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Hydrogels that can respond to multiple external stimuli represent the next generation of advanced
functional biomaterials. Here, a series of multimodal hydrogels were synthesized that can contract and
expand reversibly over several cycles while changing their mechanical properties in response to blue and
red light, as well as heat (~50 °C). The light-responsive behavior was achieved through a photoredox-
based mechanism consisting of photoinduced electron transfer from a zinc porphyrin photocatalyst in its
excited state to oligoviologen-based macrocrosslinkers, both of which were integrated into the hydrogel
polymer network during gel formation. Orthogonal thermoresponsive properties were also realized by
introducing N-isopropyl acrylamide (NIPAM) monomer simultaneously with hydroxyethyl acrylate (HEA)
in the pre-gel mixture to produce a statistical 60 : 40 HEA : NIPAM polymer network. The resultant
hydrogel actuators — crosslinked with either a styrenated viologen dimer (2V#*-St) or hexamer (6V*2*-St)
— were exposed to red or blue light, or heat, for up to 5 h, and their rate of contraction, as well as the
corresponding changes in their physical properties (i.e., stiffness, tensile strength, Young's modulus, etc.),
were measured. The combined application of blue light and heat to the 6V'2*-St-based hydrogels was
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dramatically enhanced mechanical robustness when fully contracted. We envision that the reported
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Introduction

Stimuli-responsive soft materials’™ that can sense external
environmental cues and change their size, shape, and
mechanical properties have found use in a number of applica-
tions, such as actuators,>® soft robotics,”® tissue culture,”** and
the controlled release of cells, biomolecules and drugs.**™**
Often, the responsivity is programmed into the soft material at
the (macro)molecular level prior to formation of a liquid crystal
elastomer or gel network for example. Some common external
stimuli that have been investigated previously include changes
in pH"™™" or temperature,’®*?® reduction and oxidation,**~>*
magnetic fields,* or irradiation with light (e.g., UV, visible, near-
IR (NIR)),>**” where the selection of a material's responsive
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materials and the corresponding methods of remotely manipulating the dynamic hydrogels may serve as
a useful blueprint for future adaptive materials used in biomedical applications.

components is typically based on the desired application and
preference for a specific external stimulus.

Thermally responsive hydrogels in particular possess
distinct biomedical advantages since they can be fabricated to
mimic soft biological tissues and formulated with a lower crit-
ical solution temperature (LCST) that is close to that of a phys-
iological setting (37 °C). One of the most commonly used
polymers in thermoresponsive hydrogels is poly(N-isopropyl
acrylamide) (PNIPAM)*™*® because at temperatures below its
LCST, it is fully hydrated, but at temperatures above the
threshold temperature, desolvation is entropically favored and
precipitation of the polymer leads to contraction of the overall
material. This process may be reversed after the temperature is
lowered below the LCST and the polymeric material is re-
expanded by swelling in H,O. Building off this temperature-
driven phenomenon, many investigations reported in the
literature have elected to couple PNIPAM's thermoresponsive
process with that of a photothermal one, such as surface plas-
mon resonance-based heating of gold nanomaterials,*” or the
irradiation of graphene** and carbon nanotubes®*
embedded in the gels. In these examples, localized heating
induces precipitation of PNIPAM at the site of light irradiation,
resulting in controlled contraction of the material in precise

This journal is © The Royal Society of Chemistry 2020
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areas. Thus, the dependent, photothermal mechanism converts
light-based energy into heat and provides spatiotemporal
control over actuation and changes in the gel's mechanical
properties.

Alternatively, stimuli-responsive soft materials that possess
light- and temperature-responsive components operated inde-
pendently through a decoupled, or orthogonal, mechanism
have also been investigated. One such example from Shinbo
and co-workers involved the synthesis of a PNIPAM-based
hydrogel that incorporated blue light-responsive spi-
robenzopyran (SP) as part of the gel network.*® Upon irradiation
with blue light, the open merocyanine form of SP isomerized to
the neutral, ring-closed spiro form, resulting in hydrogel
contraction. The authors used this reversible switch at low pH
to control the permeability of a hydrogel-based membrane.
Similarly, azobenzene and its derivatives have also been used as
the UV-visible-active component in dual-responsive (i.e., photo-
and thermo-responsive) hydrogels.*”** In each of these cases
though, the photoresponsive component is usually activated by
higher energy, lower wavelength visible light. However, for
potential biomedical applications, longer wavelengths of light
in the near-IR optical window (650-950 nm) are required to
penetrate human tissue.*** Along these lines, many examples
have been reported involving the fabrication of functional soft
materials that are programmed to respond to red>* and/or
NIR light.?*=”%! But, to the best of our knowledge, none of the
aforementioned materials and related designs are capable of
operating using multiple wavelengths of light, whilst also
simultaneously possessing thermoresponsive behavior.

The advent of photoredox catalysis in the fields of synthetic
organic chemistry®*® and polymer chemistry®* opened up the
possibility to enact complex chemical transformations through
photoinduced electron/energy transfer processes. By tuning the
photocatalyst®® - commonly a transition metal complex or
a metal-free organic dye - different photophysical properties
can be accessed, depending on the desired application. Metal-
loporphyrins, often used as a photosensitizer in photodynamic
therapies,®”® or as a means to harvest photons in dye-sensitized
solar cells,**”* are quickly becoming a versatile tool in the field
of photocatalysis.®*”>7* One of the earliest demonstrations of
their use in polymer synthesis was described®* by Boyer and co-
workers in 2015 when they investigated the multi-wavelength
and oxygen-tolerant properties of zinc (Zn)-based tetraphe-
nylporphyrin in the photoinduced electron transfer addition—-
fragmentation chain transfer (PET-RAFT) polymerization of
a range of monomers and trithiocarbonate chain-transfer
agents. Yet as versatile as they have proven to be, metal-
loporphyrins, to the best of our knowledge, have not yet been
exploited as photoredox catalysts that can initiate macroscale
motion in hydrogel actuators.

Recently, we demonstrated”>”” a novel photoredox-based
mechanism for actuating gels (Fig. 1a), whereby a bis(viol-
ogen)-based crosslinker, 2V*'-St, was used to establish
a network comprising poly(hydroxyethyl acrylate) (poly(HEA))
and a visible-light-absorbing photocatalyst (PC) - i.e., [Ru(bpy)s]
Cl, - soaked into the gel. Irradiation of the gels with blue light
in the presence of a sacrificial reductant like triethanolamine
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(TEOA) induced a dramatic reduction in the gel's volume
(contracting anywhere from 40 to 80%) and caused a 2-3 fold
increase in its Young's modulus and maximum tensile strength.
These changes in size and mechanical properties resulted from
the photoreduction of the crosslinker (2V** to 2V'") inside the
gel network, leading to a loss of ions and electrostatic repulsion,
as well as the “turning on” of favorable radical spin-pairing
interactions between viologen radical cations (Fig. 1a).”®%
Removing the light source and allowing O, and H,O to diffuse
into the contracted gel caused the viologen radical cations to
oxidize (2V'* to 2V*") and the gel to re-swell as it absorbed H,O
upon expansion.

Although we demonstrated that this novel light-based
mechanism for actuating gels was completely reversible over
many contraction-expansion cycles, it is still not without limi-
tations. Firstly, the ruthenium-based PC was soaked into the gel
along with the sacrificial reductant (TEOA). This means the gels
needed to be replenished after each contraction cycle by soak-
ing them in a solution consisting of 0.15 mM PC and 3 mM
TEOA, allowing for consistent actuation kinetics and perfor-
mance. Secondly, the oft-used PC in this case ([Ru(bpy);]Cl,) is
commonly photoexcited with blue light (i.e., 450 nm), which
falls short for its use in biomedical applications that require
longer wavelengths of light.

With an eye towards future potential biomedical applica-
tions, we sought to redesign the photoredox platform (Fig. 1b)
so a more versatile PC could be employed and integrated into
the hydrogel network. Specifically, a mono-functionalized zin-
c(u) porphyrin (ZP-PC) was prepared with an oligoethylene
glycol chain bearing a polymerizable acrylate group. Incorpo-
ration of the derivatized PC into the hydrogel network cross-
linked with the bis- or hexa-viologen containing
macrocrosslinkers (2V*-St or 6V'**-St, respectively) was
screened and optimized to ensure efficient gel actuation
performance and kinetics. Additionally, an orthogonal, ther-
moresponsive mode of activation was built into the stimuli-
responsive material by implementing a 60 : 40 HEA : NIPAM
monomer ratio prior to gel formation. Here, we describe (i) the
synthesis of functional precursors and the final multi-
responsive gel product, (ii) photoredox-based activation of the
gel actuators using blue or red light, (iii) gel actuation using
only heat, and (iv) enhanced gel actuation kinetics and perfor-
mance when blue light and heat are used in concert.

Results and discussion

Synthesis and characterization of the viologen-based
crosslinkers and photocatalyst

Synthesis of the hexaviologen-based macrocrosslinker (6V***-St)
was performed (Fig. 2a) by using a modified version of our
previously reported®* iterative synthetic protocol to make well-
defined polyviologens. Specifically, a dibromo-end-capped
hexaethylene glycol linker (HEG-Br) was used in this investiga-
tion instead of its tosylated equivalent on account of the latter
being more susceptible to hydrolysis during workup and
storage. Potassium hexafluorophosphate (KPFy) was also
included in several of the reaction steps (vide infra) to obtain the

Chem. Sci., 2020, 11, 10910-10920 | 10911
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Fig. 1 Design and synthesis of viologen-based hydrogel actuators. (a) Previous gel network design composed of HEA monomer that was
actuated using a photoinduced electron transfer (PET) process between a blue light-absorbing photocatalyst (Ru(bpy)s2*) and a (bis)viologen-
based crosslinker. (b) New hydrogel network design composed of 60 : 40 HEA : NIPAM monomer ratio, a Zn-based porphyrin photocatalyst (ZP-
PC), and a six viologen-containing macrocrosslinker. Actuation of the multimodal gel is achieved with blue or red light, heat, or the combination

of light and heat (bimodal).

final product macrocrosslinker. The purpose of adding the salt
was to keep the precursors and intermediate products soluble
in MeCN during the reaction, which in turn yielded nearly
quantitative conversion for each step. With these protocol
changes in hand, the synthesis of 2V>*-2PFs~ was performed
(Fig. 2a) using a Teflon screw-capped high-pressure flask, in
which 1 equiv. of HEG-Br was reacted with 20 equiv. of 4,4’-
bipyridine (BIPY) in the presence of 4 equiv. of KPFg, all dis-
solved in anhydrous acetonitrile (MeCN; 100 mg mL™") heated

10912 | Chem. Sci,, 2020, 11, 10910-10920

to 130 °C and stirred for 16 h. The salt (KPF¢) was used to
exchange the Br~ counteranion with PFs~ ions, thus enhancing
the solubility of the resultant product (2V>*-2PF¢ ) in MeCN.
After completion, the crude reaction mixture was cooled to
room temperature, filtered, and precipitated in PhMe : Et,O
(1 : 2), followed by centrifugation at 4500 rpm for 30 min. Next,
the supernatant solution was decanted, the resultant pellet was
re-dissolved in MeCN, and the precipitation process was
repeated four times to yield 2V**-2PF,~ in 75% yield. The

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Synthesis of a hexaviologen-based macrocrosslinker 6V12*-St as its PFs~ salt. (a) Iterative synthesis: (i) HEG-Br (20.0 equiv.), KPFg (4.0
equiv.) dissolved in MeCN in a high-pressure flask heated to 130 °C and stirred for 16 h; (ii) BIPY (20 equiv.) dissolved in MeCN in a high-pressure
flask heated to 130 °C and stirred for 16 h; (iii) MsO-TEG-St (35 equiv.), KPFg (3.0 equiv.), 4-tert-butylcatechol (6 equiv.) dissolved in DMF (in
a non-high-pressure flask) and heated to 80 °C while stirring for 48 h; (b) GPC traces (H,O with 0.025 M Na,SO, at 23 °C with 1.0 mL min~?) of
the oligoviologen intermediates and final macrocrosslinker (all counterions are HSO47); (c) *H NMR data of 6V2*-St (500 MHz, DMSO-dg). The
residual solvent peaks are labeled as: DMF (@), DMSO (@), H,O (<), and Et,O (O).

moderate loss in yield may be attributed to the workup proce-
dure, as proton nuclear magnetic resonance ("H NMR) spec-
troscopy was used to confirm full conversion of HEG-Br in the
crude reaction mixture. Similarly, 2V>*-2PF,~ was converted to
2V*".2PF,-2Br~ by stirring it for 16 h with 20 equiv. of HEG-Br
in anhydrous MeCN (10 mg mL ™" of 2V**-2PF¢ ) heated to
130 °C in a high-pressure flask. However, it is important to note
that in this step KPFs was not used because the terminal HEG-Br
chains of 2v**-2PF, ™ -2Br~ improved its solubility in MeCN.
Isolation of the pure product was carried out like the previous
step, affording 2V**-2PF, -2Br~ in 74% yield. Subsequent
extension of the chain to a tetraviologen intermediate was
carried out by reacting 2V**-2PF,~-2Br~ with 20 equiv. of BIPY
in the presence of 4 equiv. of KPF, all dissolved in anhydrous
MeCN (at 10 mg mL " of the viologen-based starting material),
heated to 130 °C in a high-pressure flask while stirring for 20 h.
The product 4V®"-6PF,~ was isolated as described in the
previous steps, in 70% yield. Further repetition from the
previous steps also yielded the hexaviologen precursor
6V'*"-10PF;~ in 67% yield. In the final reaction step,

This journal is © The Royal Society of Chemistry 2020

6V'®*-10PF;~ was treated in a high-pressure flask with a mesy-
lated oligoethylene glycol chain attached to styrene (MsO-TEG-
St; 35 equiv.) in the presence of KPFg (3 equiv.) and 4-tert-
butylcatechol (6 equiv.) dissolved in anhydrous dime-
thylformamide (DMF; 75 mg mL ") heated to 80 °C. After 48 h of
stirring, the crude reaction mixture was cooled to room
temperature and diluted with MeOH, followed by filtering and
precipitating out the semi-pure product in PhMe : Et,O (1 : 2).
The isolated product was then re-dissolved in DMF and
precipitated with THF : Et,0 (1:2) and this process was
repeated four additional times to produce nearly 3 g of 6V'**-
St-12PFs~ in 66% yield. For reference, the shorter bis(viologen)-
based crosslinker (2V>*-2PFs ) was treated with 4-vinylbenzyl
chloride (50 equiv.) dissolved in anhydrous DMF (75 mg mL ™"
of 2V?**-2PF, ") and heated at 55 °C while stirring for 24 h. The
product 2V**-St-2PF¢~-2Br~ was isolated by precipitation - in
PhMe : Et,O (1:2) - to afford 1.5 g of the crosslinker in 57%
yield.

Synthesis of the monofunctionalized photocatalyst (ZP-PC,
Fig. 1b) was performed by modifying previously reported

Chem. Sci., 2020, 1, 10910-10920 | 10913
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procedures.®®*® The first step in the synthesis to generate the
monohydroxyl free-base tetraphenylporphyrin (TPP-OH) was
the most costly in terms of yield (i.e., ~5%) given that the
reaction produces a statistical mixture of mono-, bis-, tris-, and
tetra-functionalized TPP. However, isolation of the desired
product (TPP-OH) was readily achieved using standard silica gel
chromatography wusing a gradient mobile phase of
hexane : CH,Cl,. Functionalization of the singular hydroxyl
group with a triethylene glycol linker was carried out under
mildly basic conditions (K,CO;) in DMF at 80 °C by reacting
TPP-OH with a monotosylated triethylene glycol (TEG-OTs)
precursor, resulting in a 55% yield for the free-base porphyrin
intermediate TPP-TEG-OH. Next, a polymerizable group was
added to the terminus of the TEG chain by treating TPP-TEG-
OH with Et;N in refluxing CH,Cl,, followed by the addition of
acryloyl chloride and heating the reaction at 60 °C. After an
aqueous workup, the product was isolated by silica gel chro-
matography (CH,Cl, : EtOAc, 9 : 1) to afford TPP-TEG-Acrylate
in 75% yield. The final metalated ZP-PC photocatalyst was ob-
tained by treating TPP-TEG-Acrylate with Zn(OAc), (10 equiv.) in
CHCl; : MeOH (7 : 3), stirring overnight at room temperature
and in the dark. After another aqueous workup, several hundred
milligrams of the final product were isolated in 95% yield. For
complete synthetic details and reaction schemes to prepare ZP-
PC, see ESL T

Each compound synthesized in this investigation was char-
acterized by 'H and *C NMR (Fig. 2¢ and $1-S91), and each
oligoviologen product underwent additional characterization
that included gel permeation chromatography (GPC) (Fig. 2b
and S13) and MALDI-ToF mass spectrometry (see ESIt for mass
spectral data). It is important to note that although the smaller
molecular weight oligomers — namely, 2vV>*, 2v**-St, and 4V°®* -
displayed narrow elution bands by GPC, the hexaviologen
macrocrosslinker and its corresponding precursor (6V*>*-St and
6V'%" respectively) exhibited considerable peak broadening.
However, this has been observed in previous reports by us,”>7®
and is expected as more positive charges are built into the
higher molecular weight oligomers, thus allowing for increased
counterion exchange to occur on the column (mobile phase:
H,O0 with 0.025 M Na,SO, at 23 °C). To corroborate the purity
and unimolecular nature of each oligoviologen intermediate
and the final macrocrosslinker, end-group analysis was per-
formed using 'H NMR spectroscopy (Fig. 2c and S9%). In
particular, the intermediates terminated by unfunctionalized
pyridine rings showed four distinct proton resonances between
8.0-9.4 ppm, which arise from the asymmetry of the o and
B protons associated with each pseudo-viologen end group.
Conversely, the bromine-end capped precursor sequences
contain symmetrical viologen subunits, which leads to only two
proton resonances for the o and B protons of each viologen
subunit at 8.7 and 9.3 ppm. Similarly, 6V'>*-St possesses
symmetrical viologen subunits throughout (Fig. 2c), hence two
peaks were observed at 8.79 and 9.31 ppm for the « and
B protons associated with each end group. Additionally,
a distinct singlet arises at 4.43 ppm (labelled as ‘e’ in Fig. 2c),
representing the methylene proton next to the styrene whose
own aromatic proton resonances appear as doublets at 7.24 and

10914 | Chem. Sci, 2020, 11, 10910-10920
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7.40 ppm (labelled ‘c’ and ‘d’). Moreover, the vinylogous proton
resonances of styrene appear at 5.24, 5.79, and 6.70 ppm as
doublet, doublet, and doublet of doublets, respectively (labelled
‘a’ and ‘b’ in Fig. 2¢). When comparing the relative integrations
of the styrenyl methylene and aromatic proton resonances to
that of the o and B protons of the viologen subunits (Fig. S97),
the expected ratio (24 : 4 and 24 : 8, respectively) was observed
for a macrocrosslinker consisting of six viologen subunits. For
the 2v**-St crosslinker, each viologen subunit is asymmetric,
hence three proton resonances were observed (Fig. S91) at 8.73,
9.28, and 9.48 ppm. Additionally, a distinct singlet appears at
5.93 ppm, representing the methylene proton adjacent to the
styrene whose aromatic proton resonances show up at
7.58 ppm. Similar to the hexaviologen macrocrosslinker, the
vinylogous proton resonances for 2V**-St appear at 5.33, 5.90,
and 6.76 ppm as a doublet, doublet, and doublet of doublets,
respectively.

Next, the ability of 2V**-St and 6V'>*-St to undergo intra-
molecular self-assembly (i.e., folding) in MeCN through
a radical-radical spin pairing mechanism involving photo-
reduced viologens (V''---V'") was verified using ultraviolet-
visible-near-infrared (UV-vis-NIR) absorption spectroscopy.
This experiment was performed by preparing an N,-purged
MeCN solution (0.7 mL) containing 0.25 mM 2V*"-St-2PF-
T-2Br, 0.3 mM ZP-PC, and 3.0 mM TEOA as a sacrificial
reductant, and adding it to a cuvette in a N,-filled glovebox,
followed by irradiating it with blue light (450 nm) for 60 min.
UV-vis-NIR absorption spectra were recorded (Fig. S10-S127)
before and after photoreduction, and a distinct absorption peak
in the NIR centered around 850-900 nm was observed for the
irradiated sample. This peak is commonly associated with the
formation of viologen radical dimers®” and was also observed in
our previously reported investigations of oligoethylene glycol-
based polyviologens.”>””** Moreover, the absence of either the
photocatalyst, viologen dimer, or light irradiation resulted in
absorption spectra that lacked the diagnostic electronic
features at ~900 nm associated with the pairing of viologen
radical cations. The same experiment was repeated for 6V'**-
St-12PF,  at the same concentration as the dimer (Fig. S12b¥).
Again, the NIR absorption peak at 850-900 nm was observed,
only at a higher intensity on account of the hexamer containing
three times as many viologen subunits. These results in solu-
tion support the notion that intramolecular radical-based
molecular recognition upon photoirradiation is possible with
each crosslinker, however, it is important to note that the data
does not entirely rule out the possibility that some intermo-
lecular affinity may also be possible, even under these dilute
conditions, and certainly when crosslinked into hydrogels (vide

infra).

Fabrication of multimodal hydrogels

Next, a series of hydrogels were synthesized in triplicate using
2V**-St-2PF; -2Br~ (at 0.365 mol% or 3.5 wt%) or 6V'**-
St-12PF, (at 0.365 mol% or 12.4 wt%) crosslinkers in DMSO
and using the thermal initiator ammonium persulfate (APS) to
go along with 2-hydroxyethyl acrylate (HEA; 0.58 mol%) and N-

This journal is © The Royal Society of Chemistry 2020
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isopropylacrylamide (NIPAM) (0.40 mol%) monomers, and ZP-
PC. The total mass of all the pre-gel material was 443.5 mg in
1.11 mL of DMSO (Table S1t). The gelation time was 60 min,
while the pre-gel solution was contained in a 2 cm diameter
rubber septum. Complete conversion of the crosslinker,
monomer, and ZP-PC photocatalyst was confirmed using
Fourier transform infrared (FTIR) spectroscopy and monitoring
the disappearance of corresponding vinyl groups (Fig. S147).
The resultant three-dimensional polymer network was soaked
in H,O for at least 48 h to yield swollen hydrogels with an
average volume of 9.68 cm? for 2V**-St and 11.16 cm® for 6V'**-
St crosslinked gels. The shear modulus (G) was obtained by
measuring the storage (G') and loss (G”) moduli for each
hydrogel. Subsequently, the corresponding swollen hydrogels
were lyophilized and their swollen and dry masses were used to
calculate the volumetric swelling ratio (Q)*® (Table S37), cross-
linking density® (0.978 and 0.744 mol m * for 2v*"-St and
6V'>*-st crosslinked hydrogels, respectively), and molecular
weight of the polymer chains in between crosslinking junctions
(175 and 118 kDa for the 2v**-St and 6V'**-St crosslinked
hydrogels) (see ESIf for all related equations). From these
calculations, it is apparent that by increasing the number of
viologen-hexaethylene glycol units in the chain, as well as the
overall amount of the crosslinker, the hydrophilicity of the
corresponding hydrogel increases. The increased affinity for
water thus leads to the increased swelling ratios and lower G
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and M. values, meaning the corresponding gel becomes
inherently softer.

Performance of the hydrogel actuators

With the hydrogels synthesized in triplicate, their ability to
perform as photo-, thermal-, and bimodal-responsive (photo +
thermal) actuators was assessed (Fig. 3). The photoresponsive
experiments were performed by soaking the hydrogels in an
aqueous 3.0 mM solution of TEOA inside a N,-filled glove box
for 24 h. Next, the hydrogels were placed in a clear sealed Petri
dish and irradiated simultaneously from above and below
(5.5 em from dish) with blue (450 nm) or red (660 nm) light (see
inset pictures in Fig. 3a). For the control experiments, the
hydrogels were soaked only in Milli-Q H,O (with no photo-
catalyst) and irradiated with blue or red light. For the ther-
moresponsive experiments, one hydrogel each was placed in
three 250 mL beakers (containing 125 mL H,0). These beakers
were then placed in a pre-heated (50 °C) H,O bath (Fig. S171),
representing the starting point of the experiment. The
combined activation using light and heat (i.e., bimodal actua-
tion) was investigated by soaking the hydrogels in 3.0 mM TEOA
solution (50 mL) in 125 mL glass bottles inside a N,-filled glove
box. After soaking, each of the bottles were sealed with a rubber
septum inside the N,-filled glove box and then immediately
connected to a Ny-line after removing from the glovebox. The
bottles were then placed in a pre-heated (50 °C) H,O bath
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(a) Pictures of a representative swollen hydrogel (middle) were acquired before and after irradiation with either blue (450 nm) or red (660

nm) light (left and right, respectively). The inset pictures show the experimental setup for irradiating each hydrogel from above and below using

lamps. Contraction kinetics of hydrogels composed of (b) 2V4*-St or (c) 6

V12*_St crosslinkers were investigated by measuring the change in

volume of each hydrogel when activated by visible light (red or blue) and/or heat over the course of 5 h.
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(Fig. S217) to start the contraction kinetics experiments. For
reference, only the 6V'>*-St crosslinked hydrogels were evalu-
ated for bimodal actuation. For all actuation methods, the
volume was measured (Fig. 3b and c) as the hydrogels con-
tracted over a period of 5 h.

When the 2V**-St crosslinked hydrogels (Fig. 3b) were irra-
diated with red light for 2 h, their volumes decreased down to
34% of their original starting size, and only an additional 2%
contraction was observed thereafter from 2 to 5 h (i.e., the final
relative volume was 32%). By comparison, irradiating the
hydrogels with blue light resulted in volume contraction down
to 26% in 2 h, and then down to 15% after another 3 h of
irradiation. As a control, two sets of hydrogels possessing no
photocatalyst were irradiated with red or blue light. After 2 h of
irradiation, both sets of hydrogels contracted to 82% of their
original starting volumes, and then down to 76% after an
additional 3 h of light irradiation. The loss in volume for the
control hydrogels is attributed to mild dehydration that results
from the arid glovebox environment and potentially due to
some localized heating from the LED light bulbs. Alternatively,
when the viologen dimer-based hydrogels were exposed to heat
in a H,O bath at 50 °C, they contracted down to 22% of their
original volumes within the first 2 h, and then down to 18%
after a total of 5 h at 50 °C.

Photoreduction of the 6V “-St crosslinked hydrogels
(Fig. 3c) by red light resulted in contraction down to 46% of the
starting volume after 2 h, and to 33% after 5 h. When irradiated
with blue light, the hydrogels contracted down to 24% in 2 h
and to 13% after 5 h. Additionally, two sets of control hydrogels
(with no photocatalyst) were irradiated by red or blue light for
5 h. After the first 2 h, each set contracted to 75% on average
relative to their original sizes. Only an additional 5% contrac-
tion was observed for the remaining 3 h of irradiation with
either wavelength of light, yielding volumes that were 70% of
the original starting sizes. The results from the control experi-
ments again indicate that the primary mode of activation is
dehydration when no photocatalyst is present and that
contraction is greatly accelerated when the photoredox mech-
anism is the primary mode of activation. Lastly, the hydrogels
were exposed to heat in a H,O bath pre-heated to 50 °C, which
induced contraction of the hydrogels down to 19% within the
first 2 h, and to 17% after 5 h total.

It is important to note that the contraction kinetics between
the 2v**-St and 6V'**-St crosslinked hydrogels were almost
alike, regardless of the fact that they were incorporated at
equimolar concentrations and the latter possessed four more
viologen subunits than the former. We attribute the similar
performance to differences in hydrophilicity, swelling ratio, and
the crosslinking density (vide supra), which offset any additional
radical-radical spin-pairing interactions and favourable loss of
electrostatic charge and corresponding counteranions that may
be attained for the hexaviologen-based hydrogels.

Next, bimodal activation of the 6V'**-St crosslinked hydro-
gels using blue light (450 nm) and heat (50 °C) was investigated.
The setup for this experiment (Fig. S217) involved placing one
hydrogel in N,-purged H,O inside a glass bottle sealed with
a rubber septum. The experiment was started when the glass

12+
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Fig. 4 Plot of hydrogel volume change over three actuation cycles,
demonstrating the reversibility and cyclability of 6V*2*-St crosslinked
hydrogel actuators using orthogonal modes of activation (blue light
and heat (50 °C)) simultaneously.

bottle was placed in a H,O bath pre-heated to 50 °C, while
simultaneously being irradiated with blue light emitted from
two desk lamps. Within 1 h, the hydrogels contracted on
average down to 17% of their original starting volume. After an
additional 4 h of irradiation/heating, the hydrogels underwent
5% more contraction, stopping at a relative volume of 12% of
the original starting size. Thus, there is a distinct advantage to
activating orthogonal mechanisms of actuation - i.e., photo-
redox and thermoresponsive - inside the hydrogels. The
contraction rate more than doubled by reaching 94% of the
maximum observed contraction of the multimodal hydrogel
within 1 h.

Contraction of the hydrogels described in this investigation
are completely reversible. For example, the in situ photoreduc-
tion of the viologen subunits of the crosslinker results in con-
tracted hydrogels that appear black in colour. However, once
they are placed in a Petri dish containing O,-saturated H,O, the
embedded viologens oxidize in 20-60 min and the hydrogels re-
swell in a few hours. The same is true for the thermally activated
hydrogels once they are removed from the hot H,O bath and
allowed to re-swell. To demonstrate the reversibility of the
bimodal actuation process, three 6V*>*-St crosslinked hydrogels
were cycled three times each by shining blue light on them and
simultaneously applying heat (50 °C) to induce contraction,
followed by turning off the light and removing the hydrogels
from the hot plate to induce expansion (re-swelling). The results
from these cycling experiments (Fig. 4) demonstrate that it is
possible to enact multiple contraction-expansion cycles (i.e.,
actuation) on the hydrogels using orthogonal modes of activa-
tion. Also, the slight changes in volume between each cycle may
possibly be explained by counterion exchange that occurs after
each contraction step, whereby each viologen subunit loses its
unpaired radical electron to molecular O,, thus generating
superoxide anion (O, ) and presumably its hydroxide byprod-
uct (OH ™) in the process, and therefore potentially changing the
volume slightly each cycle.

This journal is © The Royal Society of Chemistry 2020
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Mechanical properties of the hydrogel actuators

The change in stiffness of the hydrogels before and after 5 h of
photo-, thermal-, and bimodal-induced contraction was
measured using oscillatory shear rheology (Fig. S19 and S207).
The 2v**-St crosslinked hydrogels contracted by red light, heat,
or blue light modes of activation showed (Fig. S19a, b, S20a and
bt) storage moduli (G') of 2.3, 3.7, and 5.2 kPa, respectively.
After oxidation and re-swelling in H,0, the G’ value decreased
by 1.6-4.3 kPa due to the softening of the respective hydrogels.
For comparison, the red and blue light-activated control
hydrogels (with no photocatalyst present) underwent only
a slight change in storage moduli (~0.5 kPa): red light-activated
hydrogel's storage moduli changed from 1.1 to 0.5 kPa upon
oxidation and re-swelling, and the blue light-activated hydro-
gel's storage moduli changed from 1.2 to 0.7 kPa.

Enabling the different modes of activation to contract the
6V'>*-St crosslinked hydrogels via red light, heat, blue light, and
bimodally (blue light and heat) was also performed to assess any
potential changes in the hexaviologen-containing hydrogel's
stiffness. Accordingly, oscillatory shear rheology experiments
were carried out to measure the corresponding G’ values of each
hydrogel (Fig. 5, S19¢c, d, S20c, df and Table 1), which were
found to be 2.0, 3.5, 4.6, and 5.0 kPa, respectively, for each
method of activation. After oxidation and re-swelling of the
hydrogels, the G’ values decreased by 1.5-4.3 kPa; a similar
outcome as that for the viologen dimer-based hydrogels. Also,
the same experimental conditions were applied to the control
hydrogels (with no photocatalyst), which resulted in hydrogels
exhibiting a G’ value of 1.1 kPa after 5 h of irradiation with red
light and 0.8 kPa when oxidized and re-swollen in H,O. Like-
wise, the blue light-irradiated control hydrogels exhibited a G’
value of 0.8 kPa, and upon oxidation and re-swelling, a lower G’
value of 0.6 kPa was measured. The differences of only 0.3 and
0.2 kPa, respectively, indicate that the larger macroscale
changes in the 6V'>*-St crosslinked hydrogels are only observed
when either the photoredox, thermal, or bimodal modes of
activation are employed. In other words, a small amount of
dehydration does not yield large changes in hydrogel stiffness.

To further assess the performance of the 6V*'**-St crosslinked
hydrogels, the storage moduli was measured after three
contraction-expansion cycles were performed using bimodal
activation (see Fig. S21} for the experimental setup and Fig. 4,
which shows the changes in volume for each cycle). After the
third contraction, the hydrogels shrunk down to 14% of their
starting volume, and the change in stiffness was quantified by
oscillatory shear rheology (Fig. 5a, S19c, d, S20c and dt). The
contracted hydrogels exhibited a storage modulus of 5.1 kPa
(Fig. 5a, black data trace), and after oxidation and re-swelling in
H,O0, the G’ value decreased to 0.6 kPa. This experiment proves
that the mechanical properties of the hydrogel actuators are
also reversible and can be restored to nearly the same level of
stiffness that was observed prior to the first contraction-
expansion cycle. See ESIT for full rheology data plots (Fig. S19
and S207), including the data corresponding to the loss moduli
(G") associated with each set of hydrogels.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Rheological and tensile data plots for 6V*2*-St crosslinked

hydrogels that were contracted using different modes of activation. (a)
Storage modulus (G') vs. angular frequency (rad s~%) for hydrogels
activated by red or blue light (red square, blue sphere, resp.), heat
(50 °C, green triangle), or bimodally using blue light and heat (pink
triangle). Data is also shown for control (i.e., no photocatalyst, light
blue and red horizontal triangles) and pre-activation hydrogels (light
blue sphere). (b) Stress (kPa) versus strain (%) data plots of hydrogels
activated with red or blue light (red and blue data traces, resp.), heat
(green trace), and bimodally (pink trace). Also shown is data for the
control (no photocatalyst, blue-grey trace) and oxidized hydrogels
(light blue) (c) Pictures of an as-synthesized hydrogel before (upper
left) and after (bottom left) photoreduction, as well as during tensile
testing.
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Table 1 Mechanical properties of 6V2*-St-based hydrogel

Hydrogel state E* (kPa) Ts? (kPa) e’ (%) G'? (Pa) G"¢ (Pa)
Oxidized 14.4 £ 04 5.5+ 0.4 373+ 1.5 494 36

Blue light (control) 17.7 £ 1.2 132+ 1.2 69.7 + 3.0 787 36

Red light 17.9 £ 0.2 18.8 £ 0.6 103.8 £ 1.3 1953 131
Heat 23.2+1.8 22.8 £ 2.7 103.2 + 4.7 3465 237
Blue light 23.9 +2.2 28.3 £ 0.7 110.7 £ 2.5 4397 297
Blue + heat 33.0 + 1.9 40.3 + 3.1 116.5 + 4.7 4841 399

% Young's modulus (E), determined from the slope of the linear elastic region of each stress vs. strain curve. ° Tensile Strength (TS), determined from
the maximum stress value just before break. © Elongation at break (eg), determined from the maximum percent strain when the sample fractured.

4 Storage modulus (G'), determined at 10 rad s~ ¢

Next, the Young's modulus (E), tensile strength (TS), and
percent elongation at break (eg) were measured (Fig. 5b, ¢ and
Table 1) for the 6V***-St crosslinked hydrogels before and after
5 h of activation by red or blue light, heat, or the concerted
application of blue light and heat (bimodal). First, dog-bone-
shaped hydrogels were punched out from larger disc-shaped
ones and loaded onto a mechanical testing system (Fig. 5c).
Each dog-bone hydrogel was extended at a rate of 5.0 mm min "
until the sample fractured. The stress (kPa) versus strain (%)
curves were recorded (Fig. 5b) during this process. The oxidized,
as-synthesized hydrogels (i.e., no applied modes of activation)
afforded the lowest values for E, TS, and ¢, as expected (see the
first row in Table 1). The control hydrogels that were irradiated
with blue light, but possessed no photocatalyst, yielded
a Young's modulus that was 22.9% higher than the starting
hydrogel, whereas the tensile strength increased by 140% and
the percent elongation before breaking increased by 86.9%
(Table 1, second row). Again, these increases in mechanical
parameters for the control hydrogels irradiated with blue light
are attributed to some dehydration that occurs as the experi-
ment is carried out in a N,-filled glovebox. By comparison, the
hydrogels irradiated with red light for 5 h (Table 1, third row)
resulted in a 24.3% increase in the Young's modulus and an
increase of 241.8% and 178.3% in the tensile strength and
percent elongation at break, respectively. Exposing the hydro-
gels to heat by placing them in beakers that were lowered into
a H,O bath at 50 °C further increased E, TS, and ¢ by 61.1,
314.5, and 176.7%, respectively (Table 1, fourth row), relative to
the oxidized, as-synthesized hydrogels. This trend continued
upon assessing the mechanical properties of hydrogels that
were irradiated with blue light for 5 h. Specifically, E, TS, and ¢p
all increased by 66.0, 414.5, and 196.8%, respectively, over the
same values measured for the starting hydrogels. Lastly, the
full, multimodal actuator performance was demonstrated when
a set of hydrogels were irradiated with blue light while simul-
taneously being heated in a H,O bath at 50 °C for 5 h. These
hydrogels exhibited increases of 129.2, 632.7, and 212% for E,
TS, and ¢, respectively. Taken collectively, these tensile exper-
iments reveal how the physical properties of the reported
porphyrin-NIPAM-based hydrogel actuators can be enhanced
dramatically when multiple modes of activation are employed
simultaneously. It is also important to note that the signal noise
for these tensile experiments was higher than expected. We

10918 | Chem. Sci., 2020, 11, 10910-10920
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attribute this result to the increased NIPAM component and the
viologen-based crosslinker, which has a high affinity for H,O.

Conclusions

The design, synthesis, properties, and performance of dynamic,
multimodal hydrogel actuators is reported. The hydrogels were
synthesized through thermal polymerization of HEA and
NIPAM monomers in the presence of custom viologen-based
crosslinkers bearing two or six viologen subunits. A zinc-
based porphyrin photocatalyst was also polymerized into the
hydrogel polymer network, imbuing the soft material with the
ability to undergo multi-wavelength, visible-light photoredox
catalysis when irradiated by blue or red light. Excitation of the
embedded porphyrin resulted in photoinduced electron trans-
fer from the excited-state porphyrin to the oligoviologen-based
crosslinkers; a photoreduction process which induced chain
folding of the crosslinker and hydrogel contraction down to as
low as 15% of the starting volume after 5 h of irradiation with
blue light (450 nm). Upon removal of the light source and
exposure to O, and H,O, the hydrogels re-swelled to their
original volumes, demonstrating complete reversibility of the
photo-based actuation process. Thermal activation of the
hydrogel actuators was also demonstrated by heating them for
5 hat 50 °C in H,0, leading to a maximum contraction down to
17% of its original volume. The simultaneous application of
blue light and heat to the hydrogels (thus, bimodal activation)
doubled the rate of contraction and allowed them to shrink
down to 17% of their original volume within the first hour, and
down to 12% after a total of 5 h of exposure. Assessing the
change in mechanical properties (ie., stiffness, Young's
modulus, tensile strength, etc.) for each reported hydrogel was
also performed before and after exposure to one or more of the
external stimuli. It was determined that bimodal activation
yielded the greatest enhancement of physical properties, where
Young's modulus, tensile strength, and percent elongation at
break increased by 129.2, 632.7, and 212% relative to that of the
starting hydrogel. These results suggest that the physical
properties of the dynamic, multimodal hydrogel actuators can
be finely tuned over select time periods with either visible light,
heat, or the combination therein. We envision that this dynamic
hydrogel platform may find application in biomedical research
endeavours, such as in 3D/4D cell culture, tissue engineering,
and regenerative medicine.

This journal is © The Royal Society of Chemistry 2020
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