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loops in polymer gels with host-guest interactions

Yao Xiong' and Olga Kuksenok-?*

SUMMARY

Patterns formed under external stresses are often critical for ensuring the func-
tionality of soft materials. We focus on dynamic control of pattern formation
and restructuring in hydrogels with host-guest interactions. We extend the
three-dimensional gel Lattice Spring Model to capture the dynamics of photo-
responsive hydrogels with pendant azobenzene moieties immersed in the
a-cyclodextrin («-CD) solution. While trans-azobenzene moieties are accommo-
dated by the «-CD cavities forming inclusion complexes resulting in hydrogel
swelling, exposure to UV irradiation induces trans-to-cis photoisomerization
leading to decomplexation and matrix deswelling. We demonstrate swelling-
induced patterns in confined samples upon adding the «-CD solution in the
dark. Further, we show that spatiotemporal variations in UV irradiation effec-
tively control patterns formed and hysteresis loops. We introduce soft confine-
ments via illuminating specific regions of unconstrained samples with UV light.
Our results indicate that features of patterns and hysteresis in systems’ response
to external conditions can be regulated via well-defined illumination patterns.

INTRODUCTION

Adaptability, compartmentalization, and growth are among well-recognized hallmarks of the living sys-
tems,’ which in turn inspire numerous efforts to mimic similar characteristics in fully synthetic materials.
Pattern formation plays a vital role in many aspects of the above characteristics, contributing to the efficient
functionality of living systems.” The hydrogel matrix represents a soft responsive “canvas” that can be
readily functionalized with various chemical moieties and reversible bonds® to probe multiple aspects of
out-of-equilibrium behavior of soft synthetic systems. Mechanical instabilities induced by sufficiently
high compressive stresses in hydrogels undergoing swelling under various confinements result in the re-
configuration of the planar shape to out-of-plane patterns, such as wrinkling, buckling, creasing, and
folding.”® Specific confinements of hydrogels resulting in swelling-induced pattern formation under

various conditions encompass clamping of gel edges,””” binding the gel to another elastic layer,'*'" or

introducing anisotropic swelling through the variation of gel properties.’”"”

Using light to control pattern formation and restructuring in hydrogels is of particular interest since illumi-
nation can be introduced remotely and non-invasively, and ideally can be applied numerous times to
induce, erase, and rewrite patterns required for specific functionality. While imparting effective photores-
ponses can be challenging due to narrow ranges of operational conditions and fatigue during multiple
switching cycles, a simple and facile approach to introduce robust photoresponses in hydrogels was
recently proposed by Kuenstler et al.’® by means of unitizing reversible host-guest complexation. Specif-
ically, it had been shown'® that gel swelling is effectively controlled by the isomerization state of incorpo-
rated azobenzene moieties and by the extent of complexation of these moieties with a-cyclodextrin (¢-CD)
units.

The azobenzene (Azo) moiety is a well-known and widely used photochemical group underdoing reversible
interconversion between trans- and cis-conformations: the trans-to-cis photoisomerization is driven by the
UV light irradiation, while the cis-to-trans isomerization occurs spontaneously via thermal relaxation in the
dark and can also be induced by visible (Vis) light illumination.'”"?' The dynamics of the photoresponse and
an extent of the equilibrium swelling under the UV light depends on how the azobenzene units are incor-
porated into the polymer network.”” Specifically, due to more hydrophilic nature of cis isomers, an expo-
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Figure 1. Equilibrium volume phase transitions in PNIPPAm gels functionalized with azobenzene moieties

(A) Schematic of reversible complexation between azobenzene moieties grafted onto polymer strands in functionalized
PNIPPAm gels and a-CD units dissolved in water. The cis-to-trans photoisomerization of azobenzene moieties results in
the complexation resulting in swelling of the polymer matrix, while the trans-to-cis transition leads to decomplexation and
correspondingly shrinking of the hydrogel.

(B) Equilibrium degree of swelling, Aseq(?:hT), for hydrogels in pure water in the dark (A:’q(&t,T), in black), and hydrogels in

the a-CD solution, Ag;qCD(ct,T), in the dark, under UV light irradiation, and under visible light irradiation (in red, in green,

and in blue, respectively).

(C) Equilibrium swelling ratio of hydrogels, a(&, T), in aqueous a-CDs solution in the dark (in red), under UV irradiation (in
green), and under visible light irradiation (in blue). At each temperature, the swelling ratio is calculated as a ratio between
the equilibrium degree of swelling at conditions listed above, }\‘;;lCD(Et, T), and that in pure water in the dark, 25, (1,T). The
black line is the analytical prediction of the critical swelling ratio, a(wp /ho), above which the flat hydrogel film with two
clamped edges loses in-plane stability; wog and hg are the initial width and thickness of the sample in pure water in the dark.
In (A and B), the filled circles are simulation results and the lines of the corresponding color represent analytical
calculations.

(PNIPAAm) hydrogels with azobenzene pendant groups.'®?*?* On the contrary, a decrease in the swelling
ratio upon UV irradiation was observed in the PNIPAAm hydrogels with crosslinks incorporating azoben-
zene groups,”” the latter effect was attributed to the decrease in entropy of polymer chains during the
trans-to-cis photoisomerization.

While the nearly planar trans-azobenzene (trans-Azo) moieties can be recognized and efficiently accommo-
dated by the cavities of cyclodextrins (CDs) to form inclusion complexes (Figure 1A), an exposure to UV
irradiation drives the trans-to-cis photoisomerization and causes the dissociation of the complexes.?*™’
Utilizing these host-guest interactions, the photo-responsive behavior of azobenzene-functionalized hy-
drogel-based systems can be substantially modulated and often amplified by dissolving free CDs units
in water'®°° or by integrating CDs as physical crosslinkers.>'*? If the gel is physically crosslinked via the
host-guest interactions in addition to the chemical crosslinking, then UV/Vis irradiation induces an expan-

sion-contraction behavior, not a sol-gel phase transition.>’%?

Herein, we focus on modeling PNIPAAm hydrogels with pendant azobenzene moieties immersed in water

with dissolved a-CD units as shown in Figure 1A. We begin with extending three-dimensional gel lattice
spring model (3D gLSM)™ to be able to capture the dynamics of the hydrogels with pendant Azo groups
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immersed into the a-CD solution. We first demonstrate that the proposed model reproduces volume phase
transitions in azobenzene-functionalized hydrogels with host-guest interactions and related reconfigura-
tion of the shapes of thin hydrogel sheets under non-uniform light as reported in the recent experimental
study.'® We then demonstrate the buckling of thin hydrogel films under rigid confinement upon immersion
of the hydrogel film with long edges clamped into the a-CD solution. Further, we utilize variations in light
irradiation conditions to control pattern formation in thin hydrogel films under rigid and soft confinements
and to control hysteresis in hydrogel response to changes in external environments. Soft confinement is
introduced via illuminating specific regions of the thin samples with UV light; this patterned illumination
introduces localized regions with higher rigidity. While significant progress had been made in understand-
ing swelling-induced pattern formation in various confined hydrogels,”'%""*% herein pattern formation
and hysteresis loops are modeled in the hydrogels with host-guest interactions. Our results show that an
onset of buckling and specific features of patterns formed along with hysteresis in systems’ response to
external conditions can be effectively controlled in polymer networks with host-guest interactions via
well-defined illumination patterns.

RESULTS

Adapting the gel lattice spring model framework to model hydrogels with host-guest
interactions

The gel Lattice Spring Model (gLSM) approach was originally developed to simulate dynamics of the
chemo-responsive gels undergoing Belousov-Zhabotinsky chemical reactions (referred to as BZ gels)
in two"% and in three® dimensions. The results obtained using gLSM are in a good agreement with
a number of experimental findings.”' ™’ The gLSM was further extended to model the photo-response
of BZ gels**>* and dynamics of the spyrobenzopyran-functionalized gels.”>>° In this work, we adapt
three-dimensional gel Lattice Spring Model (3D gLSM)***° to capture the dynamics of the azoben-
zene-functionalized PNIPAAm hydrogels immersed into the a-CD solution under UV irradiation and un-
der the visible light. The details of 3D gLSM approach are introduced in the computational methods sec-
tion later in discussion. The approach proposed herein captures the UV-driven trans-to-cis
photoisomerization of the pendent azobenzene groups and the expulsion of the chromophores in their
cis-form (cis-Azo) from the a-CD cavities, which causes the decrease in the hydrophilicity of the polymer
matrix. The proposed model also accounts for the cis-to-trans isomerization under visible light or due to
the thermal relaxation and corresponding formation of the host-guest supramolecular complexes be-
tween the trans-azobenzene moieties and a-CD units.”’ 7 The models capturing the isomerization of
azobenzene moieties typically consider three processes: UV-driven trans-to-cis photoisomerization, the
visible light-driven cis-to-trans photoisomerization, and the spontaneous trans-to-cis thermal relaxation
as following'?%07¢3;

ktc
trans-Azo = cis-Azo (Equation 1)
kd‘:kt

where ki and ke are the rate constants of the trans-to-cis and cis-to-trans photoisomerization, respec-
tively, which can be controlled by the intensity and the wavelength of light, and k; is the rate of sponta-
neous thermal cis-to-trans relaxation. The association and dissociation of the azobenzene moieties with
ka
the a-CD units, trans-Azo +a-CD = trans-Azo@Qa-CD, where k, and ky are the association and dissocia-
kg
tion rate constants, respectively, had been shown to occur significantly faster than the photoisomeriza-
tion.?%¢* Specifically, the isomerization of the azobenzene had been demonstrated to be the rate-limiting
reactive process and the complexation with the a-CD units had been shown not to affect the photosta-
tionary state of the azobenzene-functionalized surface.®” Further, in the recent study of the photokinetics
of the supramolecular Azo/CD complexes, the dissociation of the Azo compound from the complexes
was considered to occur simultaneously with the isomerization kinetics.®® Hence, we assume that the
photoisomerization is the rate-limiting reaction process and that the complexation/decomplexation oc-
curs simultaneously with the isomerization. We also assume that all pendant trans-azobenzene moieties
form inclusion complexes with free a-CD units with the stoichiometry of”’~>7 1:1, this assumption is valid
provided that an excess amount of the a-CD units is available for the complexation.®” Thereby the con-
centration of the inclusion complexes is assumed to be equal to the concentration of the azobenzene

¢? CellPress

OPEN ACCESS

iScience 25, 105606, December 22, 2022 3




¢? CellPress

OPEN ACCESS

moieties in trans conformation (trans-Azo), ¢, in the presence of the a-CD units dissolved in water, and

follows the reaction kinetics corresponding to Equation 1 above:*#¢?

% = — ke + (ke + ko) (T — ) (Equation 2)
The value of ¢; in Equation 2 is normalized by the total concentration of azobenzene pendent groups
grafted onto the polymer matrix. The values of rate constants ke, ki, and k;: are assumed to be independent
on temperature within the temperature range probed in this study. Finally, we consider only relatively thin
samples (of the thickness up to ~30 um as shown later in discussion). This thickness is smaller than the pene-
tration depth of the UV light,'® leading to an approximately uniform light absorption and constant values of
ket and ki through the sample thickness. For the uniformly illuminated thin sample, the time evolution of
the azobenzene moieties in trans conformation follows ¢;(t) = &+ (ct(0) — &)exp(— t/7), where ¢;(0) is
the initial value and &; = (ke + k)7 is the photostationary concentration of trans-Azo normalized on the to-
tal concentration of Azo moieties grafted onto the polymer network, and 7 = (k; + ke + kie) ™ is the respec-
tive photorelaxation time.

Within the framework of gLSM,*? the total energy of the deformed polymer network encompasses mixing
energy and elastic energy contributions. The dimensionless mixing energy normalized by kg T, where kg is

the Boltzmann constant, can be written as®>:

U = VEI(1T = @)In(1 = ¢) + xeul(0, (1 = 9) + flg, c) ] (Equation 3)

The first two terms on the right-hand side of Equation 3 correspond to the mixing energy of PNIPAAm hy-
drogels with all pendant azobenzene moieties in the trans-state in pure water, ¢ is the polymer volume frac-
tion, and xgy (¢, T) is the polymer-solvent interaction parameter. I3 = detB in Equation 3 is an invariant of
the left Cauchy-Green (Finger) strain tensor B; 3'/2 is the volume change with respect to the volume at
preparation.’%*® The last term in Equation 3, fint(@,¢;), accounts for the contributions due to the photoiso-
merization of the azobenzene derivatives and the complexation in the presence of the a-CD units dissolved
in water. An effect of the oxidized catalyst grafted onto the polymer matrix on the swelling of the chemo-
responsive gels was introduced within the original gLSM framework®”*? in a similar manner. Specifically, an
additional term was incorporated in the Flory-Huggins mixing energy proportional to the volume fraction
of the catalyst in the oxidized state, ¢, as*™*® — x*c,(1 — ¢), where x* >0 represented a fitting parameter
corresponding to the strength of the effect. Further, the effects of the spirobenzopyran chromophores on
the swelling of polymer networks in acidic aqueous solution were introduced within the gLSM framework
via the incorporation of the additional term in mixing energy proportional to the concentration of the chro-
mophores in their spiro form.>®> Adapting the same approach, we introduce the last term in Equation 3 as

fre(@,c) = =81(1 —@)(1 — ) — B(1 — @) (Equation 4)

The first contribution in Equation 4 captures the effects of the interaction of polymer chains with pendent
cis-Azo moieties with pure water in the absence of the a-CD units; this contribution results in a moderate
swelling of the polymer matrix under UV irradiation. The second contribution in Equation 4 is due to the
complexation of the pendant trans-Azo moieties in the presence of the a-CD units, this contribution pro-
motes distinct swelling of the hydrogel in the dark or in visible light; 8, = 0 in pure water in the absence of
a-CD. The parameters $; and §; (both positive values) introduce the strengths of the corresponding effects
and are considered fitting parameters of the model proposed herein. The second contribution to the total
energy is the dimensionless elastic energy of the crosslinked polymer network®” Uy (see more details in the
computational methods section later in discussion).

An equilibrium is reached at a chosen temperature when the contributions from the elastic and mixing
stresses to the total stress are balanced (¢ = 0, more details are provided in the computational
methods section later in discussion), and the fraction of trans-Azo moieties reaches its photostationary

state, Et — ktkz+k<x

b 4 Thereby, an equilibrium degree of swelling for the three-dimensional unconstrained

sample freely swollen in the solvent can be calculated analytically as

1

3
s (= Po .
A (C, T) = | ——= Equation 5
(e T) (w;(m)) (Eq )

at a given ¢ and temperature T; the superscript “s” denotes the type of solvent, so that A5,(¢¢, T)
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Table 1. Rate constants and ¢; at PSS®

llumination kic ket k¢ Ct
uv 2.0%1072s~ "' (4.0x 1073) 7.0x1073s " (1.4%x 1073) 2.0x107>s~ ' (4.0x% 10-°) 0.260
Vis 1.0x10-3s7 1 (2.0x 10-4) 1.0x1072s" 1 (2.0% 1073) 2.0x107>s~ ' (4.0x% 1079) 0.909
Dark 0s1(0) 0s1(0) 20107551 (4.0x 10¢) 1

®The numbers in brackets are the corresponding dimensionless values.

and A;CD(E“ T) refer to the equilibrium degree of swelling in pure water and in the a-CD solution, respec-

tively. The equilibrium volume fraction of polymer for a given solvent type ¢ (¢:, T) is found by solving™®

¢ AN N +In(1 =93 ) + x (9%, T)es +c@+ﬁ(1—6)+ﬂa
0 % 200| Peq Peq X(Peqr ! )Peq 02(!)0 1 t 2Ct

(Equation 6)

where ¢; is calculated based on the respective reaction constants (Table 1), and 8, = 0 in pure water (more
details are provided in the computational methods section later in discussion).

Defining system parameters and calculating the equilibrium degree of swelling

The reference sample size chosen in our simulations is 200x15x3 nodes unless specified
otherwise. We choose the dimensionless crosslink density and volume fraction of polymer at prepara-
tion as ¢ = 2.6x1072 and ¢, = 0.21, respectively, based on the available data from the experimental
study.'® We first calculate the equilibrium degree of swelling of the PNIPAAm hydrogel with all pendant
azobenzene moieties in trans-state in the absence of the a-CD units as a function of temperature; to do
so, we set ¢, = 1 and By = B, = 0 in Equation 4. The polymer-solvent interaction parameter can be ex-

pressed as®® x(¢,T) = %ﬁw{q(p, where AS and AH represent the entropy and enthalpy change dur-

ing mixing, respectively; the values of AS, AH, and yx; are often treated as fitting parameters to repro-
duce experimentally available data.”*? In the simulations later in discussion, we set AS = — 4.717 x
1072 J/K, AH= — 1.198%x1072°J and x; = 0.33; while AS is set as provided in Ref. 68, AH and x;
represent the best fit corresponding to the minimum of the mean absolute error with respect to the
available experimental data on the equilibrium degree of swelling of PNIPAAmM hydrogel with all
pendant azobenzene moieties in trans-state in pure water.'® Specifically, the data points from the exper-
imental study (marked by black stars in Figure S1 in supplemental information) are recalculated from the
data available in Ref. 18 for the areal swelling ratio of PNIPAAmM hydrogels in pure water (no «-CD units)
in the dark and are used to find the best fit for AH and x. Wolfram Mathematica software’’ was used to
perform the fitting and to generate all the plots and morphology snapshots below. Notably, the incor-
poration of pendent azobenzene groups causes an increase in AH with respect to that of pure
PNIPAAmM network®®; similar trends in AH due to the incorporation of azobenzene moieties were also
observed in poly(N-vinylcaprolactam) (PVCL) microgels71 and in PNIPAAmM with azobenzene
crosslinking.”

Since the absorption spectra of trans and cis isomers of azobenzene moieties overlap substantially, a single
wavelength of light can activate both forward and reverse photoisomerzation and results in a mixed
photostationary state: maximum of approximately 80% cis-Azo upon UV light or 95% trans-Azo upon visible
light.'®°%7% We select the reference values of rate constants as listed in Table 1. These values are chosen
within the range for the photoisomerization and thermal relaxation of azobenzene derivatives incorporated
into the polymers, specifically within the range of 10-% ~ 10=2s~" for k. and k. (Ref. 73-81), and
1076~ 10" %s 1 for k; (Ref. 18,82-86). At the values of reaction rate constants chosen (Table 1), the
photostationary concentrations of azobenzene units in trans-Azo are & = 0.260 upon UV illumination
and ¢; = 0.909 upon visible light irradiation, which are within the range provided in Ref. 18, where a photo-
stationary concentration of >70% of cis-Azo is achieved upon illumination with 50 mW cm~2 of 365 nm
light. Notably, we chose ki < ke, so that the thermal relaxation in the dark back to the trans-azobenzene
occurs significantly slower than the same process under the visible light, similar to that in the respective
experimental study.'®
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To calculate the fitting parameters 81 and B,, we selected the photostationary concentrations in the
respective cases (in pure water and in the a-CD solution) and calculated the best fit to the respective
swelling ratio measured in experiments'® at a range of temperatures in two cases: under UV light irradiation
in pure water (& = 0.260) and in the dark in @-CD solution (& = 1), respectively. Using the values of AS,
AH, and x; listed above, the best fit corresponding to the minimum mean absolute error was found
at 61 =5.0%10"% and 8, = 1.735x 1072, We set our dimensionless unit of length and time to
Lo =10 um and Tp = 0.2, respectively. In the estimates, the collective diffusion coefficient is taken as®’
2x 10~ m?/s. With these time and length scales, the characteristic diffusion time for a cubic sample
(3x3x3 nodes, the dimensional size 27.4 um x 27.4 um X 27.4 um) upon equilibrium under UV light irradi-
ation is 36.4 s (initially, the sample is in the dark at 25°C, Figure S2A), and the characteristic thermal relax-
ation time in pure water at 25°Cis 13.9 h (Figure S2B). Both characteristic relaxation times are in agreement
with the experimental results, where the characteristic relaxation time under UV light irradiation at room
temperature for the hydrogel of a similar size initially in the dark in the a-CD solution is about 30 s, and
the thermal relaxation time is about 15h."® Our simulations also reproduce the shape morphing of the
thin gel samples suspended in the a-CD solution provided that selected portions of these samples are
exposed to UV irradiation (Figures S2CD), similar to that demonstrated in the previous experimental
study.'® In what follows, all the dimensionless values of time and length are provided in units of Ty and
Lo, respectively.

Equilibrium degree of swelling of azobenzene-functionalized poly(N-isoproylacryamide)
hydrogels in water and in a-cyclodextrin solution

We first calculate the equilibrium degree of swelling of free (unconstrained) hydrogels in pure water in the
dark, 2%,(&:, T), (in black in Figure 1B), and the equilibrium degree of swelling of unrestricted hydrogels in

the a-CD solution, A;CD(E“T), under the following conditions: in the dark (in red), under UV irradiation (in
green), and under visible irradiation (in blue in Figure 1B). The filled circles of the corresponding color mark
the data points calculated from the 3D gLSM simulations; in these runs, the degree of swelling was calcu-
lated upon free (unconstrained) samples (3X3X3 nodes) reaching an equilibrium under respective condi-
tions. The solid lines of the same color denote corresponding analytical calculations (Equation 7 with ¢,
given by Equation 8) and show an excellent agreement between analytical predictions and data points ob-
tained from 3D gLSM simulations.

It is instructive to calculate the ratio of the equilibrium degree of swelling for the free samples in the a-CD
solution under various conditions to that in pure water in the dark, a(¢,,T) = AZ;?CD(Et,T)/A‘gq(L T). Figure 1
clearly shows that adding aqueous a-CD units in the dark results in the pronounced swelling of hydrogels
upon reaching an equilibrium at all the temperatures considered with the highest peak value in (&, T) (red
curves in Figure 1). UV irradiation enables trans-to-cis photoisomerization, which in turn leads to the disso-
ciation of a large fraction of the host-guest complexes and decreasing the fraction of trans-Azo moieties
upon reaching the photostationary concentration (¢; = 0.260 under UV). Correspondingly under UV irradi-
ation, the equilibrium degree of swelling of the hydrogel placed into the a-CD solution decreases at all
temperatures, and the volume phase transition becomes more gradual with the transition temperature
shifted to the left (compare green and red curves in Figure 1). These both trends closely correspond to
the trends in the respective prior experimental study.'® Further, we also considered the effects of illumina-
tion with visible light (in greenin Figure 1). As discussed above, the visible lightirradiation enables both cis-
to-trans and trans-to-cis photoisomerization, resulting in the dissociation of a relatively small fraction of the
host-guest supramolecular complexes (photostationary concentration is ¢; = 0.909 under visible irradia-
tions, see Table 1). Since the value of ¢&; in this scenario is close to that in the dark (¢; = 1.0), the volume
phase transition and equilibrium swelling ratio resemble that in the dark with correspondingly small

decrease in AZ&CD(E“T) and «(&, T) for all temperatures (blue curves in Figure 1) with respect to the

same values in the dark. This scenario is of interest in our studies of the dynamic response of the hydrogel
to illumination conditions.

Dynamic control of pattern formation in hydrogels with host-guest interactions

We next focus on the effect of varying illumination conditions on pattern formation in confined hydrogels.
As two reference cases, we choose the samples initially in the pure water in the dark at two temperatures,
20°C and 33°C. In these two scenarios, we first constrain the reference sample (200x15x3 nodes) by
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Figure 2. Pattern formation in confined samples under UV and subsequent visible light irradiations

(A) Time evolution of the fraction of trans-Azo, ¢, for the confined sample under UV light irradiation (gray shaded region), followed by visible light irradiation
(white region) at 20°C. The solid and dashed red lines correspond to the analytical solution for ¢;(t), where ¢;(0) = 1 and 7 = 185 in the shaded region and
¢¢(0) = 0.26 and 7 = 454 in the remaining portion of the plot; the values of k are given in Table 1.
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Figure 2. Continued

(B) Snapshots of the sample morphology at five time instances (marked |-V in (A)). The inset (top right) represents the cross-section of the sample taken along
the central node in the y-direction.

(C and D) Time evolution of the wavelength (in C) and the amplitude (in D) for the samples at 20°C (in black) and 33°C (in red), correspondingly.

(E) The snapshots of the sample morphology at selected time instances (marked IV-X in (C and D)) at 33°C. The color in (B and E) corresponds to the local
polymer volume fraction as represented by the respective color bars.

holding the position of two long edges. The respective equilibrium degree of swelling at initial conditions
is calculated analytically as detailed above; see also Figure 1B (black curve) for 17.(1,20°C) and
264(1,33°C) at equilibrium in the dark. These calculated values of 27, result in the initial dimensional
sample sizes of 2.16 mmx0.15 mmx0.022 mm (at 20°C) and 1.54 mmx0.11 mmx0.015 mm (at 33°C),
respectively.

Our recent study’ showed that a flat hydrogel membrane confined at two long edges loses in-plane
stability and exhibits pattern formation upon swelling, provided that the swelling ratio a exceeds
the threshold value. For the infinitely long sample with the initial thickness-to-width aspect ratio ho/ wo,
the linear stability analysis results in the following estimate of the threshold value of the swelling ratio”

1
2
o = {1 — %(\%) } , where v is the Poisson’s ratio. The swelling ratio here is defined as the ratio of

the equilibrium degree of swelling of free (unrestricted) swollen sample with respect to that corresponding
to the initial conditions (flat morphology). In Figure 1C, black line corresponds to o for azobenzene-func-
tionalized hydrogels with wo/hg = 7; see Figure S3A for the Poisson's ratio of the gel as a function of tem-
perature. Hence, the buckling instabilities are anticipated if the swelling ratio exceeds o. For a(¢;, T) < af,
the confined sample is expected to remain approximately flat (no patterns formed) for these moderate de-
grees of swelling (see Figure S3B).

As anticipated from the above discussion, the patterns develop at late times at both chosen temperatures (20°C
and 33°C) upon equilibration after the addition of the a-CD solution in the dark (Figure S4) since the condition
a(, T) > o holds. We now place the buckled sample equilibrated in the a-CD solution at 20°C under the UV
light irradiation for a time interval of At = 4 x 103, and then under the visible light irradiation for a time interval
of At = 6 X 103. Figure 2A shows the time evolution of the fraction of Azo moieties in the trans state, c;, for the
confined sample under UV light irradiation (gray shaded region), followed by visible light irradiation (white re-
gion) at 20°C. The time intervals of the respective applied illumination are chosen to be sufficiently long such
that ¢; reaches the respective photostationary state and remains in this state for a prolonged time. UV irradiation
results in the trans-to-cis photoisomerization and dissociation of a large fraction of inclusion complexes, so that
the fraction of trans-Azo moieties, ¢;, decays with the relaxation time of 7 = 1/ (ki (UV) + ket (UV) +k;) = 185.
Correspondingly, we find that the average volume fraction of polymer, (¢), increases, which corresponds to the
solvent expelled from the polymer matrix. The subsequent visible irradiation results in the cis-to-trans photoiso-
merization and correspondingly re-association of the inclusion complexes, so that the fraction of trans-Azo moi-
eties, ¢, increases with the relaxation time of 7 = 1/(kic(Vis) + ket (Vis) + ki) = 454. The simulation snapshots
at five selected time instants marked in Figure 2A are shown in Figure 2B, the color represents the local volume
fraction of the polymer according to the color bar.

To characterize pattern formation and restructuring under UV or visible illumination, we calculate the ampli-
tude 6Z as the distance between the highest and the lowest z-coordinates of the centers of the elements,
and the wavelength Ay as the distance between the two neighboring peaks along the sample length (see
inset in Figure 2B). To minimize effects of the free edges, we exclude 5% of total elements at each short
end of the sample when calculating 6Z and Aw. The wavelength A is calculated when the amplitude of
the surface undulations exceeds 0.1hy and two or more wavelengths fit within the length of the sample,
this value is averaged over the length of the sample.” We track the time evolution of Ay (in black in Figure 2C)
and 6Z (in black in Figure 2D). The sample at 20°C remains buckled during both UV and visible light irradia-
tions. Our results show that the wavelength remains approximately constant at Aw = 28.84+0.8 during all
stages (in black in Figure 2C), while variations in the transient and equilibrium degrees of swelling due to
UV and Vis irradiations result in distinct variation of the amplitude 6Z (in black in Figure 2D).

The time evolution of 2y and 6Z for the confined sample at 33°C (in red in Figures 2CD), and corresponding
simulation snapshots at five selected time instants (as marked in Figures 2CD) are shown in Figure 2E. The
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Figure 3. Dynamic restructuring of buckling patterns in the confined sample upon UV/Vis light cycles at 33 °C
The switching time is At = 3 x 10°.

(A) Time evolution of the fraction of trans-Azo, ¢ (blue, left axis) and the amplitude, 6Z (red, right axis). The patterns are
fully developed in the a-CD solution in the dark before introducing UV/Vis light cycles.

(B) The amplitude 6Z as a function of ¢; during all ten UV/Vis irradiation cycles. The starting point of the first cycle (t = 0)is
marked by the red star. The solid and dashed arrows indicate the UV and Vis light irradiation portions, respectively.

(C) Time evolution of the wavelength Ay during a single cycle as highlighted in (A). The insets show partial top views of
morphologies in the middle of the sample at I-V time instances as marked in (A and B).

swelling ratio upon the equilibration of the free sample at 33°C is below the critical value & under UV irra-
diation (Figure 1C, green curve), and above this value under visible light (Figure 1C, blue curve). Hence, as
anticipated based on these estimates, the patterns are erased during sufficiently prolonged exposure to
UV irradiation at this temperature and are reformed upon visible light irradiation. Similar to the previous sce-
nario, the wavelength remains approximately constant (at 2w = 21.5+0.21 ) when the sample is buckled;
larger standard deviations are observed when the patterns begin reforming near the center of the sample un-
der visible light irradiation (snapshot IX in Figure 2E). The amplitude 6Z gradually decreases under UV irradi-
ation upon reaching the equilibrium value and increases under visible light (Figure 2D). To summarize, these
results show that the pattern formation in hydrogels with host-guest interactions can be effectively controlled
by applying UV and visible light irradiations.

Response under cyclic illumination

We next introduce ten UV/Vis irradiation cycles to the initially buckled sample immersed in the a-CD so-
lution in the dark at 33°C as described above and probe the effect of the time of switching of irradiation
on the cyclic response of the confined sample. We first focus on the case where UV and visible light irra-
diation times are alternated every At = 3 x 103; sufficiently long irradiation times allow ¢; to reach the
equilibrium values, ¢; = 0.909 (Vis) and 0.260 (UV) during each cycle (blue, left axis in Figure 3A). We illus-
trate the time evolution of patterns developed within a single equilibrated cycle (as marked in the inset in
Figure 3A). Similar to the scenario above, these results show that the amplitude 6Z of the sample grad-
ually decreases and saturates to the value close to the thickness of the flat sample upon equilibration
under UV irradiation (Figure 3B). Upon visible light irradiation, the sample remains flat and exhibits a
slight increase in 6Z at early times until small out-of-plane undulations appear close to its center, fol-
lowed by a sharp increase and then a gradual increase of the amplitude at the end of the cycle. The
wavelength (Figure 3C) remains approximately constant (Aw = 22.1+0.41) as long as the sample is
buckled, similar to the behavior observed in Figure 2C at the same temperature (red curve). Further,
the positions of the peaks along the length of the buckled sample remain approximately constant
(see the snapshots of the portions of the sample in Figure 3C), while the amplitude varies significantly.
These observations indicate that the topography of the confined sample strongly depends on the illumi-
nation history. The parametric dependence of 6Z on ¢; for all ten cycles is provided in Figure 3B; the star
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(A) Amplitude as a function of ¢; within an equilibrated cycle at 33°C for four switching times as listed in the legend. The portions of UV and visible light
irradiation are indicated by solid and dashed arrows, respectively. The open circles correspond to the states at ¢; = 0.51 during UV (1) and visible (Il) light
irradiation with At = 500. The open stars correspond to the states at ¢; = 0.7 during UV (Ill) and visible (V) light irradiation with At = 5x 103.

(B and C) The top views of morphologies at time instances I-IV as marked in (A). The color represents the local ¢ according to the respective color bar.

marks the initial state (beginning of the first cycle) and solid and dashed arrows mark the UV and Vis
portions of the light irradiation cycles. This figure illustrates that with the exception of the equilibration
during the first cycle, the dynamics during the remaining cycles overlap, so that only the single equili-
brated cycle can be used for further analysis later in discussion.

In the next series of simulations, we vary the duration of the application of UV/Vis light keeping the remain-
ing parameters and initial conditions as introduced above; specifically, we choose At = 500, 1 x 103, and
5% 10% in addition to At = 3x10° discussed above. We plot the dependence of the amplitude 6Z and the
wavelength Aw on ¢ for the single equilibrated cycle in Figures 4A and S5, respectively; the black curves
in these plots correspond to the data discussed in Figure 3. In addition, the 6Z(c;) and Aw(c;) for all ten
cycles at At = 500 and 3% 103 are provided in Figure Sé.

For the shorter switching times probed (green and blue curves in Figure 4), the equilibrium photostationary
value & = 0.260 is no longer reached upon UV irradiation, thereby while the amplitude decreases signifi-
cantly (solid arrows in Figure 4A), the patterns are not fully erased by UV irradiation and the wavelength
remains approximately constant (Figure S6A). In these two scenarios, an application of visible light results
in the gradual increase of the amplitude, with the clear hysteresis in 6Z(c;) so that significantly lower ampli-
tude is observed at the same ¢ upon irradiation with visible light than that upon irradiation with UV
(compare lower and upper portions of hysteresis loops in Figure 4 for blue and green curves, respectively,
and representative images in Figure 4B). During the entire cycle, the samples in these two scenarios remain
buckled with approximately constant wavelength (Figure S5), but with distinct variations in amplitude
controlled by the illumination cycle.

On the contrary, for sufficiently long switching times (red and black curves in Figure 4A), the patterns are
completely erased during the UV irradiation portion of the cycle. Correspondingly the sample remains
flat during the visible irradiation portion of the illumination cycle until the stability is lost at sufficiently
high values of ¢;. The hysteresis loops become wider with an increase in At, with either buckled or flat
morphology observed at a range of values of ¢; for UV or visible irradiation portions of the cycle. An appli-
cation of the same ten illumination cycles with At = 3x10% at 20°C (Figure S7C) results in essentially an
absence of hysteresis in systems’ response to the changes in illumination. This is attributed to the fact
that the effective swelling ratio significantly higher than the threshold (Figure 1C) enables the samples
to remain buckled during all cycles for the tested values of switching time.

Prescribing soft boundaries using patterned illuminations

In the next series of simulations, we focus on triggering pattern formation and controlling characteristics of
patterns formed in hydrogel films freely suspended in the a-CD solution by means of patterned UV light
irradiation. The samples are initially flat and equilibrated in pure water in the dark in the absence of
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Figure 5. Pattern formation in free samples upon adding «-CD solution under the patterned UV irradiation at
20°C

(A) Schematics of illumination pattern.

(B) The snapshots of morphologies at five time instances (marked | ~ V in (C)).

(C) Time evolution of the wavelength Ay (blue, left axis) and the amplitude 6Z (red, right axis) in sample with wp/ weons as
listed in the legend. The free samples are initially equilibrated in pure water in the dark at 20°C.

(D) The snapshot of the morphology of the free sample (wo/Weont = 1.5) at equilibrium under patterned illumination (as
marked by the open circle in (C)). The color in (B) and (D) indicates the local ¢ according to the respective color bar.

confinements at 20°C. We then keep the middle portion of the sample (black region of width w,y,s in the
schematic in Figure 5A) in the dark and introduce UV irradiation over the remainder of the sample. It is
assumed that the a-CD solution is added at the same time when the patterned UV irradiation is introduced.
The width of the region kept in the dark is chosen equal to the initial width of the sample with both long
edges fixed at 20°C as considered above (Figure 2B); specifically, we set weon¢ = 15.21. The size of the sam-
ple in this series of simulations is chosen as 200 18% 3 nodes (dimensionless size of 216.23%18.47%x2.17 at
20°C) and wy/Weonf = 1.2. The aim hereinis to introduce localized shrinking along the long edges by means
of UV irradiation, which in turn is expected to introduce soft confinement along the long edges and pro-
mote pattern formation in this system.

The snapshots of the morphology development under patterned illumination are provided in Figure 5B.
The free sample initially swells along all three directions and remains flat at early times upon the addition
of the a-CD units. The swelling is clearly restricted within the regions under UV illumination (gray regions in
Figure 5A and dark blue regions indicating higher polymer volume fraction in snapshot | in Figure 5B).
Thereby two relatively shrunk stripes along both sides constrain the swelling of the middle portion of
the sample, acting as an effective soft confinement. Sufficiently high compression exerted by these illumi-
nated regions triggers mechanical instability, with the undulations appearing in the center of the sample
and propagating toward both ends (snapshots Il and Il in Figure 5B). Relatively smaller undulations
observed during early times evolve (snapshot IV in Figure 5B) and develop into regular buckling patterns
at equilibrium (snapshot Vin Figure 5B). No in-plane (x-y plane) rotation or translation of the entire sample
was observed. To characterize the buckling patterns formed, we focus on the middle portion of the sample
and adapt the characterizations defined above. The time evolution of the amplitude 6Z (in blue, left axis)
and wavelength Aw (in red, right axis) during the pattern formation in the scenario depicted in Figure 5B
(solid lines) are both shown in Figure 5C. Comparison between these characteristics and corresponding
characteristics of the sample with rigid confinement along both edges immersed in the a-CD solution
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Figure 6. Dynamic restructuring of buckling patterns in the free sample upon patterned UV/Vis irradiation cycles
at 20 °C

The switching time is At = 500.

(A) Time evolution of the amplitude, 6Z (blue, left axis), and the wavelength, Ay (red, right axis). The buckling patterns are
fully developed in a-CD solution under patterned UV irradiation before introducing UV/Vis light cycles. The inset (right) is
the zoomed image of the highlighted region as marked.

(B) The snapshots of morphologies at I-V time instances as marked in the inset in (A). The color indicates the local ¢
according to the color bar.

(black curves in Figures S4AB and morphology snapshot in Figure S4D) shows nearly 2-fold increase in the
wavelength for the case of soft confinement.

To probe the effect of the width of the illuminated region which effectively introduces the soft confinement,
we kept all the parameters and illumination conditions fixed but chose the wider sample (initial sample size
is 216.23 x 22.82 x 2.17) in the next simulation scenario. Specifically, we kept the width of the region in the
dark, weenf, fixed, so that the same illumination pattern results in significant increase of the width of the soft
confinement region prescribed by the illumination (wo/weont = 1.5). Our results show that an increase in the
Wo/Weonf ratio results in a significant decrease of the wavelength upon equilibration but the amplitude 6Z
remains approximately the same (see dashed curves in Figure 5C). The snapshot of the buckling pattern in
the wider sample (wWo/Weont = 1.5) in equilibrium is provided in Figure 5D.

In the next series of simulations, we apply patterned UV/Vis irradiation cycles to the equilibrated sample
(snapshot V in Figure 5B) to dynamically control pattern formation via remotely prescribed soft confine-
ments. The middle region remains in the dark and two striped regions on both sides are illuminated by
alternating UV and Vis irradiation, the temperature is held constant at 20°C. We probe the switching
time of At = 500 and run the simulation for t = 6x10* (corresponding to 3.33 h). We track the time evolu-
tions of the amplitude, 6Z (in blue, right axis in Figure 6A), and the wavelength, Ay (in red, right axis). Our
results show that the sample remains buckled during the entire simulation. Note that a significantly longer
time is required for the sample to achieve an equilibrated cycle than for the case of the sample with both
long edges clamped. Anincrease in the wavelength Ay over multiple cycles (Figure 6A, red curve) indicates
gradual restructuring of patterns with a corresponding decrease in the number of wavelengths that fit
within the sample length. The evolution of 6Z and Aw during an equilibrated cycle is highlighted in the inset
in Figure 6A, and the representative snapshots are provided in Figure 6B. The parametric plot of 6Z({ct))
during an equilibrated cycle (Figure S8) shows that in response to UV and Vis light the patterns are restruc-
tured primarily via the variation in the amplitude. Similar trends are also observed during the cyclic illumi-
nation of the same sample with a longer switching time of At = 3x10° (Figure S9) and upon the cyclic illu-
mination of the wider sample (Wo/Weont = 1.5) (Figure S10).

12 iScience 25, 105606, December 22, 2022

iScience



iScience

DISCUSSION

We developed a computational model capturing the dynamics of hydrogels with host-guest interactions.
Specifically, we focused on PNIPPAmM hydrogels with pendant azobenzene groups immersed into the a-CD
solution. The proposed model extends the three-dimensional gLSM approach and is validated with respect
to the available experimental results. Using the developed model, we characterized the dynamics of hydro-
gels with host-guest interactions in the dark, under uniform UV and visible irradiation including cyclic irra-
diation, and under well-defined patterned illumination. We demonstrated that simply placing the samples
constrained along their long edges in the dark into the a-CD solution results in swelling-induced instabil-
ities and subsequent formation of regular buckling patterns upon equilibration. While swelling is caused by
the formation of complexes in which trans-azobenzene moieties are accommodated by the a-CD cavities,
an exposure to UV irradiation drives the trans-to-cis isomerization and dissociation of these complexes,
leading to hydrogel deswelling. Hence the variations in illumination conditions introduce simple and
robust means to control pattern formation and restructuring in thin hydrogel films under rigid and soft con-
finements and to regulate hysteresis loops in response to cyclic illumination. The soft confinements are
introduced dynamically via illuminating specific regions of thin samples with UV light so that the regions
of higher rigidity are introduced. Our results demonstrate that onset of buckling and features of patterns
formed along with hysteresis in the systems’ response can be effectively controlled in hydrogels with host-
guest interactions via well-defined illumination patterns. Photocontrol of pattern formation is of particular
interest since illumination introduces remote and non-invasive means to induce, erase, and rewrite patterns
required for imparting specific functionalities in soft hydrogel-based materials. Further, designing syn-
thetic hydrogels with controlled hysteresis loops is an important step toward introducing robust feedback
mechanisms in soft functional materials.

Limitations of the study

This computational study focuses on modeling the dynamics of thin hydrogels with photo-responsive host-
guest interactions. Introducing light attenuation through the thickness of the sample can extend the
proposed model to consider significantly thicker samples, which in turn could benefit the investigation
of patterns formed due to the swelling gradient in the thickness direction. Further, the proposed approach
considers Neo-Hookean elasticity of polymer matrix and does not account for any possible effects of
viscoelasticity.
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METHOD DETAILS

Computational methods

We adapt three-dimensional gel Lattice Spring Model (3D gLSM)***° to capture the dynamics of the azo-
benzene-functionalized PNIPAAmM hydrogels immersed into the a-CD solution under UV irradiation and un-
der the visible light; later in discussion we briefly introduce this methodology; more details can be found in

the original publications.®*"°

Within the framework of gLSM,*? the total energy of the deformed polymer network encompasses mixing
energy Ury (see Equation 2 above) and elastic energy contributions®’

_ % (), _a3_ 1/2 ;
Ue = 2(I1 3—-1Ink ) (Equation 7)

where ¢g = Vs /Na is dimensionless crosslink density, v is the density of polymer strands per unit volume at

preparation, Vs is the molar volume of solvent, N4 is Avogadro constant, and |, = trB. The dimensionless

stress tensor is written as®”*’ ¢ = — P(go,ct,T)T+ Qs B, where Tis the unit tensor, gy is the polymer volume

fraction at preparation, and the isotropic pressure reads:
Pp,c.,T) = — [o +In(1 — ) + x(¢, T)o?] + Co%+51(1 — c)o+B2c0 (Equation 8)
0

The last two terms in Equation 8 represent respective contributions from the free energy terms introduced
in Equation 4, and x(¢, T) is provided further later in discussion.

3 via the last two contributions in

The reaction kinetics (Equation 2) is coupled with the gel elastodynamics
the isotropic pressure in Equation 8; the value of ¢ is calculated herein from Equation 2. Within the 3D
gLSM framework, an undeformed sample is represented by (L, —1)x(L, —1)X(L, — 1) cubic elements,
where L; is the number of nodes in the i-direction (i = x,y,z) as defined in ref.>*. the reference sample
size chosen in our simulations is 200x15%3 nodes unless specified otherwise. The forces acting on each
node comprise elastic spring-like contributions from the next-nearest and next-next-nearest neighboring

nodes and contributions from the isotropic pressure acting perpendicular to the respective faces of the
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deformed element.®* Hence, an increase in the volume fraction of the cis-Azo moieties, (1 — ), results in
the isotropic pressure contribution proportional to 81 (Equation 8), leading to the gel swelling. In a similar
manner, an increase in the volume fraction of the trans — Azo in the presence of the a-CD units results in
additional isotropic pressure contribution proportional to 8, (Equation 8), leading to a distinct swelling as
shown in the results section.

Estimating the Poisson’s ratio of the azobenzene-functionalized hydrogels

The Poisson's ratio can be calculated as®

(3K — 2G) .
= e E 9
23K+ 0) (Equation 9)
where K and G are bulk and shear moduli.®®*~"° Based on our proposed model, the bulk and shear moduli
of the azobenzene-functionalized PNIPAAm gel at a given temperature can be estimated as®®#%7°;
~ s 2 s s 1/3
0o (2 2 3 Pe 1 Pe.
K=¢p—= [—3— — 2x(Te>.* — 3x40° 11— ¥ (==
%30 = [T= o Xo(T)e%g X10eq + B1(1 = c)oly + Brco | +co 00 3\ o
(Equation 10)
and

)1/3

G = co(Peq/P0 (Equation 11)

Both expressions in Equations 10and 11 are normalized by ks TNa/ Vs and g3, is given by solving Equation 8.
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