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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 a vinyl 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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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 1H 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(I)-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. α-4-(α-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-ω-

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 Schröder (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 
 

Ziel dieser Arbeit war die Synthese von säurelabilen oligomeren Polyethylenglykol (PEG)-

Bausteinen für 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 für den Transport und die gezielte Freisetzung von 

therapeutischen Proteinen enthalten. Die Untersuchungen sind sowohl durch die grundlegenden 

synthetischen Herausforderungen, als auch durch die mögliche zukünftige Anwendung der 

Nanocarrier-Systeme in der allergen-spezifischen Immuntherapie motiviert. Ein besonderes 

Merkmal dieser Doktorarbeit ist der interdisziplinäre Ansatz: Die Polymersynthese, die 

Nanocarrier-Herstellung und die Zelltests wurden in zwar in verschiedenen Laboren durchgeführt, 

jedoch von einer Person ausgeführt. 

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 erläutert. Einen vollständigen Überblick über den 

Stand der Technik im Gebiet der verschiedenen bioabbaubaren und nicht-bioabbaubaren 

Nanostrukturen (synthetischer oder natürlicher Abstammung), die für die Anwendung in der AIT 

untersucht wurden, gibt Unterkapitel 1.2. Eine Übersicht über die bekannten spaltbaren Gruppen 

in PEGs, welche als Sollbruchstellen im Polymer-Rückgrat eingebaut werden, gibt Unterkapitel 

1.3. Die spaltbaren PEGs stellen vielversprechende Kandidaten für die reversible Biokonjugation 

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

Die Synthese und Charakterisierung des säurelabilen PEG-acetal-dimethacrylat Bausteins ist 

Gegenstand von Kapitel 2. Die quantitative säurekatalysierte 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 

beträgt 48 Stunden). Die zu transportierenden Proteine und der spaltbare PEG-Baustein werden 

in Liposomen, die als Template für die UV-induzierte Vernetzung der Bausteine dienen, 

eingeschlossen. Die Liposomen werden mittels dualer Zentrifugation hergestellt. Zellstudien zur 

Aufnahme der Nanocarrier-Systeme, zur Toxizität und zur Untersuchung der ausbleibenden 
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Zellreifung wurden durchgeführt. Um die Wirksamkeit der Verkapselung zu untersuchen, wurde 

die Abschirmung der Proteine vor Erkennung durch Antikörper und Zellen des Immunsystems, 

ebenso wie die Freisetzung des therapeutischen Proteins innerhalb der Zelle und dessen Fähigkeit, 

T-Zellantworten zu induzieren, nachgewiesen.  

In Kapitel 3 wird das Synthesekonzept für einen neuartigen säurelabilen Baustein vorgestellt, 

welcher Ketalgruppen im Polymerrückgrat enthält und somit die zur Verfügung stehenden 

molekularen Bausteine für die Nanocarrier-Herstellung erweitert. Ein Ketal-Initiator wird in der 

anionischen Ringöffnungspolymerisation von Ethylenoxid eingesetzt. Methacrylat-Einheiten 

werden in einer Post-Polymerisationsmodifikation mit dem Enzym Candida antarctica lipase B 

eingefügt um die dreidimensionale Vernetzung durch radikalische Polymerisation zu ermöglichen. 

Die Abbaukinetik wurde mittels in-situ 1H-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 Mischungsverhältnissen mit nicht-

spaltbarem PEG-DMA für 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 höheres Oberflächen-zu-Volumen-Verhältnis 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. 

Kostengünstiges, konventionelles PEG kann durch Zugabe von Silberoxid als heterogenem 

Katalysator mit Ausbeuten, welche die erwarteten statistischen Werte übertreffen, 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-

präparativen Maßstab übertragen werden. Reines heterobifunktionelles PEG kann durch eine 

einstufige Synthese mit anschließender HPLC Aufreinigung mit 200 mg Rohprodukt pro Injektion 

erhalten werden. Monotosyliertes PEG kann als Ausgangsverbindung für die Synthese weiterer 

wertvoller heterobifunktioneller PEGs und für die Funktionalisierung der Nanocarrier-Systeme 

genutzt werden. Die Synthese von α-4-(α-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-ω-
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methacryloyl-PEG aus symmetrischem PEG-diol als Beispiel für eine mögliche Funktionalisierungs-

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

Als ein Beispiel für die große Vielfalt an möglichen 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 Schröder aus dem Arbeitskreis 

Prof. Tremel am Institut für Anorganische Chemie der Universität Mainz entstanden. Diese 

abbaubaren PEG-Hydrogele fungieren als Mineralspeicher für die Anwendung als 

Knochenersatzmaterial während der Knochenregeneration. Der Einschluss von Vaterit-

Nanopartikeln in das Polymer-Netzwerk führt im Vergleich zu freien Vaterit-Nanopartikeln zu 

einer beschleunigten Transformation in carbonathaltigen Hydroxylapatit bei Inkubation in 

simulierter Körperflüssigkeit 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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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.  

ii) 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. 

iii) 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 yield 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. 

iv) 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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and osteoconductivity. This work was carried out in close collaboration with Romina 

Schröder from the group of W. Tremel at the Institute of Inorganic Chemistry. 

v) 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 I 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-specific immunotherapy 

(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.[1] This is characterized by reduced production of IgE, IL-4 and 
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IL-13 and an enhanced production of IFN γ and IgG 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.[2]  

How can nanoparticles aid? 

Nanoparticles (NPs) can either serve as adjuvants[3] or as carrier systems for the allergen or DNA 

molecules,[4] or both.[5] 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).[6] 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.[7] 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.[8,9] 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-

antagonizing Th1-responses.[10–12] Although this approach does not belong to immunotherapy 

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-ɛ-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 (aquasomes), 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.[4; 13–15]  

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.[16] 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, 



Chapter 1. Introduction 
 

 

27 

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-IgE-antibody omalizumab or DARPins (prevent binding of free IgE to 

FcRI).[17] Approaches aim on influencing the balance of T cell subtypes include synthetic CpG-

oligodeoxynucleotides (unspecific induction of Th1 response), and sialic acid polyclonal IgG, 

Tregitopes or Lactobacillus rhamnoses (induction of regulatory T cells).[18] 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.[8, 13, 19] 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.[20] 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 AIT 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 I hypersensitivity reaction as classified by Coombs and Gell, 

is caused by an overreaction of the immune system to usually otherwise harmless environmental 

substances.[1] 

 

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 naïve 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 (FcRI) 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.[3] 
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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.[4] 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 Th1, 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 γ levels are 

elevated (see Figure 3). The exact mechanisms of AIT have been reviewed elsewhere.[5; 6] 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. 

 

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.[7; 8] The 

fusion protein DARPin (designed ankyrin repeat protein) may also be of great interest for co-

 unbound IgE, 

but also disrupt existing IgE-FcεRI interaction.[9–11] 
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1.3 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.[12; 13] Inter-molecular 

cross-linking of allergens can also be achieved by through microbial transglutaminases.[14] 

Treatment with allergoids in clinical trials results in reduced side effects during AIT.[15; 16] Similar 

approaches are the use of peptides (fragmented allergens) for AIT[17] and recombinant and/or 

genetically modified allergens.[18; 19] 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.[20; 21]  

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.[22] 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 Th1. 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 
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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.[27] 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.[28] 

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[29; 30] many 

of them with focus on vaccination strategies against cancer, infectious diseases or autoimmune 

diseases.[31–34] 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.[35–37; 31; 38] 
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2 Biodegradable Nanostructures 

 

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)).[39] 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.[40; 41] 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.[41] Poly(-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.[42] 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.[42; 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).[43] Immunization of mice with these NPs resulted in a Th1-

type immune response (enhanced IgG2a  and IFN-γ production, no  IL-4 production).[44] 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.[45] 

Marazuela et al. observed inhibited allergen-specific IgE and IgG1 antibody levels, and increased 

specific IgG2a 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.[46] 

Fattal et al. developed PLGA-microspheres loaded with milk protein β-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] 

Martínez Gómez 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.[49] 

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 IgG2a, and reduced 

PLA2-specific IgE. Challenge with allergen resulted in balanced Th1 and Th2 cytokine expression 

as well as sustained expression of IL-10.[50]  

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.[51] Detailed analyses of the physicochemical properties of bee venom,[52; 53] mellitin 

from bee venom,[54] and house dust mite allergen Der p 1[55] 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 Th1 response, and evidently 

alleviated allergic symptoms.[56]  

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.[57] 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.[58] 

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.[59]  

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.[60] 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.[61] 

The group of Jensen-Jarolim developed PLGA microspheres functionalized with lectin or wheat 

germ agglutinin to target α-L-fucose residues on M-cells and enhance uptake in human 

enterocytes.[62] In a preventive immunization approach, mice treated with birch pollen-loaded 

microspheres showed higher levels of allergen-specific IgG.[63] Treatment of pre-sensitized mice 

with birch-pollen loaded microspheres resulted in a shift towards Th1 response. Functionalized 

microspheres showed better therapeutic effect than unfunctionalized ones.[64] 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.[65] In an 

in vitro experiment with human PBMCs, microspheres showed no cytotoxicity but immune 

stimulatory properties in general.[66] Schöll 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 IgG1 and 

increase of IFN-γ and IL-10.[67; 68] 

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-

γ levels than CpG-ODN fusion molecules.[69] Dendritic cells that took up the microparticles matured 

and were more effective in T cell activation.[70] 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.[71] 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.[72] 
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2.1.3 Poly(ɛ-caprolactone) 

Poly(-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.[42; 73] San Roman et al. found out that immunization of naïve 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 IgG 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.[74] 

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.[42; 75] De Souza Rebouças et al. immunized naïve mice with peanut 

protein loaded poly(anhydride) nanoparticles. Depending on work-up procedure, the authors 

observed balanced Th1 and Th2 antibody and cytokine responses using lyophilized NPs, while 

spray-dryed NPs additionally induced enhanced Th1 and Treg cytokines.[76; 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.[5] 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).[78] 

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.[79] Pali-Schöll 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-γ. Type I 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(γ-glutamic acid) 

Poly(γ-glutamic acid) (γ-PGA) is a poly(amino acid) showing water-soluble, biodegradable, edible, 

and non-toxic properties. γ-PGA is synthesized by gram positive bacilli and can be used as an 

carrier and adjuvant simultaneously.[82] Self-aggregated nanoparticles made of graft copolymers 

composed of hydrophilic γ-PGA and hydrophobic L-phenylalanine ethylester loaded with OVA as 

well as empty ones were prepared by Akagi et al.[83] Broos et al. investigated whether these NPs 

could serve as adjuvants in AIT. They could show that γ-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.[84] 

Kunda et al. synthesized poly(glycerol adipate-co-ω-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.[85]  

Toita et al. investigated the biodistribution of s.c. injected fluorescent labelled poly(γ-glutamic 

acid)-phenylalanine (γ-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.[86] 
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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.[87] 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.[88]   

2.2.3 Polysaccharides 

Biodegradable natural polymers containing polysaccharides may be starch, chitosan, alginate, 

dextran, or hyaluronic acid.[61] 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.[89] 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.[90] 

2.2.3.2 Carbohydrate-based particles (micro-Sepharose) 

Proteins can be coupled to the surface of polysaccharides by cyanogen halide coupling.[91] 

Grönlund 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.[92] 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-α.[93] In a pre-sensitized mouse model treatment with 

microbeads reduced airway hypersensitivity reactions and eosinophils in BAL fluid, and 

counterbalanced Th1/Th2 immunoglobulins.[94] 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.[95]  

2.2.3.3 Chitin particles 

Chitin is a compound of the cell wall of fungi and upregulates Th1 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 Th1 

cytokines and a decrease in Th2 and Treg cytokines.[96] 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.[97] 

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.[98] 

In clinical trials, immunotherapy with alginate-conjugated grass pollen extract leads to higher 

grass-specific IgG levels compared to alum-conjugation without changing the symptom scores.[99] 

Three placebo-controlled clinical trials were conducted with the same conjugate by Ortolani et 

al.[100], Pastorello et al.[101], and Corrado et al.[102], 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.[103] In the subsequent Phase I and IIa 

study, Klier et al. could confirm their results.[104] 

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.[105–108; 35] In 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 naïve mice with house dust 

mite-chitosan NPs and observed a Th1-skewed immune responses against Der p 1.[109] Li et al. used 

the same approach and found in agreement with Chew et al. an induction of Th1 immune response 

and prevention from Th2 cell-regulated specific IgE responses subsequent to sensitization in 

mice.[110] 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 Th1 immune 

response.[111] Ou 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 Th1-type 

response.[112] 

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.[113] 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.[114] Another approach is to induce the in situ production of 

IFN-γ and thereby induce Th1 type reaction. Kumar et al. immunized mice with IFN-γ DNA NPs and 

monitored a decrease in allergen-specific IgE, airway hypersensitivity reaction, and 

eosinophilia.[115] On a similar basis, Li et al. immunized mice orally with a TGF-β expressing DNA 

chitosan NP to alleviate symptoms of food allergy.[116]  

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.[117]  

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.[118] 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.[119; 120]  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.[121] 

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-

γ and IL-10 production, respectively.[122]  

2.3 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.[123–127] Since 1984, liposomes arouse interest as delivery systems and adjuvants for 

AIT.[128; 129] In 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.[130] Allergen-loaded liposomes did avoid anaphylactic reactions in pre-sensitized 

guinea-pigs.[131] 

The group of Olaguibel in cooperation with ALK-Abelló 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.[132] 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.[133] 

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 
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extended retention in all organs except kidneys compared to free allergen.[134] Intraperitoneal 

treatment of sensitized BALB/c mice with allergen-loaded liposomes resulted in a Th1-immune 

response and of Treg increase.[135; 136] 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.[137; 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-α-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.[139] 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.[140] 

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.[128] 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 IgG 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).[141]  

Galvain and coworkers form Stallergènes 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.[142] 

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.[143] 
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Ouadahi 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.[144] 

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.[145] 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, IgG1, IgG2 and soluble IgA were elevated.[146] 

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 Th1 response, while airway 

inflammation and Treg response were not altered.[147]  

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-γ and IL-10 mRNA as well as medication score did not change.[148]  

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.[149] 

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 IgG2a, 

IFN-γ, and T-bet. Furthermore, the authors reported higher lymphoproliferative responses.[150] 

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.[151] 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.[152] 

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.[153]  

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.[154]  

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.[155]  

2.4 Virus-like particles 

Virus-like particles have been applied as adjuvants or drug delivery systems.[156; 157] 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.[158–160]  

Virus-like particles consisting of bacteriophage Qb coat protein associated with CpG 

oligodeoxynucleotide were used as adjuvant for house dust mite allergen extract by Kündig et al. 

In a phase I clinical study, healthy volunteers developed allergen-specific IgG antibodies upon 

vaccination with this virus-like particle.[161] Symptoms of rhinitis and allergic asthma were 

significantly reduced and humoral response was shifted towards Th1 in a phase I/IIa clinical 

trial.[162] A single vaccination of Fel d 1 coupled to bacteriophage Qβ-derived virus-like particles 

induced protection against type I allergic reactions. No local or systemic reactions were observed 

in sensitized mice. In vitro, their allergen-coupled VLPs did not degranulate human basophils.[163] 

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.[164] 

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.[165] 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.[166; 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 AIT, 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 
composition and 
manufacturing method 

Cargo Vaccination 
approach 

Species/ 
Route 

Reference 

poly(D,L-lactide-co-
glycolide) 
microparticles 

Olea europaea Ole e 1 
peptide 

prophylactic 
 

BALB/c 
mice, i.p. 

Batanero 2003[43; 44]  

poly (D,L-lactide-co-
glycolide) microspheres 
double emulsion solvent 
evaporation/extraction 
method 

Olea europaea pollen 
extracts 

possible 
delivery 
platform  

BALB/c 
mice, s.c. 

Igartua 2002[45]  

poly(D,L-lactide-co-
glycolide) microparticles 
double emulsion solvent 
evaporation method 

Ole e 1 peptide prophylactic BALB/c 
mice, i.n. 

Marazuela 2008[46]  

poly(D,L-lactide-co-
glycolide) microspheres 

β lactoglobulin (BLG) prophylactic BALB/c 
mice, 
p.o. 
(orally) 

Fattal 2002[47] 
Pecquet 2000[48]  

poly(D,L-lactide-co-
glycolide) microspheres 
solvent extraction 
method 

bee venom  
phospholipase A2 
(PLA2), 
oligodeoxynucleotide 
(CpG) and protamine 

therapeutic CBA/J 
mice, s.c. 

Martínez-Gómez[49]  

poly(D,L-lactide-co-
glycolide) microspheres 
spray-drying method 

bee venom PLA2 DNA prophylactic CBA/J 
mice, s.c. 

Jilek 2004[50]  

poly(D,L-lactide-co-
glycolide) NPs 
double emulsion solvent 
evaporation method 

recombinant Caryota 
mitis profilin (rCmP) 

therapeutic BALB/c 
mice, s.c. 

Xiao 2013[56]  

poly(D,L-lactide-co-
glycolide) NPs 
double emulsion solvent 
evaporation method 

Der p 2-coated, CpG 
motifs encapsulated 

prophylactic C3H/HeB
FeJ mice, 
s.c. 

Joshi 2014[57]  

poly(D,L-lactide-co-
glycolide) NPs 

recombinant Der p 2 therapeutic BALB/c 
mice, s.c. 

Yu 2006[58]  

poly(D,L-lactide-co-
glycolide) nanoparticles 
double emulsion solvent 
evaporation method 

Chenopodium album 
pollen rChe a 3  

therapeutic BALB/c 
mice, s.l. 

Salari 2015[59]  
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poly(D,L-lactide-co-
glycolide) microspheres 
double emulsion solvent 
evaporation method 

ovalbumin (OVA) therapeutic guinea 
pigs 

Takagi 1992[60]  

poly(D,L-lactide-co-
glycolide) microspheres 
double emulsion solvent 
evaporation 
method 

OVA-coated or 
encapsulated 

prophylactic 
and 
therapeutic 

BALB/c 
mice  

Smarr 2016[61]  

poly(D,L-lactide-co-
glycolide) microspheres  
functionalized with lectin 
from Aleuria aurantia 
(AAL) or wheat germ 
agglutinin (WGA) 

birch pollen extract prophylactic 
and 
therapeutic 

In vitro  
BALB/c 
mice, 
p.o. 
(orally) 

Diesner 2012[62] 
Walter 2004[63]  
Roth-Walter 2005[64-

66]  

poly(D,L-lactide-co-
glycolide) nanospheres 
double emulsion solvent 
evaporation method 

Bet v 1 therapeutic BALB/c 
mice, s.c. 
or p.o. 
(orally) 

Schöll 2004[67], 
2006[68]  

poly(D,L-lactide-co-
glycolide) NPs 
double emulsion solvent 
evaporation method 

OVA and CpG ODN prophylactic In vitro 
and 
C57BL/6 
mice 

Zhang 2007[69; 70]  

poly(D,L-lactide-co-
glycolide) microparticles 
double emulsion solvent 
evaporation method 

OVA and CpG ODN therapeutic BALB/c 
mice. i.d. 

San Roman 2009[71]  

poly(D,L-lactide-co-
glycolide) NPs 
double emulsion solvent 
evaporation method 

OVA + rapamycin 
(tolerogenic 
immunomodulator) 

therapeutic 
and 
prophylactic 

BALB/c 
mice, i.v. 

Maldonado 2015[72]  

poly(D,L-lactide-co-
glycolide) microspheres 
double emulsion solvent 
evaporation method 

bee-venom 
phospholipase A2 
(PLA2) 

possible 
delivery 
platform no 
cellular tests 

In vitro 
ELISA 

Guerin 2002[51]  

poly(D,L-lactide-co-
glycolide) microspheres 
double emulsion solvent 
evaporation method 

bee venom possible 
delivery 
platform no 
cellular tests 

Preformu
-lation 
studies 

Trindade 2012[52]  

poly(D,L-lactide-co-
glycolide) microparticles 
double emulsion solvent 
evaporation method 

Dermatophagoides 
pteronyssinus Der p 1 

possible 
delivery 
platform no 
cellular tests 

preformu
-lation 
studies 

Sharif 1995[55]  

poly (D,L-lactide-co-
glycolide) NPs 
double emulsion solvent 
evaporation method 

Melittin (bee venom) possible 
delivery 
platform no 
cellular tests 

preformu
-lation 
studies 

Park 2015[54] 

poly-ɛ-caprolactone 
(PCL) microparticles 
solvent extraction/ 
evaporation method 

ovalbumin (OVA) prophylactic 
and 
therapeutic 

BALB/c 
mice, i.d. 

San Roman 2007[74]  
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poly(anhydride) 
nanoparticles 
solvent displacement 
method 

raw or roasted peanut 
proteins 

prophylactic C57BL/6 
mice, p.o. 
(orally) 

De Souza Rebouças 
2012[76] 2014[77]  

protamine-based 
nanoparticles (proticles) 
self-assembly in aqueous 
solution 

CpG-oligodeoxy-
nucleotides (ODNs), 
complexed with Ara h 
2 extract (peanut) 

prophylactic BALB/c 
mice, s.c. 

Pali-Schöll 2013[80]  
Zimmer 2014[81]  

poly(gamma-glutamic 
acid) (gamma-PGA) 
nanoparticles  
self-assembly in aqueous 
solutions 

mixture γ-PGA NPs and 
Phleum pretense 
extract Phl p 

prophylactic In vitro 
human 
MoDCs 

Akagi 2005[83] Broos 
2010[84]  

poly(γ-glutamic acid)-
phenylalanine (γ-PGA-
Phe-633) 
self-assembly in aqueous 
solutions 

ovalbumin possible 
delivery 
platform no 
immunologica
l tests 

mice s.c., 
i.v. or i.p. 

Toita 2013[86]  

PGA-co-PDL polymeric 
nanoparticles (NPs) 
within L-leucine (L-leu) 
microcarriers 

BSA possible 
delivery 
platform no 
cellular tests 

for dry 
powder 
inhalation 

Kunda 2015[85]  

poly(hydroxyethyl)-
aspartamide (PHEA) 
allergen-copolymer 
nanoaggregate 

Par j 1 and Par j 2 possible 
delivery 
platform no 
cellular tests 

in vitro 
(murine 
and 
human) 

Licciardi 2014[88] 
Bondi 2011[167]  

neoglycocomplexes 
Mannan was oxidized 
and the reacted with 
proteins 

ovalbumin and papain prophylactic BALB/c 
mice, i.d. 

Weinberger 
2013[90]  

carbohydrate-based 
particles (micro 
sepharose) 

timothy grass pollen 
allergen, Phl p 5b 

prophylactic BALB/c 
mice, s.c. 

Grönlund 2002[92]  

carbohydrate-based 
particles (micro 
sepharose) 

rFel d 1 
cat allergen protein 

therapeutic in vitro, 
human 
PBMCs 

Andersson 2004[93]  

hydrate-based particles 
(micro sepharose) 

recombinant cat 
allergen rFel d 1 

therapeutic 
and 
prophylactic 

BALB/c 
mice, i.n. 
or s.c. 

Neimert-Andersson 
2008[94]  
Thunberg 2009[95]  

chitin particles 
Ultrasonication of chitin 
powder 

empty  prophylactic BALB/c 
and 
C57BL/6 
mice, 
orally 

Shibata 2000[96]  
Strong 2002[97]  

sodium alginate carrier 
(Conjuvac®) 
purchased 

grass pollen extract, 
Parietaria judaica 
extract or D. 
pteronyssinus extract 

prophylactic  
and 
therapeutic 

BALB/c 
mice, s.c., 
and clinical 
trial, s.c. 

Taylor 1981[98]  
Pegelow 1984[99]  
Corrado 1989[102]  
Pastorello 1990[101]  
Ortolani 1994[100]  

gelatin nanoparticles CpG-ODN therapeutic horses, 
inhalation 
therapy 

Klier 2012[103] 
2015[104]  



1.2 Nanoparticles for Allergen-specific Immunotherapy 
 

 
54 

chitosan NPs 
complex coacervation 

pDer p 1 and pDer p 1 
DNA 

prophylactic BALB/c 
mice, 
orally 

Chew 2003[109]  

chitosan NPs 
complex coacervation 

plasmid DNA Der p 2 prophylactic BALB/c 
mice, 
orally 

Li Liu 2009[110]  

chitosan NPs 
complex coacervation 

recombinant house 
dust mite pVAX1-
Derp1 

prophylactic BALB/c 
mice, i.n. 

Shi 2013[111]  

chitosan NPs 
complex coacervation 

DNA vaccine 
coexpressing Der p 1 
allergen and murine 
ubiquitin 

prophylactic BALB/c 
mice, i.n. 

Ou 2014[112]  

chitosan-DNA NPs 
complex coacervation 

peanut allergen DNA 
(pCMVArah2) 

prophylactic AKR/J 
mice, 
orally 

Roy 1999[113]  

chitosan NPs 
complex coacervation 

(OVA)-encoding DNA prophylactic BALB/c 
mice, 
orally 

Goldmann 2012[114]  

chitosan NPs 
complex coacervation 

IFN-γ pDNA prophylactic STAT4-/- 
BALB/c 
mice, i.n. 

Kumar 2003[115]  

chitosan NPs 
complex coacervation 

TGF-β expressing DNA 
vector 

therapeutic BALB/c 
mice, 
orally 

Li Wang 2009[116]  

chitosan NPs 
Peptide adsorbed on 
chitosan 

D. pteronyssinus Der p 
1 allergen peptide 

prophylactic C57BL/6 
mice, i.n. 

Hall 2002[117]  

chitosan triphosphate 
microparticles 
ionotropic gelation 

Der f 2 allergen 
peptide 

therapeutic BALB/c 
mice, i.p.  

Li Liu 2008[118]  

chitosan-triphosphate 
NPs 
ionotropic gelation 

Der f allergen therapeutic BALB/c 
mice i.n. 

Liu 2009[119]  
Yu 2011[120]  

chitosan triphosphate 
microparticles 
ionotropic gelation 

OVA therapeutic mice, s.l. Saint-Lu 2009[121]  

chitosan-phenylalanine-
mPEG NPs 
Self-aggregation 

house dust mite 
allergen extract 

therapeutic in vitro, 
human 
PBMCs 

Jirawutthiwongcha
i 2016[122]  
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Table 2. Overview of liposomes investigated for allergen-specific immunotherapy. 

Liposome composition 
and manufacturing 
method 

Cargo Vaccination 
approach 

Species/ 
Route 

Reference 

not known ragweed allergen  guinea pigs, 
i.p. 

Wagner 
1984[130]  

DPPC, cholesterol and 
tocopheryl acid succinate 
dehydration/rehydration+ 
extrusion 

Dermatophagoides  
pteronyssinus extract 
(Der p 1 and Der p 2) 

therapeutic Clinical trial 
s.c. 

Alvarez 
2002[132]  
Basomba 
2002[133]  

phosphatidylcholine,  
cholesterol, and 
phosphatidic acid 
dehydration/rehydration + 
ultra-sonication 

Artemisia scoparia pollen 
extract 

therapeutic BALB/c 
mice, i.p. 

Arora 1990-
1998[134-137]  
Sehra 1998[138]  

phosphatidylcholine,  
cholesterol, and 
phosphatidic acid 
dehydration/rehydration 
method 

Aspergillus fumigatus 
glycoprotein (Af-gp) 

therapeutic BALB/c 
mice, s.c. 

Nigam 
2002[140]  

phosphatidylcholine,  
cholesterol, and L-α -
tocopherol 
dehydration/rehydration 
method 

Dactylis glomerata, 
Dermatophagoides 
pteronyssinus, and cat hair 
and dander 

therapeutic in vitro 
(human) and 
skin prick 
test 

Genin 
1994[139]  

DPPC, DPPE and 
cholesterol, Man3-DPPE 
dehydration/rehydration + 
extrusion 

Cryptomeria japonica (Cry 
j 1, japanese cedar pollen) 

prophylactic 
and 
therapeutic 

BALB/c 
mice, i.d. 

Ishii 2010[145]  

DPPC, cholesterol and 
Man-DPPE 
purchased 

ovalbumin (OVA) therapeutic BALB/c 
mice, i.n.  

Kawakita 
2012[146]  

phosphatidylcholine,  
cholesterol, and 
didecyldioctadecylammoni
um bromide 
dehydration/rehydration 
method 

Periplaneta americana 
crude extract and Per a 9 
(cockroach allergen) 

therapeutic BALB/c 
mice, i.n. 

Meechan 
2013[147]  

DPPC 
dehydration/rehydration 
method 

Dermatophagoides 
siboney, Der s 1 and Der s 
2 

therapeutic BALB/c 
mice, i.p. 

Calderon 
2006[141]  

DPPC, cholesterol, and 
optional dicetylphosphate 
or stearylamine 
dehydration/rehydration + 
extrusion 

Dermatophagoides 
pteronyssinus, Lolium 
perenne, Phleium 
pretense, Parietaria 
Judaica, Artemisia 
vulgaris, and cat dander 
extract 
 

therapeutic BALB/c 
mice, s.c. 

Audera 
1991[128]  
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phosphatidylcholine,  
cholesterol, 
diacetylphosphate, and L-
α -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[142]  

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

feline IL-2 cDNA therapeutic cats, i.p. Veir 2006[149]  

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

OVA coupled to the 
liposome surface, 
optionally DOX loaded 

therapeutic BALB/c 
mice, i.v. 

Ichikawa 
2007[151] 

2013[152]  

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 
2016[143]  

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

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

Ouadahi 
1997[144]  

phosphatidylcholine and  
cholesterol 
dehydration/rehydration + 
extrusion 

Dreschlera 
(Helminthosporium) 
monoceras extract 

possible 
delivery 
platform 

 Cabral 
2004[153]  

different lipids 
dehydration/rehydration 
method 

different allergens 
covalently linked to lipids 

possible 
delivery 
platform 

 Wojdani 
1991[154]  
 

DPPC, 
phosphatidyl glycerol and 
cholesterol 
dehydration/rehydration 
method 

Dermatophagoides 
Pteronyssinus extract 

possible 
delivery 
platform 

 McWilliam 
1989[155]  

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[148]  

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

recombinant hybrid 
molecule 

therapeutic BALB/c 
mice, s.c. 

Nouri 2015[150]  
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virus-like particles 
(bacteriophage Qb coat 
protein) 
spontaneous assembly 

TLR9 ligands (CpG) therapeutic clinical trial, 
s.c. 

Klimek 
2011[158]  

virus-like particles 
(bacteriophage Qb coat 
protein) 
spontaneous assembly 

Der p 1 allergen prophylactic 
and 
therapeutic 

clinical trial, 
i.m. or s.c. 

Senti 2009[162]  
Kündig 
2006[161]  

virus-like particles 
(bacteriophage Qb coat 
protein) 
spontaneous assembly 

Fel d 1 prophylactic BALB/c 
mice, s.c. 

Schmitz 
2009[163]  

adeno-associated virus-
like particles 
Spontaneous assembly 

OVA prophylactic BALB/c 
mice, s.c. 

Manzano-
Szalai 2014[164]  

 

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.[168; 169] In 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. [170] 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.[171–173] 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.[174] 

Another possible delivery platform made of guanidine-terminated dendrimers is presented by 

Kojima et al.[175] 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 Th1 immunity which 

was superior compared to free CpG.[176] 

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 naïve 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.[177] 

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 IgG levels.[178] 
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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 Th1 cytokine response in mice mainly in the formulation that contained the antigen 

inside.[179] In further studies, they proved that immunization with their NPs protected mice from 

anaphylactic shock and observed increased IgG2a and IgG1 levels.[180] 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.[181] 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 Th1 

responses and a decreased mortality rate following allergen challenge.[182] 

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.[183] 

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

 

Figure 6. Synthesis of enteric-coated nanoparticles, reprinted from Ref. [170] 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.[170] 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.[184]  

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.[185; 186] 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.[183] 

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.[194] The authors annotated that this system required unacceptably high amounts of 

formulation for any benefit.[189; 190] 

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.[191] 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.[192] 

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.[193] 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 

MWCNTs 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.[194] In another study Ronzani et al. investigated the effect 

of MWCNTs 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.[195] Whether the immune system is activated or not by MWCNTs depends on 

diameter and functionalization. Some MWCNTs are cell specific immunomodulatory systems, and 

may therefore be suitable adjuvants, as Pescatori et al. described.[196]  

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.[197] 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.[198; 199] 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.[200; 201] 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 

Th1. 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.[202] 

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.[203; 204] 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.[205]   

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.[206; 207] Marengo et al. presented 

a possible delivery platform for AIT made of Mn0.8Zn0.2Fe2O4 NPs coated with carboxymethyl 

dextran and bovine β-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.[208] 

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.[209] 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.[210]  
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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 AIT, 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.[211] 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.[212] 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),[213] with the advantage of high stability 

and many hydroxyl groups available, poly(vinyl pyrrolidone),[214] 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.[166] 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 Th1 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 
composition and 
manufacturing 
method 

Cargo Vaccination 
approach 

Species/ Route Reference 

dendrosome Den123 
amphiphilic polymer 
Self-assembly 

Bet v1 gene prophylactic BALB/c mice, 
s.c. 

Balenga 
2006[174]  

guanidine-terminated 
dendrimers 

amyloid-
promoting 
peptide derived 
from OVA 

possible delivery 
platform 

in vitro, no 
immunological 
readout 

Kojima 
2015[175]  
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pluronic-stabilized 
poly(propylene 
sulfide) NPs, surface 
conjugation of CpG 

CpG prophylactic and 
therapeutic 
 

C57BL/6 mice,  
injections 
i.n. 

Ballester 
2015[176]  

polyethylenimine 
containing 3% 
mannobiose NPs 
self-assembly 

synthetic 
plasmid OVA 
pDNA  

prophylactic BALB/c mice, 
patch 
treatment 
(administered 
topically) 

Garaczi 
2013[177]  

poly(vinylpyrrolidone) 
NPs 
reverse micelles 
method 

A. fumigatus 
allergen 

prophylactic BALB/c mice, 
s.c. 

Madan 
1997[178]  

poly(methyl vinyl 
ether-co- 
maleic anhydride) NPs 
(Gantrez® AN NPs) 
solvent displacement 
method 

OVA and LPS 
(immune-
modulator) 

prophylactic and 
therapeutic 

BALB/c mice, 
orally or i.d. 

Gomez 
2006[179] 
2007[180] 
2008[181]  

poly(methyl vinyl 
ether-co- 
maleic anhydride) NPs 
(Gantrez® AN NPs) 
solvent displacement 
method 

Lolium perenne 
extract and LPS 

therapeutic BALB/c mice, 
i.d. 

Gomez 
2009[182]  

PEO-PPO-ethylene 
diamine-PPO-PEO 
(block copolymer 704)  
Self-assembly 

Der f 1 plasmid prophylactic and 
therapeutic 

BALB/c mice, 
i.m. 

Beilvert 
2012[183]  

solid-in-oil (S/O) 
nanodispersion with 
sucrose erucate as 
surfactant 
 

Cryptomeria 
japonica peptide 

therapeutic B10.S mice, 
transcutaneous 
administration 

Kitaoka 
2015[184]  

poly(vinyl pyrrolidone) 
on sugar starch core, 
enterocoated with 
polymethacrylic acid 
co-polymers 

short ragweed 
pollen extracts 
or timothy grass 
pollen 

therapeutic clinical trial, 
orally 

Litwin 
1996[185] 
1997[186]  
TePas 
2004[187]  

solid-in-oil 
nanodispersion MA-
MMA-copolymer  
(Eudragit L-100) as 
surfactant  

grass pollen 
extract 

therapeutic guinea pigs, 
administered 
orally 
clinical trial 

Wheeler 
1987[188]  
Horak 
1987[189]  

PEG-acetal-DMA-NPs 
Liposomes as 
templates 

OVA, grass 
pollen/ house 
dust mite 
allergen 

possible delivery 
platform 

in vitro human Pohlit 
2015[192]  
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multi-walled carbon 
nanotubes 

none possible 
immunomodulat
ory 
nanostructure 

in vitro, human 
PBMCs 

Laverny 
2013[194]  

multi-walled carbon 
nanotubes 

mixed with 
house dust mite 
allergen 

prophylactic BALB/cByJ 
mice, injection 

Ronzani 
2014[195]  

multi-walled carbon 
nanotubes 

none possible 
immunomodulat
ory 
nanostructure 

in vitro, cell 
lines and 
PBMCs 

Pescatori 
2013[196]  

C(60) fullerenes none blocking 
signalling for 
mediator 
release in mast 
cells and 
basophils 

in vitro human, 
in vivo mice 

Ryan 
2007[197]  

C(70)-tetraglycolate 
fullerenes 

none blocking 
signalling for 
mediator 
release in mast 
cells and 
basophils 

C57BL/6 and 
BALB/c mice, 
i.n. and human 
mast cells in 
vitro 

Norton 
2010[198] 
2012[199]  

C(60) fullerenes OVA-coupled to 
the surface 

therapeutic mice, i.m. Kaidashev 
2010[200]  
Bobrova 
2012[201]  

C(60) fullerenes none therapeutic BALB/c mice, 
s.c. or e.c. 

Shershakova 
2016[202]  

gold NPs none therapeutic Swiss-Webster 
(outbred) and 
A/J (inbred) 
mice  

Barreto 
2015[205]  

dextran-coated 
magnetic 
nanoparticles (MNPs) 
chemical 
coprecipitation 
method 

bovine β-
lactoglobulin 
(BLG) and 
ovomucoid 
(OM) 

possibile 
delivery 
platform 

in vitro human 
monocytes 

Marengo 
2011[208]  

hydroxy apatite NPs, 
carbohydrate 
modified (aquasomes) 
Self-precipitation 
method 

ovalbumin 
(OVA) adsorbed 

prophylactic and 
therapeutic 

BALB/c mice, 
i.d. 

Pandey 
2011[210]  
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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.[10] Another concept as an alternative to AIT aims at shifting the imbalance of T cell 

subtypes towards a more balanced one by unspecific induction 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.[215] 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.[216–222] 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).[223] 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.[224] 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,[225–227] nature-

mimicking structures,[228; 229] polymer nanogels,[230; 231] or multilayer capsules,[232–234] 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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Synthesis, Novel Polymer Architectures, and Bioconjugation: Chapter 6.2 Cleavable Polyethers 

(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 β-scission, as observed in long-term in vivo 

experiments.[1] Degradation of PEG under application of voltage and air,[2] UV light,[3] 

ultrasonication,[4] and temperature[3] is described in literature. The degradation rate depends on 

whether the experiment is conducted in bulk or in aqueous solution and on pH values.[5] If higher 

oxidative stability is required for certain applications, aromatic polyethers can be applied.[6] 

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.[7] 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.[8] 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 PEG[9] 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.[10] 

More recently, light as a stimulus has likewise been exploited to induce cleavage of PEG derived 

structures.[11] 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.[10] 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.[12] 

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

Cleavable Unit Structure Synthetic Approach Degradation [b] Ref. 

Acetals O O

R H  
PEG coupling  pH < 7.4  13-16 

Acetals/ ketals 
O O

R1 R

R = R2, H  

Cleavable AROP 
initiator 

pH < 7.4 17,18 

Aconitic acid 
diamides 

H
N

H
N

O O
OHO  

PEG coupling pH < 7.4 19 
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Azo groups N
N  

PEG coupling enzymatic 20,21 

Carbonates 
O O

O

 
PEG coupling basic hydrolysis 22,23 

Carboxylates 
O

O

 
PEG coupling hydrolytic, 

enzymatic 

24,25 

Disulfides S
S  

PEG coupling reductive 26,27 

Hemi-acetals 
O

OH

 
PEG oxidation acidic or basic  28 

Orthoesters 
O

O

O

O

O

O

 
PEG coupling pH < 7.4 29 

Peptides 
N
H

O

 

PEG coupling enzymatic 30,31 

Phospho-
esters O

P
O

R

O

 
PEG coupling acidic or basic 32,33 

Urethane 
O N

H

O

 

PEG coupling (hydrolytic) 34,35 

Vinyl ethers 

O  

Elimination 
functionalized PEG, 
PEG coupling  

pH < 7.4 or 

light/1O2 

36 

o-Nitro 
benzyl ethers 

 

PEG coupling light 11 

[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.[10] [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.37,38-44 
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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[1] or cytokines[2] and 

living cells).[3,4] 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.[5] 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).[6−8] 

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.[2] 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.[9−11] 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.[12] pH-responsive 

polymers have been widely employed as nanocarriers for drug delivery,[6,9,13−15] either with an acid-

labile linker (such as acetals, ketals, imines, orthoesters, or hydrazones) between the drug 

molecule and the polymer[16−18] or as block copolymers forming micelles[19−21] or 

polymersomes[22,23] 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.[16]  

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.[24] Acid degradable PEG containing an acetal group,[25,26] dendrimer-like 
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PEG,[27] polycondensation of PEG and aldehyde,[28] polyacetals derived from diphenol monomers 

and PEG[29] or hemiacetal containing PEG[30] 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.[31−33] We chose the usage of liposome nanoreactors for uniform 

nanoparticles synthesis as previously described by Kazakov et al.[34] 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).[35,36] Recent efforts to avoid IgE mediated side effects occurring sometimes 

during SIT are chemically modified allergoids,[37] allergen-polymer aggregates,[38] or nanocarrier 

systems.[8,39] 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.[40] 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.[41] 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.[40] 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 D2O, 

ovalbumin (OVA grade VI, >99%, from chicken egg), 2-hydroxy-2-methylpropiophenone 

(photoinitiator, PI), and L-α-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.[42] Dulbecco’s phosphate buffered saline 

(PBS, Invitrogen, Carlsbad, CA), glass beads (1 mm diameter, P. Marienfeld GmbH, Lauda-

Königshofen, Germany), ethanol (100% undenatured, Merck, Darmstadt, Germany), grass pollen 

extract (Phleum pratense), dust mite allergen (Dermatophagoides pteronyssinus), (both supplied 

from ALK-Abelló, Hamburg, Germany), Centrisart I tubes (Sartorius, Göttingen, Germany), Alexa 

Fluor 633 C5 maleimide (A20342), Alexa Fluor 633 protein labeling kit (A20170, Invitrogen), Ficoll 

Paque 1.077 g/mL (PAA Laboratories GmbH, Cölbe, Germany), IMDM (PAA Laboratories GmbH), 

LysoTracker Green DND-26 (Molecular Probes, Eugene, OR), Hoechst 33342 (Invitrogen), IL-4, 

TNF-α, and IL-1β (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; Bühlmann Laboratories AG, Schönenbuch, Switzerland) were 

used as purchased. All other chemicals and solvents were purchased by Acros Organics, Geel, 

Belgium.  

Characterization Methods. 1H 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−1) 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 II 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, Groß-Umstadt, Germany). All 

measurements were made by using 10 mm quartz glass Suprasil cells (volume 350 μL) 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, Göttingen, 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 μL, 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 μL, 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, 

CDCl3) δ[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−O−CH), 4.89 (q, 2H, CH−CH3), 5.94 (d, 4H, CH2 = C, J = 126.14 Hz). 

Preparation of NPs. Volumes of 148.3 μL phosphatidylcholine solution (100 mg/mL in ethanol) 

and 246.7 μL 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 μL of PBS, 

0.5 μL of PI, and 150 μg of protein (allergen or OVA) dissolved in 10 μL 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 rpm and room temperature in the DAC (dual centrifuge, Rotanta 460, 

Hettich Zentrifugen, Andreas Hettich GmbH & Co KG, Tuttlingen, Germany). To redisperse the 

liposomes, 120 μL 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 I 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 μL 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 × 106 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 μg/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 α 

(TNF α), 2000 U/mL IL-1β, and 1 μg/mL prostaglandin E2 (maturation cocktail) to reach final 
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maturation.[43,44] 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 × 105 CD4+ T cells were cocultured in triplicate with 1 × 104 DCs, pulsed with 

allergen or allergen loaded NPs, in 200 μL IMDM supplemented with 5% heat inactivated 

autologous plasma. After 5 days, the cells were pulsed with 37 kBq/well of [methyl-3H]thymidine 

([3H]TdR) for 8 h. Incorporation of [3H]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 μg/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 μL) 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 μL of peripheral blood 
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leukocytes was stimulated with 50 μL 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 1H NMR, 

GPC, and MALDI-ToF (Figures S1−S4). 

 

 

 

 

 

 

Scheme 1. PEG-Acetal-DMA Macromonomer Synthesis. 

 

Two macromonomers were synthesized with different PEG chain lengths (600 and 2300 g mol−1). 

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-1 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 1H 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.[45] 
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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).  

 

Figure 2. Lysis of macromonomer in aqueous solution at pH 5, monitored via 1H 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,[46] which 

needs to be further investigated. 

NPs were generated using liposome templates[47] to obtain uniform size and form distributions by 

DAC, a novel technique introduced by the group of Massing et al.[48−50] 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).  

 

Figure 5. Investigation of maturation markers on dendritic cells, measured by flow cytometry; 
n = 3. 

As expected, immature DCs constitutively express MHC-class II 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[51,52] 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).  

 

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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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[53] or dextran[54] 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.[55] 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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Supporting Information 
 

 

Figure S1. 1H-NMR-Spectrum (300 MHz, C6D6) PEG-Acetal-DMA Mn = 2300 g mol-1. 

 

 

Figure S2. Gel permeation chromatography elugram (eluent: DMF, PEG-calibration) of PEG-acetal-
DMA (Mn = 2300 g mol-1, red line: RI detector, blue line: UV detector). Besides the distribution at 
ca. 2000 g mol-1 both lines show a high molecular weight shoulder at ca. 4200 g mol-1 due to 
transacetalization reactions of PEG-acetal-DMA (see Figure S4). 



Chapter 2. Biodegradable pH-Sensitive Poly(ethylene glycol) Nanocarriers 
 

 
114 

 
Figure S3. MALDI-ToF analysis (matrix: dithranol, salt: potassium triflate) of PEG-acetal-DMA (Mn 
= 2300 g mol-1). Only one distribution can be observed that can be assigned to the difunctional 
product, the presence of monofunctionalized product can be excluded. 
 
 

 
 

Figure S4. Chemical equation of transacetalization and functionalization reactions of PEG-acetal-
DMA (Mn = 2300 g mol-1) to PEG acetal DMA with Mn = 4200 g mol-1. 
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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). 

 

 
 

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-1) 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-1. 
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Figure S6. Lysis of macromonomer PEG-acetal-DMA in aqueous solution at pH 4, monitored via 
1H-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. 

 

 

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/l). 

 
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. 
 
 

 
 

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–1 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 1H 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 (310 K) 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 0, 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. 

 

 

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

Introduction 

Polymeric drug carrier systems offer significant advantages for nanomedical applications.[1; 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.[3; 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.[5; 6] 

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.[7– 10] 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.[11–14] 

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; 15–18] Furthermore, pH-sensitivity can enable 

lysosomal escape through the “proton sponge” effect and directed transport of cargo molecules 

into the cytosol of a cell.[19] Acid-labile polymers have been employed as materials for drug delivery 

systems for many years. Examples for acid-labile structures include acetals,[20; 21] ketals,[22; 23] 

tertiary esters,[24] imines,[25] orthoesters,[26; 27] cis-aconitates,[28; 29] hydrazones,[30; 31] or β-

thiopropionates.[32] 

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.[33] PEG is also employed in industrial 

applications, in cosmetics, and for surface modification of therapeutic proteins (“PEGylation”) and 

in anti-fouling coatings.[34] 

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.[35] 

Also, pendant ketals along the polymer backbone can be used to transform the hydrophobic part 

of the amphiphile into a hydrophilic structure.[36] Another strategy builds upon the use of small 

molecules with ketal units as cross-linker for hydrogel or nanogel synthesis.[14] PEG Hydrogels have 

been extensively investigated as sustained release drug delivery systems, especially as scaffolds 

for tissue engineering.[37] There is a large number of reports on polymeric systems other than PEG 

that contain ketal units in the backbone.[38–47] Most of them show degradation kinetics that is too 

slow[44] or the respective materials are too hydrophobic[48] 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.[49]  

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.[50] 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.[51] 

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.[22]  

In a previous work, we described the use of PEG nanogels for protein delivery containing acetals 

as labile units.[52] 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 1H NMR kinetic measurements as described by 

Jain et al.[45] 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 Å, 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 TCI. 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 

1H NMR spectra (300 and 400 MHz) were recorded using a Bruker AC300 or a Bruker AMX400 

spectrometer. 1H NMR kinetic spectra were recorded at 400 MHz on a Bruker Advance III HD 400 

(5 mm BBFO-SmartProbe with z-gradient and ATM). All spectra are referenced internally to 

residual proton signals of the deuterated solvent. 1H 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–1 of lithium bromide as an additive), an Agilent 1100 series was used as an integrated 

instrument, including a PSS HEMA column (106/104/102 Å 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 

α-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 Illustrator© CS5 v15.0.2. 



Chapter 3. PEG Dimethacrylates with Cleavable Ketal Sites 
 

 

125 

Synthetic procedures  

Synthesis of ethylene glycol monoacetate (1) 

The synthetic procedure was modified from a synthesis route by LEK Pharmaceuticals.[53] 

Molecular sieve (0.8 g, 4 Å) 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–1). 1H NMR (300 MHz, CDCl3) δ [ppm] = 

2.08 (s, 3H, CO-CH3), 2.39 (s, 1H, CH2-OH), 3.78-3.81 (m, 2H, CH2-OH), 4.16-4.19 (m, 2H, CH2-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–1). 1H NMR (400 MHz, C6D6) δ [ppm] = 1.18 (s, 6H, C(CH3)2), 1.70 (s, 6H, CO-

CH3), 3.41-3.44 (m, 4H, CH2-O-C(CH3)2), 4.09-4.12 (m, 4H, CH2-O-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–1, n = 10.0 mmol, 

1 eq.), potassium hydroxide (2.8 g, n = 50.0 mmol, 5 eq.), ethanol (50 mL) and MilliQ water (180 µL, 

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–1). 

1H NMR (400 MHz, CD2Cl2) δ [ppm] = 1.18 (s, 6H, C(CH3)2), 1.70 (s, 6H, CO-CH3), 3.41-3.44 (m, 4H, 

CH2-O-C(CH3)2)), 4.09-4.12 (m, 4H, CH2-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 in a MWCO = 100-

500 g mol–1 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). 1H NMR (400 MHz, 

C6D6) δ [ppm] = 1.32 (s, 6H, C(CH3)2), 3.40-3.56 (m, 253H, (CH2-CH2-O)n) 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 µL, 10 eq., 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). 1H NMR (400 MHz, C6D6) δ [ppm] = 1.32 
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(s, 6H, C(CH3)2), 1.85 (s, 6H, CH2-C-CH3), 3.40-3.56 (m, 242H, (CH2-CH2-O)n), 4.17-4.20 (t, 4H, CH2-

O-CO), 5.22 (m, 2H, CH2=C-CH3), 6.18 (m, 2H, CH2=C-CH3) see Fig. S8. 

1H 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 Na2HPO4 and stock B 

contained of 100 mM NaH2PO4 in deuterated water. The measured pH was converted to pD as 

described elsewhere.[54] 

For in-situ 1H 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 

(ΔT = 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 µL, 

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–1). 1H NMR (400 MHz, CDCl3) δ [ppm] = 6.11 (s, 2H, CH2-C-

CH3), 5.56 (s, 2H, CH2-C-CH3), 4.28 (m, 4H, CH2-O-CO), 3.47-3.74 (m, 191H, (CH2-CH2-O)n), 1.93 (s, 

3H, -CH3), see Figure S12. 
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Hydrogel synthesis and degradation studies 

The hydrogel synthesis was adapted from Schroeder et al.[55] 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 µl per 100 µL polymer solution, pre-diluted 1:10 in ethanol) as a photoinitiator was added to 

the polymer solution, mixed, and 100 µL 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 Na2HPO4 

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). 

 

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– 1 with polydispersities < 1.15 were synthesized by polymerization of ethylene oxide 

(EO) 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–1 were chosen to represent the entire molecular weight spectrum synthesized. 

1H 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.  

 

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 Mn,SEC (g mol–1) Mn,NMR (g mol–1) ĐSEC 

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-DMAa 2500 2700 1.07 

11 PEG(9700)-ketal-DMAb 5900 9700 1.10 

12 PEG(13200)-ketal-DMAc 8000 13200 1.13 

                 a derived from 5. b derived from 8. c derived from 9. 

The functionalized polymer PEG(2700)-ketal-DMA was characterized by 1H NMR, size exclusion 

chromatography (SEC) and MALDI-ToF mass spectrometry (see Figure 1). In the 1H NMR spectrum, 

all peaks could be assigned. In general, the molecular masses determined by 1H 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 α-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 1H 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 1H 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) 1H NMR (400 MHz, C6D6). b) MALDI-ToF-MS 
measurements using a dithranol matrix and KTFA as salt. c) 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–1) 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.[22] and Heath et al.[51] 

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 1H 

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 1H NMR 

measurements have been extensively used to monitor polymerization reactions online.[59–62] It 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)[56] or in inflammatory/cancerous tissue (about 

pH 6.5)[57; 58].  

The degradation at a pH value of 5 was complete within less than 7 minutes and therefore out of 

the scope of in-situ 1H NMR measurements. For that reason we decided to study degradation by 

1H NMR measurements at pH 6.1. Exemplarily, we show the 1H 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 1H 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 1H 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 (t1/2 (PEG(2700)-ketal-diol at 23 °C) = 82.4 min versus t1/2 (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 (t1/2 (PEG(2700)-ketal-diol at 23 °C) = 82.4 min versus t1/2 (PEG(2700)-

ketal-DMA at 23 °C) = 23.2 min and (t1/2 (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 t1/2 = 1 h for a 

polymer with 5200 g mol–1.[63] 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 t1/2 = 18 min at pH 5 and t1/2 = 2 min at ph 4.[22] These results prompt 

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

i.e. increasing hydrophilicity.  

 

Figure 3. Comparison of in-situ 1H 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 1H 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.[64] This may result in an improved accessibility of the ketal units and thereby in an 

increased degradation rate. 

 

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–1). PEG-

ketal-diols of different molecular weights ranging from 2000 to 13,000 g mol–1 (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 1H 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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Supporting Information 

 

Figure S1. 1H-NMR spectrum (300 MHz, CDCl3) of ethylene glycol monoacetate (1). 

 

Figure S2. 1H-NMR spectrum (400 MHz, C6D6) of propane-2,2-diylbis(oxyethane-2,1-diyl)   
diacetate (2). 
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Figure S3. 1H-NMR spectrum (400 MHz, CD2Cl2) of 2,2'-(propane-2,2-diylbis(oxy))diethanol (3). 

 

Figure S4. 1H-NMR spectrum (400 MHz, C6D6) 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. 

 

Figure S6. MALDI-ToF-MS of PEG(5000)-ketal-diol (7) after complete degradation using a CHCA 
matrix and KTFA as salt. 

 



Chapter 3. PEG Dimethacrylates with Cleavable Ketal Sites 
 

 
146 

 

Figure S7. SEC elugrams of all PEG-ketal-diols (eluent: DMF, PEG calibration, RI detector signal). 
Molecular weights and polydispersities are specified in Table 1. 
 

 

Figure S8. 1H-NMR spectrum (400 MHz, C6D6) 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. 

 

Figure S11. Reaction scheme of PEG-dimethacrylate (13) synthesis. 
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Figure S12. 1H-NMR spectrum (400 MHz, CDCl3) of poly(ethylene glycol)-dimethacrylate 
(PEG(2000)-DMA, (13)). 

 

 

Figure S13. SEC result for PEG-dimethacrylate (eluent: DMF, PEG calibration, RI detector signal).  
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Figure S14. MALDI-ToF-MS of PEG(2000)-DMA (13) using a dithranol matrix and KTFA as salt. 

 

 

Scheme S1. Degradation of the PEG-ketal-DMA. 
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Figure S15. Comparison of in-situ 1H NMR integrals of the degradation of PEG(2700)-ketal-DMA, 

PEG(9700)-ketal-DMA, and PEG(13200)-ketal-DMA at 37 °C in deuterated phosphate buffer at 

pH 6.1. Decreasing relative methyl group intensity of the ketals in black and increasing relative 

methyl group intensity of acetone in red. 
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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– 1. To demonstrate the efficiency of the procedure, we synthesized an α-azide-ω-

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 α-azido-
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ω-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. 

 

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.[1; 2] To achieve targeted drug delivery, 

the attachment of targeting molecules to nanocarrier systems is often required.[3; 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).[5] Popular conjugation chemistries target 

amino acid residues present in proteins and peptides (e.g., reaction of mPEG-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.[6–23] (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.[24; 25] (iii) 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–1), 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.[26–36] 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.[37] 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–1), 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.[38] 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.[38] 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–1). 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). 
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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).[39] The general 

concept can be transferred to monoacylation, monobenzylation, or monophosphorylation of e.g. 

carbohydrates,[40–42] and has also been used for other oligo(ethylene glycol)s[43] or poly(ethylene 

glycol)s.[27; 44–47] Hsu 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.[46; 47] 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 1H 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 ω-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.[47; 46] 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 1H NMR and MALDI-ToF MS have been employed to confirm formation of the pure 

monotosylated product. However, 1H 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 1H 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  α-(2-propenyl)-

ω-(2-propenyloxy)-poly(oxyethylene), α-(2-propenyl)-ω-carboxy-methylthio-poly(oxyethylene) 

and α-carboxymethylthioethyl-ω-carboxymethylthio-oligo (ethylene glycol), is described by 

Völcker et al.[28] 

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–1) 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.[5] 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 Ag2O, 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.  

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.[26] The reaction with silver oxide 

constantly produced higher yields of monotosylated PEG 2 for PEG with Mn between 1500 and 

8000 g mol–1 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(Ag2O) in water at 20 °C = 1.69 x 10–6 mol3L–3).[48] Silver(I)oxide shows 

a rather inhomogeneous particle size distribution in the size range of a few nanometers up to 

5 µm, 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(I)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 Ag2O 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, Ag2O 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 KI was also investigated by Bouzide et al.[38] 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 Ag2O, 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 Ag2O 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–1, 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. 
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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: 
Ag2O-catalyzed reaction conditions. 

Condition 

# 

Reaction conditions (1.0 eq. PEG, 1.0 eq. 

TsCl, 40 °C, 16 h) 

PEG (Mn / 

g mol–1) 

Yield 1 

/ %  

Yield 2 

/ % 

Yield 3 

/ % 

C1 1.5 eq. Ag2O, 0.2 eq. /KI, 12.5 mL toluene 1500 17.9 73.3 8.8 

C2 1.5 eq. NEt3, 12.5 mL DCM1 1500 76.1 23.5 0.4 

C3 1.5 eq. NEt3, 25 mL DCM1 1500 90.1 9.9 0.0 

C4 1.5 eq. Ag2O, 0.2 eq. KI, 12.5 mL toluene  2000 14.4 71.2 14.4 

C5 1.5 eq. Ag2O, 0.2 eq. KI, 25 mL toluene 2000 15.8 76.2 7.9 

C6 1.5 eq.  Ag2O, 0.2 eq. KI, 125 mL toluene 2000 99.5 0.5 0.0 

C7 15 eq. Ag2O, 2 eq. KI, 12.5 mL toluene 2000 22.8 69.7 7.5 

C8 30 eq. Ag2O, 4 eq. KI, 12.5 mL toluene 2000 29.6 70.4 0.0 

C9 0.15 eq. Ag2O, 0.02 eq. KI, 12.5 mL 

toluene 

2000 99.4 0.6 0.0 

C10 1.5 eq. AgNO3, 0.02 eq. KI, 12.5 mL 

toluene 

2000 74.6 23.2 2.1 

C11 1.5 eq. NEt3, 12.5 mL toluene 2000 77.2 22.5 0.3 

C12 1.5 eq. NEt3, 12.5 mL DCM1 2000 42.9 55.2 1.9 

C13 1.5 eq. NEt3, 12.5 mL DCM1, TsCl 

dissolved in DCM added dropwise 

2000 65.4 33.5 1.1 

C14 1.5 eq. NEt3, 25 mL DCM1 2000 81.2 18.8 0.0 

C15 12.5 mL pyridine 2000 96.9 3.1 0.0 

C16 1.5 eq. NEt3, 12.5 mL DCM, subsequent 

addition of Ag2O 

2000 38.7 55.3 6.0 

C17 1.5 eq. Ag2O, 0.2 eq. KI, 12.5 mL toluene 4000 57.3 41.8 0.9 

C18 3 eq. Ag2O, 0.4 eq. KI, 12.5 mL toluene 4000 26.6 60.2 13.2 

C19 1.5 eq. NEt3, 12.5 mL DCM1 4000 74.0 25.2 0.8 

C20 1.5 eq., Ag2O, 0.2 eq. KI, 12.5 mL toluene 8000 88.3 11.4 0.3 

C21 3 eq. Ag2O, 0.4 eq. KI, 12.5 mL toluene 8000 65.2 32.8 2.0 

C22 1.5 eq. NEt3, 12.5 mL DCM1 8000 90.6 9.4 0.0 
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C23 1.5 eq., Ag2O, 0.2 eq. KI, 12.5 mL toluene, 

48 h 

8000 73.4 25.6 1.0 

C24 3 eq. Ag2O, 0.4 eq. KI, 12.5 mL toluene, 

48 h 

8000 55.2 42.0 2.7 

C25 1.5 eq. NEt3, 12.5 mL DCM1, 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–1 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 α-4-(α-D-mannopyranosyl¬oxymethylene)-

1,2,3,triazol-1-yl-ω-methacryloyl-PEG, a polymer which is suited for hydrogel and nanogel 

functionalization, is described below. 

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

1,2,3,triazol-1-yl-ω-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.[49–52] For the conjugation of mannose to the polymer 

chain, a copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC)[53; 54] click reaction was used. In a 

four step sequence, the commercial PEG-diol was transformed into α-4-(α-D-

mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-ω-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 α-4-(α-D-
mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-ω-methacryloyl-PEG (10) in a three step 
reaction. 

 

In the first step, we substituted the tosylate moiety by an azide to obtain α-azide-ω-hydroxyl-PEG. 

Already in the two-step reaction of PEG-diol to α-azide-ω-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 1H 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 ω-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 1H NMR, SEC, and MALDI-ToF-MS analysis (see Figure S20 – Figure S14). 

 

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

Propargyl α-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 1H NMR 
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and MALDI-ToF-MS, the click reaction was quantitative, und no residual α-azido-ω-methacryloyl-

PEG could be detected (see Figure S23 - Figure S25). The whole chain of reactions from PEG-diol 

to α-1,2,3-triazole-4-phenyl-ω-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(I)-catalyzed alkyne-

azide cycloaddition to attach a mannose-substituted alkyne to the α-azide-ω-methacrylate-PEG. 

All resonances could be assigned in the 1H 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 α-azido-ω-

methacryloyl-PEG (see Figure S35). In the SEC elugramm, a higher molecular weight shoulder at 

approx. 4000 g mol–1 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(I)oxide, silver nitrate, potassium iodide, 

Cu(I)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 TCI. 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 

an inert 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 µm silica gel (Acros Organics). 

Characterization Methods 

1H NMR spectra (400 MHz) were recorded using a Bruker AMX400 spectrometer and referenced 

internally to residual signals of the deuterated solvent. 1H 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 Å porosity) and a refractive 

index (RI) und ultraviolet (UV) detector. Samples were measured in dimethylformamide (DMF, 

containing 0.25 g L–1 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 µm 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 µm 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 α-tosyl-ω-hydroxyl-PEG (1,2 and 3) 

The synthesis of α-tosyl-ω-hydroxyl-PEG was modified from Mahou et al.[47] Exemplarily, the 

synthesis of α-tosyl-ω-hydroxyl-PEG-1500 is described below. PEG (1.00 g, M = 1500 g mol–1, 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, Ag2O (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–1). 1H NMR (400 MHz, DMSO) δ [ppm] = 7.78 (d, 2H, CaromH-

C-SO3), 7.48 (d, 2H, CaromH-C-CH3), 4.58 (t, 1H, -OH), 4.11 (m, 2H, CH2-SO3), 3.40-3.56 (m, 119H, 

(CH2-CH2-O)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.[26] In short, PEG (1.0 g, M = 2000 g mol–1) 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 µl, 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–1). 

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 α-tosyl-ω-hydroxyl-PEG (2), diol-PEG (1) and α,ω-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 µm) 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–1. 

For PEG ˃ 2000 g mol–1, 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 α-tosyl-ω-hydroxyl-PEG (2), diol-PEG (1) and α-tosyl-ω-

tosyl-PEG (3) (100 mg) was dissolved in acetonitrile (ACN) : water (40:60), filtered through a 

Rotilabo® syringe filter (PTFE, pore size 0.45 µm) 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–1. 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–1, 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 α-azide-ω-hydroxyl-PEG (4) 

The synthesis of α-azide-ω-hydroxyl-PEG was developed based on Mahou et al.[47] Exemplarily, the 

synthesis of α-azide-ω-hydroxyl-PEG-1500 is described below. α-tosyl-ω-hydroxyl-PEG ((2), 

500 mg, M = 1670 g mol–1, n = 0.299 mmol) and sodium azide (97 mg, 5 eq., n = 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–1). 1H NMR 

(400 MHz, DMSO) δ [ppm] = 4.58 (t, 1H, -OH), 3.46-3.56 (m, 132H, (CH2-CH2-O)n), 3.41 (m, 

4H, -(CH2)2-N3), see Figure S17. 

Synthesis of α-azido-ω-methacryloyl-PEG (5) 

Exemplarily, the synthesis of α-azide-ω-methacrylate-PEG-1500 is described below. α-tosyl-ω-

azide PEG ((4), 266 mg, M = 1541 g mol–1, n = 0.173 mmol) was dissolved in toluene (2 mL). Candida 

antarctica lipase B (CALB, 58 mg) beads and vinyl methacrylate (104 µL, 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–1). 1H NMR (400 MHz, DMSO) δ [ppm] = 6.03 (m, 1H, CH2-C-CH3), 5.69 (m, 1H, CH2-

C-CH3), 4.20 (m, 2H, CH2-O-CO), 3.65 (m, 2H, CH2-CH2-O-CO), 3.43-3.56 (m, 119H, (CH2-CH2-O)n), 

3,39 (m, 2H, CH2-N3), 1.88 (s, 3H, -CH3), see Figure S20. 
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Synthesis of α-4-phenyl-1,2,3,triazol-1-yl-ω-methacryloyl-PEG (6) 

Exemplarily, the synthesis of α-4-phenyl-1,2,3,triazol-1-yl-ω-methacryloyl-PEG-1500 is described 

below. α-azido-ω-methacryloyl-PEG ((5), 150 mg, M = 1609 g mol–1, n = 0.0932 mmol), 

phenylacetylene (15 µL, 1.5 eq., n = 0.14 mmol, m = 14 mg), N,N,N’,N’’,N’’-

pentamethyldiethylentriamine (PMDETA, 5.9 µL, 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 eq., 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). 1H NMR (400 MHz, DMSO) δ [ppm] = 8.53 (s, 1H, CH-N), 7.84 (m, 2H, CaromH(ortho)), 7.44 (m, 

2H, CaromH(meta)), 7.34 (m, 2H, CaromH(para)), 6.03 (m, 1H, CH2-C-CH3), 5.69 (m, 1H, CH2-C-CH3), 

4.57 (m, 2H, CH2-N), 4.20 (m, 2H, CH2-O-CO), 3.87 (m, 2H, CH2-CH2-N), 3.65 (m, 2H, CH2-CH2-O-CO), 

3.43-3.56 (m, 158H, (CH2-CH2-O)n), 1.88 (s, 3H, -CH3), see Figure S23. 

Synthesis of 1,2,3,4,6-Penta-O-acetyl-α,β-D-mannopyranose (7) 

The synthesis of peracetylated mannose was modified from Kartha et al.[55] Iodine (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 Na2SO3 solution 

(2 × 80 mL), then with a saturated aqueous solution of NaHCO3 (4 × 50 mL). The separated organic 

layer was dried over anhydrous MgSO4. The solvent was removed in vacuo to afford the desired 

peracetylated D-mannose (21.5 g, 55.1 mmol, 99%, mixture of both anomers α /β 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 assignable to β-anomer: 1H NMR, COSY (400 MHz, CDCl3) δ (ppm) = 6.09 (d, 3J = 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, 2J = 12.4 Hz, 3J = 4.9 Hz, 1H, H 

6a), 4.10 (dd, 2J = 12.4 Hz, 3J = 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 × s, 15H, COCH3 ); 13C NMR, HSQC, HMBC (100.6 MHz, CDCl3) δ (ppm) = 170.8, 170.2, 169.9, 

169.7, 168.2 (5x COCH3), 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 ×  COCH3). 

The spectral data are in accordance with literature.[56] 

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

The synthesis of propargyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside was modified from Daly 

et al.[57] 1,2,3,4,6-Penta-O-acetyl-α,β-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·OEt2 (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 

NaHCO3 solution (25 mL). Subsequently the aqueous layer was extracted with dichloromethane 

(2 × 50 mL), and the combined organic layers were dried over anhydrous MgSO4. 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); 

1H NMR, COSY (400 MHz, CDCl3) δ (ppm) = 5.36 (m, 3H, H 2, H–3, H 4), 5.02 (d, 1H, 3J = 1.7 Hz, H 1), 

4.31–4.25 (m, 3H, H-6a, CH2–C≡C), 4.10 (dd, 2J = 12.2 Hz, 3J = 2.5 Hz, 1H, H 6b), 4.01 (ddd, 3J = 

9.3 Hz, 3J = 5.2 Hz, 3J = 2.5 Hz, 1H, H 5), 2.47 (t, 4J = 2.4 Hz, 1H, CH), 2.15, 2.09, 2.03, 1.98 (4 × s, 

12H, COCH3 ); 13C NMR, HSQC, HMBC (100.6 MHz, CDCl3) δ (ppm) = 170.8, 170.1, 170.0, 169.8 

(4 × COCH3), 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 × COCH3),  

IR (ATR) λmax/cm–1 1756, 1738, 1431, 1256, 1232, 1186, 1056, 1013, 979, 795, 691; 

[𝑎]𝐷
22 + 53.4° (c = 1.00, CHCl3); 

HRMS (ESI): calculated for [C17H22O10 + Na]+: 409.1111, found: 409.1116. 
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Synthesis of Propargyl -α-D-mannopyranoside (9) 

The synthesis of propargyl-α-D-mannopyranoside was modified from Daly et al.[57] Propargyl 

2,3,4,6-tetra-O-acetyl-α-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-

α-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); 

1H NMR, COSY (400 MHz, CD3OD) δ (ppm) = 4.96 (d, 3J = 1.7 Hz, 1H, H 1), 4.27 (d, 1H, 4J = 2.4 Hz, 

CH2), 3.84 (dd, 2J = 11.8 Hz, 3J = 2.3 Hz, 1H, H 6a), 3.79 (dd, 1H, 3J = 3.1 Hz, 3J = 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, 4J = 2.4 Hz, CH); 13C NMR, HSQC, 

HMBC (100.6 MHz, CD3OD) δ (ppm) =  99.8 (C 1), 80.0 (C≡CH), 76.0 (C≡CH), 75.1 (C 5), 72.5 (C 3), 

72.0 (C 2), 68.5 (C–4), 62.8 (C–6), 54.8 (CH2-C≡CH), 

IR (ATR) λmax/cm–1 3403, 3276, 2934, 2909, 1586, 1343, 1252, 1134, 1061, 963, 916, 814, 663; 

[𝑎]𝐷
22 + 116.7° (c = 1.00, MeOH); 

HRMS (ESI): calculated for [C9H14O6 + Na]+: 241.0688, found: 214.0692. 

Synthesis of α-4-(α-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-ω-methacryloyl-PEG 

(10) 

Exemplarily, the synthesis of α-4-(α-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-ω-

methacryloyl-PEG-2000 is described below. α-azido-ω-methacryloyl-PEG ((6), 96 mg, M = 

2106 g mol–1, n = 0.046 mmol), mannose alkyne ((9), 12.5 mg, 1.24 eq., n = 0.057 mmol), PMDETA 

(2.9 µL, 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–1). 1H NMR (400 MHz, MeOH) δ [ppm] = 8.11 (s, 1H, CH-N), 6.14 (m, 

1H, CH2-C-CH3), 5.66 (m, 1H, CH2-C-CH3), 4.61 (m, 2H, CH2-Mannose), 4.31 (m, 2H, CH2-O-CO), 3.93 

(m, 2H, CH2-N), 3.53-3.86 (m, 261H, (CH2-CH2-O)n), 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–1. Monotosylation of PEG via an 

Ag2O/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%, Mn 2000 g mol–1) 

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 Ag2O-catalyzed compared to 9.4% uncatalyzed). For this 

reason, reaction time and silver(I)oxide equivalents were adjusted to yield 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 α-tosyl-ω-hydroxyl-PEG could be converted into the complex, 

heterobifunctional α-4-(α-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-ω-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 α-4-(α-D-mannopyranosyl¬oxymethylene)-1,2,3,triazol-1-yl-ω-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 α-tosyl-ω-hydroxyl-PEG in a molecular weight range of 1500 to 

8000 g mol–1. 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 

α-tosyl-ω-hydroxyl-PEG (1, 2, and 3) 

 

Figure S1. 1H-NMR spectrum (400 MHz, DMSO) of α-tosyl-ω-hydroxyl-PEG-1500 (C12), before 

purification by semi-preparative HPLC. 

 

Figure S2. SEC elugram and mass distribution of α-tosyl-ω-hydroxyl-PEG-1500 (C12), (eluent: DMF, 

PEG calibration, RI 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. 

 

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 α,ω-dihydroxyl-PEG-1500 (C12, 1) using a dithranol matrix and KTFA 

as salt, purified with semi-preparative HPLC, product eluted at 2.6 min. 

 

 

Figure S6.  MALDI-ToF-MS of α-tosyl-ω-hydroxyl-PEG-1500 (C12, 2) using a dithranol matrix and 

KTFA as salt, purified with semi-preparative HPLC, product eluted at 7.5 min. 



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

 
182 

 

Figure S7. MALDI-ToF-MS of α,ω-ditosyl-PEG-1500 (C12, 3) using a dithranol matrix and KTFA as 

salt, purified with semi-preparative HPLC, product eluted at 11.5 min. 

 

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 α,ω-dihydroxyl-PEG-4000 (1, C18) using a dithranol matrix and KTFA 

as salt, purified with semi-preparative HPLC, product eluted at 4.5 min. 

 

Figure S10. MALDI-ToF-MS of α-tosyl-ω-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 α,ω-ditosyl-PEG-4000 (3, C18) using a dithranol matrix and KTFA as 

salt, purified with semi-preparative HPLC, product eluted at 13.0 min. 

 

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). 
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Figure S13. MALDI-ToF-MS of α,ω-dihydroxyl-PEG-8000 (1, C24) using a dithranol matrix and KTFA 

as salt, purified with semi-preparative HPLC, product eluted at 8.5 min. 

 

Figure S14. MALDI-ToF-MS of α-tosyl-ω-hydroxyl-PEG-8000 (2, C24) using a dithranol matrix and 

KTFA as salt, purified with semi-preparative HPLC, product eluted at 11.5 min. 



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

 
186 

 

Figure S15. MALDI-ToF-MS of α,ω-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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Figure S16. SEC traces of α-tosyl-ω-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. 
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α-azido-ω-hydroxyl-PEG (4) 

 

Figure S17. 1H-NMR spectrum (400 MHz, DMSO) of α-azido-ω-hydroxyl-PEG-1500 (4). 

 

Figure S18. SEC elugram and mass distribution of α-azido-ω-hydroxyl-PEG-1500 (4), (eluent: DMF, 

PEG calibration, RI und UV detector signals). 
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Figure S19. MALDI-ToF-MS of α-azido-ω-hydroxyl-PEG-2000 (4), using a dithranol matrix and KTFA 

as salt. 
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α-methacryloyl-ω-azido-PEG (5) 

 

Figure S20. 1H-NMR spectrum (400 MHz, DMSO) of α-methacryloyl-ω-azido-PEG-1500 (5). 

 

Figure S21. SEC elugram and mass distribution of α-methacryloyl-ω-azido-PEG-2000 (5), (eluent: 

DMF, PEG calibration, RI und UV detector signals). 
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Figure S22. MALDI-ToF-MS of α-methacryloyl-ω-azido-PEG-2000 (5) using a dithranol matrix and 

KTFA as salt. 

α-4-phenyl-1,2,3,triazol-1-yl-ω-methacryloyl-PEG (6) 

 

Scheme 1. Reaction scheme of heterobifunctional functionalization of poly(ethylene glycol) in a 

four step reaction with phenyl acetylene as test reaction. 



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

 
192 

 

Figure S23. 1H-NMR spectrum (400 MHz, DMSO) of α-4-phenyl-1,2,3,triazol-1-yl-ω-methacryloyl-

PEG-1500 (6). 

 

Figure S24. SEC elugram and mass distribution of α-4-phenyl-1,2,3,triazol-1-yl-ω-methacryloyl-

PEG-1500 (6), (eluent: DMF, PEG calibration, RI und UV detector signals). 
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Figure S25. MALDI-ToF-MS of α-4-phenyl-1,2,3,triazol-1-yl-ω-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 α,ω-dihydroxyl-PEG to the clicked α-

4-phenyl-1,2,3,triazol-1-yl-ω-methacryloyl-PEG. α,ω-dihydroxyl-PEG (orange line), α-tosyl-ω-

hydroxyl-PEG (red line), α-azido-ω-hydroxyl-PEG (green line), α-azido-ω-methacryloyl-PEG (pink 

line), α-4-phenyl-1,2,3,triazol-1-yl-ω-methacryloyl-PEG (blue line). 

The broad band at 3600-3200 cm–1 of the hydroxyl group is visible for PEG-diol (orange line) 

disappears during the first reaction step and a new signal at 650 cm–1 (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–1 can be observed (green line). This peak 

remains and two additional peaks at 1650-1600 cm–1 (conjugated alkene) and 1685-1666 cm–1 

(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-α-D-mannopyranoside (9) 

 

Figure S27. Reaction Scheme for the synthesis of propargyl-α-D-mannopyranoside (9). 

 

Figure S28. 1H NMR spectrum (400 MHz, CDCl3) of 1,2,3,4,6-Penta-O-acetyl-α,β-D-manno-

pyranose (7). 
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Figure S29. 13C NMR Spectrum (100.6 MHz, CDCl3) of 1,2,3,4,6-Penta-O-acetyl-α,β-D-manno-

pyranose (7). 

 

Figure S30. 1H NMR spectrum (400 MHz, CDCl3) of Propargyl-2,3,4,6-Tetra-O-acetyl-α-D-manno-

pyranoside (8). 



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

 

197 

 

Figure S31. 13C NMR Spectrum (100.6 MHz, CDCl3) of Propargyl-2,3,4,6-Tetra-O-acetyl-α-D-

mannopyranoside (8). 

 

Figure S32. 1H NMR spectrum (400 MHz, CDCl3) of Propargyl-α-D-mannopyranoside (9). 



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

 
198 

 

Figure S33. 13C NMR Spectrum (100.6 MHz, CDCl3) of Propargyl-2,3,4,6-Tetra-O-acetyl-α-D-

mannopyranoside (9). 

 

α-4-(α-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-ω-methacryloyl-PEG 

 

Figure S34. 1H-NMR spectrum (400 MHz, MeOH) of α-4-(α-D-mannopyranosyloxymethylene)-

1,2,3,triazol-1-yl-ω-methacryloyl-PEG-2000 (10). 
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Figure S35. SEC elugram of α-4-(α-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-ω-

methacryloyl-PEG-2000 (10), (eluent: DMF, PEG calibration, RI detector signal). A higher molecular 

weight shoulder at approx. 4000 g mol–1 is visible, which may be due to starting crosslinking of 

methacrylate units during SEC sample preparation. 

 

Figure S36. MALDI-ToF-MS of α-4-(α-D-mannopyranosyloxymethylene)-1,2,3,triazol-1-yl-ω-

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. 

 

Figure S38. MALDI-ToF-MS spectra obtained by mixing PEG-1500-monotosylate 2 and PEG-1500-

ditosylate 3 in different ratios. 

 

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. 

 

Figure S41. TEM image of silver(I)oxide (solvent: ethanol, c ≈ 1 mg mL–1). 
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Figure S42. Magnification of TEM image of silver(I)oxide (solvent: ethanol, c ≈ 1 mg mL–1).  

 

Methods 

Illustrations were designed with Adobe Illustrator© CS5 v15.0.2.   
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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. 
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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.[1] 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.[2,3] Bone tissue engineering pursues different 

strategies to recapitulate those biomaterials which are present in native bone (e.g. HCA and 

collagen)[4,5] 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,[6] 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.[7] The resulting crystalline phases exhibit high strength and fracture toughness.[7,8]  

Amorphous calcium phosphate (ACP) has been reported to transform into crystalline calcium 

phosphate (mainly apatite).[9-11] 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.[12-16] ACP has 

been postulated to play  a key role as bone mineral precursor in vertebrates.[16] Mahamid et al.[15] 

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[16,17] 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 Ca2+ ions for the precipitation of 

nanocrystalline apatite.[18] 
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Amorphous CaCO3 (ACC) has been considered a potential inorganic precursor to induce the 

formation of bone minerals.[19] Recently we demonstrated that non-agglomerated and non-

functionalized nanoparticles of vaterite, the least stable crystalline polymorph of CaCO3, can be 

synthesized.[20,21] 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.[22] 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.[23-29] 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.[30-38] 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.[39] 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.[40] 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. NaHCO3, 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 CaCl2·4H2O 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 

Vysotskaya et al.[41] We prepared a simulated body fluid (SBF) following the recipe proposed by 

Kokubo and Takadama.[42] The ion concentrations of SBF are as follows: 142.0 mM Na+, 5.0 mM K+, 

1.5 mM Mg2+, 2.5 mM Ca2+, 147.8 mM Cl-, 4.2 mM HCO3
-, 1.0 mM HPO4

2-, 0.5 mM SO4
2-. The pH of 

the SBF solution was finally adjust to 7.37 at 37 °C by using 1M HCl. All syntheses were carried out 

with MilliQ-water (18.2 MΩ·cm, 25 °C).  

Synthesis. 

Synthesis of vaterite nanoparticles and their transformation to HCA. Vaterite nanoparticles were 

synthesized as reported in reference[21]. 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. CaCO3 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.[43] 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 °C in 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-Kα (λ = 1.5405 Å) radiation. XRD patterns were recorded in a 2θ 

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.[44,45] 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-1 with a resolution of 4 cm-1. 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 µm. Nd-YAG-Laser (λ = 

632,817 nm). A spot size of 2 x 2 µm was used for excitation. The Raman spectra were recorded 

in the range of 150-1600 cm-1. 

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.  

 

 

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 °C in 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 

  (1), 

where mw is the amount of water absorbed by the gel, md is the mass of dried hydrogel and ms is 

the mass of swollen hydrogel.[44]  
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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.[47] 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. 

 

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 CaCl2·4H2O and NaHCO3 in ethylene glycol. The precipitate remains 

nanocrystalline because the dispersant is only weakly coordinating. Fig. 1 shows XRD patterns, 

SEM (Fig. 2a1) and TEM images (Fig. 2a2) of the vaterite nanoparticles. XRD analysis shows that 
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vaterite is the predominant CaCO3 phase with traces of calcite. SEM and TEM images show vaterite 

nanoparticles with a typical ellipsoidal shape and dimensions of approximately 25x50 nm.[20] 

 

Figure 2. SEM and TEM images (a1, 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 2θ ~ 26° and 2θ ~ 32° due to formation of HCA.[48,49] 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 

/ h 

vaterite  

/ %wt 

HA / %wt calcite  

/ %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) 

 

 

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.[50,51] 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 

time / h 

length of HA 

/ nm 

width of HA  

/ 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 Ca2+ and CO3
2- ions are released by dissolution of the vaterite 

nanoparticles upon immersion in SBF. Consequently a high local Ca2+ 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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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. 
 

 

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 CO3
2- ion. All bands in the range from 1487 

cm-1 to 1411 cm-1 are assigned to the antisymmetric ѵ3 stretching mode, the band at 877 cm-1 

corresponds to ѵ2 mode (out-of-plane bending motion). The band at 744 cm-1 corresponds to the 
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ѵ4 mode (in-plane bending motion), and the band at 1089 cm-1 corresponds to ѵ1 symmetric 

stretching mode.[51]  

 

 

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 CO3

2- ion 
(ѵ1, ѵ2, ѵ3 and ѵ4) and normalized to ѵ2. (b) PO4

3-/CO3
2- ratio as a function of SBF incubation period 

calculated from the intensity of the FT-IR bands of the antisymmetric stretching mode of PO4
3- 

group and the ѵ3 vibration of the CO3
2- group. 

The ѵ1 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-1 and 1089 cm-1.[52] In addition to the 

vibrations of the CO3
2- group bands with increasing intensities at 963 cm-1 and at 1024 cm-1 were 

observed during incubation in SBF, which were as-signed to the non-degenerate symmetric 

(963 cm-1) and the triply de-generate antisymmetric P-O stretching modes (1024 cm-1) of the 

phosphate group.[53,54] The simultaneous presence of the characteristic CO3
2- and PO4

3- bands 

indicates that the vaterite nanoparticles transformed to spherical HCA agglomerates. Fig. 7b 
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shows the ratio of the PO4
3- to the CO3

2- groups as a function of incubation time in SBF based on 

the intensity of FT-IR bands of the antisymmetric stretching mode of PO4
3- group and the ѵ3 

vibration of the CO3
2- group. As a result the PO4

3-/CO3
2- ratio increases linearly with incubation time 

in SBF, up to a 1:1 ratio after 72 h. The absorption bands at 1487 cm-1, 1411 cm-1 and especially at 

877 cm-1 correlate to type B HCA as found in bone mineral, where the carbonate ions substitute 

for phosphate ions.[55,56] After 72 h of incubation in SBF the Raman spectrum (Fig. 7, blue) shows 

also a characteristic signal at 962 cm-1 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-1 (triply degenerate O-P-O bending mode) and 

1040 cm-1 (triply degenerate asymmetric P-O stretching mode).[51] The band position at 962 cm-1 

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.[57] 

 

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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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 2θ ~ 26° and 2θ ~ 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.[19,20,22] 
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Figure 9. (Top) XRD patterns of PEG-acetal-DMA precursor, vaterite-free (HG) and vaterite-loaded 
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 (a1-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 (a1-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).[58] 

 

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-1, 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-1 corresponds to non-degenerate symmetric P-O stretching mode, 

while the weak band at 440 cm-1 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.[59,60] 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.  

 

 

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 (a1-a2) vaterite-free and (b1-
b2) vaterite-loaded PEG-acetal-DMA hydrogels after immersion in SBF for 24 h. 
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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. 

 

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. 

 

Figure 15. Results of the CAM-EIA method, containing unstimulated HUVEC (negative control), 
1 μg/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 I (Life Technologies) + 100 U/100 μg/mL Pen/Strep + 25 μg/mL sodium 
heparin (Sigma Aldrich) + 25 μg/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 CaCO3 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 Ca2+ surface ions through the 

carbonyl groups in the hydrogel, which have been postulated to interact with Ca2+ ions of the 

CaCO3 particle surface that aid or accelerate the nucleation of HCA.[59,60] 

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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Supporting Information 

 

 

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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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, I., Schömer, M., Heydenreich, B., Saloga, J., Frey, H., 

Biomacromolecules, 2015, 16, 3103-3111. Aus dieser Publikation können 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 befürchten. Die bisher einzige kausal orientierte Therapie ist die Allergen-

Spezifische Immuntherapie, welche jedoch eine lange Behandlungsdauer und mögliche  

unerwünschte Wirkungen, wie z. B. einen anaphylaktischen Schock, mit sich bringt.[1, 2] Um die 

unerwünschten Wirkungen zu vermindern oder sogar ganz zu verhindern, wurden in den letzten 

Jahren verschiedene Ansätze verfolgt.[3] Durch chemische Modifikation der applizierten Allergene 

werden sogenannte Allergoide erzeugt, bei denen idealerweise B-Zell-Epitope zerstört, T-Zell-

Epitope jedoch erhalten bleiben sollen, was jedoch nach einigen Untersuchungen nicht vollständig 

gelingt.[4] Weitere Ansätze zielen darauf ab, das Allergen durch Einschluss in Transportvehikel vor 

der Erkennung durch Antikörper 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.[5 – 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 antigenpräsentierenden Zelle.[8]  

Eigene Ergebnisse 

Um säurespaltbare 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 

serlösliches 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) ermöglichen eine einfache Vernetzung der einzelnen Polymerketten zu einem 

Polymernetzwerk durch UV-Bestrahlung. 

 

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 können. 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 Liposomenhülle, entfernt werden. Der pure PEG-Partikel kann durch Ansäuern 

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, anschließend 

werden durch UV-Strahlung die Polymerketten vernetzt. Herabsetzen des pH-Wertes führt zum 

Abbau des Nanopartikels. 

Die Effektivität der hergestellten und mit Gräser 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 ausüben. 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 gefärbt. In der Überlagerung von 

A, B und C in Bild D erscheint gelb-orangene Fluoreszenz, welche ein Hinweis auf Co-Lokalisation 

von Allergen und Lysosomen ist. 

 

Für die CLSM Aufnahmen wurden dendritische Zellen vier Stunden mit rot-fluoreszierenden 

Nanopartikeln inkubiert, bevor die Zellen mit Hoechst 33342 (blau) und Lysotracker green gefärbt 

und mit dem Mikroskop untersucht wurden. Die Aufnahmen zeigen eine Überlagerung von grüner 

und roter Fluoreszenzintensität, was auf die Co-Lokalisation der Nanopartikel und der Lysosomen 

schließen lässt. Um zu überprüfen, dass das in die Nanopartikel eingeschlossene Allergen vor der 

Erkennung durch Immunglobuline auf der Oberfläche von basophilen Leukozyten geschützt ist, 

wurde ein Cellular Antigen Stimulation Test (CAST) mit anschließendem ELISA durchgeführt. 

Basophile Leukozyten von allergischen Spendern, die mit nichtverkapseltem Allergen inkubiert 

wurden, zeigten eine konstant hohe  Leukotrienausschüttung. Zellen, die mit den allergen-

beladenen Nanopartikeln (A – NP) inkubiert wurden, zeigten dahingegen eine stark verringerte 

Leukotrienausschüttung. Leere Nanopartikel führten zu keiner messbaren 

Leukotrienausschüttung (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 Leukotrienausschüttung wurde vermessen. Als Negativkontrolle wurden die Zellen mit 
Medium inkubiert, als Positivkontrolle wurden sie mit anti-IgE-Rezeptor stimuliert. Gezeigt ist ein 
repräsentatives 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 Funktionalität 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 erhöhte allergen-spezifische Proliferation (Positivkontrolle). T-Zellen, deren 

dendritischen Zellen mit A-NP beladen wurden, zeigten ebenfalls eine signifikant erhöhte allergen-

spezifische Proliferation, wenn auch weniger stark ausgeprägt als die der Positivkontrolle. Wurden 

die T-Zellen mit DCs inkubiert, die mit leeren Nanopartikeln beladen wurden, so kommt es zu 

keiner signifikant erhöhten Proliferation (siehe Abbildung 5). Diese Ergebnisse zeigen, dass das 

Allergen aus den Nanopartikeln freigesetzt wird und die T-Zell-Epitope während 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 repräsentatives Einzelbeispiel. 

Zusammenfassung und Ausblick 
 
Es konnte ein neuartiges Polymer hergestellt werden, das als Baustein für 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 Toxizität und führten 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 geschützt. 

Die Co-Kultivierung von mit Nanopartikeln beladenen dendritischen Zellen und T-Zellen führte zu 

einer signifikant gesteigerten allergenspezifischen Proliferationsrate. Diese vielversprechenden 

ersten Ergebnisse ermutigen die weitere Analyse und die Verbesserung der beschriebenen 

Nanopartikel. Die nächsten 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 für 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. für die Verkapselung von 

Allergen/Antigen-Gemischen oder einem Gemisch aus Allergenen/Antigenen und einem 

biological response modifyer). 
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