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Enhancing Temperature Responsiveness of PNIPAM
Through 3D-Printed Hierarchical Porosity

Weiyi Liu, Zhenwu Wang, Julian A. Serna, Rafaela Debastiani, Joaquin E. Urrutia Gomez,
Lutong Lu, Wenwu Yang, Zheqin Dong,* and Pavel A. Levkin*

Materials with ultra-fast responsive properties are essential for various
applications. Among the responsive materials, poly(N-isopropylacrylamide)
(PNIPAM) stands out due to its well-studied temperature-responsive
properties. Improving the kinetics of the responsive properties of PNIPAM

is, however, still essential for advancing its practical use. Here, the responsive
rate of PNIPAM hydrogels is enhanced by first incorporating sub-micrometer
porosity into the material through polymerization-induced phase separation
(PIPS), followed by introducing millimeter scale pores via 3D printing, thereby
rendering the material with hierarchical porosity. The 3D-printed porous
PNIPAM structures show accelerated swelling and deswelling, when compared
to non-porous PNIPAM structures, due to enhanced water permeability asso-
ciated with the continuous network of micrometer to millimeter-sized pores.
Additionally, thinner polymer structures result in faster temperature response
rates. At the same time, the mechanical strength of PNIPAM hydrogels with
high porosity and thinner polymer walls is not compromised, overcoming

the common trade-off between swelling and mechanical properties.

1. Introduction

Materials, which properties can change in response to external
stimuli (e.g., light, temperature, pH, strain, stress, magnetic,

acoustic, electric, etc.), are indispensable
across various applications such as soft
robotics, aerospace engineering, flexible
electronics, and tissue engineering.[']
One promising and well-characterized
temperature-responsive material is poly(N-
isopropylacrylamide) (PNIPAM),I* which
is hydrophilic at room temperature and
exhibits a lower critical solution tempera-
ture (LCST) at ~32 °C.1% The proximity
of LCST of PNIPAM to body temperature
renders it highly appealing for biomedical
applications.['!l While PNIPAM exhibits
swift response speeds at the molecular
scale,[1214 its apparent responsiveness at
larger, millimeter to centimeter-scale, is
slow.['>17] This limitation mainly stems
from the constraints imposed by the slow
stimuli transmission speed as well as
the slow speed of water expelling from
the bulk hydrated PNIPAM.[!®19] Several
strategies have been proposed to accelerate
the response rate of PNIPAM hydrogels.
One approach is based on reducing the hydrogel structure size,
as the responsive rate of hydrogels is inversely proportional to
the square of the material s smallest dimension.?*l However,
it is obviously not applicable to large structures. An alternative
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approach involves the introduction of porosity into PNI-
PAM, which promotes the responsive rate by facilitating wa-
ter expulsion.?'"23] He and colleagues recently reported porous
PNIPAM created via cononsolvency photo-polymerization, thus
boosting the response rate of the material.’*) Drawing inspi-
ration from the existing strategies, hierarchical interconnected
porosity with pores spanning from nano- to millimeter hold sig-
nificant promise for further enhancing the response speed of
macroscopic PNIPAM structures.

Polymerization-induced phase separation (PIPS) is a method
to produce meso- to macroporous polymers, providing access
to materials with controlled porosity at various scales. In this
process, the miscibility of the growing polymer chains in the
solvent differs from that of the monomers, which results in a
polymer-rich phase that forms the porous matrix and a polymer-
poor phase that provides porosity.>-?’] Such technology has been
already applied for chromatography, microfluidics, membranes,
and drug delivery, confirming its feasibility in the construction
and control of porous polymer structures.[?-3%1 3D printing en-
ables highly customized 3D shaping of materials from micro-
to millimeters and above.[3132] Recently, polymerization-induced
phase separation was combined with 3D printing to create hier-
archical porous 3D structures.[?>33]

In this work, we employ a two-fold approach to increase the re-
sponsiveness of macroscopic PNIPAM hydrogel structures. Ini-
tially, sub-micrometer porosity was incorporated into the PNI-
PAM using PIPS. Subsequently, millimeter-scale pores were in-
troduced via 3D printing, thereby endowing the material with
a hierarchically porous structure. First, we investigated the sol-
vent effect on the microporous structures formed during PIPS,
achieving high porosity, low porosity, and non-porosity of PNI-
PAM using ethylene glycol (EG), water, and dimethylformamide
(DMF), respectively. High porosity correlated with thin poly-
mer walls, whereas low porosity correlated with thicker polymer
walls. We then conducted a comprehensive characterization of
the pores created by different solvents and established the rela-
tionship between water diffusion and the resulting porous struc-
tures. Moreover, the tunable macro-porous structures created by
3D printing were used to further enhance the response rate and
realize the anisotropic actuation. Based on the designed hierar-
chically porous structures, the PNIPAM showed a 45.5% volume
change in 10 seconds. We believe that this hierarchical structur-
ing strategy, which combines 3D printing with PIPS, can be read-
ily applied to other smart materials to enhance their responsive-
ness. Such enhancement is crucial for advancing their applica-
tion in fields where ultra-fast responsiveness is required such as
sensors, actuators, and energy harvesting.

2. Results and Discussion

To fabricate 3D PNIPAM structures using digital light process-
ing (DLP) 3D printing, we used N-isopropylacrylamide (NIPAM)
mixed with one of three porogenic agents: EG, water, or DMF.
Among them, water and DMF were more miscible with the NI-
PAM monomer than EG. Once the printed gel structures were
post-processed by incubating them in water to exchange the
porogens with water, three different porous configurations were
obtained (Figure 1). As evidenced from scanning electron mi-
croscopy (SEM), PNIPAM-EG structures showed thin polymer
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walls while PNIPAM-Water structures showed thick polymer
walls (Figure 2d.f). In contrast, 3D printing NIPAM in DMF re-
sulted in non-porous PNIPAM-DMF structures. Hence, the pres-
ence and configuration of porosity (high, low, or no) could be
tuned via the selection of porogens. PIPS during 3D printing in
EG and water resulted in the formation of PNIPAM-rich phases
and PNIPAM-poor phases due to the weak miscibility of EG and
water.*3] While all PNIPAM hydrogels exhibited deswelling at
40 °C followed by swelling at 25 °C (Figure 3b), PNIPAM-EG
hydrogel displayed a much faster thermo-responsive rate than
PNIPAM-Water and PNIPAM-DMF hydrogels (Figure 3a,b), pre-
sumably resulting from the high porosity and thin polymer walls
induced by phase separation (Figure 2e,h).

PNIPAM-DMF hydrogel was semi-transparent (Figure 2a)
with an average transmittance of ~#37% between 400 and 800 nm
(Figure 2b) as measured by UV/Vis spectrometry. In con-
trast, both PNIPAM-Water and PNIPAM-EG hydrogels appeared
opaque with an average transmittance of ~#5%, indicating strong
light scattering caused by pores. The water content after solvent
exchange was ~72% for PNIPAM-Water hydrogel, slightly lower
than that of PNIPAM-EG and PNIPAM-DMF hydrogels (above
80%) (Figure 2c). Such difference suggested the denser poly-
mer network in the PNIPAM-Water hydrogel. Comparatively, the
transmittance and solvent fraction of as-printed PNIPAM gels are
shown in Figure S1 (Supporting Information).

Importantly, SEM imaging and X-ray nano-computed to-
mography (nano-CT) characterization,3! revealed distinct mi-
crostructures for the three types of PNIPAM hydrogels. SEM
images of the cross-section showed that the boundary between
the printing layers was lightly visible in PNIPAM-Water hydro-
gel (Figure 2d), was clear and distinct in PNIPAM-EG hydro-
gel (Figure 2e) but was not visible in PNIPAM-DMF hydrogels
(Figure 2f), respectively. Compared with homogeneous-porous
PNIPAM-Water hydrogel, PNIPAM-EG hydrogel was gradient-
porous in each printing layer, likely attributed to the reduced light
intensity within each layer during 3D printing. Specifically, re-
gions of the PNIPAM-EG layer farther from the light source ex-
perienced lower UV intensity, resulting in dense pores. The pres-
ence of pores proved that PIPS occurred when using either wa-
ter or EG as a solvent. Conversely, PNIPAM-DMF hydrogel ap-
peared non-porous, meaning that PIPS did not occur when em-
ploying DMF. This was due to the lower miscibility of the NI-
PAM monomer in EG and water than in DMF. Clearly, porogenic
agent plays a crucial role in controlling the microstructure of the
hydrogels. In addition, the surfaces of three PNIPAM hydrogels
were shown in Figure S2 (Supporting Information), indicating
that strong PIPS occurred on PNIPAM-EG.

Moreover, the absence of pores (larger than 128 nm, a pixel
size of nano-CT) in PNIPAM-DMF hydrogel was identified with
nano-CT, while the interconnected pores of both PNIPAM-Water
and PNIPAM-EG were confirmed (Figure 2g—i; Figure S3 and
Movie S1, Supporting Information). Furthermore, quantitative
results (Table S1, Supporting Information) revealed a significant
disparity in porosity (volume of pores/total volume) between
the sparse- and dense-pore regions of PNIPAM-EG (6.4%), com-
pared to the porosity difference between two selected regions
of PNIPAM-Water (0.86%). This indicated the presence of high
porosity in PNIPAM-EG and low porosity in PNIPAM-Water.
Meanwhile, the surface area of PNIPAM-EG (5.62 pm™') was
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Figure 1. Schematic showing DLP 3D-printed PNIPAM hydrogels with high porosity, low porosity, and non-porosity by using EG, water, and DMF,

respectively, which leads to distinct thermo-responsive kinetics.

significantly higher than that of PNIPAM-Water (3.73 um™),
indicating the thin polymer wall of PNIPAM-EG polymers
and the thick polymer wall of PNIPAM-Water (Figure S4 and
Table S1, Supporting Information). PNIPAM has a solubility
parameter of 11.5 cal'’? cm—/2, while DMF, EG, and Water
have solubility parameters of 12.1, 16.3, and 23.5 cal'/? cm™/2,
respectively.3>-3¢ Consistent with these solubility parameters,
in experiments we found that the NIPAM monomer rapidly
dissolved in DMF but dissolved much more slowly in water and
EG, indicating superior miscibility of PNIPAM with DMF. This
discrepancy explains why PIPS occurs in EG and water but not
in DMF, resulting in porous PNIPAM-EG and PNIPAM-Water
hydrogels, while PNIPAM-DMF hydrogels remain non-porous.
Furthermore, solubility parameters indicate that water is a
poorer solvent than EG, which may lead to an earlier stage of
PIPS and the formation of a coarser polymer phase.**] Indeed,
SEM and nano-CT analyses reveal that PNIPAM-Water hydro-
gels have thicker polymer walls and lower porosity compared to
PNIPAM-EG. Overall, the miscibility of porogens with PNIPAM
influences the extent of PIPS and, consequently, the porosity of
the hydrogels. It is important to note that the samples analyzed
with SEM and nano-CT were prepared by freeze-drying, which
might have led to a deviation from the original wet structure.
Finally, Fourier-transform infrared spectroscopy (FTIR) mea-
surements on freeze-dried samples did not reveal noticeable
differences between all three samples, suggesting their identical
chemical structure (Figure S5, Supporting Information).

To investigate the influence of microstructure on the thermo-
responsive performance of PNIPAM hydrogels, we conducted
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deswelling and swelling tests by immersing the hydrogel into a
water bath at 40 °C and then transferring it into one at 25 °C,
while monitoring changes in volume. Since the LCST of PNI-
PAM is ~32 °C,*’] all PNIPAM hydrogels shrank at 40 °C and
swelled back upon being exposed to water at 25 °C (Figure 3a,b;
Movie S2, Supporting Information). Meanwhile, PNIPAM hy-
drogels shrank at 50 and 60 °C, showing the same tendency
(Figure S6, Supporting Information). Among the three hydro-
gels, PNIPAM-EG hydrogel demonstrated the fastest deswelling
and swelling rate, which can be attributed to its high porosity and
thin polymer walls facilitating water transport in and out upon
swelling and deswelling, respectively. Interestingly, although
PNIPAM-Water hydrogel showed a higher deswelling rate than
PNIPAM-DMEF, it had a slower swelling rate (Figure 3a,b). Dur-
ing the deswelling process, the porous structure of PNIPAM-
Water was favorable for water diffusion, in contrast to the
non-porous structure of PNIPAM-DMF. However, during the
swelling process, the porous structure of PNIPAM-Water hydro-
gel collapsed in the shrunken state (Figure S7, Supporting In-
formation). Consequently, its thick polymer walls impeded both
water diffusion and swelling rate.

To explore the influence of microstructure on both ¢ of PNI-
PAM hydrogels and diffusion rate through the pores, we com-
pared the kinetics of both dye infiltration and dye diffusion out
of three different hydrogels. PNIPAM hydrogels preincubated at
25 °C were immersed in a 0.01 wt% Rhodamine B (RhB) aqueous
solution. The samples were retrieved at various time points un-
til equilibrium was achieved, and the dye penetration depth was
subsequently analyzed (Figure 3c,d). Subsequently, additional
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Figure 2. Characterization of PNIPAM-Water, -EG, and -DMF hydrogels. a) Photos of the hydrogel cylinders after exchange of solvents with water.
b) Light transmittance through PNIPAM hydrogels (sample thickness: 500 um). c) The water content of PNIPAM hydrogels (wt%). d—f) SEM showing
the cross-section of PNIPAM hydrogels and g—i) NanoCT 3D reconstructed volume and segmented plots of PNIPAM hydrogels.

samples were immersed in pure water (25 °C) and their cross-
sections were analyzed for the dye release (Figure 3c). The find-
ings indicated that the sequence of diffusion rates for both dye
absorption and release processes was as follows: PNIPAM-EG
> PNIPAM-DMF > PNIPAM-Water. This confirmed our hy-
pothesis that high porosity and thin polymer walls of PNIPAM-
EG hydrogel significantly enhanced the water diffusion kinet-
ics, resulting in a rapid deswelling and swelling rate. Conversely,
PNIPAM-Water hydrogel exhibited the slowest dye diffusion ki-
netics, which corresponded to its slow swelling rate at 25 °C.

Adv. Funct. Mater. 2024, 2403794 2403794 (4 of 9)

The mechanical properties of PNIPAM hydrogels played a
crucial role in their application. Consequently, we performed
mechanical tests on PNIPAM hydrogels under both swollen
(25 °C) and shrunken states (40 °C). The results showed a trend
where all PNIPAM hydrogels displayed higher strength in the
shrunken state as compared to the swollen state, which can be
primarily attributed to the dense polymer matrix (Figure 3e,f). A
two-way ANOVA test revealed that both the solvent (water, EG,
or DMF) and the state of the polymer wall (swollen or shrunken)
had a significant effect on the Young’s modulus of the hydrogels
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Figure 3. Thermo-responsive and mechanical properties of 3D-printed PNIPAM hydrogels produced using Water, EG, and DMF as porogens. a)
Deswelling (40 °C) and swelling (25 °C) curves and b) digital photos for PNIPAM hydrogels, respectively (Scale bar: 1 cm). c) Fluorescence microscopy
images showing the diffusion kinetics of RhB dye into and out of PNIPAM hydrogels at 25 °C (Scale bar: 1 mm). (d) The ratio of fluorescent area to
the total area for PNIPAM hydrogels during the dye absorption and release process. e) Stress—strain curves and f) Young's modulus of the swollen
and shrank PNIPAM hydrogels. (*) in the bars for shrunk PNIPAM-EG and PNIPAM-DMF denote their level of statistically significant difference with
PNIPAM-Water hydrogels in the same state. g) Comparison of Young's modulus and normalized deswelling rate with the previous works (the red ball was
a bulk cylinder and the red star was a cobweb cylinder). The compared works included PNIPAM prepared with activated nanogels,Ref. [15] polyaniline,
Ref. [22] Al-alginate, Ref. [24] montmorillonite, Ref. [36] cononsolvency, Ref. [38] AAc-vinyl/silica, Ref. [39] graphene Ref. [40] and Ti;C, T, MXene. Ref.
(41

(p < 0.0001 and p < 0.001, respectively). Notably, among the
swollen hydrogels, PNIPAM-DMF exhibited the lowest Young’s
modulus and strength, likely stemming from its comparatively
lower material density (Figure 2c). Surprisingly, even though
PNIPAM-EG hydrogel possessed higher water content, its
Young’s modulus was twice as high as that of PNIPAM-Water
hydrogel. This was attributed to the synergistic effect and good
integration of sparse and dense regions of PNIPAM-EG.[21:38-3]
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Notably, the contracted state of PNIPAM-Water exhibited Young’s
modulus of 500 kPa, significantly higher than that of the EG
and DMF counterparts (p < 0.01 and p < 0.0001, respectively),
indicating its dense polymer matrix, which might explain its
slower swelling rate (Figure 3d). It is important to mention that
3D-printed objects generally exhibited mechanical anisotropy
due to the layer-by-layer construction process. Indeed, Young’s
modulus of PNIPAM-EG in the parallel direction of printing
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(232 kPa) was higher than that in the direction perpendicular
to printing (148 kPa) (Figure S8, Supporting Information). This
study highlighted a notable improvement in both mechanical
strength and deswelling rate compared with previously reported
PNIPAM-based hydrogels (Figure 3g). This enhancement was
essential for expanding their practical applications in the fields
of soft robotics, solar vapor generation, energy storage, and
actuators [15:22.24.38,40-43]

Following the establishment of a highly porous structure
through phase separation to expedite the response rate, we uti-
lized the capabilities of 3D printing to further improve the re-
sponse speed of the hydrogel structure. We examined print-
ing resolution by creating a series of pillars with different
length x width (from 50 ym X 50 pm to 250 um X 250 pm)
and fixed heights (500 pm) (Figure S9, Supporting Infor-
mation). Subsequently, we applied distinct macro architec-
tures (bulk, gyroid, scaffold, and cobweb) using PNIPAM-EG
cylinder hydrogels (Figure 4a). Table S2 (Supporting Infor-
mation) shows the structural information of four cylinders.
Among these samples, the cobweb-shaped hydrogel demon-
strated the most rapid deswelling and swelling rates, while the
bulk hydrogel exhibited the slowest deswelling rate (Figure 4b;
Movie S3, Supporting Information). This outcome aligned with
the structural, thermo-responsive, and mechanical characteri-
zation data shown above, as the cobweb-shaped hydrogel pos-
sessed a high porosity that significantly facilitated water dif-
fusion, thereby improving the responsiveness of PNIPAM-EG.

Adv. Funct. Mater. 2024, 2403794 2403794 (6 Of9)

Moreover, the cobweb-shaped hydrogel maintained consistent
volume changes over 20 cycles of deswelling/swelling, indi-
cating its robustness (Figure 4c). The deswelling/swelling rate
of the cobweb-shaped hydrogel composed of PNIPAM-EG was
notably faster than that of PNIPAM-DMF (Figure 4d.e), un-
derscoring the unique advantage conferred by the hierarchi-
cal porous structure here presented. 3D-printed flower-shaped
hydrogels showed the same result (Figure S10, Supporting
Information).

3D printing offers precise control over local geometry and di-
mensions, opening up new possibilities for manipulating the ac-
tuation of PNIPAM hydrogels. To showcase this potential, we ini-
tially printed six pillars with equal heights (40 mm) but varying
diameters (from 5 to 10 mm in 1 mm steps). Reducing the pil-
lar diameter of PNIPAM hydrogels enhanced the deswelling rate
and swelling rate of height 43.0% and 32.7 times, respectively,
most likely by decreasing the distance for water penetration dur-
ing swelling and deswelling (Figure 5a). Additionally, we fabri-
cated a cage consisting of pillars with the same length but pro-
gressively increasing diameter from top to bottom (Figure 5b—d;
Movie S4, Supporting Information). The thinner diameter of the
upper part of the cage resulted in a faster deswelling rate com-
pared to the lower part. This anisotropic shrinkage led to a change
in the pillar angle from 90° to 83°. Once the deswelling of the
entire cage reached equilibrium, the pillar angle reverted to 90°.
These outcomes highlighted the potential of 3D printing to spa-
tially and temporally control the responsive kinetics of PNIPAM

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. 4D printing of PNIPAM hydrogel cages with programmable actuation. a) Deswelling and swelling behavior of PNIPAM-EG hydrogel pillars
with equal height but varying diameter. b) Schematic illustration and c,d) the anisotropic deswelling and swelling behavior of PNIPAM-EG cage made

of pillars with the same height but varying diameter.

hydrogels, enabling programmable and complex actuation for ad-
vanced applications.

3. Conclusion

We have developed an approach for constructing hierarchically
porous PNIPAM hydrogels with rapid responsiveness to tem-
perature stimulus by combining PIPS with 3D printing. We
investigated the influence of the porous structure on the re-
sponsiveness and mechanical properties of PNIPAM hydrogels
and showed that PNIPAM-EG hydrogel exhibited high poros-
ity combined with thin polymer walls due to the phase separa-
tion occurring during the polymerization of NIPAM in the pres-
ence of EG solvent. Such high porosity and thin polymer struc-
tures accelerated water diffusion, as demonstrated by dye dif-
fusion experiments. As a result, high-porosity hydrogels exhib-
ited both faster deswelling and swelling rates and temperature
responsiveness when compared to no-porosity or low-porosity
hydrogels. Moreover, we successfully fabricated hierarchically
porous PNIPAM hydrogels, combining 3D-printed macroporos-
ity with phase-separated sub-micrometer porosity, which exhib-
ited even faster temperature responsiveness of centimeter-scale
structures. Furthermore, using 3D printing, we demonstrated
the creation of a porous cage capable of programmed responses.
Thus, our strategy paves the way for the development of intelli-
gent materials capable of fast, complex, and programmable mor-
phing, which unlocks new possibilities across a range of applica-
tions of responsive polymers.
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4. Experimental Section

Materials—Ink Preparation: Irgacure 819 was purchased from Ciba.
Lithium phenyl-2,4,6-trimethyl benzoyl phosphinate (LAP), methyl orange
(MO), ethylene glycol (EG), N-isopropyl acrylamide (NIPAM, 99% pure,
stabilized) and N, N’-methylene bisacrylamide (BIS, 99%) were bought
from Sigma—Aldrich. N, N-Dimethylformamide (DMF) was purchased
from Merck. All chemicals were used as received. Deionized (DI) water
was used in the whole experiment.

In brown bottles, 20 wt% NIPAM monomers to solvents, a certain
amount of BIS to monomer, solvents, light-absorbing MO dye (0.01% wt
total), and 1.5 wt% photoinitiators 819 to NIPAM were mixed. To obtain
a clear and homogeneous solution, the inks were sonicated between 0.5
and 2 h, depending on the solvent (DMF and water were sonicated at room
temperature for 0.5 and 1 h, respectively; EG was sonicated 2 h at 40 °C).
Because photoinitiator 819 was insoluble in water, it was replaced by LAP
when the solvent was water.

DLP 3D Printing: For the 3D printing experiments, a commercial
desktop DLP printer (Miicraft Prime 110) was employed. The printer
was powered by a 385 nm LED projector with a maximum intensity
of 1.0 mW cm=2 and an XY resolution of 40 um. The build area was
116 mm x 62 mm X 12 mm, and the layer thickness could be varied be-
tween 5 and 500 um. The ink tank was filled with the prepared ink solu-
tion (50 mL). The 3D printing process then began by irradiating the ink
for a pre-determined curing time for the layer thickness (50 um). The 3D-
printed objects were carefully detached from the build platform after print-
ing and immersed in water for one week (the water was refreshed every
day) to remove the unreacted monomers and porogens and to achieve a
fully swollen state.

Transmission:  The transmission of 3D-printed PNIPAM hydrogels was
measured from a UV—vis spectrometer (Lambda 35, Perkin Elmer) with
a 200-800 nm wavelength range. Each hydrogel sample with a size of

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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2 cm X 5 mm X 50 um was printed on a glass plate. Three areas of three
samples were tested as parallel samples, and every area was scanned 3
times.

Water Content and Solvent Fraction: The water content of 3D-printed
PNIPAM hydrogels and the solvent fraction of as-printed PNIPAM gels
were measured via gravimetric analysis. Measure the initial weight of the
fully hydrated hydrogels/gels (W,;). Placed the hydrogel/gel at 25 °C until
a constant weight was achieved, indicating that all water had evaporated.
Finally, the weight of the dry hydrogel/gel (W) was measured.

Wit — W
2wt T 100% )

wet

Water content and solvent fraction =

Scanning Electron Microscope (SEM) Measurement: PNIPAM hydro-
gels were immersed in liquid nitrogen to instantly freeze and then imme-
diately placed in a freeze-drier for 24 h to remove the ice. The freeze-dried
hydrogel samples were then coated with &, 10 nm thick gold layer using a
Cressington Sputter Coater 108. The porous structure of cross-sections of
the 3D-printed PNIPAM hydrogels was characterized by a scanning elec-
tron microscope (Zeiss LEO 1530) at an operating voltage of 5 kV.

X-Ray Nano-Computed Tomography (Nano-CT): The nano-CT experi-
ments were carried out using the lab-based X-ray microscope Zeiss Xradia
810 Ultra. Freeze-dried EG, water, and DMF PNIPAM samples were pre-
pared by cutting them manually in triangle format to fit within the field of
view and glued to the tip of a pin. The samples were scanned over 180°
within a field of view of 65 pum, a pixel size of 128 nm, and Zernike phase
contrast mode. For each sample, 901 projections were acquired with an
exposure time per projection of 25 s (water and DMF) and 30 s (EG).
The reconstructions of the projections were carried out using the propri-
etary software Zeiss Scout and Scan Reconstructor, based on a filtered
back projection algorithm. The 2D and 3D visualization and the segmen-
tation of the data were carried out using the Software Dragonfly ORS.[44]
The datasets were filtered using a non-local means filter (kernel 3) pre-
viously the segmentation. The segmentations were performed using the
deep learning algorithm UNet (depth level 5, input dimension 2.5D, ini-
tial filter count 64). A cylinder of the segmented data was extracted from
the middle of the samples, from which the 3D reconstructed volume was
created.

Measurement of Deswelling/Swelling: ~ For Figure 3a,b, 3D-printed PNI-
PAM cylinders with different porogen (diameter = 10 mm, height = 6 mm)
were used. For Figure 4a,b, PNIPAM cylinders with 26 mm diameter and
17 mm height were used. Deswelling curves were obtained by immers-
ing PNIPAM cylinders into a 40 °C water bath and recording the volume
change over time by camera. Video screenshots were taken and then the
pixel ruler was used to measure length and height. Subsequently, the vol-
ume of cylinders was calculated. Swelling curves were obtained using the
same technique after immersing the shrunken hydrogels into a 25 °C water
bath.

\
Volume change = V—t X 100% (2)
0
Vo =V,
Deswelling rate = 0t % 100% (3)
Vo Xt

In Figure 3g, normalization was performed according to the responsive
rate of the smart hydrogels is inversely proportional to the square of the
small dimension of the hydrogel.1*’]

Vo =V,
Normalized deswelling rate = 20"t % 100% x h? (4)
Vo X t

V, is the volume at a certain time t, V is the original volume, and h is
the smallest dimension of the sample.

Diffusion Kinetics of RhB Dye: 3D-printed PNIPAM hydrogels (cubes,
5 mm X 5 mm X5 mm) were immersed into 0.01 wt% RhB dye-water
solution at 25 °C for a certain time for absorption until equilibrium was
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reached. Then, PNIPAM hydrogels with fully swollen RhB dye were soaked
in the DI water at 25 °C to release RhB dye for a certain time. The ratios of
fluorescent areas were recorded at certain times during absorption and re-
lease by using microscopy (Keyence, BZ-X800). RhB fluorescence images
were analyzed with Image].

Mechanical Properties: The compressive mechanical properties of
PNIPAM hydrogels were measured with a universal testing machine (EZ-
LX, Shimadzu) at 25 °C. Each PNIPAM cylinder with a diameter of 10 mm
and a height of 6 mm was placed between the self-leveling plates. The
compressed rate on the hydrogel sample was 10% min~". The compres-
sive strain (€) was defined as the ratio of gauge length change (Ly-L) to
the initial gauge length of the hydrogel, where L, and L were the deformed
hydrogel sample’s initial gauge length and real-time gauge length, respec-
tively. The compressive stress (o) is defined as the force applied to the de-
formed hydrogel sample (F) divided by the deformed hydrogel sample’s
real-time characteristic cross-sectional area (A). The slope of the stress-
strain curve at the corresponding point is used to calculate the hydrogel's
Young's modulus (E) at a given compressive strain.

E=2 ®)

Digital Photography: Digital photos were taken using a Canon EOS
80D digital camera.

Statistical Analysis:  Unless otherwise stated, all measurements are re-
ported as mean =+ standard deviation. One-way and two-way ANOVA with
post-hoc tests for multiple comparisons with a significance of 0.05 was
performed on individual and grouped data, respectively, using the soft-
ware GraphPad Prism V8. Statistical significance between treatments is
denoted in the figures with (*). P-values < 0.05, 0.01, 0.001, and 0.0001
were labeled as (¥), (**), (¥**), and (****), respectively.
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