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Melt-Processable and Electrospinnable Shape-Memory

Hydrogels

Turdimuhammad Abdullah,* Cagatay Altinkok, and Oguz Okay*

Due to their ability to adapt to subtle changes in response to various external
and internal stimuli, smart hydrogels have become increasingly popular in
research and industry. However, many currently available hydrogels suffer
from poor processability and inferior mechanical properties. For example, the
preparation of a hydrogel network that can be subjected to melt processing
and electrospinning is challenging. Herein, a series of mechanically strong,
shape-memory hydrogels based on polyacrylic acid (PAAc) chains containing
20-50 mol% of crystallizable n-octadecylacrylate (C18A) segments are
prepared by an organosolv method followed by in situ physical cross-linking
via hydrophobic interactions. The hydrogels exhibit a reversible strong to
weak gel transition at 50-60 °C and can be melt-processed at 60-100 °C,
depending on the molar fraction of C18A. Additionally, the hydrogels can be
dissolved in chloroform/ethanol mixture to form a viscous solution, which can
then be used to produce a nanofibrous network by electrospinning. Effects of
polymer concentration, volume ratio of solvents, and mole fraction of C18A on
electrospinning are investigated to produce smooth, uniform nanofibers with

specific stimuli, including but not lim-
ited to temperature, light, pH, or magnetic
fields.['?] These materials have captured
the attention of both the research com-
munity and industry due to their diverse
applications in fields such as biomedical
engineering, aerospace engineering, sen-
sors, and the textile industry.>~! Within
the domain of polymer-based smart mate-
rials, two prominent categories stand out:
smart hydrogels and shape-memory poly-
mers (SMPs).l%7] Notably, hydrogels are
particularly favored for biomedical appli-
cations due to their inherent tissue-like
physiochemical structure, impressive mois-
ture absorption capacity, and exceptional
permeability.®?] In contrast, SMPs typically
exhibit significantly swifter response times,
greater fixability and recovery ratios, and

small fiber diameter. The produced nanofibers, while maintaining their
chemical structure, show significantly improved water adsorption capacity,
enhanced mechanical properties, and fast shape-memory performance.

1. Introduction

There is a burgeoning interest in intelligent materials capable of
altering their form and physiochemical attributes in response to
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more robust mechanical properties when
compared to hydrogels.[®”] Consequently,
over the past decade, there has been a con-
certed and extensive research effort directed
toward the development of shape-memory
hydrogels (SMHs) that combine the advan-
tageous properties of both hydrogels and
SMPs.7:10]

One of the most established approaches for the creation of
SMHs hinges on the utilization of hydrophobic interactions.®1!]
This entails the incorporation of crystallizable hydrophobic seg-
ments acting as a reversible cross-linker into hydrophilic poly-
mer chains.['?13] To illustrate, we have developed SMHs based
on polyacrylic acid (PAAc), incorporating n-octadecyl acrylate
(C18A) as the hydrophobic segment through micellar copoly-
merization techniques.!'*] These P(AAc-co-C18A) hydrogels of-
fer not only high mechanical stiffness, customizable thermome-
chanical properties, and remarkable fixity and recovery ratios but
also possess the exceptional characteristic of melt-processability.
In other words, when exposed to a temperature above the melting
point of the crystalline C18A domains, the hydrogel can be effort-
lessly formed into desired shapes by injection molding and/or
extrusion. Nonetheless, it is worth noting that the inclusion of
the hydrophobic domain in the hydrogel substantially dimin-
ishes its water absorption capacity.!**1®l Moreover, SMHs gener-
ated through random polymerization and crosslinking fail to pro-
vide the controlled microstructure essential for specific applica-
tions, such as the precise distribution of pore sizes and porosity,
which are of paramount significance in numerous applications,
such as biomedical applications, membrane technology, and tex-
tile industry.l1718]
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Figure 1. Schematic illustration depicting the synthesis of melt-processable PAAc hydrogels containing C18A units via the organosolv method, followed
by a solvent exchange to induce physical cross-linking, and finally electrospinning to generate a nanofibrous network.

In spite of the various technological approaches, electrospin-
ning has proven to be one of the forefront techniques to offer
precise control over the porosity and pore size of hydrogels.!17:]
In this approach, a high-voltage electric field is applied upon a
viscous polymer solution or melt, resulting in the formation of a
nanofiber network.!?’! The fiber dimensions and pore structure
of electrospun hydrogels can be deliberately adjusted through the
regulation of electrospinning process parameters (e.g., the ap-
plied voltage and feed rate) in conjunction with the properties of
the polymer solution used.[?!-23] The nanofibrous microstructure
of electrospun hydrogels yields a high surface area-to-volume ra-
tio, which not only fosters cellular adhesion and interactions but
also facilitates the absorption of moisture and various chemical
substances.[?*?°] Furthermore, electrospun hydrogels often ex-
hibit enhanced mechanical strength in comparison to conven-
tional hydrogels.['72°] This increased strength is especially advan-
tageous for applications that involve bearing substantial loads.

In this study, we synthesized a series of melt-processable,
shape-memory hydrogels by incorporating 20-50 mol% of
crystallizable C18A segments within PAAc network using an
organosolv method, followed by in situ physical cross-linking via
hydrophobic interactions. Notably, these hydrogels exhibit a re-
versible transition between strong and weak gel state at temper-
atures ranging from 50 to 60 °C. Furthermore, they can be ef-
fectively melt-processed within the temperature range of 60 to
100 °C, with the specific temperature varying according to the
molar fraction of C18A. Moreover, our synthesized hydrogels
demonstrate the ability to dissolve in a mixture of chloroform
and ethanol, forming a viscous solution. This solution can be uti-
lized to produce a nanofibrous network through electrospinning
(Figure 1). Our investigation into the electrospinning process
considered key parameters such as polymer concentration, volt-
age, volumetric ratios of solvents, and the molar fraction of C18A.
Through optimization, we achieved the production of nanofibers

Macromol. Mater. Eng. 2024, 2400166 2400166 (2 of 9)

that are smooth, uniform, and possess the smallest possible fiber
diameters. The resulting nanofibers exhibit remarkable enhance-
ments in water adsorption capacity, mechanical properties, and a
high shape-recovery rate while maintaining their chemical struc-
ture. This innovative approach holds significant promise for de-
signing hydrogels with versatile dynamic behaviors and process-
ability. These findings open up new avenues for expanding the
applications of such hydrogels in various fields.

2. Results and Discussion

In our previous report, we synthesized P(AAc-co-C18A) hydro-
gels by micellar copolymerization of hydrophilic acrylic acid
(AAc) monomer with 20—50 mol% crystallizable, hydrophobic
C18A comonomer, where the latter was solubilized in worm-
like sodium dodecyl sulfate (SDS) micelles.[') The prepared hy-
drogels displayed many interesting characteristics such as self-
healing ability, robust mechanical properties, and shape-memory
effects in a moderate temperature range. However, the synthesis
process of the hydrogel by this route is relatively complex and
it takes more than a month to remove the surfactant from the
hydrogels.[1 Additionally, SDS used in this work as a surfactant
is generally regarded as toxic.[?’] Therefore, in the present work,
we use a simple organosolv method to synthesize the above-
mentioned hydrogels. In this method, C18A was first dissolved
in ethanol prior to mixing with AAc, then the monomers were
copolymerized at room temperature (23 + 2 °C) under UV irrita-
tion using Irgacure 2959 as an initiator. The total concentration
of the monomers for this process was fixed at 3 M, and the molar
fraction of C18A was varied between 20% and 50%. For example,
3.41 g of C18A, 4.66 mL of ethanol, 1.34 mL of AAc, and 14.3 mg
of Irgacure 2959 were used to prepare P(AAc-co-C18A) gels with
35 mol% of C18A. The formed gels were found to be at a lig-
uid state above 40 °C that enables them to be molded into any

© 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

25U801] SUOLLILLIOD BAITER.D) 3 aeatjdde au) Aq pouLIBAoB a2 Sa1Le YO 98N J0 SaIN1 10} ARIq1TUIIIO AB]IA LO (SUO 1 IPUOD-PUE-SWIBILI0D A3 | I ARGl PUIUO//SIL) SUOIPUOD PUE SWL | 3U1 39S *[7Z02/20/£0] U ARiq1T3UIIUO AB]IA ‘PIY 80LBPIAT BURIL0D A83in L AQ 99TO0KZ0Z SWRW/Z00T OT/10p/LO0" B M AReid|1[pul Uo//'SAIY oI Papeojumod ‘0 ‘pS0Z6erT


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

M} SeSiar

Materials and Enging

Open Access,

www.advancedsciencenews.com

(A)
m 9

H,C_ !L (d) (b)
~ OH (1)
(e) 2
S
(ﬁfc I @ ® (@) 2
© =7 TOCH,(CH,),CH; o
(e) =

(a)
0 '%e) (c)

L(d) .l P | AJ I I

(b)
ou(d)
)
wi/{ (c) (b) (a)
OCH(CH)14CH;

I

7 6 5 4 3 2 1 0
Chemical shift (ppm)

www.mame-journal.de

(B)

C-H(s) C=0 C-H(b) C-0

Nanofiber

| ERNERT EESEEE

500 3000

PR
2500
Wavenumber/ cm-!

(€)

1

2000 1500 1000

SENES | EESPEENe

C18A mol %= n

Endo up

Heat flow / a.u

il B | bl il g | |

30 40 50 60 70 30 40 50 60 70
Temperature / °C Temperature / °C

Figure 2. A) "H NMR spectra of AAc/C18A monomer mixture (upper panel), and P(AAc-co-C18A) hydrogel (bottom panel), both containing 35 mol%
C18A. B) FTIR spectra of as-synthesized and electrospun P(AAc-co-C18A) hydrogels containing 35 mol% of C18A. The spectra of AAc and C18A
monomers are also shown in the figure. C) Heating and cooling DSC spectra of as-synthesized (solid curves) and electrospun hydrogels (dashed

curves) with different molar fractions of C18A as indicated.

shape. Afterward, the gels were immersed in a large volume of
water for two days. During this process, ethanol in the hydrogel
network replace with water and hence, strong hydrophobic in-
teractions could be created between the octadecyl side chains of
C18A units enabling the formation of a supramolecular P(AAc-
co-C18A) hydrogels.[?®]

The formation of the copolymer from a mixture of AAc and
C18A monomers was confirmed by nuclear magnetic resonance
(NMR) spectroscopy analysis. Figure 2A shows 'H NMR spec-
tra of AAc/C18A monomer mixture (upper panel), and P(AAc-co-
C18A) hydrogel (bottom panel), both containing 35 mol% C18A.
The characteristic peaks are observed at 1.3 ppm, correspond-
ing to the —CH,-proton, at 4.4 and 4.0 ppm, corresponding to
the —OCH,-proton, and at 0.9 and 3.6 ppm, corresponding to
the —CH, proton.?**%! Furthermore, the presence of C=C dou-
ble bonds along with their corresponding functional groups is
indicated by the presence of characteristic peaks between 6 and
6.6 ppm in the monomer mixture.”?°] The absence of these
peaks in the copolymer spectrum, as expected, is a clear indi-
cation of the effective conversion of monomer units into poly-
mer chains and confirms the successful polymerization. The
chemical structure of the synthesized P(AAc-C18A) hydrogels
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was analyzed using FTIR spectroscopy (Figure 2B). In the spec-
tra, distinctive absorption peaks were identified at 1697 cm™!
(C=0 stretching) and 1240 cm™! (C—O stretching) indicating the
presence of polymerized AAc segments within the copolymer
hydrogel.''l Simultaneously, corresponding absorption bands
for the polymerized C18A segment were evident at 1730 cm ™
(C=0 stretching), 1150 cm™' (C—O stretching), 1470 cm™ (CH
bending), 2855 cm™ (CH bond), and 2920 cm~! (CH bond).B3%
Furthermore, absorption bands at 1632 and 985 cm™!, corre-
sponding to C=C and =CH,, were observed in acrylic acid (AAc)
and C18A monomers. However, these bands disappeared in the
copolymer, an indication of the effective conversion of vinyl dou-
ble bonds during radical polymerization.*!l This spectroscopic
analysis provides a clear characterization of the chemical com-
position, confirming the successful incorporation of both AAc
and C18A segments into the hydrogel structure. X-ray diffraction
(XRD) analysis of P(AAc-co-C18A) hydrogels reveals a significant
correlation between the molar fraction of C18A and a diffrac-
tion peak observed at ~21.5° corresponding to a d-spacing of
0.41 nm revealing hexagonal packing of side C18 chains (Figure
S1, Supporting Information).['% The increasing sharpness of the
peak with higher molar fractions of C18A indicates that as the
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Figure 3. The changes in the storage modulus G’ and the loss factor tan § of PAAc hydrogels with varying C18A mole fractions during a cooling-heating
cycle ranging from 25 to 65 °C. The cycle is composed of five steps, indicated by different background colors. The first step is isothermal oscillation at
65 °C for 10 min. The second step is cooling down from 65 to 25 °C at a rate of 1 °C min~'. The subsequent step is isothermal oscillation at 25 °C for
10 min. This is followed by heating up from 25 to 65 °C at a rate of 1°C min~', after which the process is repeated with isothermal oscillation at 65 °C
for 10 min. The melting (T,,) and crystallization (T,) temperature ranges of the hydrogels are marked by vertical dashed lines. C18A = 20 (blue circle),
35 (dark red triangle up), and 50 mol% (green triangle down). Frequency = 1 Hz. Strain amplitude = 0.1%.

proportion of C18A increases, the degree of crystallinity within
the hydrogel also increases. This is likely due to the enhanced
alignment and interaction of the C18A side chains, leading to
more defined and ordered crystalline structures.3?!

The phase transition behavior of the swollen hydrogels as
response to temperature due to the presence of crystalline
hydrophobic C18A domains was evidenced by DSC. Figure 2C
shows heating and cooling DSC scans of as-prepared (solid
curves) and electrospun P(AAc-co-C18A) hydrogels (dashed
curves) with 20, 35, and 50 mol% C18A. All the hydrogels
display distinct melting and crystallization peaks. The melting
temperature (T,,) of the hydrogels is between 52.5 and 57.5 °C,
that generally increases with increasing mole fraction of C18A
while their crystallization temperature (T.) is around 4546 °C
regardless of the hydrogel composition. A similar trend was also
reported in the literature.!'’]

The temperature dependent thermomechanical properties of
the synthesized hydrogels were investigated by an oscillatory
temperature-sweep test. All the hydrogels exhibited clear re-
versible changes in the storage modulus G’ between below and
above their melting temperature (Figure 3). The most drastic
changes were observed for the hydrogels with 50 mol% of C18A,
in which G’ was maintained at ~#11.5 MPa when the temperature
was below 50 °C and it dropped by ~1200-fold to 9.3 kPa at the
melting temperature of the crystallizable C18A domain (57.5 °C).
Similar changes can be seen in the value of the loss factor tan 6.
All hydrogels are in a solid-like state below their melting temper-
ature, i.e., tan § < 0.1.11% Then, there is a reversible strong-to-
weak gel transition when the temperature is above the melting
point during which tan § increases from below to above 0.1.11014]
Further, the hydrogel with 50 mol% of C18A even showed a liquid
state when the temperature was 65 °C (tan § > 1).[' Overall, the
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synthesized hydrogels show reversible strong-to-weak gel transi-
tion above the melting temperature of C18A crystalline domain.

The melt-processability of the hydrogels was evaluated by
studying their rheological behavior above their melting temper-
ature using a frequency-sweep test at various temperatures. A
conical plate (40 mm and 4°) was used for this measurement,
which is more adequate for molten/liquid samples.[** Figure
4 presents the frequency dependences of the complex viscosity
(upper panel) and tan § (bottom panel) of P(AAc-co-C18A) hy-
drogels containing a) 20, b) 35, and c) 50 mol% C18A at differ-
ent temperatures. The arrows indicate the direction of increas-
ing temperature. All the hydrogels generally exhibited a shear-
thinning behavior and the viscosity significantly decreased while
tan 6 increased with increasing temperature. The hydrogels with
a higher C18A content showed a lower solid-liquid phase tran-
sition temperature and lower viscosity, due to the ascendancy of
the crystalline domain. For example, at 65 °C, the hydrogel with
50 mol% of C18A displays 20-200 Pa s~! viscosity and the loss
factor is above unity.**] Therefore, it can be extruded through
a syringe by raising the temperature above 65 °C. In contrast,
however, the extrusion temperature should be higher than 85 °C
and the feed speed must be also high enough to extrude the hy-
drogel if the molar fraction of C18A is lower than 35%. This
could be owing to the fact that a higher density of the crystalline
domain facilitates the phase transition of hydrogels at a lower
temperature.l1%¥]

Next, we assessed possibility to fabricate nanofibrous mem-
brane from the synthesized hydrogels using electrospinning
technique. We dissolved the dried hydrogels in the mixture of
chloroform and ethanol to create homogeneous viscoelastic so-
lution. Several key electrospinning parameters were optimized
to obtain a smooth and uniform fibrous structure with small
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Figure 4. The frequency-dependent variations of complex viscosity and loss factor tan 6 of P(AAc-co-C18A) hydrogels containing a) 20, b) 35, and
c) 50 mol% C18A at different temperatures as indicated. The arrows indicate the direction of increasing temperature.

fiber diameters. We found that polymer concentration and sol-
vent ratio are the most critical factors to influence fiber size and
morphology among them. For instance, a lower polymer con-
centration is recommended to smallen the fiber diameter by
reducing deformation resistance of the polymeric solution.3¢!
Whereas, when the polymer concentration is less than 20 wt%
(e.g., 15 wt%), it promotes the development of beads within fibers
due to insufficient polymer chain entanglement and excessive
surface tension (Figure S2, Supporting Information).’”] Among
the solvents, high volumetric fraction of ethanol was found to en-
courage formation of smaller fiber size, due to its much higher
dielectric constant than chloroform (25.3 vs 4.81).831 Further-
more, the lower volatility of ethanol (vapor pressure at 25 °C is
~7.87 kPal*l) compared to chloroform (26.54 kPal*") during the
electrospinning process allows the jet to stretch under the elec-
tric field for more time before solidifying, helping to form thin-
ner fibers. However, the hydrogels could not be dissolved if the
ethanol: chloroform volumetric ratio is higher than 2:1. Overall
20 wt% of polymer concentration, a mixture of chloroform and
ethanol in a volumetric ratio of 1:2, 1 mL h™! of feed rate, 17 kV
of voltage, and 13 cm of needle-collector distance was found to be
the optimum conditions for electrospinning the P(AAc-co-C18A)
hydrogels (Figure S3, Supporting Information).

The effect of the molar fractions of C18A on the morphology
of electrospun P(AAc-co-C18A) hydrogels is shown in Figure 5.
The generated P(AAc-co-C18A) fiber was found to be smooth and
no beads existed on the fiber regardless of the molar fractions of
C18A. However, P(AAc-co-C18A) hydrogels containing a higher
molar fraction of C18A generated considerably larger fibers. For
instance, the fiber size increased from 887 + 96 to 1194 + 210 nm
when the molar fraction of C18A raised from 20 to 50 mol%.
This intriguing transformation can be ascribed to the higher
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inter-chain interactions within copolymers in the presence of a
higher amount of long-chain C18A segments.[*1#2] Namely, the
increase in C18A content fosters stronger intermolecular connec-
tions, thereby leading to the expansion of fiber dimensions.

We compared the chemical structure and thermal behavior
of the electrospun nanofibrous hydrogels with as-prepared hy-
drogels through FTIR and DSC analysis and found that these
properties were not altered by electrospinning (Figure 2B,C).
However, remarkable changes in terms of swelling capacity and
mechanical properties have been observed for P(AAc-co-C18A)
hydrogels after electrospinning. For example, the swelling ra-
tio (SR) of P(AAc-co-C18A) hydrogels was between 1.25 and
2.0 that decreases with increased molar fractions of C18A, e.g.,
SR=2.0+ 0.1, 1.40 = 0.02, and 1.25 + 0.01 for the hydrogels
with 20, 35, and 50 mol% of C18A, respectively. In contrast, elec-
trospun nanofibers show a nearly fourfold increase in SR com-
pared to their as-prepared counterparts (Figure 6a). The hydrogel
with 20 mol% of C18A, for instance, had its SR raised from 2.0
to 8.1 after electrospinning. The enhanced swelling behavior of
nanofibrous hydrogels is due to their high surface area-to-volume
ratio facilitating greater water penetration and allowing better in-
teractions with water during the swelling process.[***4 Addition-
ally, the porous morphology of nanofiber structures, along with
interconnected voids and channels, provides additional pathways
for water diffusion.[*! Furthermore, capillary forces, induced by
small pore sizes and high aspect ratios, enhance water transport
into the nanofiber matrix.[*¢]

In terms of mechanical property, as-prepared hydrogels were
brittle and could not be subjected to tensile testing. While we
were able to perform tensile testing on the electrospun P(AAc-co-
C18A) nanofibrous hydrogels. Figure 6b,c illustrates the tensile
stress-strain curves, along with the changes in Young’s modu-
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Figure 5. The SEM micrograph and fiber size distribution of electrospun P(AAc-co-C18A) hydrogels containing a) 50, b) 35, and c) 20 mol% of C18A.

lus (E), stress at fracture (o¢), and strain (¢;) for the electrospun
P(AAc-co-C18A) hydrogels with different C18A molar fractions
(fcisa)- Increasing fiq4 leads to a decrease in both E and o while
the changes in the strain e are proportional to f,4, . For instance,
electrospun P(AAc-co-C18A) hydrogel with 50 mol% C18A dis-
played significantly higher flexibility (52 + 1%) but a low modulus
(1.0 MPa) compared to the one with 20 mol% of C18A (20 + 1%
strain and 2.2 MPa modulus). This trend could be caused by
the morphological structure of the electrospun hydrogels that a
smaller fibrous network typically has a higher surface area-to-
volume ratio, which can increase their stiffness.[*/] On the other
hand, a larger fibrous network has a lower surface area-to-volume
ratio, which can contribute to enhanced flexibility.[*®]

Moreover, the electrospun hydrogels exhibited excellent shape-
memory behavior with shape-fixity and shape-recovery ratios of
95-98 and 91-93%, respectively. However, they demonstrated a
slightly lower shape-recovery and shape-fixity compared to the
bulk hydrogels, which was attributed to reduced intermolecular
interactions between the AAc and C18A segments during electro-
spinning (Figure 6d,e). Nevertheless, the shape-recovery speed
of the electrospun hydrogels was significantly faster than that of
their bulk hydrogel counterparts. While it took 20-30 s for the
bulk hydrogels to recover their original shapes, the electrospun
hydrogels achieved complete recovery in less than 5 s (Figure 6f,g,
Video S1, Supporting Information). This faster shape-recovery
rate could be attributed to nanofibrous structure of the electro-
spun hydrogels that provide a larger surface area-to-volume ra-
tio, allowing for more efficient interaction with external stim-
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uli, which can trigger the shape-recovery process.[*! Addition-
ally, the porous nature of electrospun nanofibers enhances the
diffusion of stimuli throughout the hydrogel matrix, resulting in
faster response times compared to dense bulk hydrogels where
diffusion may be slower.**° Finally, XRD analysis indicated
that electrospun fibers exhibited a higher degree of intensity
in their peaks compared to their bulk counterparts (Figure S1,
Supporting Information). This can be attributed to the high de-
gree of orientation and crystallinity that may contribute to en-
hanced shape-memory properties.>! This is because the ordered
structure can facilitate more rapid and efficient reorganization of
polymer chains during shape-recovery.®?) Overall, high surface
area, highly interconnected porous structure, and aligned poly-
mer chains are driving factor for the electrospun hydrogels to
promote faster shape-recovery kinetics compared to traditional
bulk hydrogel materials.

3. Conclusion

We have successfully synthesized a series of melt-processable,
shape-memory hydrogels made of PAAc containing 20-50 mol%
C18A segments using an organosolv method. The hydrogels dis-
played a reversible transition from a strong to a weak gel state
within a temperature range of 50-60 °C. They also demonstrated
efficient melt-processing abilities at temperatures ranging from
60 to 100 °C, with the specific temperature varying based on the
molar fraction of C18A. Additionally, the hydrogels that were syn-
thesized had the ability to create a viscous solution suitable for
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Figure 6. a) The swelling ratio (SR) of the as-synthesized (bulk) and electrospun hydrogels with different molar fractions of C18A. b) The tensile strain—
stress curves of electrospun hydrogels with different molar fractions of C18A. c) Young’s modulus E, stress at break oy, and elongation at break e of
the electrospun hydrogels with different C18A mol%. d) Shape-fixity and e) shape-recovery ratios of the as-synthesized (bulk) and electrospun hydrogels
with different molar fractions of C18A. f) Permanent and temporary shapes of the electrospun hydrogel with 50 mol% C18A. g) Shape-recovery process
of an electrospun hydrogel in water at 65 °C. C18A = 50 mol%. The recovery times are indicated.

electrospinning into a nanofibrous network. The nanofibers ex-
hibited significant improvements in water adsorption capacity,
mechanical properties, and shape-memory rate, while maintain-
ing their chemical structure. Overall, this innovative approach
has potential for designing hydrogels with versatile dynamic be-
haviors and processability, opening new avenues for their appli-
cation across various fields.

4. Experimental Section

Preparation of P(AAc-co-C18A) Hydrogels: N-octadecyl acrylate
(C18A), 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure
2959), chloroform, ethanol, and an alumina column were supplied by
Sigma-Aldrich. Acrylic acid (AAc, Merck) was treated with an alumina
column (Sigma-Aldrich) to remove its inhibitor. The AAc-C18A monomer
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solution in ethanol, containing 20-50 mol% C18A, was prepared by
melting C18A at 40 °C on a magnetic stirrer, then sequentially adding
ethanol and AAc. After adding 0.2 w/v% Irgacure 2959 photoinitiator,
the solution was transferred to a 10 mL syringe and exposed to UV light
at 365 nm wavelength for 24 h for photopolymerization. The samples
were subsequently immersed in water for two days to induce physical
crosslinking, resulting in the formation of P(AAc-co-C18A) hydrogels.
Electrospinning:  P(AAc-co-C18A) hydrogels were dried and then dis-
solved in a mixture of chloroform and ethanol by stirring for 3 h at
23 + 2 °C. The solution was then transferred to a 5-mL syringe connected
to an 18-gauge blunt metallic needle for electrospinning. Electrospinning
parameters were systematically studied for the P(AAc-co-C18A) hydrogels
with 35 mol% of C18A to obtain optimal electrospinning conditions for
bead-free fiber morphology with a small fiber diameter. In particular, poly-
mer concentration and solvent ratio were found to be the most influential
parameters for fiber morphology. After optimization, 20 wt% of polymer
concentration, a 2:1 volumetric ratio of ethanol to chloroform, a feed rate

© 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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of Imh1, a voltage of 17 kV, and a needle-collector distance of 13 cm
to electrospun P(AAc-co-C18A) hydrogels with varying molar fractions of
C18A were selected.

Characterization: For '"H NMR measurements, 10 mg of copolymer
sample was carefully dissolved in 0.75 mL of deuterated chloroform
(CDCl3). The resulting solution was then carefully transferred to 4 mm
NMR tubes. After this preparation, the "H NMR spectra were obtained
using a VNMRS 500 MHz spectrometer (Agilent Technologies, CA, USA).
Fourier-transform infrared (FTIR) for both the bulk and electrospun hy-
drogels were acquired using a Carry 630 FTIR spectrometer (Agilent Tech-
nologies, CA, USA). The samples were positioned on an ATR accessory,
and the spectral data were collected within the wavenumber range span-
ning from 4000 to 400 cm™'. Scanning electron microscopy (SEM) was
performed using an FEI Quanta FEG 200 microscope (UMass Chan, MA,
USA). Fiber size distribution was determined using a previously estab-
lished image processing method in MATLAB, with detailed procedures
available elsewhere.[2'l Differential scanning calorimetry (DSC) analyses
of the hydrogels before and after the electrospinning process, were per-
formed using a Diamond differential scanning calorimeter (Perkin Elmer,
MA, USA). 10 mg of each sample was loaded into aluminum pans and
subjected to heating from 0to 80 °C at a rate of 5 °C min~. Subsequently,
the samples were cooled down to 0 °C at the same rate. To prevent any
potential reactivity of the samples with the surrounding environment dur-
ing the measurements, a continuous flow of nitrogen gas (at a rate of
19.8 mL min~") was passed over the DSC cell. The swelling ratio (SR) of
the printed hydrogels was determined by keeping the hydrogel specimen
in water until obtaining the swelling equilibrium, which required about two
weeks. SR was calculated by SR = m /my, where mg and my are the weights
of the swollen and dry specimen, respectively. X-ray diffraction (XRD) mea-
surements were conducted using a Panalytical Empyrean instrument with
Cu-Ka radiation. Data were gathered across the angular range of 26 from
1° to 50° at a scanning rate of 1° min~".

The impact of various temperatures on the storage modulus (G’) and
loss factor (tan &) of the hydrogels was examined through an oscillatory
temperature-sweep test. A disk-shaped sample measuring 20 mm in di-
ameter and 1 mm in thickness was positioned between the parallel plates
of a Bohlin Gemini 150 rheometer (Bohlin Instruments, UK). The sample
was then subjected to a cooling-heating cycle ranging from 25 to 65 °C
at a fixed oscillation frequency of 1 Hz (6.3 rad s™'), and strain ampli-
tude (y,) of 0.1%. The melt processability of the hydrogels was evaluated
using a frequency sweep test at different temperatures between 55 and
85 °C. A conical plate (40 mm and 4°) was used for this measurement,
which is more suitable for molten/liquid samples. The mechanical perfor-
mance of the electrospun hydrogels was assessed by conducting uniaxial
tensile testing using a Zwick Roell Z0.5 TH universal testing machine. A fi-
brous mat with length of 40 mm, width of 5 mm and thickness of 0.1 mm
was subjected to an elongation test at a controlled crosshead speed of
5 mm min~". The load-elongation curve was recorded using the testXpert
11l Testing Software from Zwick/Roell. To evaluate shape memory, speci-
mens identical to those used in the tensile tests, 40 mm long and 5 mm
wide, were first stretched to twice their original length at a temperature of
65 °C. The specimen was then immediately submerged in water at a tem-
perature of 25 °C under force to maintain its elongated shape. Finally, the
specimen was returned to 65 °C to assess the shape-recovery. The shape
fixity and shape recovery ratios, Ry and R,, respectively, were calculated
using the equations:

I
Re = 7 X100 M
t

P}

= " %100 @)
It—lo
where [, is the original length of the sample, I, and [, are the stretched

sample lengths at 25 °C before and after releasing the stress, respectively,
and [, is the length of recovered sample as a result of stimulation at 65 °C.
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