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MOTIVATION AND OBJECTIVES
Nature enables the bioavailability of iron via several types of “siderophores” (greek: “iron
carriers”). Especially the catechol moiety exhibits excellent complexation behavior towards
iron and enables the iron metabolism in various microorganisms. As another example,
3,4-dihydroxyphenyl-L-alanine (DOPA) is an essential part in the mussel foot protein that
enables strong adhesion at various surfaces under extreme conditions. Based on these proper-
ties, catechol moieties have become interesting compounds for synthetic polymer structures, i.e.
for antifouling surface coatings or adhesive hydrogels.1 Besides their unique complexation capa-
bility, the catechol moiety possesses a drawback that severely limits its technical use in industry.
The facile oxidation to quinones complicates its handling and therefore impedes application in
various fields.
In nature, another functional group is known that exhibits excellent complexation abilities: hy-
droxamic acids. These moieties possess slightly lower complex stability constants than their
catechol analogues, but they are stable against oxidative processes in air in a wide pH range.2
These compounds are alreadywell established to treat iron overload diseases, as in the treatment
of thalassemia. Despite the poor oral availability, the hydroxamic acid-bearing deferoxamine is
currently the “gold standard” for iron chelation therapy.3 Besides their relevance in medical ap-
plications, their strong interaction with metal ions opens a wide range of applications in the field
of materials science. For example, they were used for the separation of rare-earth metals, for
waste water treatment4 and also as linking agents in dye-sensitized solar cells5 andmetal organic
frameworks6.
Despite their fascinating complexation capability, only a few works regarding hydroxamic acids-
functionalized polymers are known. The first report on polymeric hydroxamic acids date back
to 1942.7 In the 1970s, Winston et al. with their in-depth investigations contributed funda-
mentally to the understanding of poly(hydroxamic acid)s as metal chelators.8 Usually, hydrox-
amic acid functionalities are introduced via tedious and non-quantitative postmodification reac-
tions with hydroxylamine, starting from poly(methacrylate)s or poly(acrylamide)s. Unfortunately,
these postmodification reactions lead to side products and non-quantitative conversion.9 There-
fore, it is an important objective to introduce hydroxamic acid moieties directly into a polymer
structure, avoiding postmodification efforts. Furthermore, the introduction of hydroxamic acids
via postmodifications leads to limited possibilities for adjusting the polarity of the polymers, since
functional groups such as esters or amides are required for the reaction with hydroxylamine. The
copolymerization of hydroxamic acids with comonomers of different hydrophilicities could offer
a powerful tool to adjust the solubility behavior of the metal chelating polymers precisely and

13



14 Motivation and Objectives

in one step. Due to the current lack of a method for direct incorporation of hydroxamic acids
into well-defined hydrophobic or hydrophilic polymers, the following question arises that is ad-
dressed in the first part of this work (Scheme 1):
“How can one directly incorporate hydroxamic acids both into hydrophobic and hydrophilic polymers
while obtaining control over the number and position of the functionalities and the molecular weight
of the polymers?”

SCHEME 1 Schematic procedure to develop hydroxamic acid-functionalized copolymers with different
polarities and polymer architectures.

In the last decades, stimuli-responsive materials became very important in applied materials sci-
ence. For thermoresponsive materials, hydrophilicity and the structural shape of the polymers
in aqueous media were controlled by temperature as an external trigger.10 These properties
enable various bio-applications, such as enzyme recycling, protein chromatography, controlled
bio-adhesion, hyperthermia-induced drug delivery and tissue engineering.10 Since its discovery
in the 1960s, poly(N-isopropylacrylamide) (PNIPAM) became the most prominent example for
thermoresponsive materials and is construed as “gold standard” in this research area. However,
several drawbacks of these materials, such as the irreversible phase transition or the strong in-
fluence of end groups on the thermal behavior for smaller polymers, paved the way for the
extensive research for alternative thermoresponsive materials.10 Various research groups fo-
cused on the preparation of poly(oligo ethylene glycol methacrylate) (POEGMA) as an alterna-
tive to PNIPAM.11–13 Unlike linear poly(ethylene glycol), POEGMA is composed of a carbon-
carbon backbone with multiple oligo (ethylene glycol) side chains in a brush-like structure. The
oligo(ethylene glycol) segments (up to 85% in weight) lead to the water-soluble and biocom-
patible character of these materials.14 Thus, POEGMA combines the thermoresponsive proper-
ties of PNIPAM with the biocompatibility of linear PEG. The combination of aqueous solubility
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and metal chelating motifs, using temperature as an external trigger could open a variety of
application fields. In terms of materials and medical sciences, water-insoluble hydroxamic acid-
functionalized copolymers could be attractive candidates for surface adhesion or as nanocarriers
for magnetic nanoparticles in pharmacological applications. Therefore, it is crucial to investigate
both potential applications and the properties of both water-soluble and water-insoluble hydrox-
amic acid-functionalized copolymers. In this context we will focus on the following question
(Scheme 2):
“How can one adjust and apply the versatile properties of water-soluble and water-insoluble hydrox-
amic acid-functionalized copolymers in the fields of materials and medical sciences?”

SCHEME 2 Schematic illustration of the strategy to obtain water-soluble and water-insoluble hydroxamic
acid-functionalized copolymers with varied polymer architectures.
In this work, chapter 1 and 2 focus on the essential properties of hydroxamic acids and a gen-
eral approach to synthesize well-defined hydrophobic or hydrophilic copolymers with control
over the number and the position of hydroxamic acids. The versatile properties and potential ap-
plications of water-soluble and water-insoluble hydroxamic acid-functionalized copolymers are
presented in chapter 3 and 4 of this work.
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ABSTRACT
With the first experiments demonstrating the existence of macromolecules in 1920 by Hermann
Staudinger, a success story started that persists until today. In our everyday life, polymers be-
came omnipresent. The broad application fields range from packaging materials to the use in
medicine and pharmaceutics. Relying on a variety of polymerization techniques, tailored poly-
mer structures can be synthesized and precisely adjusted to the respective application field of
interest. With the variation of monomers, composition, molecular weights and polymer archi-
tectures, material properties can be tuned in a targeted manner.
This thesis focuses on the synthesis of hydroxamic acid-based monomer structures and their
polymerization towell-definedmetal-chelatingmaterials. Hydroxamic acids possess outstanding
importance in nature as functional group in “siderophores” (greek: iron carriers) to enhance the
bioavailability of Fe(III) in the metabolism of various microorganisms. Chapter 1 reviews the
essential characteristics of hydroxamic acids in terms of their structural properties, the synthesis
and the applications in both medical and materials sciences.
The combination of the underrated hydroxamic acid moiety with polymers has been reported
only in a limited number of works to date. Hydroxamic acids (HA) are mainly introduced via
postmodification reactions with hydroxylamine, leading to side reactions and mostly ill-defined
materials. Chapter 2 deals with the incorporation of hydroxamic acids into poly(methacrylate)s
via copolymerization, yielding well-defined structures (Scheme 1).

SCHEME 1 Schematic illustration of the synthesis strategy to generate metal-chelating hydroxamic
acid-functionalized polymers with varied polarity and polymer architecture.
For this purpose, a monomer was designed that exhibits (i) a methacrylate polymerizable group,
(ii) an ethylene glycol spacer unit to separate the polymerizing group from (iii) the protected hy-
droxamic acid moiety. The hydroxamic acid functionalities were present as 1,4,2-dioxazole moi-
eties to withstand the reaction conditions in a RAFT polymerization. With this approach, hydrox-
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18 Abstract

amic acids can be attached to poly(methacrylate)s, controlling both the number and the position
of the HA functionalities. 1H NMR kinetic measurements confirmed the random incorporation
of the hydroxamic acid-functionalized monomer in copolymerizations with methyl methacrylate
(MMA), hydroxyethyl methacrylate (HEMA) and oligo (ethylene glycol) methyl ether methacry-
late (OEGMEMA), respectively. The multifunctional polymers demonstrate a strong adhesion at
iron and copper surfaces, confirmed by contact angle measurements.
The properties of copolymers consisting of hydroxamic acids and OEGMEMA as a non-linear
PEG-based macromonomer were further investigated in Chapter 3 (Scheme 2). The OEGMEMA
moieties in the copolymers enable a reversible temperature-induced switch between the soluble
and the collapsed aggregated state (LCST). The hydrophilicity of the copolymers can therefore be
controlled by temperature as a simple external trigger. The system revealed a reversible phase
transition during heating and cooling cycles. It was shown, that the LCST was influenced by
the molecular weight, the polymer architecture and the degree of deprotection. In addition,
the incorporation of hydroxamic acids into the copolymers enables metal chelation through
O,O-coordination of hydroxamic acids with various metal ions. Investigation via isothermal
calorimetry titration (ITC) confirmed the high binding affinity between poly(hydroxamic acid)s
and Fe(III). The combination of aqueous solubility and metal chelating properties opens a variety
of applications in both materials and medical sciences. Studies of the complexation behavior
of the copolymers towards Fe(III) as well as cell viability studies demonstrate the suitability of
hydroxamic acids bearing POEGMEMA for biomedical application.

SCHEME 2 Schematic illustration of the properties and potential applications of hydrophobic and hydrophilic
hydroxamic acid-functionalized copolymers.

Chapter 4 deals with the synthesis of polymeric nanoparticles for the encapsulation of super-
paramagnetic iron oxide nanoparticles (SPIONs) via the introduction of hydroxamic acids as nu-
merous iron receptor sites (Scheme 2). Investigations both via electron microscopy and UV-Vis
spectroscopy confirmed enhanced SPION uptake into the functional polymeric nanoparticles
already at low hydroxamic acid amounts of 5%mol, compared to non-functional analogues. Inves-



Abstract 19

tigations via fluorescence-based flow cytometry and metabolic activity tests on murine spleen
cells provide information regarding the cell-specific accumulation and confirmed low toxicity of
these materials.
Appendix. This work was the result of a collaboration with Tobias Johann preceding other chap-
ters of this thesis. The publication reveals a general concept for the introduction of hydroxamic
acids into polymers. Protected hydroxamic acid moieties were used as key structure for the syn-
thesis of multifunctional polymers. Oxyanionic and controlled radical polymerization techniques
provided control over the number and the position of hydroxamic acid moieties in the polymer.
The coating of surfaces and nanoparticles as well as T cell proliferation assays demonstrate the
versatile advantages and the low toxicity of hydroxamic acid-functionalized polymers.
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ZUSAMMENFASSUNG
Mit der ersten Dokumentation von Makromolekülen im Jahr 1920 durch Hermann Staudinger
begann eine Erfolgsgeschichte, die bis heute andauert. In unserem täglichen Leben wurden Poly-
mere allgegenwärtig. Die vielseitigen Anwendungsbereiche reichen von Verpackungsmaterialien
bis hin zur Verwendung in medizinischen und pharmazeutischen Bereichen. Durch eine Vielzahl
verschiedener Techniken können maßgeschneiderte Polymerstrukturen synthetisiert und präzi-
se an das jeweilige Anwendungsgebiet angepasst werden. Mit der Variation von Monomeren,
Zusammensetzungen, Molekulargewichten und Polymer-Architekturen können viele Materialei-
genschaften gezielt eingestellt werden.
Diese Arbeit beschreibt die Synthese von Hydroxamsäure-basierten Monomeren und deren Po-
lymerisation zu definierten Komplexbildnern. Hydroxamsäuren haben in der Natur eine heraus-
ragende Bedeutung als funktionelle Gruppe in „Siderophoren“ (griechisch: Eisenträger), um die
Bioverfügbarkeit von Fe(III) im Metabolismus verschiedener Mikroorganismen zu verbessern. In
Kapitel 1 werden die strukturellen Eigenschaften, die chemische Synthese und Anwendungen
von Hydroxamsäuren sowohl im medizinischen als auch in materialwissenschaftlichen Kontex-
ten vorgestellt.
Die Kombination von Hydroxamsäuren mit Polymeren wird nur in wenigen Arbeiten beschrie-
ben. Bislang wurden Hydroxamsäuren hauptsächlich über polymeranaloge Modifikationen mit
Hydroxylamin eingeführt, die zu Nebenreaktionen und undefinierten Materialien führen. In
Kapitel 2 wird eine Strategie zum direkten Einbau von Hydroxamsäuren in Poly(methacrylate)
(Abbildung 1) vorgestellt. Hierfür wurde ein Monomer entwickelt, das (i) eine polymerisieren-
de Methacrylat-Gruppe, (ii) eine Ethylenglykol-Einheit zur Separierung der polymerisierenden
Gruppe von (iii) der Hydroxamsäure-Funktionalität besitzt. Um den Reaktionsbedingungen wäh-
rend einer RAFT-Polymerisation standzuhalten, wurden die Hydroxamsäure-Funktionalitäten
in 1,4,2-Dioxazol-Schutzgruppen überführt. Mit dieser Strategie konnten Hydroxamsäure-
funktionelle Poly(methacrylate) mit Kontrolle über die Anzahl und die Position der Funktionalitä-
ten synthetisiert werden. Kinetische 1H-NMR-Messungen bestätigen den statistischen Einbau
des Hydroxamsäure-funktionellen Monomers in Copolymerisationen mit Methylmethacrylat
(MMA), Hydroxyethylmethacrylat (HEMA) bzw. Oligo(ethylen glykol)methylethermethacrylat
(OEGMEMA). Die multifunktionellen Polymere zeigen eine starke Haftung an Eisen- und Kup-
feroberflächen, die durch Kontaktwinkel-Messungen verfolgt wurde.
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22 Zusammenfassung

ABB ILDUNG 1 Schematische Darstellung der Strategie zur Synthese von Hydroxamsäure-funktionalisierten
Polymeren mit unterschiedlichen Polaritäten und Polymerarchitekturen.
Die Eigenschaften von Copolymeren bestehend aus den nicht-linearen PEG-basiertenMakromo-
nomerenOEGMEMAundHydroxamsäurenwerden inKapitel 3weiter untersucht (Abbildung 2).
Die OEGMEMA-Einheiten innerhalb der Copolymere ermöglichen einen reversiblen, temperatu-
rinduzierten Wechsel zwischen dem löslichen und dem kollabierten aggregierten Zustand. Die
Hydrophilie der Copolymere kann daher über die Temperatur als einfachen, externen Parame-
ter gesteuert werden. Das System zeigt einen reversiblen Phasenübergang während der Heiz-
und Kühlprozesse. Die Trübungspunkte werden durch das Molekulargewicht, die Polymerarchi-
tektur und den Grad der Hydroxamsäure-Entschützung beeinflusst. Neben den thermorespon-
siven Eigenschaften der Materialien, ermöglicht der Einbau von Hydroxamsäuren die Komplex-
bildung mit verschiedenen Metallionen. Untersuchungen mittels isothermer Titrationskalorime-
trie (ITC) bestätigen die hohe Bindungsaffinität zwischen Poly(hydroxamsäure) und Fe(III). Die
Kombination von wasserlöslichen und komplexierenden Eigenschaften kann eine Vielzahl von
Anwendungsbereichen sowohl in den Material- als auch in den medizinischen Wissenschaften
eröffnen. Grundlegende Studien zur Komplexierung von Fe(III) und Tests zur Bestimmung der
metabolischen Aktivität von murinenMilzzellen zeigen die vielseitigen Vorteile der Kombination
von Hydroxamsäuren mit POEGMEMA.
Kapitel 4 befasst sichmit der Synthese vonHydroxamsäure-funktionellen Nanopartikeln zur Ein-
kapselung von superparamagnetischen Eisenoxid-Nanopartikeln (SPION) (Abbildung 2). Unter-
suchungen sowohl mittels Elektronenmikroskopie als auch mittels UV-Vis-Spektroskopie bestä-
tigen eine erhöhte SPION-Aufnahme bei Nanopartikeln mit einem Hydroxamsäure-Anteil von
5%mol im Vergleich zu nicht funktionellen Analoga. Untersuchungen mittels fluoreszenzbasier-
ter Durchflusszytometrie und Tests zur Bestimmung der metabolischen Aktivität von murinen
Milzzellen geben Aufschluss über die zellspezifische Akkumulation und bestätigen die geringe
Toxizität dieser Materialien.
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ABB ILDUNG 2 Schematische Darstellung der Eigenschaften und der möglichen Anwendungen von
hydrophoben und hydrophilen Hydroxamsäure-funktionalisierten Copolymeren.
Appendix. Diese Arbeit resultierte aus einer Zusammenarbeit mit Tobias Johann und beschreibt
ein allgemeines Konzept für die Einführung von Hydroxamsäuren in Polymere. Geschützte
Hydroxamsäure-Einheitenwurden als zentrale Komponenten für die Synthesemultifunktioneller
Polymere verwendet. Oxyanionische und kontrollierte radikalische Polymerisationstechniken lie-
ferten eine Kontrolle über die Anzahl und die Position der Hydroxamsäure-Einheiten im Polymer.
Die Beschichtung vonOberflächen undNanopartikeln sowie T-Zell Proliferationstests zeigen die
vielseitigen Vorteile und die geringe Toxizität Hydroxamsäure-funktionalisierter Polymere.
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CHAP T E R 1
Pub l i s hed i n B i omac romo l e cu l e s , 2020 . DO I : 10 . 1021/a c s . b i omac . 0 c00449 .

Hydroxamic Acid – An Underrated Moiety? MarryingBioinorganic Chemistry and Polymer Science
Jennifer Keth1, Tobias Johann1 and Holger Frey1*

1Department of Chemistry, Johannes Gutenberg-University, Duesbergweg 10-14, 55124 Mainz, Germany

Even 150 years after
their discovery, hydrox-
amic acids are mainly
known as the starting
material for the Lossen
rearrangement in text-
books. However, hy-
droxamic acids feature a
plethora of existing and
potential applications

ranging from medical purposes to materials science, based on their excellent complexation properties. This
underrated functional moiety can undergo a broad variety of organic transformations and possesses unique
coordination properties for a large variety of metal ions, e.g. Fe (III), Zn(II), Mn(II) and Cr(III). This renders it ideal
for biomedical applications in the field of metal-associated diseases or the inhibition of metalloenzymes, as well
as for the separation of metals. Considering their chemical stability and reactivity, their biological origin and
both medical and industrial applications, this review aims at highlighting hydroxamic acids as highly promising
chelators in the fields of both medical and materials science. Furthermore, the state of the art in combining hy-
droxamic acids with a variety of polymer structures is discussed and a perspective regarding their vast potential
at the interface of bioinorganic and polymer chemistry is given.

31
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INTRODUCTION
Heinrich Lossen discovered hydroxamic acids (Scheme 1) in 1869 as the reaction product of
hydroxylamine and diethyl oxalate. Wilhelm Lossen created the term "hydroxamic acid" due to
the acidic behavior, the amide related structure and the preparation by treatment of carbonyl
compounds with hydroxylamine.1 They are often also denoted "N-hydroxyamides" or "N-acyl
hydroxylamine".

SCHEME 1 Lewis structure of the hydroxamic acid moiety.2

Hydroxamic acids are generally not considered as a prominent functional group in organic chem-
istry. They are mostly known as the starting material for the so-called Lossen rearrangement.
This review summarizes the versatile properties of hydroxamic acids and their use in organic
and polymer chemistry as well as their current and prospective application in medicine and ma-
terial science.

Structural properties.
Hydroxamic acids are typically crystalline solids. Their behavior is complicated by the existence
of three tautomeric forms: The Z (Scheme 2a) and E (Scheme 2b) amide and the oxime diol
(Scheme 2c) form that is called "hydroximic acid". The tautomers differ in reactivity, especially
towards deprotonation. The diol form is usually not found in solution or solid state, but it can be
used as a starting material for further reactions (vide infra).3 The ratio of E to Z tautomer varies
with temperature and concentration in solution.4 At lower temperatures the tautomers are also
detectable via 1H NMR spectroscopy.3 p-Hydroxybenzohydroxamic acid is mostly found as the
E tautomer at -60 ◦C in acetone (Z:E=4:96). Similar results have been reported for benzohydrox-
amic acid and salicylhydroxamic acid as well.3 X-ray crystallography suggests that in the solid
state the Z amide is found exclusively. The typical bond length of the C-N bond is 1.32 Å, con-
firming the amide type bond character and thus limited rotational freedom of the C-N bond.5
The different tautomer distribution in solution (mostly E) compared to solid state (exclusive Z)
can be accounted to E-E dimers which are formed in solution and stabilized via hydrogen bonds.3
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SCHEME 2 Tautomers of hydroxamic acids and their different deprotonated forms.2

Acid-base behavior.
Even though hydroxamic acids have been known since 1869, their acid-base properties are still
not well understood.3 As their name implies, hydroxamic acids can react as Brønsted acids to
form the so-called "hydroxamates" (Scheme 2a’, 2b’). The typical pKs-values range from 7 to
9, whereas the related amides are generally 6 magnitudes less acidic.2 In their unsubstituted
NH-OH form, deprotonation can occur either at the amide N-H or the hydroxyl group. Depro-
tonation of the N-H group is favored in DMSO or in the gas state, while in water or alcohols
the deprotonation at the hydroxyl group in analogy to carboxylic acids predominates. Double
negatively charged hydroxamic acids, simultaneously deprotonated at the amide and hydroxyl
groups, are only known in rare cases due to specific metal-ligand interactions.6–10
Ab initio calculations byVenturini et al. suggest that the Z tautomer is preferentially deprotonated
at the N-H-group (Scheme 2a’), while the E tautomer favors deprotonation at the hydroxyl group
(Scheme 2b’).3 Protonation by strong acids occurs only at the carbonyl oxygen. The pKs-value
for protonation was reported as pKs = -2.1 ± 0.1.7

Chemical stability and reactivity.
Hydroxamic acids do not exhibit unlimited stability under strongly acidic or basic conditions.
Their chemical behavior under these conditions is very similar to the related amides, carboxylic
acids or carboxylates.2,11
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SCHEME 3 Reaction pathway of hydroxamic acids under strongly acidic or basic conditions.

The acidic hydrolysis (Scheme3a) follows first-order kineticswith regard to the proton concentra-
tion with protonation at the carbonyl group being the kinetically limiting reaction step. The rate
constant for the hydrolysis of benzohydroxamic acid was estimated as k89 ◦C = 1.92 · [H+] · h-1
with a half-life of 22minutes at 89 ◦C in 1MHCl.12 The base-catalyzed degradation (Scheme 3b)
is more complex due to the underlying tautomer equilibria. For the hydrolysis of benzohydrox-
amic acid in 0.12 M NaOH at 89 ◦C a half-life of 16.5 hours was determined. At neutral pH
values hydroxamic acids are known to be stable*.12 Besides their reaction with nucleophiles,
hydroxamic acids can also act as nucleophiles themselves. Acylation usually proceeds to form
O-acylhydroxamic acids - typical reagents for the Lossen rearrangement. In fact, this prominent
name reactionwas coined in 1872whenW. Lossen heated dibenzohydroxamic acid (Scheme 4a),
and phenyl isocyanate was released (Scheme 4b), then described as a strong tear gas.13

SCHEME 4 Lossen rearrangement of O-benzoylbenzoic hydroxamic acid (historically called “dibenzohydroxamic
acid" by W. Lossen).

The rearrangement proceeds in a concerted mechanism under catalysis with bases or acids
and heating. A nitrene intermediate is not known.14 The rearrangement is spontaneous when
highly active acid halides or phosphorus halides are used for acylation.15 Alkylation first forms
O-alkylated products, followed by additional N-alkylated structures.16

*The rate constants for basic and acidic conditions were determined only at 88.6 ◦C by Berndt and Fuller.12 Nodegradation was found at neutral pH for 24 h at 88.6 ◦C was found. Importantly, from this behavior also highstability at physiological conditions can be concluded.
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Complexation properties.
Apart from their use as precursors for isocyanate synthesis, hydroxamic acids are well-known for
their outstanding complexation properties. Hydroxamic acids typically form complexes as biden-
tate ligands via O,O-coordination to form very stable 5 membered ring structures (Scheme 5a).
Their stability is approximately 7 orders of magnitude higher compared to carboxylic acids that
only form a 4 membered ring (Scheme 5b).17,18 Chelation can only proceed from the single de-
protonated Z tautomer, which is formed dynamically via the tautomer equilibrium.10,19

SCHEME 5 Coordination structure of hydroxamic acids (a) versus carboxylic acids (b).

The most prominent complexes are formed with Fe(III) and are also often found in nature to in-
crease the bioavailability of insoluble iron compounds. Complexes with nearly every metal are
known. With Fe(III), Cr(III), Co(III), In(III), Si(IV), Ge(IV) typically octahedral complexes are formed,
while quadratic planar complexes with Cu(II) and heteroleptic complexes with V(V), Co(II), Co(III),
Ni(II), Mo(VI), Rh(III), Rh(III), Sn(IV), W(VI), Os(III), Pt(II) and U(IV) are known. Notably, the com-
plexes of Ni(II), Pt(II) and Pd(II) do not form classical O,O-bidentate coordination spheres.10 The
Fe(III) complexes with benzohydroxamic acid are distorted octahedral high spin (∆-f ac) com-
plexes with facial arrangement of the hydroxamic acids. The magnetic moment was determined
as 5.8 µB.10,20 For bivalent metals, the stability constants follow the Irving-Williams scheme
(Cu(II) > Ni(II) > Zn(II) > Mn(II) > Mg(II)).19,21–23
In a seminal work directed at surface interaction, Whitesides et al. reported the following affinity
order for surface interaction aiming at the formation of self-assembled monolayers (SAMs) by
hydroxamic acids: CuOx > AgOx > AlOx > ZrOx ∼ FeOx > TiOx > Au.17



36 Chapter 1

TABLE 1 Stability constants (log K) for a variety of metal complexes for acetohydroxamic acid (AHA),
benzohydroxamic acid (BHA) and catechol.18,19,21,24,25

Complex Fe(III) Mn(II) Zn(II) Cu(II) Ni(II) Z(IV) U(IV)O2
[M(AHA)] 11.4 4.0 5.2 7.9 5.2
[M(AHA)2] 21.1 6.9 9.5 14.1 9.2
[M(AHA)3] 28.3 11.6 11.7
[M(BHA)] 11.1 6.0 7.6 10.0 7.2 12.4 8.7
[M(BHA)2] 20.4 10.5 13.2 18.1 12.3 24.1 16.8
[M(BHA)3] 27.8

[M(Catechol)] 20.0 7.7 9.9 13.9 8.9 15.9
[M(Catechol)2] 34.7 13.6 17.4 24.9 14.4
[M(Catechol)3] 43.8

Hydroxamic acids form less stable complexes than catechols, but in contrast they are not prone
to oxidation. Furthermore, their complexation properties are less sensitive to the pH value com-
pared to catechols. The most stable complexes are formed at basic pH values, but even at a pH
value as low as 2 complexation occurs.19 Due to their complexation behavior with metal ions, hy-
droxamic acids have been investigated as linking agents both in dye-sensitized solar cells (DSSC)
and metal-organic frameworks (MOF) in recent years.26–28
The usually highly colored complexes are also used for the analysis of metal ion concentrations.
For vanadium(V) the detection limit is approx. 0.15 ppm, if bound by N-phenylbenzohydroxamic
acid. The typical extinction coefficient of these charge-transfer complexes is in the order of
104 M-1 cm-1.29 The in situ formation of hydroxamic acids and their subsequent conversion to
colored complexes is also commonly used in detection reagents for amides, lactones, carboxylic
acids, esters, and anhydrides.30

Hydroxamic acids in nature.
Hydroxamic acids play a crucial role in nature. Mono-, bis- and tris-hydroxamic acids are known.
Their ability to form highly stable complexes with iron designates them as a key chelator in iron
metabolism. Besides catechols, they are considered as one of the twomajor classes of Fe(III) com-
plexing groups in siderophores that enable microbial iron transport31,32. Iron is an essential ele-
ment for life. It represents the key component for redox processes in various enzymes, that are
essential for the transport of oxygen.33 Iron is very abundant in nature, but simultaneously only
available in the form of highly water insoluble compounds, thus its bioavailability is extremely
limited.34,35 To overcome this issue, hydroxamic acids are used both by microorganisms and
plants to solubilize iron and thus facilitate iron uptake. They are also featured in growth factors,
antibiotics, antibiotic antagonists, proliferation factors and tumor inhibitors.36 One prominent
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example of a naturally occurring hydroxamic acid is ferrichrome, which is produced by various
fungi of theAspergillus,Ustilago and Penicillum family. Ferrichrome, a cyclic hexapeptide, features
three hydroxamic acids for the efficient binding of Fe(III).37 Release of iron is usually induced by
reduction of Fe(III) to Fe(II) and subsequent transfer to porphyrin-based coenzymes or prosthetic
moieties. Ferrichrome acts as a potent growth factor down to 1 nM total concentration by in-
creasing the bioavailability of iron in Arthrobacter terregens.36 This extremely high activity even
at low concentration is achieved due to specialized receptors for the uptake of ferrichrome. The
ferric hydroxamate uptake (Fhu) receptor is a prominent β -barrel protein pore (Figure 1), which is
expressed by microorganisms to efficiently uptake iron bound via siderophores.38,39 Motivated
by the enormous importance of hydroxamic acid-based siderophores in nature, a broad scope of
synthetic, biomimetic siderophores was developed in recent years.41

F IGURE 1 3D representation of Fhu type A receptor from E.Coli. A barrel is formed by 22 antiparallel β -strands
containing a globular plug that consists of five α-helices and 6 β -strands. With ferrichrome uptake, an α-helix from
the globular plug is unfolded.39,40

Biosynthesis of hydroxamic acids.
Hydroxamic acids in nature are typically found in their N-alkylated structure, i.e. as secondary
N-hydroxyamides as a result of the biosynthesis pathway.36 The biosynthesis of hydroxamic
acids was investigated at the example of the production of deferoxamine E (DFO-E) in Strep-
tomyces coelicolor. Starting from L-Lysine (Scheme 6a), cadaverine (Scheme 6b) is generated via
decarboxylation. One aminomoiety is then oxidized by the enzymeDesB, which is similar to typi-
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cal FAD-dependent amine-monooxygenases. This N-hydroxyl derivative (Scheme 6c) is now fur-
ther reacted via classic peptide biosynthesis pathways with succinyl-coenzyme A (Scheme 6d) to
form the N-alkylated hydroxamic acid (Scheme 6e). Further steps finally lead to deferoxamine.42

SCHEME 6 Biosynthesis pathway of secondary hydroxamic acids.42

Hydroxamic acids in medicine.
All currently known medical applications of hydroxamic acids rely on their outstanding chelation
properties, which renders them ideally suited as potent metalloenzyme inhibitors.

F IGURE 2 Hydroxamic acids with possible and actual medical applications. Suberanilohydroxamic acid (SAHA)
and deferoxamine are commonly used in medicine, while trichostatin A is in preclinical development.43-45

The inhibition of histone deacetylases (HDAC) by hydroxamic acids has been reported and is
currently a key component in the treatment of several types of cancer, for example, severe cases
of cutaneous T cell lymphoma.46 HDACs play a crucial role in many DNA related diseases and
are highly associated with tumor development. Suberanilohydroxamic acid (SAHA, Vorinostat
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(Merck), Zolinza (USA), tradenames) (Figure 2) is a potent inhibitor for HDAC1 and HDAC8 with
an IC50 of 100 nM. SAHA binds the central zinc atom while maintaining two hydrogen bonds to
neighboring histidine groups at the active site of HDAC8 (Scheme 7). This increases the overall
binding affinity and thus explains the low IC50 values, a unique feature of hydroxamic acids.47

SCHEME 7 Binding modus of the hydroxamic acid moiety of SAHA at the active site of HDAC8.47

SAHA is known to pass the blood-brain barrier and can be applied orally via conjugation with cy-
clodextrin. In first animal studies, SAHA has been shown to significantly reducemotor deficits by
inhibiting HDACs in brain tissue.48 Besides their use as HDAC inhibitors, hydroxamic acids have
also been investigated as inhibitors of Zn(II)-based matrix metalloproteinases, carboanhydrases,
Ni(II) based ureases, hydrolases, lipoxygenases, and cyclooxygenases.10 Also, anti-tuberculosis,
fungicide, and anti-carcinogenic properties have been reported.49
Another prominent use of hydroxamic acids is their application as medicine for iron overload
diseases.35,49 Deferoxamine (DFO) shows high stability constant for iron complexes (pK = 31)
and is listed as an essential medicine by the WHO.50 DFO is commonly produced by remov-
ing the iron bound in ferrioxamine which is only accessible in industrial scale via biosynthesis by
Streptomyces pilosus.51 The therapy usingDFO is a therapeuticmilestone in preventing lethal iron
accumulation in patients who frequently need blood transfusions, as is the case in thalassemias,
inherited blood disorders characterized by decreased hemoglobin production. DFO is also used
to treat aluminum-associated toxicity in patients that are undergoing frequent dialysis.50,52 Fur-
thermore, in preliminary studies treatment with DFO has been proven beneficial for the patients’
recovery in case of strokes or other internal bleedings. It is assumed that local iron accumulation
in tissue can be reduced and thus iron-induced neurotoxic effects are limited.53 Besides their
biological activity via chelation, hydroxamic acids have also been investigated as reagents for
NO release by ruthenium(III) catalysis. Via ruthenium(II)-nitrosyl complex a carboxylic acid and
NO are released, which induces hypotensive effects.54
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Chemical synthesis of hydroxamic acids.
Generally, routes for the synthesis of hydroxamic acids employ the reaction of a carbonyl com-
pound with hydroxylamine or its derivatives. In case of highly reactive carbonyl compounds
such as acyl chlorides, the reaction with hydroxylamine leads to mixtures of mono-, di- or tri-
substituted products due to multiple acylations of the in-situ formed hydroxamic acid.13 To en-
sure selective preparation of hydroxamic acids, O-protected hydroxylamine must be employed
with subsequent cleavage of the protecting group (Scheme 8D).17 Single step preparation can
be achieved by starting from the ester derivative (Scheme 8B). In this hydroxylaminolysis based
mechanism,O-acylhydroxylamine is formed first, which is subsequently transformed to the ther-
modynamically more stable hydroxamic acid.2,55,56 Common solvents for this reaction are alco-
hols, typically methanol. In the case of water-soluble esters the reaction can also be performed
in aqueous solution.55,57 Aprotic solvents are not suitable due to the low solubility of hydroxy-
lamine in those.58 The inherent high crystallinity of hydroxamic acids facilitates purification via
recrystallization.57

SCHEME 8 Various synthetic approaches for the preparation of hydroxamic acids.
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Syntheses starting from esters usually employ basic conditions to ensure deprotonation of hy-
droxylamine. Without catalysis, the reaction proceeds under neutral conditions only at very
low rates.59 KCN can be added as a suitable catalyst to accelerate the transformation even
at neutral pH (Scheme 8C).60 The preparation of hydroxamic acids from esters was also re-
ported in microreactors with increased yield and lowered reaction times.61 Also the one-step
preparation of hydroxamic acids with adjacent stereocenters was described by use of benzyl-
protected hydroxylamine with LiHMDS at -78 ◦C.62 Amides are another known starting material
for the synthesis of hydroxamic acids (Scheme 8A).63,64 Preparation under mild conditions is usu-
ally performed by coupling protected hydroxylamines with carboxylic acids (Scheme 8H).17 Be-
sides carbodiimide-based couplingmethods, mixed anhydrides have been employed successfully
(Scheme 8G, 8F).59,65,66 A historical route for the synthesis of hydroxamic acids from aldehydes
was described by Angeli in 1896 and Rimini in 1901 (Scheme 8E).67-69 In this Angeli-Rimini name
reaction, aldehydes are oxidized to hydroxamic acids by using N-hydroxybenzenesulfonamide,
while the corresponding sulfinic acid is formed. The purification of the reaction product obtained
by this route is typically troublesome, which renders it mainly suitable as a detection reaction
for TLC analysis. Newer approaches have overcome the purification issues by using resin-bound
N-hydroxybenzenesulfonamide.69

Protecting group chemistry.
Classically, hydroxamic acids are introduced in the last step of a synthetic sequence due to
their reactivity and limited stability against harsh conditions.70 Especially for further reaction
steps, protected hydroxamic acids must be employed. The use of protected hydroxylamines like
N-BOC-O-TBS-hydroxylamine is suitable, if the maintained carbonyl group is tolerated in further
reaction steps.71 Especially under nucleophilic or basic conditions, the carbonyl group must also
be protected to ensure stability of the hydroxamic acid moiety.

SCHEME 9 Synthesis scheme for the preparation of 1,4,2-dioxazoles from hydroxamic acids via
transketalization. The hydroximic tautomer (a) is converted to the ketal-like 1,4,2-dioxazole (b) by using ketals of
acetone and acidic catalysis.
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Currently, the conversion of hydroxamic acids to a 1,4,2-dioxazole for protecting purpose,
described in a single publication by Couturier et al., is the only known suitable protect-
ing strategy that tolerates nucleophilic reaction conditions.72 1,4,2-dioxazoles can be pre-
pared via [2+3] cycloaddition of nitrile oxides with activated carbonyl compounds73 or by
photolysis of acyl azides in presence of ketones.74 Starting from the hydroxamic acid, the con-
version to 1,4,2-dioxazole was investigated by Mukaiyama et al..75 In this transketalization re-
action, the diol-tautomer "hydroximic acid" of hydroxamic acids proceeds to form cyclic ke-
tals (Scheme 9). 1,4,2-dioxazoles show limited stability at higher temperatures due to Lossen
type rearrangements, but excellent stability under basic and nucleophilic conditions at ambi-
ent temperature.72,75-77 Cleavage of the protecting group can be achieved via acidic treatment,
analogous to the well-known acetals and ketals.72

Preparation of polymers bearing hydroxamic acids and their general properties.
Initial reports on macromolecules bearing hydroxamic acids date back to 1942.78 Nearly all re-
ported approaches introduced hydroxamic acids into polymers via post-polymerization modifi-
cation of polyacryl derivatives with hydroxylamine. Seminal in-depth investigations of the prop-
erties of polymers bearing multiple hydroxamic acids were reported by Winston et al. in 1975.
In this work, poly(hydroxamic acid)s were prepared via modification of free radically synthesized
NHS-active ester based polymers withN-methylhydroxylamine.79 In subsequent works, the flex-
ibility of the linker connecting the hydroxamic acids to the poly(methacrylate) backbone was
shown to be crucial for the formation of stable octahedral complexes with iron (Figure 3, P-9,
P-11, and P-13).80Nodifference in the complexation constantwas found for the non-methylated
hydroxamic acid counterparts (Figure 3, P-11 (N’H)).81 The lack of the methyl group tethered to
the polymer backbone (Figure 3, Pa-11) was shown to have no impact on the stability constant
of the respective iron(III)-complexes.
In the case of tris-iron(III)hydroxamato complexes, gel formation was observed.82 Winston et al.
also investigated the time-dependent dynamics of iron(III) based crosslinking. Due to dynamic
exchange of the crosslinking sites from intermolecular network points to intra-molecular loops,
the viscosity of the polymer-iron solution decreased over time.83 This effect is ascribed to the
fair stability constants of the hydroxamic acid complexes (Table 1), allowing for a dynamic ex-
change of the coordination sites. Strictly speaking, thermodynamically driven loops are formed
via dynamic exchange of Fe(III) complexes by the hydroxamic acids groups tethered to one single
polymer chain, leading to an intramolecular link instead of crosslinking points.
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F IGURE 3 Hydroxamic acid-functionalized polymers varied by the length of the spacing group, the methylation
of the hydroxamic acid nitrogen and the nature of the polymer backbone synthesized by Winston et al..79,81,82

Besides these comprehensive works, other reports of polymers bearing hydroxamic acids are
mainly focused on the preparation of poly(hydroxamic acid)s from poly(methylmethacrylate)s or
poly(acrylamide)s.63,64,84,85 These types of poly(hydroxamic acid)s were employed as a starting
material for peptide synthesis and for acyl transfer reactions.86,87 Goddard and coworkers re-
ported the post-polymerization modification of poly(propylene)-graft-poly(methylacrylate)s un-
der basic conditions with hydroxylamine to form the hydroxamic acid-functionalized analogue as
an active packaging material.88 Unfortunately, most post-polymerization modifications of poly-
mers are not straightforward and commonly not quantitative. The well-known conversion of
amides into hydroxamic acids does not proceed smoothly when performed on poly(acrylamide)s,
as shown byNome et al.. Due to neighboring effects, an alternating order of hydroxamic acid and
carboxylic acid was obtained instead.85 On the other hand, it is an important observation that
direct radical polymerization of monomers with unprotected hydroxamic acid functional groups
failed due to radical transfer to the hydroxamic acid moiety during polymerization, causing inhi-
bition of the polymerization, as shown by Wiley, Davis and coworkers.89

Application of poly(hydroxamic acid)s for metal scavenging.
Rare earth metals are becoming increasingly important for the production of electronic devices.
The use of resin-bound poly(hydroxamic acid)s was investigated as a suitable approach for the
separation and purification of rare earth metals from solution.90-92 In several works, cross-linked
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chloroformoyl styrene particles were modified in multistep procedures to bear hydroxamic acids
and were subsequently used for the separation of Ce(IV) from La(III) and Nd(III) from Y(III)
(Table 2).93-96 Also, removal of uranium from salt water was demonstrated as a possible applica-
tion of resin bound hydroxamic acids (Table 2).41,97 The affinity order for the binding of rare earth
metals with a resin load of up to 10%was reported as La(III) > Nd(III) > Sm(III) > Gd(III) > Tb(III).98
Similar applications have been shown with starch-graft-PMA polymers that were modified by
hydroxylamine to hydroxamic acids.99
The synthesis of poly(hydroxamic acid)-functionalized ion-exchange resins for the separation
of V(V), Fe(II), Fe(III), Mo(VI), Ti(IV), Hg(II), Cu(II) and Ca(II) was reported by Meloan et al. long
ago. They investigated the elution behavior of several metal ions employing hydroxamic acid
and carboxylic acid-functionalized resins. Elution times of Fe(III), Cu(II), and Ce(IV) were in-
creased when using the hydroxamic acid-functionalized resins, compared to the carboxylic acid-
functionalized analogues.41,100 Furthermore, hydroxamic acids as metal chelating ligands were
utilized in another context. The prevention of oxidative degradation reactions has been shown
with poly(propylene)-graft-poly(hydroxamic acid) films (Table 2). In the latter work, the hydrox-
amic acid moieties acted as chelating ligands on the surface to reduce lipid oxidation.88,101

TABLE 2 Overview of applications for various poly(hydroxamic acid)s.88,93,97
Polymer Structure Application

Separation of rare earth metals via resin-bound
poly(hydroxamic acid)s93

Removal of uranium from seawater97

Active packing material to reduce lipid oxidation88
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Therapeutic use of polymers bearing hydroxamic acids.
Unlike the well-established low molecular weight hydroxamic acids, no polymers bearing hy-
droxamic acids are currently used in medicine.102 However, Kizhakkedathu et al. recently
demonstrated that conjugates based on polyethers with deferoxamine are a promising ap-
proach for the therapy of iron overload diseases.103 Poly(oligo (ethylene glycol) methacrylate)
(POEGMA) polymers with up to 26 molecules of DFO (Figure 4, A1 and A2), as well as hy-
perbranched poly(glycerol) conjugated with up to 300 molecules of DFO have been reported
(Figure 4B).103-105 Impressively, these DFO-polyether conjugates showed a 100-fold decrease
in toxicity and 500-fold increased plasma half time compared to free DFO, while maintaining
similar iron binding efficacy.102,104-106

F IGURE 4 Polymer structures of various biodegradable iron chelators. A) PEG based acrylic conjugates
consisting of oligo(ethylene glycol) methyl ether methacrylate and deferoxamine (DFO)-functionalized
N-ethylacrylamide (A1) or ethylacrylate (A2) respectively.104 B) DFO-functionalized hyperbranched poly(glycerol)
nanoconjugates with cleavable linkages.103

Besides the use of DFO as a binding motif for iron, other systems employed resin-bound hydrox-
amic acids as orally applied hydrogels for iron binding.107 Several other applications like inhibi-
tion of matrix-metalloproteases108, synthesis of drug conjugates109–111 and self-healing hydro-
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gels based on salicylhydroxamic acids and boronic acid derivatives were proposed.112 In recent
works, our group developed a general approach to protected hydroxamic acid-based monomers
suitable for both anionic and radical polymerization techniques. The concept relies on the above-
mentioned 1,4,2-dioxazoles69 (cf. Scheme 9) as protected hydroxamic acids to introduce multi-
ple hydroxamic acids into well-defined polymer architectures, based for instance on polyethers
and poly(methacrylate)s.110 Using this approach, multiple hydroxamic acids were introduced at
poly(ethylene glycol) (PEG) via copolymerization of ethylene oxide with an epoxide monomer
containing a 1,4,2-dioxazole-protected hydroxamic acid (HAAGE).112 AB and ABA type di- and
triblock copolymers as well as statistical copolymers of HAAGE and ethylene oxide were pre-
pared (Mn from 2600 to 12000 g mol-1, dispersity Ð < 1.2). After the polymerization deprotec-
tion was achieved by mild acidic treatment, releasing multiple free hydroxamic acids tethered
to the polyether backbone. The chelation properties of different polymer architectures (statis-
tical vs. diblock and ABA triblock) were studied and compared with regard to the number and
position of hydroxamic acids. Remarkably, separation of the hydroxamic acid units by at least
5 ethylene glycol monomer units was found to be essential for high Fe(III) binding efficiency,
while block copolymers were observed to be the best-suited architecture for polymer network
and hydrogel formation via Fe(III) chelation.112 To sum up, this synthetic approach permits con-
trol over both the content and position of the hydroxamic acid groups at the polymer backbone
(Scheme 10).113–115
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SCHEME 10 Synthetic route for the preparation of epoxide and methacrylate hydroxamic acid-functionalized
monomers and the corresponding polymers via oxyanionic polymerization or RAFT.113
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CONCLUSIONS AND FUTURE PERSPECTIVES
Hydroxamic acids are widely present in nature and besides the widely studied catechol moieties,
play a key role in the iron metabolism, securing the bioavailability of iron. Learning from nature,
they have been proven to be a suitable and versatile functional group for small molecules, but
also for polymers, e.g. as a building block in organic chemistry, particularly for metal chelation.
Applications range from highly specialized, therapeutic medical objectives to industrial purposes,
relying on the complexation of a large variety of metals. While a solid base of knowledge has
been built up, the field of hydroxamic acids still offers ample challenges for further investigation
and development, particularly with respect to well-defined polymer architectures for a large
variety of therapeutic concepts. To address these challenges, we have recently introduced a
molecular “construction kit” for protected hydroxamic acid monomers that can be installed in a
well-defined manner at homo- and block copolymers. The respective general approach enables
the synthesis of a variety of polymer architectures (e.g. statistical or block- and star copolymers)
and is applicable to different polymer systems such as e.g., poly(methacrylate)s and polyethers.
We believe that functional protected hydroxamic acids in the form of 1,4,2-dioxazoles repre-
sent a key building block to enable the introduction of hydroxamic acids both via radical as
well as oxyanionic polymerization techniques. Other valuable, recent approaches include the at-
tachment of deferoxamine to established, biocompatible polymer structures, as detailed above.
Clearly, the combination of polymers with hydroxamic acids represents an emerging field with
great promise. In addition, hydroxamic acids may be viewed as an intriguing alternative to the
widely studied, “mussel-inspired”, albeit oxidatively instable catechols,116 which currently repre-
sent the dominating class of chelators and surface adhesive structures in materials science.
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The synthesis of a tailored hydroxamic acid-
functionalized methacrylate-based monomer
(MAHAA) is presented as a tool to introduce multi-
ple metal chelating motifs to vinyl-based polymers.
The free hydroxamic acid moieties were converted
to 1,4,2-dioxazole protecting groups to prevent unde-
sired radical transfer reactions among the heteroatoms
of hydroxamic acid moieties during radical polymer-
izations. The reversible addition-fragmentation trans-
fer (RAFT) polymerization technique was applied to

copolymerize the hydroxamic acid-functional monomerMAHAAwithmethyl methacrylate (MMA), hydroxyethyl
methacrylate (HEMA) and oligo (ethylene glycol) methyl ether methacrylate (OEGMEMA), respectively. This en-
abled control over the number and position of the metal chelating motifs at the polymer backbone. Hydrophobic
copolymers based on MMA as well as hydrophilic copolymers based on HEMA and OEGMEMA were prepared
in the molecular weight range from 2,700 to 9,900 g mol-1 with dispersities below 1.35. Up to 50%mol of the
hydroxamic acid moiety was incorporated in the methacrylate copolymers. In addition, in situ 1H NMR kinetic
measurements were performed to investigate the copolymerization behavior of MAHAAwith MMA, HEMA and
OEGMEMA respectively. Subsequent to the copolymerization the protecting groups were completely removed
by an acidic workup to generate hydroxamic acid-functionalized copolymers. In proof-of-principle-experiments,
the attachment of hydroxamic acid-functionalized copolymers onto various metal surfaces was confirmed by
contact angle measurements.
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INTRODUCTION
In the last decades, the number of works in the field of polymer chemistry in combination
with metal complexation has received increasing attention. Especially catechol-based polymer
structures were widely investigated with respect to complexation and metal interaction.1–6 The
catechol moiety is known as the essential part of the mussel foot protein in nature, which at-
taches to a vast variety of surfaces based on its strong chelating behavior.1,2 Related to cate-
chols, hydroxamic acids also play an important role as iron-transporting structures in nature, for
instance in several types of “siderophores" (greek: “iron carriers" ) secreted bymicroorganisms.7,8
However, the highly storage stable hydroxamic acids represent an excellent alternative to the
easily oxidized catechol derivatives.1,9
Currently, hydroxamic acids are the key component of deferoxamine employed for the treatment
of iron-metabolism associated diseases.10,11 Besides their medical use, their strong interaction
with various metals opens a wide range of different applications in the field of material science.
Brown et al.12 investigated the complexing behavior of hydroxamates in comparison with diketo-
nates as ligands to bind to Ti(IV). Furthermore, the hydroxamic acid moiety has been successfully
used in various applications, e.g. as a linking agent in dye sensitized solar cell (DSSC) systems
or in metal organic frameworks (MOF).13,14 Most applications rely on the complexation capabil-
ity of hydroxamic acids due to the formation of a stable five-membered ring with various metal
ions, e.g. Fe(III), Zn(II), Mn(II) and Cr(III).8,15 Besides the use of low molecular weight hydroxamic
acids, their combination with polymers has also been developed.16 Several works by Winston
et al.11,17,18 demonstrated the versatility of hydroxamic acid containing polymers and their capa-
bility to complex various metal ions.
Polymers with metal complexing and surface-adhesive groups are relevant for a myriad of ap-
plications. For instance, the polymers are applicable as surface coatings19,20 or ion exchange
resins.21-25 Nome and coworkers investigated the postmodification of polymers to obtain hy-
droxamic acid functionalities. Due to the high nucleophilic activity, an alternating carboxylic
and hydroxamic acid copolymer structure was observed as a result of the neighboring effect, re-
ducing the overall yield and impeding the transformation to hydroxamic acids.26 Several works
describe the introduction of hydroxamic acids at polymers by postmodification reactions.27 As
described by Nome and coworkers, this approach leads to side products or non-quantitative con-
version and therefore to a limited degree of functionalization. Regarding the drawbacks of the
preparation of poly(hydroxamic acid)s via postmodification strategies, the question arises how to
introduce hydroxamic acids directly and in a more controlled manner during the polymerization
process. In our group, the direct incorporation of hydroxamic acids into poly(ether)s has already
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been established via oxyanionic polymerizations. In these previous works, a 1,4,2-dioxazole
group was chosen as a suitable protecting group to withstand the reaction conditions dur-
ing the polymerization.8,28,29 In this report we introduce a broadly applicable hydroxamic acid-
functionalized methacrylate monomer and a variety of copolymerizations via controlled radical
polymerization techniques. Employing radical polymerization techniques for hydroxamic acid-
based monomers, Davis et al. observed incomplete conversions and suggested a limiting side
reaction based on the transfer of radicals among the different heteroatoms of the hydroxamic
acid functionality induced by the labile hydrogen of the hydroxamic acid moiety. As a result,
inhibition and transfer reactions reduced the overall hydroxamic acid moieties in the polymer.30
Consequently, we chose 1,4,2-dioxazoles as suitable protecting groups to withstand the pres-
ence of radicals during polymerization.28 After the polymerization, this protecting group can
easily be cleaved by an acidic workup to release the hydroxamic acid moieties.
RESULTS AND DISCUSSION
In the following discussion, the development of the methacrylate monomer structure, free and
controlled radical copolymerization, cleavage of the protecting group and finally the application
of the obtained materials will be discussed in detail.
Monomer synthesis
Functional monomers are commonly employed to introduce multiple functional groups along a
vinyl polymer backbone. Among the common groups for radical polymerization, methacrylate-
and styrene-based monomers are of special interest. Therefore, we initially screened synthesis
pathways to combine a hydroxamic acid moiety with a polymerizable group. In the following, the
synthesis of methacrylate-based (I in Scheme 1) and styrene-based (II in Scheme 1) hydroxamic
acid-functionalized monomers are discussed in detail.

SCHEME 1 Chemical structure of a hydroxamic acid-functionalized methacrylate derivative (MAHAA, I) and a
styrene derivative (StHAA, II). Polymerizing groups are shown in red, protected hydroxamic acid moieties in blue.
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The methacrylate monomer was synthesized in 4 steps, starting from inexpensive and commer-
cially available chemicals. In general, the synthesis of hydroxamic acids can be based on dif-
ferent functional groups. In literature, amides, aldehydes, acyl chlorides as well as carboxylic
acids are known as suitable substrates.15,30-33 Here, ester functionalities were utilized to synthe-
size hydroxamic acid moieties by the reaction with hydroxylamine under basic conditions. The
sequence of the synthesis steps is of key importance to prevent competitive esterification be-
tween hydroxamic acid moieties and free hydroxyl groups. As a consequence, the hydroxamic
acid moiety was protected before the Steglich esterification was carried out (Scheme 2). Further-
more, the protection of the hydroxamic acid moiety is important to prevent side reactions during
the polymerization, i.e. the transfer of radicals among the heteroatoms of the hydroxamic acid
moiety.30 A protected hydroxyl-functionalized hydroxamic acid (1d in Scheme 2) was prepared
in the first three steps and was previous introduced in our group as a common precursor for
monomer synthesis as well as for the initiation of an anionic ring opening polymerization (1d in
Scheme 2).28 The subsequent Steglich esterification was established to this system as a reaction
under mild conditions that leads to the methacrylate-based monomer MAHAA (I in Scheme 2).
The synthesis of this monomer was scalable with an overall yield of 37%.

SCHEME 2 Synthetic route for the preparation of methacrylate hydroxamic acid acetonide (MAHAA, I) in 4
steps.

Figure 1 presents the 1H NMR spectrum of the synthesized monomer structure with a full as-
signment of the signals. The presence of the singlet signal at 1.6 ppm (corresponding to the
protons of the methyl groups attachted to the 1,4,2-dioxazole group (a in Figure 1)) confirmed
the stability of the protecting group against the reaction conditions in a Steglich esterification.
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F IGURE 1 1H NMR spectrum of MAHAA (I) (300 MHz, CDCl3).
Summarizing, the methacrylate-based monomer MAHAA was designed to exhibit (i) a polymer-
izable group (ii) a protected hydroxamic acid moiety to withstand the polymerization conditions
and (iii) an ethylene glycol linker to separate both groups and thus limit a steric interference.
The combination of this properties led to a versatile and new hydroxamic acid-functionalized
monomer.
Furthermore, we focused on styrene derivatives as a universal and well-studied monomer
type which is compatible with different polymerization techniques, such as anionic or radi-
cal polymerization techniques.34,35 The protected hydroxamic acid functionality is attached in
the para-position to the polymerizing group of styrene (II in Scheme 1). The hydroxamic acid-
functionalized styrene monomer (II) was synthesized in 5 steps starting from methyl p-toluate.
In the first steps, the ester was converted to the hydroxamic acid and subsequently protected via
transketalization to yield the 1,4,2-dioxazole structure (Scheme 1). During our initial studies, we
found the transformation of the methyl group to the polymerizing vinyl bond to be the limiting
factor preventing scale-up. Especially, the employed Wittig reaction leads to high amounts of
triphenylphosphine oxide, which requires tedious purification effort limiting the yields further-
more (see Supporting Information for experimental details). Despite these problems, the product
was established as a new suitable monomer in radical polymerization reactions.
During the course of our investigation, we found the combination of methacrylates with a hy-
droxamic acid moiety to be more efficient in terms of synthesis procedures, purification effort
and yields compared to the styrene derivative. Therefore, we decided to focus exclusively on the
methacrylate-based hydroxamic acid-functionalized monomer and its polymerization via con-
trolled radical techniques in the following discussion.
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Compatibility in a RAFT polymerization
In our studies, the polymerizing group of MAHAAwas designed to possess structural analogy to
MMA, HEMA and OEGMEMA to facilitate compatibility and enable the reaction conditions es-
tablished for the RAFT polymerization. 1H and 13C NMR spectroscopy was utilized to estimate
and to compare the electronic structure of the methacrylate monomers with MAHAA. As a re-
sult, no significant difference (less than 0.08 ppm difference in 1H NMR and less than 0.70 ppm
difference in 13CNMR) in the chemical shifts was observed (Table 1). Therefore, similar polymer-
ization behavior of MAHAA was expected as for MMA, HEMA and OEGMEMA.
TABLE 1 Chemical shifts for signals a, b and b’ in 1H NMR and A, B, B’ and C in 13C NMR spectra of different
methacrylate monomers (300 MHz, CDCl3).

Monomer a [ppm] b, b’ [ppm] A [ppm] B [ppm] B’ [ppm] C [ppm]
MAHAA 1.94 5.59, 6.13 18.29 126.31 135.98 167.36

OEGMEMA 1.93 5.56, 6.11 18.30 125.71 136.12 167.32
MMA 1.90 5.51, 6.05 18.35 125.47 136.26 167.93
HEMA 1.94 5.59, 6.14 18.34 126.14 136.07 167.86

Polymer synthesis
The choice of a suitable RAFT agent depends strongly on the reactivity of the monomers.37 In
our studies, the chain transfer agent (CTA) 2-Cyano-2-propyl benzodithioate (CPBDT) was suc-
cessfully applied for the RAFT copolymerization of methacrylates and derivatives due to similar
radical reactivities of CTA (R·) and monomer (M·). Furthermore, RAFT was chosen as method
of choice to enable the preparation of controlled statistical and block copolymers. The RAFT
polymerization technique is compatible with various monomer structures, such as acrylates,
methacrylates, styrenes and acrylamides.37 We have chosen MMA, HEMA and OEGMEMA as
comonomers for MAHAA to synthesize copolymers with varying hydrophilicities and different
solubility behavior (Scheme 3). The short PEG chains (4-5 repeating units) in OEGMEMA in
a brush-like structure mediate water solubility, whereas MMA-based and HEMA-based copoly-
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mers were water-insoluble. Thus, the properties of the copolymers can be tuned with the choice
of the comonomers. The copolymers were varied with respect to their molecular weights and
the amount of incorporated amount of hydroxamic acid groups, which varied from 5-50%mol in
a molecular weight range of 2,700 to 9,900 g mol-1. In all cases, SEC characterization proved
narrow molecular weight distributions with dispersities between 1.11 and 1.35 (Table 2). The
copolymers were characterized by size exclusion chromatography (SEC) as well as 1D and 2D
NMR spectroscopy (see Supporting Information for details).

SCHEME 3 Synthesis of hydroxamic acid-functionalized copolymers containing MMA (R1), HEMA (R2) or
OEGMEMA (R3) mediated by RAFT polymerization.

TABLE 2 Synthesized hydroxamic acid-functionalized copolymers.
Polymer Mn,theo.[g mol-1]

Mna[g mol-1]
Mnb[g mol-1] Ðb MAHAAa

[%mol] Yield[%]
P(MMA35-co-MAHAA3) 5000 4600 4900 1.11 8 94
P(MMA54-co-MAHAA4) 10000 6700 8300 1.13 7 81
P(MMA12-co-MAHAA13) 5700 5200 5300 1.20 50 97
P(HEMA18-co-MAHAA1) 2500 2700 4400 1.27 5 90
P(HEMA64-co-MAHAA5) 5000 9900 8300 1.35 7 99
P(HEMA10-co-MAHAA10) 5700 4400 3100 1.26 50 97

P(OEGMEMA19-co-MAHAA3) 5000 6600 4700 1.22 14 83
P(OEGMEMA24-co-MAHAA4) 10000 8300 6800 1.19 14 93
P(OEGMEMA9-co-MAHAA9) 5700 5400 6400 1.12 50 95
P(MMA)56-b-P(MAHAA)10 10000 8700 8300 1.18 18 85

a. Determined via 1H NMR end group analysis. b. SEC (THF), P(MMA) calibration, DMF as solvent was used in the
case of HEMA and OEGMEMA containing polymers.
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The copolymers containing MMA and MAHAA (Scheme 3, R1) were synthesized in a molec-
ular weight range from 4,600 to 9,900 g mol-1, with dispersities below 1.14 (Table 2). The
block copolymer was synthesized successfully in two steps. First, a P(MMA) homopolymer was
synthesized that was utilized as macroCTA in the following polymerization with MAHAA. In all
cases, the SEC traces showed monomodal distributions for all statistical and block copolymers
(Figure 2).

F IGURE 2 SEC traces of the hydroxamic acid-functionalized copolymers containing MMA with different
architectures (THF, P(MMA) calibration, UV detector).

Copolymerizations of MAHAA with HEMA and OEGMEMA, respectively were carried out to
increase the polarity of the resulting copolymers and to change the solubility behavior of the
resulting copolymers. MAHAA was copolymerized successfully with HEMA, confirmed via
1H NMR spectroscopy and SEC measurements (Figure 3, Figure S33). Explorative works of
Armes and coworkers38,39 demonstrated the convenient synthesis of well-defined and water-
soluble P(OEGMEMA) structures by the ATRP technique in the late 1990s. Lutz et al. inves-
tigated the properties of polymers consisting of OEGMEMA and 2-(2-methoxy-ethoxy)ethyl
methacrylate in detail. These copolymers combine the advantages of PEG in terms of biocom-
patibility and low toxicity with thermoresponsive behavior in water.40,41 Here, we report the
synthesis of P(OEGMEMA-co-MAHAA) structures that combine aqueous solubility with metal
chelating properties. To this end, OEGMEMA (Scheme 3, R3) was employed for the copolymer-
ization with MAHAA. Successful copolymerization was proven via 1H NMR spectroscopy and
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SEC measurements (Figure 3, Figures S33 and S34). To conclude, the results of these proof-of-
principle experiments, MAHAA was copolymerized successfully with methacrylate derivatives
via the RAFT polymerization techniquewith control over the position and number of hydroxamic
acid moieties among the polymer backbone. Slight deviations between theoretical molecular
weights and determined molecular weights might be due to the partial monomer consumption
through AIBN (CTA/I = 10). No cleavage of the protecting group was detected after the poly-
merization (see Supporting Information Figure S15). Hence, the 1,4,2-dioxazole group is stable
under the polymerization conditions of the RAFT technique.

F IGURE 3 SEC traces of the hydroxamic acid-functionalized polymers. Copolymers of MAHAA with HEMA
respectively OEGMEMA are shown (DMF, P(MMA) calibration, UV detector).

Kinetic studies
In previous works, we demonstrated for hydroxamic acid-substituted polyethers that the poly-
mer architecture has an impact on the complex formation between hydroxamic acids and metal
ions due to inter- or intramolecular network formation.42 Both polymer architecture and the dis-
tribution of MAHAA at the polymer chains determine the complex formation between hydrox-
amic acids and metal ions. We performed in situ 1H NMR kinetic measurements to investigate
the copolymerization behavior of MAHAA with M1 (MMA, HEMA or OEGMEMA). For all mea-
surements observed the same decrease of monomer concentrations of MAHAA and M1 with
time, revealing the expected random incorporation of the monomers (Figure 4).
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F IGURE 4 Monomer concentrations of MAHAA and MMA (a), HEMA (b) or OEGMEMA (c) versus time in a
RAFT polymerization.

The reactivity ratios were determined from kinetic data with the method established by Jaacks
in the early 1970s (Table 3).43 Based on this fundamental equation, the reactivity ratios between
the homopropagation (k11 and k22) and the crossover propagation (k12 and k21) with r1 = k11/k12
and r2 = k22/k21 were calculated (see Supporting Information for further details on kinetic data
evaluation).
TABLE 3 Reactivity ratios determined by in situ 1H NMR kinetic measurements. The values were calculated by
the Jaacks method.43 M1 = MMA, HEMA or OEGMEMA. A 50:50 molar ratio of [M1:MAHAA] was used. The
polymerizations were performed at 70 ◦C in dioxane-d8.

Polymer rM1 rMAHAA
P(MMA12-co-MAHAA13) 0.87 ± 3.1 · 10-3 1.14 ± 4.1 · 10-3

P(OEGMEMA9-co-MAHAA9) 1.01 ± 5.1 · 10-3 0.99 ± 5.0 · 10-3
P(HEMA10-co-MAHAA10) 1.19 ± 1.2 · 10-3 0.84 ± 8.2 · 10-4

In the copolymerizations studied all reactivity ratios were close to unity, demonstrating random
incorporation of the monomers. These results are in line with the expected copolymerization
behavior of the monomers due to the similar chemical and electronic structure of the polymeriz-
ing double bonds (Table 1). In addition, we conclude from the equal preference between homo-
and crossover propagation that the MAHAA incorporation in the copolymer structure is not
sterically hindered (Table 3). Summarizing, the kinetic data evaluation confirmed the expected
random incorporation of MAHAA in the copolymerization with MMA, HEMA and OEGMEMA,
respectively.

Deprotection and liberation of hydroxamic acid side chains
After the polymerization, the 1,4,2-dioxazole protecting groups were removed to release the
hydroxamic acid moieties. The cleavage of the protecting groups was carried out via the reaction
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with DL-campher sulfonic acid (CSA) under mild conditions at room temperature for 24 h. The
deprotection was followed via 1H NMR spectroscopy by sampling after different reaction times
(Figure 5).

F IGURE 5 1H NMR spectra overlay showing the removal of the protecting group (highlighted in blue) of
P(MMA-co-MAHAA) (300 MHz, CD3CN).

The signal at 1.61 ppm (highlighted in blue in Figure 5) corresponds to the protons of the
1,4,2-dioxazole protecting group. After approximately 24 h, the signal of the 1,4,2-dioxazole
structure had vanished, and the deprotected polymer P(MMA-co-MAHA) was obtained. To fur-
ther investigate the cleavage of the protecting group, quantitative 1H NMR analysis was per-
formed. For the cleavage of the ketal structure, the common mechanism was assumed. Hence,
the reaction is assumed to follow a pseudo-first order kinetics when performed in excess of pro-
tons. The integrals were normalized and correlated to the concentration of the 1,4,2-dioxazole
in solution. A logarithmic representation (Figure 6) shows a linear behavior as expected with
first order kinetics (y = -0.0009821x-0.03605). As a first estimation, it is possible to calculate
the half life time of the deprotection, showing that 50% of all the protecting groups are cleaved
after approximately 12 h.
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F IGURE 6 Decreasing intensity of the protecting group signals with time. A linear fit was used
(y = -0.0009821x - 0.03605).

The deprotection reaction of the HEMA- and OEGMEMA-based copolymers were performed
with the addition of a 0.1 M HCl solution at room temperature. After 24 h the protecting groups
were completely removed (Figures S21 and S23).

Surface adhesion tests
As a final demonstration, the adhesion behavior of the prepared P(MMA-co-MAHA) copolymers
was tested. Coating of metal surfaces has been widely investigated in the last few years, aim-
ing for surfaces with tailored chemical properties to suppress nonspecific biological interactions
or protein adsorptions due to the incorporation of functional groups in the coating layer.44 A
major obstacle in long-term coating is the lack of suitable groups that lead to sustainable adhe-
sion with the surfaces, especially under wet conditions.45 Different metal surfaces were coated
with the methacrylate based hydroxamic acid-functionalized P(MMA-co-MAHA). Iron, copper
and brass surfaces were employed to investigate the adhesion behavior of the hydroxamic acid-
functionalized polymer. For the sample preparation, metal samples were added to either (i) a
P(MMA-co-MAHA) solution, (ii) a P(MMA) solution or (iii) a reference solution without polymer.
All surfaces were rinsed several times with dichloromethane and dried before further character-
ization (see Supporting Information for experimental details). For contact angle measurements, a
water droplet was placed on the metal surfaces to gain information on the polarity of the surface
by its specific contact angle. An interaction between metal and hydroxamic acid was observed
for each metal surface, manifest in a change in the contact angle between the reference and the
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P(MMA-co-MAHA) coated metal plate (Table 4). The P(MMA) coated metal samples led to no
significant change in the contact angle, indicating no attachment of P(MMA) on the metal sur-
faces. Only the hydroxamic acid functionalized polymers showed an interaction with the metal
surfaces. In conclusion, the proof-of-principle experiments showed successful attachment of
hydroxamic acid-functionalized polymers on the metal surfaces, confirmed by a change of the
specific contact angle.
TABLE 4 Contact angle measurements on copper, iron and brass plates coated with P(MMA90-co-MAHA8)respectively P(MMA)63.

Polymer Copper Iron Brass
Reference 73 ± 7° 62 ± 5° 76 ± 2°
P(MMA)63 74 ± 5° 61 ± 3° 74 ± 7°

P(MMA90-co-MAHA8) 59 ± 3° 55 ± 2° 63 ± 6°

CONCLUSIONS
We demonstrate the successful synthesis of a methacrylate based hydroxamic acid-
functionalized monomer (MAHAA), which is accessible in 4 steps from inexpensive and
conveniently available starting materials with yields of 37% over all steps. The monomer
was copolymerized with MMA, HEMA and OEGMEMA, respectively via the RAFT polymer-
ization technique. This approach enabled the direct incorporation of hydroxamic acids into
poly(methacrylate)s with control over the molecular weight as well as the number and the
position of the hydroxamic acid moieties in the copolymers. Kinetic data evaluation confirmed
random incorporation of MAHAA in copolymerizations with MMA, HEMA and OEGMEMA re-
spectively. As a proof-of-principle concept, we have demonstrated the adhesion of hydroxamic
acid-functionalized polymers at metal surfaces, such as copper, iron and brass, confirmed by
contact angle measurements. The combination of hydroxamic acids with polymer chemistry is a
powerful tool to introduce multiple metal chelating motifs, controlling the number and position
of the moieties. The highly storage stable hydroxamic acids and polymeric analogues represent
an alternative to catechol-based structures.
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SUPPORTING INFORMATION
Materials
All reagents were used without further purification, unless otherwise stated. All chemicals and
solvents were purchased from Abcr, Acros, Aldrich, Fisher Scientific, Fluka, Riedel-de-Haën or
Roth. Deuterated solvents were purchased from Deutero GmbH. MMA, HEMA and OEGMEMA
were filtered through a basic alumina column to remove the stabilizer. If not mentioned the
compounds were used as received.

Instrumentation
NMR analysis. 1H NMR spectra at 300 MHz and 13C NMR spectra at 75 MHz were recorded
on a Bruker Avance III HD 300 (5 mm BBFO-Head with z-gradient) at 23 °C. 1H NMR spectra
at 400 MHz and 13C NMR spectra at 100 MHz were recorded on a Bruker Avance III HD 400
(5 mm BBFO-Smartprobe with z-gradient) at 23 °C. All NMR spectra were referenced to the
residual proton signals of the deuterated solvent.

Size exclusion chromatography (SEC). SEC was performed in DMF (1 mL/min, 50 °C) contain-
ing 1 g/L lithium bromide as additive. An Agilent 1100 series SEC system including a HEMA
300/100/40 Å column cascade, an UV (254 nm) and a RI detector was used. Furthermore, SEC
was performed in THF (1 mL/min, 20 °C) containing 1 g/L lithium bromide as additive. A MZ-gel
SD plus column, an UV (254 nm) and a RI detector was used. Calibration was carried out using
P(MMA) standards provided by Polymer Standard Service (PSS).

Contact anglemeasurement. Contact anglemeasurements were carried out by performing the
sessile dropmethod. Eachmetal wafer was put into a P(MMA) respectively a P(MMA-co-MAHA)
solution in DCM overnight at rt. The wafers were rinsed several times with DCM to remove
non-adhered polymer and dried under air. The contact angles were measured by dropping one
droplet of MilliQ-water on the surface of each metal plate. The angle between solid and liquid
phase was determined. All measurements were repeated at least five times.
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EXPERIMENTAL SECTION
Monomer synthesis: Methacrylate hydroxamic acid acetonide (MAHAA) I.

SCHEME S1 Synthetic route for the preparation of methacrylate hydroxamic acid acetonide (MAHAA) in 4 steps.

Synthesis of Methyl 4-(2-hydroxyethoxy)benzoate (1b).

According to the literature1, 80 g (0.53 mol, 1.00 eq) of methyl 4-hydroxybenzoate, 48.62 g
(0.55 mol, 1.05 eq) of ethylene carbonate, 7.88 g (0.053 mol, 0.10 eq) of sodium iodide and
96 mL of diglyme were put in a three-neck flask equipped with a reflux condenser. The mixture
was left for 20 h at 110 ◦C and afterwards for 3 h at 170 ◦C. The solvent was removed under
reduced pressure. After the addition of 300 mL of ethyl acetate the mixture was washed with
50 mL water, 50 mL NaHCO3 and 50 mL of NaCl. After drying over Na2SO4 the solvent was
removed under reduced pressure. Methyl 4-(2-hydroxyethoxy)benzoate was obtained in yields
of 100.94 g (0.51 mol, 98%).
1HNMR (300MHz, DMSO-d6): δ [ppm] = 7.91 (AA’BB’, 2H, ArC3,5H, b), 7.02 (AA’BB’, 2H, ArC2,6H,
c), 4.91 (s, 1H, O-H, f), 4.04 (m, 2H, O-CH2, d), 3.80 (s, 3H, O-CH3, a), 3.71 (m, 2H, HO-CH2, e).
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Synthesis of N-hydroxy-4-(2-hydroxyethoxy)benzamide (1c).

According to the literature1, 50 g (0.72 mol, 2.00 eq) hydroxyl amine were dissolved in 500 mL
of methanol in a 2 L Schlenk flask. 60.56 g (1.08 mol, 3.00 eq) of potassium hydroxide were
dissolved in 200 mL methanol and were put under ice cooling to the hydroxyl amine solution.
After filtration through a frit (porosity 3) the filtrate was mixed with 70.59 g (0.36 mol, 1.00 eq)
methyl 4-(2-hydroxyethoxy)benzoate previously dissolved in 100mLmethanol. After stirring for
6 days at rt the mixture was quenched carefully with a NaHSO4 solution (85.00 g, 2.00 eq) up
to pH 3-4. The solvent was removed under reduced pressure. The solid was put in an extraction
thimble (soxhlet extractor) and was extracted for 3 days with THF as a solvent. The yield was
46.12 g (0.23 mol, 66%).
1HNMR (300MHz, DMSO-d6): δ [ppm] = 11.05 (s, 1H, NH-OH, a’), 8.82 (s, 1H, NH-OH, a), 7.72
(AA’BB’, 2H, ArC3,5H, b), 6.99 (AA’BB’, 2H, ArC2,6H, c), 4.88 (s, 1H, O-H, f), 4.01 (m, 2H, O-CH2,
d), 3.71 (m, 2H, HO-CH2, e).

Synthesis of 2-(4-(5,5-dimethyl-1,4,2-dioxazol-3-yl)phenoxy)ethan-1-ol (1d).

1dwas prepared in amodified procedure from literature.1 In a 2 L Schlenk flask, 18.00 g (0.09mol,
1.00 eq) N-hydroxy-4-(2-hydroxyethoxy)benzamide were dissolved in 1 L dichloromethane. Af-
terwards 28.52 g (0.27 mol, 3.00 eq) 2,2-dimethoxypropane and 22.27 g (0.10 mol, 1.05 eq)
DL-campher sulfonic acid were added. The mixture was stirred for 12 h at rt. The mixture was
added to 480 mL of a 2 M NaOH solution. The yield was 16.07 g (0.075 mol, 75%).
1HNMR (300MHz, DMSO-d6): δ [ppm] = 7.61 (AA’BB’, 2H, ArC3,5H, b), 7.06 (AA’BB’, 2H, ArC2,6H,
c), 4.91 (s, 1H, O-H, f), 4.04 (m, 2H, O-CH2, d), 3.73 (m, 2H, HO-CH2, e), 1.60 (s, 6H, H3C-CO2-
CH3, a).
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Synthesis of 2-(4-(5,5-dimethyl-1,4,2-dioxazol-3-yl)phenoxy)ethyl methacrylate (MAHAA) (I).

The reaction was carried out in a modified procedure according to the synthesis of Neises and
Steglich.2 In a 50mL Schlenk flask, 6.06 g (0.026mol, 1.10 eq) 2-(4-(5,5-dimethyl-1,4,2-dioxazol-
3-yl)phenoxy)ethan-1-ol, 2.00 g (0.023 mol, 1.00 eq) methacrylic acid and 0.23 g (1.9 mmol,
0.08 eq) 4-dimethylaminopyridine (DMAP) were dissolved in 15 mL dichloromethane. Under ice
cooling it was added 3.23 g (0.026 mol, 1.10 eq) N,N’-Diisopropylcarbodiimide (DIC) in a time
period of 5 minutes. After stirring for 15 minutes under ice cooling, the mixture was stirred for
5 h at rt. The mixture was filtrated through a frit (porosity: 3) and the filtrate was washed twice
with 100 mL of a saturated sodium hydrogen carbonate solution. The organic phase was dried
over MgSO4 and the solvent was removed under reduced pressure. The solid was purified by
column chromatography (SiO2, PE:EA = 9:1). Methacrylate hydroxamic acid acetonide (MAHAA,
I) could be obtained in yields of 5.35 g (0.018 mol, 76%).
1H NMR (300 MHz, CDCl3): δ [ppm] = 7.73 (AA’BB’, 2H, ArC3,5H, b), 6.93 (AA’BB’, 2H, ArC2,6H,
c), 6.15 (dq, J = 1.9, 1.0 Hz, 1H, C=CH2, f), 5.60 (dq, J = 1.6 Hz, 1H, C=CH2, f), 4.57-4.48 (m,
2H, O-CH2, e), 4.28 (m, 2H, O-CH2, d), 1.96 (dd, J = 1.6, 1.0 Hz, 3H, C-CH3, g), 1.68 (s, 6H,
H3C-CO2-CH3, a).
13C NMR (75 MHz, CDCl3) δ [ppm] = 167.36 (C=O, E’), 161.01 (ArC1-O, C’), 158.16 (OC=N, A”),
135.98 (C=CH2, F’), 128.52 (ArC3,5, B), 126.31 (C=CH2, F), 116.52 (ArC4-C, B’), 115.29 (H3C-
CO2-CH3, A’), 114.77 (ArC2,6, C), 66.13 (Ar-O-CH2, D), 62.92 (Ar-O-CH2-CH2, E), 24.91 (H3C-
CO2-CH3, A), 18.39 (C-CH3, G).
IR-ATR ν̃ [cm-1] = 2961 (CH3), 1714 (C=O), 1515 (C=C), 1165 (C-O-C), 813 (C-HAr).
Rf (PE:EA = 9:1) = 0.36.



Chapter 2 - Supporting Information 77

Monomer synthesis: Styrene hydroxamic acid acetonide (StHAA) (II).

SCHEME S2 Synthetic route for the preparation of styrene hydroxamic acid acetonide (StHAA) in 5 steps.

Synthesis of N-hydroxy-4-methylbenzamide (2b).

2bwas prepared in a modified procedure according to the literature.3 46.56 g (0.67 mol 0.67 eq)
hydroxyl amine and 56.11 g (1.00 mol, 1.00 eq) of potassium hydroxide were separately dis-
solved in 190 mL methanol. The potassium hydroxide solution were put under ice cooling to the
hydroxyl amine solution. After 30 minutes, the mixture was filtrated through a frit (porosity 3).
The filtrate was mixed with 49.56 g (0.33 mol, 0.33 eq) methyl 4-methylbenzoate. After stirring
overnight at rt, the mixture was filtrated and 150mL of a 1.25M acetic acid solution were added
and heated to reflux. After cooling in an ice bath N-hydroxy-4-methylbenzamide (2b) could be
obtained in yields of 46.78 g (0.31 mol, 94%).
1H NMR (300 MHz, DMSO-d6): δ [ppm] = 10.14 (s, 2H, NH-OH, a+a’), 7.71-61 (AA’BB’, 2H,
ArC2,6H, b), 7.30-7.20 (AA’BB’, 2H, ArC3,5H, c), 2.34 (s, 3H, ArC-CH3, d).
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Synthesis of 5,5-dimethyl-3-(p-tolyl)-1,4,2-dioxazole (2c).

The preparation of 2c was carried out in a modified procedure according from the literature.4
In a 1 L Schlenk flask, 5.49 g (36.32 mmol, 1.00 eq) N-hydroxy-4-methylbenzamide and 350 mL
dichloromethane were mixed and 11.34 g (0.11 mol, 3.00 eq) 2,2-dimethoxypropane and 8.43 g
(36.32 mmol, 1.00 eq) DL-campher sulfonic acid were added. After 2 h of stirring at rt, the
mixture was added to 180 mL of a 2 M NaOH solution. The mixture was stirred overnight.
The organic layer was washed with NaOH and brine. The organic layer was dried over Na2SO4
and filtered. The solvent was removed via rotary evaporation. 5,5-dimethyl-3-(p-tolyl)-1,4,2-
dioxazole (2c) could be obtained as a colorless solid in yields of 4.35 g (22.75 mmol, 63%).
1H NMR (300 MHz, CDCl3): δ [ppm] = 7.74-7.64 (AA’BB’, 2H, ArC2,6H, b), 7.19 (AA’BB’, 2H,
ArC3,5H, c), 2.41 (s, 3H, ArC-CH3, d), 1.67 (s, 6H, H3C-CO2-CH3, a).
Synthesis of 3-(4-(bromomethyl)phenyl)-5,5-dimethyl-1,4,2-dioxazole (2d).

The synthesis of 2d was carried out in a modified preparation from literature. In a 500 mL
three-neck flask, 5.00 g (26.10 mmol, 1.00 eq) 5,5-dimethyl-3-(p-tolyl)-1,4,2-dioxazole were dis-
solved in 250 mL cyclohexane. 8.38 g (47.10 mmol, 1.80 eq) N-bromosuccinimide and 0.77 g
(4.70 mmol, 0.18 eq) 2,2’-Azobis(2-methylpropionitrile) (AIBN) were added and heated to re-
flux for 22 h. The solid was filtered. The filtrate was added to a concentrated NaHCO3 solu-
tion. The solution was extracted with diethyl ether. The organic layer was dried over Na2SO4
and filtered. The solvent was removed via rotary evaporation. 3-(4-(bromomethyl)phenyl)-5,5-
dimethyl-1,4,2-dioxazole (2d) could be obtained as a yellow liquid in yields of 5.99 g (22.20mmol,
85%).
1HNMR (300 MHz, CDCl3): δ [ppm] = 7.80-7.75 (AA’BB’, 2H, ArC2,6H, b), 7.50-7.44 (AA’BB’, 2H,
ArC3,5H, c), 4.52 (s, 2H, ArC-CH2, d), 1.68 (s, 6H, H3C-CO2-CH3, a).
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Synthesis of (4-(5,5-dimethyl-1,4,2-dioxazol-3-yl)benzyl)triphenylphosphonium bromide (2e).

The synthesis of 2e was carried out in a modified preparation from literature. In a 500 mL
three-neck flask, 7.36 g (27.20 mmol, 1.00 eq) 3-(4-(bromomethyl)phenyl)-5,5-dimethyl-1,4,2-
dioxazole were dissolved in 200 mL of dry acetone. 7.86 g (30.00 mmol, 1.10 eq) triphenylphos-
phine were added. The mixture was heated to reflux for 90 minutes. After cooling to rt, the solid
was filtered and washed with petroleum ether. The product (4-(5,5-dimethyl-1,4,2-dioxazol-3-
yl)benzyl)triphenylphosphonium bromide (2e) could be obtained as a colorless solid in yields of
7.93 g (14.89 mmol, 55%).
1H NMR (300 MHz, DMSO-d6): δ [ppm] = 7.98-7.63 (m, 15H, P-(ArC2,3,4,5,6H)3, e), 7.61-7.52
(AA’BB’, 2H, ArC2,6H, b), 7.12 (AA’BB’, ArC3,5H, c), 5.30 (d, J = 16.2 Hz, 2H, ArC-CH2, d), 1.61 (s,
6H, H3C-CO2-CH3, a).

Synthesis of 5,5-dimethyl-3-(4-vinylphenyl)-1,4,2-dioxazole (StHAA) (II).

The synthesis of II was carried out in a modified preparation from literature.5 In a 250 mL flask,
4.85 g (9.11 mmol, 1.00 eq) (4-(5,5-dimethyl-1,4,2-dioxazol-3-yl)benzyl)triphenylphosphnium
bromide (2e) were added to 55 mL (1.52 mol, 164.86 eq) of a 37-41% aqueous formaldehyde
solution. 3.03 g (7.58 mmol, 8.32 eq) NaOH were dissolved in 30 mL water. The solution was
slowly added to the reaction mixture and stirred at rt overnight. The mixture was extracted
with dichloromethane and dried over Na2SO4 and filtered. The solvent was removed via rotary
evaporation. The product was purified by column chromatography (SiO2, PE:EA = 99:1). 5,5-
dimethyl-3-(4-vinylphenyl)-1,4,2-dioxazole (StHAA) (II) could be obtained as colorless solid with
yields of 1.33 g (6.51 mmol, 71%).
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1H NMR (300 MHz, CDCl3): δ [ppm] = 7.79-7.68 (AA’BB’, 2H, ArC2,6H, b), 7.50-7.40 (AA’BB’,
2H, ArC3,5H, c), 6.73 (dd, J = 17.6, 10.9 Hz, 1H, ArC-CH=CH2, d), 5.83 (dd, J = 17.6, 0.8 Hz, 1H,
C=CH2, e), 5.35 (dd, J = 10.9, 0.7 Hz, 1H, C=CH2, e), 1.68 (s, 6H, H3C-CO2-CH3, a).
Rf (PE:EA = 99:1) = 0.43.

RAFT copolymerization of MMA and MAHAA (P(MMA-co-MAHAA)).

In a 10 mL Schlenk tube 100.00 mg (0.328 mmol, 0.10eq) MAHAA, 295.10 mg (2.948 mmol,
0.90 eq) MMA, 10.49 mg (0.047 mmol, 0.15 eq) 2-Cyano-2-propyl benzodithioate (CPBDT) and
0.78 mg (0.009 mmol, 0.03 eq) AIBN were dissolved in 1.5 mL dioxane. After three freeze pump
thaw cycles the mixture was stirred for 24 h at 70 ◦C. After precipitation in ice cold methanol
(45 mL, -20 °C), the product was recovered by centrifugation (4500 RPM, 10 minutes).
1H NMR (300 MHz, CDCl3): δ [ppm] = 7.85 (m, ArC2,6H, c), 7.70 (AA’BB’, ArC3,5H, i), 7.50 (m,
ArC4H, a), 7.34 (m, ArC3,5H, b), 6.93 (AA’BB’, ArC2,6H, h), 4.29 (s, Ar-O-CH2-CH2, f), 4.20 (s, Ar-
O-CH2, g), 3.57 (s, O-CH3, k), 1.78 (m, C-CH2, e+e’), 1.65 (s, H3C-CO2-CH3, j), 0.99 (m, C-CH3,
d+d’).
13C NMR (75 MHz, CDCl3): δ [ppm] = 178.20 (C=O, F’+F”), 177.90 (C=O, F’+F”), 177.08 (C=O,
F’+F”), 160.87 (ArC4, I’), 158.13 (OC=N, L), 128.55 25 (ArC3,5, B), 128.43 (ArC3,5, I), 126.79
(ArC2,6, C), 116.56 (ArC-O, H’), 115.30 (H3C-CO2-CH3, J’), 114.76 (ArC2,6, H), 65.47 (Ar-O-CH2,
G), 63.24 (Ar-O-CH2-CH2, F), 54.47 (CH2, E+E’), 51.92 (O-CH3, K), 44.98 (C, D”), 24.93 (H3C-
CO2-CH3, J), 18.79 (C-CH3, (D+D’)a), 16.56 (C-CH3, (D+D’)syn).
IR-ATR ν̃ [cm-1] = 2956 (CH3), 2250 (C≡N), 1732 (C=O), 1452 (C=C), 1255 (C-O-C), 1118 (C-O-C),
906 (C-HAr), 726 (C-HAr).
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RAFT copolymerization of HEMA and MAHAA (P(HEMA-co-MAHAA)).

In a 10 mL Schlenk tube 100.00 mg (0.328 mmol, 0.10eq) MAHAA, 383.6 mg (2.948 mmol,
0.90eq) HEMA, 10.70 mg (0.048 mmol, 0.15 eq) CPBDT and 0.40 mg (0.005 mmol, 0.01eq)
AIBN were dissolved in 1.5 mL dioxane. After three freeze pump thaw cycles the mixture was
stirred for 24 h at 70 ◦C. After precipitation in ice cold diethylether (45 mL, -20 °C), the product
was recovered by centrifugation (4500 RPM, 10 minutes).
1H NMR (300 MHz, DMSO-d6): δ [ppm] = 7.81 (m, ArC2,6H, c), 7.66 (AA’BB’, ArC3,5H, i), 7.64 (m,
ArC4H, a), 7.47 (m, ArC3,5H, b), 7.08 (s, ArC2,6H, h), 4.88-4.73 (s, OH, k), 4.35-4.15 (s, Ar-O-CH2-
CH2, f+g), 4.03-3.77 (s, O-CH2, f’), 3.66-3.48 (s, HO-CH2, g’), 2.01 – 1.67 (m, C-CH2, e+e’), 1.63
(s, H3C-CO2-CH3, j), 0.87 (m, C-CH3, d+d’).
13C NMR (75 MHz, DMSO-d6): δ [ppm] = 177.40 (C=O, F’+F”), 177.15 (C=O, F’+F”), 176.38
(C=O, F’+F”), 160.72 (OC=N, L), 128.78 (ArC3,5, B), 128.09 (ArC3,5, I), 126.27 (ArC2,6, C), 115.07
(H3C-CO2-CH3, J’), 66.27 (O-CH2-CH2-OH, F’), 65.42 (O-CH2-CH2-OH, F+G), 58.60 (O-CH2-
CH2-OH, G’), 53.39 (CH2, E+E’), 44.55 (C, D”), 44.12 (C, D”), 24.39 (H3C-CO2-CH3, J), 18.21
(C-CH3, (D+D’)a), 16.12 (C-CH3, (D+D’)syn).

RAFT copolymerization of OEGMEMA and MAHAA (P(OEGMEMA-co-MAHAA)).
In a 10 mL Schlenk tube 15.00 mg (0.049 mmol, 0.05eq) MAHAA, 280.00 mg (0.933 mmol,
0.95 eq) OEGMEMA, 6.53 mg (0.03 mmol, 0.60 eq) CPBDT and 0.24 mg (0.003 mmol, 0.06 eq)
AIBN were dissolved in 1.5 mL dioxane. After three freeze pump thaw cycles the mixture was
stirred for 24 h at 70 ◦C. After precipitation in ice cold diethylether (45 mL, -20 °C), the product
was recovered by centrifugation (4500 RPM, 10 minutes).
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1HNMR (300MHz, CDCl3): δ [ppm] = 7.83 (s, ArC2,6H, c), 7.68 (AA’BB’, ArC3,5H, i), 7.50 (s, ArC4H,
a), 7.34 (s, ArC3,5H, b), 6.94 (AA’BB’, ArC2,6H, h), 4.36-4.17 (s, Ar-O-CH2-CH2, f+g), 4.16-3.97 (s,
O-CH2, f’), 3.69-3.58 (s, O-CH2-CH2-O, g’+f”+g”), 3.57-3.50 (s, O-CH2, g”’), 3.40-3.34 (s, O-CH3,
k), 2.15-1.71 (m, C-CH2, e+e’), 1.65 (s, H3C-CO2-CH3, j), 1.13-0.72 (m, C-CH3, d+d’).
13C NMR (75 MHz, CDCl3): δ [ppm] = 177.16 (C=O, F’+F”), 176.34 (C=O, F’+F”), 174.46 (C=O,
F’+F”), 128.42 (ArC3,5, I), 114.65 (H3C-CO2-CH3, J’), 71.91 (s, O-CH2, G”’), 70.56 (s, O-CH2-CH2-
O, F”+G”), 68.47 (O-CH2-CH2-O, G’), 63.87 (O-CH2, F’), 59.01 (O-CH3, K), 54.10 (CH2, E+E’),
44.78 (C, D”), 24.84 (H3C-CO2-CH3, J), 18.31 (C-CH3, (D+D’)a), 16.33 (C-CH3, (D+D’)syn).

RAFT block copolymerization of MMA and MAHAA (P(MMA)-b-P(MAHAA)).

In a 10 mL Schlenk tube, 30.00 mg (0.098+mmol, 14.21 eq) MAHAA, 39.12 mg (0.007 mmol,
1.00 eq) macroCTA (P(MMA)) and 0.1 mg (6.09 · 10-4 mmol, 0.09 eq) AIBN were dissolved in
1.5 mL dioxane. After three freeze pump thaw cycles the mixture was stirred for 24 h at 70 ◦C.
After precipitation in ice cold diethylether (45 mL, -20 °C), the product was recovered by cen-
trifugation (4500 RPM, 10 minutes).
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1H NMR (400 MHz, CDCl3): δ [ppm] = 7.78 (s, ArC2,6H, c), 7.68 (AA’BB’, ArC3,5H, i), 7.39 (s,
ArC3,5H, b), 6.90 (AA’BB’, ArC2,6H, h), 4.52-3.98 (m, Ar-O-CH2-CH2, f+g), 3.62 (s, O-CH3, k), 2.17-
1.77 (m, C-CH2, e+e’), 1.66 (s, H3C-CO2-CH3, j), 1.18-0.63 (m, C-CH3, d+d’).
13CNMR (100MHz, CDCl3): δ [ppm] =178.26 (C=O, F’+F”), 177.97 (C=O, F’+F”), 158.13 (OC=N,
L), 128.55 (ArC2,6, C), 116.53 (ArC-O, H’), 115.36 (H3C-CO2-CH3, J’), 114.75 (ArC2,6, H), 67.24
(Ar-O-CH2-CH2, G+F), 54.53 (CH2, E+E’), 51.98 (O-CH3, K), 45.02 (C, D”), 44.69 (C, D”), 24.96
(H3C-CO2-CH3, J), 18.87 (C-CH3, (D+D’)a), 16.66 (C-CH3, (D+D’)syn).

Deprotection of P(MMA-co-MAHAA).

50 mg of the polymer were dissolved in 1.2 mL acetonitrile and 0.2 mL methanol. 8 mg of
DL-campher sulfonic acid (CSA) were added and the mixture was stirred at rt for 44 h. CSA was
removed by dialysis (MWCO: 1000 g mol-1) in 24 h from methanol.
1H NMR (300 MHz, DMSO-d6): δ [ppm] = 11.09 (s, NH, j), 10.07 (s, OH, j’), 7.85 (s, ArC2,6H, c),
7.74 (AA’BB’, ArC3,5H, i), 7.65 (s, ArC4H, a), 7.48 (s, ArC3,5H, b), 6.99 (AA’BB’, ArC2,6H, h), 4.48-
4.11 (m, Ar-O-CH2-CH2, f+g), 3.77-3.35 (s, O-CH3, k), 2.07-1.55 (m, C-CH2, e+e’), 1.07 – 0.44
(m, C-CH3, d+d’).
13CNMR (75MHz, DMSO-d6): δ [ppm] = 177.61 (C=O, F’+F”), 176.64 (C=O, F’+F”), 144.62 (C=S,
C’), 129.25 (ArC3,5, B), 129.12 (ArC3,5, I), 126.73 (ArC2,6, C), 125.71 (ArC4, I’), 114.56 (ArC2,6,
H), 54.09 (CH2, E+E’), 52.22 (O-CH3, K), 44.34 (C, D”), 18.92 (C-CH3, (D+D’)a), 16.59 (C-CH3,
(D+D’)syn).
IR-ATR ν̃ [cm-1] = 2997 (O-H, N-H), 2949 (CH3), 1725 (C=O), 1433 (C=C), 1238 (C-O-C), 1149
(C-O-C), 989 (C-HAr), 841 (C-HAr), 750 (C-HAr).
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Deprotection of P(HEMA-co-MAHAA).

28 mg of the polymer were dissolved in 2 mL methanol and 2 mL of a 0.1 M HCl solution. The
mixture was stirred for 24 h. The solution was extracted with 4 mL DCM for three times and the
organic layer was dried over Na2SO4. The solvent was removed via rotary evaporation.
1HNMR (400MHz, DMSO-d6): δ [ppm] = 11.11 (s, NH, j), 8.93 (s, OH, j’), 7.82 (s, ArC2,6H, c), 7.74
(AA’BB’, ArC3,5H, i), 7.64 (s, ArC4H, a), 7.48 (s, ArC3,5H, b), 7.01 (AA’BB’, ArC2,6H, h), 5.06-4.55 (s,
OH, k), 4.08-3.72 (s, O-CH2, f’), 3.72-3.48 (s, O-CH2-CH2-O, f+g+g’), 2.12-1.58 (m, C-CH2, e+e’),
1.09-0.55 (m, C-CH3, d+d’).
13C NMR (100 MHz, DMSO-d6): δ [ppm] = 177.20 (C=O, F’+F”), 176.36 (C=O, F’+F”), 131.40,
128.83 (ArC3,5, B), 128.70 (ArC3,5, I), 126.28 (ArC2,6, C), 114.17 (ArC2,6, H), 66.28 (Ar-O-CH2,
G), 61.40 (Ar-O-CH2-CH2, F), 58.51 (O-CH3, K), 53.43 (CH2, E+E’), 44.55 (C, D”), 18.04 (C-CH3,
(D+D’)a), 16.12 (C-CH3, (D+D’)syn).

Deprotection of P(OEGMEMA-co-MAHAA).
28 mg of the polymer were dissolved in 2 mL methanol and 2 mL of a 0.1 M HCl solution. The
mixture was stirred for 24 h. The solution was extracted with 4 mL DCM for three times and the
organic layer was dried over Na2SO4. The solvent was removed via rotary evaporation.
1H NMR (300 MHz, DMSO-d6): δ [ppm] = 11.07 (s, NH, j), 8.90 (s, OH, j’), 7.81 (s, ArC2,6H, c),
7.73 (AA’BB’, ArC3,5, i), 7.64 (s, ArC4H, a), 7.46 (s, ArC3,5, b), 6.96 (AA’BB’, ArC2,6H, h), 4.40-4.15
(m, O-CH2-CH2-O, f+g), 4.14-3.81 (s, O-CH2, f’), 3.70-3.57 (s, O-CH2-CH2, g’), 3.55-3.47 (s, O-
CH2-CH2-O, f”+g”), 3.46-3.36 (s, O-CH2, g”’), 3.29-3.14 (s, O-CH3, k), 2.07-1.65 (m, C-CH2, e+e’),
1.62, 1.07-0.51 (m, C-CH3, d+d’).
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13C NMR (75 MHz, DMSO-d6): δ [ppm] = 177.22 (C=O, F’+F”), 176.44 (C=O, F’+F”), 129.05
(ArC3,5, B), 126.65 (ArC2,6, C), 125.63 (ArC4, I’), 114.49 (ArC2,6, H), 71.77 (O-CH2, G”’), 70.28
(O-CH2-CH2-O, F”+G”), 68.28 (O-CH2-CH2-O, G’), 64.20 (O-CH2, F’), 58.50 (O-CH3, K), 55.38
(CH2, E+E’), 44.54 (C, D”), 18.45 (C-CH3, (D+D’)a), 16.64 (C-CH3, (D+D’)syn).

Free radical polymerization of StHAA (II).
120 mg (0.59 mmol, 29.48 eq) StHAA were dissolved in 5 mL anisole. 3.3 mg (0.02 mmol, 1 eq)
of AIBN were added. After three freeze pump thaw cycles the mixture was stirred for 22 h at
80 ◦C and 2 h at 100 ◦C.
1H NMR (400 MHz, CDCl3): δ [ppm] = 7.46 (ArC2,6H, b), 6.47 (ArC3,5H, c), 1.67 (H3C-CO2-CH3,
a), 1.41 (C-CH2-CH, e+d).

Preparation of the 1H NMR kinetic studies.
In a NMR kinetic tube, MMA, MAHAA, CPBDT and AIBN (47.5:2.5:1:0.1) were dissolved in
dioxane-d8. After three freeze-pump-thaw cycles, the polymerizations were started at 70 ◦C for
24 h monitored by 1H NMR spectroscopy.
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Characterization

FIGURE S1 1H NMR spectrum of Methyl 4-(2-hydroxyethoxy)benzoate (1b) (300 MHz, DMSO-d6).

FIGURE S2 1H NMR spectrum of N-hydroxy-4-(2-hydroxyethoxy)benzamide (1c) (300 MHz, DMSO-d6).
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FIGURE S3 1H NMR spectrum of 2-(4-(5,5-dimethyl-1,4,2-dioxazol-3-yl)phenoxy)ethan-1-ol (1d) (300 MHz,
DMSO-d6).

FIGURE S4 1H NMR spectrum of MAHAA (I) (300 MHz, CDCl3).
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FIGURE S5 1H-1H COSY NMR spectrum of MAHAA (I) (300 MHz, CDCl3).

FIGURE S6 13C NMR spectrum of MAHAA (I) (75 MHz, CDCl3).
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FIGURE S7 1H-13C NMR HSQC spectrum of MAHAA (I) (300 MHz, 75 MHz, CDCl3).

FIGURE S8 1H-13C NMR HMBC spectrum of MAHAA (I) (300 MHz, 75 MHz, CDCl3).
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FIGURE S9 FT-ATR-IR spectrum of MAHAA (II).

FIGURE S10 1H NMR spectrum of N-hydroxy-4-methylbenzamide (2b) (300 MHz, DMSO-d6).
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FIGURE S11 1H NMR spectrum of 5,5-dimethyl-3-(p-tolyl)-1,4,2-dioxazole (2c) (300 MHz, CDCl3).

FIGURE S12 1H NMR spectrum of 3-(4-(bromomethyl)phenyl)-5,5-dimethyl-1,4,2-dioxazole (2d) (300 MHz,
CDCl3).
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FIGURE S13 1H NMR spectrum of (4-(5,5-dimethyl-1,4,2-dioxazol-3-yl)benzyl)triphenylphosphonium bromide
(2e) (300 MHz, DMSO-d6).

FIGURE S14 1H NMR spectrum of StHAA (II) (300 MHz, CDCl3).
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FIGURE S15 1H NMR spectrum of P(MMA-co-MAHAA) (400 MHz, CDCl3).

FIGURE S16 1H NMR spectrum of P(OEGMEMA-co-MAHAA) (400 MHz, DMSO-d6).
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FIGURE S17 1H NMR spectrum of P(HEMA-co-MAHAA) (300 MHz, DMSO-d6).

FIGURE S18 1H NMR spectrum of P(MMA)-b-P(MAHAA) (400 MHz, CDCl3).
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FIGURE S19 1H DOSY NMR spectrum of P(MMA)-b-P(MAHAA) (400 MHz, CDCl3).

FIGURE S20 FT-ATR-IR spectrum of P(MMA-co-MAHAA).
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FIGURE S21 1H NMR spectrum of P(HEMA-co-MAHA) (300 MHz, DMSO-d6).

FIGURE S22 1H DOSY NMR spectrum of P(HEMA-co-MAHA) (400 MHz, DMSO-d6).



Chapter 2 - Supporting Information 97

FIGURE S23 1H NMR spectrum of P(OEGMEMA-co-MAHA) (300 MHz, DMSO-d6).

FIGURE S24 13C NMR spectrum of P(OEGMEMA-co-MAHA) (75 MHz, DMSO-d6).
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FIGURE S25 1H-13C NMR HSQC spectrum of P(OEGMEMA-co-MAHA) (300 MHz, 75 MHz, DMSO-d6).

FIGURE S26 1H-1H COSY NMR spectrum of P(OEGMEMA-co-MAHA) (300 MHz, DMSO-d6).
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FIGURE S27 1H NMR spectrum of P(MMA-co-MAHA) (300 MHz, CDCl3).

FIGURE S28 1H-13C NMR HSQC spectrum of P(MMA-co-MAHA) (300 MHz, 75 MHz, DMSO-d6).
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FIGURE S29 13C NMR spectrum of P(MMA-co-MAHA) (75 MHz, DMSO-d6).

FIGURE S30 1H-13C NMR HMBC spectrum of P(MMA-co-MAHA) (300 MHz, 75 MHz, DMSO-d6).
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FIGURE S31 1H NMR spectrum of P(StHAA) (400 MHz, CDCl3).

FIGURE S32 SEC curve of the macroCTA P(MMA), (THF, P(MMA) calibration, RI detector).
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FIGURE S33 SEC traces of P(HEMA10-co-MAHAA10), P(HEMA31-co-MAHAA2) andP(OEGMEMA42-co-MAHAA2) (DMF, P(MMA) calibration, UV detector).

FIGURE S34 SEC traces of P(MMA12-co-MAHAA13), P(MMA76-co-MAHAA5) and P(OEGMEMA9-co-MAHAA9)(THF, P(MMA) calibration, UV detector).
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FIGURE S35 FT-ATR-IR spectrum of P(MMA-co-MAHA).
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1H NMR kinetic studies
The polymerization was followed online by 1H NMR spectroscopy to study the incorporation
behavior of the two different monomers. We can investigate copolymerization behavior by de-
termining the reactivity ratios r1 and r2 that are defined as ratios between the homopropagation
(k11 and k22) and the corresponding crossover propagation (k12 and k21) (Eq. 1.1 and 1.2). In
other words, r1 and r2 describe the reactivity of the radicals at the polymer chain end towards
monomer 1 or 2, respectively. If r1 > 1, there is a higher probability of the radical M1· to at-
tack monomer M1 instead of M2. Consequently, these ratios can be seen as an expression of
how likely a monomer will react with itself or the other monomer. The fundamental propagation
possibilities of the radical at the polymer chain end can be seen in Scheme S3.

SCHEME S3 Fundamental reaction scheme of the formation of copolymers constiting of monomer M1 and
monomer M2.

r1 =
k11
k12

(1.1)

r2 =
k22
k21

(1.2)

In this studies, the reactivity ratios r1 and r2 were determined with the method established by
Jaacks in the early 1970s.6 The fundamental equation takes the initial monomer concentration
[MX]0 and the concentration of unreactedmonomer after the polymerization [MX]t into account
(Eq. (1.3)).

log
( [M1]t
[M1]0

)
= r1 · log

( [M2]t
[M2]0

)
(1.3)
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The reactivity ratio r2 was determined under the condition r1 · r2 = 1. The determination of the
reactivity ratios was performed by integration of the particular monomer signals. In the case
of the copolymers containing MMA and MAHAA, the protons of the double bonds appeared
separated in the 1H NMR spectra (Figures S35 and S36). On the other hand, the protons of
the double bond for HEMA and MAHAA, respectively OEGMEMA and MAHAA overlaid in the
spectra. Therefore, the signal of the protons of the methylene group of MAHAA (blue in Fig-
ures S37-S40) were subtracted from the overlaid signals highlighted in (red in Figures S37-S40)
to determine the reactivity ratios.
TABLE S1 Reactivity ratios determined by in situ 1H NMR kinetic measurements. The values were calculated by
the Jaacks method.6 M1 = MMA, HEMA or OEGMEMA, respectively. The polymerizations were performed at 70 °C
in dioxane-d8 for 24 h.

Polymer [M1:MAHAA] rM1 rMAHAA
P(MMA76-co-MAHAA5) 95:5 0.90 ± 2.3 · 10-3 1.11 ± 2.9 · 10-3

P(OEGMEMA42-co-MAHAA2) 95:5 0.86 ± 3.8 · 10-3 1.16 ± 5.1 · 10-3
P(HEMA31-co-MAHAA2) 95:5 1.25 ± 2.6· 10-2 0.80 ± 1.4 · 10-2
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FIGURE S36 1H NMR spectra overlay of the polymerization of MMA and MAHAA to P(MMA12-co-MAHAA13)mediated by RAFT (500 MHz, dioxane-d8). Significant signals corresponding to the protons of the double bond of
the monomers MMA (blue) and MAHAA (red) are shown.

FIGURE S37 1H NMR spectra overlay of the polymerization of MMA and MAHAA to P(MMA76-co-MAHAA5)mediated by RAFT (500 MHz, dioxane-d8). Significant signals corresponding to the protons of the double bond of
the monomers MMA (blue) and MAHAA (red) are shown.
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FIGURE S38 1H NMR spectra overlay of the polymerization of HEMA and MAHAA to P(HEMA31-co-MAHAA2)mediated by RAFT (500 MHz, dioxane-d8). Significant signals corresponding to the protons of the double bond of
both monomers (red) and protons of the methylene group of MAHAA (blue) are shown.

FIGURE S39 1H NMR spectra overlay of the polymerization of HEMA and MAHAA to P(HEMA10-co-MAHAA10)mediated by RAFT (500 MHz, dioxane-d8). Significant signals corresponding to the protons of the double bond of
both monomers (red) and protons of the methylene group of MAHAA (blue) are shown.
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FIGURE S40 1H NMR spectra overlay of the polymerization of OEGMEMA and MAHAA to
P(OEGMEMA42-co-MAHAA2) mediated by RAFT (500 MHz, dioxane-d8). Significant signals corresponding to the
protons of the double bond of both monomers (red) and protons of the methylene group of MAHAA (blue) are
shown.

FIGURE S41 1H NMR spectra overlay of the polymerization of OEGMEMA and MAHAA to
P(OEGMEMA9-co-MAHAA9) mediated by RAFT (500 MHz, dioxane-d8). Significant signals corresponding to the
protons of the double bond of both monomers (red) and protons of the methylene group of MAHAA (blue) are
shown.
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FIGURE S42 Individual monomer concentration versus the total conversion during the copolymerization of
MAHAA with M1 to obtain P(OEGMEMA9-co-MAHAA9) (a), P(HEMA10-co-MAHAA10) (b),P(MMA12-co-MAHAA13) (c), P(OEGMEMA42-co-MAHAA2) (d), P(MMA76-co-MAHAA5) (e) andP(HEMA31-co-MAHAA2) (f).
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FIGURE S43 Total conversion versus monomer conversion for the copolymerization of
P(OEGMEMA9-co-MAHAA9) (a), P(HEMA10-co-MAHAA10) (b), P(MMA12-co-MAHAA13) (c),P(OEGMEMA42-co-MAHAA2) (d), P(MMA76-co-MAHAA5) (e) and P(HEMA31-co-MAHAA2) (f).
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FIGURE S44 Jaacks plots concerning the initial monomer concentration [MX]0 and the concentration of
unreacted monomer after the polymerization [MX]t into account. Logarithmic plots are shown for the
copolymerization of P(OEGMEMA9-co-MAHAA9) (a), P(HEMA10-co-MAHAA10) (b), P(MMA12-co-MAHAA13) (c),P(OEGMEMA42-co-MAHAA2) (d), P(MMA76-co-MAHAA5) (e) and P(HEMA31-co-MAHAA2) (f).
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FIGURE S45 Molar based composition diagrams of M1 (blue) and MAHAA (red) of the polymers
P(OEGMEMA9-co-MAHAA9) (a), P(HEMA10-co-MAHAA10) (b), P(MMA12-co-MAHAA13) (c),P(OEGMEMA42-co-MAHAA2) (d), P(MMA76-co-MAHAA5) (e) and P(HEMA31-co-MAHAA2) (f).
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FIGURE S46 Reactivity ratios of MAHAA and M1 during the copolymerization of the corresponding monomers
to P(OEGMEMA9-co-MAHAA9) (a), P(HEMA10-co-MAHAA10) (b), P(MMA12-co-MAHAA13) (c),P(OEGMEMA42-co-MAHAA2) (d), P(MMA76-co-MAHAA5) (e) and P(HEMA31-co-MAHAA2) (f) comparing the
reactivity ratios analyzed by the Jaacks or the Beckingham-Sanoja-Lynd (BSL) method, respectively taking the total
conversion versus the monomer conversion into account.
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FIGURE S47 Monomer concentrations versus time P(MMA76-co-MAHAA5) (a), P(OEGMEMA42-co-MAHAA2)(c) and P(HEMA31-co-MAHAA2) (e) and the corresponding normalized plots (b,d,f).
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Multiple hydroxamic
acid moieties were in-
troduced into water-
soluble poly(methacrylate)s
via reversible addition-
fragmentation transfer
polymerizations (RAFT).
Copolymerization of the
hydroxamic acid-functional
methacrylate monomer

(MAHAA) with the PEG-based macromonomer oligo (ethylene glycol) methyl ether methacrylate (OEGMEMA)
was employed to prepare water-soluble, thermoresponsive and metal chelating materials with potential applica-
tions in drug delivery or water purification systems. Homopolymers, statistical and AB-type diblock copolymers
were synthesized in a molecular weight range between 6,900 and 15,400 g mol-1 with dispersities below 1.38.
Cloud points (Tcp) were between 26 °C and 63 °C, strongly depending on the molecular weight, the polymer
architecture and concentration. The chelation properties of hydroxamic acid-functionalized copolymers were
investigated via isothermal titration calorimetry. A high binding affinity (Ka = (2.8±0.2) · 106 M-1) of hydroxamic
acid-functionalized copolymers towards Fe(III) was found. In explorative cell viability studies via MTT assays,
the treatment of murine spleen cells with hydroxamic acid-functionalized copolymers showed no effect on their
metabolic activity.
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INTRODUCTION
Polymers responding to an external stimulus are intensively investigated in the areas of nano-
and bio-technology.1–8 Thermoresponsive materials exhibiting a lower critical solution temper-
ature (LCST) in aqueous media can be utilized for bio-active surfaces 9–11 for the selective bio-
separation12–15 and as drug delivery systems16–21. Temperature is utilized as a simple exter-
nal trigger to switch between the soluble state below the LCST and the collapsed aggregated
state above it. The most prominent thermoresponsive polymer is poly(N-isopropylacrylamide)
(PNIPAM). In explorative works, Scarpa et al. reported in the late 1960s on the thermal phase
transition behavior of PNIPAM.22 With a lower critical solution temperature (LCST) of 32 °C in
water, PNIPAM is viable for in vivo applications, i.e. as thermo-triggered drug releasing agent.23
Despite its numerous advantages and versatile application fields, PNIPAM exhibits drawbacks
such as an irreversible phase transition and a significant influence of the end groups on the ther-
mal behavior especially for low molecular weight polymers.24 To overcome these issues, various
research groups focused on the synthesis of alternative thermoresponsive materials. In this con-
text, Aoshima and coworkers25 as well as Ishizone and coworkers26 reported the LCST behavior
of polymers containing short oligo(ethylene glycol) side chains as non-linear PEG-based macro-
molecules in aqueous medium.9 The thermoresponsive properties of these polymers can be
finely adjusted by the macromolecular design of the polymers, i.e. the polymer composition and
the polymerization technique.27–29 Defined phase transitions were only observed for polymers
obtained by living or pseudo-living polymerization techniques due to uniform compositions.30
Lutz et al. intensely investigated the thermoresponsive behavior of POEGMA and derivatives,
demonstrating that the variation of the number of ethylene glycol units in the side chains is a
powerful tool to control the cloud point temperatures precisely.30 Besides the thermoresponsive
properties, POEGMA possesses an excellent bio-repellency below the LCST (anti-fouling behav-
ior) and bio-inert properties.1,9,31 These features render POEGMA suitable for applications as
bio-sensors, implants, scaffolds for tissue engineering and drug delivery devices.1,9,30,31 Further-
more, Pispas and coworkers investigated several amphiphilic block copolymers with OEGMA
as a hydrophilic block. The self-assembly to micellar structures in aqueous media enables the
application as nanocarriers for the delivery of hydrophobic drugs.32,33
Here we describe a systematic approach to combine the thermoresponsive properties of
POEGMA with the metal-chelating capability of hydroxamic acids in a single macromolecule
to explore potential application fields in both materials and medical sciences. In nature, metal
chelation plays an important role, and the metabolism of iron is enabled by siderophores
(greek: “iron carriers”) in various microorganisms. The characteristic functional groups of iron
carriers can be classified mainly into two major types: i) catechols and ii) hydroxamic acids. The
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excellent complexation properties of both ligands rely on the O,O-coordination towards metal
ions that results in stable five-membered rings.34 Despite the superior complexation properties
of catechols, their facile oxidation to related quinones limits the use of these compounds in
materials science significantly.
We utilized hydroxamic acid moieties that combine excellent complexation properties with long-
term storage stability. Based on the seminal works of Winston et al. in the mid-1970s con-
cerning the metal-chelating properties of polymers bearing hydroxamic acids 35–37, Rahman
and coworkers investigated cur-rently the complexation ability of poly(hydroxamic acid) ligands
for waste water treatment.38 They demonstrated an effective removal of Cu(II), Fe(III) or Zn(II)
from water samples after the treatment with poly(hydroxamic acid)s. However, poly(hydroxamic
acid)s are almost exclusively synthesized via postmodification reactions of poly(acrylate) or
poly(acrylamide)s with hydroxylamine, which generally do not lead to quantitative conversions
or well-defined polymer structures.39 Recently, our group reported a general procedure for the
direct incorporation of hydroxamic acids into polymers via 1,4,2-dioaxzoles as suitable protect-
ing groups to withstand the reaction conditions during radical and oxyanionic polymerizations
was established. With this approach, well-defined polymer structures with control over the num-
ber and the position of hydroxamic acid functionalities were obtained.40–42 Here we employ a
1,4,2-dioxazole protected hydroxamic acid methacrylate monomer (MAHAA) for the copolymer-
ization with OEGMA to combine properties such as (i) aqueous solubility, (ii) metal chelation and
(iii) thermoresponsiveness. Combination of these characteristics opens a variety of applications,
using temperature as simple external trigger. Quantitative determination of complex stability
constants with Fe(III) was performed by utilizing isothermal titration calorimetry (ITC). This ana-
lytic technique provides important information of the metal ion-hydroxamic acid interactions by
monitoring the binding thermodynamics in situ.39,43–45 Finally, the cell viability of murine spleen
cells after the treatment with hydroxamic acid-functionalized copolymers has been investigated
via MTT assays to explore their potential application in medical sciences.
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RESULTS AND DISCUSSION
Polymer Synthesis
The RAFT polymerization technique was employed for the preparation of well-defined water-
soluble hydroxamic acid-functionalized copolymers. To prevent possible radical-induced side
reactions, oligo (ethylene glycol) methyl ether methacrylate (OEGMEMA) was utilized as hy-
droxyl protected derivate of OEGMA. The RAFT technique enabled the synthesis of both sta-
tistical copolymers and AB-type diblock copolymers. 2,2’-Azobis(2-methylpropionitrile) (AIBN)
was applied as initiator for both statistical and block copolymers. The chain transfer agent (CTA)
2-Cyano-2-propyl benzodithioate (CPBDT) was utilized for the synthesis of statistical copoly-
mers while P(OEGMEMA) was employed as macroCTA in the AB-type diblock copolymer syn-
thesis. After an acidic workup under mild conditions with 0.1 M HCl at room temperature for
24 h, the hydroxamic acid moieties were released (see Experimental section for details, Scheme 1).

SCHEME 1 RAFT copolymerizations of OEGMEMA and MAHAA with AIBN as an initiator. The polymerizations
were carried out at 70 °C for 24 h. (A) Statistical copolymerization utilizing CPBDT as CTA and (B) block
copolymerization using P(OEGMEMA) as macroCTA to yield diblock copolymers. The hydroxamic acid moieties
were released after an acidic workup.



Chapter 3 123

The impact of heating rates, concentrations, molecular weights, polymer architectures and the
amount of hydroxamic acid groups on the thermoresponsive behavior of these materials was
investigated in detail (Table 2, Figures S1-S7).

Thermoresponsive Behavior
We investigated the thermoresponsive behavior of water-soluble hydroxamic acid-
functionalized copolymers with respect to the amount of protected hydroxamic acid-
functionalized monomer, the polymer architecture and the degree of deprotection (Figure 1).
The cloud point temperatures Tcp were measured via turbidimetry (see Experimental Section for
details) (Figures 2 and 3).

F IGURE 1 Overview of different P(OEGMEMA) based structures. Variation of MAHAA content, architecture
and degree of deprotection.

MAHAA content
At low temperatures, the polymer chains are hydrated due to hydrogen bond formation be-
tween polymer and water molecules. Upon increasing the temperature, the hydrogen bonds
are weakened, which finally leads to an collapse and insolubility of the polymer chains, evi-
dent from turbidity of the solution.46 Molecular weight-dependent cloud point temperatures
between 63-68 °C were observed for P(OEGMEMA) (Figure S4), in good agreement with lit-
erature values.30,47–49 Copolymers that bear protected hydroxamic acid moieties, i.e. 10%mol
of MAHAA, exhibit lower cloud point temperatures compared to P(OEGMEMA) homopolymers
at similar molecular weights (Figure 3). These results suggest that the incorporation of apolar
MAHAA units in the copolymer might lead to an interruption of the hydrogen bond formation
and therefore to a weakened polymer hydration. Consequently, the copolymer solution changes
from the soluble state into a collapsed aggregated state on a macroscopic scale already at lower
temperatures compared to P(OEGMEMA) homopolymers.
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Deprotection
We investigated the effect of free hydroxamic acid units in the copolymers on the cloud point
temperature. As a result, the Tcp of the statistical copolymer P(OEGMEMA37-co-MAHAA3) was
increased by more than 4 °C after the deprotection to P(OEGMEMA37-co-MAHA3) (Table 1,
Figure 2). Furthermore, a distinct influence on the Tcp was observed for polymers with high
amounts of randomly distributed MAHAA units (33%mol) in the polymer, manifest in a decrease
of the Tcp to 26 °C (Figure S7). After the deprotection, the Tcp increased by more than 6 °C. This
may be a result of an enhanced hydration of the polymer chains for the deprotected species due
to an increased hydrophilicity of the copolymer.

F IGURE 2 Transmittance as a function of time for the statistical copolymer P(OEGMEMA37-co-MAHAA3) (blue)and P(OEGMEMA37-co-MAHA3) (red).

Polymer Architecture
The impact of the polymer architecture on the thermoresponsive properties of hydroxamic acid-
functionalized copolymers was investigated by comparing random copolymers to AB-type di-
block copolymers. In our studies, we observed lower Tcp for copolymers that obtain MAHAA
units randomly distributed in the polymer chain compared to block copolymer structures. The
Tcp of the statistical copolymer P(OEGMEMA23-co-MAHAA2) was more than 10 °C lower than
the Tcp of the block copolymer P(OEGMEMA)23-b-P(MAHAA)3 at similar molecular weights
(Table 1). Consequently, randomly distributed MAHAA units may interrupt the polymer hydra-
tion to a greater extent than MAHAA units which are fixed at one end of the polymer as it is the
case in block copolymers.
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F IGURE 3 Transmittance as a function of time for the homopolymer P(OEGMEMA)23 (yellow), the statistical
copolymers P(OEGMEMA23-co-MAHAA2) (blue) and the block copolymer P(OEGMEMA)23-b-P(MAHAA)3 (red).

Summarizing, we investigated different parameters that influenced the thermoresponsiveness of
the hydroxamic acid-functionalized copolymer structures. By changing the amount of MAHAA
and finally its deprotected species (MAHA), the molecular weight and the polymer architecture,
the cloud point temperatures were changed by more than 35 °C (Figures S4-S7). The processes
were reversible, with a small hysteresis in the heating and cooling cycles (< 2 °C) (Figure S8).

TABLE 1 Overview of the properties of the synthesized homopolymer P(OEGMEMA) and the hydroxamic
acid-functionalized statistical and block copolymers.

Polymer Mn [g mol-1]a MAHAA [%mol] Tcp [°C]
P(OEGMEMA23-co-MAHAA2) 6900 9 41.9
P(OEGMEMA)23-b-P(MAHAA)3 7900 12 52.5

P(OEGMEMA)23 6900 0 63.0
P(OEGMEMA37-co-MAHAA3) 12000 8 50.6
P(OEGMEMA37-co-MAHA3) 11900 8 55.4

a. determined via end group analysis in 1H NMR.
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Isothermal Titration Calorimetry (ITC)
ITC was used to quantify the binding affinity, stoichiometry and binding enthalpy during the
complex formation between Fe(III) and P(OEGMEMA37-co-MAHA3). In principle, the formation
of mono, bis- and tris hydroxamato Fe(III)-complexes is possible (Scheme 2).42

SCHEME 2 Formation of mono-, bis- and tris hydroxamato Fe(III)-complexes.
Figure 4, top shows the heat rate during a representative measurement for 0.2 mmol L-1 of
P(OEGMEMA37-co-MAHA3) (i.e. 0.02 mmol L-1 MAHA) and 1.52 · 10-1 mmol L-1 of FeCl3
(i.e. 0.03 mmol L-1 Fe(III)). The overall heat changes during the measurement result not only from
the interaction betweenMAHA and Fe(III) but also from the dilution of FeCl3 in water, which has
to be subtracted to determine the heat corresponding to the complex formation. The adsorption
isotherm obtained after the corrected heat integration was fitted according to an independent
binding model (Figure 4, bottom).

F IGURE 4 ITC data for the titration of P(OEGMEMA37-co-MAHA3) with FeCl3. Titrations were carried out at
25 °C with 0.02 mmol L-1 P(OEGMEMA37-co-MAHA3) in the sample cell and 1.52· 10-1 mmol L-1 FeCl3 in the
syringe. Top: Corrected heat rate of the titration (orange) and corresponding dilution measurement (black). Bottom:
Integrated heats from each titration step after subtraction of dilution heats together with an independent binding
model fit.
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TABLE 2 Experimental values obtained from ITC measurement for the reaction of P(OEGMEMA37-co-MAHA3)with Fe(III).
Kd [M] Ka [M-1] ∆H [KJ mol-1] ∆S [J mol-1 K-1] ∆G [KJ mol-1] n [Fe/MAHA]

(3.7±0.3) · 10-7 (2.8±0.2) · 106 -19.1±2.2 59.8±7.1 -36.1±0.2 0.7±0.3

From the fit based on the integrated heats, the thermodynamic parameters of interaction are
obtained, i.e., the association constant (Ka), the reaction enthalpy (∆H), entropy (∆S), Gibbs free
energy (∆G) and reaction stoichiometry (n). ∆H was determined as difference between the up-
per and lower plateau in the adsorption isotherm, Ka is derived from the curve’s slope in the
inflection point and n is the stoichiometry ratio at the inflection point (Figure S9). According to
the reaction isotherm equation and the Gibbs-Helmholtz equation, thermodynamic parameters
such as entropy ∆S and the Gibbs free energy ∆G were determined (SI, Eq. 1 and 2).43,50
The obtained thermodynamic values of the Fe(III)-MAHA complexation process reveal that com-
plex formation with Fe(III) proceeds exothermically (∆H < 0), with an increase of the overall en-
tropy (Table 2). This means that complexation is both enthalpically and entropically favored. In
addition, a high binding affinity of the hydroxamic acid ligands to Fe(III) was confirmed (Table 2).
Network formation and gelation was prevented during the measurements due to high dilutions.
For all titrations, only one complexation step (i.e. one inflection point) was observed, which
yielded an average stoichiometry of nFe(III)/MAHA = 0.7 ± 0.3. However, it has to be emphasized
that the experiments revealed a polymer concentration dependence of the titrations (three dif-
ferent values of n = 0.3 ± 0.02, 0.5 ± 0.03 and 1.0 ± 0.1 obtained at three different polymer
concentrations), which could suggest that the stoichiometry of the resulting metal-polymer com-
plexes depends on the initial polymer concentration (Figures S10-S12, Table S3). Usually, this is
not the case for titrations, but in rare cases it can be observed. Here, it might indicate a polymer
conformational change during complex formation.
Iron Removal fromWater
As a proof-of-principle concept, hydroxamic acid-functionalized copolymers were added to a
Fe(III) chloride solution to investigate the efficiency of Fe(III) removal with time. Therefore,
the copolymer solution was placed in a dialysis tube surrounded by an Fe(III) chloride solution
(Figure S13). The dialysis tube allows Fe(III) to pass the membrane to the polymer solution while
preventing the diffusion of polymer to the Fe(III) chloride solution due to the molecular weight
barrier. In other words, Fe(III) is trapped inside the dialysis tube due to the complexation with the
hydroxamic acid moieties. To quantify the efficiency of the removal of Fe(III) in solution, samples
were taken at different times and were analyzed both via atomic absorption spectroscopy and
UV-Vis spectroscopy (Table 3, Figure S14).
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TABLE 3 Concentration of Fe(III) versus time after the treatment with hydroxamic acid-functionalized polymers
determined by atomic absorption spectroscopy.

Time [h] 0 24 48
c [mg L-1] 1.527±0.033 0.013±0.003 0.004±0.003

As a result, the water-soluble hydroxamic acid-functionalized copolymers removed Fe(III) quan-
titatively (>99%) after 24 h in these first proof-of-principle studies.

Cell Viability Tests.
MTT metabolic activity assays on murine spleen cells, as a common standard system, were
performed to investigate the biocompatibility of P(OEGMEMA37-co-MAHA3) as Fe(III) binding
agent with regard to potential therapeutic applications (Figure 5). The measurements were car-
ried out in triplicate. Figure 5 shows the mean value and the standard deviation for each param-
eter.

F IGURE 5 Effect of P(OEGMEMA)30 (blue) and P(OEGMEMA37-co-MAHA3) (red) on the metabolic activity of
murine spleen cells as determined via MTT assays. DMSO applied at cytotoxic concentration (10%) served as a
negative control.
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The homopolymer P(OEGMEMA)30 and the hydroxamic acid-functionalized copolymer
P(OEGMEMA37-co-MAHA3) showed no significant impact on the metabolic cell activity of
murine spleen cells within the range of tested concentrations, evidencing low cytotoxic effects
on cells in vitro.

CONCLUSIONS
Using RAFT copolymerization, we synthesized hydroxamic acid-functionalized P(OEGMEMA)-
based copolymers with varied polymer architectures and hydroxamic acid contents of 8 to
33%mol in the molecular weight range from 6,900 and 15,400 g mol-1. All synthesized poly-
mers were soluble in aqueous solution and demonstrated thermoresponsive behavior, measured
via turbidimetry. Copolymerization of a minor amount of the hydroxamic acid-based novel
monomers changed the Tcp of POEGMEMA to a limited extent depending on polymer archi-
tecture and molecular weight. Upon deprotection, LCSTs increased from 50 °C to 55 °C for a
fraction of 8%mol of hydroxamic acid-based methacrylates. Copolymers with higher hydroxamic
acid contents (33%mol) revealed LCSTs close to the physiological temperature range (> 32 °C).
Furthermore, ITC studies indicated that poly(hydroxamic acid)s are efficient Fe(III) chelators in
an enthalpy driven complexation reaction. In a proof-of-principle model reaction, we demon-
strated the quantitative removal of Fe(III) (>99%) from water after the treatment with hydrox-
amic acid-functionalized copolymers after 24 h. The metabolic activity of murine spleen cells
after the treatment with hydroxamic acid-functionalized copolymers was investigated via MTT
assays, revealing no significant cytotoxic effects in vitro. Based on our findings, we conclude
that water-soluble hydroxamic acid-functionalized poly(methacrylate)s possess a great potential
as a biocompatible system in biomedical applications, i.e. the removal of iron in iron-metabolism
related diseases.
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SUPPORTING INFORMATION
Materials
All reagents were used without further purification, unless otherwise stated. All chemicals and
solvents were purchased from Abcr, Acros, Aldrich, Fisher Scientific, Fluka, Riedel-de-Haën or
Roth. Deuterated solvents were purchased from Deutero GmbH. If not mentioned the com-
pounds were used as received.

Instrumentation
NMR analysis. 1H NMR spectra at 300 MHz and 13C NMR spectra at 75 MHz were recorded
on a Bruker Avance III HD 300 (5 mm BBFO-Head with z-gradient) at 23 °C. 1H NMR spectra
at 400 MHz and 13C NMR spectra at 100 MHz were recorded on a Bruker Avance III HD 400
(5 mm BBFO-Smartprobe with z-gradient) at 23 °C. All NMR spectra were referenced to the
residual proton signals of the deuterated solvent.

Size exclusion chromatography (SEC). SEC was performed in DMF (1 mL/min, 50 °C) contain-
ing 1 g/L lithium bromide as additive. An Agilent 1100 series SEC system including a HEMA
300/100/40 Å column cascade, an UV (254 nm) and a RI detector was used. Furthermore, SEC
was performed in THF (1 mL/min, 20 °C) containing 1 g/L lithium bromide as additive. A MZ-gel
SD plus column, an UV (254 nm) and a RI detector was used. Calibration was carried out using
P(MMA) standards provided by Polymer Standard Service (PSS).

Cloud point temperature measurements. Cloud points were determined with a JASCO V-630
spectrophotometer with a light source fixed at 600 nm. The samples were prepared in deionized
water at a concentration of 2.5 mg mL-1. The cloud point temperature was determined at 50 %
of the initial transmittance.

Isothermal titration calorimetry. The calorimetric measurements were performed using a
NanoITC Low Volume (TA Instruments, Eschborn, Germany) with an effective cell volume of
170 µL. In an experiment 50 µL of an FeCl3 solution (0.152 mM) were titrated to a suspension
of MAHA (0.02 mM) in water. The experimental temperature was kept constant at 25 °C. Addi-
tionally the same amount of FeCl3 solution was titrated into pure water to determine the heat
of dilution for reference. The number and injected volume of the titration steps were the same
for all measurements (25 x 2 µL). The spacing between injections was set to 300 s. The measure-
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ments were carried out by triplicate, showing the mean value together the standard deviation
for each parameter. Nano Analyze Data Analysis software from TA Instruments was used for the
data evaluation of the ITC measurements (Software version 2.5.0) from TA instruments.

Metabolic activity. Murine spleen cells (107/mL) were seeded in wells (each 100 µL) of 96 well
cell culture plates. Afterwards, polymer formulations and DMSO at cytotoxic concentration
(10 %) were applied as indicated. One day later, metabolic activity was assayed using chro-
mogenic MTT assay reagent as recommended by the manufacturer (Promega, Madison, WI).
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EXPERIMENTAL SECTION
RAFT copolymerization of OEGMEMA and MAHAA (P(OEGMEMA-co-MAHAA)).

In a 10 mL Schlenk tube 1200 mg (4.00 mmol, 45eq) OEGMEMA, 135.7 mg (0.44 mmol, 5eq)
MAHAA, 19.67 mg (0.09 mmol, 1eq) CPBDT and 0.73 mg (0.01 mmol, 0.1eq) AIBN were dis-
solved in 2.2 mL dioxane. After three freeze pump thaw cycles the mixture was stirred for 24 h
at 70 ◦C. After precipitation in ice cold diethylether (45 mL, -20 °C), the product was recovered
by centrifugation (4500 RPM, 10 minutes).
1HNMR (300MHz, CDCl3): δ [ppm] = 7.81 (s, ArC2,6H, c), 7.66 (AA’BB’, ArC3,5H, i), 7.49 (s, ArC4H,
a), 7.32 (s, ArC3,5H, b), 6.92 (AA’BB’, ArC2,6H, h), 4.35-4.17 (s, Ar-O-CH2-CH2, f+g), 4.17-3.97 (s,
O-CH2, f’), 3.67-3.56 (s, O-CH2-CH2-O, g’+f”+g”), 3.56-3.50 (s, O-CH2, g”’), 3.40-3.34 (s, O-CH3,
k), 2.14-1.69 (m, C-CH2, e+e’), 1.64 (s, H3C-CO2-CH3, j), 1.13-0.72 (m, C-CH3, d+d’).
13C NMR (75 MHz, CDCl3): δ [ppm] = 177.15 (C=O, F’+F”), 176.33 (C=O, F’+F”), 174.45 (C=O,
F’+F”), 128.41 (ArC3,5, I), 114.64 (H3C-CO2-CH3, J’), 71.90 (s, O-CH2, G”’), 70.55 (s, O-CH2-CH2-
O, F”+G”), 68.47 (O-CH2-CH2-O, G’), 63.86 (O-CH2, F’), 59.02 (O-CH3, K), 54.09 (CH2, E+E’),
44.76 (C, D”), 24.83 (H3C-CO2-CH3, J), 18.30 (C-CH3, (D+D’)a), 16.32 (C-CH3, (D+D’)syn).

Deprotection of P(OEGMEMA-co-MAHAA).
492 mg of the polymer were dissolved in 10 mL methanol and 10 mL of a 0.1 M HCl solution.
The mixture was stirred for 24 h. The solution was quenched in 75 mL DCM. The Aqueous layer
was extracted with 50 mL DCM for three times. The organic layer was dried over Na2SO4. The
solvent was removed via rotary evaporation.
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1H NMR (300 MHz, DMSO-d6): δ [ppm] = 11.06 (s, NH, j), 8.91 (s, OH, j’), 7.80 (s, ArC2,6H, c),
7.72 (AA’BB’, ArC3,5, i), 7.63 (s, ArC4H, a), 7.45 (s, ArC3,5, b), 6.95 (AA’BB’, ArC2,6H, h), 4.41-4.16
(m, O-CH2-CH2-O, f+g), 4.13-3.82 (s, O-CH2, f’), 3.70-3.56 (s, O-CH2-CH2, g’), 3.54-3.48 (s, O-
CH2-CH2-O, f”+g”), 3.45-3.36 (s, O-CH2, g”’), 3.28-3.14 (s, O-CH3, k), 2.06-1.65 (m, C-CH2, e+e’),
1.61, 1.06-0.51 (m, C-CH3, d+d’).
13C NMR (75 MHz, DMSO-d6): δ [ppm] = 177.21 (C=O, F’+F”), 176.42 (C=O, F’+F”), 129.04
(ArC3,5, B), 126.63 (ArC2,6, C), 125.62 (ArC4, I’), 114.47 (ArC2,6, H), 71.76 (O-CH2, G”’), 70.28
(O-CH2-CH2-O, F”+G”), 68.27 (O-CH2-CH2-O, G’), 64.19 (O-CH2, F’), 58.52 (O-CH3, K), 55.37
(CH2, E+E’), 44.54 (C, D”), 18.45 (C-CH3, (D+D’)a), 16.63 (C-CH3, (D+D’)syn).
IR-ATR ν̃ [cm-1] = 3248 (O-H, N-H), 2882 (CH3), 2251 (CN), 1725 (C=O), 1606 (C=C), 1248
(C-O-C), 846 (C-HAr).

Sample preparation for ITC measurements.
200 mg of the deprotected polymer sample were dialyzed against Milli-Q water (MWCO =
1000 g mol-1) for 24 h.
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DETERMINATION OF CLOUD POINT TEMPERATURES.
Effect of the concentration.
We investigated polymer concentrations ranging from 0.5 mg mL-1 to 10 mg mL-1 to find the
optimal conditions for the cloud point temperature (Tcp) measurements. The polymer concentra-
tion of 2.5 mg mL-1 revealed the sharpest thermo-induced collapse transition and was therefore
used as concentration for all the following measurements (Figure S1). The concentration of the
solution influences the cloud point temperature remarkably. Higher concentrations result in a
decrease of the Tcp. Comparing 0.5 mg mL-1 with 10 mg mL-1, we determined a change in the
Tcp from more than 6 °C (Table S1). With concentrations higher than 5 mg mL-1, we observed a
reduction in the optical transmittance due to the coloring of the sample.

FIGURE S1 Transmittance versus temperature curves for a) (P(OEGMEMA44-co-MAHAA3) solution with varied
concentrations. The dashed line illustrates the 50% transmittance region that was used to determine the Tcp.b) Overview of different cloud point temperatures plotted versus the concentration.

TABLE S1 Experimental and interpolated cloud point temperatures for (P(OEGMEMA44-co-MAHAA3) withvaried concentrations.
c [mg mL-1] Tcpa [°C] Tcpb [°C] Transmittanceb [%]

0.5 64.3 64.3 50.0
1.0 62.1 62.0 51.2
1.5 62.8 62.8 48.5
2.0 60.7 60.7 51.7
2.5 60.3 60.4 46.5
3.0 60.9 60.9 49.2
5.0 60.0 60.1 47.5
10 57.9 58.1 32.3

a. Tcp was interpolated at 50% of the inital transmittance. b. Tcp as a data point to the corresponding transmittanceb.
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Effect of the heating rate.
The impact of the heating rate on the Tcp was investigated by screening 1, 3, 5, 8 and 10 °Cmin-1
using 0.5 mg mL-1 and 2.5 mg mL-1 as concentrations (Figure S2). We observed no significant
deviations in the Tcp (<1 °C) for the different heating rates at 2.5 mg mL-1. For a polymer con-
centration of 0.5 mg mL-1, we observed a considerable effect of the heating rate on the cloud
point temperatures (>3 °C) (Table S2). Thus, we used polymer concentrations of 2.5 mg mL-1 for
further investigations.

FIGURE S2 Transmittance versus temperature curves for a (P(OEGMEMA44-co-MAHAA3) solution with varied
heating rates in a concentration of a) 0.5 mg mL-1 and b) 2.5 mg mL-1.

TABLE S2 Experimental and interpolated cloud point temperatures for (P(OEGMEMA44-co-MAHAA3) with a
concentration of 0.5 mg mL-1 respectively 2.5 mg mL-1 at varied heating rates.

c [mg mL-1] Heating rate
[°C min-1] Tcpa [°C] Tcpb [°C] Transmittanceb [%]

0.5 1 63.6 64.0 45.8
0.5 3 63.9 64.0 47.9
0.5 5 64.6 65.3 46.2
0.5 8 65.8 66.2 47.3
0.5 10 64.3 64.3 50.0
2.5 1 59.6 59.6 45.8
2.5 3 59.2 59.3 47.7
2.5 5 59.3 59.3 49.6
2.5 8 59.7 59.6 52.7
2.5 10 60.3 60.4 46.5

a. Tcp was interpolated at 50% of the inital transmittance. b. Tcp as a data point to the corresponding transmittanceb.
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The effect of the heating rate has been shown for two different concentrations. At both concen-
trations, the cloud point temperature increases with the heating rate (Figure S3).

FIGURE S3 Cloud point temperatures in dependence on the heating rate for P(OEGMEMA44-co-MAHAA3)solutions with concentrations of 0.5 mg mL-1 (blue) and 2.5 mg mL-1 (red), respectively.

Effect of the molecular weight.
We investigated the influence of the molecular weight on the cloud point temperature by
comparing the homopolymers P(OEGMEMA)17, P(OEGMEMA)20 and P(OEGMEMA)29. The
cloud point temperatures increased from 49.7 °C to 67.5 °C with decreasing molecular weights
(Figures S4a and S5). This observation suggests that the longer polymer chains facilitate the
formation of inter- and intramolecular aggregation at lower temperatures.1 In literature, several
cloud point temperatures of P(OEGMEMA) were reported. The Tcp were in a range between
64 °C and 68 °C and depends besides the molecular weight also strongly on the polymer con-
centration, the heating rate, thewavelength of the incident light, the cuvette type and the stirring
process.2–6
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FIGURE S4 a) Transmittance as a function of temperature for the homopolymers P(OEGMEMA)29 (blue) and
P(OEGMEMA)20 (red) and P(OEGMEMA)17 (yellow). The solutions were prepared with a concentration of
2.5 mg mL-1, all measurements were carried out using a heating rate of 1 °C min-1. b) Corresponding SEC traces of
the homopolymers (DMF as solvent, PMMA calibration, RI detector) are shown.

Figure S5 shows the linear correlation between the cloud point temperature and the molecular
weight of various P(OEGMEMA) samples. A linear fit was used (y = -0.005171x + 94.52) for
illustration. Based on this linear fit and as a first estimation, cloud point temperatures may be
predicted according to their molecular weight (Eq.1).

T cp = 94.52 ◦C − 0.005171mol
g ·Mn (P(OEGMEMA)) (1)

FIGURE S5 Cloud point temperatures as a function of the molecular weight. A linear fit was used
(y = -0.005171x + 94.52).
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Effect of the MAHAA content.
We investigate the effect of different polymer compositions by varying the MAHAA content
in P(OEGMEMA-co-MAHAA) polymers with similar molecular weights (Figure S6b). With an
increase of the MAHAA content from 10 to 33%mol, we observed a significant decrease in the
Tcp of the copolymer from 47.9 °C to 25.9 °C. Due to the hydrogen bond formation of the
hydrophilic OEGMEMA, the polymer is in a single phase state (i.e. hydrated). The incorporation
of MAHAA interrupts the polymer hydration that leads to a collapsed aggregated state which is
achieved at lower temperatures, visible with the turbidity of the solution.

FIGURE S6 a) Transmittance as a function of temperature for the copolymers containing 10 (blue) and 33%molMAHAA (red) respectively. The solutions were prepared with a concentration of 2.5 mg mL-1, both measurements
were carried out using a heating rate of 10 °C min-1. The dashed line illustrates the 50% transmittance region that
was used to determine the Tcp. b) Corresponding SEC traces of the copolymers (DMF as solvent, PMMA calibration,
RI detector) are shown.

Effect of deprotection.
We studied the effect of deprotection on the cloud point temperature for hydroxamic acid-
functionalized copolymers. The cloud point temperatures for P(OEGMEMA33-co-MAHAA18)
and the deprotected specie P(OEGMEMA33-co-MAHAA18) were determined (Figure S7). By re-
moving the protecting group, the cloud point temperature increased from 25.9 °C to 32.5 °C.
While the hydrophilicity of the copolymer increases with the degree of deprotection, the hydra-
tion of the polymer chains is enhanced which leads to higher cloud point temperatures.
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FIGURE S7 Transmittance as a function of temperature for the copolymers P(OEGMEMA33-co-MAHAA18) (blue)and the corresponding deprotected copolymer P(OEGMEMA33-co-MAHAA18) (red) respectively. The solutionswere prepared with a concentration of 2.5 mg mL-1, both measurements were carried out using a heating rate of
10 °C min-1. The dashed line illustrates the 50% transmittance region that was used to determine the Tcp.

Hysteresis behavior.
The polymer solutions were heated with a constant heating rate of 1 °C min-1. The optical trans-
mittance was followed during the heating and cooling processes. At 50% of the initial trans-
mittance, we defined the cloud point temperature (dashed line in Figure S8). By comparing the
heating and cooling curves, we observed only small changes in the cloud point temperature
(<2 °C).
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FIGURE S8 Transmittance versus temperature curves for a) (P(OEGMEMA21-co-MAHAA2), b P(OEGMEMA)23,c) P(OEGMEMA)23-b-P(MAHAA)3, d) (P(OEGMEMA37-co-MAHAA3) and e) (P(OEGMEMA37-co-MAHA3) duringheating and cooling processes.
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ISOTHERMAL TITRATION CALORIMETRY.
Isothermal titration calorimetry gives access to thermodynamic parameters such as enthalpy
∆H, entropy ∆S and the Gibbs free energy ∆G. The titrations were carried out at 25 °C. The
association constant Ka was determined from the curve’s slope at its inflection point and the
stoichiometry n is determined as inflection point of the curve (Figure S9). The Gibbs energy
was calculated using Eq. 2. The enthalpy ∆H is the difference between the two plateaus illus-
trated with dashed lines (Figure S9). With the Gibbs-Helmholtz equation, the entropy ∆S was
determined (Eq. 3).7,8 Different P(OEGMEMA37-co-MAHA3) concentration 1·10-5, 2·10-5 and
3·10-5 Mwere measured, and each concentration was carried out in triplicate (Figures S10-S12).

∆G = −RT · lnKa (2)
∆G = ∆H −T ∆S (3)

FIGURE S9 ITC data from the measurement of P(OEGMEMA37-co-MAHA3) titrated with Fe3+.
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FIGURE S10 Adsorption isotherms of a P(OEGMEMA37-co-MAHA3) solution with a concentration of 3 · 10-5 M
titrated with FeCl3 together with the corresponding independent binding fits carried out in triplicate. The
stoichiometry found was nFeCl3/MAHA = 0.3 ± 0.02.

FIGURE S11 Adsorption isotherms of a P(OEGMEMA37-co-MAHA3) solution with a concentration of 2 · 10-5 M
titrated with FeCl3 together with the corresponding independent binding fits carried out in triplicate. The
stoichiometry found was nFeCl3/MAHA = 0.5 ± 0.03.
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FIGURE S12 Adsorption isotherms of a P(OEGMEMA37-co-MAHA3) solution with a concentration of 1 · 10-5 M
titrated with FeCl3 together with the corresponding independent binding fits carried out in triplicate. The
stoichiometry found was nFeCl3/MAHA = 1.0 ± 0.1.

TABLE S3 Experimental values obtained from ITC measurement for the reaction of P(OEGMEMA37-co-MAHA3)with Fe(III) at different concentrations.
Kd [M] Ka [M-1] ∆H

[KJ mol-1]
∆S

[J mol-1 K-1]
∆G

[KJ mol-1]
n

[Fe/MAHA]
c

[mol L-1]
(3.3±0.7) · 10-7 (3.1±0.6) · 106 -16.5±0.6 68.8±2.8 -37.0±0.5 0.3±0.02 3 · 10-5
(3.9±0.9) · 10-7 (2.6±0.6) · 106 -18.8±1.8 59.7±7.4 -36.6±0.5 0.5±0.03 2 · 10-5
(3.8±0.8) · 10-7 (2.8±0.6) · 106 -22.0±1.3 49.4±5.0 -36.6±0.6 1.0±0.1 1 · 10-5

Iron removal from water.
To quantify the iron concentration after the treatment with hydroxamic acid-functionalized poly-
mers, samples were taken at different times and analyzed by AAS (Figure S13b) and UV-Vis
spectroscopy (Figures S14a and b).
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FIGURE S13 a) Schematic drawing of the experimental setup: Hydroxamic acid-functionalized polymer
containing dialysis tube surrounded by an Fe(III) chloride solution. b) Time dependent reduction of Fe(III) ions after
the treatment with P(OEGMEMA32-co-MAHA20). Concentrations were determined via atomic absorption
spectroscopy.

Furthermore, UV-Vis spectroscopy was utilized as a second method to quantify the Fe(III) con-
centration. Ascorbic acid was used to reduce Fe(III) to Fe(II). After the addition of ferrozine, the
complexation reaction was followed via UV-Vis spectroscopy due to a strong absorption of the
ferrozine-iron complex at 562 nm (Figure S14a). According to the calibration concentration of
1.4 mg L-1, the concentrations of the different samples were determined and plotted against the
time (Figure S14b).

FIGURE S14 a) Absorption changes of different Fe(II)-ferrozine complexes depending on their concentration.
b) Time dependent reduction of Fe(II). Complete removal of iron after 24 h detected.
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With both methods, a complete iron removal after 24 h was shown (Table S4).
TABLE S4 Overview of the iron concentration after the treatment with hydroxamic acid-functionalized polymers
determined by AAS and UV-Vis spectroscopy.

Time [h] 0 24 48
c [mg L-1]a 1.527 ± 0.033 0.013 ± 0.003 0.004 ± 0.003
c [mg L-1]b 0.6070 -0.0798 -0.0259

a. determined by AAS, b. determined by UV-Vis spectroscopy.
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CHARACTERIZATION.

FIGURE S15 1H NMR spectrum of P(OEGMEMA-co-MAHAA) (300 MHz, CDCl3).

FIGURE S16 1H NMR spectrum of P(OEGMEMA-co-MAHA) (300 MHz, DMSO-d6).



150 Chapter 3 - Supporting Information

FIGURE S17 13C NMR spectrum of P(OEGMEMA-co-MAHA) (75 MHz, DMSO-d6).

FIGURE S18 1H-13C HSQC NMR spectrum of P(OEGMEMA-co-MAHA) (300 MHz, 75 MHz, DMSO-d6).
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FIGURE S19 1H-13C HMBC NMR spectrum of P(OEGMEMA-co-MAHA) (300 MHz, 75 MHz, DMSO-d6).

FIGURE S20 FT-ATR-IR spectrum of P(OEGMEMA-co-MAHA).
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FIGURE S21 SEC traces of P(OEGMEMA)23, P(OEGMEMA23-co-(MAHAA2) andP(OEGMEMA)23-b-P(MAHAA)3) (DMF as solvent, PMMA calibration, RI detector).
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The introduction of superparamagnetic iron nanoparticles (SPION)
into polymeric nanoparticles has enabled new theranostic possibili-
ties for drug targeting using external magnets. To build on that con-
cept and to reduce current limitations, hydroxamic acids (HA) were
incorporated into biocompatible poly(methyl methacrylate)s as effec-
tive iron chelators to enhance iron loading efficiency via increased
SPION uptake. Low molecular weight polymers (5,000 g mol-1) with
varied hydroxamic acid contents were developed to study the effect
of metal complexation on the iron loading efficiency. The emulsion
solvent diffusion evaporation method was applied to transfer hydrox-

amic acid-functionalized poly(methyl methacrylate)s into polymeric nanoparticles with diameters of ≈ 200 nm.
The hydroxamic acids demonstrated to enhance iron loading into polymeric nanoparticles by 5% already at low
hydroxamic acid amounts of 5%mol, compared to non-functional polymeric nanoparticles consisting of PMMA.
Therefore, the concept of introducing hydroxamic acids for metal complexation offers a platform to enhance the
efficiency of iron loading into the polymeric nanoparticles. Due to higher SPION loadings into the polymeric
nanoparticles, the efficiency of magnetic targeting, hyperthermia or their use as theranostic contrast agents may
be improved by using the same amount of carrier.

157
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INTRODUCTION
Cancer has been estimated by the WHO to be the first or second leading cause of death in 91
countries.[1] A widely known concept in cancer treatment are nanoparticle-based drug delivery
systems. Especially, superparamagnetic iron oxide nanoparticles (SPIONs) were investigated in
this context due to their versatile properties, i.e. the enhanced permeability and retention (EPR)
effect or targeting through magnets, antigens or ultrasound.[2] SPIONs are particles comprising
magnetite (Fe3O4) in a size < 20 nm. This leads to a single magnetic domain, which results in
superparamagnetic behavior. Therefore, these particles only show magnetic characteristics if
they are under the influence of an external magnetic field.[3] Hence, SPIONs are very promising
materials with regard to applications in nanomedicine.[4] Especially in cancer treatment, these
magnetic nanoparticular systems find interest as novel formulations.[5] One application is the
widely use of SPIONs as theranostic agents for magnetic resonance imaging (MRI) and to in-
crease local temperatures through external magnetic fields.[6] For instance, a licensed formula-
tion (Nanotherm®) for the hyperthermic treatment of glioblastoma received approval in 2011 in
Germany and all member states of the European Union.[4]
It is a common method to incorporate magnetic nanoparticles into biodegradable polymeric
nanoparticles, i.e. based on poly(lactic-co-glycolic acid) (PLGA), to enable drug loading, targeting
and stabilization of the nanoparticles.[7] These polymeric nanoparticles are used as agents for
the hyperthermic denaturation of cancer tissues.[8] As nanoparticular systems, they can be used
in combination with cytostatic drugs in theranostic applications as potential negative contrast
agents for MRI.[9] Further, their surfaces can be conjugated with ligands for cancer imaging. To
that end, prior works demonstrated the linkage of Herceptin® (HER) or the human transferrin
receptor-binding peptide T7 to PLGA.[10,11] With another attempt, the saturation of nanoparti-
cles loaded with cytostatic drugs was significantly increased through magnetic targeting by posi-
tioning a strongmagnetic field over a certain spot of interest.[12] Additionally, magnetic polymeric
nanoparticles were used for the magnetic induced release of drugs from nanospheres through
inductive heating of the nanosphere shell (Scheme 1).[13,14]
Previous publications have shown that the magnetization of magnetic polymer nanoparticles
correlates with the amount of incorporated iron.[15] Therefore, the quantity of iron inside the
particles seems to be crucial for the efficiency of those systems. For the use of polymeric mag-
netic nanoparticles as MRI contrast agents, the correlation of higher iron content and better T2
(spin-spin) relaxation rate was already shown.[11]
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SCHEME 1 Diagnostic and therapeutic applications of SPIONs.[14]

To enhance the iron loading efficiency of the particles, we introduced a metal chelating motif in
the polymer side chain. Known from nature, we utilized hydroxamic acids as metal complexing
agents. As a major class of Fe(III) complexing groups in “siderophores” (greek: “iron carriers”),
hydroxamic acids enhance the bioavailability of Fe(III) in various organisms.[16] Their outstanding
complexation properties rely on their chemical structure, that enables the O,O-coordination as
bidentate ligands to form stable five-membered ringswith variousmetal ions, i.e. very prominent
complexes are formed with Fe(III) ions.[17] The complex stability is approximately 7 orders of
magnitude higher compared to carboxylic acids that form only four-membered rings with metal
ions.[18] Mono-, bis- and tris-hydroxamic acid complexes are known.[19] Due to the formation of
highly stable complexes with Fe(III), hydroxamic acids are known to play a crucial role in the iron
metabolism of various organisms.[20]
First reports about polymeric hydroxamic acids date back to 1942.[24] Since then, many
approaches have been made to introduce hydroxamic acids into macromolecules. In the
1970’s, Winston et al. thoroughly investigated the complexation behavior of hydroxamic acid-
functionalized polymers by the systematic variation of polymer backbone and chain flexibility
and contributed herewith fundamentally to a better understanding of poly(hydroxamic acid)s as
metal chelating motifs.[25,26] Most of the reported approaches rely on post-polymerization mod-
ifications of polyacryl-derivatives with hydroxylamine that are mainly used until today for the
introduction of hydroxamic acids into polymers.[25,27] Unfortunately, most post-modification re-
actions are commonly not quantitatively as shown for the conversion of poly(acrylamide)s to hy-
droxamic acids by Nome et al..[28] The direct incorporation of hydroxamic acids into poly(ether)s
has already been established in our group via oxyanionic polymerizations. In these previous
works, the development of a 1,4,2-dioxazole group as a suitable protecting group is reported
that withstand the reaction conditions during the polymerization.[18,29,30] In radical polymeriza-
tions, the direct incorporation of the hydroxamic acid functionalities is a challenging procedure
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as radical transfer between the active chain end and the functional group of the monomer might
occur in radical polymerizations.
To overcome this issue, we used a broad applicable hydroxamic acid-functionalized methacry-
late monomer (MAHAA) for the introduction of hydroxamic acid moieties into methacrylic poly-
mer structures that possesses a 1,4,2-dioxazole protecting group to withstand any attack during
polymerization.[31] After an acidic cleavage under mild conditions, the hydroxamic acid moieties
can be released. Polymeric nanoparticles were synthesized via the solvent diffusion evaporation
method. The presence of hydroxamic acids as iron receptor sites in the polymeric nanoparticles
may enhance the efficiency of cancer treatment due to an enhanced polymer to iron oxide ratio,
without the loss of a uniform distribution of SPIONs in the polymeric nanoparticles.

RESULTS AND DISCUSSION
Functional PMMA Nanoparticles for SPION Encapsulation
First reports in the mid-1970s highlighted the importance of PMMA in biomedical application
fields. In these early works, PMMA was used as adjuvant for vaccines to enhance the anti-
body responses due to a polymer induced virus encapsulation. In addition, an increased protec-
tion against infections was found compared to classical adjuvants.[31,32] Furthermore, PMMA is
utilized as prosthetic material in dental and mandibular corrections due to its low toxicity and
biocompatible properties.[31,33] Another advantage of PMMA besides its biocompatibility is the
preparation from low cost and easy available reagents that enable scale-up approaches. Due
to these versatile properties, PMMA was chosen as a potential carrier for SPIONs. The copoly-
merization of MMA with MAHAA, a hydroxamic acid-functionalized monomer, was employed
to introduce multiple metal chelating functionalities in the polymer backbone to improve the
SPION-encapsulation efficiency. The polymerizing group of MAHAA was designed to have a
structural analogy to MMA that should facilitate the reaction conditions in a RAFT polymeriza-
tion for obtaining random copolymers.

Polymer Synthesis
The controlled copolymerization of hydroxamic acids and other comonomers, such as methyl
methacrylate (MMA) is a powerful tool to introduce multiple functionalities in a single macro-
molecule. The polarity of the copolymer was precisely adjusted by the balance between hy-
drophilic hydroxamic acids and hydrophobic MMA to fulfill the requirements of the emulsion
solvent diffusion evaporation method for the synthesis of nanoparticles, i.e. the solubility of the
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polymer in ethyl acetate. Due to a similar chemical surrounding of the polymerizing double bond,
both monomers were known to incorporate randomly among the polymer backbone.
The polymers were synthesized with constant molecular weights but varying amounts of ran-
domly distributed hydroxamic acids to study the effect of metal chelation in detail (Figure S12).
In our studies, PMMA was compared to hydroxamic acid-functionalized copolymer structures
containing 5%mol or 10%mol respectively at constant molecular weights (Table 1).
TABLE 1 Overview of the synthesized polymers.

Polymer Mntarget[g mol-1]
Mna[g mol-1]

Mnb[g mol-1] Ðb HA
[%mol]

P(MMA)49 5500 5620 4930 1.10 0
P(MMA41-co-MAHAA2) 5500 5300 4830 1.10 5
P(MMA37-co-MAHAA4) 5400 4340 4920 1.10 10

a. Determined via 1H NMR end group analysis. b. Determined via SEC (THF, PMMA calibration, RI detector).

Amolar ratio of 10:1 between CTA and AIBNwas chosen to reduce the impact of AIBN-induced
chain growth. However, deviations between theoretical molecular weight and the molecular
weights determined by NMR and SEC analysis might be a result of the partial monomer con-
sumption through AIBN.

Nanoparticle Synthesis
The synthesis of polymeric nanoparticles was employed to enable drug loading, targeting and to
enhance the stability of the loaded SPIONs. The synthesized SPIONs were analyzed by vibrat-
ing sample magnetometer (VSM) measurements that confirmed the superparamagnetic behav-
ior of the particles (Figure S14). In addition, the characteristic lattice fringes of the synthesized
nanoparticles can be clearly seen in high-resolution transmission electron microscopy (HR-TEM)
images (Figure S15). The synthesis of polymeric nanoparticles was employed to enable the en-
capsulation of SPIONs and to enhance their stability (see Experimental section for details). After
the encapsulation of SPIONs into the polymeric nanoparticles, DLS, SEM, TEM and STEM mea-
surements were carried out to characterize the obtained polymeric MNPs.

Morphological Characterization
DLSwas used both to investigate themean size and the size distribution of themagnetic nanopar-
ticles. For all nanoparticles a particle size of around 220 nm was obtained resulting in a compa-
rable surface to volume ratio for all samples (Table 2, Figure S16). Hereby, the particles match
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the size range, which is crucial for the so-called enhanced permeability and retention (EPR) ef-
fect. In other works, it was demonstrated that the accumulation of particles in tumor tissues
was enhanced if the particles were in the size range between 50 and 500 nm.[34]

TABLE 2 Average size (by number) and PDI of PMMA MNPs with varying hydroxamic acid amounts.
PMMAMNP Average Size [nm] PDI

0% HA 211.6±12.1 0.116±0.055
5% HA 235.0±5.2 0.137±0.040
10% HA 209.8±3.0 0.149±0.032

Scanning electron microscopy was carried out to investigate the size and morphology of the par-
ticles. For a direct comparison of the structure-property correlation between the nanoparticles
with varying hydroxamic acid amounts, it was mandatory to produce nanoparticles with similar
size and shape. In our studies, it was shown that the nanoparticles exhibit a spherical shape with
similar sizes around 100-200 nm and size distributions (Figure 1). These findings are in line with
DLSmeasurements revealing average particles sizes of 210-235 nmwith narrow polydispersities
(Table 2, Figure S16). Furthermore, the surface of the nanoparticles showed no agglomerations
through melting.

F IGURE 1 SEM images of SPION encapsulating PMMA nanoparticles containing a) 0% b) 5% and c) 10% of
hydroxamic acid.
Transmission electron microscopy was applied to investigate the incorporation and the distribu-
tion of the iron nanoparticles within the polymeric nanoparticles. The measurements revealed
that hydroxamic acid-functionalized polymeric nanoparticles enhanced the incorporation and
the uniform distribution of SPIONs (black spheres) within the polymeric shell (Figure 2). The
non-functional PMMA nanoparticles (Figure 2a) led to an agglomeration of SPIONs at one spot,
whereas the presence of hydroxamic acids led mainly to a homogeneous distribution of the iron
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nanoparticles (Figure 2b, Figure 2c). Therefore, hydroxamic acids demonstrate to enhance the
homogeneous uptake of SPIONs into the polymeric nanoparticles while preventing the forma-
tion of agglomerates on the particle surface.

F IGURE 2 TEM images of SPION encapsulating PMMA nanoparticles containing a) 0% b) 5% and c) 10% of
hydroxamic acid.
Additionally, STEM images visualized the homogeneous distribution of the iron nanoparticles
(white spheres) in the inside of the polymeric nanoparticles (Figure 3). The images are in line with
TEM measurements revealing an iron agglomeration for non-functional PMMA nanoparticles
(Figure 3a) and a homogeneous distribution of SPIONs for the hydroxamic acid-functionalized
nanoparticles (Figure 3b, Figure 3c).

F IGURE 3 STEM images visualizing the distribution of iron nanoparticles (white spheres) in PMMA
nanoparticles bearing a) 0% b) 5% and c) 10% of hydroxamic acid moieties.

These findings can be explained by the multiple iron binding receptor sites that are introduced
through the incorporation of hydroxamic acid moieties inside the polymeric nanoparticles.



164 Chapter 4

Quantitative Iron Determination
The SPION loaded polymeric nanoparticles were hydrolyzed with nitric acid to analyze the quan-
titative amount of iron encapsulated by the polymeric nanoparticles (see Experimental section for
details). We utilized the complexation reaction between Fe(II) as central ion and ferrozine as lig-
and that was followed via UV-Vis spectroscopy due to a strong absorption band of the ferrozine-
iron complex at 562 nm. This enabled us to quantify the iron concentration of the unknown sam-
ple by utilizing an iron standard solution as reference measurement (Figure S17, Figure S18, see
Supporting Information for details on calculations). Beforehand, the Fe(III) species were reduced
to Fe(II) with ascorbic acid to enable a quantitative analysis via the ferrozine method. In mul-
tiple UV-Vis measurements, it was shown that the incorporation of hydroxamic acids as metal
chelating motifs in the polymer structure enhances the iron loading efficiency of the polymer
nanoparticles remarkably (Figure 4).

F IGURE 4 Iron loading efficiency of polymeric nanoparticles based on PMMA with varying hydroxamic acid
(HA) amounts (blue crosses). The molecular weights of the polymers were illustrated as orange diamonds.

Polymeric nanoparticles bearing only 5%mol of HA increased the SPION encapsulation by 5%
compared to non-functional PMMA nanoparticles. In total, the iron uptake of the polymeric
nanoparticles was increased from 24% for non-functional PMMA to 40% for hydroxamic acid-



Chapter 4 165

functionalized PMMA bearing 10%mol of metal chelating moieties, randomly distributed along
the polymer chains. This is an improvement of inclusion by a factor of 1.2 and 1.6 for 5%mol
and 10%mol respectively. The enhanced SPION encapsulation of hydroxamic acid-functionalized
polymeric nanoparticles might be explained by the strong interactions between Fe(III) and hy-
droxamic acids as O,O-bidentate ligands. As a result of the numerous iron receptor sites within
the hydroxamic acid-functionalized polymeric nanoparticles, the MNP are embedded into the
polymeric nanoparticles (i) with a higher tendency and (ii) in a uniformly distributed manner
(Figure 2). The prevention of an uneven distribution of SPIONs, especially the agglomeration of
many SPIONs in a few particles and no SPIONs in the majority of the polymeric nanoparticles is
favored as it would lead to an increased loss of carriers as empty particles are not responding to
external magnetic fields.[15]
Our results demonstrate the high potential of hydroxamic acids as metal chelators to increase
both the SPION encapsulation capability and their even distribution into polymeric nanoparti-
cles. Furthermore, we compared these results to well-established polymer nanoparticle systems
consisting of PLGAunder the sameMNP synthesis reaction conditions. As a first result, the PLGA
nanoparticles showed lower SPION encapsulation capabilities compared to non-functional and
functional PMMA nanoparticles (Figure S19). The molecular weights of the corresponding poly-
mers as starting materials for the nanoparticle synthesis were on the same order of magnitude
proven via SEC measurements (Figure S12, Figure S13) but the polydispersity differs strongly
between the commercially available PLGA and the synthesized PMMA due to different polymer-
ization techniques (Figure S19) whichmay have an impact on the SPIONencapsulation capability.
Thus, a direct comparison between these two systems is strongly limited. The results with re-
spect to the quantitative iron uptake of PLGA nanoparticles should therefore only be utilized as a
vague estimation. However, we rather want to highlight the hydroxamic acid-induced enhanced
SPION encapsulation of PMMA based nanoparticles.

Cell Viability Tests
MTT metabolic activity assays on murine spleen cells were performed to investigate the bio-
compatibility of hydroxamic acid-functionalized magnetic nanoparticle structures with regard to
potential therapeutic applications. The measurements were carried out in triplicate, and data
show the mean value and the standard deviation for each tested concentrations (Figure 5).
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F IGURE 5 Effect of magnetic nanoparticles with varied hydroxamic acid contents (0, 5 and 10%mol) on the
metabolic activity of murine spleen cells as determined via MTT assays. DMSO applied at cytotoxic concentration
(10%) served as a negative control.

As a result, the hydroxamic acid-functionalized magnetic nanoparticles (MNP) showed no sig-
nificant impact on the cell viability within the range of tested concentrations, revealing low cy-
totoxic effects on cells in vitro. Only in the case of non-functionalized magnetic nanoparticles
consisting of PMMA and PLGA respectively, a considerable decrease of the metabolic activity
was observed, suggesting an increased toxicity compared to the hydroxamic acid-functionalized
analogues.
Furthermore, fluorescence activated cell sorting measurements were carried out to investigate
the cell-type specific accumulation of magnetic nanoparticles (MNP). After the labeling with
curcumin, the samples were characterized with respect to their accumulation behavior in murine
splenic leukocyte populations, comprising neutrophils, B cells, dendritic cells and macrophages
(Figures S21-28). As a result, the MNPs were accumulated in neutrophils and macrophages but
no significant accumulation in B cells and dendritic cells was observed (Table S2). The viability of
all cells (>95%) after the treatment with MNPs was proven via fixable viability dye (FVD) labeled
measurements (Figure S20).
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CONCLUSIONS
The introduction of randomly distributed hydroxamic acid moieties as effective iron receptors
within polymeric nanoparticle systems has been demonstrated to represent a powerful tool to
enhance both the SPION encapsulation capability and to improve the distribution ofMNP inside
the polymeric nanoparticles. Both effects may contribute to an improved response of the carri-
ers upon application of an external magnetic field. As a consequence, a reduced dosage of the
nanocarriers may be applied, while retaining the same efficiencies as known for non-functional
compounds. For this purpose, functional PMMAs were prepared with varying hydroxamic acid
amounts via controlled radical polymerization techniques. The emulsion solvent diffusion evap-
oration method demonstrated to be a powerful technique to prepare well-defined spherical
nanoparticles that were treated with SPIONSs. TEM and SEM showed an enhanced SPION
encapsulation efficiency as well as a homogenous distribution of SPIONs for the hydroxamic
acid-functionalized nanoparticles compared to non-functional PMMA nanoparticles. Addition-
ally, the quantitative determination of iron via UV-Vis spectroscopy confirmed the enhanced
uptake of iron for the hydroxamic acid-functionalized species. In addition, the hydroxamic acid-
functionalized PMMA MNPs were studied with respect to their further use in medical applica-
tions via cell viabilities tests. All synthesized functional and non-functional MNPs showed no
significant decrease in the metabolic activity of murine spleen cells.
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EXPERIMENTAL SECTION
Synthesis of PMMA (1a) In a 10 mL Schlenk tube 500.00 mg (4.994 mmol, 1 eq) MMA,
11.07 mg (0.050 mmol, 0.01 eq) 2-Cyano-2-propyl benzodithioate (CPBDT) and 0.41 mg
(0.005 mmol, 0.001 eq) 2,2’-Azobis(2-methylpropionitrile) (AIBN) were dissolved in 1.5 mL diox-
ane. After three freeze pump thaw cycles, the mixture was stirred for 24 h at 70 °C. After
precipitation in ice cold methanol (45 mL, -20 °C), the product was recovered by centrifugation
(4500 RPM, 10 minutes).
1H NMR (300 MHz, CDCl3): δ [ppm] = 7.87 (d, J = 7.4 Hz, 2H, ArC2,6H), 7.52 (t, J = 7.4 Hz, 1H,
ArC4H), 7.36 (t, J = 7.7 Hz, 2H, ArC3,5H), 3.63-3.54 (s, O-CH3), 2.10-1.70 (m, C-CH2), 1.16-0.73
(m, C-CH3).
13C NMR (75 MHz, CDCl3): δ [ppm] = 178.17 (C=O), 177.87 (C=O), 177.03 (C=O), 144.90,
132.56 (ArC4), 128.39 (ArC3,5), 126.74 (ArC2,6), 125.55, 125.07, 54.43 (CH2), 52.91, 51.88 (O-
CH3), 44.91 (quaternary C), 30.34, 18.75 (C-CH3), 16.37 (C-CH3).
IR-ATR ν̃ [cm-1] = 2959 (CH3), 1725 (C=O), 1434 (CH), 1260 (CH), 1144 (CH), 1016 (CH), 799
(CHaromat.).
Synthesis of P(MMA-co-MAHAA) (1b) In a 10 mL Schlenk tube 400.00 mg (3.995 mmol,
47.5 eq) MMA, 64.2 mg (0.210 mmol, 2.5 eq) MAHAA, 18.62 mg (0.084 mmol, 1 eq)
2-Cyano-2-propyl benzodithioate (CPBDT) and 0.69 mg (0.008 mmol, 0.10 eq) 2,2’-Azobis(2-
methylpropionitrile) (AIBN) were dissolved in 1.4 mL dioxane. After three freeze pump thaw
cycles, the mixture was stirred for 24 h at 70 °C. After precipitation in ice cold methanol (45 mL,
-20 °C), the product was recovered by centrifugation (4500 RPM, 10 minutes). The same proce-
dure was applied with a ratio of 40.5:4.5:1:0.1 for MMA:MAHAA:CPBDT:AIBN to yield copoly-
mers with 10%mol HA.
1H NMR (300 MHz, CDCl3): δ [ppm] = 7.88 (d, J = 8.2 Hz, ArC2,6H), 7.72 (AA’BB’, ArC3,5H), 7.52
(t, J = 7.3 Hz, ArC4H), 7.36 (t, J = 7.6 Hz, ArC3,5H), 6.95 (AA’BB’, ArC2,6H), 4.32 (s, Ar-O-CH2-CH2),
4.23 (s, Ar-O-CH2), 3.59 (s, O-CH3), 2.03-1.81 (m, C-CH2), 1.68 (s, H3C-CO2-CH3), 1.02-0.84 (m,
C-CH3).
13CNMR (75MHz, CDCl3): δ [ppm] = 178.20 (C=O), 177.90 (C=O), 177.08 (C=O), 160.87 (ArC4),
158.13 (OC=N), 128.55 (ArC3,5), 128.43 (ArC3,5), 126.79 (ArC2,6), 116.56 (ArC-O), 115.30 (H3C-
CO2-CH3), 114.76 (ArC2,6), 65.47 (Ar-O-CH2), 63.24 (Ar-O-CH2-CH2), 54.47 (CH2), 51.92 (O-
CH3), 44.98 (quaternary C), 24.93 (H3C-CO2-CH3), 18.79 (C-CH3), 16.56 (C-CH3).
IR-ATR ν̃ [cm-1] = 2956 (CH3), 2250 (C≡N), 1732 (C=O), 1452 (C=C), 1255 (C-O-C), 1118 (C-O-C),
906 (C-Haromat.), 726 (C-Haromat.).
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Deprotection of 1b to P(MMA-co-MAHA) (1c) In a 50 mL round-bottom flask, 216 mg of DL-
campher sulfonic acid (CSA) were dissolved in 4 mL methanol. 208 mg of 1b were dissolved
in 12 mL acetonitrile and were added to the flask. The mixture was stirred for 24 h at rt. The
product was purified by dialysis (MWCO: 1000 g mol-1) in 24 h from methanol.
1H NMR (300 MHz, CDCl3): δ [ppm] = 11.09 (s, NH), 10.07 (s, OH), 7.85 (d, J = 7.7 Hz, ArC2,6H),
7.74 (AA’BB’, ArC3,5H), 7.65 (t, J = 7.7 Hz, ArC4H), 7.48 (t, J = 7.5 Hz, ArC3,5H), 6.99 (AA’BB’,
ArC2,6H), 4.48-4.11 (s, Ar-O-CH2-CH2), 3.77-3.35 (s, O-CH3), 2.07-1.55 (m, C-CH2), 1.07 – 0.44
(m, C-CH3).
13CNMR (75MHz, CDCl3): δ [ppm] = 177.61 (C=O), 176.64 (C=O), 144.62 (C=S), 129.25 (ArC3,5),
129.12 (ArC3,5), 126.73 (ArC2,6), 125.71 (ArC4), 114.56 (ArC2,6), 54.09 (CH2), 52.22 (O-CH3),
44.34 (quaternary C), 18.92 (C-CH3), 16.59 (C-CH3).
IR-ATR ν̃ [cm-1] = 2997 (O-H, N-H), 2949 (CH3), 1725 (C=O), 1433 (C=C), 1238 (C-O-C), 1149
(C-O-C), 989(C-HAr), 841 (C-Haromat.), 750 (C-Haromat.).
Synthesis of superparamagnetic nanoparticles (SPIONs) SPIONs were made by the specifica-
tions described by Sun et al..[35] 706.3 mg (2 mmol, 1 eq) Iron(III) acetylacetonate were dispersed
in a solution of 2.58 g (10 mmol, 5 eq) of 1,2-hexadecanediole, 1.69 g (6 mmol, 3 eq) of oleic
acid and 1.60 g (6 mmol, 3 eq) of oleylamine in 20 mL benzyl ether. First, the reaction vessel
was heated to 140-150 °C for 30 minutes under reduced pressure and nitrogen atmosphere to
remove oxygen and water. The dispersion was then heated to 200 °C for 2 hours and to 300 °C
for one additional hour under constant stirring and nitrogen atmosphere. After cooling to room
temperature, the sample was precipitated in ethanol and centrifuged 3 times with 10,000 g for
10min by aHeraeusMultifuge X1R, with a Fiberlite F15-8 x 50cy rotor (Thermo Fisher Scientific,
Waltham, MA, USA). In the first and second centrifugation step, the supernatant was removed
and replaced by fresh ethanol. For the last step, the pellet was dispersed in 10 mL chloroform,
50 µL oleic acid and 50 µL oleylamine. For further purification, the product was centrifuged
with 20,000 g for 10 min and the supernatant was collected.
Preparation of magnetic polymer nanoparticles Magnetic polymer nanoparticles were pre-
pared in a modified procedure according to literature via the emulsion solvent diffusion evap-
oration method.[36] 10 mg of the polymer were dissolved in 1 mL of ethyl acetate and 1 mg of
SPIONs distributed in chloroform were added. This suspension was pipetted in a 2% solution of
polyvinyl alcohol and stirred for 1 h. Afterwards, the suspension was homogenized by an ultra-
sonic staff for 1 minute. The nanoparticles were washed 4 times by centrifugation at 10,000 g
for 20 min with MilliQ water.
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Hydrolysis of the nanoparticles 1.9 mg of the SPION-functionalized nanoparticles were dis-
solved in 2 mL nitric acid (50%vol) and stirred at room temperature for 20 h.
Metabolic activity Murine spleen cells (107/mL) were seeded in wells (each 100 µL) of 96 well
cell culture plates. Afterwards, nanoparticle formulations and DMSO at cytotoxic concentra-
tion (10%) were applied as indicated. One day later, metabolic activity was assayed using chro-
mogenic MTT assay reagent as recommended by the manufacturer (Promega, Madison, WI).
Nanoparticle Binding Binding of curcumin-labelled PMMA nanoparticles to leukocyte popula-
tionswas assessed by flowcytometry. Bonemarrow (BM)was flushed from the tibiae and femurs
of C57BL/6 mice using a syringe, and BM cells were resuspended in IMDMmedium, containing
5% fetal bovine serum (FBS), 2mM L-glutamine, 100UmL-1 penicillin, 100 µgmL-1 streptomycin
(all from Sigma-Aldrich, Deisenhofen, Germany), and 50 µM β -mercaptoethanol (Roth, Karl-
sruhe, Germany). Aliquots of BM cells (2·106/mL) were supplemented with 100 ng m-1 recombi-
nant murine GM-CSF (R&D Systems, Wiesbaden, Germany) as a survival factor for neutrophils,
transferred into FACS tubes (500 µL) and were incubated with the different nanoparticles. Neu-
trophils were identified as Ly6G-positive cells. Another aliquot of BM cells was supplemented
with 10 ng mL-1 recombinant murine GM-CSF, and cells were seeded in 12 well suspension
cell culture plates (2·105/mL) to promote parallel differentiaton of BM progenitor cells towards
macrophages and dendritic cells. After one week, BM cultures (1 mL/well) were incubated with
nanoparticles. Dendritic cells were identified as CD11c-positive and macrophages as CD11c-
negative cells, respectively. For assessment of nanoparticle binding to B cells, spleens were re-
trieved from C57BL/6 mice, and erythrocytes were lysed using a hypotonic lysis buffer. Spleen
cells were resuspended in IMDM culture medium (4·106/mL). Spleen cells were transferred into
FACS tubes (500 µL), and the different nanoparticle formulations were applied. B cells were iden-
tified as CD19-positive cells. After over-night incubation with the accoding nanoparticles formu-
lations, cells were washed (PBS, 2 mM EDTA, 2 % fetal bovine serum), and Fcγ receptors were
blocked by applying anti-CD16/32 antibody to preevent unspecific binding of subsequently ap-
plied cell type-specific antibodies. Then, samples were incubated with cell type-characterizing
antibodies (see above), each labeled with phycoerythrin. Afterwards, viability was assessed by
incubationwith fixable viability dye (FVD), labeledwith eFl780 as recommended by themanufac-
turer (Thermo Fisher, Waltham, MA). All antibodies were purchased from BioLegend (San Diego,
CA) or Thermo Fisher. Samples were fixed (FACS buffer including 0.7% paraformaldehyde), and
analysed using an Attune Nxt flow cytometer.
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SUPPORTING INFORMATION
Materials
All reagents were used without further purification, unless otherwise stated. All chemicals and
solvents were purchased from Abcr, Acros, Aldrich, Fisher Scientific, Fluka, Riedel-de-Haën or
Roth. Deuterated solvents were purchased from Deutero GmbH. If not mentioned, the com-
pounds were used as received. Prior to use, MMAwas passed through a neutral aluminium oxide
column to remove the stabilizer. The hydroxamic acid-functionalized comonomer MAHAA was
synthesized according to the procedure described in previous works.

Instrumentation
NMR analysis 1H NMR spectra at 300 MHz and 13C NMR spectra at 75 MHz were recorded
on a Bruker Avance III HD 300 (5 mm BBFO-Head with z-gradient) at 23 °C. 1H NMR spectra
at 400 MHz and 13C NMR spectra at 100 MHz were recorded on a Bruker Avance III HD 400
(5 mm BBFO-Smartprobe with z-gradient) at 23 °C. All NMR spectra were referenced to the
residual proton signals of the deuterated solvent.
Size exclusion chromatography (SEC) SEC was performed in DMF (1 mL/min, 50 °C) contain-
ing 1 g/L lithium bromide as additive. An Agilent 1100 series SEC system including a HEMA
300/100/40 Å column cascade, an UV (254 nm) and a RI detector was used. Furthermore, SEC
was performed in THF (1 mL/min, 20 °C) containing 1 g/L lithium bromide as additive. A MZ-gel
SD plus column, an UV (254 nm) and a RI detector was used. Calibration was carried out using
P(MMA) standards provided by Polymer Standard Service (PSS).
Infrared spectroscopy FT-IR spectra were recorded using a Nicolet iS10 FT-IR spectrometer
(Thermo Fisher Scientific).
Vibrating sample magnetometer (VSM) The magnetic properties of the SPIONS were con-
firmed with a Vibrating Sample Magnetometer (VSM) Model 7300 (Lake Shore Cryotronics Inc.,
Westerville, OH, USA). A certain volume of the suspension with a known concentration was
pipetted on a Teflon holder. The sample was analyzed under a maximum field strength of 600
kA/m.
High-resolution transmission electron microscopy (HR-TEM) High resolution TEM experi-
ments were carried out on a FEI Tecnai F20 operated at 200 kV.
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Transmission electronmicroscopy (TEM) The shape and the distribution of iron inside the poly-
meric nanoparticles was determined with a Tecnai 12 transmission electron microscope (TEM)
at an accelerating voltage of 120 kV.
Scanning electron microscopy (SEM) SEM images were made for additional morphology and
size investigations with two different kinds of scanning electron microscopes, Hitachi SU8000
(HHT, Krefeld) and Leo 1530 GEMINI (ZEISS, Oberkochen).
Scanning transmission electron microscopy (STEM) Dark field STEM images were taken on a
FEI Tecnai F20 operated at 200 kV.
Dynamic light scattering The nanoparticle size was measured by dynamic light scattering with
a Malvern Nano ZS (Malvern Instruments Ltd., Worcesterhire, United Kingdom). The suspension
was diluted 1 to 10 in MilliQ water. Particle sizes were obtained as the Z average size in (nm).
Each polymer particle type was produced three times. and was one Datapoint. Every datapoint
is an average of 36 measurements.
UV-Vis spectroscopy UV-Vis spectrawere recorded at 25 °C using a JASCOV-630 spectropho-
tometer with a light source fixed at 600 nm. The nanoparticle dispersion was hydrolyzed prior
to use for iron quantification. 100 µL of the hydrolyzed sample were added to 500 µL of acetate
buffer mixed with ascorbic acid for reduction of Fe(III) to Fe(II). Spectra were recorded after the
addition of 20 µL ferrozine.
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Polymer characterization

NMR spectra

FIGURE S1 1H NMR spectrum of MAHAA (300 MHz, CDCl3).

FIGURE S2 1H NMR spectrum of P(MMA-co-MAHAA) (300 MHz, CDCl3).
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FIGURE S3 13C NMR spectrum of P(MMA-co-MAHAA) (75 MHz, CDCl3).

FIGURE S4 1H-13 HSQC NMR spectrum of P(MMA-co-MAHAA) (300 MHz, 75 MHz, CDCl3).



Chapter 4 - Supporting Information 177

FIGURE S5 1H-13 HMBC NMR spectrum of P(MMA-co-MAHAA) (300 MHz, 75 MHz, CDCl3).

FIGURE S6 1H NMR spectrum of P(MMA-co-MAHA) (300 MHz, CDCl3).



178 Chapter 4 - Supporting Information

FIGURE S7 13C NMR spectrum of P(MMA-co-MAHA) (75 MHz, DMSO-d6).

FIGURE S8 1H-13 HSQC NMR spectrum of P(MMA-co-MAHAA) (300 MHz, 75 MHz, DMSO-d6).
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FIGURE S9 1H NMR spectra overlay of P(MMA-co-MAHAA) before (top) and after (bottom) deprotection
(300 MHz, CDCl3). Corresponding signals of the methyl groups of the protection functionality are shown in blue.
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Infrared spectra

FIGURE S10 FT-ATR-IR spectrum of P(MMA-co-MAHAA) (1a).

FIGURE S11 FT-ATR-IR spectrum of P(MMA-co-MAHA) (1b).
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Size exclusion chromatography measurements

FIGURE S12 SEC traces of PMMA and P(MMA-co-MAHAA) copolymers with varying amounts of hydroxamic
acids (HA) (THF, PMMA calibration, UV detector (left), RI detector (right)).

FIGURE S13 SEC trace of PLGA (THF, PMMA calibration, RI detector).



182 Chapter 4 - Supporting Information

SPION characterization
VSMmeasurements
Vibrating sample magnetometer measurements were carried out to investigate the magnetic
properties of the iron nanoparticles. We observed no significant remanence of the hysteresis
curve, indicating that the nanoparticles were superparamagnetic (Figure S13). Saturation mag-
netization was measured at a value of 21.59 A m2 kg-1 with the Langevin fit. Deviations from
literature values (typically between 50 and 60 A m2 kg-1) may arise due to high amounts of oleic
acid which resulted in a strong overestimation of the nanoparticle mass.

FIGURE S14 Magnetization behavior of SPIONs at different magnetic field strength measured with a vibrating
sample magnetometer.
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HR-TEMmeasurements

FIGURE S15 HR-TEM image of the synthesized SPIONs revealing a lattice fringe pattern.
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Nanoparticle characterization
DLS measurements

FIGURE S16 Dynamic light scattering measurements showing the hydrodynamic mean diameter (by number) of
PMMA nanoparticles with a) 0%mol HA, b) 5%mol HA and c) 10%mol HA respectively after the attachment of
SPIONs.
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Quantitative Iron Determination
The absorption maxima at 562 nm were utilized to calculate the iron concentration of the hy-
drolyzed nanoparticles solutions (Figure S17).

FIGURE S17 Overlay of the absolute absorption bands of the hydrolyzed PLGA (a), PMMA (b) and
P(MMA-co-MAHA) (c,d) nanoparticle dispersions in an acetate buffer after the addition of ferrozine for the
determination of Fe(II) measured by UV-Vis spectroscopy. Ascorbic acid was utilized to reduce the Fe(III) species to
Fe(II) before the analysis. A reference measurement was carried out by using a standard Fe(II)-solution with a
concentration of 1.4 mg L-1 (black line).

To quantify the exact iron concentration of the unknown samples, we measured a standard Fe(II)
solution with a known concentration of 1.4 mg L-1. As an example, the spectra of a standard
iron solution and a 5%mol HA sample were plotted (Figure S17).
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FIGURE S18 UV-Vis spectra of a reference iron(II) solution with a known concentration of 1.4 mg L-1 and a
hydrolyzed nanoparticle solution containing 5%mol of hydroxamic acid after the reduction of Fe(III) to Fe(II) with
ascorbic acid and the addition of ferrozine as complexing agent. The absorption maxima at 562 nm were utilized to
calculate the concentration of Fe(II).

By using Equation 1 and 2, we were able to calculate the iron concentration of the unknown
samples (Table S1). The measured extinction values are defined as ECAL (iron standard solution)
and ES (sample). ∆ESB describes the difference between the measured extinction for the sample
(ES) and a blank measurement (EB).

∆ESB = ES − EB = 0.3426 − 0.01485 = 0.3278 (1)

c (Fe) = ∆ESB · 1.4 mg L−1
ECAL = 0.3278 · 1.4 mg L−1

0.1343
= 3.4166 mg L−1 (2)
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TABLE S1 Overview of the absolute and relative iron uptake of PLGA, PMMA and P(MMA-co-MAHA) with
varying hydroxamic acid contents.

Polymer c(Fe)theo.[mg L-1] c(Fe) [mg L-1]a SPION loading
[%]

Average SPION
loading [%]

7.3568 1.2738 17.31
PLGA - 0% HA 7.8370 1.0851 13.85 16.61 ± 1.90

10.1604 1.8464 18.17
13.9037 2.379 17.11
11.6279 3.0269 26.03

P(MMA)49 - 0% HA 13.7421 3.2185 23.42 24.05 ±1.75
13.8224 3.1385 22.71
9.5137 2.4461 25.71

P(MMA41-co-MAHA2) - 5% HA 10.0423 3.4166 34.02 29.28 ± 4.28
10.2205 2.8735 28.11

P(MMA37-co-MAHA4) - 10% HA 6.4551 2.6107 40.44 40.44
a. Determined via UV-Vis measurements referred to an iron standard solution with a concentration of 1.4 mg L-1.

FIGURE S19 a) Relative iron loading efficiency of PLGA and PMMA nanoparticles with varying hydroxamic acid
contents related to a) the molecular weight (Mn) and b) the dispersity (Ð) of the polymers.
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Engagement of MNP by leukocytes.
Fluorescence activated cell sortingmeasurements were carried out to investigate the cell popula-
tions after treatment with curcumin-labelled polymeric nanoparticles onmyeloid cells. Ly6Gwas
utilized as a neutrophil-specific selective antibody to investigate the accumulation of MNPs in
bone marrow neutrophils; whereas CD19 was applied to investigate the accumulation in splenic
B cells. CD11 positive cells were utilized to identify bone marrow-derived dendritic cells and
CD11c negative cells of the BMDC culture constitute macrophages. As a result, we observed a
strong accumulation of polymeric nanoparticles in neutrophiles proven via a 54-fold increased
mean fluorescence intensity (MFI) compared to the untreated reference sample. A strong accu-
mulation was also observed in macrophages that was quantified as a 36-fold increase in theMFI.
Rather moderate engagement was observed for dendritic cells (5-fold), but no considerable inter-
action with B cells (2-fold). (Table S2). All cell types demonstrated an excellent viability proven
via the attachment of a fixable viability dye (FVD) (Figure S19).

FIGURE S20 Fixable viability dye-labelled bone marrow neutrophils (a), splenic B cells (b), and bone
marrow-derived dendritic cells and macrophages (c). The frequencies of viable (FVD-negative) cells are indicated.
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TABLE S2 Mean fluorescence intensity (MFI) of the various tested leukocyte populations after over-night
incubation with curcumin-labelled PMMA nanoparticles with varied hydroxamic acid amounts at different
concentrations.
Concentration SPION

attached
HA

[%mol]
MFI

(Neutrophils)
MFI

(B cells)
MFI

(Dendritic cells)
MFI

(Macrophages)
Untreated 1634 347 5690 1446

No 0 14913 378 9055 4623
5%vol No 5 38799 510 18193 23124

Yes 0 49278 685 16985 15767
Yes 5 21676 400 14275 11540
No 0 24004 395 9698 7046

50%vol No 5 89742 631 28004 52107
Yes 0 57823 831 22813 25076
Yes 5 59480 648 14596 14500
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FIGURE S21 Fluorescence activated cell sorting of bone marrow Ly6G+ neutrophils (left panel; frequencies
indicated) after over-night incubation with curcumin-labelled PMMA nanoparticles (right panel; curcumin intensities)
with varying hydroxamic acid contents before (a,b) and after (c,d) SPION attachment with a concentration of 5%vol.a),c) PMMA nanoparticles (NP) with 0%mol HA, b),d) PMMA NP with 5%mol HA.
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FIGURE S22 Fluorescence activated cell sorting of bone marrow Ly6G+ neutrophils (left panel; frequencies
indicated) after over-night incubation with curcumin-labelled PMMA nanoparticles (right panel; curcumin intensities)
with varying hydroxamic acid contents before (a,b) and after (c,d) SPION attachment with a concentration of 50%vol.a),c) PMMA nanoparticles (NP) with 0%mol HA, b),d) PMMA NP with 5%mol HA.
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FIGURE S23 Fluorescence activated cell sorting of splenic CD19+ B cells (left panel; frequencies indicated) after
over-night incubation with curcumin-labelled PMMA nanoparticles (right panel; curcumin intensities) with varying
hydroxamic acid contents before (a,b) and after (c,d) SPION attachment with a concentration of 5%vol. a),c) PMMA
nanoparticles (NP) with 0%mol HA, b),d) PMMA NP with 5%mol HA.
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FIGURE S24 Fluorescence activated cell sorting of splenic CD19+ B cells (left panel; frequencies indicated) after
over-night incubation with curcumin-labelled PMMA nanoparticles (right panel; curcumin intensities) with varying
hydroxamic acid contents before (a,b) and after (c,d) SPION attachment with a concentration of 50%vol. a),c) PMMA
nanoparticles (NP) with 0%mol HA, b),d) PMMA NP with 5%mol HA. CD19 was utilized as selective antibody.
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FIGURE S25 Fluorescence activated cell sorting of bone marrow-derived CD11c+ dendritic cells (left panel;
frequencies indicated) after over-night incubation with curcumin-labelled PMMA nanoparticles (right panel;
curcumin intensities) with varying hydroxamic acid contents before (a,b) and after (c,d) SPION attachment with a
concentration of 5%vol. a),c) PMMA nanoparticles (NP) with 0%mol HA, b),d) PMMA NP with 5%mol HA. CD11 was
utilized as selective antibody.



Chapter 4 - Supporting Information 195

FIGURE S26 Fluorescence activated cell sorting of bone marrow-derived CD11c+ dendritic cells (left panel;
frequencies indicated) after over-night incubation with curcumin-labelled PMMA nanoparticles (right panel;
curcumin intensities) with varying hydroxamic acid contents before (a,b) and after (c,d) SPION attachment with a
concentration of 50%vol. a),c) PMMA nanoparticles (NP) with 0%mol HA, b),d) PMMA NP with 5%mol HA. CD11 was
utilized as selective antibody.
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FIGURE S27 Fluorescence activated cell sorting of bone marrow-derived macrophages (CD11b+CD11c-) (right
panel; frequencies indicated) after over-night incubation with curcumin-labelled PMMA nanoparticles (left panel;
curcumin intensities) with varying hydroxamic acid contents before (a,b) and after (c,d) SPION attachment with a
concentration of 5%vol. a),c) PMMA nanoparticles (NP) with 0%mol HA, b),d) PMMA NP with 5%mol HA. CD11 was
utilized as selective antibody.
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FIGURE S28 Fluorescence activated cell sorting of bone marrow-derived macrophages (CD11b+CD11c-) (right
panel; frequencies indicated) after over-night incubation with curcumin-labelled PMMA nanoparticles (left panel;
curcumin intensities) with varying hydroxamic acid contents before (a,b) and after (c,d) SPION attachment with a
concentration of 50%vol. a),c) PMMA nanoparticles (NP) with 0%mol HA, b),d) PMMA NP with 5%mol HA. CD11 was
utilized as selective antibody.
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This work is closely connected to the investigations on hydroxamic acid-functionalized poly(methacrylate)s as
metal chelators presented in Chapter 2. The author of this thesis contributed to this work by the synthesis of
the methacrylate-based hydroxamic acid monomer MAHAA and its polymerization via controlled radical poly-
merization techniques.
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