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Abstract: Although micron-sized microgels have become
important building blocks in regenerative materials,
offering decisive interactions with living matter, their
chemical composition mostly significantly varies when
their network morphology is tuned. Since cell behavior
is simultaneously affected by the physical, chemical, and
structural properties of the gel network, microgels with
variable morphology but chemical equivalence are of
interest. This work describes a new method to produce
thermoresponsive microgels with defined mechanical
properties, surface morphologies, and volume phase
transition temperatures. A wide variety of microgels is
synthesized by crosslinking monomers or star polymers
at different temperatures using thermally assisted micro-
fluidics. The diversification of microgels with different
network structures and morphologies but of chemical
equivalence offers a new platform of microgel building
blocks with the ability to undergo phase transition at
physiological temperatures. The method holds high
potential to create soft and dynamic materials while
maintaining the chemical composition for a wide variety

of applications in biomedicine. D

Introduction

Microgels have an increasingly growing array of applications
in biomaterial, medical as well as process engineering fields
that often overlap in their interdisciplinary research due to
the generally relevant challenges. Micron-scale microgels in
particular have gained a lot of interest as injectable building
blocks to create soft three-dimensional regenerative materi-
als with unique properties like micro- to macroporosity and
alignment.! Here, microfluidic techniques,” stop-flow
lithography,” and in mold polymerization” have been
extensively developed and implemented to produce micro-
gels with different physical and mechanical properties. It is
important to point out that this paper focuses on micron-
scale microgels which can later be used to support and
influence cell growth. They are not meant to be injected in
the blood stream, nor should they be taken up by cells. One
of the remaining key challenges of these types of microgels
is the structural fine-tuning of the microgel network to
control their functionality and responsivity. While the level
of stiffness, diffusion properties, and (bio)chemical modifi-
cation were extensively studied,”’ varying the gel network
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architecture on the molecular and macromolecular scale is
still a poorly explored field of work.

In good solvents, step-growth polymerization and cross-
linking tend to result in more homogeneous gel networks
with more defined pore sizes, while chain-growth mecha-
nisms like free-radical polymerization (FRP) are known to
form more heterogeneous networks.! Chain-growth net-
work architectures include features such as loose polymer
chains or loops caused by intramolecular chain transfer,
which do not contribute to the stability of the network. They
have a more heterogeneous spatial material distribution
with statistically higher and lower densities of crosslinked
polymer clusters. As the molecular weight drastically
increases during crosslinking, the soluble monomers and
oligomers become immobilized as part of the gel network.
In one recent work, reported by our group, we demon-
strated how FRP of different polymer architectures, molar
masses, and concentrations alter the polymer network of
poly (ethylene glycol)-based rod-shaped microgels and its
related mechanical properties, degree of swelling, mesh size,
diffusion properties, and free reactive groups for post-
functionalization of the microgels.”’ In some cases, these
polymer networks can undergo a change in interaction with
the surrounding solvent.**! A prominent application of this
process is precipitation polymerization, mainly leading to
microgels with submicron diameters.”

Thermoresponsive  N-isopropylacrylamide (NIPAm)-
based homopolymers with their characteristic lower critical
solution temperature (LCST) of ~32°C in water, along with
their copolymers are studied extensively®'” due to their
promising potential for various material science
applications."™"! N-ethylacrylamide (NEAm) is a chemi-
cally very similar monomer to NIPAm differing in the
absence of one methyl group, resulting in homopolymers
with a LSCT of ~73°C in water."? It was shown that the
random copolymerization of NIPAm and NEAm allows for
altering the resulting volume phase transition temperature
(VPTT) of the gel network based on the NIPAm/NEAm
ratio.” In addition, the architecture of the network can also
be varied by using the cononsolvency effect of the thermor-
esponsive polymers.**14

The thermoresponsiveness of PNIPAm-based gels has
been employed to mechanically influence living cells,
showing effects on mechanosensitive proteins and affecting
their proliferation.!”! By embedded gold nanorods (AuNR)
inside the gel that are able to convert pulsating near infrared
(NIR) light into rapid heating-cooling cycles, PNIPAm-
based gels can be used as platforms for photothermal
actuation.' We previously reported the applicability of
patterned statistical P(NIPAm-co-NEAm) hydrogels with
AuNR to actuate cells up to 10 Hz at physiological temper-
atures for several days."**!7*"! In these three studies, no signs
of cell toxicity were observed. When modified with cell
adhesive proteins, cells adhered, spread, and grew well on
top of these hydrogels. The actuating hydrogel system was
used as in vitro gym to trigger mechanosensitive pathways
inside the cells, influencing their interaction with the
substrate, their shape and dimensions, cell migration,
nuclear shuttling of mechanosensitve proteins, the produc-

Angew. Chem. Int. Ed. 2025, 64, €202411772 (2 of 10)

Research Article

Angewandte

intemationaldition’y) Chemie

tion of extracellular matrix proteins, and proliferation and
differentiation of cells via photothermal volume actuation.
The suitable comonomer molar ratio of NIPAm to NEAm
(1.5) was determined to set the hydrogel’s VPTT to ~37°C
in cell culture medium, and the optimal monomer weight
percentage (57 w/v% with 1.4 wt% crosslinker) was defined
to achieve sufficient actuation amplitudes, while supporting
cell adhesion via a covalently linked fibronectin or collagen
coating. The relative shallow slope of the volume phase
transition, however, limits the actuation amplitude in the
narrow cell-relevant temperature range of 36-39°C, while
the smooth hydrogel surface does not have a nano-top-
ography that is known to further influence cell interaction
and force transmission."” To increase the range of respon-
siveness, mechanical properties, and surface topography of
the thermoresponsive P(NIPAm-co-NEAm) gel networks
and transfer this in vitro gym concept from a 2D patterned
hydrogel film to 3D microgels, comonomers or star-shaped
P(NIPAm-co-NEAm)-based precursor molecules are syn-
thesized and crosslinked using thermally assisted droplet-
based microfluidics. While maintaining the similarity of the
chemical components, a wide platform of microgels with
different internal macromolecular and morphological struc-
tures are produced, affecting their thermoresponsivity. This
way, the gel properties, such as stiffness or roughness, can
be adjusted at the molecular and macroscopic level while
simultaneously tuning the extent of thermoresponsive vol-
ume change.

To obtain this library of micron-scale thermoresponsive
microgels, three different types of precursor solutions are
used and microfluidic microgel production is performed at
temperatures below and above the LCST of the copolymer.
All gel precursor systems consist of a preset equal ratio of
NIPAm and NEAm. To achieve differing internal structures
in microgels, star-shaped polymers with a low dispersity (P
~21.21) are synthesized via reversible addition-fragmentation
chain transfer polymerization (RAFT) using self-synthesized
chain transfer agents (CTAs). These thermoresponsive
multi-arm molecules are further functionalized with meth-
acrylate end groups to obtain rapidly crosslinkable stars via
FRP.

To investigate the effect of the precursor composition,
hydrogels and microgels from 3- and 4-armed star polymers,
as well as a combination of NIPAm, NEAm and N,N'-
methylenebisacrylamide (MBA) are produced using a
defined set of operational parameters (flow rates, chip
design, continuous phase) in the specially developed,
thermally assisted microfluidics setup. Depending on the
precursor molecular architecture, in combination with the
controlled reaction conditions during gelation, the internal
structure of the gel network is altered, determining the
functional properties of the microgels. The combination of
dynamic crosslinking and temperature-dependent dewetting
processes during gelation in thermally assisted microfluidics
results in microgels with significantly differing morphologies
and responsivities.
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Results and Discussion
Thermally Assisted Microfluidics Design

To obtain a library of micron-scale thermoresponsive micro-
gels with different mechanical properties, surface topogra-
phies, and responsivity under physiological conditions,
different precursors are synthesized and crosslinked with
thermally assisted microfluidics below and above the tran-
sition temperature. As the formation of a covalent microgel
network is a highly complex process determined by factors,
such as precursor diffusion, polymer solubility, and the
chemical reaction kinetics, the temperature greatly influen-
ces the dynamic shift during this gelation process. 3- and 4-
armed star polymers with a thermoresponsive P(NIPAm-co-
NEAm) chain and reactive methacrylate (MA) end groups
are synthesized by reversible addition—fragmentation
chain-transfer (RAFT) polymerization and successive end-
group transformation. These star polymers are employed to
produce microgels in a novel thermally assisted microfluidic
method and compared with the same molar ratio of NIPAm
and NEAm monomers in combination with MBA as cross-
linker. The effect of temperature during crosslinking on the
microgel properties is studied.

To obtain chemically equivalent compositions in the
different precursor solutions, tri- and tetrafunctional trithio-
carbonate CTAs are synthesized and utilized for statistical
RAFT-copolymerization of NIPAm and NEAm of an equal
molar ratio of 1.5, resulting in the 3- and 4-arm copolymers
(Scheme Sla-b). The trithiocarbonyl end groups (TTC) are
converted into MA end groups via a phosphine-catalyzed
aminolysis reaction (Scheme S1c).

The three precursor systems consist of LAP as photo-
initiator and either the NIPAm and NEAm monomers plus
MBA crosslinker (MC), the 3S components, or 4S-compo-
nens (Scheme la—c). Rhodamine-B methacrylate acts as
covalently incorporated fluorescent marker within the
aqueous phase. The flow rates of the continuous oil phase in
combination with the aqueous dispersed precursor phases
allow for setting the precursor droplets to the same size. The
additional second oil inlet controls the overall flow rate
from the microfluidic chip into the polyethylene (PE) tube
compensating for the deviations between the flow rates due
to differences in rheological properties of the respective
precursor systems (Scheme lc, Table S1). This prevents
superposition and accumulation of dispersed droplets during
UV-irradiation.

The thermally assisted microfluidic setup used for this
study includes sufficient length of the PE tube to achieve a
constant controlled temperature during gelation (Supporting
Information: Heat transfer during thermally assisted micro-
fluidics). The irradiation time and intensity are defined by
the custom-built UV lamp (A=365nm, 30.36 mWcm?,
Table S1). The product is collected and purified by applying
washing cycles consisting of supernatant removal after
sedimentation and redispersion in fresh solvent (Sche-
me S5¢).
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Precursor Synthesis and Gelation

The reactive 3- and 4-arm copolymers are synthesized from
statistical RAFT-copolymerization of NIPAm and NEAm
of an equal molar ratio of 1.5. The obtained precursor
molecules are characterized by nuclear magnetic resonance
spectroscopy (NMR) (NMR data available in Supporting
Information) and gel permeation chromatography (GPC)
(Figure 1a). For the 3- and 4-armed methacrylate-terminated
precursor molecules (3-NNMA and 4-NNMA), the weight
average molecular weight Mw calculated per arm differs by
~217 gmol™" (Figure 1a), which is approximately the sum of
one NIPAm and NEAm monomer each (212 gmol™).
However, the GPC only serves to estimate the relative mass
distribution of the products as no specific star-shaped
calibration standards are available for this novel polymer
system and linear poly(methyl methacrylate) standards are
employed here.

To compare the gelation kinetics and hydrogel proper-
ties obtained from crosslinking the three different precursor
solutions (MC, 3S, 4S as aqueous solutions c¢=25wt%),
bulk hydrogels are prepared at room temperature and
analyzed with rheology. The most rapid gelation and highest
stiffness is observed for MC, likely due to superior diffusion
kinetics of the monomer-based species during gelation along
with the statistically less favored intra-chain cyclization
compared to the star-based precursors (Figure 1b)."” The
obtained gelation times are used to adjust the flow rates for
thermally assisted microfluidics towards complete gelation
(Figure 1b, Table S1). The higher stiffness of 4S in compar-
ison to 3S (Figure 1c) could be associated with the thicker
polymer walls (Figure 1d), which could arise from more
pronounced intermolecular interaction during the gelation
process leading to more spatially compacted regions. At the
same time, 4S leads to a significantly higher loss modulus
compared to 3S (Figure 1c). Respective tand values (Ta-
ble S3) indicate presumably different deformabilities be-
tween the gel networks based on the corresponding
precursor system.

Gelation Temperature Affects Microgel Internal Structures

The synthesis with different precursor architectures allows
for rapid gelation yet results in significantly distinguishable
hydrogel properties. In the following, gelation of the three
precursor systems is performed using thermally assisted
microfluidics to continuously fabricate microgels while
varying the gelation parameters by changing the temper-
ature during UV-triggered crosslinking. Depending on the
precursor system and gelation temperature (GT) ranging
stepwise from 23 to 55°C, the microgel polymeric network
structures differ. The images of the microgel spheres taken
at room temperature show an increase in light scattering,
i.e. darker appearance, indicating an increase in phase
separation during gelation above the LCST of the polymers
(Figure 2a). To provide a three-dimensional analysis of the
obtained microgel morphologies, confocal laser scanning
microscopy (CLSM) is employed (Figure 2b—c).
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Scheme 1. Combination of the different precursor systems and thermally assisted microfluidics setup. a) Chemical structures NIPAm, NEAm and
MBA molecules comprising the monomer plus crosslinker (MC) system and schematic representation of 3S and 4S precursor systems.

b) Chemical composition of 3- and 4-NNMA molecules. c) Compositions of the dispersed and the continuous phases used in thermally assisted
microfluidics and their corresponding inlet position at the microfluidic chip design. The white arrow indicates the position of the outlet and the

Heating bath

transition to the outlet polyethylene (PE) tube. Scale bar represents 2 mm. Detailed dimensions of the chip design can be found in Supporting
Information Scheme S2. d) The outlet PE tube containing the droplets filled with the dispersed precursor solution is placed in a tube in a water
bath with controlled temperature where it is exposed to a UV-lamp to initiate free-radical induced gelation. Inserts show simplified network
structure of microgels derived from MC (top) and 4S (bottom). Corresponding chemical structures are depicted in Supporting Information
Scheme S3 and S4. More details about the irradiation setup can be found in the Supporting Information Scheme S5a—b and S6.

Thermally assisted microfluidics enables the continuous
fabrication of microgels, which undergo a thermally related
morphology change during the gelation event. The phase
separation process inside the droplets effects formation of
droplets that form a void in the polymer network due to the
depletion of reactive components. This state is chemically
frozen after gelation and the further it has developed, the
larger the voids become. The MC system shows a more
gradual transition between 30 and 35°C GT, which is
associated with the LCST of PNIPAm-homopolymer in
water (~32°C). Once oligomers consisting of PNIPAm reach

Angew. Chem. Int. Ed. 2025, 64, €202411772 (4 of 10)

a significant polymerization degree, phase transition takes
place and influences further formation of the gel network.
With increasing temperature, the polymer LCST is reached
for a greater number of growing macromolecules, as the
presence of PNEAm increases the transition temperature
required to induce phase transition. For the star-based 3S
and 4S microgels, a clear morphology transition can be
observed between 40 and 45°C (Figure 2a), which is
associated with the already preprogrammed LCST at ~45°C
in water set by the NIPAm to NEAm ratio (1.5) during the
RAFT copolymerization (Scheme Sla-b). Assuming that a
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Figure 1. Precursor and hydrogel properties. a) Molecular weight distributions of TTC- and MA-terminated star polymers obtained via GPC.

b) Precursor dependent gelation kinetics obtained via UV-assisted rheometry. Continuous UV-irradiation starts after 60 s of equilibration time.
Individual data points (n=3 for each precursor system) are used for the respective combined fit starting from the irradiation. c) Storage and loss
moduli of the three different precursor solutions after gelation at room temperature measured by shear rheometry. Error bars represent+ SEM, P-
values are calculated using one-way ANOVA with Bonferroni correction, ****P < 0.0001, n=3. d) Cryo-field emission scanning electron microscopy
(cryo-FESEM) images of hydrogels from the three respective precursor solutions. Scale bars represent 5 pm.

similar amount of the precursor material was incorporated
in all microgels (precursor ¢ =25 wt% and reaction parame-
ters set towards complete conversion), the observed refrac-
tion occurs due to the characteristic network structure
formed.

All gels prepared from the three precursor systems show
a homogeneous fluorescent signal distribution when pre-
pared at GT: 23°C (Figure 2b). However, at GT: 55°C, the
same precursor systems result in completely different
morphologies (Figure 2c). At GT: 55°C, the MC precursor
forms microgels consisting of locally compacted interlinked
porous material. The resulting pores are interconnected and
thus form an open structure. Microgels produced from 3S at
GT: 55°C show separated pores in the micron-scale indicat-
ing dewetting processes at a larger scale. The microgels’
surface of 3S is smooth while MC microgels have an
irregularly grainy shaped surface (Figure 2c). The most
significant dewetting is observed for the microgels produced
with 4S at GT: 55°C. This composition results in hollow
microgel spheres, which are created by precursor migration
and accumulation from the aqueous phase towards the outer
oil phase during gelation, forming a smooth edge toward the
microgel core with semicircular dents on the surface. These
dents are assumed to result from water displacement out of
the dense hydrophobic polymer network being crosslinked.

Angew. Chem. Int. Ed. 2025, 64, €202411772 (5 of 10)

While most of the water of the dispersed inner precursor
droplet is located at the core during gel network formation,
which contributes to the hydrophobic precursor material
being uniformly distributed forming the smooth inner edge,
residual water is trapped between the hydrophobic polymer
network and the outer continuous oil phase. The observed
shape indicates the presence of these trapped residual water
droplets during the gelation event. Although both star-based
precursor systems form closed networks lacking intercon-
nected micropores, the dewetting processes differ drastically,
resulting in individual morphologies. Videos of z-stack scans
of the microgels (Figure 2b—c) are provided in the Support-
ing Information (Movie S1). To classify the properties of the
obtained microgels, further mechanical and temperature-
assisted analytical techniques are implemented to compare
stiffness and temperature-induced transitions.

Microgel Mechanical Properties and Thermoresponsive Behavior

The effective Young’s moduli of the microgels are measured
with nanoindentation, revealing significant changes for the
different precursor systems and correlating with the gelation
temperatures (Figure 3a). The stiffest microgels are pre-
pared using the 3S system at GT: 55°C resulting in a mean
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Figure 2. Bright-field and confocal laser scanning microscopy of spherical microgels produced at different gelation temperatures (GT). The
fluorescent signal deriving from covalently bound rhodamine B allows for a qualitative comparison of the resulting gel network structures.

a) Bright-field images of microgels fabricated at seven different gelation temperatures (23, 30, 35, 40, 45, 50 and 55 °C). Bright-field images taken
after purification at room temperature in water after equilibration time of 10 min. Scale bar represents 50 pm. b) Microgels produced at GT: 23 °C
showing a homogeneous morphology. c) Microgels produced at GT: 55 °C showing phase separation and precursor type-specific heterogeneous
morphologies. Scale bars represent 50 pm for the upper and 10 ym for the lower images. Confocal images are taken as z-stacks at the middle

height of each microgel after purification at 23 °C.

effective Young’s modulus of 173.8+37.8 kPa, while GT:
23°C leads to the overall softest microgels with values of
1.0+0.4 kPa. While increasing GT results in increasing
effective Young’s moduli for both the star-based systems,
the values measured for the MC system decrease accord-
ingly. The weaker connection points in between the locally
compacted networks, in combination with the intercon-
nected porous morphology (Figure 2c: MC GT: 55°C), likely
allows for deformation of the microgel compensating the
mechanical stress applied by the probe and thus resulting in
lower values. The longitudinal moduli of microgels formed
at GT: 23°C are measured by Brillouin microscopy (Fig-
ure 3b). The microgels produced at GT: 55°C are not
sufficiently transparent to apply this method. Results agree
with those obtained from nanoindentation, which is consis-
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tent with previously reported empirical correlations between
the longitudinal modulus and Young’s modulus for bio-
logical samples."?” The mass density of microgels measured
by optical diffraction tomography (ODT) also follows the
same trend measured by nanoindentation and Brillouin
microscopy (Figure 3c). This correlation may suggest that
the increased mass density in microgels can strengthen the
mechanical stiffness within the networks.! Interestingly,
even though the differences in Young’s modulus between
the microgels made from the 3S and 4S system are similar at
GT: 23°C, both the longitudinal modulus and mass density
are higher for the 4S microgels.

The microgel diameters are quantified during active
heating-cooling cycles. Microgel diameters for all GT
parameters are measured in water at 23 and 55°C after an
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Figure 3. Mechanical properties quantification. a) Effective Young’s moduli of selected microgels measured via nanoindentation (n>14).

b) Longitudinal moduli determined via Brillouin frequencies of microgels prepared at GT: 23°C (n=10). c) Mass densities calculated from
refractive indices measured via ODT of microgels prepared at GT: 23°C (n=10). Error bars represent+ SEM, P-values are calculated using one-way
ANOVA with Bonferroni correction, *P < 0.05, ***P < 0.001, ****P <0.0001. Data displayed as a box plots, extending from the 25% to 75t
percentile and the whiskers reaching from 5% to 95% quantiles. The lines represent the medians and black points indicate means. d—

e) Dimensions measured during heating-cooling cycles (AT=15°C/min) of MC, 3S and 4S microgels prepared at GT: 23 °C (d), and of MC and 3S
microgels prepared at GT: 55°C (e). Data displayed as means and error bars represent £ SEM (n=3). f) Bright-field images displaying the heating-
cooling cycles for the 4S GT: 55 °C microgels. Heating leads to isometric microgel collapse (¢ 1-t 2). Cooling results in anisometric microgel
deformation (¢ 2 -t 4). Scale bars represent 100 pm.

equilibration time of 10 min (Figure S1). For all microgels, = employed for the microgels produced at GT: 23 and 55°C,
the ratio between the swollen (23°C) and collapsed (55°C)  resulting in hysteresis curves (Figure 4d—e). In the case of
state decreases with increasing GT, likely due to the higher  slower heating-cooling rates (AT=5°Cmin™"), only a small
rigidity of the denser polymer walls between the pores due  hysteresis is observed (Figure S2), while for higher heating-
to phase separation-initiated local compaction of material, cooling rates, higher hysteresis occurs and low-resolution
resulting in less deformability of the obtained gel network. data is achieved. For the GT: 23°C microgels, the total
Next, constant heating-cooling rates (AT=15°Cmin') are  diameter changes throughout the heating-cooling cycle
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Figure 4. Temperature-dependent NMR analysis of microgels. a) '"H HR-MAS NMR spectra (700 MHz, H,0/D,0, 4 kHz spinning frequency) at

25°C (grey) and 60°C (black) of MC, 3S and 4S microgels prepared at GT: 23 °C and GT: 55 °C. The intensities of the signals a+f are adjusted by a
factor of 0.25, respectively. b) Variable temperature NMR to determine the phase separated fraction of the CH; sidegroups p (a+f).
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correlates well with the microgel diameters measured at 23
and 55°C (Figure S1). The higher deformability of 4S
compared to 3S microgels prepared at GT: 23°C might be
explained by the higher tand values measured for the 4S-
based hydrogel networks via rheometry (Table S3) in
combination with its network morphology (Figure 1d).
These microgels start from a more swollen state compared
to the 3S microgels. The GT: 55°C microgels exhibit an
overall lower extent of volume transition between the
swollen and collapsed state compared to their GT: 23°C
counterparts (Figure 3d—e). The least pronounced hysteresis
is observed for the MC GT: 55°C microgels. This suggests
that water transport during the heating-cooling cycles is less
hindered for the interconnected porous gel network of MC
GT: 55°C microgels (Figure 2c¢), in comparison to all other
samples where variable water diffusion out of the network
during heating (collapsing) and into of the network during
cooling (swelling) affect the dynamics of the microgel
volume change. The most significant effect of the microgels’
water permeability is visible in the shape deformation
hysteresis of the hollow 4S GT: 55°C microgels, as it is
amplified by its hollow shape. While an isotropic shrinkage
is observed during heating, the shells undergo an inwards
buckling deformation during the cooling phase (Figure 3f: ¢
2-t 4). Assuming that there is no spatial temperature
gradient across the shell, the swelling process, i.e. water
uptake, during cooling happens symmetrically. Therefore,
the shell grows isotropically, whereas the inner volume is
insufficiently supplied with water during this process due to
the hindered diffusion of water from the environment
through the gel network of the shell. As the shell grows
faster than its inner volume, the geometric incompatibility
induces an inwards buckling deformation, enabled by the
flexible nature of the gel. Subsequent heating of the hollow
microgels allows for reversible deformation back to the
spherical geometry (Figure 3f: 2, Movie S2).

To investigate the thermoresponsive behavior of the
microgels, their temperature-dependent accessible chemical
composition on a molecular level is analyzed by magic-angle
spinning (MAS) '"HNMR spectroscopy. Figure 4a shows
selected regions of "H NMR spectra before and after micro-
gel volume phase transition, and the corresponding assign-
ments of the peaks to the functional groups (full spectra:
Figure S3). For the calculation of the NIPAm/NEAm ratios,
the peaks b and g are integrated and a NIPAm/NEAm ratio
of ~1.5 is confirmed for all samples, proving that the
chemical composition of all microgels is equivalent and
corresponds to the quantity ratio initially used. The peaks
arising below 2.2 ppm derive from the methyl groups (a+f)
and from the backbone. For the backbone groups CH (d+1)
and CH2 (e +k), different conformational structures due to
intramolecular microgel interactions, as well as microgel-
water interactions lead to numerous peaks with varying
intensities.

In 3S and 4S microgels GT: 55°C, physically entrapped
water is detected at ~3.7 ppm and can be distinguished from
free water or water interacting with the polymer network,
which both appear at higher ppm values (~4.7-4.8).1*
Interestingly, the mobility of entrapped water does not
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significantly change at 60°C as the NMR signal is still well
pronounced. We attribute this effect to the formation of
micropores that are not interconnected with each other so
that water molecules cannot diffuse outwards during phase
transition in contrast to microgels produced from MC and
microgels crosslinked at room temperature.

As a next step, variable temperature NMR (VT NMR) is
performed enabling quantitative characterization of the
phase separated fraction (p =1—(IxI,™")) for individual func-
tional groups at different temperatures. Here, I, is the NMR
signal intensity at 25°C and [ the signal intensity at the
respective temperature. The sum of all accessible methyl
side groups on the polymer backbone (a+f) is analyzed as a
function of the temperature (Figure 4b). The temperature
dependent macromolecular phase transition is sharp for all
star-based microgels, whereas a more gradual transition is
observed for MC samples. This supports the results gained
from bright field images (Figure 2a), where a sudden, clear
morphology transition is only observed for star-based micro-
gels. Since the 3S and 4S precursors remain dissolved during
synthesis, a random distribution of both the monomers is
expected even at GT: 55°C, while for the monomer
composition domains containing more PNIPAm will re-
spond before the PNEAm starts collapsing. The experimen-
tal results show that for all star-based microgels and MC
GT: 23°C, the p(T) course of b and g is equal, proving
identical phase transition behavior for both monomer
species (Figure 4a). For MC GT: 55°C, however, a slightly
different p(7T) course is observed for the NEAm and
NIPAm groups (Figure S4), indicating the formation of
block copolymer domains at GT: 55°C, which is exceeding
the LCST of PNIPAm but not PNEAm.

To demonstrate the shelf life of the microgels, we added
images to the Supporting Information of microgels that were
stored for three years in water at 4°C (Figure S5). This
shows that the microgels do not degrade for a long time and
that there would be no degradation products affecting cell
culture in follow-up experiments.

Conclusions

Achieving significantly different gel network morphologies
from the same thermally assisted microfluidic setup by
varying the described precursor systems allows for a
significant diversification of the internal structures that
impact the final microgel properties. Since gel characteristics
like porosity, solvent diffusion, stiffness and thermo-respon-
sivity are all highly dependent on network morphology and
general composition of the polymer chains inside the
network, the precursor characteristics are crucial for the
resulting product. The MC precursor solution is affected in a
significantly different way compared to the 3S and 4S
macromolecule-based systems, which only undergo phase
separation and precursor interaction change around the
preset LCST of the multi-arm molecules, in contrast to the
MC solution. Considering the obtained data, the choice of
the precursor system in combination with thermally assisted
microfluidics allows for fabrication of microgels with a wide
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stiffness range from ~1.0 to 173.8 kPa, along with significant
tuning of the morphology and thermoresponsive behavior,
while maintaining the chemical composition of the gel
network.

As cellular mechanotransduction and ECM formation of
cells interacting with gels is affected by multiple parameters
like local stiffness distribution, network architecture or
porosity characteristics,™ controlled diversification of
chemically equivalent microgel network morphologies al-
lows for more controlled mechanosensitive cell studies. The
introduction of AuNRs into the microgels will allow for
reversible volume actuation via an externally controlled
NIR light source, as previously reported.’*'7! This will
provide a microgel-based photothermal volumetric system
combining morphology variation and precise mechanical
actuation.
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Supporting Information.?"
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