
EQ in the presence of an alcohol-initiator ROH can be created, if
rather high ratios [EOQ]/[ROH] are chosen, however, keeping
the ingtantaneous monomer concentration low. These con-
ditions can be implemented by slow addition of the epoxide
monomer to the reaction mixture. Unfortunately, this on the
other hand may lead to prolonged reaction times, The CROP of

2187

epoxides under AM conditions has been used for the synthesis of
well-defined telechelic oligodicls of PO and epichlorohydrine™*
as well as for amphiphilic block copolymers of PEG and
poly(glycidyl methacrylate) by Yan et al.”* The cationic
copolymerization of EQ and THF in the presence of diols was
found to proceed with simultaneous participation of secondary
and tertiary oxonium ions, comprising features of AM and ACE
mechanisms.*>® In an unusual strategy, Maghnite-H has been
employed as a clay catalyst for the homopolymerization of EO in
the presence of ethylene glycol, demonstrating an AM
mechanism and the absence of cyelic products.”’

The propagation rate constants for the CROP are generally
significantly higher (10* to 10° mal™ L s7'} than for the
oxyanionic polymerization (1 to 10* mol™ L s7'). Thus,

DOI: 10.1021/acs.chemrev.5b00441
Chem. Rev, 2016, 116, 2170-2243
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sufficient heat dissipation is necessary in the extremely rapid
reactions to control molecular weights to a certain extent.”*”

In summary, the CROP under AM conditions offers
interesting options for the synthesis of telechelic polymers,
macromonomers and several cc»polymer&225 However, EG, PO,
and BO are mostly polymerized with other techniques described
above that offer better control over molecular weights as well as

end group ﬁdelity and permit to avoid Cydic side produc:t&

3. POLY(ALKYLENE OXIDE) STRUCTURES:
INNOVATIVE POLYETHER STRUCTURES

Mainly based on the advances in the “classic” oxyanionic
polymerization of EQ, numerous specialty companies have been
founded since the 1980ies that offer tailor-made PEG
homopolymers with specifically designed or activated end
groups. Most of these structures are based on mPEG
{(methoxy-PEG), but also several heterobifunctional PEGs are
now commercially available on small scale for biomedical
purposes and bioconjugation. However, innovative PEG-
structures for explorative research can also be created by
copolymerization of EQ, PO, or longer alkylene oxides with small
amounts of (protected) functional comonomers. This leads to
functional polyethers with additional “in-chain” functional
groups that may possess stimuli-responsive properties, peculiar
surface, and interface properties or other biomedically relevant
features. In addition, all of these polymers retain the excellent
aqueous solubility of PEG and are thus useful for further
transformation and {bio}conjugation in water, i.e., for the field of
“aqua chemistry” in general.

3.1. Multifunctional PEGs

To broaden the scope of applications for PEG, a broad range of
functional groups can be introduced at the chain termini.
However, for certain applications additional “in-chain” functional
groups at the polyether backbone are desirable. In this context
both heterobifunctional as well as heteromultifunctional PEGs
have been further developed in the past decade, as detailed
below. The state of the art for heterobifunctional structures was
summarized in a focused review article by Riffle in 2.0094239 In
general, there are three strategies to introduce functional groups
at PEG: (i) introduction via a functional initiator (-
functionalization); {ii) use of a terminating agent containing a
functional group (@-functionalization); and {iii} copolymeriza-
tion with a functional epoxide (see Scheme 23). Postpolymeriza-
tion modification of the hydroxyl end groups of PEG is also long
established but is difficult, if heterobifunctional PEGs are
targeted. The ensuing section focuses on direct functionalization
methods during the polymerization process without workup.

In the case of AROP, itis a key issue that the functional groups
have to endure the harsh reaction conditions (high temperature,
strong bases), which is a severe limitation of this approach.
Further, if protecting groups are used, they should be easily
removable to release the functionality subsequent to the
p01ymerization.39’73’2397242

a-Functionalization: strong bases like hydroxides, alkoxides,
metal—alkyls, azides™ and -aryls are employed for oxyanionic
polymerization {vide supra).”** These initiators may contain an
orthogonal, sometimes latent functionality that can be
introduced via the initiation step (see T'able 1). In some cases,
it is necessary to protect the additional functionality in order to
avoid undesired initiation or termination reactions. To generate a
double bond-functionality at one terminus of PEG, allylic alcohol

can be used as an initiator. Kataoka and co-workers pioneered
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this method in the early 1990s, using potassium naphthalide.
Allyl aleohol is a very useful bifunctional initiator to obtain
polymers with orthogonal functionalities.****" Via thiol—ene-
dlick reaction it is subsequenﬂy possible to introduce a Iarge
variety of other functionalities or functional molecules, e.g., using
mercaptopropionic acid or mercaptoethylamine. Recently,
Schubert, Lutz et al. demonstrated the use of undecenyl alcohol
as an initiator.*® The authors synthesized a-undecenyl-e-
methacryl-PEQ. In this case, the methacrylic double bond can be
selectively addressed via thiol—ene-click reaction or be
polymerized via ATRP, while the undecenyl double bond
shows no reactivity. Consequently, orthogonal postfunctionali-
zation of the ponIner is possible.

In 2013 our group introduced an acetonide-protected catechol
initiator, which was used in the AROP of EQ as well as in
copolymerizations with other functional epoxides, such as
ethoxyethyl glycidyl ether (EEGE} and diallyl glycidyl amine
{DAGA). After rapid acidic cleavage of the acetonide group, the
catechol-functionalized PEG-copolymers can be used as ligands
for metal nanoparticles, rendering them water-soluble.” "%
Most important, the stealth effect of PEG may allow applying
manganese oxide {MnQO) nanoparticles as contrast agents for
magnetic resonance imaging {MRI).

Polyether based lipid analogs were synthesized by our group
using cholesterol and 1,2-bis-n-alkyl glyceryl ethers as mem-
brane—interac:ting initiators.”>">* These ]ipid analogs are used
for the preparation of liposomes with anchored multifunctional
polyether chains. The polymer-coated liposomes show a stealth
effect”™ and are promising candidates for drug delivery systems.
Garamus and co-workers synthesized polyglycidol-derivatized
lipids using a 1,3-didodecyl/tetradecyloxy-propane-2-ol (DDP)
initiator. They studied the self-assembly behavior and
determined CMC values.*>

If single amine functionalities at the a-terminus of PEG are
desired, a synthetic detour is indispensable. The use of initiators
bearing unprotected amines is not possible, given the
nucleophilicity of amines and would result in a mixture of
polymers initiated by alcohol and amine.”* Alternatively, the use
of N)N-dibenzyl-2-ethanolamine enables conventional polymer-
ization of epoxides. The amine functionnality can be released via
catalytic hydrogenation.™”*® Chau and co-workers investigated
a heterotrifunctional initiator bearing an allyl functionality and a
potential hydroxyl group, protected by an acetal moiety.259 With
this initiator, it is possible to introduce two orthogonal
functionalities into the polymer in one step.

A related initiator with an acid cleavable acetal group was used
to prepare polyethers with a predefined, cleavable function-
a]ity‘zm’ml ‘When preparing PEG with this initiator, PEGs with
adjustable degree of polymerization with labile acetal unit in the
chain are accessible. In particular, this initiator enables the
synthesis of cleavable PEG, as shown in Figure 7.

If a special functionality can only be obtained via a
postmodification process at the w-end of the polyether, but
also a hydroxyl functionality is desired, it is possible to use a
pyrane-type of alcohol initiator {Table 1).%2 After modification
of the w-side, the hydroxyl functionality can be generated by
acidic cleavage of the protecting group. To introduce a carbonyl
group, an acetal protected alcohol was employed by Kataoka and
co-workers. After AROP, the acetal groups can be cleaved by
acidic treatment, releasing a carbonyl functionality. These formyl
groups were used for further protein conjugation by Schiff-base

263
formation.

DOI 10.1021/acs.chemrev.5b00441
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Figure 7. Acidic cleavage of an acetal group introduced into the PEG
chain by a macroinitiator and GPC traces before and after the
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cleavage.™™ Adapted with permission from Dingels, C.; Miiller, S. S,;
Steinbach, T.; Tonhauser, C.; Frey, H. Biomuacromolecules 2013, 14, 448.
Copyright 2013 American Chemical Society.

The strong alkaline reaction conditions of the AROP also
impede the direct introduction of alkyne functionalities due to its
acidic character. Protection with a silyl group was shown to be
viable, and removal of the silyl protecting group can be achieved
by tfgabutylammonium fluoride subsequent to polymeriza-
tion.

The living character of the AROP enables the introduction of
specific functionalities by the choice of the terminating agent (-
functionalization), which may also bear a functional group that
can be attached to the polyether in this manner (see Scheme 24).

Scheme 24. Selective Terminating Agents for AROP
(Propargyl Bromide, Mesylate Group, Cyclic Anhydrides, and
Methacrylate Structures)
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Fundamental requirements for a good terminating agent are its
compatibility with the active alkoxide chain-end and stability of
its functional group. Ensuing transformation or cross-linking
reactions are mostly carried out at these functionalities.

One of the most frequently used terminating agents is
propargyl bromide, due to its snitability for click-chemistry.%z‘jbs
Additionally, cyclic anhydrides are suitable terminating agents
that lead to terminal carboxylic acids and thus also esters or
amides.2***%%?°” In 2010, Hiki and co-workers showed the
possibility to either attach azide or amine groups at the PEG -
chain-end starting from mesylate groups™ and reaction of the
active chain end with methane sulfonyl chloride. Tosyl- and trityl
sulfonyl chlorides react in the same manner. If methacroyl-type
of structures are attached to the chain-end via anhydride or acyl
chloride reactions, subsequent radical cross-linking of the
polymers is possible.”***

Copolymerization of functional epoxides is required, if
multifunctional PEGs (mf-PEG) with “in-chain” functional
groups are desired {Table 2). Some of the monomers presented
here are not polymerizable via the common oxyanionic method.
For these cases other techniques, particularly the active
monomer strategy, are employed. In addition to random
copolymers, functional epoxides can be used to obtain block-

2189

structures via sequential homopolymerization of the respective
monomer {see Scheme 25). This section focuses on the

Scheme 25. Possible Types of Copolymerization”
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“A: Sequential addition of the monomers resulting in block
copolymers; B: One pot reaction of two epoxide monomers leading
to a random (or gradient) copolymer structure.

preparation of random copolymers as well as block copolymers.
With respect to the functional group distribution, it is of crucial
importance to study whether truly random copolymers are
obtained or gradient-type structures. Based on in situ NMR
techniques intreduced by our group in 2010,”* the consumption
of both comonomers can be measured directly in the NMR-tube,
which can be translated to incorporation of the comonomers in
the polyether chain formed. This leads to a precise perception of
the functional group distribution in the polymer chains formed
from the initiator to the chain terminus, leading a clear
perception of a random or gradient structure (see also chapter
3.3).

Most of the comonomers employed can be conveniently
Ubtﬂinﬂd in one- or t“VU’StSP PrUcedures fIUlH common
reactants. In particular, the inexpensive epichlorohydrine
(ECH) serves as one of the starting materials for functional
glycidyl ether monomers via Sy; reaction (see Scheme 26). Some
of the functional {co)monomers shown in Table 2 are no glycidyl
ethers; however, their synthesis will not be discussed here.

Scheme 26. Synthesis of Functional Glycidyl Ether Monomers
Based on Epichlorohydrine and Nucleophilic Substitution
(Top) or Vinyl Ether Addition to Glycidol (Bottom), Leading
to Ethoxy Ethyl Glycidyl Ether (EEGE)

o phase transfer catalyst

[¢]
b / KOH
o+ HO._-FG erene = Q\/O\/FG
FG = functional group
2 )

LA _OH

07

Esase

PO is the most explored comonomer for ethylene oxide, as
described in sections 2.1.2 and 4 of this review. Epichlorohydrine
(ECH) can also be copolymerized with EQ. For example,
Lundberg and co-workers copolymerized EQ and ECH to obtain
random copolymers."”" Elimination of the chlorides resulted in
acid degradable PEG.

Allyl glycidyl ether (AGE) as well as ethoxy vinyl glycidyl ether
(EVGE) can be used to prepare polyethers with alkenyl

DOI: 10.1021/acs.chemrev.5b00441
Chem, Rev. 2016, 116, 2170-2243
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Table 2. Suitable Monomers with Special Functionalities for Copolymerization with EO to Generate Multifunctional PEGs (mf

PEG)
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Monomer structure
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0
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o]
%O\/\O O/'\/OH

) . /WOH
Lo AP
0

Ao

Specialty

[limination of chloride. possibility (o create cleavage
points in the chains.

I'hiol-ene click possible. Attachment of various
molecules. Block structures form micelles. Thermo-
responsive (LCST)

Acidic cleavage of the protection group, release of
hydroxyl groups

Acidic cleavage of the protection group, resulting in two
hydroxyl groups per monomer unit

Thermo-responsive (LCST)

Lipid mimetic, block structures form micelles

Acidic cleavable polymers, hyperbranched structurcs

Acid degradable polymers, hyperbranched structures.
degradation at different pH due to alkyl groups at
acetal/ketal unit,

Redox degradable cleavage points, hyperbranched
structures

Redox active, thermo-responsive (LCST)

Orthogonal monomer for radical and anionic
polymerization

pH responsive
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Ref.
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Table 2. continued

Monomer structure Specialty Rel
o} 0 S~
o ~ Diels-Alder reaction, hydrogel synthesis s
(@] Supramalecular building block, thermo-responsive 300,301
L\/O (LCST)
o—k . , . \
Acidic cleavage of the protection group and release of a .
e} catechol-functionality, adhesion on various surfaces, o
o] crosslinking abilitics
%O
n .
CsH, 1—<:>—©_0 Side chain liquid crystalline polycther "
n=1,4
N.
0 =N
£ 0 o .
UV active E/Z isomerization, nemaltic phase above 200 04
°C
X=H, CN
X
O
B Ph pH responsive a0
Tr— N ~ N Tr= Phph
\:/
Ph. Ph
e} o g
Photocleavable protecting group 0
0 OMe
o]
%O\P .0
R71
R Solid polymer electrolytes, surface interaction by 106
hosphate groups
R= _Ph '/O"P phosphate groups

Ph
o. N
~pp . O P
O/
o]

AFQ

R= CF3, C6F5

O

L\/R

0

%O‘R

R= CF3, C4Fg, C6F5

R = CgFs, CH4CeF 13

Polyethers with low surface energy for specialty
coalings

BL85310311

functionality. Both random and block copolymers of EQ with
AGE and EVGE were reporhecl,m]_272 and thiol—ene click
chemistry was used for further derivatization and bioconjuga-
tion.””*™"® EVGE shows a crucial advantage over AGE when
attaching thiols, due to the absence of additional cross-linking
reactions, like in the AGE case””” Block and terpolymer
structures show micellar and core—shell-corona architec-

s
tures.”’

¥ Multiple hydroxyl groups at the polyether back-
bone, ie., multihydroxyfunctional PEGs were obtained by
copolymerizing ethoxy ethyl glycidyl ether
(EEGE)™773%265280,281 or_isopropylidene glyceryl glycidyl
ether (IGG) with EQ.”***"%?%>2%% Both monomers can be

used for to create ideally random copolymers with EO as well as

2191

for the formation of block copolymers. After acidic cleavage of
the acetal protecting groups, the hydroxyl moieties are
addressable for further reactions, e.g., bioconjugation or grafting
of other polymers.

Glycidyl methyl ether (GME) possesses the simplest possible
glycidyl ether structure. It is surprising that GME cannot be
copolymerized with EQ to high M, via the conventional
oxyanionic method. Additional activation of the epoxide
monomer is required. Both the PGME homopolymer and
copolymers of GME with EQ show thermoresponsive behavior
in water, albeit with cloud points at elevated temperature.”
Copolymers based on GME and ethyl glycidyl ether (EGE) were
employed as one block segment of triblock terpolymers, which

DOI:10.1021/acs.chemrev.5b00441
Chem. Rev. 2016, 116, 2170-2243
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aggregate in aqueous solution, triggered by pH as well as by
tempera‘mre144

Tsvetanov et al. describe a lipid mimetic epoxide monomer
namely 1,3-didodecyloxy-2-glycidyl-glycerol {DDGG). It was
polymerized on PEG macroinitiators to obtain different diblock
copolymers. The self-assembly of the copolymers was studied
using DLS and SLS. The micelles were investigated and
depending on the composition of the copolymers oil-in-water
or water-in-oil emulsion behavior was found.>*"2%¢

Because PEG is known as a biocompatible but not
biodegradable polymer, recently also copolymers with prede-
fined cleavage site were developed. In recent years, some
cleavable monomers have been introduced, for instance 1-
{glycidyloxy) ethyl ethylene glycol ether {GEGE), an acidic
cleavable epoxide inimer.*®” This inimer leads to branched
polyethers when copolymetized with EOQ or glycidol The
resulting copolymers possess a degradable polyether backbone.
Kizhakkedathu et al. studied the degradation behavior of
different a-ethoxy-c-hydroxyl-functionalized ketal monomers
incorporated into branched polyether structures.”* % Recently,
Kim and co-workers developed a redox-degradable disulfide
bond containing glycidyl monomer {SSG). The branched homo-
and copolymers were analyzed with regard to their biocompat-
ibility, copolymerization kinetics and degradability upon treat-
ment with the reducing agent dithiothreitol (DTT).”*" Qther
examples of cleavable polyethers are given in section 6.2 of this
review.

Ferrocene containing materials are gaining broad attention
because of their redox-responsive features.””’ The novel
monomer ferrocenyl glycidyl ether {FcGE) can transfer these
special characteristics to polyether structures. Copolymerization
with EO was observed to proceed in a fully random manner and
leads to water-soluble ferrocene containing PEGs with up to 10
mol % FcGE.”” The amount of incorporated FcGE determines
the properties of the copolymers. Ferrocene-bearing copolymers
with low content of FeGE {<5%) show biocompatibility and
exhibit thermoresponsive behavior. Allylglycidyl ether was also
combined with FcGE to obtain random copolymers that can be
further modified by click-chemis’[t’)ﬂ293 Recently, Wurm et al.
introduced the vinyl ferrocenyl glycidyl ether {VEcGE).”*" This
monomer bears two orthogonal groups which can be
polymerized either in an anionic or radical manner. The anionic
copolymerization of VicGE and EQ leads to temperature-,
redox-, and pH-responsive behavior of the copolymers in water.
Polyalkylenes with pendant epoxide side chains were obtained
via free radical polymerization of VicGE. The epoxide chains
were reacted with bovine serum albumin to obtain redox-
responsive protein nanoparticles.

An interesting amine functional glycidyl ether, namely N,N-
diisopropyl ethanol amine §lycidyl ether (DEGE), was reported
by Lynd et al. in 2013.** The authors investigated the pH-
responsive behavior of block and random copolymers synthe-
sized from DEGE, AGE, and EO. Simultaneously the authors
described the formation of macroscopic hydrogels, sol—gel
transitions and cross-linking of P{DEGE-co-AGE ) copolymers to
nanogels. Monomers based on glycidyl amines and their
respective polymers, are described in section 3.2 of this review.

The significant characteristic of a furfuryl unit is its capability
to perform Diels—Alder (DA) reactions. Via polymerization of
furfuryl glycidyl ether, homo- and diblock copolymers were
synthesized by Schubert and co-workers, 296-299 demonstrating
reversible DA-cross-linking of furfuryl groups and bismaleimide-

structures. Core-cross-linked micelles and nanoparticles were
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examined, showing preservation of the self-assembled structures
during DA reaction and also promising seli-healing properties.

Adamantyl glycidyl ether (AdaGE) is a promising epoxide
monomer to create polyethers that can be used for the formation
of supramolecular polymer architectures. Frey et al. described the
copolymerization of AdaGE with EEGE.>"™ Furthermore, the
authors investigated thermal properties and inclusion complex
formation with f-cyclodextrin, resulting in supramolecular
grafting.3m

Catechol functionalities are prominent for their outstanding
complexation and adhesion on a large variety of surfaces.
Recently, a new epoxide monomer, catechol acetonide glycidyl
ether {(CAGE) was developed to prepare multicatechol func-
tional PEGs and hyperbranched polyglycerols with catechol
units. Coating of different surfaces with catechol functional
polyethers was possible as well as cross-linking by addition of
Fe(lll) ions, leading to the generation of supramolecular
hydt'o:)gels.m2

Side chain liquid crystalline copolyethers with different spacer
length were synthesized capitalizing on mesogen-bearing
epoxide monomers.>” The materials exhibited different smectic
phases. Polyethers containing azobenzene or cyanoazobenzene
functionalities were synthesized via phosphazene base initiation
by Peris et al.*™ These polymers exhibit a nematic phase, albeit
above 200 °C.

To obtain imidazole functional PEG, Long and co-workers
used a_trityl-protected Imidazole epoxide monomer for the
AROP.™ After removal of the trityl groups, these polyethers
possessed imidazole units as a biofunctionality, the key
functionality of histidine distributed along the polyether
backbone. Imidazole functional polymers are known for their
ability for proton transfer,’® catalytic activit)r,307 and metal
coordination.”® In 2014, Lahann et al. described the on-demand
fabrication of hydrogels using multifunctional hydrazide and
carbonyl functional PEGs as components.309 To obtain the
aldehyde functionality along the backbone the authors
synthesized a new latent aldehyde-bearing epoxide monomer.
The corresponding polyether releases multiple carbonyl moieties
after exposure to UV light.

Motivated by the increased demand for new materials for
batteries, Babu and Muralidhakan in a recent work synthesized
various polyethers with pendant phosphate groups via monomer
activated ring-opening polymerization of oxirane monomers.'
These materials offer potential for application as solid polymer
electrolytes and showed promising Li-ion conductivity. In the
early 1990s, Japanese scientists investigated the properties of
fluorinated pone‘[hers.Sw‘z’11 The authors found that high
molecular weights and yields could be easily achieved when
employing organozinc compounds as catalysts for {anionic)
coordination polymerization. Nozaki et al. recently revisited the
polymerization behavior of fluorinated epoxide monomers and
studied regioregularity and tacticity in case of enantiopure
epoxides.ga"85

Many of the recently reported PEG-copolymers show
temperature de 2[;endent aqueous solubility and a cloud
point £ 77791275, 2TT292,300 T thermoresponsive behavior can
be mves‘ugated by turbidity measurements.

3.2. Glycidyl Amine Comonomers and Polyethers with
Pendant Amino Groups

Only very recently, multi amino-functional polyethers are
increasingly studied, since they are promising candidates for a
variety of applications ranging from surface modification to

DOL 10.1021/acs.chemrev.5b00441
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biomedicine.” ~ While primary amino groups permit conjugation

of biomolecules or low molecular weight com-
ds,02,239.272,273
.

poun the value of tertiary amino groups should
not be underestimated. Ordinary tertiary amine moieties Permit
313-315

triggering the polyethers’ properties via the pH-value.
Further, their substituents can be modified, leading to tailor-
made polyethers.'*"**>*'* In addition, if a positively charged
polyelectrolyte is desired, the tertiary amino groups can be
simply quaternized. These cationic PEG-based Folyethers may
be promising polymer vectors for gene delivery.”*®

Different strategies can be pursued to introduce multiple
amino functionalities at the polyether backbone. In general,
different synthetic methods have to be applied for primary or
tertiary amino groups. In this section, we focus on synthetic
approaches based on postpolymerization reactions and direct
copolymerization of EQ/PO with glycidyl amine derivatives. A
detailed overview of multiple amino-functional polyethers,
including poly(meth)acrylate derivatives and their potential
applications, was given by Wilms et al*?

3.2.1. Introduction of Primary Amino Groups. Ob-
viously, the direct polymerization of epoxide monomers bearing
primary amino groups is not feasible, since the nucleophilic
nitrogen atom attacks the epoxide ring. Hence, postpolymeriza-
tion strategies or the introduction of suitable protecting groups
for amine-functional epoxide monomers are necessary. Koyama
et al. were the first to obtain PEG with multiple primary amino
moieties via copolymerization of ethylene oxide (EQ) with allyl
glycidyl ether (AGE) followed by thiol—ene coupling of 2-
aminoethanethiol to the allylic groups of AGE (Scheme 27).**
The authors further demonstrated the suitability of these amino-
functional PEGs for DNA complexation.™”

Scheme 27. Modification of PEG-co-PAGE Copolymers with
2-Aminoethanethiol®”*
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Another postpolymerization approach was reported by Li and
Chau, who synthesized a library of multifunctional PEGs by
modifying the hydroxyl groups of linPG-co-PEQ.*"® The glycerol
units were reacted with phthalimide potassium, followed by
conversion into primary amines. However, this route shows a
limited overall conversion for amino functions of only 34%.
Alternatively, Moller and co-warkers applied the “activated
monomer mechanism” to homo- and copolymerize epichlor-
ohydrin (ECH) with ethoxyethyl glycidyl ether (EEGE),
followed by the conversion of the chloride atoms of ECH to
azide groups. Eventually, the glycidyl azide segments were

reduced, using triphenylphosphine to obtain primary amines at
the polyether backbone (Scheme 28).'%

In general, postpolymerization modifications are often time-
consuming and can suffer from a limited overall conversion. To
overcome this problem, glycidyl amine derivatives bearing
suitable protecting groups can be used as monomeric building
blocks for the direct copolymerization with EQ or PO. CQur group
introduced a protected glycidyl amine, dibenzyl amino glycidol
(DBAG) {Scheme 29, left), accessible by a simple two-step

Scheme 29. Suitable Monomers to Obtain PEG with Primary
Amino Functionalities”
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M

N,N-Dibenzyl amino glycidol ~ N,N-Dially glycidyl amine Epicyanchydrin
(DBAG) (DAGA) (EPICH)
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“N,N-Dibenzyl amino glycidol (DBAG),”” N,N-diallyl glycidyl amine
(DAGA),*" and epicyanohydrin (EPICH).*”

transformation of epichlorohydrin with dibenzyl amine.”®
Copolymerization of 2—15 mol % of DBAG with EO yielded
copolymers with a tapered microstructure containing EQ rich
segments near the initiator and DBAG rich segments near the
chain terminus. Liberation of the primary amino groups was
performed by catalytic hydrogenation, albeit requiring prolonged
reaction times {1—8 days, Pearlman’s catalyst). Only limited
copolymer yields of 30—50% were achieved due to interaction of
the primary amino groups with the carbon-supported catalyst. In
particular, this strong adhesion precluded the recovery of block
copolymers. This strategy was improved by introduction of N.N-
diallyl glycidyl amine {(DAGA) (Scheme 29, middle).”"” This
approach enabled the polymerization of well-defined gradient
copolymers as well as block copolymers with DAGA ratios of
2.5-24 mol %. Furthermore, the time for cleavage of the
protecting group was reduced from 1 to 8 days to several hours
and yields were increased from 30 to 50% to 85% copolymer.Ina
following publication, the suitability of this comonomer as
anchor for dye functionalization or for drug conjugation was
demonstrated.*"* In 2015, Satoh and Kakuchi et al. reinvestigated
the homopolymerization of DBAG to obtain poly(glycidyl
amine) after release of the benzyl groups.'*! While the degree of
polymerization of PDBAG was limited in the common AROP®
well-defined homopolymers with molecular weights ranging
from 6200 to 50400 gmol™' and PDIs of 1.09—1.22 were
obtained with the strong phosphazene base ¢-BuP, as a
deprotonation agent. ‘The authors attribute the high molecular
weights to the mild reaction conditions (room temperature),
which suppress weight limiting transfer reactions.*”" Cleavage of
the benzyl protecting groups was performed under hydrogen
atmosphere in a tetrahydrofuran/methanol mixture with
palladium on carbon (Pd/C) as catalyst. This hydrogenation

Scheme 28. Synthesic Scheme for Poly(glycidyl amine) (PGA) Starting from Epichlorohydrin (ECH)'"
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method allowed reducing the reaction time from 8 to 4 days. In
contrast to the previous method described by Frey and co-
workers,””” no yield limiting interaction of the released amino
groups with the catalyst surface was observed. Successful release
of the amino groups was also reflected by the thermal properties
of the homopolymers, whereas PDBAG revealsa T, of 4.6 °C, the
primary amino groups of PGA cause an extremely high 7', of 68.2
°C.

Further, polyethers with combined amino- and hydroxyl
functionalities were obtained by copolymerization of DBAG with
benzylglycidylether (BnGE) in a sequential and statistical
manner and subsequent deprotection to PGA-linPG copolymers.
This strategy is superior to previous results by Moller et al,'™
since only two reaction steps were required. Monomer reactivity
ratios were determined to rppa = 0.8 and r(p = 3.24, indicating
a strong compositional drift, with DBAG rich segments near the
terminus. From these results and other reported reactivity ratios
of glycidyl amine derivatives, an overall lower reactivity of

lycidyl amines comIpared to glycidyl ethers can be con-
cluded 2% #31531932L A qditionally, the authors described the
homopolymerization of the optically pure (S)-DBAG, vielding
amino-functional polyethers with an exclusive isotactic sterose-
quence.'™!

Epicyanohydrin (EPICH) (Scheme 29, right) is a suitable
alternative to the introduced protected glycidyl amine
derivatives. This monomer allows the synthesis of amino-
functional PEG by simple hydrogenation of the nitrile-group. In
contrast to the glycidyl amine derivatives, EPICH cannot be
polymerized by conventional AROP.****** Recently, our group
demonstrated the successful incorporation of 4—16 mol %
EPICH into PEG by the “activated monomer” method.
However, the nitrile group is a strong electron withdrawing
functional group and supports the transfer to monomer reaction
described in section 2.3, resulting in unsaturated chain ends.”’

3.2.2. Secondary Amino Groups. Inspired by DBAG,
Satoh and Kakuchi et al. very recently introduced a glycidyl
amine derivative bearing only one cleavable substituent: N-
benzyl-N-methylglycidylamine (BMGA) {Scheme 30)."*" Sec-

Scheme 30. Suitable Glycidyl Amine Derivative for Secondary
Amino Groups along the Polyether Backbone: N-Benzyl-N-
methylglycidylamine (BMGA).'*'

2

LN

N-benzyl-N-methylglycidylamine
(BMGA)

ondary amino-groups are obtained, after polymerization and
subsequent cleavage of the benzyl-protecting group. The authors
described homo-, block-, as well as statistical (co)polymers of
BMGA and DBAG, utilizing the phosphazene base t-BuP, as
deprotonation agent and BuOH as initiator. Investigations on the
monomer incorporation revealed similar reactivity ratios for
DBAG (rppag = 0.91) and BMGA (rgpga = 0.98), resulting in a
random monomer distribution.

3.2.3. Tertiary Amino Groups. In contrast to primary
amino groups, tertiary amino moieties do not interfere in the
polymerization of epoxides as long as the nitrogen atom is
shielded by its substituents. Considering alkyl glycidyl amine
derivatives, the most simple one, N,N-dimethyl glycidyl amine,
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cannot be polymerized in a controlled manner, since the methyl
groups do not sufficiently shield the nucleophilic nitrogen atom,
which results in polycondensation reactions caused by the
nucleophilic attack of the nitrogen at the epoxide ring.”™" In an
interesting work Dhal and co-workers presented an indirect
route to poly(N,N-dimethyl glycidyl amine) by nucleophilic
substitution of poly{epichlorohydrin) (PECH} with dimethyl-
amine.”” The authors propased that these polymers may show
high potential as bile acid sequestrant after quaternization of the
amino moieties with hydrophobic alkyl halides.

Expanding the alkyl chain of glycidyl amines from methyl to
ethyl already permits successful controlled polymerization due to
effective shielding of the nitrogen atom by the ethyl substituents.
In this context, Ponomarenko et al. long ago already described
the copolymerization of PO and N,N-diethyl glycidyl amine
{DEGA) (see Scheme 31) and calculated the copolymerization
parameters using the Fineman—Ross equation, resulting in rpq =
1.90 and rpge, = 0.30.*! However, no further characterization of
the resulting polymers was reported.

Reuss et al. introcuced the copolymerization of DEGA with
EO. Well-definded tapered and block copolymer structures were
obtained with DEGA ratios up to 29 mol %.°"* The block
copolymers were shown to be suitable as dual reducing and
capping agent for gold nanoparticle formation. Furthermore,
these structures act as a precursor for cationic polyelectrolytes,
simply obtained by quaternization of the amino moieties with
methyl iodide. Most interesting, PEG-co-PDEGA copolymers
showed temperature and pH-responsive behavior in aqueous
solution, similar to the structurally related poly{ N,N-dialkylami-
noethyl methacrylates).**® To elucidate the temperature-
induced inverse phase transition, the authors measured the
occurrence of nanoaggregates by continuous wave electron
paramagnetic resonance (CW-EPR) spectroscopy and compared
it to the macroscopic cloud points. Interestingly, stable
nanoaggregates were formed long before macroscopic changes
were detectable.”’’***” Following this strategy, Frey and co-
workers expanded the library of alkyl glycidyl amines and
synthesized derivatives with longer alkyl chains, N,N-di{n-butyl)
glycidyl amine (DButGA), N,N-di{n-hexyl) glycidyl amine
{DHexGA), N,N-di(n-octyl) glycidyl amine (DOctGA)
{Scheme 31).** The authors investigated the influence of the
alkyl chain length on the relative reactivity in the copolymeriza-
tion with EQ and the copolymers’ thermal behavior in aqueous
solution. Interestingly, real-time '"H NMR kinetic studies showed
no dependence of the relative reactivity on the alkyl chain length.
All copolymers showed lower relative reactivity than EOQ,
resulting in r-parameters of rgy = 1.84, rpuga = 049 rgo =
1.78, roaea = 0423 These results document the formation of
gradient structures with increasing glycidyl amine segments
toward the chain end.

A highly hydrophobic glycidyl amine derivative, glycidyl-
didodecylamine (GDDA), was introduced by Rangelov and
Tsvetanov (Scheme 31).*** However, to date, successful
polymerization of GDDA has not been achieved,

As mentioned before, 2015, Satoh and co-workers presented
more hydrophilic tertiary glycidyl amine derivates, N,N-bis(2-
methoxyethyl)glycidylamine (BMEGA) and N-glycidylmorpho-
line (GM) (Scheme 31, bottom)."** Unlike their hydrophobic
counterparts, BMEGA and GM can be successfully homopoly-
merized. The authors report water-soluble polymers with
degrees of polymerizations up to 200 and narrow PDI (<1.18).

3.2.4. Other Polyether Derivatives Bearing Nitrogen
Moieties. In 2009, Long and co-workers presented two

DOI: 10.1021/acs.chemrev.5h00441
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Scheme 31. Glycidyl Amine Derivatives Based on Tertiary Amines”
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and N-

imidazole-substituted epoxides, 1-tritylimidazole-2-epoxide and
1-tritylimidazole-4-epoxide (Scheme 32).°% The trityl-protect-

Scheme 32, Imidazole-Substituted Epoxides: 1-
Tritylimidazole-2-epoxide and I-Tritylimidazole-4-
epoxide®™
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ing group allowed for polymerization by conventional AROP
with tert-butoxide as an initiator and facile removal by treatment
with trifluoroacetic acid, yielding water-soluble homopolymers
with degrees of polymerization up to 90. The polymers showed a
buffering range within the pH ranges of 3 and 6.5 and are
candidates for electroactive devices or biclogical complexation
for nudleic acid binding. The strategy also offers access to
polyether-based polymeric ionic liquids (PIL) with polar
polyether backbone,

Recently, Baker and co-workers reported poly(ionic liquids)
(PILs) based on imidazolium ionic liquids grafted onto PEG.'"?
The authors modified poly(epichorohydrin) with 1-butylimida-
zole, followed by an anion exchange with lithium bis-
(trifluoromethanesulfonyl )imide (LiTFSI) to obtain a polyether
based PIL (Scheme 33). The described homopolymers showed a
conductivity of around 1073 S-cm™" at 90 °C, which dropped to
around 1075 to 107° §-em ™! at 30 °C, which is not sufficient for
practical use.*” This approach was improved by cationic
copolymerization of 2-({2-(2-(2-methoxyethoxy)ethoxy)-

ethoxy)methyl)oxirane with epichlorohydrin, followed by
modification of the ECH units. Copolymers with a 1:1 ratio of
the mentioned menomers showed an improved conductivity of
107 S-em™" compared to the described homopolymers.**®

Hawker and co-workers demonstrated the use of another
imidazole derivative, histamine, for pH-responsive hydrogels.
PAGE-b-PEO-b-PAGE triblock copolymers were modified with
thial-functional histamine units by thiol—ene-click chemistry.™"
A clear gel to sol transition was reported upon lowering the pH
from 7 to 6.6, rendering this material suitable for drug delivery
applications with pH as an active trigger.

Starting from PEG-b-PAGE copolymers, in 2005 Ulbrich and
co-workers showed the introduction of multiple hydrazide
functionalities at PEG. The allyl group of the AGE units were
reacted with methyl sulfanyl acetate via click chemistry, followed
by transformation of the methyl ester to the hydrazide with
hydrazine hydrate (Scheme 34).”*" The hydrazide functionality
reacts specifically with aldehydes, forming reversible hydrazone
linkages under ambient conditions. This concept is particularly
interesting for drug delivery based on aldehyde-containing drugs,
such as doxorubicin or for glyco-targeting.”’**** Further,
Sokolovskaya et al. applied the high reactivity of the hydrazide
group to form acid-labile PEG-based hydrogels, suitable for
controlled release applications.*™

3.3. In Situ Monomer Sequence Characterization

Since copolymers of EO and PO with minority fraction of
functional comonomers attain increasing significance, under-
standing of the comonomer sequence, i.e, the random or
gradient nature of the polyether chains is crucial. Because
different glycidyl ether monomers show varying electronic and
steric properties it can be assumed that their reactivity in the ring
opening copolymerization differs. Several analytical techniques
such as differential scanning calorimetry (DSC), 'H and “C

Scheme 33. Postpolymerization Modification of PECH to Obtain a Polyether Based PIL
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Scheme 34. Introduction of Hydrazide Functions into the Polyether Backbone®*?
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NMR spectroscopy provide a first hint at the copolymer§
microstructure,'” as demonstrated in a wark by the Mller
group. The authors copolymerized ethoxyethyl glycidyl ether
(EEGE) and epichlorohydrine (ECH) in a random and block
type manner and compared the measured glass transition
temperatures (T,) with the respective homopolymers, using
the Fox equation,”*

According to *C NMR-based microstructure characterization
the oxyanionic ring opening copolymerization of EO and glycidyl
ethers such as ethoxyethyl glycidyl ether (EEGE),™""* 1,2-
diisopropyl glycidyl ether (1GG),** ethoxy vinyl glycidyl ether
(EVGE),”™ glycidyl methyl ether (GME),”” and ferrocenyl
glycidyl ether (FeGE)™ resulted in random comonomer
sequences.

Hawker and Lynd et al. presented an alternative method to
mvesﬁgate the sequence of copolymers via 'H NMR spectros-
copy.>”" The authors copolymerized EO with either allyl glycidyl
ether (AGE) or EVGE and detected the proton signals of the
benzyl alkoxide initiator in accordance with the added
comonomer unit. The authors concluded that both glycidyl
ether monomers showed a greater tendency to be incorporated
than EQ. Transition-state density functional calculations (DFT
calculations) were taken as a confirmation of these results.””"
The same authors expanded this work to the copolymerization of
EO with an amino-functional glycidyl ether, N,N-diisopropyl
ethanolamine glycidyl ether (DEGE). Similar to the common
glycidyl ethers, DEGE showed higher reactivity than EO.
Therefore, a gradient structure was be assumed, which is in
contrast to the random nature of the copolymerization observed
in the above-mentioned studies in DMSO.”* While this method
monitors the addition of the first two monomers in a precise
manner, further studies appear necessary to confirm, whether it
reflects the actual reactivity of each monomer unit in the course
of the formation of the polyether chains.

In recent years, a facile experimental in situ procedure was
developed by our group to study the copolymerization at any
stage of the reaction. Real-time "H NMR measurements can
monitor the consumption of the monomers during the
cnpolymerizatimL269 Via integration of the unreacted epoxide
signals it is possible to calculate the absolute composition of the
copolymers at any time. In an exemplary procedure, EO and IGG
were copolymerized and the copolymerization kinetics was
studied. For this experimental setup the comonomers and the
initiator were dissolved in a deuterated solvent. At —80 °C, the
initiator solution was transferred to the comonomer solution and
vacuum was applied. Subsequently, the tube was flame-sealed
and the polymerizations were carried out in vacuo at the desired
temperatures directly in the NMR-spectrometer. Figure 8 shows
a typical result, demonstrating the decrease of the epoxide signals
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Figure 8. Monomer incorporation versus total conversion obtained
from in situ NMR kinetics. Linear progression demonstrates the random
polymerization behavior of 1GG and EO.*** Adapted with permission
from Mangold, C.; Wurm, F.; Obermeier, B.; Frey, H. Macromolecules
2010, 43, 8511. Copyright 2010 American Chemical Society.

of glycidyl ether and EQ as well as the increasing signal of the
polymer backbone. The rate of polymerization is influenced by
the reaction temperature, but the incorporation of the both
monomers was equal in all cases. An ideally random distribution
of the monomers was obtained.”**

Allgaier et al. determined the 'H NMR kinetics of an EQ/BO
copolymer system. They calculated copolymerization rates and
determined the time required to obtain random copolymers
without accumulation of one of the comonomers, when added to
the reaction vessel over an estimated time.**

Recently, this kinetic method was expanded to in situ inverse
gated (IG) "*C NMR spectroscopy to monitor copolymerization
in bulk. Wurm et al. successfully analyzed the bulk copaly-
merization behavior of AGE and FcGE*” Both monomers
showed an equal consumption, resulting in a random micro-
structure. The kinetic study was carried out in bulk, and the
natural abundance of "*C isotopes was sufficient to obtain well-
resolved '*C NMR spectra. It was also found that epoxide
copolymerizations can be performed in bulk and measured in
situ, because the viscosity stayed sufficiently low to obtain
quantitative spectra during the whole process. Kim and co-
workers recently applied this method to the hyperbranching
copolymerization of glycidol and 2-((2-{oxiran-2-ylmethoxy)-
ethyl}disulfanyl}ethane-1-ol, demonstrating a slight gradient in
the hyperbranched structure formed.”

3.4. Polymerization of Longer Alkylene Oxides

3.4.1. Poly(propylene oxide), Poly(1,2-butylene oxide)
and Higher 1,2-Alkylene Oxide Polymers. While PEO has
anique biomedical applications due to its remarkable water-
solubility, substituted poly(alkylene oxide)s, particularly poly-

DOI:10.1021/acs chemrev.5h0441
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{(propylene oxide), play an important role as hydrophobic,
chemically inert, amorphous and flexible polyether compounds
in the industrial fabrication of polyurethane foams, for nonionic
surfactants or lubricants. This chapter summarizes recent
innovations in the area of alkylene oxide polymerization.
Polymerization techniques established before 1990 are summar-
ized in comprehensive book volumes. =7

Among the alkylene oxides, ethylene oxide, propylene oxide,
and butylene oxide are available on large industrial scale. Twenty-
five million tons of ethylene oxide and 8 million tons of
propylene oxide were produced in 2014 (Source: BASF SE),
whereas the world annual production of butylene oxide is on the
kiloton scale.”*® The epoxides are synthesized from the readily
available steam cracking products ethene, propene, and 1-butene.
Hexene oxide and higher a-olefin oxide homologues, however,
are solely commercialized as fine chemicals. Therefore, poly-
(alkylene oxide)s beyond poly(butylene oxide) are of little
industrial interest, and the majority of studies are performed in
academia, mainly to explore modern polymerization strategies,
while only limited attention has been devoted to the examination
of their materials properties so far.”>"~>*

In general, with increasing alkyl chain length epoxide
monomers exhibit lowered reactivity compared to ethylene
oxide and glycidyl ethers.”' ™" In contrast to the ROP of EO,
the asymmetric substitution pattern of the other 1,2-alkylene
oxides results in two different modes of ring-opening and three
kinds of monomer unit connections in the corresponding

polymer chain (see Scheme 35).

Scheme 35. Anionic Ring-Opening Reaction of a Substituted
Epoxide by Methylene (Left) or Methine Attack (Right)

R. 5
o/\l/

Anionic alkylene oxide polymerization largely results in
regioregular head-to-tail connections (mainly due to steric
reasons), whereas irregular combinations of head-to-tail, head-
to-head and tail-to-tail linkages are present in polyalkylene
glycols obtained by cationic polymerization due to the stability of
the respective carbocations. The microstructure can be
characterized by '*C NMR spectroscopy (Figure 9).3#7%

Besides this isomerism in the microstructure of the polymer
backbone, also different sterecisomers can occur due to the
asymmetric substituted methine carbon of the ring. Recently, an
excellent and comprehensive review by Coates et al. summarized
the state of the art in stereoselective epoxide polymerization and
its potential for unusual polyether structures.”'” Therefore, this
aspect is not covered in detail herein. In order to achieve
stereoselectivity, a large range of metal catalysts have been
synthesized and investigated, with focus on aluminum, zing, iron
and cobalt based systems, using porphyrin, calixarene or salen
complexes (Scheme 36). All catalysts shown in Scheme 36 and
the majority of other stereoselective catalysts produce poly-
{propylene oxide) with semi-isotactic microstructure. These
optically active polymers are semicrystalline, in contrast to
stereoirregular PPO, which exhibits an amorphous structure.

Anionic polymerization of substituted alkylene oxides using
alkali metal alkoxide or hydroxide initiators comes with the
drawback of competing chain transfer reactions, as shown in
section 2.1 (Scheme 37). The strongly alkaline alkoxide can,
besides acting as a nucleophile that opens the ring, act as a base
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Figure 9. "C NMR spectrum with methine and methylene carbon
signal pattern of atactic, head-to-taillinked PPO (A} and PPO with
irregular microstructure (B). (Adapted with permission from Oguni, N.;
Lee, K; Tani, H. Macromolecuies 1972, 5, 81934 Copyright 1972
American Chemical Society.}

Scheme 36. Aluminum Complexes with Porphyrin (7,8,9),
Salen (10), Calixarene (11), and Silylamine (12} Ligands for
Stereoselective Polymerization of Propylene Oxide (PO)*
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LaPointe, A,; Coates, G. Chem. Rev. 2014, 114, 8129.°" Copyright
2014 American Chemical Society.

and abstract a proton from the alkyl substituent at the epoxide
ring, generating an instable carbanion, The ensuing rearrange-
ment results in an allyl alkoxide that is capable of initiating a new
polymer chain with an unsaturated chain end (vide supra). This

DOl 10.1021/acs.chemrev.5b00441
Chemn. Rev. 20186, 116, 2170-2243

269



Appendix

Chemical Reviews

Scheme 37. Propagation and Chain Transfer Reaction in the
Anionic Polymerization of Propylene Oxide, Limiting
Achievable Molecular Weights
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side-reaction limits the achievable molecular weights of PPOs by
conventional anionic polymerization (T > 90 °C) to
approximately 6 000 g mol™.*' Sterically hindered epoxides
such as 2,3-dimethyl-2,3-butylene oxide undergo almost
quantitative elimination to allyl alcohols when treated with
catalytic amounts of base. To avoid this issue, cationic ring-
opening polymerization is often employed for polymerizing
disubstituted epoxide monomers like cyclohexene oxide, despite
the well-known disadvantages of this method, such as the lack of
control over molecular weights and polydispersity.

Aiming at an improval of the low monomer reactivity and
reducing chain transfer reactions in the anionic polymerization of
1,2-alkylene oxides, tremendous progress has been made in the
last two decades. Allgaier et al. employed crown ethers to
complex potassium counterions to increase the nucleophilicity of
the chain ends. The accompanying increase of basicity did not
affect the polymerization negatively, because reaction conditions
below room temperature were chosen. With side reactions
minimized, PBO, poly(hexene oxide) (PHO), poly{octene
oxide), and poly(dodecene oxide) with high molecular weights
up to 65000 g mol™ and narrow MWDs became acces-
sible.****** Deuterated analogues were synthesized in order to
examine the effect of the side-chain length on the unperturbed
chain dimensions and hydrogen dynamics via neutron

scattering. ™™ Also copolymerization of different alkylene
oxides has been performed for some comonomer pairs. Anionic
copolymerization of EO and BO was conducted using in situ
NMR spectroscopy to determine the copolymerization
kinetics; strongly tapered compositional profiles were found.
Xiong et al. employed Allgaier’s polymerization strategy in order
to prepare gradient and block side-chain liquid crystalline
copolymers from butylene oxide.*'

As discussed in detail in section 2.5 “phosphazene bases:
metal-free initiators”, increased propagation rates for anionic PO
and BO polymerization can be achieved using phosphazene bases
as catalysts. t-Bu-P, was found to both accelerate the reaction and
to enable polymerization in a living manner without chain
transfer, &1 Capitalizing on this method, Hadjichristidis
and co-workers developed a catalyst switch strategy by which
PBO block copolymers with polyesters or polycarbonates could
be obtained.""™"**'™ For the preparation of the polyester/
polycarbonate block, an excess of diphenyl phosphate was
introduced to the reaction mixture before adding the cyclic
catbonate or lactone monomer. Phosphazene base-promoted
anionic polymerization also gave access to brush copolymers
consisting of a polyacrylamide main chain and poly(alkylene
oxide) side chains via a “grafting from” approach {Figure 10).'*

Kappe and co-workers studied the polymerization of alkylene
oxides (up to hexane oxide) in the microwave, resulting in low
molecular weight polymers, however with fast reaction kinetics.
Both oligomers and side products from transfer reactions were
studied in detail by SEC.*****" Employing PEG monomethyl
ether as an iniatior, they obtained amphiphilic block copolymers.
Short, hydrophobic PBO or PHO segments sufficed to form
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Figure 10. Phosphazene base-mediated synthesis of brush polymers with polyacrylamide backbone and polyether side chains (Adapted with permission
from Zhao, J.; Alamri, H,; Hadjichristidis, N. Chenz. Commun. 2013, 49, 7079, Copyright 2013 Royal Society of Chemistry.)
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By suspension polymerization using a calcium amide/alkoxide
initiator system, Petrov and co-workers synthesized amorphous
PO and BO homopolymers and PEQO-co-PPO copolymers
exhibiting low degrees of crystallinity. Without control over the
degree of polymerization, high molecular weights in the range of
several hundred kDa and MWDs between 2.3 and 3.2 were
obtained.”*® The materials were cross-linked photochemically
with N,N"-methylenebis(acrylamide) and tested as polymer gel
electrolytes in dye-sensitized solar cells. A solar cell containing a
chemically cross-linked PEO-co-PPO copolymer with 21% PPO
content maintained high power conversion efficiency for at least
twice the lifetime of a conventional physical PEQ gel electrolyte
(Figure 11).
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Figure 11. Power conversion effiency over time of dye-sensitized solar
cells containing physical PEO gel and chemically cross-linked PEO-co-
PPO, respectively (Adapted with permission from Petrov, P.; Berlinova,
L V,; Tsvetanov, C.; Rosselli, S.; Schmid, A ; Zilaei, A;; Miteva, T.; Durr,
M.; Yasuda, A; Nelles, G. Macromol. Mater. Eng. 2008, 293, 598.¢
Copyright 2008 Wiley.)

As mentioned above, the activated monomer technique allows
for minimizing chain transfer reactions during the polymer-
ization of alkylene oxides. PO, BO, 1,2-hexene oxide, and 1,2-
octadecene oxide were polymerized rapidly and in a controlled
manner, resulting in well-defined polymers with molecular
weights up to several ten thousand g/mol****”® This strategy
gave direct access to a-azido,m-hydroxy-PPO." By combining
protonated phosphazene-base alkoxide initatiors with triisobu-
tylaluminum, the same group synthesized telechelic PPO
polyols.”

Via the N-heterocyclic carbene-catalyzed polymerization,
Taton et al. were able to prepare a,m-difunctionalized PPO
with MWs up to 7000 g mol™" without the use of additional
solvents.'*! Recently, Limbach et al. introduced imidazol(in)ium
carbonates as more stable precatalysts which released the N-
heterocyclic carbene upon heating,'** demonstrating controlled
synthesis of telechelic PPOs. In contrast, copolymerization of PO
with &-caprolactone and (S,S)-lactide, respectively, resulted in
decreased conversion and broadened MWD, Carbene-mediated
polymerization of higher alkylene oxide monomers has not been
explored yet.

The most prominent polyalkylene glycol surfactants are block
copolymers consisting of hydrophilic PEG and hydrophobic
PPO segments that are discussed in a separate section (see
section 4.1). In search of an alternative for poloxamers and
similar EQO-PO block copolymers, Booth and co-workers
synthesized a great variety of linear and cyclic diblock and
triblock, as well as gradient polymers from EO and BO.
Polymerizations were performed in bulk, using alcohol-

2199

potassium alkoxide mixtures as initiators, resulting in narrow
molecular weight distributions. In general, rather short PBO
blocks were synthesized.”®” ™" Several groups extensively
explored the materials properties of the copolymers, focusing
on the dependence of micellization and gelation behavior on the
bleck architecture. " ~* Following the trend in hydrophebicity,
copolymers of EOQ and BO exhibit lower critical micelle
concentrations than copolymers of EQ with PO, even if the
hydrophobic block is shorter (Figure 12). In this context one
may emphasize that low molecular weight PPO homopolymers
are water-soluble below a critical solution temperature.****"
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Figure 12. Critical micelle concentration of amphiphilic diblock and
triblock copolymers in aqueous solution at 30 °C, versus PBO (B} and
PPO (P) block length, respectively. (PEO (E) block length constant. )
(Adapted with permission from Booth, C,; Attwood, D. Macromol.
Rapid Commun. 2000, 21, 501.°*' Copyright 2000 Wiley.)

Bates and co-workers modified the reaction protocol of Booth
et al. by using THF as a solvent and completely deprotonated
potassium alkoxides as initiators. This strategy enabled the
synthesis of narrowly distributed PBO-b-PEO and low molecular
weight PHO-b-PEO block copelymers with low monomer
conversion.””®*" The resulting materials were successfully
tested for potential application as tougheners in cured epoxy
resins.”” Higher molecular weight PBO-b-PEO and PHO-b-
PEO block copolymers were obtained by Carlotti et al. via the
activated monomer method, and their self-organization in
aqueous solution was investigated.”” As expected from the high
hydrophobicity of PHO, they observed very low critical micelle
concentrations. Depending on the block lengths and molar ratio
of hydrophilic and hydrophobic segments, spherical micelles or
vesicles (polymersomes) or both in coexistence were observed.

Multihydroxyfunctional polyalkylene glycol amphiphiles can
be accessed by replacing the PEG segments with linear or
hyperbranched polyglycerol (PG), retaining the hydrophobic
PPO blocks. Following the first report on linear—dendritic
PPO-PG block copolyrm:rs,373 linear diblock, triblock, and
gradient copolymers were synthesized via polymerization and
subsequent deprotection of EEGE.*”"™*" Incorporation of small
amounts G already lead to water-soluble materials. Carlotti et al.
were able to synthesize gradient copolymers of EEGE and 'BuGE
with PO and BO, respectively, with elevated molecular weights
up to 85000 g mol™' by the activated monomer strategy.”
Kakuchi and co-workers combined the protected PG derivatives
PBnGE and P'BuGE with PBO segments, using phosphazene
base-catalyzed polymerization."*'

More than 60 years ago, random copolymers of EO and PO
were commercialized as water-soluble polyalkylene glycol (PAG)
lubticants by Union Carbide.”® EQ /PO random copolymers do
not show such low surface tensions as the corresponding PEO-b-
PPO block copolymers, avoiding undesired foaming when in use.

DOI: 10.1021/acs.chemrev.5b00441
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Their properties in aqueous solution have been investigated by
Frangois and co-workers.”

Similar to the solubilization of hydrophobic compounds in
water via PEGylation, oil-soluble gasoline additives were
synthesized by butoxylation of hydrophilic amides.”” Recently,
Dow Chemical released oil-soluble PAGs, based on PBO and
PPO-co-PBO cop_ol}m’lers as performance additives in hydro-
carbon lubricants.*®

As part of their work on epoxide-termination of living
carbanionic polystyrene polymerization and subsequent AROP
of epoxides, Quirk et al. prepared block copolymers which
contained PPO as a semipolar segment.” Inspired by this, Bates
and co-workers combined PBO with polyolefins and investigated
the phase behavior of the completely hydrophobic, but phase-
separated block copolymers.***

Noh and co-workers employed cationic ring-openin
polymerization to copolymerize BO with epichlorohydrin.*
In a postpolymerization modification step, they etherified the
chloride groups to obtain stimuli-responsive poly-
(ferrocenylglycidylether)-PBO copolymers.

Apart from its use in polyether chemistry, PO features
prominently in the preparation of “green” polycarbonate. Driven
by the global trend toward green chemistry and biodegradable
materials, the copolymerization of PO (and other epoxides) with
carbon dioxide has become a focus of major attention. Numerous
reviews on the research in this area have been published in recent

347,384—393
years.

4. BLOCK COPOLYMERS OF PEG AND PPO

4.1. Poloxamers and Poloxamines

Block copolymers composed of PPO and PEO are an important
class of biocompatible polymers in both industry as well as
academia, Namely, ABA-triblock copolymers with the structure
PEO-b-PPO-b-PEOQ, known as poloxamers (see Scheme 38) or

Scheme 38. Structure of Poloxamers Composed of Two PEO
Blocks and a Central PPO Block

O

PEO PPO PEO

Pluronics (trade mark BASF), are among the most relevant
nonionic surfactants (= surface active agents) and have been
extensively investigated over the last decades.”"*** Due to the
high water-solubility of PEO in a wide temperature range (0—
100 °C) and the low solubility of PPO in water at temperatures
exceeding T. (>15 °C; cloud point), these block copolymers
exhibit amphiphilic character accompanied by surface-active
prcape:rties."‘96

Consequently, the conveniently prepared PEO-b-PPO-b-PEO
copolymers are widely utilized as lubricants, detergents,
defoamers, and emulsifying agents in industrial and agricultural
processes, as well as in cosmetic products, paints, and food
additives.””® Pluronics are prepared via sequential anionic ring-
opening polymerization of PO and EO using potassium and
sodium hydroxide as the activator.”” First, the central PPO
segment is synthesized as a precursor, and subsequently chain
extended by the polymerization of EO. In order to obtain highly
purified block copolymers and to reduce the content of
admixtures, such as PPO homopolymers and low molecular
weight block copolymers, chromatogaphjc fractionation is often
employed after the polymerization.”

Due to the vast variety of Pluronics with different molecular
composition, a categorization system has been established to
allow for an easy description of structure and properties of a given
copolymer. For the nonproprietary name poloxamer, the
abbreviated expression starts with the capital letter ‘P’ followed
by one or two digits corresponding to the approximate molecular
weight of the PPO block, when multiplied by a factor of 100. The
last digit multiplied by 10 refers to the weight percentage of PEO
within the block copolymer. For example, “Poloxamer P407”
conforms to a copolymer with a PPO block of about 4000 g/mol
and 70% weight content of PEO (see Table 3).

In case of trade names like Pluronic (BASF), Lutrol (BASF),
or Synperonic (Croda) prefix letters “L”, “P”, and “F” classify the
physical appearance of the pure copolymer as liquid (L), paste
(P), and flakes (F). The first one or two digits multiplied by 300
represent the approximate molecular weight of PPO, whereas the
last digit multiplied by 10 indicates the total weight percentage of
PEO within the polymer. For the previous example of a PEO-b-
PPO-b-PEO copolymer (M, = 4000 g/mol, 70% PEQ), this leads
to the term F127. Accordingly, the nomenclature for Pluronics
can be converted to the generic term for poloxamers by
multiplying the first one or two digits by a factor of 3.%”

Table 3. Table of Pluronics Compositions and Properties

Pluronic poloxamer Mn“ Nio¥
L35 101 1900 216
L43 123 1850 126
L44 124 2200 20.0
L61 181 2000 45
Lo64 184 2900 264
P84 234 4200 383
P85 235 4600 523
188 238 11400 207.8
P103 333 4950 33.8
F108 335 14600 265.4
PI123 403 5750 39.2
F127 407 12600 2004

“Average molecular weights in g/mol. bre

Npo* eme? HLB® cloud point”
16.4 53x107% 19 73
223 22x 107 12 42
228 3.6 x 107 16 65
310 11x 107" 3 24
300 48 x 107* 15 58
434 71X 107° 14 74
39.7 6.5 % 107° 16 85
393 25%x 107" 28 > 100
59.7 6.1 x107° 9 86
503 22%x107° 27 > 100
69.4 44x107° 8 90
65.2 2.8 %107 22 > 100

Average number of EO/PO units per polymer taken from ref 407. 4 critical micelle concentration in mol/L

as determined by pyrene probe measurements and taken from ref 407. “Hydrophilic—lipophilic-balance values were taken from ref 407.7Cloud

points in °C taken from ref 408.
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In particular, self-aggregation of PEQ-b-PPO-b-PEO copoly-
mers into micellar structures plays a decisive role regarding a
majority of agl}:hcations especially in nanoscience and nano-
medicine.***"*" Poloxamer micelles composed of PPO-core and
PEO-corona permit encapsulation of a wide range of hydro-
phobic compounds. This behavior motivates their use as drug
and gene delivery systems,””® as well as for nanotechnological
applications, for example as surfactants in emulsion polymer-
ization.*" These self-assembled aggregates vary in size and shape
from spherical to rod-like or lamellar structures.”” In this case,
the molecular weights of the PEQO/PPQ segments dictate the
properties of the block copolymers, such as aqueous solubility,
critical micelle concentration (CMC), critical micelle temper-
ature {CMT), structure of micelles and aggregation num-
bers, 05106 Namely, CMC values are of fundamental signifi-
cance to evaluate emulsifying properties of poloxamers.

In general, CMC values tend to decrease with increasing
hydrophobic PPO chain length due to an increase of the net
hydrophobicity favoring the formation of micelles. On the
contrary, CMCs increase with growing chain length of the PEO
blocks, which has been ascribed to a reduced core hydrophobicity
that leads to a destabilization of micelles.** Systematic studies
on aggregation behavior of Pluronics in aqueous solution have
been reported in numerous articles. ¥

The remarkable self-assembly and emulsifying properties of
Pluronics in conjunction with their excellent biocompatibility has
proven particularly advantageous for biomedical and pharma-
ceutical applications and the development of drug delivery
syste:ms,.:’gw"s’g8 Namely, Pluronic formulations have been shown
to exhibit great potential in anticancer research, especially
regarding the treatment of multidrug resistant (MDR) tumor cell
types. Studies in this field report an enhancement in cytotoxic
activity of the chemotherapeutic drug doxorubicin toward MDR
tumor cell lines by 2 or 3 orders of magnitude.**”***!? Besides
operating as drug carriers to improve pharmacokinetic perform-
ance, Pluronics appeal as biological response modifiers capable of
sensitizing multidrug resistant (MDR} cancer cells and
increasing drug transport across the cell membrane. Currently,
micelles of Pluronic L61 and F127 loaded with doxorubicin are
investigated for the treatment of cancer cells resistant to
doxorubicin in clinical trials.™*! Credit has to be granted to
Kabanov et al. as the pioneers within this research area. Highly
promising ﬁndings regarding Pluronic-based micelles loaded
with paclitaxel as anticancer agent have also been reported by
Tsvetanov et al. A comparison of these micellar drug
formulations with Taxol revealed improved pharmacokinetic
properties and enhanced blood circulation times.'* Recent
developments regarding the effect of Pluronics on MDR tumor
cells and their promising perspective in this particular field have
been comprehensively reviewed laltely.‘m9

In addition, drug carrier systems based on Pluronic block
copolymer technology represent promising candidates to
penetrate the blood brain barrier in order to transport
therapeutics to the brain.*** Another specialized application of
Pluronic-based formulations has emerged within the field of gene
therapy. When injected into skeletal muscle, plasmid DNA
induces gene expression which can be exploited for vaccination
strategies or the generation of therapeutic proteins. In several
studies, Pluronics have been emsployed to increase the efficiency
of gene transfer techncylogies.39

However, a major challenge for drug-loaded micelles as
nanocarrier systems arises from the thermodynamic instability of
micelles upon dilution, which is also valid for Pluronic-based
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micellar formulations. In particular, very hydrophilic block
copolymers with high emc/cmt values suffer from low micelle
stability and are crucially subjected to disassembly of micelles. To
overcome this drawback, several strategies have been proposed
to increase stability of Pluronic micelles. For example, polymer-
ization of suitable monomers {e.g: N-isopropylacrylamides,
N,N-diethylacrylamide) forming thermoresponsive hydrogels
(L.CST behavior) inside the micellar core can afford micelles with
improved stability profiles and good drug loading capacities.
However, the stability gained from this approach was found to be
impermanent and depletes within a time frame of days or
weeks.*™ Other strategies focused on the cross-linking of the
micellar shell to lower the CMC by converting the hydroxyl
groups into aldehydes and introducing imine linkages via the
addition of diamines.*'* Another noteworthy approach reported
by Petrov et. al to effectively stabilize Pluronic-based micelles
implied the formation of an interpenetrating network via light-
initiated cross-linking of a tetrafunctional acrylate monomer.”"?
Nevertheless, stabilization of Pluronic micelles without affecting
drug release profiles and drug loading capacities remains a
fundamental challenge for all these modifications.

Moreover, Pluronics are utilized for surface-coating of drug-
loaded, hydrophobic nanoparticles in order to prolong blood
circulation times of the drug carriers. Depending on the size of
particles and properties of the coated surface, a certain selectivity
in the site of deposition within the body is observed. By
controlling the balance between adsorption and desorption of
specific blood components referred to as opsonization and
dysopsonization, site specific deposition can be influenced using
Pluronics as surface-coatings. Effective enhancement of serum
life times have been achieved for polymeric particles in a size
range from 70 to 200 nm.*"

Another remarkable property of PEO-b-PPO-b-PEO copoly-
mers in aqueous solution results from their ability to undergo
thermo-reversible gelation at concentrations above the CMC. In
particular, gelation of poloxamer 407 {Pluronic F127) has proven
beneficial for biomedical purposes, as concentrated solutions
appear as viscous liquids at room temperature forming a
semisolid transparent gel at body temperature (37 °C).*' This
behavior has motivated use of poloxamer gels for prolonged dm%
release strategies416 and for tissue engineering.” AT
Although poloxamers are generally regarded as nontoxic, higher
doses (up to 137.5 mg/kg in rabbits) of Poloxamer 407 have
been rep orted to affect serum concentrations of triglycerides and
cholesterol.**® Due to the comparatively weak mechanical
strength and rapid erosion of poloxamer gels, for instance,
covalent cleavable linkages such as carbonates have been
introduced to improve mechanical properties, simultaneously
ensuring renal excretion of the degradation fragments.*'®
Moreover, pH-responsive poloxamer-based gels have been
formed from graft copolymers of poly acrylic acid {PAA) and
poloxamers {poloxamer-g-PAA). This reduces the amount of
material needed to form stable gels at body temperature and
represent a promising tool for pH-triggered release stt'a‘cegie&420
Messersmith and co-workers reported the attachment of DOPA
(3,4-dihydroxyphenyl-L-alanin} moieties at both termini of
Pluronics to attach catechol groups, creating bioadhesive
hydrogels {see Scheme 39}."*' There are several other reports
on chemically modified PEQ-5-PPO-5-PEO copolymers and the
corresponding hydrogels, these are, however, beyond the scope
of this review.

Another interesting approach mimicking the structure of
poloxamers has been demonstrated by Park et al. by

DOI 10.1021/acs.chemrev.5b00441
Chem. Rev. 2016, 116,2170-2243
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Scheme 39. Synthesis of Catechol-Functional Poloxamers
According to Messersmith et al.™'
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incorporating multiple hydroxyl groups into the backbone to
enable the covalent attachment of pharmaceutical drugs.*>
These structures were accessed by first generating a PPO
precursor polymer via step-growth polymerization of N,N'-
dimethylethylenediamine and diepoxy-functional PPO, subse-
quently end-capping with epoxy-functional mPEG (see Scheme
40).

Scheme 40, Synthesis of Poloxamer Mimicking Block

Structures According to Park et al.**?
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A promising approach to access novel types of poloxamer
analogs bearing multiple hydroxyl functionalities was developed
by Tsvetanov and co-workers.””*"7***? Using PPO as a
macroinitiator for the AROP of the acetal-protected glycerol
derivative EEGE, linPG-b-PPO-b-linPG triblock copolymers
were obtained after subsequent hydrolysis of the acetal moieties.
In several studies, the ?hysicochemical properties of materials
were investigated.” ™"

Given the vast spectrum of applications of poloxamers or
poloxamer-based formulations and the strong emphasis on
postmodification strategies to improve their performance, to the
best of our knowledge, no synthetic routes have been explored to
develop novel block copolymer architectures compared to the
commercially available standards, e.g., by using multifunctional
PEG or PPO blocks to incorporate specific functional groups
already during the synthesis.
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Besides poloxamers, related triblock copolymers with an
inverted substructure composed of a central PEQ block flanked
by two PPO segments are known as reverse poloxamers
(Pluronics R) and are likewise commercially available. Although
these structures exhibit interesting properties and are diversely
used, for example, as wetting and defoaming agents in industrial
processes,““ these systems have been less investigated compared
to the materials mentioned above,'** However, more recently,
increasing attention was drawn to studies of phase behavior and
aggregation of reverse poloxamers in aqueous solution,”*** In
contrast to poloxamers, reverse poloxamers (see Scheme 41)

Scheme 41. Structure of Reverse Poloxamers Composed of
Twe PPO and a Central PEO Block

o Jebdt o

PPO PEO PPO

show a reduced capability to form regular micelles in aqueous
medium, which is ascribed to a loss of entropy attributed to the
looping of the PEO middle block in micellar structures.”*
Instead, PPO-b-PEQ-b-PPO triblock copolymers have been
reported to either form random network structures or micellar
associations, depending on the concentration, with the two
terminal blacks located in different PPO domains.”*

In addition, micellization and gelation of poloxamer/reverse
poloxamer mixtures have been investigated suggesting a critical
composition ratio above which the appearance of bridged
poloxamer micelles strongly impedes the gelation process.”"**’

The spectrum of applications for reverse poloxamers, however,
appears to be limited in comparison to “normal” poloxamers.
This is probably attributed to their unfavorable self-assembly.
However, lately, a new perspective for the application of reverse
poloxamers has been proposed within the field of gene therapy.
Herein, PPO-b-PEO-b-PPO copolymers were evaluated in terms
of their ability to increase muscle transfection compared to naked
DNA. It was found that reverse Pluronics promote muscle gene
transfer in mice as effectively as regular Pluronics, which might
encourage further research activities.”” However, in order to
compete with the steadily growing significance of regular
poloxamers, applications benefiting from the use of reverse
poloxamers opposed to regular poloxamers need to be
developed.

4.1.1, Poloxamines, Another group of amphiphilic block
copolymers based on PEO and PPO are poloxamines with a
distinct tetrabranched block structure bearing a central ethylene
diamine bridge. Four symmetric blocks, composed of PEQ and
PPO, are attached to the amine units and can either contain the
PEO block as the outer segment (poloxamines, trade name
Tetronics) or as the inner segment (reverse poloxamines, trade
name TetronicsR) (see Scheme 42). Poloxamines and reverse
poloxamines are synthesized using ethylene diamine as an
initiator for the sequential anionic polymerization of PO and EQ,
resulting in X-shaped polymer architectures.

The presence of the tertiary amine groups adds a dual
responsive behavior to these polymeric amphiphiles. Polox-
amines exhibit thermo- and pH-responsiveness, which distin-
guishes their properties from poloxamers. Moreover, the
additional amine functionalities enable further meodification
reactions, such as quarternization to promote cell adhesion for
tissue engineering purposcs.q?"?'

DOl 10,1021/a¢s.chemrev,5b00441
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Scheme 42. Structures of Poloxamines (Tetronics) and
Reverse Poloxamines (TetronicsR)
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Compared to poloxamers, studies on the phase behavior of
poloxamines have been neglected for a long time. However,
within the past decade, favorable physicochemical properties of
poloxamines regarding drug delivery strategies and tissue
engineering have been eluc1dated1” and have motivated
increasing research efforts in this area.® In analogy to their
linear counterparts, poloxamines show self-assembly into
micellar aggregates in aqueous medium. In contrast, however,
aggregation behavior of poloxamines is strongly pH-dependent.
The pK, values of the amine groups of 3.8—4.0 and 8.0,
respectively, do not vary substantially with different PEQ/PPO
block lengths. ™ A decrease in pH leads to a reduced tendency to
aggregate and a more narrow temperature range, in which
aggregation occurs, This behavior can be attributed to the
Coulombic repulsion between the positively charged polymers.
At physiological LDl’ldlthnS (PH 7.4), poloxamines are present as
single protonated species.”” A noteworthy approach deploying
the pH-dependent aggregation of poloxamines to stabilize DNA
complexes was proposed by Pitard et al. Therein, negatively
charged DNA-poloxamine supramolecular assemblies were
introduced as potential gene delivery systems for the therapy
of skeletal or heart muscle-related diseases.*”

In accordance with poloxamers, surface-coating of hydro-
phobic nanoparticles using poloxamines has become increasingly
attractive in order to prolong the particles’ blood circulation
times and render them potential dru; rug delivery systems for
medical and pharmaceutical purposes.”™ The efficiency of the
respective coatings to prevent recognition of the hydrophobic
nanoparticles by macrophages strongly depends on the
molecular weight and composition of the PEO—PPO copoly-
mers. With increasing hydrophilicity and molecular weight, this
shielding effect has been reported to become more effective. In
particular, surface-coating strategies of nanoparticles based on
biodegradable polymers such as polylactides or polyglycolides
have attracted increasing attention lately.*” A major challenge in
this field, however, remains the establishment of a correlation
between the structure of particles and their specific interaction
with blood components in order to allow for the design of
targetable nanocarriers.

Mathet et al. investigated the effect of poloxamines with
different molecular architectures on the inhibiion of efflux
transporters in multidrug-resistant (MDR) tumor cell lines. They
proposed poloxamine T304 as both a promising drug carrier
system and efflux transport inhibitor for the treatment of MDR
tumors,"” Aside from that, these studies report cytotoxic
behavior for the majority of poloxamines investigated, raising
the demand for further studies to evaluate their biocompatibility
regarding future applications in a pharmaceutical context.

Although reverse poloxamines are commercially available
PEO—PPO copolymers and exhibit potential usefulness for some
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specialized applications,”"**

properties have only been scarcely investigated'”
be discussed within this review.

4.1.2. PEO—PPO Diblock Copolymers. Diblock copoly-
mers composed of PEO and PPO represent another class of
nonionic amphiphiles based on polyethers. Although diblock
structures might be regarded as the most obvious block
copolymer structure, these surfactants turn out to be rarely
investigated in terms of bulk properties**' and phase behavior in
aqueous solution™™*" compared to their triblock relatives
(PEQ-b-PPO-b-PEQ). In contrast to the aforementioned bi- and
multifunctional block structures, PEO—PPO diblock copolymers
are monofunctional macromolecular alcohols. This characteristic
results from the use of monofunctional low-molecular weight
alcohols as initiators for the sequential anionic ring-opening
polymerization of EQ and PO in their synthesis,

Notably, PEO—PPO diblock copolymers have been intro-
duced as valuable structural templates for the preparation of two-
dimensional mesaporous silica films'"" and have been shown ta
act as size-specific solubilizing agents for carbon nanotubes,
offering perspectives for improved fractionation strategies.**

Lately, increasing attention is dedicated to the behavior of
PEO-PPO diblock copolymers at the air—water interface and
properties of their polymeric monolayers. These studies,
however, exclusively aim at a fundamental understanding of
interfacial dynamics.” 7

A promising perspective for diblock copolymers based on PEQ
and PPO has been demonstrated by Firestone et al. for the
stabilization of lipid bilayer vesicles (e.g, liposomes) for drug
delivery purposes as an inexpensive alternative to PEG-lipid
conjugates. In this case the hydrophobic PPO segments function
as anchor units within the lipid bilayer, whereas the PEO chain
projects into the aqueous surrounding, leading to an enhanced
robustness of the vesicular structure. Interestingly, PEO-b-PPO
copolymers exhibit superior performance compared to polox-
amers in terms of their ability to sterically stabilize lipid-based
nanocarriers.*

Although these diblock copolymers are also commercially
available as their triblock analogs, so far a significantly smaller
range of applications has been proposed and less effort has been
put into elucidating their physicochemical properties. Moreover,
to the best of our knowledge and in contrast to the other
members of the PEG/PPO-based amphiphiles, no end-function-
alized derivatives have been reported, which might be due to their
monofunctional nature, limiting chemical modification.

The immense versatility and broad spectrum of applications of
PEO/PPO block copalymers in various research areas have been
illustrated in this section, focusing on trends and developments
within the last 15 years, This class of polyethers undoubtedly
represents one of the most widely used amphiphilic materials
with paramount significance for both industry and academia.
Especially their low cost and commercial availability in a wide
range of molecular weights and compositions as well as different
architectures {diblock, triblock, tetrabranched) combined with
interesting physical and chemical properties warrants the
development of further applications. Most of the research carried
out in this area to date has been dedicated to PEO-b-PPO-b-PEO
copolymers (poloxamers), while the other members have been
neglected for a long time. Only lately increasing interest can be
noticed for the properties of the less explored candi-
dates." "% [ 3 pharmaceutical context, PEQ/PPO copaly-
mers exhibit particular usefulness concerning drug- and gene
delivery stratcgics,'1Dq which will encourage future research

to date their p[lysmochenucal
“* and will not

DOI: 10.1021/acs.chemrev.5b00441
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Table 4. List of Star-Shaped PEG Polymers Reported Since 2010

no. of arms core molecule arm attachment method ref
3 1,3,5-tri(azobenzeneethynyl)-benzene AF, sonogashira coupling 498
3/6/12 polyester dendrimer AF, azide—alkyne click 456
4 dityrosine AF, esterification 499
4 phthalocyanine AF, cyclotetramerization of phthalonitrile S00
8 octakis(hydridodimethylsiloxy)-octasilsesquioxane AF, hydrosilylation so1
] nonaazido-dendrimer AF, azide—alkyne click 487
14/21 beta-cyclodextrin CF, AROP 451
Multi hyperbranched PG CF, AROP 450
Multi PS-co-PDVB AF, azide—alkyne click 493
Multi hyperbranched polyacetal AF, hydrazone formation 496
Multi hyperbranched conjugated polymer AF, hydrazone formation 494
Multi hyperbranched conjugated polymer AF, esterification 495
Multi hyperbranched P(y-benzyl L-glutamate) AF, amidation 497
Multi PDVB AF, cross-linking ATRP/FRP 474
Multi P(EGDMA-co-DMAEMA),/P(EGDMA-co-disulfideDMA) AF, cross-linking ATRP 475
Multi P(dimethylammonium DEMA) AF, cross-linking ATRP 476
Multi P[EGDMA-ca- DMAEMA co-(perfluoroalkyl methacrylate)] AF, cross-linking ATRP 477
Multi P(EGDMA)/P(PEGDMA), arms attached via acetal linker AF, cross-linking ATRP 478
Multi P(EGDMA) AF, cross-linking eARTP 479
Multi P(N,N"-methylene bis(acrylamide)) AF, cross-linking RDRP 480
Multi P(EGDMA)/ P(disulfideDMA)/ P(ketalDMA) AF, cross-linking RAFT 481
Multi acid-labile bis-norbornene cross-linker AF, cross-linking ROMP 482
Table 5. List of Novel Star-Shaped PEG Block Copolymers (Reported Since 2010)
no. of arms core molecule arm A arm B method ref
3 TMP PCL PEG CF, CROP 455
3 phenyl PIB PEG AT, estesification s02
3/4 glycerol triacrylate/bis TMP tetraacrylate P(w-undecen-yl acrylate) PEG AF, Heck coupling 303
4 “ PCL PEG AF, azide—alkyne click 462
4 cystamine poly(z-benzyl-oxycarbonyl L lysine) PEG AF, thiol—yne click 438
4 PETH PCL PEG-glycyrthetinic acid ~ AF, amidation 504
4 PETH PLA PEG AF, esterification sS08
4 porphyrine PLA PEG AF, estesification 491
4 porphyrine PCL PEG AF, estesification 483
4/6 PETH/diPETH PCL PEG AF, esterification 484
7 beta cydodextrin PCL-co-DBTC PEG AF, esterification 483
ABg PETH PCldiol PEG AF, esterification 486
8 polyhedral oligomeric silsesquioxanes (POSS)  poly(benzyl L-aspartate) PEG AF, amidation 487
16/32 PAMAM dendrimer poly(L-lysine) PEG AF, esterification 488
Multd PDVB Ps PEG AF, azide—alkyne click 459
Mult PS-ce-PDVEB PMMA PEG AF, Diels—Alder click 460
Multi hbPEL poly(L-lysine) PEG AF, urethane fosmation 489
Multi hyperbranched Boltorn H40 e PEG AF, esterification 480
Multi poly([4,4'-bioxepane]-7,7 -dione) PCL PEG AF, cross-linking ROP 492

“2-(Benzyloxycarbonyl)-2-methylpropane-1,3-diyl bis[3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate]. EJBiodetgradable photoluminescent poly-

mer.

activities in this field. However, aside from numerous reports on
chemical modification™"™*® of the commercially available
standards, so far, no emphasis has been placed on exploring
novel polymeric architectures based on PEO and PPO block-
type structures by, for example, using other multifunctional
initiators for the polymerization.

5. STAR-SHAPED AND HYPERBRANCHED

POLY(ALKYLENE OXIDES)

In addition to the linear random and block copolymers discussed
in the previous sections, star-shaped, hyperbranched and
dendritic polyethers exhibit unique properties that distinguish
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them from linear polymers, such as multiple functional end
groups, a compact structure, low viscosities both in bulk and
solution and a strongly reduced degree of crystallization in
comparison to their linear counterparts. These properties are key
to numerous advanced applications.

5.1.1. Star Pelymers

Star-shaped polymers can be obtained by two fundamentally
different synthetic strategies: the “core-first” {CF) and the “arm-
first” (AF) approach. The “core-first” procedure utilizes a
multifunctional initiating core-molecule to start the chain growth
of the arms. Defined molecules or polymers with a
predetermined number of initiating sites or multifunctional

DOL 10.1021/acs.chemrev.5b00441
Chem. Rev. 2016, 116, 2170-2243
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Table 6. List of PEG Containing Miktoarm Star Copolymers (Reported Since 2010)

no. of arms core arm A
AB, PVFc
AB, PEG
AB, PEG
AB, PS/PtBA
AB, cholic acid PEG
AB, PETH triazide “
AB,/AB, PETH triazide /PETH tetrazide PE
AB, coupled propargyl (propyl glycol) PS/P1
AB, calixarene PCL
AB, (HOL/ (AlyD), PEG
ALB, beta cyclodextrin PCL
AgBy resorcinarene PEG
ABC PEG
ABC i B
ABC beta cyclodextrin/adamantane (supra_molecula_r) PEG
ABC PEG
ABC PS-pyrene
ABCDE PEG
Multi P(N,N"-Methylenebis(acrylamide) ) PEG
Multi hyperbranched Boltorn H30 PEG

arm B arm C method ref
PEG CFE, AROP 452
PS/PtBA AF, azide—alkyne click 461
PCL AF, Diels—Alder click 462,
PEG AF, nitroxide radical coupling 461
PCL AF, azide—alkyne click 463
PEG AF, azide—alkyne click 464
PEG AF, azide—alkyne click 465
PEG CF, AROP 453
PEG AF, azide—alkyne click 466
PCL/PS/PtBA CF, AROP 454
PEG AF, azide—alkyne click 467
PCL AF, azide—alkyne click 468
s PClL AF, azide—alkyne click 469
PCL PEG AF, Diels—Alder click 470
PDMAE-MA PMMA AF, azide—alkyne click 471
PS ‘ AF, azide—alkyne click 472
PEG PMMA AF, esterification 306
PCL Ps? AF, azide—alkyne click 473
PNIPAM AF, cross-linking RDRP 480
PCl AF, esterification s07

“Azobenzene-substituted methacrylate. *1-(Allyloxy)-3-azidopropan-2-yl {anthracen-9-ylmethyl) succinate. “Poly[6-(4-methoxy-azobenzene-4'-oxy)

hexyl methacrylate]. “Arm D: PLA, Arm E: PAA.

Table 7. List of Star-Shaped PPO/PBO Polymers and Block Copolymers

no. of arms core molecule arm A
[ p-tert-butyl-calix[ 6] arene PPO
Multi hyperbranched polyglycerol PPO
Multi hyperbranched polyglycerol PPO
3 TMP FBO
4 1,2,4,5-benzenetetramethanol PBO

arm B method ref
P(2,2-dimethyltsi-methylene carbonate) CF, AROP 508
CF, AROP 509

PEG CF, AROP s10
PEG-b-PTMC-b-PVL CF, AROP 146
CF, AROP 154

cross-linked or dendritic polymers are commonly employed for
the core. In the “arm-first” process, end groups of living or
functionalized, prefabricated polymer chains are either attached
to a multifunctional core or connected via a {cross)linking
procedure.

A very detailed and comprehensive review on star-shaped
polymers with PEG arms was given by Lapienis in 2009.%
Therefore, in the current review, mainly recent developments in
the synthesis of PEG-based star polymers {Table 4}, star-shaped
block copolymers {Table 5), and miktoarm star copolymers
{Table 6) since 2009 will be covered. Furthermore, star-shaped
polymers containing PPO or PBO are summarized in Table 7.
Star polymers based on commercially available, four- and eight-
armed PEG stars are not considered.

In recent years only few core-first syntheses of PEG star
polymers have been reported. Most of them rely on the anionic
ting-opening polymerization {AROP} of ethylene oxide {EO).
The harsh, strongly alkaline reaction conditions, however, limit
the synthetic scope with respect to suitable core molecules and
copolymers. Multiarm stars were obtained from hyperbranched
polyglycerol and characterized in detail by MALDI-ToF MS.™°
Use of beta-cyclodextrin as an initiator gave access to 14-arm and
21-arm starPEG.**" Tonhauser et al. introduced iron-containing,
water-soluble AB, miktoarm stars via living anionic polymer-
ization of vinylferrocene, followed by benzyl glycidyl ether
termination, hydrogenative deprotection and subsequent AROP
of EQ.** By Glaser coupling, Huang et al. obtained polystyrene
and polyisoprene (PIP) macroinitiators with two hydroxyl
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iniation sites at the center for the ensuing EQ polymerization,
resulting in amphiphilic A,B, miktoarm star structures.”> Wang
et al. used an orthofunctional core, having four hydroxyl and four
allyl moieties, for the preparation of A,B, miktoarm star
copolymers. In the first step, PEG arms were synthesized and
end-capped. Subsequent thiol—ene click reaction converted the
allyl groups into initiating sites for the polymerization of poly{e-
caprolactone), palystyrene, and poly(tert-butyl acrylate).”* The
only report on cationic polymerization of EQ in this area deals
with the synthesis of a three-arm star(PCL-b-PEG).">*

Due to the demanding handling of ethylene oxide and the
restrictions regarding functional group tolerance, the “arm-first”
method and prefabricated PEG polymers are more commonly
employed than the “core-first” approach.

Click couplings, especially the copper-catalyzed azide—alkyne
cycloaddition, but also thiol—ene and Diels—Alder reactions,
have been identified as a convenient method to attach
prefabricated PEG chains. "™ Since click reactions take
place under mild conditions and tolerate a great amount of
functional groups, they have found to be particularly useful for
the preparation of miktoarm stars.™ ™"* Controlled radical
polymerization techniques, such as ARTP and RAFT, have also
been explored extensively as a synthetic tool for arm-first star
polymer synﬂlesis.474—481 After end functionalizing PEG with a
suitable initiator group, cross-linking polymerization of divinyl
monomers leads to star architectures. In analogy, ring-opening
metathesis polymerization was applied using bis-norbonene
monomers.*” Functional cross-linkers gave access to PEG stars

DOL: 10.1021/acs.chemrev.5b00441
Chem. Rev. 2016, 116, 2170-2243
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Figure 13. Cleavage of an acetal-linked multiarm star polymer with P(EGDMA) core and PEG arms. (Adapted with permission from Terashima, T ;
Nishioka, S.; Koda, Y.; Takenaka, M.; Sawamoto, M. J. Am. Chem. Soc. 2014, 136, 10254.%7% Copyright 2014 American Chemical Society.)

Table 8. List of dendritic PEG and poly(alkylene glycol) derivatives

polymerization method initiator linear {macro)monomer unit branching agent ref

AB, polycondensation - - methyl 3,5-bis[ oligo(ethylene glycol) benzoate 518
A; + By polycondensation - PEG 1,3,5-benzenetricarbonyl trichloride 519
A, + B, polycondensation castor oil PEG + diisocyanate tris(bisphenol A} monophosphate 520
A, + B; polycondensation PPO 3-armed star-penta(4-N-methylbenzamide) 521
multistep anionic polymerization TME/DPMK EO allyl chloride + OsO, 522
multistep anionic block copolymerization ~ PETH EO EEGE + deprotection 523
multistep azide—alkyne “click” coupling PEG Zn(IT} tetraphenylporphyrin 524
anionic block copolymerization PEG + CsOH EO glycidol 525
anionic block copolymerization TME + DPMK EO + PO glycidol 526
random anionic copolymerization calcium amide-alkoxide EO glycidol 68
random anionic copolymerization TMP + K naphthalide EO glycidol 527,528
random anionic copolymerization TMP + KO'Bu PO glycidol 529
random anionic copolymerization TMP + KO'Bu BO glycidol 530
random cationic copolymerization BF;: OEt, PO/BO glycidol 331
proton-transfer polymerization KH PEG glycidyl methacrylate 532

with acid-labile, redox-cleavable, cationic, and fluorinated core,
respectively (see Figure 13).

A particular research focus is currently on the development of
biodegradable materials. Numerous star-shaped poly(e-
caprolactone)s, polylactides and polyamides have been modified
with PEG chains as a hydrophilic outer block to impart aqueous
solubility. Mostly, the connection was established simply via
esterification. These core—shell architectures are mostly
designed for encapsulation and release of hydrophobic guest
molecules with potential applications as drug carriers in
mind, 8312

Several works capitalize on the combination of hyperbranched
polymer cores and prefabricated PEG blocks to gain facile access
to multiarm star polymers and star block poly-

ers, SIAOATAIAITT o osslinked PS, polyethylenimine,
polyesters, and specially designed conjugated polymers have
been employed as core molecules.
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PPO-containing star polymers are commercially used as
building blocks for polyurethane soft foams. Reports on novel
star-shaped architectures consisting of propylene oxide and
higher alkylene oxides, however, are rare. In core first approaches,
six-arm  star[ PPO-b-P(2,2-dimethyltrimethylene carbonate)]
with p-tert-butyl-calix[6]arene core,””* multiarm starPPO and
star(PPO-b-PEG) with hyperbranched polyglycerol core have
been introduced.”*”*'? Using phosphonium catalysts, three-arm
starPBO copolymers with polycarbonate and polyester blocks,
and four-arm starPBQO with 1,2,4,5-benzenetetramethanol core
were synthesized by anionic ring-opening polymerization."*™'**
5.1.2. Branched and Hyperbranched PEG, PPO, and PBO
Derivatives

Since 1990, hyperbranched polymers have attracted steadily
growing attention. They belong to the class of dendritic
polymers, ie, they are characterized by a tree-like branch-on-
branch topology. They resemble dendrimers, which are well-

DOI: 10.1021/acs.chemrev.5b00441
Chem. Rev. 2016, 116, 21702243
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defined, perfectly branched macromolecules that have attracted
vast attention because of their compact, globular structure in bulk
and solution, and a very large number of end groups available for
further modification. Since dendrimer preparation requires
generation-wise construction in demanding multistep syntheses,
hyperbranched polymers have been explored as less defined, but
easily accessible materials. The perfectly branched, but tediously
prepared dendrimer structure is traded off for a convenient
polymerization that goes along with an irregular, statistical
branching and a polydisperse molecular weight distribution."’
In order to characterize the structure of a hyperbranched
polymer, the degree of branching is a decisive variable which can
assume values between zero (linear) and one (perfectly
branched).*" "

Table 8 lists (hyper)branched polymers containing in-chain
linear poly(alkylene glycol) segments. Reviews on hyper-
branched polyethers in general have been provided by our
group.”**'¥ In addition to the advances in polyether chemistry,
numerous branched poly(PEG acrylates) and poly(PEG
methacrylates) have been synthesized in recent years using
radical polymerization techniques, such as the so-called “Strath-
clyde methodology” and the controlled radical homopolymeriza-
tion of PEG diacrylate.®***"”

Hawker and co-workers reported the first oligo{ethylene
glycol)-based hyperbranched polymers. They synthesized poly-
(ether esters), consisting of oligo(ethylene glycol) segments and
aromatic branching points, via polycondensation of AB,—type
methyl 3,5-bis[oligo(ethylene glycol)]benzoate macromono-
mers.”'® The authors observed an elevated Lithium ion
conductivity compared to linear PEG. The amorphous structure
due to the branched topology leads to an increased chain and
Lithium ion mobility. Similar poly{ether esters) were prepared
by Long et al. via polycondensation of telechelic PEG oligomers
as an Ay-type macromonomer with 1,3,5-benzenetricarbonyl
trichloride as a B;-type comonemer.”'” Furthermore, the Ay +B;
polycondensation route was used by Patel to synthesize flame
retardant, highly branched polyurethanes from PEG, diisocya-
nate, castor oil and tris(bisphenol A) mono phosphate.”*’
Shibasaki et al. obtained poly(propylene oxide)-based A,B4-type
hyperbranched copolymers using 3-armed 4-N-methylbenza-
mide pentamers as branching agents.**!

Several dendrimer-like iterative approaches toward branch-on-
branch PEG architectures have been reported, all of them
pursuing divergent synthesis strategies. In an elegant work,
Taton et al. introduced dendrimer-like PEG structures by
sequential anionic EO polymerization, allyl chloride termination
and subsequent bishydroxylation of the chain ends.”*” This leads
to extremely well-defined, demanding PEG-dendrimer structures
with very low polydispersity in the range of 1.08—1.15. The
synthetic strategy is shown in Figure 14.

Inspired by this approach, Deffieux and coauthors obtained
second and third generation dendritic PEG structures by iterative
azide—alkyne click coupling of @-azido-functional PEG with
propargylated tetrakis(4-hydroxyphenyl) porphyrin zinc(II) and
subsequent attachment of further porphyrin branching points via
etherification.” Singlet oxygen production and photo stability
were tested to investigate the first, second and third generation
polymers” suitability for use as photo sensitizers and to establish
differences between the generations. Dworak and Walach
performed repeated anionic block copolymerization of EO and
EEGE, an acetal-protected glycidol derivative, followed by acidic
deprotection to generate multiple hydroxyl initiation sites.*”*
Short PEG segments (DP = 10) resulted in amorphous materials
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Figure 14. Synthetic strategy toward dendrimer-like PEG by Taton et al.
(Adapted with permission from Feng, X.-S,; Taton, D.; Chaikof, E. L,;
Gnanou, Y. J. Am. Chem. Soc. 2008, 127, 10956."** Copyright 2005
American Chemical Society.)

while longer linear chains led to crystallization. Branched
polymers with long PEG segments (DP = 50) exhibited
enhanced uptake and transport of a hydrophilic dye into a
methylene chloride solution, compared to linear and star-shaped
PEG.

Several promising synthetic works rely on the copolymeriza-
tion of ethylene oxide with unprotected glycidol as a branching
agent, resulting in hyperbranched structures with mere polyether
scaffold. The glycidol molecule possesses both a polymerizable
epoxide ring and an alcohol moiety that is capable of initiating the
growth of another chain in an anionic or cationic polymerization.
Therefore, glycidol is often described as a latent AB, monomer
and represents a cyclic “inimer”.

Dworak and co-workers reported the repeated anionic block
copolymerization of EOQ and G.*** The hyperbranching
polymerization of glycidol on a PEG macroinitiator, however,
was found te produce significant amounts of hyperbranched
polyglycerol homopolymer. In a multistep, one-pot reaction,
Taton et al. also synthesized multiblock copolymers, consisting
of linear PEG chains interrupted by oligomeric poly(propylene
oxide)-co-polyglycerol or <£)_oly(a]lyl glycidyl ether)-co-polygly-
cerol branching segments.“’ 1n 2001, Tsvetanov and co-workers
obtained high molecular weight random copolymers of EO and
G by simultaneously bubbling EQ through and adding G to a
calcium amide-alkoxide initiator suspension.”® This procedure
only permitted limited glycidol incorporation up to 3% and
resulted in very broad molecular weight distributions (PDls
ranging from 3 to 13). Under different reaction conditions, the
controlled copolymerization of this comonomer combination

DOI: 10.1021/acs.chemrev.5b0441
Chem. Rev. 2016, 116, 2170-2243
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Scheme 43. Hyperbranched Poly{alkylene glycol)s by Copolymerization of Alkylene Oxides with Glycido
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was realized by our group. We synthesized hyperbranched PEG
with narrow molecular weight distributions, adjustable compao-
sition and tunable degree of branching by random anienic
copolymerization in a batch process (see Scheme 43).°*
Contrary to the linear anionic polymerization, the resulting
molar masses do not depend on the ratio of monomer to
initiator. Limited control over the degree of polymerization was
achieved by varying the polarity of the reaction media. The access
to well-defined hyperbranched PEG copolymers of a wide range
of molecular weights enabled a combined investigation by
analytical ultracentrifugation, viscometry, translational diffusion
measurements and size exclusion chromatography to establish
the hydrodynamic properties of these structures. The obtained
scaling relations imply an approximately globular, dendrimer-like
structure. For the first time, sedimentation and diffusion analysis
was employed to tackle the challenge of absolute molar mass
characterization of hyperbranched polymers, revealing up to 25
times higher values compared to SEC data using linear standards.
The characterization data demonstrate that the copolymerization
of EQ and glycidol can lead to maolecular weights in the range of
10° g/mol.s'ZH

Hyperbranched poly(propylene oxide)-co-polyglycerol and
poly(1,2-butylene oxide)-co-polyglycerol were synthesized in a
similar manner, but without solvent, leading to moderately
distributed, albeit low molecular weight polymers with
thermoresponsive properties in aqueous solution,>****" By
variation of the comonomer ratio, lower critical solution
temperatures (LCST) and glass transition temperatures were
tailored in a systematic manner. Monitoring the batch
copolymerization of BO with G by in situ NMR spectroscopy,
our group found a tapered structure with a hyperbranched PG-
rich core and PBO arms. Hyperbranched poly{1,2-butylene
oxide)-co-polyglycerol copolymers with elevated moalecular
weights up to M, = 35000 g mol™" could be prepared under
slow monomer addition conditions.

Among other polyglycerol copolymers, Royappa et al
reported various cationic copolymerizations of glycidol with
propylene oxide and 1,2-butylene oxide, respectively, using
boron trifluoride etherate. However, no information regarding
degree of branching and amount of comonoemer incorporated
was gjven.f"g1

Using glycidyl methacrylate as a branching agent and
Potassium hydride as a catalyst, Zhu et al, prepared long-chain
hyperbranched PEG by proton-transfer copolymerization with
telechelic PEG, albeit with broad molecular weight distribution.
Polymer cytotoxicity and hydrolysis of the ester bonds under
physiolagical conditions were studied.””
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6. BIOMEDICAL APPLICATIONS

Recent advances in the functionalization of PEG open manifold
perspectives for different biomedical applications. Particularly
the area of bioconjugation has profited enormously from the
availability of well-defined PEGs with tailored end groups. Itis a
safe bet that also the advanced structures presented in the
preceding sections of this review will be increasingly explored in
this field in the future and will permit to improve targeting of
bioconjugated therapeutics considerably.

6.1. Bioconjugation and PEGylation

The covalent attachment of PEG to surfaces, drugs, or
biomolecules is known as “PEGylation”. PEGylation is an
extensively used strategy, designed to improve the biochemical
and pharmacological properties of therapeutics, particularly their
half-life in the bloodstream, but is also employed to improve
other key properties, as described in the following.

PEGylation is very often associated with modification of
proteins and peptides,”™ but a large variety of molecules and
surfaces have been PEGylated. This includes lipids (for the
preparation of stealth liposomes,”"™**® ie, mPEG-1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), folate—
PEG—DSPE, the disulfide-linked cleavable lipopolymer,
mPEG—dithiodipropionate (DTP)—DSPE,**” and Gal-PEG-
DSPA™), DNA, and oligonucleotides (PEGylated nucleotides
show improved solubility, inferior degradation ‘thmru§h
nucleases, as_;zv_eg as cell membrane permeability™*’~**"),

affinity ligands (PEGylated affinity ligands

nanoparticles,

are often used for purification of biopharmaceuticals™**"),
cofactors (used in biotechnological processes™****), and drugs.
The PEGylation of drugs disparate to proteins and peptides
provides enhanced water-solubility, higher stability to pH and
temperature changes, which translates to better shelf half-life.
PEGylation also preserves their activity, reduces antigenic
activity and improves blood-circulation time.”"**" Also
saccharides have been PEGylated.>"

Abuchowski and Davis et al. introduced the concept of protein
conjugation via covalent bonding of PEG, the so-called
PEGylation, performed usually by attaching methoxy-PEG
(mPEG) containing one protein-reactive end group (Table 10,
entry 1) in the late 1970s.%°%°"* These PEGylated biohybrids
show increased protein half-life times in vivo due to the hydrated
polymer shell, exhibit reduced kidney clearance and increased
blood circulation times due to steric shielding. Thereby the
therapeutic effects are greatly improved, and in addition the
respective proteins are protected against undesired proteolytic
degradation,'®33375%

DOI: 10.1021/acs chemrev.5h00441
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Figure 15. Biodistribution of unmodified (HES2) and PEGylated (HES-Iso-2) hydroxyethyl starch nanocapsules. A total of 1 mg of the capsules was
injected intravenously, and the fluorescent intensity was recorded after 30 min, 1, 2, 4, 8, and 24 h. The mice were sacrificed after 24 h and different
organs were tested for their fluorescence intensity. The accumulation in liver and spleen is much lower for the PEGylated nanocarriers compared to non-
PEGylated nanocarriers.”>" Adapted with permission from Kang, B.; Okwieka, P.; Schottler, S.; Seifert, O.; Kontermann, R. E.; Pfizenmaier, K;
Musyanovych, A;; Meyer, R.; Diken, M.; Sahin, U.; Mailinder, V.; Wurm, F. R; Landfester, K. Biomaterials 2015, 49, 125. Copyright 2015 American

Chemical Society.

Moreover, such proteins are known to possess a “stealth”
effect, preventing phagocytosis and fast elimination from the
blood. Additionally, PEGylation reduces immune reactions
because of lower opsonization rates and antibody binding.
PEGylation also impedes degradation of the biomolecules by
enzymes.”™ In addition, PEGylated proteins and nanocarriers
(see Figure 1S5) impart pharmacological advantages such as
improved solubility and passive targeting (enhanced perme-
ability and retention (EPR) effect).’>"%*

These benefits of PEGylation are also used in liposome
preparations to form so-called “stealth liposomes”.>*"%’
PEGylation of liposomes leads to a more comfortable treatment
of patients because of fewer injections are necessary due to
increased plasma half-life.

From the chemistry side, various possibilities are published to
target amino acid residues unselectively or rather selectively (see
below).55¥5¢°75¢3 §ome specialized chemistry, however, allows
the specific attachment of PEGs to a single amino acid residue.
Additionally, physical properties can be tuned, such as photo-,

2209

temperature-, or pH-sensitivity. An excellent review by Gauthier
and Klok gives an excellent overview on the state of the art in this
field.>**

Currently, 13 FDA-approved PEG-protein-conjugates and
one PEG-aptamer conjugate are available on the market for the
treatment of different diseases (Table 9).>*>°°

PEGylation has been extensively reviewed during the last
decades with focus on: PEGylation in a general
sense, 9330137308 the influence of the molecular weight of
PEG,**” coupling chemistry,”>¥3*'3>57057! gjte.specific PE-
Gylation,””*™*"" purification of PEGylated proteins,**>*"* i
bioprocesses,i‘—(' the cost-effectiveness,””” drawbacks,>>7%%7
and pharmacokinetics.>***%7%%

First generation PEGylation (see Scheme 44) refers to
polymer conjugation toward the pendant e-amino groups in
lysine residues. This method is feasible due to the high presence
of lysines in proteins and their accessibility on their surface.
However, several problems are accompanied: due to the
possibility of multiple lysine residues per protein, several PEG

DOI: 10.1021/acs.chemrev.5b00441
Chem. Rev. 2016, 116, 2170-2243
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Table 9. Marketed PEGylated Drugs®

brand active substance  approval  desease
Adagen Adenosine 1990 severe combined
deaminase immunodeficiency
Oncaspar  Asparginase 1994 acute lymphoblastic leukemia
PEG- Interferon a-2b 2000 hepatitis C
Intron
Daoxil/ Doxorubicin 2001 cancer
Caelyx
Pegasys Interferon -2a 2001 hepatitis C
Neulasta G-CSF 2002 chemotherapy-induced
neutropenia
Somavert GHA 2003 acromegaly
Macugen  Anti-VEGF 2004 wet age-related macular
aptamer degeneration
Mircera EPO 2007 renal anemia after chronic kidney
disease
Cimzia Antitumor 2009 Crohn’s disease
necrosis factor
Fab’
Krystexxa Uricase 2010 chronic gout refractory
Omentys Erythropoiesis- 2012 renal anemia after chronic kidney
stimulating, disease
agent
Movantik Naloxol 2014 opicid-induced constipation in

patients with chronic noncancer
pain
“Modified from Klein, R.; Wurm, F. R. Macromol. Rapiq[ Commur.
2015, 36, 1147. Copyright 2015 John Wiley and Sons.'***%3%,

Scheme 44. General Reaction Scheme of a Typical First
Generation PEGylation Reaction with mPEG-N-hydroxy-
succinimide and the Amine Group of a Lysine Residue of the
Protein
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chains are attached in a statistical mixture, resulting in positional
isomers and difficult reproducibility. If mPEG is contaminated
with PEG diol,*™! proteins are partially cross-linked. Another
undesired property regarding first generation PEGylation may be
unstable bonds. Examples for first generation PEG{lated
products today in use are Adagen,™ PEGintron,™ and
Oncaspar pegaspargase.” '

Second generation PEGylation (see Scheme 45) refers to the
site-specific attachment of the polymer, often in combination
with the use of PEGs with higher molecular weight (MW > 5000
g/mol)585 or midfunctional and branched structures.”*® These
conjugates have a higher uniformity and show improved
pharmacodynamics and kinetics. Pegfilgrastim (Neulasta) is
the best example on the market for N-terminal PEGylation (via
mPEG-aldehyde conjugation at N-terminus, Table 10, entry 7)
but also Pegasys, Doxil, and Somavert are in use today. A more
detailed overview of PEGylated drugs is given in the recent
review of Pfister et al.***

To enhance the selectivity of the bioconjugation site, several
variations in the linking chemistry can be used and they have
been reviewed elsewhere.”” One example is blocking of the
active site of the enzyme: this preserves enzymatic activity after
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Scheme 45. General Reaction of a Typical Second Generation
PEGylation Reaction with mPEG-propionaldehyde and the
N-Terminal Amine Group of a Protein”
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“The formed Schiff's base is subsequently reduced to form a stable
amine linkage.

polymer conjugation. Caliceti et al. bound the enzyme to an
active site inhibitor, immobilized on a resin during the
PEGylation process. The authors PEGylated trypsin in the
presence of benzamidine and thereby protected the active site of
the enzyme.”®” In the same fashion, Salmaso et al. PEGylated
avidin without conformational changes of the protein when
biotin is present simultaneously. Full enzyme ﬂCti\fitg/' was kept
when PEG chains >10 000 g/mol were attached.*** Veronese
and co-workers PEGylated uricase in the presence of uric acid as
protecti_ng agent, which resulted in retained enzymatic
activity.™” An interesting approach is to modify a free thiol
group with a diselenide PEG reagent via thiol/diselenide
exchange reaction (see Table 10, entry 25).°"° Undesired
PEGylation sites of the protein can also be reversibly protected,
i.e., with BOC, FMOC, or maleic anhydride.5917593’

The introduction of (non-natural) amine acids incorporated
into proteins by specifically engineered bacterial strains is a
commonly used strategy to afford site-specific and mono-
PEGylation.”** Cho et al. incorporated p-acetylphenylalanine in
human growth hormone modifying the genetic code. The mono-
PEGylated mutant was tested in clinical studies in rats and was
shown to increase potency and reduce injection frequency.”””

Another strategy is to use genetically modified proteins with all
reactive amino acids replaced against nonreactive ones to limit
the amount of reactive sites. The key challenge herein is to retain
biological activity despite of changing the amino acid sequence of
the protein. TNF-a¢ was modified using this strategy and
subsequently mono-PEGylated at the N-terminus (Table 10,
entry 42).%%"

End-capping after peptide synthesis in solid phase peptide
synthesis is another method to obtain mono-PEGylated products
through ordinary amine-reactive groups at the PEG.**>™ A
summary of strageties for coupling of synthetic macromolecules
ta drugs, which are often based on proteins, are listed in Table 10,
together with peculiarities, advantages and drawbacks of the
respective methods.

The vast majority of papers published in the area of
PEGylation rely on commercially available protein-reactive
PEGs or mPEGs, which are maodified at the terminus to generate
a protein-reactive end group. Only few examples can be found,
with the same research team (or a collaboration partner)
synthesizing the protein-reactive PEG derivatives by AROP of
EO and combining it with subsequent bioconjugation. In most
reported cases, innovative polymer structures are synthesized

DOI: 10.1021/acs.chemrev.5b00441
Chem, Rev. 2016, 116, 2170-2243
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Table 10. Strategies for the PEGylation of Peptides/Proteins

w

w

PEG derivative AI?IHD acid
target
Alkylation Amine groups®
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o

N-terminus
(especially N-
terminal Pro)
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1 e Hisg-tag
JO\"‘HO’\/ \".m\.,) il
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Reductive Alkylation

N-terminus

N-lerminus

N-lerminus

NH:

Protein(s)

a) Bovine liver catalase
b) Rabbit anti-human
erythrocyte-1eG

Histones

Trypsin

Lysozyme, RNase A,
myoglobin,
chymolrypsinogen, green
fluorescent protein

Domain
2a

tibody, IFN-u-

a) CD4-1gG
b) Horscradish peroxidasc
¢} lysozyme

Lysozyme

a) Recombinant human G-
CSF
b) Epidermal growth factor

IFN-b-la

a) IFN-B-1b

b) thalFGT (recombinant
human acid fibroblast
growth factor)

¢) Recombinant human G-
CSF

Lysozyme

221

Polymer (Mn in
gmol)

mPEG-
dichlorotriazine
(200 (b), 1900
{a.b). 5000 (a.b))

mPEG-iresylate
(5000)

mPEG-tosylate
(1100, 2000. 5000)

PEG-0-
aminophenol
(5000)

mPEG-
monosulfone with
conjugated double
bond

(20000)

mPEG-
acetaldehyde
(2000 {e). 3000
(ab)

mPEG-
acetaldehyde
diethylacetal
(2000)

mPEG-
propionaldehyde
(2000 (b), 5000
(b). 6000 (a))

mPLG-
methylpropionalde
hyde

(20000)

mPLG-
butyraldehyde
{6000 {¢) 20000
(a.b). 30000 (a))

mPLG-
glutalaldehyde
(10000)

Comments (analysis, activity data,
degradable linkers, side reactions,
requirements, limitations,
reversibility)

Because ol toxicily and low
specificity no longer used.

a) post-PEGylation activity kept up to
95%. low specificity, also reaction
with Cys and Tyr,
b) protein-activity correlated with
PEG content (by C labelling).
Higher specificity towards amincs,
however, it leads to mixture of
products (reaction with thiols)

Loss ol activity (to 68%)

Reacts also with thiols, active specics
generated jn sifu using potassium
ferricyanide, fast reaction kinetics,
low concentrations of the reagent
possible

Site-specific mono-PEGylation. One
mPEG molccule reacts with two
histindine residues. When using
PEGylating agent in excess, di-
PEGylation can be oblained at His-
tag, biological activity maintained

a) nentral pH, binding ability to HIV-I
rgp-120 was reduced to 50%.

b) modificd protein soluble and active
in organic solvents (in toluene 0.15
mg/ml)y

Intermediate Schifl base is reduced
with NaBILCN, disadvantage: water-
sensitive, reduces disullide bonds in
proteins.

¢} Reduction step with iridium
catalyst; advantage: reaction in
aqueous medium,

Drawback: no specificity o N-
terminus, moderate yicld

Aldehydes are susceptible to
oxidation, PEG acetaldchyde
diethylacetal generates aldehyde in
situ, reaction at pH 6, reduction with
NaBILCN

Slightly acidic pH

a) 5 times less aggregation compared
to acylation (amid-bond) due to
preservation of charge at A-terminus
(secondary aminc)

b) retained biologic activity in vitro
(cell proliferation and signal
transduction); prolonged circulation
time in vivo

Specific for N-terminal NH;, protein
retained 50% ol ils activily,
pharmacokinetic tests in vivo

a) irreversible due to NaBH;CN
reduction

b) mono-PEGylation. in vitro less
stimulation effect than native protein;
better therapeutic officacy duc to
enhanced stability

Mild reaction conditions, purification
with cation exchange
chromatography, 20 limes increased
bialogical activity
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Table 10. continued
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Amino acid
targel

Amine groups

NH»

NH:

NH,

NH,

NH,

NIL

NH,

N-terminus

NH,

NH;

NH,;

SH

SH

Protein(s)

Lysozyme

Lysozyme

Bovine hemoglobin

Ribonuelease A
Superoxide dismutase

a-7-Lysing
Ribonuclease A

BSA, trypsin, supcroxide
dismutase,
macroglobulins, lactoferrin

Interferon-o2b

When residing at resin

Lysozyme

Lysozyme

BSA

a) CWK g peptide

b) Pseudomonas endotoxin
A mutant

¢} a=hemolysin

2212

Polymer (Mn in
g/mol)

mPEG-
succinimidyl
carbonate
(2000, 5000)

mPEG-phenyl
NHS carbonate
(5000)

mPEG-
thiazolidine-2-
thione

(5000)

mPEG-
nitrophenylcarbon
ate

(1900, 5000}

mPEG-2,4.5-
trichlorophenyl-
carbonale

(1900, 5000)
mPEG-
carbonylimidazol
(IM, 2000, 5000)
PEG-dilM (4000)
PEG-(etralM
(20000)

mPLEG-
carbonyhmidazoli
um iodide (12000)

mPEG-COOH
(3000)

mPEG-
benzotriazolyl
carbonate
(5000)

mPEG-
dithiobenzyl-p-
nitrophenyl
carbonate (DTB-
NPC, 2000, 5000,
12000)

mPLG-squaric
acid ester amide
(2100, 5100)

mPEG-
ortopyridyldisultid
¢ (OPSS, 3000 (c),
5000 (a,b.c),
20000 (b))

Comments (analysis, activity data,
degradable linkers, side reactions,
requirements, limitations,
reversibility)

Coupling via carbonate group.
Advantage over NIIS (ester bond
formed) is no hydrolysis becausc the
formed carbamate bond formed is
very stable against hydrolytic
cleavage. No aclivily dala is shown.
“rPEGylation™ PEGylation reduces
activity, stable at pH 7, but hydrolyses
in plasma or at pH 8. Restores enzyme
activity

Stable in aqueous solutions at room
temperature (long half-live (240 h)
compared to succinimidyl linkers), no
change in pll oceurs which enables
conjugation of pH sensilive proleins
Stable at physiological pH.
nitrophenyl moiety hinders easy and
rapid reaction evaluation (measure
unreacled amine groups) due o
absorbance. slow reaction

Unstable at pH = 7

Plasma halt-lite time significantly
increased

Much faster bioconjugation reaction
(30 - 150 min) compared to mPEG-
carbonylimidazol (10 h)

Coupling reaction via Steglich
esterification, completion of reaction
confirmed by ninhydrin test, mono-
PLGylation (side chain amine groups
are protected); work up: SEC (HPLC),
no activity data shown

Side-chain protecting groups are
unaflected

Synthesis of mPEG-benzotriazolyl
carbonate without the use of toxic
phosgene; PEG is reacted with dif 1-
benzotriazolyl) carbonate
LAPEGylation® 7 step synthesis. Upon
bioconjugation, enzyme acti i
completely lost. After reductive
cleavage of the disulfide, almost fully
restored activity. Partially
decomposition m plasma (from SDS
PAGE)

High stability against hydrolysis
(several days), allowing longer
reaction times compared lo PEG-
NHS. Reaction tolerates hydroxyl
groups, no activity data shown
Reversible, cleaved under reductive
conditions

Reaction under both acidic and basic
conditions (pH 3-10)

a) PEG-peptide DNA complex

b) Cys residues introduced by genetic
engineering as conjugation, protein
folding not affected. half-life time is
prolonged and toxin activity
maintained

¢) transmembrane prolein with single
PG chain attached within the channel
lumen

DOI: 10.1021/acs.chemrev.5b00441
Chem, Rev. 2016, 116, 21702243
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Table 10. continued

24

26

28

29

30

31

s
bl

PEG derivative
Z|
/{O\A s = I
no/\./ ~s

. 9 N
/_0\/;'43)\ ,;f\/s'Q sq Io{ /\oﬁ

Thioether lormation (Michael addition)/Thiol-

cne-click

/’o\/\‘j,o/\/ Of]
gy

o
,[ov}ao/\,i\f

and

Amino acid
targel

SH

SH

SH

Cys-8-8-Cys

SH

SH

SH

Allylated
cysteine

Protein(s)

Papain

Recombinant human
granulocyte,
colony-stimulating factor
(thG-CSF)

Salmon caleitonin

a) Reduced RNasc
b) CWEK peplide

Recombinant interleukin 2
(rlL-2)

TS A; anti-Tler2-Affibody,
Laminin-beta-peptide

IFN-0-2b
CD4-antibody fragment
leptin

Glutathione

Salmen calcitonin

Somatostatin

Human serum albumin,
maltose binding protein

Serine protease
subtilisin

2213

Polymer (Mn in
g/mol)

mPEG-
parapyridyldisulfid
€ (OPPS, 5000)

(MPEG-Se),
(20000)

mPEG-(meth-
Jacrylate
(500}

mPLG-
vinylsul fone
(50000

mPEG-maleimide
(6000)

PEG-monosulfone
(5000. 40000}

PEG-monosulfone
with conjugated
double bond
(20000)

PEG-glycidyl
cther
(4500)

mPEG-
dibromomalcimide
(5000)

mPEG-
dithiophenolmalei
mide

(5000)

mPEG:
MSOPEEE-amide
(5000)

mPEG-allyl (200)

Comments (analysis, activity dala,
dogradable linkers, side reactions,
requirements, limitations,
Teversibility)

Characterization with MALDI MS,
SDS-PAGE and HPLC, no activity
data shown

Reactive diselenide which reacts with
thiols under S-Se formation, lower
PEGylation yield than PEG
maleimide. Good in vitro
performance, but iz vivo less effective
than OPSS-PEG

Reaction after disulfide cleavage with
water soluble organic phosphines, aza-
Michael addition to Lys does not
oceur, activity retained

Thicl-selective.

a) kinetics dependent on pll: at pIT 7-9
fast reaction to SH (30-60 min), at pH
7 no reaction 1o NII;, at pIT 9.3 slow
reaction 1o NH; (100 hy

b) conjugate 1o bind plasmid DNA
Single-PEGylation at recombinant
cysteine, full bioactivity kept. Faster
reaction than with PEG-vinyl sulfone,
but not stable in ws

ring-opening.
5.5 possible
Exclusive formation of cysteine-
conjugate at pH 6-10; ireatment with
hydride reduces ketone to prevent
undesired deconjugation or exchange
reactions

Site specific bisalkylation; tertiary
structure kept despite of disullide
bridge cleavage due to efficient
rebridging, high yield of PEGylated
protein

Protein/peptide coupling, via radical
thiol-ene addition, multiple peptides
per polymer conjugated.

Reaction at pH 6.2 in 15 minutes,
disullide rebridging and thereby
maintaining tertiary structure, activity
not investigated, increased serum half
life time, increased resistance to
CNzymes

{n siru reduction of natural disulfides
1o obtain reactive thiols, fast reaction
with PEG reagent (completed in 20
minutes), rebridging disulfides, fast
Teaction needed to avoid protein
vnfolding and aggregation, retention
of biological activity

Chemosclective to cystein, disulfides
are nol modilied, much more stable
than NHS PEG under basic or acidic
conditions, or in neutral ptH and
presence of glutathione

Aqueous cross metathesis. First step,
TIntroducing allyl-sulfide at thiol group
{4 °C, 20 min, =95% conversion),
sccond step cross metathesis with
Grubbs-Hoveyda 2nd generation
catalyst in water/t-butanol mixture,
50% conversion

Ref.

500

a6

&8

[

a3l

@32

&34

DOI: 10,1021/acs.chemrev.5b00441
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Table 10, continned

Amino acid

No.  PEG derivative
target

Alkyne-azide click

y-propargyl-L-
glutamate

a) para-azido-

o}
oAy B

N
H homoalanine

o 0 Q
,IO\/ﬁuJ\/\/U\N Il
O .

38 .
Q homoalanine
o}
oA,
J nNJLO f
Y
Norbornene {eirazine ligation
T o= e = Pyrrolysing
# o F‘Q_('N Faw norbornene
Oxime formation
40 /lo\/‘Lo'NHZ lormylglycine
n

H I'hr-OH or Ser-
Jo A, N NH, Iy
41 o~y o Ol at A-
o Terminus
Amide formation
42 NH;
4 NI,
43 His-NH
44 NH:
45 NH;
o o & 5
4 o IS NH, of A=
6 P i l ™ l;o/\/ o \CHD Tetminal Ser

286

Protcin(s)

poly(y-propargyl-
L-glutamate)

a) Superoxide dismutase
b) CalB

AHA-CalB,
horseradish peroxidase

Human carbonic anhydrase
11
(HCA)

Chemokine (C-C motif)
ligand 5 (CCL5)

1L-8, G-CSF, IL-1ra

a) Bovine lactoferrin
b) Peptides.

a) Uricase

b) Recombinant human
(rh) IL-10,

th IFN-u-2a

Recombinant human [L-2

Bovine serum albumin
(BSA), superoxide
dismutase

RNase S, polypeptide PTH

2214

Polymer (Mn in
g/mol)

PEG-azide (750,
1000, 2000, 5000)

PLEG-alkin
{3000 {a.b), 20000
{a))

DIBAC-PEG or
DIBC-PEG (2000)

mPEG-tetrazine
{1500)

mPEG-aminooxy
{2000, 5000,
10000, 20000y

MPEG-NH,
(3000, 10000,
20000)

mPEG-N-
hydroxysuccinimid
¢ (NHS, 20000,
400003

mPEG-
succinimidyl
succinate

(5000 (a), 12000
(b))

mPLG-
succinimidyl
glutarate (5000)
mPEG
succinimidyl
succinamide
(1900, 5000)
t-boc-N-amido-
PLG-
salicylaldehyde
(850)

Comments (analysis, activity data,
degradable linkers, side reactions,
requirements, limitations,
reversility)

Advantage: biorthogonal coupling
easily possible; Disadvantage: toxicity
of Cu-ions, Cu-mediated denaturation
of proleins

Incorporation of unnatural alkynated
amino acid, grafting efficiencies upto | 35
100%, CD spectroscopy data, no

protein functionality tested,
CuBr/PMDETA catalysi nescessary
Tncorporation of p-azido-

phenylalanine in proteins with yeast,
homogeneous PEGylation, bioactivity | a)
unchanged aller PEGylation, copper by ™7
catalyst needed

Ref,

36

Copper-lree ring strain promoted
cycloaddition, 9 step synthesis of

mPEG derivative, fast modification &5
(3h at room temperature and pIT 8.5),

some PEG derivatives commercially
available

Quantitative reaction (confirmed by )
SDS-PAGE), analysis with ESI-MS, 539
no activity data shown

Introducing genetically encoded

aldehyde via protein engineering on i
recombinant protein, no activity data

shown

Introduction of N-terminal reactive
carbonyl group next to Thr or Ser with
sodium periodate. Reaction under ol
acidic conditions (pH 4), attachment

of single PEG chain, in vifro

biological activity retained

Most common PEG derivative lor
PEGylation,

reaction and hydrolysis kinetics at

different pIT(pIT7 and pI19), a1z
Drawback: hydrolysis of ester bond
(t¥2= 2 h, reaction duration 2 h at pH
7.4, t%2 =9 min. reaction duration 10
min at pH 9)

Reversible PEGylation due to
hydrolysis of ester

ayat pll 9, less reactive than mPEG-
succinimidyl carbonate

b) at basic pll mixiure of PEGylation
at Lys or His; slightly acidic pIl leads
to modification just at His-NH.
Cnhanced solubility, partial loss of
vitro bioactivity, decrcased plasma G5
clearance and increased antitumor

potency in mice.

Specific binding properties were

decreased lor BSA and about constant | qus
for superoxide dismutasc; plasma

clearance time enhanced

643

by 64

Site-specific PEGylation, via NO-
benzylidene acetal intermediate, no
biological data shown

DOl 10.1021/acs.chemrev.5b00441
Chem. Rev. 2016, 116, 2170-2243
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Table 10. continued

Comments (analysis. activity data,
Amino acid Polymer (Mn in degradable linkers, side reactions,

. S et foe e
No. | PEG derfvative target Protein(s) g/mol) requirements, limitations, Ref.
reversibility)
o] . . N
J(O\/\_ . (_-lcrrrflmusrul protein musl be )
47 n H C-‘tcm-nnal Ubiguitin mPEG-sulfonazide mndlflcd \‘:’It‘h thmacen.c group via a2
,9 thioacid group (5000) protein splicing, then site-selective
O’/S\ Ns amidation is possible
o Reversible PEGylation, under
) Urokinase, tissue-type mPEG- physiological conditions the native )
48 /IO o | o NH: lasminosen activator methylmaleic protein is regencrated by hydrolysis. o
~To T plasminogen activato anhydride (3000} but slower blood clearance rate than
§ (o] the native protein
Noncovalent coupling
[ ; .
|o /+ i’ Zf\)\\ TRAIL (tumor necrosis Hfr]x:lgiﬂlce ic acid Reversible PEGylation without loss of )
49 AT 9 e 1lis-lag laclor-related apoplosis NTA). mPEG-Ni bioactivity; [or high-throughput s
inducing ligand) f}isN/TizATSUl-)UI; " testing of protein drugs in vivo
o}
ool g
n S/\JFNI PEG-low 4-armPEG stars with low-molccular
50 0 r‘ Heparin binding growth molecular weight weight heparin bind reversibly to o
: L. factor (VEGF) heparin (LMWH) heparin-binding growth factor o3
(22000) {VEGF) in hydrogel
HN S0
LMWH
4
Site-specific PEGylation due to PEG-
) biotin and CD133-AB-biotin
51 streptavidin C12133 Antibody Hgab%?(r-hm“" interaction with streptavidin for 55
recovery and purilication ol neural
stem cells
Use of linker molecule B-
L cyclodextrin-g-mannopyranoside, the
52 7 P-cyclodextrin Concanavalin A (ConA) "]E)Eg;-dddm‘“ml latter recognizes ConA and combines
'*017’ 1 (3100) PEG-adamantyl with ConA for
o hydrogel preparation
LAY
HO, B ()\": Uo:o
A B O g T
[ "oH 1
"ol
Hydrazone [ormation
a) synthesis of mPEG-hydrazide
b) periodation of the A-terminus,
specific monoPLGylated at A-
N o terminus. higher PEGylation yield
H i ! MPEG-hy drazide compared to PEG-aldehyde, detailed 455
o dod, Mo Neterminal Ser | (550 @, 2000 (. ponPared o B a)
n | 2 or Thr 3000 (ab), 12000 . . by
o (a1, 20000 (b)) hydrazone linkage is stable at nqlltral
’ pll but degradable at pH 2-4, suitable
for reversible PEGylation. Reduction
with NaCNBH; leads to stable
conjugates.
. H PEG- High selecliv:ily ol 1od0ace_lamide .
54 M \/+‘O/\\/N | SH WINE40 Fab iodoacetamide towards a-thiol, slow reaction to ‘z
- n \f(\ ’ : ¢ thioether bond, reaction in the dark to | 7
o (5000) . .
avoid generation of I,
Advantage: can be introduced without
Diazo coupling I'yr change of charge or redox sensitivity
(compared to Lys or Cys)
Generation of diazonium [rom mPEG-4-
aminobenzoic acid ester with in sifu-
generated LINO, by treatment with
trifluoroacetic acid and NaNQ; and
o a) reaction al pH 4.5 site-specilic in the
) S i . presence of His, Tys and N-terminal
55 40\40 = a) Tyr a) salmon calcitonin (sCT) :gggé’;l;d;ggggn amines: sC'T function not affected in a) 35_‘\
- n | b) His. Tyr b} IFN-u-2b, EPO B g vitro and in vivo by
& Ny* (), 30000 (b)) b) reaction at pH 8-9, PEGylation ratio
of His or Tyr residues can be varied with
pH, [ast reaction (3h, 70% conversion)
with low excess of PEGylating agents
needed. azo group is a chromophere, can
be used for reaction control
2215 DOI; 10,1021 /acs.chemrev,5b00441

Chem, Rev. 2016, 116, 21702243
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Table 10. continued

56

58

59

60

61

62

63

PEG derivative

Tyrosine click

Enzyme ligation

JO\/LP/\H’H\/V'\’NHZ
o

Staudinger Ligation

JO\/ﬁo"\va/[\ ‘ PPh,
o
PoApmds
3

NO,

JOM‘L
©
O\ 3

Palladium catalyzed ligation

oA Fomg T

) (o]
JoApmy
n H
L on

OH
Urea/thiourea bond formation

o
i
40 PN P e
~The H g

Nec,
,10\/430%@ °

Amino acid
target

Tyr

Gln

Ser/Thr

Azido-
homoalanine

Azido-
phenylalanine

Homopropargyl
-glycine

p-iodo-
phenylalanine

NI,

NH;

Protein(s)

Chymotrypsinogen,
antibody trastuzumab

Human 1T.-2
Salmon calcitonin
Human growth factor

a) G-CST, TFN-u2b
b) Factor VIII

Thrombomodulin

Protein export protein
Scch

Ubiquitin

All-p-helix protein,
subltilisin

Sarcosin oxidase

HSA

Polymer (Mn in
o/mol)

mPLEG-4-phenyl-
3H-1.24-
triazoline-3,5(4H)-
dione (PTAD,
5000)

mPEG-alkylamine
(550 (b). 3000 (a).
10000 (a.b), 12000
(a))

PEG-Sia-CMP
(2000 (b}, 5000
(b3, 10000 (b,
20000 (2,b), 40000
by

mPEG-
triarylphosphine
(5000)

mPEG-phosphite
(2300, 6000)

mPEG-iodoary]
(5000)

mPEG-pheny]
boronic acid
(PBA, 2000)

mPEG-isocyanate
(NCQ, 5000)

mPEG-
isothiocyanate
(PLT, 3000, 5000}

Comments (analysis, activity data,
degradable linkers, side reactions,
requirements, limitations.
reversibility)

Ref,

Selective PEGylation via tyrosing

click reaction, reaction in PBS or

I'RIS buffer possible, stable

conjugates (more robust than 540
conjugates with malcimide-PEG) to
extremes of pIT (24h at room

temperature), temperature (1h at 120

°C) and plasma (| week at 37°C)

Site-specific PEGylation by enzyme
transglutaminase at amino acid
glutamine, without decreasing
bicactivity

b) addition of co-solvents leads to
struetural changes of protein and
enzyme, and results in change of’
cnzyme activity and thus in mono-
PEGylation

(Glyco-PEGylation,

a) two step procedure, first attachment
of Gal-NAc to Ser/Thr with GalNAc
transferase, then coupling to
PEGylated sialic acid with sialyl 25
transferase, activity kept, ;)) 664
homogeneous bioconjugate

b) use of natural N-glycans; mono- or
diPEGylated product obtained,

decreased binding to tissue factor but

other functions retained

Enzymatic activity unchanged, sitc-

specific mono-PEGylation at C- 565
terminus, reaction in PBS at neutral

pH for 36 h

Reaction possible in aqueous media as

well as in cell lysate, mild reaction
conditions, analysis of conjugation

with SDS-PAGE w66
Conjugation with the bottom structurc
resulis in light cleavable

“rPEGylation”, After irradiation for 1-

2 h, protem function is regained

Reaction at 37 °C in water in 30

minutes (80% conversion). Usage of 47
palladium catalyst in Sonogashira
cross coupling, copper-fiee

1000 equivalents of PEG component
necessary, 70% conversion in 2 h at
37 °C. Addition of external ligands is
not required (K-PdCl, is used as
catalyst. mPEG-PBA acts as ligand)

=3

PEGylation leads to complete activity
loss, except if competitive inhibitor is
added during reaction. NCO reacts
with nucleophils. which makes it
rather unsclective

Formation of stable thiourca bonds,
secondary structure influenced slightly 70
during PEGylation (from circular

dichroism measurements).

9

“The difference in reactivity of the e-amine group and the N-terminal amine group (pK, &~ 10 and pK, = 7.8, respectively) is reported to be

responsible for selective bioconjugation to the N-terminus.

671

and characterized by innovative synthetic strategies, albeit no
actual application is presented.******1%52862 Baced on this
critical remark, this section will only focus on PEG derivatives
that are tailor-made by ROP of EO and actually used for
bioconjugation. For PEGylation with commercially available,

end-group functionalized PEGs please refer to reviews [see refs

288

14, 535, 549, 553, 555, 557, 5605062, 565, 567, 569—573, and
575—580] and textbooks.’”*

One of the first efforts to combine PEG synthesis with peptides
was conducted by Joppich et al. in the 1970s.°”* The group
functionalized ethoxy-PEG with an active ester and attached two
PEG chains to each side of a tripeptide (Table 10, entry 43).
More recently, a 4-arm PEG (“umbrella-like PEG”) was

2216 DOI: 10.1021/acs.chemrev.5 b00441
Chem. Rev. 2016, 116, 2170-2243
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Figure 16. Synthesis of NHS-functionalized “ambrella-like” PEG and conjugation of PEG to 1FN-¢-2b.°”* Adapted with permission from Zhang, Y;
Wang, G.; Huang, J. J. Polym. Sci. Part A: Polym. Chem. 2010, 48, 5974. Copyright 2010 John Wiley and Sons.

synthesized by the ROP of EO to obtain PEG with a single
protein reactive group for conjugation with interferon a-2b (see
Figure 16 and Table 10, entry 42).57

Copolymerization of EO with AGE and subsequent trans-
formation of allyl moieties into hydrazide groups was used for the
conjugation of multiple molecules of doxorubicin (Dox) under
formation of hydrazone bonds {Table 10, entry 53). The
cytostatic Dox can be released at physiological pH, and in vive
pharmacokinetics revealed prolonged circulation time and higher
accumulation in tumor tissue.**”

Tkeda et al. introduced a new bioconjugation method for
attaching PEG to primary amines which can be conducted under
mild reaction conditions {Table 10, entry 11). Lysozyme, which
was PEGylated with their method showed 20 times increased
biological activity compared to conventional PEGylation with
PEG-NHS (Table 10, entry 41).°"

Smart polymeric prodrugs consisting of PEG with some few
units of N-phenylmaleimide (N-PMI) was synthesized by AROP
by Siddique et al. Doxorubicin and Methotrexate, two anticancer
drugs were conjugated to the hydrazide units and released under
acidic conditions (Figure 17).7°

Kataoka and co-workers developed an oligodeoxynucleotide
conjugated PEG which is pH-responsive due to an acetal moiety.
The conjugate and linear poly(ethylenimine) formed polyion
complexes which de%Ealde at endosomal pH but are stable against
deoxyribonuclease.”” " In another publication, the group
describes pH-responsive micelles as siRNA delivery systems
composed of lactosylated-PEG-siRNA and polyplex that can
significantly silence the gene for firefly luciferase expression.””

2217

(11 - NEINROIIG D

pH

Figure 17. Schematic diagram for Dox-release through a dialysis
membrane and the photographic images for the release state in
methanol of PEO—Dox at pH 7.2 and 4.5 at the incipient point and after
24 ], respectively.“”® Adapted with permission from Siddique, A; Cho,
Y,; Kim, Y.; Bahng, S. H; Kim, S. W.; Lee, ]. ¥.; Kang, H. J.; Kim, S.; Bae,
Y. H; Kim, ). Macromol. Chem. Phys. 2015, 216, 265. Copyright 2015
John Wiley and Sons.

In many recent works, p(OEGMA)s are used for the chemical
modifications of (bio)drugs. The advantage of using OEGMA
derivatives instead of EO is evident (e.g, facile radical
polymerization, nontoxic reagents, avoidance of handling EO);
however, those materials will not be reviewed herein, Methacrylic
polymers synthesized with controlled radical polymerization

DOI: 101921 /acs.chemrev.5b00441
Chem. Rev. 2016, 116, 2170-2243
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having 2 mPEG-brush shape can be conjugated, i.e., to the N-
terminus of a protein via reductive amination with an aldehyde
functionality incorporated into the polymers79768’1 The recent
popularity of OEGMA-type monomers illustrates the strong
motivation to intreduce PEG segments or blocks into complex
polymer architectures in general. Contemporary reviews
summarize the use of controlled radical polymerization
techniques for protein—polymer conjugation.”*>**>7%3

Although PEGylation is a highly valuable concept, the strategy,
however, possesses several limitations, which are addressed in
recent research: (i) linear PEG possesses only two end groups, of
which one is used for conjugation and the second one is mostly a
methoxy group; this restricts possibilities for further function-
alization and the preparation of multiprotein conjugates; (ii)
PEGylation often leads to a reduction or even loss of protein
activity.”** The development of strategies ta overcome these
limitations and allow access to protein—polymer conjugates with
superior properties is a very topical and active field of research.

In this context, site-specific PEGylation approaches have to be
mentioned as well as variations of the polymer’s architecture, i.e.,
“branched” PEGs,>*" which influence the pharmacokinetics of
the conjugate.” In contrast to linear PEGs, branched PEG or
branched PEG-like polymers offer additional end groups, which
provide enhanced opportunities for further functionalization,
e.g, in order to introduce labels or targeting groups (see Figure
19). However, it has to be considered, that additional attachment
of labels, etc. may alter the in vivo performance of the system.

Another fact that affects the reproducibility and homogeneity
of a PEGylation is the molecular weight dispersity of PEG. If
obtained by established polymerization techniques, all polymers
possess a molecular weight distribution based on the statistics of
the respective method, even if typically rather narrow
distributions with Poisson statistics are obtained by anionic
ROP (see above). However, to circumvent the distribution
statistics, one alternative is purification of one homologue of
PEG (monodisperse PEG with D = 1.0) by chromatography.
Another approach is the synthesis of discrete PEGs via multistep
reactions in an iterative manner similar to a dendrimer synthesis
(Figure 18).5865%0 Usually, the commercially available products
are restricted to molecular weights below 2000 g/mol, most often
to oligomers {molecular weight up to 300 g/mol). There are
different chemical approaches to obtain such discrete PEGs by
iterative coupling of protected building blocks for elongation of
the chain 656691695

The same method can be fgplied for the creation of
monodisperse PEG-dendrons®® or monodisperse cydlic
PEG 8769

In recent work, it has been demonstrated that midfunctional
PEG with a lysine group located in the middle of the chain lead to
improved circulation times compared to linear PEG chains
(Table 10, entry 42 and Figure 19).”* The polymers are attached
via the lysine linker to the protein, by which a branching directly
at the protein occurs. These midfunctional protein-reactive PEGs
are typically called “branched PEGs”. A commercial therapeutic
for the treatment of hepatitis C (“PEGASYS, Roche”, Table 9) is
available that relies on this type of branched PEG coupled to
interferon @-22.°" A very recent, promising publication of
Podobnik et al. shows the attachment of a comb-shaped
poly(PEG) polymer (50000 and 70000 g/mol), which results
in lower viscosity compared to attachment of linear PEGs and
thereby enables administration of high doses of PEGylated
drug”® The respective strategy for branched PEGylation is
based on the controlled radical polymerization of appropriate

290

2218

ModeA Mode B ModeC
gu . l .
g e s v
g‘E -0
&
L=n(1+g) L=n(1+2g) L=2%
Mode D
p
o

L=3%

Figure 18. Discrete PEG (d-PEG) oligomer synthesis strategies: Bach
circle represents an EG unit. L is the oligomer length after g generations
of coupling given a starting material of length n. Mode A: unidirectional
iterative coupling; Mode B: bidirectional iterative coupling; Mode C:
chain doubling; Mode D: chain tripling. Adapted with permission from
French, A. C,; Thompson, A. L; Davis, B. Angew. Chem. Int. £d. 2009,
48, 1248—1252. Copyright 2009 John Wiley and Sons.**®

LINEAR

*BRANCHED"

* antibody, proteolytic enzyme
*
=) : active site

protein-reactive group

Figure 19. Schematic representation of the benefits of PEGylation with
linear or branched PEGylation reagents.

side-chain functionalized (meth)acrylate monomers. The most
prominent example is poly(ethylene glycol)methacrylate, which
can be polymerized, using a variety of controlled radical
polymerization techniques and grafted to the protein of interest
following both grafting onto and grafting from strat-
egies.sm”'o V7% Burthermore, a more recent report describes
the synthesis of linear—hyperbranched o,w,-telechelic block
copolymers, based on a linear PEG block and a biocompatible
hbPG block, in which the polyfunctionality &, can be adjusted by
the degree of polymerization (DP,) of glycidol (OH-groups) and
their noncovalent conjugation to the model J:arotein avidin via
biotinylated PEG-b-hbPGs (see Figure 20).%*

The synthetic pathway that was used in the last example for the
preparation of the hbPGs offers unprecedented opportunities to
tailor the architecture and functionality of nonlinear PEG
alternatives. Another alternative to hbPGs is the use of linear
polyether polyol derivatives with several pendant hydroxyl
groups along the polyether backbone, The OH groups can be
anchoring points for the inclusion of different functional groups
to obtain mono- and heterobifunctional PEG derivatives for
bioccmjugation.318

DOI: 10.1021/acs.chemrev.5500441
Chem. Rev. 2016, 116, 2170-2243
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——— HABA-Avidin
104 0/

Avidin-Biotin-PEG-hbPG

£ HABA-Avidin ’

5

Avidin-HABA  Avidin-(Biotin-PEG-hbPG),
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Figure 20. Top: Noncovalent conjugation of avidin with 2-(4-hydroxyphenylazo)benzoic acid (HABA) and subsequent displacement by the
biotinylated polymer. Bottom, left: UV/vis spectra of the HABA-avidin complex (red) and after addition of the biotinylated polymer (yellow,
characteristic absorption of HABA). Bottom, right: HPLC diagram of native avidin and the noncovalently modified protein.”** Adapted with permission
from Wurm, F.; Klos, J.; Rader, H. J.; Frey, H. J. Am. Chem. Soc. 2009, 131, 7954. Copyright 2009 American Chemical Society.

Second generation PEGylation leads to site-specific modified
proteins, which proved higher bioactivity compared to
unselective methods.”® However, this requires the accessibility
of special amino acid residues such as lysine or, more specifically,
free cysteine-residues which are natural abundant and require
denaturation or gcnetic engineering to selectively introduce
these residues.’*>”*>7%!

Another strategy to overcome the reduced activity but to retain
the positive effects of PEGylation was presented more recently
and is based on reversible, ie., releasable polymer—protein
conjugation (rPEGylation, Figure 21). PEGylation often leads to

Mg

-7
L

Figure 21. Schematic representation of reversible protein modification
(rPEGylation).

triggered
hydrolysis
—

decreased in wvitro activity, but this disadvantage is counter-
balanced by the increased half-life in vivo. To combine optimal
activity with the other advantages of PEGylation, reversible
PEGylation is of great interest.””

The conjugates gradually lose the surrounding polymer shield
after administration, because the linkers are susceptible to
hydrolysis in biological environment (usually pH-sensitive).
Recently, several synthetic pathways to biodegradable functional
PEGs have been developed and used for protein conjugation (see
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Figure 22).”°%7"7 The synthesis of the releasable protein-reactive
PEGs involves multistep organic syntheses with several

inactive, PEGylated —
protein )

Figure 22. Multiple PEGylation results in inactive protein. The ortho-
nitrobenzyl functionality is cleaved upon stimulation with UV light and
the unPEGylated protein regains full activity.707 Adapted with
permission from Georgianna, W. E;; Lusic, H; Mclver, A. L.; Deiters,
A. Bioconjugate Chem. 2010, 21, 1404. Copyright 2010 American
Chemical Society.

purification steps, and especially end-group modifications that
are rarely quantitative, making this strategy unattractive at
present, but represent a worth-while challenge for the future (see
section 6.2).

Current challenges of PEGylation have been discussed in the
past decade in the literature.>”**”" At the end of this section it
should be mentioned that other biocomgatible polymers are
currently discussed as alternatives to PEG.""7"*”"” For instance,
PG-based protein-conjugates were investigated, and a pro-
nounced influence of the polymer architecture on the activity of
the conjugates was proven in this case.”'" In addition, controlled
radical polymerization has been applied increasingly for the

DOI: 10.1021/acs.chemrev.5b00441
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synthesis of biocompatible polymers (poly{meth)acrylates and
-acrylamides, such as poly{oligoethylene glycol)methacrylate or
poly(N-isopropylacrylamide) (PNIPAM)) due to the synthetic
advantages, such as a straightforward synthesis, controllable
molecular weights and architectures as well as rather low
polyclispm‘s,itics,711 Other polymer structures under investigation
as possible alternatives for PEGylation are dextran, HES, poly-N:
(2-hydroxypropyl) methacrylamide (PHPMA), polyglutamic
acid (PGAc), polyacetal (“fleximer”), poly(oxazolme)s, poly-
(phosphoester)s, and polysialic acid.”**~7**
There is still room for creative design of PEG-derived
structures or alternatives for bioconjugation. However, the
dominance of PEG in already marketed pharmaceuticals and its
well-understood in vive performance (toxicity, clearance, etc.)
makes it difficult to replace it for existing pharmaceutical
applications. It is also evident that synthetic groups are able to
synthesize and tailor various novel “PEG-like” polymers, but only
very few are actually investigated for drug conjugation. Thus,
especially on the short-term, no replacement for PEG will be
available. Biodegradable or partly degradable polymers are
currently discussed; however, also their biodegradation profile
and the degradation products need to be investigated in detail.
Another synthetically versatile class of polymers are poly-
(oxazoline)s, which convince in their straightforward and
versatile synthesis by living cationic polymerization, but for
these side-chain polyamides also long-term studies are required.
On the other hand, also PEG has been shown to undergo
unwanted degradation, oxidation and possibly even the
induction of anti-PEG-antibodies. These disadvantages motivate
research aiming at an improval of PEG-based structures, but also
motivate the search for alternatives in the future.”**”*°

6.2, Cleavable Polyethers

6.2.1. Polyethers Bearing Cleavable Moieties. Ethers are
characterized by their high stability toward chemical or physical
treatment. Consequently, low molecular weight ethers are typical
solvents in organic chemistry. Also polyethers are very stable and
flexible polymers. Under oxidative stress, however, PEG may be
degraded by reactive oxygen species {ROS) due to f-scission, as
observed in long-term in vivo experiments.”” Degradahon of
PEG under app]lcatlun of volhge - and air, ™ UV light, 72
ultrasonication, > and temper'lmre is described in literature.
The degradation rate depends on whether the experiment is
conducted in bulk or in aqueous solution and on pH values.™*

If higher oxidative stability is 1equ1red for certain applications,
aromatic polyethers can be applied.” Aromatic polyethers are
known to exhibit higher stability against oxidation compared to
PEG, albeit at the expense of low solubility in water and a lack of
biocompatibility.

If PEG-derivatives are expected to degrade, which may be
beneficial for specific biomedical applications such as reversible
PEGylation (see section 6.1), incorporation of cleavable moieties
into the polymer backbone is necessary. PEG is regarded as the
gold standard for polymer-drug conjugation in order to prevent
proteolytic degradation of pharmaceutic agents (see section 6.1),
as it is nontoxic, chemically inert, water-soluble and has a low
immunogeneity.””® However, PEG is not biodegradable
restricting its use to a maximum molecular weight of 40 kDa,
as higher molecular weight PEGs can accumulate in human tissue
and may lead to storage diseases.**® This molecular weight
threshold represents the renal excretion limit of human kidneys
exhibiting a natural boundary for the utility of PEG. However, the
use of high molecular weight PEG is particularly favorable, as
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blood circulation times of PEGylated drugs prolong with
increasing molecular weights of PEG™* making the design of
in-chain cleavable PEG derivatives especially desirable.

A variety of different stimuli, such as potential pH-sensitivity,
redox-response and enzymatic cleavage, have been employed to
trigger the in-chain scission of the PEG backbone or the
detachment of PEGs from the drug conjugate within a targeted
tissue or cellular compartment.” More recently, light as a
stimulus has likewise been exploited to induce cleavage of PEG-
derived structures.”®” Table 11 compiles different cleavable

Table 11. Compilation of Cleavable Groups, Synthesis
Strategies and Respechve Cleaving Stimuli Reported for
PEGs and Derivatives”

Cleavable Synthetic Degra- .
Unit Structure Approach dation Ref.
Acetals wIR PEG pH<74 T
coupling
00 Cleavable
Acetals/ ketals T w%® AROP pH<74 0272
RafH initiator
Aconitic acid i i, PEG 733
- \é 33
diamides TTLY coupling pH <74
PEG T3S
N ST .
A70 groups Moy~ coupling enzymatic
) e PLEG basic 736,737
Carbonates ’S‘°j\°’%‘ coupling hydrolysis
. 8 PEG hydrolytic, | sig73s
Carboxylates "L.)Lo’%1 coupling enzymatic
Disulfides '2.’5‘5/'1‘ PEG . reductive | %0
coupling
. OH PEG acidicor  7n
Hemiacetals ‘?.,)\c/ &) oxidation basic
S ——
PEC
Orthoesters XK T pH<74 ™%
coupling
Peptides ‘.L'j\N/"t, %’L(J . enzymatic | P
N coupling
X q;:,o\ss PEG acidic or 745746
Phosphoesters oy coupling basic
Urethane 55\01“:‘% PEG . (h}tdm- w7748
N coupling lytic)
e metonsie PR
invl ethe B alize 101
Vinyl ethers o~ dPEG. PRG  OF |
. light/ O,
coupling
o-Nitro ) PEG . 77
. light
benzyl ethers ¢ w—¢  coupling

“Conditions may vary for the same cleavable unit due to different
adjacent moieties, Adapted with permission from Dingels, C.; Frey,
H. In Hierarchical Macromolecular Structures: 60 Years after the
Staudinger Nobel Prize IT; Percec, V, Ed,; Springer International
Publishing: 2013; Vol. 262, p 167. Copyright 2013 Springer. "

moieties which have been used as linkers of PEG conjugates or
have been incorporated into the polyether backbone as in-chain
junctions. Additionally their synthesis strategies and the
respective cleaving stimuli are attributed.

A comprehensive review article has recently been published
focusing on strategies to mc.ot;porate cleavable moieties into PEG
chains and PEG conjugates.

It is obvious that PEG-based lipids bearing cleavable moieties
have become increasingly attractive for the design of surface-
modified liposomes (stealth liposomes) as drug delivery

systems.”'” The presence of stimuli-cleavable linkers in the

DOI: 10.1021/acs chemrev.5h00441
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lipid structures triggers shedding of liposomes within a particular
cellular compartment or tissue to improve the efficacy of a
liposomal formulation. Numerous reports on acid-labile PEG
lipids based on cholesterol with cleavable junctions, such as
aconitic acid, hydrazones, or vinyl ethers, have been
established.>*

Alternative polymers which combine the properties of PEG,
such as high water-solubility, low protein adsorption with
degradability may be polypeptides, polypeptoides (ie., poly-
sarcosin), HES, poly-N-(2-hydroxypropyl) methacrylamide
(PHPMA), polyglutamic acid (PGA), polyacetal (“fleximer”),
poly~(oog)_ciazzo_llig1e)s, poly(phosphoester)s, and polysialic
agid T

7. CONCLUSIONS

From this article summarizing the developments in the
polymerization of alkylene oxides since 1995, with a particular
focus on the most important and simple epoxide monomers EO,
PO, and BO, some important trends emerge. On one hand,
besides the long established anionic, coordination, and cationic
polymerization techniques, with the anionic mechanism being
the most widely used approach, several other alternative
pathways to polyethers have been introduced in the last two
decades. Phosphazenes, organocatalysts, N-heterocyclic car-
benes, and monomer activation strategies using various catalysts,
such as aluminum alkylates, permit homo- and copolymerization
of alkylene oxides in a controlled or “living” manner to high
molecular weights. Since highly basic initiators are avoided, these
novel techniques have opened routes for the (co)polymerization
of functional epoxide monomers or the use of initiators that are
not applicable in the classic ionic polymerization (due to
termination or chain transfer reactions or insufficient reactivity).
In addition the direct combination of the ROP of epoxides with
other ring-opening strategies has become possible, e.g, to
generate poly(ether-block-ester) block copolymers.

For pharmaceutical and biomedical applications poly(ethylene
glycol) and copolymers of EO and PO are key materials that are
generally still prepared by classic alkali alkoxide initiated (living)
anionic polymerization. Besides the excellent control over
molecular weights and polydispersities this permits also the
direct use in medical, cosmetic or pharmaceutic products since
only nontoxic metal ions (Na and K) are used in the
polymerization. For all new strategies, convenient removal of
activating groups prior to use, regardless if metal or organo-
catalyst, remains a challenge to date, and in some cases it is
mandatory because of the toxicity of the respective structures.
Thus, although the related technique dates back in the 1930s,
classical oxyanionic polymerization is still superior to all other
controlled or living polymerization techniques for key
biomedical applications.

PEG as a water-soluble and highly biocompatible material is
the current gold standard for a vast variety of water-based
applications, e.g. dispersion stabilization, food additives, and
biomedical uses. As a linear polymer, however, only terminal
functional groups are present. Several rather recent publications
thus describe the incorporation of a large variety of additional
functional groups into such polyethers, especially PEG, to
generate multifunctional PEG (mfPEG). Based on these
approaches, new heterobifunctional and heteromultifunctional
PEGs have become available, i.e., in-chain multifunctional PEGs.
The approach of choice is the linear or branching copolymeriza-
tion of EO with a minor fraction of functional comonomers to
preserve the advantageous properties of PEG while adding
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tunctional groups. The polymers have been characterized in
detail with respect to their monomer sequence by newly
developed in situ NMR techniques. Besides concurrent
copolymerization, enormous progress in the efficient synthesis
of graft, star, (hyper)branched, and dendritic polyethers can also
be noted.

Particularly the field of PEGylation, i.e, the covalent
attachment of PEG of different architecture to biomolecules,
nanocarriers, surfaces, and drugs, is a growing field of research
with great promise for the future. Due to the extraordinarily low
protein-affinity of PEGylated materials, they are invisible to the
immune system (“stealth effect”) and allow for prolonged body-
circulation times and low immunogenicity. In this area, also
alternatives to the highly established PEG are currently
discussed,”"* albeit other materials will have to undergo broad
screening and testing for eventual approval.

With the high extent of control, choice of mechanisms, and the
plethora of monomers available today, the ever growing toolbox
of epoxide chemistry has broadened the options for the simple
monomer structures EO, PO and BO enormously during the last
two decades. Eventually, a “polyether universe” may be envisaged
that in its vast structural variety parallels the immense structural
options available for polymers based on vinyl monomers with a
purely carbon-based backbone. With the new methods and
reagents in hand, exploration of the materials properties of
functional polyethers is at its height, and one can be excited about
the developments still to come.
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ABBREVIATIONS

AB antibody

AdaGE adamantyl glycidyl ether
AF arm-first

AGE allyl glycidyl ether

AHA activator of 90 kDa heat shock protein
ATPase homologue

AROP anionic ring opening polymerization

ATRP atom-transfer radical-polymerization

BMEGA N,N-bis{2-methoxyethyl }glycidylamine

BMGA N-benzyl-N-methylglycidylamine

BnGE benzylglycidylether

BO 1,2-butylene oxide
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BOC
BSA
BuOH
CalB
CCLS
CD

CF

CL
CMC
CMT
ConA
CuAAC
CW-EPR

Cys

DA
DAGA
DBAG
DBTC
DButGA
DEGA
DEGE
DEMA
DFT
DHexG
DIBAC
DIBC
DL
DMA
DMAEMA
DMC
DNA
DOctGA
DOPA
DOX

DP
DPMK
DPn
DPP
DSC
DSPE

DTB
DTP
DTT
eATRP

ECH
EEGE
EGDMA
EGE
EGF
EHGE
EO
EPICH
EPQ
EPR

eq
ESI-MS
EVGE
Fab
FcGE

tert-butyloxycarbonyl

bovine serum albumin

n-butanol

Candida antarctica lipase B
chemokine {C—C motif) ligand 5
cluster of differentiation

core-first

caprolactone

critical micelle concentration

critical micelle temperature
concanavalin A

azide—alkyne cycloaddition
continuous wave electron paramagnetic
resonance {(CW-EPR) spectroscopy
polycationic peptide

cystein

diels—Alder reaction

diallyl glycidyl amine

dibenzyl amino glycidol
5,5-dibromomethyl-trimethylene carbonate
N,N-di{n-butyl) glycidyl amine

N N-diethyl glycidyl amine
NN-diisopropyl ethanolamine glycidyl ether
diethylaminoethyl methacrylate
density functional theory
N,N-di{n-hexyl} glycidyl amine
dibenzoazacyclooctyne
dibenzocydooctyne

decalactone

dimethacrylate
2-{dimethylamino Jethyl methacrylate
double metal cyanide
deoxyribonucleic acid
NN-di{p-octyl) glycidyl amine
3,4-dihydroxyphenyl-L-alanin
doxorubicin

degree of polymerization
diphenylmethylpotassium

degree of polymerization

diphenyl phosphate

differential scanning calorimetrie
1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine

dithiobenzyl

dithiodipropionate

dithiothreitol

electrochemical atom-transfer radical-poly-
merization

epichlorohydrine

ethoxy ethyl glycidyl ether

ethylene glycol dimethacrylat

ethyl glycidyl ether

epidermal growth factor

ethylhexyl glycidyl ether

ethylene oxide

epicyanohydrin

erythropoietin

enhanced permeability and retention
equivalents

electrospray ionization mass spectrometry
ethoxy vinyl glycidyl ether

fragment antigen-binding

ferrocenyl glycidyl ether
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FMOC
FRP

G

GA

Gal
G-CSF
GDDA
Gln
GM
GME
HABA
hb
hbPG
HCA
Her2
HES
H-H
HL
HLB
HPLC
HSA
H-T
hTNF
IFN
1G
1GG
IgG

1L

IM
KOH
LA
LCST
linPG
LiTFSI
LMWH
Lys
MA
MALDI-ToF MS

MDR
mf-PEG
Mn

MPa
mPEG
MSOPEEE

NAc
NCO
NHC
NHO
NHS
NL
NMR
NPC
NTA
OEGMA
OPSS
P2VP
PA
PAA

fluorenylmethyloxycarbonyl

free radical polymerization

glycidol

glutaric anhydrid

galactose

granulocyte-colony stimulating factor
glycidyl-didodecylamine

glutamine

N-glycidylmorpholine

glycidyl methyl ether
2-{4-hydroxyphenylazo )benzoic acid
hyperbranched

hyperbranched polyglycerol

human carbonic anhydrase

human epidermal growth factor receptor 2
hydroxy ethyl starch

head to head

hexalactone
hydrophilic—lipophilic-balance
high-performance liquid chromatography
human serum albumin

head to tail

human tumeor necrosis factors
interferon

inverse gated

1,2-diisopropyl glycidyl ether
immunoglobulin G

interleukin

carbonylimidazol

potassium hydroxide

lactide acid

lower critical solution temperature
linear polyglycerol
bis(triffuoromethanesulfonyl }imide
low molecular weight heparin

lysine

maleic anhydrid

matrix assisted laser desorption/ionization
time-of-flight mass spectrometry
multidrug resistant

multifunctional polyethylenglycol
number-average molecular weight
megapascal

methoxy-PEG
N-(2-{2-(2-(2-(4-(5-(methylsulfonyl }-1,3,4-
oxadiazolyl)phenoxy)ethoxy)ethoxy)-
ethoxy)ethyl)

molecular weight

molecular weight distribution
N-acetylcysteine

isocyanate

N-heterocyclic carbenes
N-heterocyclic olefins
N-hydroxysuccinimide

nonalactone

nuclear magnetic resonance
p-nitrophenyl carbonate
nitrilotriacetic acid

oligoethylene glycol methacrylate
ortopyridyldisulfide

poly 2 vinyl pyridene

phthalic anhydrid

poly acrylic acid
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PAG
PAGE
PB
PRO
PBS
PCL
Pd/C
PDI
PDVB
PECH
PEEGE
PEG
PEGDMA
PEI
PEQ
PETH
pFA
PG
PGAc
PGA
PHO
PHPMA
PI

PIP
PIB
PIL
PIT
pKa
PLA
PMI
PMMA
PNIPAM
PO
POS
ppm
PPO
PPSS
PS
PTAD
PtBA
PTH
PTMC
PU
PVFc
PVL

t

RAFT

RDRP
rhaFGF

thG-CSF

rIl-2
RNase
ROMP
ROP
SA
sCT
SDS
SEC
SecB
Ser

poly{alkylene glycol}

polyacrylamide gel electrophoresis

poly butadiene

poly{butylene oxide}

phosphate buffered saline
polycaprolactone

palladium on carbon

poly dispersity index
polydivinylbenzene

poly epichlorohydrin

poly ethoxy ethyl glycidyl ether
poly{ethylene glycol}

poly{ethylene glycol} dimethacrylate
polyethylenimine

poly{ethylene oxide)

pentaerythritol

paraformaldehyd

polyglycerol

polyglutamic acid

poly glycidyl amine

poly{hexene oxide}
poly-N-{2-hydroxypropyl} methacrylamid
polyimide

poly isoprene

polyisobutylene

poly{ionic liquid)

isothiocyanate

acid dissociation constant

polylactic acid

phenylmaleimide

poly{methyl methacrylate)
poly{N-isopropylacrylamide }

propylene oxide

polyhedral oligomeric silsesquioxanes
patts per milliony

poly{propylene oxide}
parapyridyldisulfide

polystyrene
4-phenyl-3H-1,2,4-triazoline-3,5{4H)-dione
poly{tert-butyl acrylate)

patathyroid hormone
poly{trimethylene carbonate)
polyurethane

polyvinylferrocene
poly{8-valerolactone})

reactivity ratio

reversible addition—fragmentation chain
transfer

reversible-deactivation radical polymerization
recombinant human acid fibroblast growth
factor

recombinant human granulocyte colony-
stimulating factor

recombinant interleukin 2

ribonuclease

ring opening metathesis polymerization
ring opening p olymerization

succinic anhydrid

salmon calcitonin

sodium dodecyl sulfate

size-exclusion chromatography
cystosolic export factor

serine
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Sia sialyl

siRNA small interfering ribonucleic acid

tBuGE tert-butylglycidylether

t-Bu-P4 1-tert-butyl-4,4,4-tris{ dimethylamino )-2,2-
bis[tris{dimethylamino})-
phosphoranylidenamino]-2A5,4A5-
catenadi{phosphazene)

Tc cloud point

Tg glass transition temperature

THE tetrahydrofuran

Thr threonine

T™MC trimethylene carbonate

TME trimethylolethane

TMP trimethylolpropane

TNE-a tumor necrosis factor alpha

TON turn over number

TRAIL tumor necrosis factor-related apoptosis in-
ducing ligand

T-T tail to tail

Tyr tyrosin

UV /vis ultraviolet—visible spectroscopy

VEGF heparin binding growth factor

VicGE vinyl ferrocenyl glycidyl ether
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