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Porous Anisometric PNIPAM Microgels: Tailored Porous
Structure and Thermal Response

Lea Steinbeck, Hanna J. M. Wolff, Maximilian Middeldorf, John Linkhorst,
and Matthias Wessling*

The porous structure of microgels significantly influences their properties
and, thus, their suitability for various applications, in particular as building
blocks for tissue scaffolds. Porosity is one of the crucial features for
microgel–cell interactions and significantly increases the cells’ accumulation
and proliferation. Consequently, tailoring the porosity of microgels in an
effortless way is important but still challenging, especially for nonspherical
microgels. This work presents a straightforward procedure to fabricate
complex-shaped poly(N-isopropyl acrylamide) (PNIPAM) microgels with
tuned porous structures using the so-called cononsolvency effect during
microgel polymerization. Therefore, the classical solvent in the reaction
solution is exchanged from water to water–methanol mixtures in a stop-flow
lithography process. For cylindrical microgels with a higher methanol content
during fabrication, a greater degree of collapsing is observed, and their aspect
ratio increases. Furthermore, the collapsing and swelling velocities change
with the methanol content, indicating a modified porous structure, which is
confirmed by electron microscopy micrographs. Furthermore, swelling
patterns of the microgel variants occur during cooling, revealing their thermal
response as a highly heterogeneous process. These results show a novel
procedure to fabricate PNIPAM microgels of any elongated 2D shape with
tailored porous structure and thermoresponsiveness by introducing the
cononsolvency effect during stop-flow lithography polymerization.
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1. Introduction

Microgels have developed from model col-
loids to building blocks for new mate-
rial systems with various applications.[1]

They are highly swollen polymer networks
and have an internal gel-like structure. Mi-
crogels provide several beneficial proper-
ties, such as being stimuli sensitive to
temperature, pH, and ionic strength, and
even being biocompatible.[2–4] Their soft-
ness and interfaces can be engineered[5]

to tailor them, for instance, for cell seed-
ing and cell proliferation. These proper-
ties enable the application of microgels as
building blocks for minimally invasive scaf-
folds in tissue engineering.[6–12] Anisomet-
ric shapes of the microgels further enhance
cell infiltration, migration, and prolifera-
tion within these scaffolds.[12–16] Thereby,
internal pores in the nanometer scale in-
side the microgels significantly influence
the microgels’ functionality and application
possibilities.[17–23] These internal pores en-
able nutrient supply[24] or loading and pro-
tective surrounding of drugs.[25] These ef-
fects are not only caused by different ra-
tios of void volume to total volume as per
the classical definition of porosity. Besides

this, characteristics such as the tortuosity, the sphericality or
shape of the pores, the pore size distribution, the texture of the
polymeric network, or its directionality must be considered when
analyzing the porosity, or more accurately, the porous structure
of microgels. Furthermore, this porous structure is directly re-
lated to the mechanical properties of the microgels as cell sup-
port, which has been investigated as one major influencing pa-
rameter on cell behavior, especially concerning growth, adhesion,
and differentiation.[21,26–28] Hence, internal pores play a major
role in the success of microgels as biomedical scaffolds. Fur-
thermore, a high porosity results in a high surface area, and
thus, a faster response to external stimuli.[17,29] Microgels re-
spond to various stimuli such as pH, ionic strength, or in the
case of poly(N-isopropyl acrylamide) (PNIPAM) temperature,
changing their volume and shape and, in turn, their mechani-
cal properties.[3,4,30,31] These temperature-dependent changes of
microgels enable further advantages such as controlled drug
release,[2,25] enhanced imitation of the active and dynamic cell
environment,[32] regulated cell training, or cell harvesting.[3]
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Besides applications in biomedical science, the porosity of hydro-
gels is important for various other applications and is of interest
in many topics like agriculture, membrane separation processes,
or catalysts.[33]

The thermal response of the microgels is reversible, but col-
lapsing and swelling differ in the case of PNIPAM and related
polymers, revealing a hysteresis. The individual polymer chain
interactions are temperature-dependent and behave differently
for the same temperature values during collapsing, in contrast to
swelling. Slightly below the lower critical solution temperature
(LCST), some inter- and intrachain hydrogen bonds remain dur-
ing the swelling process, which are not present during the col-
lapsing at the same temperatures. Furthermore, the microgels’
shells swell more than their cores during swelling. The resulting
inhomogeneous swelling of microgels allows to further achieve
areas of varying density and aggregation within one microgel dur-
ing the microgel’s thermal response.[34–37] Thus, pores within mi-
crogels are directly related to the functionality, mechanical prop-
erties, biocompatibility, and responsiveness of microgels. This
provides a broad field of applications and a desired need to adapt
these internal pores. However, a simple and efficient variation
of the porosity within microgels remains challenging, especially
with respect to anisometric microgels.

The porous structure and softness of microgels are generally
adjusted by changing the amount of monomer or cross-linker as
essential chemical components in the reaction solution.[30,38–40]

For UV-initiated radical polymerization, the variation of the expo-
sure time and the radiant flux is carried out for this purpose.[41]

However, these options allow limited flexibility only. Hence,
methods to selectively introduce pores into microgels, change
their pore shapes, or their polymeric structure without chang-
ing their chemical composition are of particular interest.[33] One
simple and often applied method is to use templates for the pores
during the synthesis.[17–21,25] In the case of PNIPAM microgels,
oil droplets[17] and solid particles[25] are used as templates in the
reaction solution for droplet polymerization. Also, gas bubbles[19]

and porogens[20,21,42,43] are applied as templates in porous particle
synthesis. In addition to templates, in microgel synthesis, poros-
ity can also be induced or adapted using the cononsolvency effect
for bulk hydrogels,[22,23] hybrid gels,[44] or microspheres.[18] The
cononsolvency effect appears with PNIPAM polymers when dis-
solved in mixtures of two distinct good solvents, such as water
and methanol. The polymer is swollen in each pure phase, water
or alcohol, but collapses in mixtures of both.[31,45–47] Competitive
hydrogen bonding of water and methanol to the polymer chains
of PNIPAM results in a conformation change of these chains
and thus in the cononsolvency effect.[45,48,49] The strongest col-
lapse of spherical PNIPAM microgels is described for a methanol
mole fraction of ≈0.15–0.2. During this cononsolvency-induced
collapse, methanol enriches inside the PNIPAM gels.[23,47,50] In-
stead of only observing the cononsolvency effect on polymers
after fabrication, the effect can be used directly during hydro-
gel synthesis. Thus, PNIPAM microgels with an altered porous
structure are formed without the need for the dispersion of tem-
plates in the reaction solution or an additional step to dissolve the
solid templates from the pores.[22,23,44] This approach is reported
for spherical microgels fabricated via precipitation or emulsion
polymerization but lacks a transfer to light-induced radical poly-
merization via projection lithography and anisometric microgels,

which are among others favorable for cell culture scaffolds.[12–16]

Using fabrication techniques like projection lithography, any de-
sired elongated 2D shape of microgels is possible. This freedom
in microgel shape enables benefits in various applications, like
in the field of biomedical science, allowing to generate injectable
scaffolds for cell growth with tailored scaffold properties on vari-
ous length scales.[4,51–54] Furthermore, light-induced polymeriza-
tion enables a greater ability to tune the microgels due to the flex-
ibility of the fabrication method.

In this work, the effect of methanol on the porous structure
and the responsiveness of anisometric PNIPAM microgels is in-
vestigated using stop-flow lithography (SFL) as a fabrication tech-
nique. Specifically, rod-shaped microgels are investigated. How-
ever, the presented procedure can be used to fabricate any de-
sired microgel shape in future works, revealing the possibility
of variation of the fabricated microgels and their wide range of
applications. To tailor the porous structure by the control of the
cononsolvency effect, the water content in the reaction solution
for PNIPAM microgels is partly replaced with methanol, start-
ing from the standard NIPAM solution containing 20 wt% NI-
PAM, 2 wt% N, N’-methylene bisacrylamide (BIS), 1 wt% lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), and 40 mmol
L−1 sodium dodecyl sulfate (SDS)-water as solvent. Microgels
are fabricated with varying amounts of methanol between 0 and
50 wt%, and the respective fabrication parameters applied are
investigated. The porosity and polymeric structure of the mi-
crogels are qualitatively and quantitatively determined by high-
resolution electron microscopy with a subsequent software-based
evaluation and by comparing the velocity of the thermal respon-
siveness of the microgels. Moreover, the outer appearance, the
collapsed and swollen states, and the overall thermal behavior of
the microgels are observed by light microscopy, allowing further
analysis of swelling patterns as a function of the methanol con-
tent.

2. Results and Discussion

2.1. Microgel Fabrication during SFL

To adapt the porous structure and softness of anisometric mi-
crogels, the cononsolvency effect is used during microgel syn-
thesis by stop-flow lithography (SFL). More radiant energy is
needed in the presence of methanol to form stable microgels,
which is shown in Figure S1 (Supporting Information). This ob-
servation indicates that polymerization proceeds less efficiently
in a water–methanol mixture. The polymerization induced in this
work is based on two different effects: the light-induced radi-
cal polymerization via projection lithography and the polymer-
ization in the presence of a cononsolvent. Separately, both ef-
fects are described in the literature. Dendukuri et al.[55] model
the light-induced free radical polymerization of microgels oc-
curring inside microfluidic devices out of polydimethylsiloxane
(PDMS). Here, the four stages of radical polymerization are de-
scribed, namely, photolysis, chain initiation, chain propagation,
and chain termination. The fifth possible reaction provides the in-
hibition of the polymer reaction via oxygen. This reaction mech-
anism can be directly transferred to the polymer reaction con-
sidered in this study. However, if methanol is added to the re-
action solution, the cononsolvency effect influences the polymer
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formation. This influence so far is only described for spherical
microgels during precipitation polymerization.[22,23,44] Here, the
observed differences in the microgels are related to the collapse
of the PNIPAM chain segments due to their decreased solubil-
ity during formation inside the alcohol-water mixture. However,
the chemical composition of the microgels is not affected by the
cononsolvency effect during fabrication and, thus, remains the
same despite the methanol content in the reaction solution.[23]

The polymer conversion in this work is determined by both de-
scribed literature effects, light-induced radical polymerization
and cononsolvency-induced phase separation, leading to more
radiant energy being needed for microgel formation in a conon-
solvent. Whereas the same polymerization conditions could be
used for the fabrication of microgels with methanol contents
of 0–40 wt%, no stable microgels could be fabricated in a reac-
tion solution of 50 wt% methanol with these parameters. Con-
sequently, the exposure time was increased to successfully form
microgels in 50 wt% methanol, making them theoretically stiffer
than the other microgel variants. On the contrary, the microgels
get more deformable with increasing methanol content, as visu-
ally observed during the flow period of the SFL process. Further-
more, their post-swelling within the fabrication channel intensi-
fies, exceeding the channel height. Thus, varying methanol con-
tents in the reaction solution affect the properties of gels formed
during the SFL process and will be analyzed in detail in the fol-
lowing subsections.

2.2. Methanol-Dependent Microgel Dimensions

The optical appearance of the microgels was investigated by
brightfield micrographs shown in Figure 1a. These micrographs
show the optical appearance and contour of the microgels in the
swollen and collapsed state, respectively. The more collapsed a
microgel is, the better its contours are visible since the refrac-
tive index increases. For an increasing methanol content, the mi-
crogel length increases in the swollen state and decreases in the
collapsed state. Furthermore, especially the 40 and 50 wt% mi-
crogels are more elongated than the variants fabricated with less
methanol, showing the dependence of the aspect ratio on the
methanol content in both states, swollen and collapsed.

To quantify the observed qualitative observation, the microgel
lengths and widths were evaluated at low and high temperatures
to compare the microgels in the swollen (22 °C) and collapsed
(40 °C) state depending on their methanol content. The clean-
ing of the microgel samples prior to analysis is conducted via
dialysis. This procedure is commonly reported to remove short
polymer chain fragments from microgels.[56,57] If highly water-
soluble polymer chains would still remain after cleaning, these
would, at most, hinder rather than intensify the microgels’ col-
lapsing and swelling.[56] Consequently, these potentially remain-
ing polymer chains will not be considered in further discus-
sions. Figure 1b shows the microgel length in the swollen, re-
spectively collapsed, state as a function of the methanol content
during fabrication. Both curves, swollen and collapsed, show a
distinct trend with increasing methanol content. The curves start
to significantly diverge at 20 wt% methanol. At this point, the
size of the swollen microgels increases, whereas that of the col-
lapsed microgels decreases. The swollen microgels fabricated in

the presence of 50 wt% methanol are 56% ± 5% larger than mi-
crogels fabricated without methanol, whereas the same 50 wt%
sample is 27% ± 4% smaller in the collapsed state. The blue
shaded area in Figure 1b demonstrates the increase in the length
difference of both states for higher methanol content. Due to
50 wt% methanol, the collapsing degree increases to 76% ± 13%
in comparison to 49% ± 4% for the methanol-free sample (com-
pare Figure S3a and Table S1, Supporting Information). Thus,
methanol has a significant influence on the collapsing degree of
the thermoresponsive microgels. Independent of the methanol
content, all microgels in their swollen state exceed the channel
height of 80 μm. Hence, the microgels swell after the SFL fabrica-
tion, resulting from the exchange of the reaction solution against
water after fabrication. The water used during the collapsing and
swelling experiments lacks those chemicals present in the reac-
tion solution, resulting in different osmotic contributions. Thus,
osmotic deswelling in the SFL channel causes a greater length
of the microgels than the channel height after fabrication. The
difference between the osmotic conditions of the reaction solu-
tion composition and the experimental swelling/collapse solu-
tion even increases with higher methanol contents. Thus, the
post-swelling intensifies with an increase in the methanol con-
tent because of two reasons: a) the difference in the solutions and
b) the microgel properties themselves.

In addition to the lengths of the microgels, their widths during
collapsing and swelling were investigated (compare Figure S3b
and Table S2, Supporting Information). Dividing the length by
the width of the microgel yields the aspect ratio, which illus-
trates the shape-related collapsing and swelling. Figure 1c shows
the aspect ratio of the swollen and collapsed states as a function
of the methanol content in the reaction solution during fabrica-
tion. The aspect ratio of the rod-shaped microgels depends on the
methanol content in both the swollen and the collapsed states.
Up to 30 wt% methanol, the aspect ratios of all samples remain
constant at 3. Subsequently, with increasing methanol content to
40 and 50 wt% methanol, the aspect ratio significantly increases,
resulting in the lengths of the microgels being up to six times
their widths. Thus, microgels are thinner and more elongated if
a higher methanol content is present during fabrication. The as-
pect ratios are consistent between the swollen and the collapsed
state of each microgel sample, except for the sample with 50 wt%
methanol. However, this sample has comparatively large errors,
with the difference between the swollen and collapsed state being
within the error range.

The observed increased degree of collapsing with a higher
methanol content enables a broadened collapsing window in the
microgels’ response to external stimuli. For future applications,
this extended response may proof beneficial to provide a stimulus
in cellular environments or through higher drug loading.

2.3. Visual Analysis of the Polymeric Microgel Network

Microgel samples were sublimated (cryo) to remove solvent from
the swollen microgel and to image the remaining polymer fea-
tures using field emission scanning electron microscopy (FE-
SEM). The micrographs in Figure 2a,b provide an indication of
their polymeric structure (see also Figure S6, Supporting Infor-
mation, for more micrographs). The 0 and 40 wt% variants are
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Figure 1. Microgel dimensions. a) Brightfield micrographs of the swollen and collapsed states of exemplary microgels with 0, 20, 30, 40, or 50 wt%
methanol. b,c) Length and aspect ratio comparison of microgels that contained different methanol contents in their reaction solutions during microgel
fabrication using stop-flow lithography (SFL). Plotted over the methanol content for samples with 0 to 50 wt% methanol in 10 wt% increments, showing
the swollen (⊚) and collapsed (□) state each. b) Microgel length l—the blue shaded area indicates the collapsing degree of the different microgel
samples. c) Aspect ratio—length l divided by width w of the respective microgels.

compared here, as they possess the most significant difference
while being fabricated with the same polymerization parame-
ters. The first noticeable difference between the micrographs is
their polymeric network. For 40 wt% (compare Figure 2b, left im-
age), this network is thinner than the one of 0 wt% (compare

Figure 2a, left image), showing also finer structure. On the con-
trary, the porosity and the pore sizes of the bulk of both sam-
ples are nearly identical, with a porosity of 48.9% and an aver-
age pore diameter of 214 ± 120 nm for the 0 wt% and 48.3%
and 202 ± 129 nm for the 40 wt% sample (see Section S4,

Macromol. Rapid Commun. 2024, 45, 2300680 2300680 (4 of 11) © 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 2. Polymeric structure. CryoFESEM micrographs of microgels in the swollen state fabricated with a) 0 wt% or b) 40 wt% methanol in the reaction
solution. Both variants were fabricated with the same conditions despite the methanol content, showing the differences in their polymeric structure.
c) Directionality of the polymeric structure with respective Gaussian fit of microgels fabricated with 0 wt% (□, black) or 40 wt% (⊚, blue) methanol.

Supporting Information). However, the pores of the 0 wt% mi-
crogels are rounder and more evenly distributed, whereas the
40 wt% pores look elongated and stretched along the microgels’
longitudinal axis. Since the sphere fitting algorithm that was used
to determine the pore diameters assumes spherical pores, the di-
ameters of elliptical pores are given by their minor elliptical pore
diameter. As a result, the major diameters of the elliptical pores,
which are mainly present for the 40 wt% sample, are probably
actually larger than the diameters of the spherical pores of the
0 wt% sample. To confirm this presumable pore elongation of
the 40 wt% microgels, the directionality of the polymeric struc-
tures of the microgels was measured based on their cryo-FESEM
micrographs. Figure 2c shows the relative amount of structures

oriented in a certain direction. The arrows (Figure 2c, top left)
relate the direction degrees of the graph to the directions within
the micrographs. The most prominent direction within the poly-
meric structure of the 40 wt% sample is around 0°, indicating an
orientation of the polymeric structure along the longitudinal axis
of the microgels. All other directions are significantly less promi-
nent, confirming the elongation of the polymeric structure of the
40 wt% sample. The 0 wt% sample also shows a slightly increased
amount of directed structures at around 0° toward the longitudi-
nal microgel axis. However, the according peak in Figure 2c is
comparably low, resulting in an almost flat curve and, thus, lit-
tle directionality of the 0 wt% sample. A possible explanation for
these deviating appearances and the detected elongation of the

Macromol. Rapid Commun. 2024, 45, 2300680 2300680 (5 of 11) © 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 3. Thermal microgel response. a) Collapsing and b) swelling curves of rod-shaped PNIPAM microgels over time. Temperature-dependent relative
lengths of microgels vary by their methanol content (0–50 wt%) during fabrication. Errors are presented as colored regions around the respective curves.

40 wt% sample is the differing microgel lengths despite the same
fabrication conditions. Although both samples’ lengths were lim-
ited by the 80-μm channel height during fabrication, the 40 wt%
microgels are 127 ± 13 μm long compared to 98 ± 2 μm of the
0 wt% microgels. Consequently, the microgels elongated in vary-
ing degrees subsequent to the exposure-induced polymerization,
resulting in the respective polymeric structures. Additionally, the
polymer structure at the surface of the microgels significantly dif-
fers. The 0 wt% microgels show a distinct and small area with
a thinner polymer structure at the surface (compare Figure 2a,
right image), whereas the 40 wt% microgels exhibit a noticeably
wider area which is more frayed at the border (compare Figure 2b,
right image).

Since the microgel dimensions and their polymeric struc-
ture depend on the methanol content during fabrication, the
presented procedure enables and simplifies the customiza-
tion of microgel properties to requirements from applications.
Thereby, the porous structure of the microgels was tailored
without changing the chemical composition of the microgels.
Hence, their porosity as the ratio of void volume to total vol-
ume remains the same, while their polymeric structure and,
as a consequence, their thermal response are significantly
altered.

2.4. Time-Dependent Collapsing and Swelling Behavior

In addition to the final swollen and collapsed states as size lim-
its of the microgels, their actual collapsing and swelling behav-
ior is considered. The collapsing and swelling kinetics serve
as indicators for the differences in the polymeric structures of
the microgels.[17] In Figure 3a, the collapsing of these micro-
gels is displayed by the relative microgel length as a function

of the experimental time beginning at room temperature and
heating up to 40 °C. Not only the extent but also the collaps-
ing kinetics depend significantly on the methanol content dur-
ing fabrication. For 10 wt% methanol, the velocity is the low-
est with 0.22 ± 0.03 μm s−1 as maximum collapsing velocity
of the sample, while 40 and 50 wt% collapse the fastest with
0.87 ± 0.22 μm s−1 and 0.96 ± 0.28 μm s−1, respectively. 0, 20,
and 30 wt% show comparable, medium collapsing velocities of
0.41 to 0.61 μm s−1 (compare Figure S7a and Table S4, Sup-
porting Information). Furthermore, the velocities are related to
the overall collapsing degree of the microgels. Thus, a stronger
collapse is equivalent to faster-collapsing microgels. At first, all
samples show similar collapsing kinetics, diverging after about
1 min except for 10 wt%, being directly slower. Within the first 2–
3 min, the largest changes occur, performing only minor changes
in size after this time period. The end states are reached after
approximately 10 min, after which the relative microgel lengths
show significant differences for different methanol contents as
addressed and shown in the prior Section 2.2. The reference
with 0 wt% methanol collapses to 51 ± 4% of its prior swollen
length, whereas 10 and 20 wt% collapse less. This finding agrees
with the observations of previous studies[47,50] about PNIPAM
microgels showing their strongest collapse in a methanol-water
mixture after fabrication at the same threshold region of 15–
20 mol%, which corresponds to 24–31 wt% methanol in water.
Above this methanol threshold, a stronger collapse is observed
than that of the reference sample. For microgels with a higher
methanol content of 30–50 wt%, a correlation is detected between
the amount of methanol in the reaction solution and the subse-
quent collapsing degree and kinetics of the microgels. The more
methanol is present during fabrication, the stronger and faster
the respective microgels collapse for a threshold above 20 wt%
methanol.

Macromol. Rapid Commun. 2024, 45, 2300680 2300680 (6 of 11) © 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. Swelling phenomena. Picture series of swelling processes of microgels fabricated with a) 40 wt%, b) 30 wt%, c) 20 wt%, and d) 0 wt% methanol
in the reaction solution. Examples of irregular swelling patterns depend on the methanol content during fabrication.

The swelling behavior of the microgel samples with varying
methanol contents during fabrication was investigated by cool-
ing them from 40 °C to 22 °C immediately after collapsing.
This swelling is displayed in Figure 3b, considering the relative
microgel length as a function of time. Since the actual temper-
ature of the sample is unknown with the setup used, the initial
points of the curves cannot be directly related to temperature
values. Thus, the initial points could be influenced by the ex-
perimental procedure rather than being directly dependent on
the temperature and should not be directly compared with each
other. However, the relative time dependencies and, hence, the
curve shapes are comparable. The shape of all swelling curves is
similar, showing an initial resting phase, a rapid swelling phase
with comparable swelling velocities, and a constant end phase.
Because of the fast swelling kinetics, significant differences in
the slope of the swelling curves are difficult to detect. However,
the maximum swelling velocities of the samples range from
0.97 ± 0.31 μm s−1 for 20 wt% to 3.90 ± 2.10 μm s−1 for 50 wt%
(see Figure S7b, Supporting Information). In comparison, the
maximum velocities measured during collapsing are signifi-
cantly lower with 0.22 ± 0.03 μm s−1 for 10 wt% to 0.96 ± 0.28 μm
s−1 for 50 wt% (compare Table S4, Supporting Information, for
all values). Thus, the difference in kinetics during collapsing and
swelling of each sample results in a hysteresis. As previously
reported for PNIPAM, inter- and intrachain hydrogen bonds
may cause this hysteresis. These hydrogen bonds form above the
lower critical solution temperature (LCST) during collapsing but
dissociate only at temperatures much lower than the LCST dur-
ing swelling, resulting in a difference of collapsing and swelling
in the overall reversible process.[34–36] Due to their different
polymeric structures induced by the cononsolvency effect during
fabrication, the microgels’ thermal responses differ. However,
the swelling mechanism remains the same for all observed
microgels.

2.5. Swelling Patterns

During the collapsing and swelling, not only the velocities but
also the outer contour and shape of the microgels vary. Almost all
microgels collapse evenly, retaining their shape over the whole
process and displaying a uniform structure throughout the mi-
crogel. On the contrary, the swelling is irregular without a consis-
tent shape, but rather a temperature-dependent outer structure.
Furthermore, distinct swollen and collapsed regions form within
one microgel, resulting in an inner microgel structure. Different
irregularities are observed and categorized in swelling patterns,
shown in Figure 4. The observation of irregular swellings cor-
relates with the swelling mechanism of spherical PNIPAM mi-
crogels reported by Cheng et al.[34] in which the microgel shell
swells more than its core during the initial swelling phase. Fur-
thermore, swelling is, on average, 3.5 ± 1.1 times faster than col-
lapsing of the respective sample. During swelling, microgel sam-
ples with 0, 30, 40, and 50 wt% methanol during fabrication show
an irregular swelling, whereas 10 and 20 wt% swell regularly
with an even shape expansion in all directions, having regular in-
ner and outer structures irrespective of temperature (Figure 4c).
Thus, the swelling behavior is related to the methanol content
during microgel fabrication. Moreover, these irregular swellings
are related to an increased collapsing degree and higher collaps-
ing and swelling velocities, as the same microgel variants show
all these characteristics.

Depending on the methanol content, the swelling phenom-
ena differ. For 40 and 50 wt% methanol, the so-called bone-
like swelling is observed (Figure 4a). Swelling starts at the
thin sides of the gel and continues even stronger in the mid-
dle of the long sides, leading to a bone-like collapsed struc-
ture in the middle of the microgel, whereas the surround-
ing gel network is already swollen. This bone-like structure
dissolves in the further swelling process, resulting in the

Macromol. Rapid Commun. 2024, 45, 2300680 2300680 (7 of 11) © 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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homogeneous initial rod shape of the microgel. This swelling
phenomenon can be reasoned by the water and, thus, heat dif-
fusion limitation in the middle of the microgel during swelling,
causing a time-delayed swelling in this region. For the 50 wt%
microgel sample, not only the swelling reveals irregular mi-
crogel patterns, but during its collapse, the bone-like structure
was also observed. These irregularities during collapsing might
result from the comparatively high collapsing velocity of the
50 wt% microgels which lies in the order of the swelling ve-
locity of the 20 wt% microgels (compare Table S4, Supporting
Information).

Another observed swelling phenomenon is called bottle-like
swelling and occurs for 30 wt% microgels, which is exemplar-
ily shown in Figure 4b. Here, the thin microgel sides swell
time-shifted instead of beginning simultaneously, whereas the
swelling process does not proceed from the long sides of the
gel. Hence, a bottle-like microgel structure arises with a thin
collapsed area between the long sides of the microgel, while
both areas related to the thin sides of the microgel are already
swollen. The positioning of this collapsed area is likely deter-
mined by the focus height of the UV light during microgel fabri-
cation via SFL. According to Dendukuri et al.,[55] the homogene-
ity in microgel conversion during stop-flow lithography mainly
depends on the molar extinction coefficient of the photoinitia-
tor, its concentration, and the channel height due to the light’s
focus. By contrast, the reactivity difference between the cross-
linker and the monomer is less relevant for light-induced poly-
merization compared to fabrication methods like precipitation
polymerization. Thus, homogeneity distributions within micro-
gels fabricated via SFL mainly depend on the focus point ap-
plied during fabrication. In this work, the focus is set with re-
spect to a homogeneous but highly focused light over the en-
tire channel height, resulting in minor differences in the light-
ing power along the channel height and, thus, along the length
of the microgels during fabrication. Hence, the occurrence and
shift of the collapsed area arise from an increased power as a
consequence of the focus and, thus, a denser cross-linking at
this point. Even if this effect induced by the SFL process be-
comes visible in combination with the cononsolvency effect, its
influence remains the same for all samples, and thus, these
can be compared with regard to the varied methanol content
only.

The 0 wt% microgel sample without methanol in the
SFL reaction solution shows a mixture of bone-like and
bottle-like swelling phenomena (Figure 4d), beginning to
swell on one thin microgel side, but results in a collapsed
bone-like structure within the microgel. The observed
shape effects occur almost exclusively during swelling and
are related to the methanol content of the microgel sam-
ples. These dependencies fit the previous observations
regarding collapsing degree and collapsing and swelling
kinetics.

The introduced cononsolvency-driven procedure allows to sys-
tematically fabricate anisotropically swelling microgels with do-
mains of varying density and aggregation. Such distinct do-
mains within microgels are of special interest for a variety of
applications, such as micrometer-scale targeted folding,[58,59] ac-
tive swimmers,[60,61] and locally induced contractions for cell
growth,[3,62] among others.[2,63–65]

3. Conclusion

In this work, a new fabrication procedure is established to tune
the porous structure of thermally responsive rod-shaped PNI-
PAM microgels. The cononsolvency effect was used during mi-
crogel fabrication by replacing water as solvent in the reaction
solution with a mixture of water and methanol with different
contents of methanol from 0 to 50 wt%. Furthermore, stop-flow
lithography (SFL) as a fabrication method enables the realization
of microgels of complex shapes in high throughput.

Depending on the methanol content, the microgel character-
istics changed. Noticeably, during fabrication, the parameters
needed for a successful polymerization and the qualitative
stiffness of the microgels varied. Electron microscopy imaging
showed deviating polymeric structures between microgels with
and without methanol influence. Furthermore, the microgels’
thermoresponsiveness was affected by the new fabrication
procedure. The microgel length of the swollen state increased
with increasing methanol content, whereas the length of the
collapsed state decreased. This resulted in an enhanced degree
of collapsing with an increase in the methanol content during
fabrication. Thereby, the microgel length was more affected
than the width, causing elongated microgels with higher aspect
ratios, both in the swollen and collapsed states, as the methanol
content increased. The collapsing and swelling kinetics de-
pended on the methanol content as well, whereas swelling shape
patterns of the microgels occurred, which correlated with the
methanol content in the reaction solution during fabrication.
For high methanol contents of 40 or 50 wt%, bone-like swelling
was observed. 30 wt% microgels showed bottle-like swelling,
while samples with low methanol contents of 10 and 20 wt%
swelled homogeneously without any pattern. Microgels fabri-
cated without methanol exhibited a mixture of bone-like and
bottle-like swelling, showing characteristics of both swelling
patterns. These swelling patterns correlate with the swelling ve-
locities observed for the respective samples since homogeneous
swelling occurred for the slowest swelling microgels, whereas
faster swelling microgels showed varying swelling patterns in
correlation with their velocities. Hence, the properties of aniso-
metric PNIPAM microgels changed by the presence of varying
methanol contents during fabrication via stop-flow lithography.
Their porous structure was modified and consequently, their fab-
rication parameter, appearance, collapsing degree, and behavior
during thermal response varied. This novel procedure enables
the development of advanced microgels with tailored porous
structure and increased and adjustable responsiveness for med-
ical approaches and cell growth. Thus, injectable scaffolds can
be generated with enhanced scaffold properties by applying the
presented procedure. Due to the fabrication with SFL, imple-
menting any other complex geometry is straightforward through
the design of the mask geometry used in the SFL process. Hence,
microgels of complex shape are feasible to further tailor the ma-
jor pores of these scaffolds in addition to the microgels’ porous
structure, achieving improved cell infiltration and proliferation.

4. Experimental Section
Reaction Solution Preparation: Each reaction solution contained

the monomer N-isopropyl acrylamide (NIPAM) (98%, Acros Organics,

Macromol. Rapid Commun. 2024, 45, 2300680 2300680 (8 of 11) © 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 5. Scheme of the stop-flow lithography (SFL) setup to fabricate ani-
sometric microgels.

recrystallized in hexane (99%, VWR)), the cross-linker N, N’-methylene
bisacrylamide (BIS) (99%, Sigma-Aldrich), the initiator lithium phenyl-
2,4,6-trimethyl-benzoyl phosphinate (LAP) (⩾ 95%, Sigma-Aldrich),
and a solvent solution. The solvent solutions contained the surfactant
sodium dodecyl sulfate (SDS) (99%, AppliChem), water (HiPerSolv
CHROMANORM, VWR), and methanol (⩾ 99.5%, Carl Roth).

For the preparation of the standard reaction solution without
methanol,[4] SDS (40 mmol L−1) was dissolved in water, resulting in the
solvent solution. The monomer (20 wt%), the cross-linker (2 wt%), and
the initiator (1 wt%) were weight out into separate vials each. Afterward,
the solvent solution (77 wt%) was added to the cross-linker and mixed
thoroughly before being transferred to the vial with the monomer. After
all components dissolved, this mixture was added to the initiator as the
last component, mixed, and centrifuged to remove any air bubbles that
appeared during solution preparation. For samples with methanol, the
solvent solution was adapted but its volume was maintained to keep the
mass concentration of monomer, cross-linker, and initiator constant. De-
pending on the sample variant, the water content was partly replaced with
methanol in the respective amount (0, 10, 20, 30, 40, or 50 wt% of the
solvent solution). Thus, the cononsolvency effect was induced during the
microgel fabrication to adapt the porous structure and softness of the mi-
crogels.

Microgel Fabrication using SFL: Stop-flow lithography (SFL) was used
to fabricate the microgel variants. The basic principle of SFL is established
in previous works[4,51,55] and visualized in Figure 5, whereas Wolff et al.[4]

listed the individual components of the self-constructed setup used in this
work. The production of the microfluidic chips out of polydimethylsiloxane
(PDMS) was performed according to previous work.[66] The glass slide
(VWR, 52 × 76 × 1 mm) was coated with PDMS to enable oxygen diffu-
sion from the bottom of the chip into the channel (15-mm length, 900-μm
width, 80-μm height) as well as from the top. For the microgel fabrication
in this work, a transparency mask with circular patterns (200-μm diame-
ter, 400-μm distance to each other) was used, leading to microgel rods (37-
μm diameter, 80-μm length). To ensure an equivalent comparison between
microgel variants with different methanol contents, every parameter influ-
encing the fabrication except for the methanol content was held constant.
All microgel variants were fabricated with the same radiant flux (193 mW,
365 nm). However, as explained in Section 2.1, the 50 wt% methanol sam-
ple required a longer exposure time (425 ms) compared to all other sam-
ples (325 ms) to achieve stable microgels.

Prior to subsequent investigations, all fabricated microgel samples
were purified by using dialysis. Therefore, the sample was filled in a cellu-
lose dialysis membrane tube (Zellutrans, MWCO: 12–14 kDa, 25-mm flat
width, 20-μm wall thickness, Carl Roth GmbH) and inserted in deionized
water (10 L, 2 × 24 h) to exchange the reaction solution. Until analysis, the
purified samples were stored at 4 °C to avoid arising biological impurities.

Temperature-Induced Collapsing and Swelling Experiments: The thermal
response of the microgels was investigated by heating them (from 22 to
40 °C) and then allowing them to cool again (to 22 °C). During the analy-
sis, the volume phase transition temperature (VPTT) of the PNIPAM mi-
crogels of 32 °C[40,47] was exceeded. Therefore, the microgel sample was
warmed up (30 min) to room temperature (22 °C) prior to the analysis.
Afterward, the sample (20 μL) was inserted in a self-constructed PDMS
chamber which was subsequently filled up with water (HiPerSolv CHRO-
MANORM, VWR) (40 μL). The filled chamber was covered with a glass
slide to prevent the solvent from evaporating. After sedimentation of the
microgels (20 min), the sample was placed on a preheated (40 °C) heat-
ing stage (H601-M-frame-glass, Okolab) that was attached to an inverse
light microscope (DM IL LED, Leica). Immediately after the sample heat-
ing (40 °C, 20 min), the sample was cooled down (22 °C, 20 min) by lower-
ing the temperature of the heating stage without active cooling. A sketch of
the experimental setup is shown in Figure S2 (Supporting Information).
The experiments were repeated for three subsamples of every microgel
variant with varying methanol content during fabrication. From each sub-
sample, four randomly selected microgels were evaluated, resulting in a
total analyzed amount of twelve microgels per methanol content. Microgel
length and width were measured (ImageJ, version 1.53a) at defined time
points (every 10 s within the first 2.5 min and after 3, 4, 5, 10, and 20 min)
from micrographs taken periodically (1 fps) during heating and cooling.

Analysis of the Polymeric Microgel Structures: For the investigation of
the polymeric structure of the microgels, a water drop containing swollen
microgels was frozen in liquid ethane (1 min) and stored until imaging
in liquid nitrogen (cryo). Using a field emission electron microscope (FE-
SEM) (S4800, Hitachi), the frozen sample drop was cut to visualize the
microgels’ polymer structure and cross sections and was sublimated (2
× 20 min, −80 °C) before being imaged (1–3 kV, 1 μA). In addition to the
qualitatively visual observation, the FESEM micrographs were evaluated
to quantitatively determine the properties of the polymeric structure of
the microgels. Therefore, a tailored Python script was used. To calculate
the porosity of the microgels, all pixels representing pores in the binarized
cryo FESEM micrographs were counted. Furthermore, the pore diameter
distributions and mean diameters were determined by using a sphere fit-
ting algorithm.[67] The directionality of the polymeric structures was de-
termined via a plug-in of the software Fiji (version 2.15.0) as a distribution
of ImageJ. Further information regarding the software-based evaluation of
the polymeric structure is given in Section S4 (Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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