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ABSTRACT: Biomimetic hydrogels fabricated from biolog-
ically derived polymers, such as hyaluronic acid (HA), are
useful for numerous biomedical applications. Due to the
dynamic nature of biological processes, it is of great interest to
synthesize hydrogels with dynamically tunable network proper-
ties where various functions (e.g., cargo delivery, mechanical
signaling) can be changed over time. Among the various stimuli
developed to control hydrogel properties, light stands out for
its exquisite spatiotemporal control; however, most light-based
chemistries are unidirectional in their ability to manipulate
network changes. Here, we report a strategy to reversibly
modulate HA hydrogel properties with light, using supra-
molecular cross-links formed via azobenzene bound to β-
cyclodextrin. Upon isomerization with 365 nm or 400−500 nm light, the binding affinity between azobenzene and β-cyclodextrin
changed and altered the network connectivity. The hydrogel mechanical properties depended on both the azobenzene
modification and isomeric state (lower for cis state), with up to a 60% change in storage modulus with light exposure.
Furthermore, the release of a fluorescently labeled protein was accelerated with light exposure under conditions that were
cytocompatible to encapsulated cells. These results indicate that the developed hydrogels may be suitable for applications in
which temporal regulation of material properties is important, such as drug delivery or mechanobiology studies.

■ INTRODUCTION

Many biological phenomena are dynamic, such as disease
progression or wound healing.1 Advanced biomaterial ap-
proaches to mimic or treat these processes often necessitate
systems in which the properties of interest can be controlled
over time − for example, drug delivery systems in which the
dose can be tuned “on demand” with an intrinsic or external
trigger. Recent developments in hydrogel and biomaterial
design have led to a number of strategies where network
properties can be altered in a dynamic and also reversible
manner.2 For example, hydrogel cross-link density can be either
increased or decreased (or both) in response to user-directed
cues such as light,3−6 temperature,7 pH,8 or external fields,9 all
of which can modulate molecular association within the
hydrogel cross-links. Other strategies rely on mechanisms that
confer a change in polymer conformation or persistence length,
leading to changes in the distance between cross-links (and
therefore cross-linking density); these include ligand binding to
control polymer coordination,10,11 DNA hybridization,12 and
protein folding/unfolding.13−17 Here, we took a complemen-
tary approach to synthesize hydrogels with dynamic and
reversibly tunable properties by controlling the number of

elastically active cross-links via disrupting and reforming
supramolecular interactions with light.
Light offers many desirable qualities as a stimulus to

manipulate hydrogel properties, especially its high degree of
spatiotemporal control and facile tunability of the dose
introduced to biological systems. To generate photoresponsive
cross-links, we utilized a photoisomer, azobenzene. Because
azobenzene absorbs light in a wavelength range that is
compatible with live cells (350−550 nm) to convert between
its trans and cis isomers,18 this photoisomerization can be
leveraged to alter material properties with cells present.
Previous efforts with azobenzene-modified hydrogels have
resulted in materials with changes in mechanics19 or cross-
link density,20 but modest change for many biological
processes, although some have shown potential for biological
applications.21,22 Here, rather than solely changing molecular
conformation in covalently cross-linked hydrogels, our
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approach was to use azobenzene to control the association of
noncovalent, reversible cross-links. In contrast to prior
reports,23 we also sought to maximize the change in number
of cross-links without causing a gel−sol transition. This
property could potentially enable applications of these materials
as 3D cell culture matrices.
Azobenzene has an affinity for the hydrophobic cavity of

cyclodextrin, allowing for the formation of a noncovalent
guest−host linkage that can be disrupted upon conversion to
the cis isomer when azobenzene is irradiated with ultraviolet
light.24,25 This type of linkage has been used to form
supramolecular hydrogels that can convert from the gel phase
to the sol phase with light,26,27 and it has also been used to
control ligand presentation to mediate biological interactions
(e.g., cell adhesion).28−30 Here, we sought to implement this
interaction into reversible hydrogels that do not undergo a gel−
sol transition and to develop a fundamental understanding of
the structure−property relationship in azobenzene-cyclodextrin
hyaluronic acid (HA) hydrogels.
In this work, we present the development of a hydrogel with

azobenzene-containing guest−host cross-links to reversibly
control network properties with light. The precursors are
readily synthesized from HA and self-assemble into supra-
molecular hydrogels upon mixing at physiological conditions,
even in the presence of cells. We demonstrate that the binding
affinity of the guest−host cross-links can be modulated with
mild exposure to defined wavelengths of light, leading to
significant changes in cross-link density that result in up to a 2-
fold change in the shear modulus. This strategy leads to a
dynamic hydrogel in which the changes in network properties
are decoupled from changes in chemical composition, thereby
conferring the potential for well-defined studies in cellular
mechanosensing or tissue engineering. In addition, we
demonstrate the potential to leverage reversible changes in
cross-link density for release of encapsulated proteins. The
irradiation doses used here have previously been shown to be
compatible with in vivo applications,31 though the shorter
wavelength (365 nm) may limit subcutaneous implantation of
these materials (alternatives could include a skin adhesive
patch). Altogether, these results indicate a feasible route to the
dynamic control of hydrogels in the context of a biomimetic
approach to material design.

■ RESULTS AND DISCUSSION
Hydrogel Design through Guest−Host Interactions.

Four photoresponsive guest−host pairs were investigated as
potential cross-linkers for the synthesis of supramolecular
hydrogels. The binding affinity (Ka) between the guest and host
determines the strength of the cross-links in supramolecular
hydrogels, so we sought to identify a pair with a high enough Ka
to lead to gelation, but that would also provide reversibility to
formed hydrogels. Thus, HA polymers of 75 kDa were
functionalized with either one of two different azobenzenes
(Azo, 4-phenylazobenzoic acid or 3,3′-Azo, 3,3′-phenylazodi-
benzoic acid) or one of two different cyclodextrins (CD, α-CD
or β-CD). The choice of guest Azo molecules allowed us to
investigate the effect of of hydrogen bonding on affinity with
the CD host. Binding affinities of the various pairs were
measured using absorbance spectroscopy (Figure S3). Of the
two Azo groups, HA functionalized with the more hydrophobic
4-phenylazobenzoic acid was found to have an overall higher Ka
than HA functionalized with 3,3′-phenylazodibenzoic acid,
regardless of the host molecule. The two hosts investigated, α-

CD and β-CD, have varied inner diameters of 5.7 and 7.8 Å,
respectively. The α-CD guest−host pairs exhibited higher
binding affinities, likely due to the better size association
between the guest and host. These results are summarized in
Table 1.

Despite the higher binding affinity of the α-CD HA, we
chose to focus on the 4-phenylazobenzoic acid/β-CD binding
pairs due to their isomerization properties as described below.
Specifically, we designed supramolecular hydrogels to self-
assemble from HA modified with 4-phenylazobenzoic acid
(AzoxHA, guest) and β-CDx-HA (βCDxHA, host), where “x”
denotes the percentage of disaccharides that were modified
with either Azo or β-CD. For the work presented here,
modification levels of 8%, 20%, and 28% were examined for
AzoxHA, and 28% was used for βCDxHA, as determined by 1H
NMR (Figures S1 and S2). These modification levels were
chosen to span a substitution range that still allowed the HA
polymer to be fully soluble in aqueous solution and were similar
to previous modifications of HA with other guest−host
pairs.32,33

Because we sought to leverage the Azo isomeric state to
control the binding affinity, we next measured Ka for both the
irradiated and nonirradiated states of AzoxHA with β-CD.
Azo20HA polymers were titrated by freely soluble β-CD both in
the presence and absence of 365 nm irradiation. Complex
formation was monitored using 1H NMR spectroscopy, as
distinct peaks for the trans and cis states could be observed
(Figures S4 and S5). As demonstrated by the linear fits (Figure
1a), the irradiated cis state had an approximately 2.5-fold lower
binding affinity for β-CD at 277 M−1 compared to 760 M−1 for
the trans state. The decrease in binding affinity indicates that
fewer guest−host linkages are thermodynamically favorable
when the hydrogel is exposed to 365 nm light, thereby
corresponding to a more loosely cross-linked hydrogel.
However, the cis isomer retains some association with β-CD,
allowing the hydrogel to remain intact even with light exposure.
Furthermore, it should be noted that complete isomerization to
the cis state was not achieved, as a significant population of
trans isomers was present immediately after irradiation (Figure
S5). Because the irradiated bulk hydrogel consists of both cis
and trans isomers, the effective binding affinity represents an
average of those for both molecular states. Because applications
of interest include tuning release profiles or cell culture
matrices, we surmised that this change in Azo binding affinity
with β-CD was desirable to induce changes in the cross-linking
density without the hydrogel undergoing a gel−sol transition.
The absorption spectra of Azo8HA (Figure 1b) provided

further insight into the isomerization behavior of the polymer.
In the dark (nonirradiated) state, Azo8HA showed an
absorbance maximum of 325 nm, corresponding to the π−π*
transition of the trans state, and after irradiation with 365 nm
light (10 mW/cm2, 10 min), this peak significantly decreased,
and a maximum at 420 nm corresponding to the cis n-π
transition emerged. Furthermore, upon removal of the light
stimulus, there was a slow thermal relaxation process back to

Table 1. Binding Affinity of HA Polymers Modified with
Various Guest−Host Pairs

α-CD β-CD

Azo20HA 1900 ± 150 M−1 760 ± 130 M−1

3,3′-Azo15HA 570 ± 62 M−1 340 M−1
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the trans state, which is the more thermodynamically stable
isomer (Figure 1c). Consequently, the supramolecular hydro-
gels do not require constant irradiation and can instead
experience short doses of light, thereby minimizing the risk of
free radical generation and any subsequent oxidative damage to
entrapped biological cargo or cells. For the light doses used
here (10 mW/cm2 and 10 min), previous studies have indicated
cytocompatibility and no significant changes to cell phenotype
over days to weeks.34

Mechanics of Azo-CD Hydrogels. These initial character-
ization data strongly indicated the potential of supramolecular
Azo-βCD28HA hydrogels to exhibit reversible cross-linking and
therefore photoswitchable mechanics. Prior to examining
photoswitching, we first assessed the mechanics of these
hydrogels in the dark state. For all of the hydrogels examined
(Figure 2), the guest and host polymers were mixed such that
the Azo and CD functional groups were in a 1:1 molar ratio,
thereby maximizing the cross-linking density. Similar to other
guest−host supramolecular hydrogels,32 these hydrogels
exhibited viscoelastic behavior, as illustrated by the frequency-
dependent storage and loss moduli (Figure 2a). Because the
guest−host linkage is noncovalent, there is a dynamic
equilibrium associated with the binding of Azo in the CD
pocket, and the crossover of the storage and loss moduli
represents the time scale on which these dynamic bonds
rearrange to allow stress dissipation in the bulk material.
For the 7 wt % hydrogels formulated with βCD28HA (Figure

2a), the bulk relaxation time increased as the Azo modification
level increased. The fastest relaxation time corresponded to the
8% Azo hydrogel at 0.08 s, while the 20% Azo hydrogel had a
relaxation time of 6.2 s. Interestingly, the relaxation time of the
Azo28HA hydrogels was long enough to be outside the
experimental frequency range, meaning it was on the time
scale of at least minutes. As the Azo modification increases in
the hydrogel, so does the network connectivity, which will slow
polymer mobility and therefore the time scale of relaxation. Of
the hydrogels presented here, the Azo28HA hydrogel relaxes
stress on a time scale that matches cellular traction force
exertion35 and spreading.36,37 Furthermore, increasing the
modification level of Azo from 8% to 28% resulted in an
increase in the overall modulus. This behavior is consistent with
a smaller distance between cross-links (higher cross-link

density) for the higher modification levels, which corresponds
to a more tightly linked network.
Notably, the hydrogels composed of Azo28HA exhibited

much more elastic behavior than those composed of either

Figure 1. A) The association constant, Ka, determined from linear fits of the NMR shifts of AzoHA protons in the presence of various amounts of
free β-CD. As indicated by the linear fits (red lines), the trans configuration of the azobenzene demonstrates larger shifts, which corresponds to a
higher Ka (760 M−1 for trans versus 277 M−1 for cis). B) Absorbance spectra of AzoHA, indicating trans Azos with an absorbance maximum at 325
nm and cis Azos with decreased absorption at 325 nm and increased absorption at 420 nm. C) After irradiation with 365 nm light for 10 min at 10
mW/cm2, the Azos in AzoHA relax back to their trans configuration.

Figure 2. A) Storage (G′, closed circles) and loss (G″, open circles)
moduli for hydrogels formed with CD28HA and different Azo
modifications. Data shown corresponds to 7 wt % hydrogels. B)
Ratio of G″ to G′ (tan(δ)) across the experimental frequency range for
various Azo modifications and HA concentrations.
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Azo8HA or Azo20HA. For Azo28HA, the storage and loss
moduli were nearly independent of frequency, and there was a
greater disparity between the two (Figure 2a). The ratio of the
loss to the storage modulus (defined as tan(δ)) was less than 1
for the Azo28HA hydrogels and fairly constant across this
frequency range, even for hydrogels containing less polymer
overall (down to 5 wt %, Figure 2b). In contrast, tan(δ) for the
Azo8HA and Azo20HA hydrogels decreased over the exper-
imental frequency range by a factor of 2. Rheology measure-
ments of Azo20HA in solution at 7.5 wt % showed a higher
storage modulus than loss modulus, indicating that hydro-
phobic interactions between azobenzene functional groups may
contribute to hydrogel mechanical properties at higher
modifications (Figure S6). Specifically, previous groups found
that π−π stacking interactions contributed to hydrogel
mechanics.38 These hydrophobic interactions may stabilize
the HA polymer chains, thereby decreasing the viscous
character of the hydrogel and potentially shifting the dynamic
equilibrium of CD complexation.
Photoswitchable Mechanics of Azo-CD Hydrogels.

The noncovalent guest−host bonds in these supramolecular
hydrogels support a mechanism for the photoswitchability of
the number of cross-links. Upon 365 nm irradiation, the Azo
units isomerize to the cis configuration, shifting the equilibrium
of complexation toward removal from the CD cavity (Figure
3a). Dark relaxation or irradiation with visible light (400−500

nm) reverts the azobenzene to its trans state and restores the
equilibrium that favors complexation.
To probe how these changes in binding affinity affect the

storage modulus of the hydrogel, shear oscillatory rheology was
performed in the presence of either 365 nm or 400−500 nm
irradiation. As an example, the modulus of a 7 wt % hydrogel of
Azo28-βCD28HA was measured at 100 rad/s and 1% strain over
time (Figure 3b). Upon irradiation with 365 nm light (10 mW/
cm2), the storage modulus decreased by approximately 36%,
indicating the dissociation of Azo units from their CD pockets.
Upon switching the light stimulus to 400−500 nm (also 10
mW/cm2), there was a rapid isomerization back to the trans
configuration, allowing the hydrogel to recover its initial storage
modulus. Multiple cycles (Figure 3b) indicate good reversibility
of this process in a range across which previous studies have
explored effects on cell phenotype.39,40 Although this example
illustrates the change in storage modulus at one frequency, the
percent decrease was the same across all frequencies (Figure 3c,
red markers). Interestingly, the loss modulus decreased under
365 nm irradiation as well, although by a smaller percentage
(approximately 15%) of the original G″. The decrease in the
loss modulus upon irradiation signifies fewer transiently active
guest−host interactions, which are known to contribute
strongly to the viscous component of the gel mechanics.
Overall, however, the greater decrease in G′ led to a net
increase in tan(δ) across all frequencies (Figure S7), indicating

Figure 3. A) Schematic of Azo isomerization within networks upon 365 nm light irradiation, leading to a decreased Ka with CD and a resulting
decrease in cross-link density. The isomerization is reversible upon irradiation with visible light (420 nm). B) Example of the reversible change in G′
for a 7 wt % Azo28-βCD28HA hydrogel upon light irradiation with alternating wavelengths (365 nm, 420 nm). G′ was measured at 100 rad/s and 1%
strain. C) G′ before (closed circles) and after (open circles) irradiation across the experimental frequency range for various Azo modifications. D)
Magnitude of change in G′ upon irradiation for various hydrogel formulations. Data was collected at 10 rad/s and 1% strain.
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an increase in the viscous contribution to the hydrogel modulus
as expected with the decrease in the number of cross-links.
For lower Azo modifications, G′ also decreased in the

presence of 365 nm irradiation (Figure 3c). Again, the change
in G′ before and after irradiation was constant across all
frequencies, corresponding to 60% for Azo20-βCD28HA hydro-
gels and 53% for Azo8-βCD28HA hydrogels. When the polymer
concentration was varied (Figure 3d), the Azo20-βCD28HA and
Azo28-βCD28HA hydrogels showed constant moduli changes
upon irradiation. As noted previously, the relative change in
moduli of the Azo28-βCD28HA hydrogels was smaller (∼36%),
perhaps due to the presence of other hydrophobic interactions
that do not change upon isomerization. The Azo8-βCD28HA
hydrogels, on the other hand, showed an increasing trend in
ΔG′ with concentration. For the Azo8-βCD28HA hydrogels, the
loss modulus G″ dominated the mechanics in the experimental
frequency range at low concentrations, but the 7 wt %
hydrogels exhibited a crossover with G′ at high frequencies.
Because G′ is already small at low polymer concentrations, it
follows that the change in mechanics caused by UV irradiation
is a smaller percentage of the starting modulus.
Model Drug Release and Cytocompatibility. The

reversible change in modulus translates to a change in hydrogel
cross-linking density and therefore hydrogel mesh size. To
investigate the resulting impact on the release properties of
these hydrogels, we encapsulated a fluorescently labeled model
protein (FITC-BSA) in both Azo20-βCD28HA and Azo28-
βCD28HA hydrogels and measured the cumulative release over
time (Figure 4). At day 4, the hydrogels were irradiated with
365 nm light (10 mW/cm2) for 10 min every hour over 4 h.
This pulsed dose of light enabled a sustained change in cross-
linking density of the hydrogel over a prolonged time period.
As shown in Figure 4a, the Azo20-βCD28HA hydrogels showed
a burst release of ∼45% of total protein released after 1 day.
After irradiation at day 4, the irradiated hydrogels released over
twice as much protein as the nonirradiated hydrogels (18% vs
7.6%) by day 5. The Azo28-βCD28HA hydrogels exhibited
similar release behavior (Figure 4b). However, the effect of
irradiation on day 4 was not as dramatic, perhaps due to
hydrophobic associations within the hydrogel at these higher
modifications that do not change with light exposure. For both
hydrogel formulations, subsequent release matched that of the
nonirradiated hydrogel, likely because many of the cross-links
within the irradiated hydrogel reverted back to their trans state
within a day after the light stimulus was removed. During the
experimental time period of a week, none of the hydrogels
released 100% of the original amount of FITC-BSA loaded,
indicating their potential for sustained delivery. Irradiated
hydrogels released more overall due to the decrease in cross-
linking density at day 4.
Despite the significant change in modulus upon irradiation

(30−60%), the corresponding change in BSA release was
relatively modest. One point of note is that the encapsulated
protein could be engineered to complex with β-CD, thereby
increasing affinity in the hydrogel. Here, however, release is
largely dictated by diffusion out of the hydrogel, which itself is
degrading by bulk erosion due to the transient nature of the
supramolecular cross-links. Interestingly, erosion studies of the
hydrogel indicate that HA release is not affected by the
irradiation procedure described here (Figure S8). Thus,
photomodulation of the azobenzene cross-links has a significant
impact on the release due to changes in the mesh size alone.
This property sets the stage to improve upon these effects,

perhaps by increasing affinity of the model drug for the
hydrogel to slow release.
To confirm that this hydrogel platform was suitable for

investigations of cellular mechanosensing and more broadly as
3D cell culture matrices, cellular viability was examined using
encapsulated NIH 3T3 fibroblasts. The 3T3s were suspended
with Azo28HA and then gently mixed with βCD28HA to form a
6 wt % cell-laden hydrogel. After culture for 1 day, cell viability
was approximately 90% (Figure 5a and 5c). As shown in Figure
5b, this high level of viability was maintained after 3 days of
culture; however, the hydrogels experienced some swelling that
decreased the overall cell density. These experiments indicate
that the designed guest−host hydrogels support 3D encapsu-
lation of live cells.
Cellular morphology remained rounded within the 6 wt %

Azo28-βCD28HA hydrogels. As previously mentioned, the stress
relaxation properties of the hydrogel will affect how the
network dissipates cellular traction forces, which in turn affects
cell spreading.35,37 Here, the cellular morphology indicates that
the hydrogels are relaxing stress quickly relative to the cells.
Increasing the time scale of relaxation with additional cross-
links may promote cellular spreading and still maintain
reversibility, allowing these hydrogels to be used as platforms

Figure 4. A) Release of FITC-BSA in Azo20-βCD28HA hydrogels that
were not irradiated (closed circles) or irradiated at day 4 (open
circles). Irradiation caused a jump in the amount of FITC-BSA
collected at day 5. B) Release of FITC-BSA in Azo28-βCD28HA
hydrogels that were not irradiated (closed circles) or irradiated at day
4 (open circles). Irradiation also caused a jump in the amount of
FITC-BSA collected at day 5, but the effect was diminished compared
to Azo20-βCD28HA hydrogels.
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with dynamic mechanical signaling in the future. In addition,
the transient nature of the cross-links in the hydrogel could be
leveraged to design injectable cell delivery vehicles that flow
under shear.41

■ CONCLUSIONS

We designed supramolecular hydrogels using hyaluronic acid
polymers functionalized with a photoresponsive guest−host
pair: azobenzene and β-cyclodextrin. Increasing modification of
HA with Azo substituents decreased the viscoelastic character
of the supramolecular hydrogels and led to a lower modulus
change upon irradiation. However, all of the hydrogel
formulations examined demonstrated reversibility of the
cross-linking density, leading to changes in the elastic modulus
with light exposure between 36−60%. Importantly, the change
in cross-linking density was significant without leading to a gel−

sol transition of the material. These reversible changes in cross-
linking density were therefore leveraged to tune the release
profiles of a model drug, FITC-BSA, with controlled light
exposure. In addition, the cytocompatibility of the hydrogel
formulations demonstrates the potential of this material
strategy to be used for fabrication of dynamic cell culture
matrices with temporal control over local matrix mechanics.

■ MATERIALS AND METHODS

HA Macromer Synthesis. Cyclodextrin-HA (CDxHA) was
synthesized as previously described,32 and azobenzene-HA
(AzoxHA) was prepared using a similar protocol to others that
modify the alcohol groups on HA (Scheme 1). Briefly, for
CDxHA, the tert-butylammonium salt of 75 kDa HA (Lifecore)
(HA-TBA) was added to a flask with hexanediamine-function-
alized α-cyclodextrin or β-cyclodextrin (0.8 eq. to moles of HA-

Figure 5. Representative viability of NIH 3T3 fibroblasts encapsulated in a 6 wt % Azo28-βCD28HA hydrogel after A) 1 day and B) 3 days.
Fibroblasts are stained with calcein-AM (green, live) or ethidium homodimer (red, dead). The noticeably lower cell density at Day 3 corresponds to
hydrogel swelling in media. C) Quantitative viability for NIH 3T3 fibroblasts encapsulated in 6 wt % Azo30-βCD28HA hydrogels after 1 day and 3
days. Error bars represent the standard error of the mean for three hydrogels per condition. Scale bar = 100 μm.

Scheme 1. Synthetic Routes for the Preparation of AzoxHA (Top) and CDxHA (Bottom)a

aDetails for 3,3′-AzoxHA are found in the SI (Scheme S1). The percentage of HA disaccharides that are modified by the functional group is indicated
by “x”.
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TBA repeat units) and purged with nitrogen. Anhydrous
DMSO (∼5 mL per 0.1 g of HA-TBA) was added via
cannulation. After the precursors were fully dissolved,
(benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexa-
fluorophosphate (BOP, 0.8 equiv) dissolved in a minimal
amount of DMSO was added to the reaction flask. The solution
was stirred under nitrogen for 3 h at room temperature,
quenched with cold DI water, and transferred to dialysis for
purification (∼1 week dialysis against water). After 3 days, the
polymer solution was centrifuged to remove precipitated
byproducts from the coupling. Upon the completion of dialysis,
the polymer was freeze-dried and characterized by 1H NMR.
Functionalization was determined via integration of the
cyclodextrin hexane linker (δ = 1.35−1.85, 12H) relative to
the HA methyl singlet (δ = 2.1, 3H), as previously reported
(Figure S1).32

For AzoxHA, HA-TBA, 4-(phenylazo)benzoic acid or 3,3′-
azodibenzoic acid (3 equiv), and 4-dimethylaminopyridine
(DMAP, 0.25 equiv) were added to a flask and purged with
nitrogen. Anhydrous DMSO (∼5 mL per 0.1 g of HA-TBA)
was added via cannulation to dissolve the reactants. Upon
dissolution, di-tert-butyl dicarbonate (Boc2O, 1.1 equiv, 2.1
equiv, or 3.2 equiv depending on desired functionalization) was
added, and the reaction was stirred at 45 °C for 20 h. The
reaction was quenched with cold DI water, dialyzed against
water for 3 days, and precipitated into cold acetone. The
yellow-orange precipitate was redissolved in water and returned
to dialysis for an additional 3 days before lyophilization and
characterization by 1H NMR. Functionalization was determined
via integration of the azobenzene aromatic protons (δ = 7.6−
8.4, 9H) relative to the HA methyl singlet (δ = 2.1, 3H) (Figure
S2).
Estimation of Binding Affinity with 1H NMR. AzoxHA

was dissolved at a concentration of 3.5 mg/mL in DI water and
titrated with β-cyclodextrin (0:1, 1:16, 1:8, 1:4, 1:2, and 1:1
ratios of β-cyclodextrin:azobenzene). Samples were lyophilized
and redissolved in D2O. The chemical shift of the azobenzene
aromatic protons was then measured using 1H NMR
spectroscopy, and the apparent binding affinity (Ka) was
estimated using the Benesi−Hildebrand equation

δ δ β δΔ
=

Δ
+

ΔK
1 1 1

[ CD]
1

a max 0 max (1)

where Δδ is the change in chemical shift, and [βCD]0 is the
total β-cyclodextrin concentration. To determine the binding
affinity when the azobenzene was in the cis state, samples were
irradiated with an Exfo Omnicure S1500 mercury lamp
containing a 365 nm light filter (10 mW/cm2, 10 min)
immediately prior to NMR measurement. For each isomeric
state (trans AzoxHA and cis AzoxHA), three independent
titrations were performed. Reported values represent the mean
± standard deviation.
Hydrogel Formation. βCDxHA and AzoxHA were

separately dissolved in PBS at the desired polymer concen-
tration of the final hydrogel. These components were mixed in
a 1:1 ratio of β-cyclodextrin and azobenzene in an Eppendorf
tube, using a combination of manual mixing and centrifugation.
The gels were allowed to stand for at least 1 day prior to further
characterization.
Absorbance Spectroscopy. Absorbance scans of AzoxHA

solutions in PBS were run from 280 to 700 nm with a 5 nm
step size. To measure the absorbance spectrum after isomer-
ization, solutions were directly irradiated in the plate (365 nm,

10 mW/cm2, 10 min), and absorbance scans were run
immediately after or at defined time points. To determine
binding affinity between AzoxHA and soluble α- or β-
cyclodextrin, titrations were performed as described above (n
= 3 per condition), and the Benesi−Hildebrand method was
used by tracking the shift in wavelength of the absorbance
maximum.

Rheology. The shear storage and loss moduli of hydrogels
(n ≥ 3 per condition) were measured using an AR2000
rheometer (TA Instruments) with a 20 mm diameter 1° angle
cone and plate geometry and a UV light guide accessory. At 1%
strain, oscillatory frequency sweeps from 0.01−100 Hz were
performed at 25 °C. For measurement of the modulus under
irradiation, an Exfo Omnicure S2000 (365 nm, 10 mW/cm2)
was remotely controlled from the rheometer software to expose
the sample to light through a quartz plate. Data shown
represent typical values for each hydrogel condition.
To illustrate the reversible change in mechanics, the modulus

of the hydrogels were monitored over time at 1% strain and 1
rad/s using a Discovery HR-3 rheometer (TA Instruments)
with an 8 mm parallel plate geometry. This rheometer was also
equipped with a light guide accessory, where the light source
was an Exfo Omnicure S1000 with an external filter adapter
that contained either a 365 nm filter or a 400−500 nm filter.
The filters were manually switched at selected time points, and
the intensity of the light was held constant at 10 mW/cm2.

BSA Release. Release profiles were determined following a
procedure similar to previously published methods.32,41,42

Briefly, fluorescein-labeled bovine serum albumin protein
(FITC-BSA) was dissolved in PBS at a concentration of 1
mg/mL, and this solution was used to separately dissolve the
AzoxHA and βCDxHA hydrogel precursors. Hydrogels (30 μL
each, n = 3 per condition) were then prepared as described
above, now encapsulating FITC-BSA. These hydrogels were
then loaded into custom fabricated wells made from 3 wt %
agarose in a 24 well plate. The wells contained a cylindrical
depression that was 5 mm in diameter and 6 mm high that was
open to a reservoir of buffer. The hydrogels were covered with
1 mL of PBS and stored at 37 °C. The buffer was removed each
day and replaced with fresh PBS. At day 4, one group of the
hydrogels was irradiated with 365 nm light (10 mW/cm2) for
10 min every hour over 4 h (irradiated condition). After the
final time point, the gels were dissolved via addition of 5 mg/
mL 1-adamantane acetic acid to release any remaining BSA.
BSA release was quantified with a plate reader (Infinite M200,
Tecan) using 495/525 nm excitation/emission, and fluores-
cence values were compared to a standard curve to determine
total BSA release. Values reported represent the mean ±
standard deviation. Significance was determined between the
irradiated and nonirradiated conditions using a student’s t-test
(*p < 0.05).

Cell Encapsulation and Microscopy. NIH 3T3 fibro-
blasts were encapsulated into the hydrogels (n > 3) at a density
of 5 million cells/mL by mixing the cell suspension with
concentrated AzoxHA precursor. The hydrogels were placed
into wells formed from 3 wt % agarose, as described above, and
the cells were cultured in Media 199 containing 1% fetal bovine
serum. Prior to imaging, the cell-laden constructs were
incubated with 1 μM calcein-AM (live stain) and 4 μM
ethidium homodimer (dead stain) for 20 min. At the desired
time points, the cells were imaged using a Leica TCS SP5
confocal microscope. Viability was quantified using the
maximum intensity projections from the confocal image z-
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stacks and application of Otsu’s intensity-based thresholding
method with particle (cells) counting via ImageJ.
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