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Abstract

A dynamic hydrogel that sequentially responds to two independent but interrelated physical and
biomolecular signals was reported in this work. Once hit by an external light signal, an
immobilized internal molecular signal is activated and freed via photoreaction; and subsequently
the freed molecular signal works as a self-programming factor of the hydrogel to induce the
dissociation of a biomolecular complex to release protein via hybridization reaction. Notably,
pulsatile external light input can be converted to periodical protein output from the hydrogel to
regulate cell migration. Thus, this hydrogel holds potential as a self-programming platform for
biological and biomedical applications such as controlled release of bioactive substances.

INTRODUCTION

Responsive materials are able to change their properties quickly in response to a specific
variation of environmental conditions.1~8 These materials have been widely used in drug
delivery, cell biology, molecular machine, information technology, and so on.%-15 Using
responsive materials to control protein release is one of the most intriguing potential
applications,16-17 since a lot of proteins, particularly cytokines and growth factors, can cause
severe side effects when delivered systematically.18-19 As hydrogels have good
biocompatibility and structural similarities to tissues,20-22 they have been developed as
responsive materials for controlled protein release mainly based on the mechanisms of pH-
triggered degradation or small molecule-triggered gel-sol transition.23-2> However, it is
challenging to apply these responsive hydrogels to realize sequential release of one or
multiple proteins as their one-step functional change requires bulk degradation or phase
transition.26-30 This problem would be solved if protein release can be decoupled from the
bulk change of hydrogels. Recently, photolabile linkers were used to chemically conjugated
proteins to the hydrogel for controlled protein release.3! However, chemical conjugation

"Correspondence should be addressed to: Yong Wang; yxw30@psu.edu.

Supporting Information. Experimental methods, synthesis of linkers and additional characterization figures. This material is
available free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai et al.

Page 2

may induce denaturation of proteins owing to the modification of cysteine or lysine in
proteins.32-33 Therefore, there is still a need to develop new responsive hydrogels for
controlled protein release.

In biological systems, multistep molecular recognition events are used to realize one
function. For instance, when light hits a photoreceptor cell, rhodopsin is activated to form
metarhodopsin-11, which subsequently recognizes and binds the heterotrimeric G-protein
transducin to induce molecular dissociation. Ultimately, this stepwise procedure leads to the
conversion of light into an electrophysiological signal for visualization.34-3% Notably, the
entire procedure does not need to change other key properties (e.g., cellular integrity) of the
photoreceptor cell or involve harsh factors. Inspired by this biological mechanism, we
developed a synthetic hydrogel system that responds to two interrelated signals, an external
light signal and an internal molecular signal, for regulating the dissociation of a protein-
DNA complex to control protein release.

EXPERIMENTAL SECTION

Synthesis of the photolabile linker

Compound 3—To a solution of 1-(4-hydroxy-5-methoxy-2-nitrophenyl)ethan-1-one36
(compound 1, 2.11 g, 10 mmol) in 30 mL acetone was added potassium carbonate (1.65 g,
12 mmol), potassium iodide (0.33 g, 2.0 mmol), 18-crown-6 (0.53 g, 2.0 mmol) and
compound 2 (4.25 g, 11 mmol). The mixture was refluxed overnight under argon. After
cooling to room temperature, the solvent was evaporated under reduced pressure. The crude
reaction mixture was partitioned between EtOAc and H,O. The aqueous layer was extracted
twice with EtOAc and the combined organic layers were dried over MgSOy, filtered and
concentrated. The crude product was purified by flash chromatography on silica gel to yield
3 (49%). 1H NMR (400 MHz, CDCl3): 67.70 (s, 1H), 6.75 (s, 1H), 4.28 (t, J= 4.6 Hz, 2H),
4.20 (d, J= 2.0 Hz, 2H), 3.96 (s, 3H), 3.93 (t, /= 4.8 Hz, 2H), 3.73 (t, /= 2.8 Hz, 2H),
3.69-3.66 (M, 10H), 2.50 (s, 3H), 2.43 (t, J= 2.4 Hz, 1H) ppm. 13C NMR (125 MHz,
CDCl3): 6200.12, 154.38, 148.99, 138.32, 133.00, 108.81, 108.65, 79.67, 70.97, 70.66,
70.63, 70.41, 69.39, 69.25, 69.12, 58.41, 56.62, 30.42 ppm. ESI-MS: [M+H]* 426.18, [M
+NH,4]* 443.21, [M+Na]* 448.16.

Compound 4—Sodium borohydride (0.11 g, 3.0 mmol) was added to a solution of
compound 3 (0.425 g, 1.0 mmol) in 10 mL methanol at 0 °C. The reaction was stirred at

0 °C for 30 min and room temperature for 3 h. The reaction was quenched by addition of 1
mL sat. NH4CI. The methanol was removed under vacuum and the mixture was dissolved
with EtOAc (40 mL) and washed with sat. NaHCO3 and brine, dried over MgSQy, filtered
and concentrated under vacuum to afford 4 without purification (96%). 1H NMR (400 MHz,
CDClg): 67.64 (s, 1H), 7.30 (s, 1H), 5.56 (q, /= 6.0, 12.4 Hz, 1H), 4.23 (td, J= 1.6, 4.8 Hz,
2H), 4.19 (d, J= 2.4 Hz, 2H), 3.97 (s, 3H), 3.91 (t, /= 4.8 Hz, 2H), 3.73-3.65 (m, 12H), 2.43
(t, J= 2.4 Hz, 1H), 1.54 (d, J= 6.0 Hz, 3H) ppm. 13C NMR (125 MHz, CDCl3): §154.23,
147.02, 139.51, 137.18, 109.71, 108.75, 79.66, 74.56, 70.94, 70.66, 70.62, 70.40, 69.49,
69.12, 69.02, 65.75, 58.41, 56.35, 24.29 ppm. ESI-MS: [M-OH]* 410.17, [M

+NHy4]* 445.23, [M+Na]* 450.18.
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Photoresponsive linker 5—AN, A/ -disuccinimidyl carbonate (0.51 g, 2 mmol) was added
to a solution of compound 4 (0.427 g, 1.0 mmol), triethylamine (0.2 mL) and 4-
(dimethylamino)pyridine (0.1 g) in 10 mL dry acetonitrile at 0 °C. The reaction was stirred
at 0 °C for 30 min and room temperature for 4 h under argon. After concentrating the
solution under vacuum, the mixture was diluted by EtOAc (30 mL) and washed with 10%
citric acid solution (3 x 20 mL). The organic layer was dried over MgSOg4. The crude
compound was purified by flash chromatography on silica gel to obtain 5 (86%). 1H NMR
(400 MHz, CDClg): 67.70 (s, 1H), 7.05 (s, 1H), 6.47 (q, J= 6.4, 12.8 Hz, 1H), 4.23 (t, J=
4.8 Hz, 2H), 4.17 (d, J= 2.4 Hz, 2H), 4.09 (q, /= 6.4, 14 Hz, 1H), 4.02 (s, 3H), 3.89 (t, J=
4.8 Hz, 2H), 3.72-3.62 (m, 14H), 2.78 (s, 4H), 2.42 (t, J= 2.4 Hz, 1H), 1.74 (d, J= 6.4 Hz,
3H) ppm. 13C NMR (125 MHz, CDCl3): 6168.50, 154.69, 150.58, 147.78, 139.14, 131.36,
109.74, 107.37, 79.68, 74.55, 70.94, 70.62, 70.39, 69.40, 69.12, 69.06, 60.39, 58.39, 56.51,
25.42,21.94, 14.21 ppm. ESI-MS: [M+NH,4]* 586.25.

Synthesis of photoresponsive DNA (ON1*)—A 4 uL DMSO-based solution of linker
5 (0.1 M) was added to a solution of the amino-modified oligonucleotide, ON1-NH,, (1
mM, 100 pL) in Tris-HCI buffer (pH 8.0, 100 mM). The mixture was vortexed at room
temperature for 4 h. Thereafter, 4 pL of linker 5 solution was further added to the reaction
and vortexed for another 4 h at room temperature. The reaction was filtered through a spin
filter (MW 5k) and washed with 300 uL of PBS 6 times to remove the excess linker and low
molecular weight reaction byproducts. The crude DNA product was collected and
resuspended in 100 pL of water, and was used for next step without further purification.

Synthesis of photoresponsive nanogel (NG*)—An azide-functionalized nanogel
(NG) was synthesized via a previously reported method with a minor modification.3” The
photoresponsive oligonucleotide (ON1*) was covalently conjugated to nanogel via Cu(l)-
Catalyzed Azide-Alkyne Cycloaddition (CUAAC).38 In brief, 4.35 mg tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA) and 12.5 mg CuSOg4-5H,0 were added to 1.0
mL water. The mixture was vortexed and formed a clear Cu-THPTA solution (50 mM).
Next, 0.55 pL of NacCl solution (5.0 M), 10 pL of ON1* solution (1 mM) and 0.55 pL of Cu-
THPTA solution were added to 20 pL of azide-functionalized nanogel (or fluorescent
nanogel) solution (7.5 mg-mL™1), followed by the addition of 0.55 uL of sodium ascorbic
solution (0.5 M). The solution was first vortexed at room temperature for 2 h. Then, another
0.55 pL of sodium ascorbic solution was added and reacted for another 2 h. The DNA-
conjugated photoresponsive NG* was purified via gel electrophoresis, collected by
Iyophilization and resuspended in water at a final concentration of 2.0 mg-mL™1. This
solution was stored at —20 °C until further use. To prepare NG* co-conjugated with ON1*
and ON1 (i.e., ON1 with 5"-hexynyl), the two oligonucleotides were used together for the
click reaction.

Gel electrophoresis—Gel electrophoresis was used to evaluate the conjugation of ON1*
to NG via “click” chemistry. 0.2 uL of the reaction was mixed with ON2 solution (100
pmol) in 10 pL PBS for 1 hour. The samples were loaded into a 10% polyacrylamide gel.
The electrophoresis was run in TBE buffer (89 mM tris-borate, 89 mM boric acid, and 2 mM
EDTA; pH 8.2) at 80 V for 45 min using a Mini-PROTEAN Tetra Cell system (Bio-Rad,
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Hercules, CA). The gel was stained in SYBR-Safe™ solution for 30 min and imaged with a
green fluorescence filter using a CRI Maestro EX System (Woburn, MA). The images were
analyzed using the software provided by the supplier.

Examination of ON1 release from NG*—To perform the photolysis of NG* and
monitor the photorelease of ON1, 1 pL of NG* was diluted with 9 uL PBS and the solution
was placed under a UV lamp at 365 nm with intensity of 3 mW-cm~2. Upon photolysis for a
predetermined period of time, the reaction solution was taken and subject to gel
electrophoresis using the method as described above.

Synthesis of the biomimetic system—Superporous hydrogels were prepared
according to a reported method.3° The superporous hydrogel was gently blotted with tissue
paper to dehydrate. Subsequently, 30 uL of PDGF-BB solution (50 ng) was added and the
loaded hydrogel was incubated at room temperature for 4 h. Thereafter, 5.0 uL of NG* was
diluted in 10 pL of PBS, which was further loaded into the hydrogel. The hydrogel was
incubated at room temperature for another 1 h. The PDGF-BB and NG* loaded hydrogel
(7.e., the biomimetic hydrogel system) was directly used for the examination of PDGF-BB
retention and signal output without washing treatment.

Examination of NG* distribution in the hydrogel—FITC-doped NG* solution of 10
uL was mixed with 20 uL of TYE665-labeled complementary sequence (TYE665-CS, 100
pmol) in PBS. The mixture was added to the dehydrated hydrogel. After 1 h incubation, the
hydrogel was thoroughly washed and subject to observation under a Nikon A1R Spectral
Confocal Microscope (Nikon Instruments Inc., Melville, NY) to image the porous network
(via TYE665) and the distribution of NG* in the hydrogel. The fluorescein and TYE655
were excited at 488 nm and 645 nm, respectively. Scanning was performed from the surface
of the hydrogel to a depth of 100 um in the z-direction at an optical resolution of 20 pum.
Captured images represent a 1280 um %1280 um field.

Ethidium bromide (EB) staining of ON1-ON2 duplexes—EB can be intercalated
into the DNA duplexes to produce fluorescence signal. Thus, to evaluate the formation of
ON1-ONZ2 duplexes, superporous hydrogels loaded with NG* were exposed to 365 nm UV
light and stained with EB. Hydrogels were incubated in the EB solution (10 pg-mL™%, 1 mL)
for 1 h and then incubated in 15 mL of PBS for 2 h washing to remove unbound EB.
Hydrogels were imaged (Aex/Aem = 523/610 nm) with a Maestro /7 Vivo Imaging System
(Woburn, MA).

Examination of protein output—The hydrogels were incubated in 1 mL of release
medium (PBS solution of 0.1 wt% BSA, 0.05% v/w Tween 20, and 0.09 wt% sodium azide)
at 37 °C. To regulate signal output, the hydrogel was placed under a UV lamp for a
predetermined period of UV light exposure (3 mW-cm™2). At predetermined times points,
the supernatant was collected and replaced with 1 mL of fresh release medium. The
collected supernatant was stored at =20 °C until quantification. PDGF-BB was quantified
using a recombinant human PDGF-BB enzyme-linked immunosorbent assay (ELISA)
(Peprotech, Rocky Hill, NJ). The absorbance of each sample was measured using a BioTek
Synergy™ HT Multi-Mode Microplate Reader (BioTek, Winooski, VT).
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Wound closure assay—Smooth muscle cells (SMCs) were cultured in the low serum
medium (/.e., basic medium supplemented with 0.5% FBS) overnight in a 24 well plate at a
density of 9 x 10 cell/well. Wounds were created by scratching the confluent SMCs with
the trimmed pipet tips. After the hydrogels were exposed to UV light (365 nm, 3 mW-cm™2)
for 5 min, the hydrogels were put into a transwell insert and co-incubated with the cells in a
transwell plate for 6 hours. The cells without any treatment or those co-incubated with the
hydrogels without UV exposure were used as controls. Microscopy images of the cells were
captured at 0 h and 6 h post treatment for analysis. Statistical analysis was performed in
Prisma 5.0 (GraphPad). One-way ANOVA followed by Bonferroni’s Test was used to
compare the wound closure distances.

RESULTS AND DISCUSSION

Molecular design of hydrogel system

Figure 1 shows the working principle of the molecular system. Two oligonucleotides are
integrated into the system as pendant motifs. The first oligonucleotide (7.¢., ON1) is
covalently conjugated to a hydrogel nanoparticle (7.¢e., nanogel) via a photolabile linker; and
the second oligonucleotide (7.e., ON2) is covalently conjugated to the bulk hydrogel network
with the ability to form a protein-DNA complex. Once the hydrogel system is exposed to an
external light signal, ON1 is activated for dissociation from the nanogel. Subsequently, the
freed ON1 hybridizes with ON2 and functions as an active intermediate signal to induce the
dissociation of the protein-DNA complex and release the bound protein.

The synthesis of hydrogels often involves harsh chemical conditions.26-30 For instance, free
radicals were produced in acidic solutions when hydrogels were synthesized in this work. To
avoid potential denaturation of proteins by these harsh conditions, we purposely decoupled
the synthesis of superporous hydrogels from protein loading. The superporous structure of
the hydrogels would allow for easy adsorption of aqueous solutions and loading of proteins
into the hydrogels for binding to ON2 after the formation of the bulk hydrogel matrix. An
alternative approach to achieving the same purpose of protein loading would be the synthesis
of a highly swollen hydrogel, which is not a focus in this current work but worthy of
studying in the future. Notably, since the protein is adsorbed into the bulk hydrogel matrix
for physical binding to ON2, this system does not involve harsh chemical conditions for
protein modification and immobilization. Moreover, ON1 is a pendant motif of the nanogel
and the breakage of its light-responsive bond is independent of the bulk properties (e.g.,
integrity) of the hydrogel. Thus, the current system is different from other elegant stimuli-
responsive materials that require bulk change, phase transition or chemical modification of
proteins,26-29.31

Preparation of photoresponsive DNA-functionalized nanogel (NG*)

4, 5-Dimethoxy-2-nitrobenzyl alcohol and its derivatives have been studied as photolabile
protecting groups for various application, and their photolysis can occur under long
wavelength UV light for the caging and highly efficient photorelease of cargoes.*%-44 In this
work, we synthesized a new photoresponsive linker 5 based on 4, 5-dimethoxy-2-nitrobenzyl
alcohol (Figure 2 and Figure S1, Supporting Information). An ethylene glycol oligomer was
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incorporated into linker 5 for enhanced solubility. Figure 3A shows that linker 5 has three
typical absorptions at 246, 305 and 347 nm. The exposure of linker 5to UV light at 365 nm
decreased its absorption at 305 nm and increased absorptions at 261 and 370 nm. These
results revealed a fast and clean photoreaction of linker 5 in aqueous solutions.

Linker 5 was conjugated with ON1 to synthesize photoresponsive ON1* (Figure 2).
MALDI-TOF characterization revealed shift of 454 Da in mass after the conjugation
(Figure. 3B), demonstrating the successful conjugation of linker 5 and ON1. As linker 5 has
an alkene group, ON1* could be conjugated to the azide-functionalized nanogel (NG) via
copper(l)-catalyzed alkyne-azide cycloaddition (CUAAC) to synthesize photoresponsive
NG* (Figure 2).

To demonstrate the conjugation of ON1* to NG, we characterized the UV-vis absorption
spectrum of NG* (Figure 3C). Since 260 nm is the characteristic absorption peak of DNA,
the comparison of the absorption bands of NG and NG* suggested that ON1* was
conjugated to NG. It is confirmed by the small absorption of NG* at 358 nm that is the
characteristic absorption of the nitrobenzyl derivative. NG* was also characterized with
dynamic light scattering (DLS) and transmission electron microscopy (TEM). It is shown in
Figure 3D that NG* had an DLS size of 58.8+3.5 nm, which was around 8 nm larger than
NG without modification The TEM images show that the diameters of NG* was less than
100 nm (Figure 3E). The evaluation of the surface charge demonstrated that the zeta
potential of NG was decreased from 15.7+3.2 to -6.5+2.8 mV after the conjugation with
ON1* (Figure 3F), further confirming the presence of negatively charged DNA on NG.
Taken together, these data confirmed the success of conjugating ON1* to NG w/a click
chemistry. The quantification of DNA suggested that the conjugation efficiency was 40.5
pmol ON1* per ug NG and each NG* had ~40 ON1* (Table S2 and Figure S2).

Photoactivation of ON1* on NG*

We next examined the photoresponsiveness of NG* that was exposed to UV light (Figure
4A). Photoirradiation of NG* induced an increase in absorption at 260 nm and a
concomitant redshift of the absorption in the range of 350-400 nm (inset figure) (Figure 4B
and Figure S3) whereas photoirradiation of ON1 did not lead to any change in the absorption
spectrum (Figure S4). These data suggest that NG* was photoresponsive owing to the
photolysis of ON1*.

Gel electrophoresis was further performed to verify the states of ON1* of NG*. Without UV
irradiation, as shown in lane 1 in Figure 4C, strong fluorescence was observed in the NG*
band in contrast to negligible fluorescence in the ON1 band. After UV irradiation, the
opposite results were observed (lane 2). Analysis of the band intensities showed that
approximately 83% ON1* was lysed to form free ON1 during the irradiation (Figure 4C).
Longer exposure time led to more conversion of ON1* to ON1 (Figure 4D and Figure S5).
Quantum yield for the photolysis of ON1* (¢) was 0.015 + 0.002 determined using
azobenzene actinometry.*®

Since one key advantage of photoirradiation would be the flexibility to regulate a system
temporally, we also studied the temporal control of NG* under alternate photoirradiation.
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The results showed that photoirradiation at two different time points led to the production of
free ON1 periodically (Figure 4E), demonstrating that photoirradiation can temporally
regulate the function of NG* and the production of free ON1.

As our goal was to use NG* as a self-regulating factor of the bulk hydrogel system, we
needed to examine whether the light responsiveness of NG* in aqueous solution could be
reproduced in the bulk hydrogel. To this end, we loaded NG* into the superporous hydrogel
and treated the NG*-loaded hydrogel with UV irradiation. As revealed by the absorption
spectrum (Figure 4F), photolysis of the hydrogel produced a new absorption peak in the
range of 350-400 nm, which was attributed to the characteristic absorption of the
nitrosobenzyl byproduct. Accordingly, the color of the hydrogel changed from white to pale
yellow (Figure S6). These data suggest that NG* could be activated in the bulk hydrogel.

Retention of NG* in ON2-functionalized superporous hydrogel

ONZ2 is a nucleic acid aptamer. Nucleic acid aptamers are synthetic single-stranded
oligonucleotide ligands with the ability to bind target molecules physically with high
affinities and specificities.#6-47 In this work, we used an aptamer binding to platelet-derived
growth factor BB (PDGF-BB) as a model to synthesize the DNA-protein complex. It is
important to note that any protein can be developed into the form of DNA-protein complex
since aptamers can in principle be selected ex vivo against any target protein. ON2 was
conjugated to the bulk hydrogel as a pendant motif via the co-polymerization of methacryl-
ONZ2 with hydrogel monomers. To demonstrate the success of ON2 conjugation, the
hydrogel was incubated with a fluorophore-labeled complementary sequence (Z.¢e., TYE665-
CS) that is complementary to the ON2. The fluorescent imaging analysis showed that the
hydrogels exhibited strong red fluorescence after the TYE665-CS treatment, demonstrating
the successful ON2 conjugation to the hydrogel (Figure 5A, a).

The loading and distribution of NG* within the hydrogel was evaluated using a FITC-
labeled NG*. Green fluorescence was observed throughout the bulk hydrogel (Figure 5A). It
demonstrates that NG* could be loaded and distributed in the porous bulk hydrogel. As NG*
was used to provide ON1 for programmed protein release, it is important to retain NG* in
the bulk hydrogel. A straightforward method to achieve this goal is to apply hybridization
between ON1 and ON2 to retain NG* in the bulk hydrogel. To satisfy this requirement, ON1
with 5”-hexynyl moiety was directly conjugated to NG via click chemistry (Figure S7). The
immobilized ONL1 allows for NG* retention as its orientation is favorable for ON1-ON2
hybridization. The result showed that the retention of native NG was less than 42.7% by day
1 and only 1.65% by day 6 (Figure S7B). By contrast, after the initial loss of 4.3% NG*, the
majority of NG* was retained in bulk hydrogel and the retention of NG* by day 6 was
91.3%. Since using the ratio of ON1 to NG* at 10:90 led to the retention of the majority of
NG* in the ON2-functionalized superporous hydrogel (Figure S7C), this ratio was used in
the following studies.

Evaluation of photoreaction and hybridization in hydrogel

After the demonstration of NG* loading in the superporous hydrogel, we studied NG*
activation and ON1-ON2 hybridization in the hydrogel system. Once NG* is activated, ON1
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would be freed and diffuse to ON2 to form the ON1-ON2 duplex (Figure 5B). To
characterize the hybridization, after the treatment of photoirradiation, the hydrogel was
stained with ethidium bromide (EB). As EB can be intercalated into the duplexes to produce
fluorescence signal, the formation of ON1-ON2 duplexes would increase the fluorescence
intensity of the hydrogel system. As expected, the system exhibited weak fluorescence
before photoirradiation whereas it exhibited much stronger fluorescence after
photoirradiation (Figure 5C, shown in pink color). The intensity of green fluorescence from
FITC-doped NG* (used as an internal control) in the system remained constant with or
without the treatment of photoirradiation (Figure 5C). Therefore, these data demonstrate that
ON1* on NG* can be activated to free ON1 for hybridization with the ON2 in the system.

Examination of protein output of the hydrogel system

To evaluate the outcome of photoirradiation in protein release control, PDGF-BB was loaded
into the hydrogel system to form the DNA-protein complex by binding to ON2 (/.¢e., anti-
PDGF-BB aptamer). Since both NG* and PDGF-BB can bind ON2, we examined the effect
of NG* loading on PDGF-BB retention. The loading of NG* up to 10 ug led to a negligible
effect on PDGF-BB retention (Figure S8). Thus, we used 10 pg NG* per hydrogel in the
following experiments.

The conformation of ON2 changes upon hybridization with ON1. Since the conformation of
an aptamer is important to its function,*8 the ON1-ON2 hybridization would cause the
dissociation of the ON2-PDGF-BB complex. Resultantly, PDGF-BB would be released as a
signal output. Indeed photoirradiation-mediated ON1 activation and release triggered PDGF-
BB output from the system (Figure 5D). The increase of the irradiation time led to more
PDGF-BB output. The output was 10.5% after 3 min of photoirradiation and 17.2% after 5
min of photoirradiation. Notably, the hydrogel system did not exhibit a significant change in
the elastic modulus after photoirradiation, which suggests that photoirradiation did not
change the bulk properties of the system (Figure S9). Since biological systems can often
respond to external signals regularly, we further regulated the biomimetic system by light to
provide a signal output at different times. Following photoirradiation at 6 and 12 hours, the
PDGF-BB release from the system reached peak release levels twice (Figure 5E). The
amount of released PDGF-BB was 16.1% and 11.4%, respectively. The signal output
decayed to a valley after 5 to 6 hours. By contrast, the signal output of PDGF-BB from the
system was as low as 0.2% at each time point if the system was not treated with
photoirradiation.

We further evaluated the potential application of this hydrogel system by examining the
regulation of cell behavior. Cell migration is important to a variety of physiological
processes such as angiogenesis, embryonic development, tissue regeneration and immune
surveillance.*® For instance, during the procedure of angiogenesis, smooth muscle cells
migrate and grow on the newly formed endothelial cells for the maturation of blood
vessels.?0 Thus, the regulation of cell migration is important in various applications. Since
PDGF-BB is an essential biochemical cue for regulating the migration of smooth muscle
cells (SMCs),%! a SMC wound closure assay was used to test the outcome of the signal
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output. The results showed that the hydrogels with the treatment of photoirradiation could
induce the migration of SMCs (Figure 6).

Since the outcome of this sequential photoreaction and hybridization is protein release, one
may suggest the direct use of ON1 as an external signal to trigger the protein-DNA complex
instead of using sequential photoreaction and hybridization reaction. The concern with using
ON1 as an external signal is that the access of the hydrogel to ON1 may be limited in real
applications. For instance, ON1 may not have access to the hydrogel system implanted in
vivo if ON1 is quickly cleared by the body or if the hydrogel system is not accessible to
ONL1. Moreover, even if ON1 can approach the vicinity of the hydrogel system, a large
amount of ON1 would be needed for sufficient ON1 diffusion into the hydrogel system since
a high concentration gradient is a prerequisite for molecular diffusion in a substrate.® These
potential concerns do not exist when ON1 and the DNA-protein complex are integrated into
one molecular system as nature does similarly for signal transduction in a cell. Thus, since
physical signals such as light irradiation can reach a system remotely, a molecular system
regulated by sequential photoreaction and hybridization would be more flexible and feasible
for potential applications.

While we demonstrated that an external UV light was converted into an internal
biomolecular signal to dissociate a bound protein from a biomolecular complex, it is known
that UV irradiation has a limited penetration depth in materials such as living tissues. This
potential issue could be addressed by using near infrared (NIR) light responsive photolabile
compounds or upconverting nanoparticles due to the deeper tissue penetration of NIR
light.52-53 Thus, it is possible that the current system can be optimized in different ways
such as the integration of NIR radiation with upconverting nanoparticles or two-photon
irradiation in the future work.

CONCLUSION

In summary, this work has demonstrated a hydrogel system that can release proteins via
sequential photoreaction and hybridization in a self-programming manner. The procedures
of both entrapping and releasing proteins work under mild conditions without the need of
changing bulk properties of the system or involving unnecessary chemical conditions. This
hydrogel system may be tuned to control the release of other fragile bioactive substances
such as vaccines, viruses or cells. We envision that this bioinspired self-programming system
is promising for broad biological and biomedical applications.
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Figure 1.
Schematic illustration of the concept. When an external light signal is provided to the

biomimetic system, photoreaction (i.e., P) induces the breakage of the light-responsive
group of the internal molecular signal (i.e., ON1). The activated ONL1 is freed to diffuse to
the neighboring DNA-protein complex. ON1 binds to ON2 via hybridization reaction (i.e.,
H) to induce the conformational change of ON2, which causes the dissociation of the DNA-
protein complex for the production of a signal output (i.e., free protein).
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A general outline for the synthesis of photoresponsive NG*. A photoresponsive linker 5 was
first synthesized and modified to oligonucleotide ON1, which was further conjugated to NG
via CUAAC.
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Synthesis and characterizations of NG*. (A) UV-vis absorption spectra monitoring of the
photolysis of linker 5 in PBS solution upon UV irradiation (365 nm, 3 mW-.cm~2). Inset
figure shows the irradiation dependent absorbance change of the solution monitored at 380
nm. (B) Characterization of ON1 before and ON1* using MALDI-TOF analysis. (C) UV-vis
absorption spectra of ON1, ON1*, NG and NG* in PBS solution. (D) DLS analysis of NG
and NG*. (E) TEM images of NG and NG*. Scale bar: 250 nm. (F) Zeta-potential of NG
and NG*. Error bars represent s. e. m (n = 3).
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Conversion of the external light signal into the internal molecular signal after the exposure
of NG* to the UV light. (A) Hlustration of light-induced breakage of the photoresponsive
group for ON1 activation. (B) UV-vis absorption spectra of the NG* solution upon
photoirradiation. The inset figure shows a red shift in the absorption of NG* after
photoirradiation. (C) Gel electrophoresis image and analysis of the NG* solution before and
after photoirradiation. The time of irradiation was 10 min. (D) Effects of photoirradiation on
the activation of ONL1. The release was analyzed via gel electrophoresis and the percentage
was calculated by normalization to the theoretical ON1 incorporation. (E) Temporal control
of ON1 activation from NG*. The samples were exposed to UV light at 10 and 30 min for 3
min each time. The shaded regions were drawn for the clear legibility of ON1 production.
(F) UV-vis absorption spectrum displays the absorption change of the NG*-loaded hydrogel
before and after 10 min of photoirradiation. Error bars represent s. e. m (n = 3).
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Figure5.

Efamination of biomimetic signal output for protein release mediated by sequential
photoreaction and hybridization. (A) Images of the hydrogel system. (a): Bright field and
fluorescence images of the system loaded with NG* examined at the macroscopic level.
Scale bar: 2 mm. (b—e): Confocal fluorescence images. (b): ON2 in the bulk hydrogel was
stained with TYE665-CS (red). (c): The nanogel was doped with FITC (green). (d): Merged
image of b and c. (e): Z-stack imaging of the system under high magnification. Scale bar:
250 um for b—d, 50 pm for e. (B) Secondary structures of ON1, ON2 and their duplex as
analyzed using the software from IDT (http://www.idtdna.com/calc/analyzer). (C)
Fluorescence images of the system before and after photoirradiation. Pink: ethidium
bromide (EB); Green: FITC. Scale bar: 2 mm. The values of EB and FITC intensity are also
quantitatively shown in the bottom graph for clear comparison. (D) Irradiation time
dependent protein signal output from hydrogel system. (E) Measurement of hourly (left) and
cumulative (right) protein release when the system was photo-irradiated. The duration of
photoirradiation was 5 min. The systems were exposed to UV light at 6 and 12 hours,
respectively.
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Protein output for stimulation of cell migration. (A) Periodic PDGF-BB output from
photoirradiated hydrogels for cell stimulation. After the release experiment started, the
hydrogels were photoirradiated twice at 6 and 12 h, respectively. (B) Representative images
of SMCs before and after the stimulation with the output PDGF-BB. Cells were cultured for
6h before the imaging. Error bars represent s. . m (n = 3). *, p < 0.001.
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