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Abstract

We herein report the development of crosslinked polyether particles as a reactive platform for the
preparation of functional microgels. Thiol-ene crosslinking of poly(allyl glycidyl ether) in
miniemulsion droplets - stabilized by a surface active, bio-compatible polyethylene glycol block
copolymer - resulted in colloidal gels with a PEG corona and an inner polymeric network
containing reactive allyl units. The stability of the allyl groups allows the microgels to be purified
and stored before a second, subsequent thiol-ene functionalization step allows a wide variety of
pH- and chemically-responsive groups to be introduced into the nanoparticles. The facile nature of
this synthetic platform enables the preparation of microgel libraries that are responsive to different
triggers but are characterized by the same size distribution, surface functionality, and crosslinking
density. In addition, the utilization of a crosslinker containing cleavable ester groups renders the
resulting hydrogel particles degradable at elevated pH or in the presence of esterase under
physiological conditions.

Introduction

The triggered release of active agents from polymeric carriers such as micelles,
nanoparticles or nano-/microgels is a rapidly developing and highly versatile concept that
promises to be a key approach to next generation therapeutics.1~’ Within these materials,
microgels8 offer a number of advantages due to their unique combination of colloidal size
and internal network structure.®-13 In contrast to polymeric micelles and capsules, which
predominantly exhibit a burst release, controlling the degree of swelling of the colloidal
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networks offers the ability to precisely tune loading and release profiles.11-18 Since the
swelling behaviour is dictated by the mesh size of the gel, it can either be controlled by
(reversibly) varying the crosslink density or by introducing stimuli-responsive groups in the
network-forming polymer. Both approaches enable swelling and degradation to be tuned in
response to external triggers'? such as pH,18-24 enzymes,25-27 temperature28-32 and
Iight.33‘38

In addition to a specific release profile, the suitability of such stimuli-responsive particles
for therapeutic applications also requires control over size and surface composition. As these
materials are characterized by an extremely high surface/volume ratio, the size distribution
as well as the surface properties of microgels critically determine their bio-compatibility,
circulation time and (targeted) cellular uptake.39-43

Regarding the synthesis of stimuli-responsive microgels, traditional routes are based on the
crosslinking of polymeric or monomeric starting materials using dispersion or precipitation
based methods.10: 44-51 A major drawback of these strategies is that the production of
different microgels containing distinct functional groups requires their independent
preparation. This leads to batch-to-batch variability in the microgels’ crosslinking density,
size distribution and surface morphology.

Therefore, the development of a simple procedure to prepare a master batch of precursor
particles as a general platform for secondary functionalization would be a major advance.
This strategy would allow for the generation of structurally equivalent microgels that vary
only in their functionality.

In addressing this need, we report a facile approach for the preparation of responsive
microgels using crosslinked reactive precursor nanoparticles that can be functionalized via
simple click chemistry in a second subsequent step. By introducing different stimuli-
responsive groups into the network after the particle synthesis, one batch of starting particles
can be used to prepare a multitude of microgels that each exhibits a different response
profile. A key feature of this strategy is the decoupling of responsive properties for the
microgels from the initial structural parameters that are traditionally defined by the
polymeric or monomeric starting materials.

To demonstrate the versatility of this approach towards the development of microgels for
biomedical applications, reactive precursor nanoparticles were prepared by controlled
crosslinking of poly(allyl glycidyl ether), PAGE,52 in miniemulsion droplets using
poly(ethylene oxide)-b-poly(allyl glycidyl ether) (PEO-b-PAGE) as a reactive non-ionic
surfactant.>® Pentaerythritoltetrakis(3-mercaptopropionate) (PTMP) was used as the
crosslinker to allow for degradability of the microgels. This allows for a variety of groups to
be introduced via thiol-ene addition to unreacted AGE units remaining in the precursor
microgels.>*-57 By introducing acidic (anionic) or basic (cationic) functional groups,
secondary microgels with opposite swelling profiles can be achieved. Furthermore, the use
of combinations thereof allows the preparation of zwitterionic particles with unique swelling
profiles and phase transitions, thereby demonstrating the power and modular nature of this
approach.
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Results and Discussion

The successful development of a platform strategy for the synthesis and secondary
functionalization of microgels requires the following key aspects to be addressed. First, a
facile and scalable method for the formation of the precursor particles is required to ensure
control over particle morphology, size distribution and crosslinking density. Once formed,
efficient chemistry for the secondary modification of the particles is needed. This chemistry
should allow for the introduction of a wide range of functional groups without side reactions
leading to a decrease or increase in crosslinking density.58-59

Reactive precursor microgels

To address these requirements, allyl units and thiol-ene chemistry were chosen as versatile
and modular synthetic platforms for constructing the microgel particles. For this purpose, a
miniemulsion was formed by dispersing a toluene solution of poly(allyl glycidyl ether)
homopolymer and a tetra-functional, small molecule crosslinker such as pentaerythritol
tetrakis(3-mercaptopropionate). To this mixture were added 2,2-dimethoxy-2-phenyl-
acetophenone as photoinitiator and PEO-b-PAGE block copolymer as a functional surfactant
to covalently stabilize the particles during light-activated thiol-ene crosslinking (Scheme 1).
This strategy has a number of advantages when compared to traditional precipitation or
emulsion based methods. For example, the minimization of diffusion of monomers or the
nucleation and growth of particles allows for greater chemical homogeneity.50-62 As a
result, tuning the feed ratio of the respective building blocks adjusts the structural
composition and surface chemistry of the reactive precursor particles. In addition, the
utilization of an amphiphilic PAGE-b-PEO block copolymer as a reactive non-ionic
surfactant allows covalent functionalization of the microgel surface with bio-compatible
PEO chains. The mesh size is also determined by the relative amount of crosslinker to allyl
groups in the dispersed phase and the cleavable ester groups of PTMP render the
crosslinking points, and therefore the whole particle network, degradable in response to pH
and biological triggers such as enzymes.

To use these precursor particles for the formation of structurally equivalent microgels with
different functionalities, it is crucial to ensure that the crosslinking density is not influenced
by the post-formation functionalization. Since both reactions — crosslinking and
functionalization — are based on thiol-ene additions, the first reaction should be complete to
avoid uncontrolled crosslinking in the presence of the thiols used for secondary
functionalization.

In order to investigate the conversion of the crosslinking reaction, the influence of
irradiation time on particle formation was studied by varying the reaction time from 2 to 24
hours while keeping the crosslinker concentration at 2mol-%. The dispersions were then
purified by repeated centrifugation/redispersion in Milli-Q water and analysed by dynamic
light scattering (DLS) and scanning electron microscopy (SEM). For crosslinking times of 2
hours or less, macroscopic phase separation of the emulsion was observed indicating
unsuccessful particle formation due to insufficient crosslinking. For irradiation times of 4
hours and longer, stable spherical microgels with similar average hydrodynamic diameters
(300-350 nm obtained by DLS) and low polydispersity were obtained (Figure 1 and Figure
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S-1in the Supporting Information). The observation that particle size is not controlled by
irradiation time is significant as it demonstrates that this miniemulsion based method is a
reliable platform approach for the preparation of well-defined microgels.

Having demonstrated successful particle formation for tj;. > 4h, the qualitative influence of
reaction time on the crosslinking density and mesh size was investigated by determining the
respective swelling ratios of the microgels. For this, the purified microgel particles were
transferred into THF (a good solvent for linear PAGE), the average diameters of the swollen
microgels M G-A4, -A6, -A8 and -A10 were measured by DLS, and the swelling ratios Q

were calculated as Q = Vgyolten! Vnon-swollen-

The dependency of Q on the irradiation time (Figure 2) clearly illustrates that the degree of
swelling sharply decreases between 4 and 6 hours. In contrast, the observed decrease of Q
between 6 and 24 hours is negligible and the swelling degree can be seen as constant
regarding the experimental error. Since a decreased swelling ability corresponds to an
increased crosslinking density, it is assumed that after 6 hours of irradiation, the crosslinking
reaction is close to completion. This is an important parameter in avoiding unwanted side
reactions during the secondary functionalization step.

To further tune the molecular characteristics of these microgel particles, the relationship
between mesh size and feed ratio of crosslinker was investigated at constant irradiation time.
To ensure completion of the crosslinking reaction, an irradiation time of 8 hours was studied
with crosslinker concentrations of 0.2, 0.5, 1.0, 1.5 and 2.0 mol-percent, respectively. At
crosslinker concentrations of 0.5 mol-% or lower, stable microgels were not formed while at
higher concentrations (1.0, 1.5 and 2.0 mol-%) stable microgels particles were obtained.
These particles [M G-A8 (containing 2 mol-% crosslinker), -B8 (containing 1.5 mol-%
crosslinker), C8 (containing 1 mol-% crosslinker)] were then investigated with respect to
their diameter and size distribution by DLS. In analogy to the above reaction time study,
DLS measurements in water revealed a slight variation in particle size from 320 to 370 nm
(see Figure S-2 in the Supporting Information).

To demonstrate the effect of the crosslinker feed ratio, the microgels were swollen in THF
or MeOH and the swelling ratios calculated from the average hydrodynamic diameters
determined by DLS. As can be seen in Figure 3, for an irradiation time of 8 hours, a strong
correlation between Q and crosslinker concentration was observed in THF. In MeOH a
similar trend is observed but the overall degree of swelling is reduced due to a less
favourable interaction between the network forming PAGE polymer and the solvent. As
expected, increasing the feed ratio of crosslinker from 1.0 to 1.5 and 2.0 mol-% leads to
decreased swelling ratios and mesh sizes, implying increased crosslinking densities.

Similar trends were observed for analogous particles that were prepared with irradiation
times of 10 hours (see Supporting Information) therefore further supporting the assumption
that the crosslinking reaction has reached maximum conversion after an irradiation time of 8
hours. Overall, this facile tunability of the network parameters clearly demonstrates the
modular and controlled nature of this approach to reactive precursor microgels that have a
well-defined size distribution, surface chemistry and crosslinking density/mesh size.
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Microgel functionalization via thiol-ene click reactions

The observed swelling behaviour of the microgels is critically important for secondary
functionalization reactions on preformed particles, as it allows access to the reactive AGE
units contained within the particle network. Having demonstrated the ability to control mesh
size and swellability for crosslinked PAGE nanoparticles, the stability and presence of
unreacted allyl groups in the core of the microgels enables functionalization by secondary
thiol-ene coupling. Anionic and cationic thiol derivatives were therefore introduced to
illustrate the dramatically different properties and swelling profiles obtainable from a
common precursor particle (see Scheme 2).

To demonstrate the modular nature of this post-functionalization approach, precursor
microgels were reacted with mercaptoacetic acid (MAA) or a thiol-functionalized histamine
derivative (His). Functionalization reactions with MAA were carried out in THF with an
excess of thiol by irradiation with 365 nm light. Due to the limited solubility of the
histamine-based thiol (His) in THF, all reactions employing His were performed in
methanol. Following the light-induced thiol-ene click reaction, the microgels were
extensively washed with THF (or MeOH for His) in order to remove unreacted thiols and
photoinitiator from the network. The modified particles were then transferred into an
aqueous environment and the resulting dispersions were stable without additional surfactant
due to steric repulsion of the covalently attached PEO corona. Analysis of the particles using
infrared spectroscopy revealed the appearance of characteristic bands for the functional
groups of MAA and His in the respective microgels and the concomitant loss of peaks due
to the allyl units (see Supporting Information).

Tailored functionalization of the particles is expected to result in tunability of particle
swelling when exposed to a variety of different external environments and stimuli. To
investigate this feature in detail, the pH-dependent swelling profiles for acidic, basic, and
zwitterionic particles were studied by DLS. Significantly, for all levels of crosslinking, the
acid-functionalized microgels MG-A8-MAA, MG-B8-MAA and M G-C8-MAA show a
sharp volume phase transition (VPT) from a collapsed to a swollen state with increasing pH.
As expected, the deprotonation/protonation of the carboxylic acid groups translates to the
VPT of the microgel with this transition being observed in the biologically relevant pH
range between pH 7 and 8 (Figure 4 and Supporting Information). It is also important to note
that the structural parameters of the network — established during the synthesis of the initial
precursor particles — clearly translate to the structure of the final responsive microgels. For
example, the particle sizes of the functionalized microgels (collapsed at pH 2) do not
significantly deviate from the size of their respective precursor particles. Additionally, the
MAA functionalized particles with different crosslinking degrees demonstrate a decreasing
relationship between Q in their fully swollen state (at pH 10) and crosslinker concentration
analogous to their swollen precursor gels in THF (see Supporting Information).

In contrast to the anionic MAA-functionalized microgels, the basic imidazole units in the
histamine-functionalized microgels are expected to result in the opposite swelling profile.
To investigate this assumption, pH-dependent DLS measurements of M G-A8-Hisand M G-
C8-Hiswere performed and the observed swelling ratios demonstrate that the protonation of
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the imidazole moieties does result in an inverse shape for the swelling profile with swollen
particles being observed for pH < 5 with stable particle sizes being found for pH values of 6
and above (see Figure 4 and Supporting Information). This sharp volume phase transition
correlates to the pKa of the histamine functionality, demonstrating the successful transfer of
the basic character for the small molecule introduced in the second functionalization step to
the final polymeric network. This translation of the pKa for the small molecule to the
swelling behaviour of the final nanoscale object is clearly seen when the microgels M G-C8-
MAA and M G-C8-Hisare compared (Figure 4). Regarding the maximum swelling ratio of
the functionalized particles, it was found that the microgel M G-C8-His swells significantly
more compared to MG-C8-MAA (Figure 4). It is noteworthy that at neutral pH, the
histamine-functionalized microgels exhibit a slightly larger volume than M G-A8-MAA and
MG-C8-MAA; this may be due to the larger size of the histamine thiol compared to
mercaptoacetic acid as well as different hydrophilic character for the respective neutral
species.

To further highlight the versatility and modularity of this approach, a mixture of the
functional thiols MAA and His was used to modify the microgels’ interior. Since the two
functional groups are characterized by dramatically different pKa values, their combined
incorporation is expected to yield microgels with a novel zwitterionic network structure,
resulting in a distinctive pH-dependent swelling behaviour. As shown in Figure 5, the
hydrodynamic diameters of the resulting ‘mixed’ microgels M G-A8-HistMAA are strongly
pH-dependent and follow the anticipated trend of a zwitterionic network.

At acidic pH (< 3), the microgels are swollen due to the cationic nature of the protonated
histamine groups and the neutral character of the protonated carboxylic acid groups. In
contrast, for basic pH values (ca. 10), the network is negatively charged due to the
deprotonated acid groups and the neutral imidazole units. Of most interest are the
physiologically relevant values (pH 3 to 8) where the particles are less swollen with Q
values of approximately 2. This behaviour is likely the result of the zwitterionic
functionality creating ionic crosslinks between the histamine and acetic acid groups (Figure
5). Therefore, not only is the swelling reduced but the pH values of the phase transitions are
also shifted to lower and higher pH values compared to their purely cationic or anionic
counterparts, respectively.

These results clearly demonstrate the power of this two-step approach to functional microgel
particles that allows a variety of different, and in some cases novel, materials to be obtained
from a common precursor particle through a simple secondary functionalization strategy.

Degradation experiments

The potential of these materials as delivery systems was then examined through a series of
degradability experiments which focused on ester cleavage of the small molecule PTMP
crosslinker. To examine the degradability of the functionalized microgels, the anionic
microgel M G-A10-M AA was placed in either a pH 10 solution at room temperature, or
incubated with porcine liver esterase at 37°C under physiological conditions (PBS buffer pH
7.4). As shown in Figure 6, for both conditions, the observed particle diameters initially
increase by ca. 10 %, followed by a sharp decrease in particle size to constant values of ca.
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20 nm (pH 10) and 75 nm (esterase). This degradation profile can be explained by initial
cleavage of crosslinking points upon ester hydrolysis where the number of crosslinks
decreases but the overall particle retains intact. As a result, the microgels initially swell due
to the lower crosslinking density. However, as the number of crosslinking points is further
reduced the particles disintegrate into smaller fragments and linear polymers (Figure 6). In
both cases, control experiments at neutral pH and in the absence of esterase showed no
change in particle size by DLS. This highlights the stability of the microgels under neutral
conditions and that efficient degradation can be “switched on” by either chemical or
biological triggers, further exemplifying the ability to design materials for biomedical
applications.

Conclusions

A new synthetic platform for the preparation of functional polyether-based microgels has
been developed. Reactive precursor particles are formed by thiol-ene crosslinking of
poly(allyl glycidyl ether) (PAGE) in miniemulsion droplets stabilized by PEO-b-PAGE as a
non-ionic reactive surfactant. A key feature of these precursor particles is the presence of
stable, unreacted allyl groups after the initial crosslinking step that are then available for a
secondary, functionalization reaction. As a result, fundamental characteristics such as
morphology, surface structure, and size distributions can be defined in the first crosslinking
step and from a common batch of precursor particles, a diverse range of microgel systems
bearing different functional groups can be prepared. This versatility is illustrated by tuning
physical characteristics such as swelling behaviour through both the crosslinker
concentration, and the covalent attachment of pH sensitive groups. Of particular note is the
preparation of mixed, zwitterionic systems that combine the swelling profiles of anionic and
cationic materials into a single system. Together with a bio-compatible PEO corona and
biodegradable crosslinking points, the ability to tailor these microgels leads to opportunities
to engineer novel systems for biomedical applications that incorporate and release guests in
response to external triggers.

Experimental Section

Materials

Chemicals were purchased from Sigma Aldrich unless specified as otherwise.
Tetrahydrofuran, toluene, acetonitrile and methanol were obtained in analytical pure grades
from Fisher Scientifics. Tetrahydrofuran and methanol were filtered through a syringe filter
(PTFE, pore size 0.45 pm) prior to use in DLS measurements. Potassium naphthalenide was
prepared by dissolving recrystallized naphthalene (10 g) in dry THF (250 mL) and then
adding potassium metal (3 g) under positive argon pressure. The system was closed with a
septum and allowed to stir overnight with a glass-coated stir-bar at room temperature. For
the preparation of N-(2-(1H-imidazol-4-yl)ethyl)-4-mercapto-butanamide (His), histamine
and y-thiobutyrolactone were reacted according to a procedure published in a previous
study.83 The polymerization of poly(allyl glycidyl ether) (PAGE) was carried out neat at
room temperature using the procedure described by Lee et al.52 The molecular weight of the
polymer was 3100 g/mol as determined by TH NMR spectroscopy. The polydispersity index
was 1.1 as determined by size exclusion chromatography.
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1H NMR spectroscopy was carried out on a Bruker AC 500 spectrometer in deuterated
chloroform. Size exclusion chromatography (SEC) was performed on a Waters
chromatograph with four Viscotek columns (two IMBHMW-3078, I-series mixed bed high
molecular weight columns and two I-MBLMW-3078, I-series mixed bed low-molecular
weight columns) connected to a Waters 2414 differential refractometer and a 2996
photodiode array detector. Chloroform with 0.1% triethylamine at room temperature was
used as the mobile phase.

Scanning electron microscopy—Samples were prepared via drop-casting of an
aqueous suspension of MG-A24 on a silicon wafer. After drying, a carbon film was
sputtered on top of the samples and microscopy was performed on a FEI XL40 SEM.

Dynamic light scattering—The samples were freshly prepared on the day of use and
allowed to stand for two hours prior to measurements. For each sample of the pH-dependent
measurements, the same amount of microgel dispersion was placed in water that was
previously adjusted to the desired pH by use of hydrochloric acid or potassium hydroxide
solution. For particle characterization and swelling experiments, dynamic light scattering
(DLS) experiments were carried out on a BI-200SM (Brookhaven Instruments) multi-angle
detector system with a 632.8 nm (HeNe continuous wave) laser. The temperature was
controlled using a circulating bath. Measurements of the intensity autocorrelation, g(q,s),
were made at a temperature of 25 °C and scattering angles of 70°, 80°, 90°, and 110°. The
average hydrodynamic diameter for each angle was obtained by a cumulate analysis.
Subsequently, the apparent diffusion coefficients D,y were calculated and plotted against
the quadratic scattering vector g2 (see Supporting Information). The z-averaged diffusion
coefficient Dg was obtained by extrapolation to the y-intercept and used to calculate the
actual hydrodynamic radius Ry, of the microgels (see Supporting Information).

For degradation experiments, DLS measurements were performed on a more concentrated
dispersion. Therefore, the particle sizes were measured at a fixed detection angle of 173° in
backscattering mode on a Malvern Zetasizer Nano ZS ZEN 3600 at a temperature of 25 °C
with a laser wavelength of 633 nm. The solutions were placed in a glass cuvette with a layer
thickness of 1 cm. The non-negative-least-squares algorithm in general-purpose mode was
used for interpretation. For analysis, the results by number were taken into account and
mean values of at least five measurements were calculated.

Synthesis of poly(allyl glycidyl ether)-block-poly(ethylene oxide) (PAGE-b-
PEO)—AII polymerizations were carried out on a Schlenk line in custom thick-walled glass
reactors fitted with ACE-threads under argon atmosphere. The reactor was fitted with a
burette containing THF from a dry solvent system, a flexible connector attached to a burette
containing ethylene oxide (EO) at 0 °C, and an addition port capped with a septum. 0.96 pL
(0.93 mmol) BzOH was first charged into the reactor followed by titration with potassium
naphtalenide until a light green colour persisted. Subsequently 4.7 g (41 mmol) of allyl
glycidyl ether (AGE) was charged into the reactor and the reaction was stirred with a glass-
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coated stir bar at room temperature overnight. 150 mL THF was then added, a sample
collected and analyzed by TH-NMR to confirm full conversion of AGE before addition of
18.6 g (422 mmol) of EO. The reactor was then heated to 45 °C (oil bath) and the reaction
was allowed to proceed overnight. To terminate the reaction 2 mL degassed MeOH was
added and the resulting polymer was precipitated in 2 L of hexanes, filtered and dried under
vacuum. The purified polymer (22.7 g, 97% yield) was then analyzed by GPC and 1H-NMR.
GPC (CHCI3) M, = 21700 g/mol, PDI = 1.09. The degree of polymerization of the two
blocks was determined by comparing the integration values for the two benzylic protons at
4.53 ppm with the values for the two allylic protons at 5.28-5.14 ppm from the PAGE block
and the backbone protons at 3.80-3.40 ppm resulting from both PAGE and PEO blocks. M,
(Tot) = 26100 g/mol, M, (AGE) = 4700 g/mol, M,, (EO) = 21400 g/mol.

Synthesis of native microgels—Aqueous continuous phase: The PAGEgy-b-PEO,qk
block copolymer (100.0 mg) was dissolved in Milli-Q water (10.0 mL). Dispersed phase:
PAGEs3; 1k (500.0 mg), 2,2-dimethoxy-2-phenylacetophenone (2.0 mg, 0.008 mmol) and
pentaerythritol tetrakis(3-mercaptopropionate) (PTMP) (see Table 1) were dissolved in 0.5
mL toluene. Both phases were combined in a 20 mL glass vial and pre-mixed by sonication
in an ultrasonic bath for 2 minutes. Full dispersion was achieved by ultrasonication with a
maximum amplitude of 70 % (Branson Digital Sonifier W-450 D equipped with a microtip;
pulse duration: 15 seconds, pause duration: 10 seconds, total duration: 2 minutes) The
dispersions were then transferred into round-bottom flasks, placed under an UV lamp
(Black-Ray UV BenchLamp equipped with two Sylvania 15 W 350 Blacklight fluorescent
tubes, A=365 nm, distance lamp-flask approx. 10 cm) and continuously stirred. Depending
on the intended degree of crosslinking, the samples were irradiated for 4, 6, 8, 10 and 24
hours, respectively. Afterwards, the dispersions were centrifuged (20 minutes, 10 000 rpm)
and the supernatant solvent decanted. The solid was then washed with Milli-Q water (3% 10
mL), methanol (3x 10 mL), Milli-Q water (3% 10 mL) and centrifuged after each washing
step. The purified microgels were dispersed in Milli-Q water for storage.

Functionalization of native microgels with mercaptoacetic acid—2.0 mL
aqueous microgel dispersion (¢ = approx. 15 mg/mL) were centrifuged and washed with
THF (3 x 10 mL). Afterwards, the microgels were dissolved in THF (2.0 mL); then, DMPA
(3.0 mg, 0.012 mmol) and mercaptoacetic acid (25.0 mg, 0.27 mmol) were added. Following
purging with argon for 15 minutes, the dispersion was continuously stirred for 2 hours under
an UV lamp (Black-Ray UV BenchLamp equipped with two Sylvania 15 W 350 Blacklight
fluorescent tubes, A=365 nm, distance lamp-flask approx. 10 cm). Subsequently, the
dispersion was centrifuged, washed with methanol (6 x 10 mL) and Milli-Q water (3 x 10
mL). The functionalized microgels were stored in Milli-Q water.

Functionalization of native microgels with N-(2-(1H-imidazol-4-yl)ethyl)-4-
mercaptobutanamide—2.0 mL aqueous microgel dispersion (c = approx. 15 mg/mL)
were centrifuged and washed with methanol (3 x 10 mL). Afterwards, the microgels were
dissolved in methanol (2.0 mL); then, DMPA (3.0 mg, 0.012 mmol) and N-(2-(1H-
imidazol-4-yl)ethyl)-4-mercaptobutanamide (53.0 mg, 0.25 mmol) were added. After
purging with argon for 15 minutes, the dispersion was continuously stirred for 2 hours under
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an UV lamp (Black-Ray UV BenchLamp equipped with two Sylvania 15 W 350 Blacklight
fluorescent tubes, A=365 nm, distance lamp-flask approx. 10 cm). Subsequently, the
dispersion was centrifuged, washed with methanol (6 x 10 mL) and Milli-Q water (3 x 10
mL). The functionalized microgels were stored in Milli-Q water.

Functionalization of native microgels with N-(2-(1H-imidazol-4-yl)ethyl)-4-
mercaptobutanamide and mercaptoacetic acid—2.0 mL aqueous microgel
dispersion (c= approx. 15 mg/mL) were centrifuged and washed with methanol (3 x 10 mL).
Afterwards, the microgels were dissolved in 2.0 mL methanol; then, DMPA (3.0 mg, 0.012
mmol), mercaptoacetic acid (25.0 mg, 0.27 mmol) and N-(2-(1H-imidazol-4-yl)ethyl)-4-
mercaptobutanamide (53.0 mg, 0.25 mmol) were added. After purging with argon for 15
minutes, the dispersion was continuously stirred for 2 hours under an UV lamp (Black-Ray
UV BenchLamp equipped with two Sylvania 15 W 350 Blacklight fluorescent tubes, A=365
nm, distance lamp-flask approx. 10 cm). Subsequently, the dispersion was centrifuged,
washed with methanol (6 x 10 mL) and Milli-Q water (3 x 10 mL). The functionalized
microgels were stored in Milli-Q water.

Degradation experiments

For the degradation experiment employing esterase, MG-A10-M AA (50.0 uL dispersion, ¢
= approx. 15 mg/mL) was placed in 30.0 mL PBS buffer (pH 7.40). After the addition of
porcine liver esterase (4 mg, 80 U), the dispersion was constantly stirred at 37°C. For the
investigation of the degradation at pH 10, 30.0 mL Milli-Q water was adjusted to pH 10 by
use of potassium hydroxide. After the addition of MG-A10-M AA (50.0 L dispersion, ¢ =
approx. 15 mg/mL), the mixture was continuously stirred at room temperature. For both
experiments, samples of 1.0 mL were taken after regular time intervals and DLS
measurements were conducted without further dilution. The average results by number were
consulted for particle size analysis.
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Representative SEM image of precursor microgels MG-A24.

Fig. 1.
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Fig. 2.

Swelling degree of microgels M G-A4, -A6, -A8, -A10, and -A24 in THF calculated from
the hydrodynamic diameters determined by DLS.
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Influence of crosslinker feed ratio on the swelling ratios of M G-A8 precursor microgels

from 8 hours irradiation time in THF and methanol.
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Characterization of the pH-dependent swelling profiles of functionalized microgels MG-C8.
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Fig. 5.
Characterization of zwitterionic microgels from the modification with histamine and acetic

acid moieties: pH dependent swelling degrees of MG-A8-His+tM AA and schematic
illustration of the charge distribution in the bifunctional microgels at different pH values.

Polym Chem. Author manuscript; available in PMC 2016 March 21.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fleischmann et al.

-A- pH10 - @- esterase (pH7.4) - - control (pH 7.4)

600 -
4 AA.»-“‘.‘
500 f4 @ e ma L oto—ee
T N
4004 i “A
Dy, [nm] ;
300 -.
200 4 '
100 @ oon@ nemeemem @ onsoises Sdenrormass )
1 A A
0 T T T T T T T T
0 20 40 60 80 100 120
time [h)

Fig. 6.
Degradation experiments of M G-A10-M AA in Milli-Q water with pH 10 at room
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temperature, in PBS buffer with pH 7.4 in the presence of porcine liver esterase at 37 °C and
in pure Milli-Q water (control). The hydrodynamic diameters (=90 % by number) were

followed over time.
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Scheme 1.
Microgel formation via crosslinking of PAGE and PAGE-b-PEO using light induced thiol-

ene reaction with PTMP in dispersed droplets.
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Scheme 2.
Preparation of pH responsive microgels through the network functionalization of precursor

particles via thiol-ene click reaction
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Table 1

Crosslinker feed amounts in microgel synthesis.

microgel PTMP per AGE units[mol %] massof PTMP [mg]

MG-A 2.0 52.0
MG-B 15 39.0
MG-C 1.0 26.0
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