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ABSTRACT: Macroscopic hydrogels provide valuable platforms for controlling
the release of genetic materials such as small interfering RNA (siRNA) and
microRNA (miRNA) for biomedical applications. However, after these
hydrogels are formed, it is challenging to alter the release rate of genetic
materials. In this report, a Michael addition catalyst-free photodegradable
poly(ethylene glycol) (PEG)-based hydrogel system has been developed that
provides an active means of controlling the release of genetic materials
postgelation using external UV light application. Photodegradation of
photolabile linkages in the hydrogel network changes the hydrogel
physiochemical properties such as swelling and degradation rate, augmenting
the release rate of loaded genetic materials. In the absence of UV light, RNAs
were released in a sustained fashion from both photodegradable and
nonphotodegradable hydrogels. In contrast, RNA release rate from the
photodegradable hydrogels was accelerated via UV light application, whereas it was not elevated with nonphotodegradable
hydrogels. Regardless of the UV light exposure to the hydrogels, released siRNA against green fluorescent protein (siGFP)
retained its bioactivity via effectively silencing GFP expression in destabilized GFP (deGFP)-expressing HeLa cells cultured in
monolayer. Moreover, cells encapsulated in these hydrogels exhibited high cell viability, and loaded siGFP inhibited GFP
expression of encapsulated deGFP-expressing HeLa cells with or without UV light application to the hydrogels. Importantly,
released siRNA targeting noggin (siNoggin) and miRNA-20a from the hydrogels, with and without UV light application, induced
osteogenic differentiation of human mesenchymal stem cells (hMSCs). This photodegradable hydrogel system may be a
promising strategy for real-time, user-controlled release of genetic materials for tissue engineering and treatment of diseases such
as cancer.

KEYWORDS: miRNA, on-demand release, photolabile hydrogels, siRNA, stem cell differentiation, UV-controllable release,
tissue regeneration

1. INTRODUCTION

Mesenchymal stem cells (MSCs) possess a high capacity for
self-renewal, immunomodulatory properties, and multipoten-
tiality.1−3 MSCs can be easily isolated from a variety of tissues
such as placenta, bone marrow, muscle, fat, corneal stroma, and
umbilical cord blood.4−7 Among these, bone marrow-derived
MSCs are a valuable, clinically relevant cell source for bone
tissue engineering as they can be obtained in a minimally
invasive manner via a bone marrow biopsy, and are capable of
differentiating into connective tissue cells such as osteoblasts
when exposed to specific microenvironmental conditions.1,8−15

For example, the delivery of osteogenic molecules, such as bone
morphogenetic protein-2 (BMP-2) and plasmid DNA encoding
the growth factor, can drive MSC osteogenic differentia-
tion.8−11 However, supraphysiological amounts of BMP-2 are
often needed to induce osteogenic differentiation in vivo,16 and

it is challenging to deliver plasmid DNA into the cell nucleus
where it functions.1,17,18

RNA interference (RNAi) is a powerful biologic tool to post-
transcriptionally silence gene expression in the cell cytoplasm
using small interfering RNA (siRNA) and microRNA
(miRNA). These RNA interfering molecules are promising
for tissue regeneration and disease treatment due to their ability
to block the synthesis of proteins that inhibit tissue develop-
ment or induce disease progression.1,18−23 siRNA and miRNA
have been widely investigated for the treatment of cancer23−26

and ischemia/reperfusion induced cardiac damage,27 the
regeneration of bone, cartilage, blood vessel, and fat1,2,28−31
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and wound healing.32,33 Several RNAs have been identified as
positive regulators of osteogenesis. For instance, miRNA-20a
has been explored for enhancing osteogenic differentiation of
human MSCs (hMSCs)1,28 as it suppresses the expression of
peroxisome-proliferator-activated receptor (PPARγ), Bambi
and Crim1, which negatively affect BMP signaling in osteo-
genesis.28,34 Alternatively, noggin is a protein that prevents
osteogenic differentiation of hMSCs and impairs bone
formation by blocking the binding of bone morphogenetic
proteins (BMPs) to their receptors on the cell surface.1,30,31 As
a result, silencing the expression of the noggin gene using
siRNA against the gene (siNoggin) can enhance osteogenic
differentiation of MSCs and subsequently bone formation.1,30,31

siRNA and miRNA have been delivered to cells in naked
form or through nanoparticles via their complexation with
cationic polymers or incorporation into liposomes.35−40 Unless
these RNAs are chemically modified (modified RNA) to
improve their stability and enable cell internalization, the use of
naked unmodified RNAs is limited due to their intrinsic
characteristics such as a short half-life in serum,35−38 high
susceptibility to degradation in the presence of ribonu-
cleases,37−40 rapid clearance by the renal system,41 and poor
cellular uptake owing to negative charge and high molecular
weight.35,39 Cationic polymers such as poly(ethylenimines)
(PEIs),39 chitosan,41 poly(β-amino ester)26 and others,29,42

have been employed to complex negatively charged RNAs into
nanoparticles via electrostatic interactions. These cationic
nanoparticles bind to the negatively charged surface of cells
followed by internalization, thus enhancing transfection
efficiency. However, a major challenge for use of nanoparticles
as a therapeutic modality is their rapid dispersion after
administration in vivo, due to their small size, making it

difficult to target sites of interest and to prolong gene silencing
duration.37,43−45

Hydrogels are three-dimensional cross-linked polymer net-
works that have been extensively employed for local delivery of
bioactive molecules, such as anticancer drugs, proteins, growth
factors, and genes, in a sustained and/or controlled
manner,46−52 and they are useful for tissue regeneration
strategies.1,2,53−57 RNAs encapsulated into macroscopic hydro-
gels or scaffold biomaterials have been reported to provide
sustained and localized delivery both in vitro and in
vivo.1,43−45,57−61 The release of RNAs from these biomaterials
can be controlled through the regulation of many different
factors, including the diffusion of RNA, biomaterial degradation
rate, and affinity between RNA and hydrogels. However, these
carriers do not permit precise control over RNA release and
dosing at specific time points postimplantation into the body,
which may reduce treatment efficacy if increased RNA
presentation is deemed necessary after delivery vehicle
implantation. Recent studies have demonstrated that an
external, user-controlled stimulus in the form of UV light
could be used to actively control and augment the release rate
of siRNA from photodegradable polyethylene glycol (PEG)
hydrogels at desired time points via simple UV application.62,63

RNAs were loaded into the hydrogels via electrostatic
interactions with covalently incorporated primary amine
groups62 or physical trapping in the form of RNA/PEI
complexes.63 Photolabile moieties were introduced to the
PEG backbone for UV-controlled degradation of the hydrogel
network, which permitted accelerated release rate of loaded
RNA at designated time points. However, the potential of these
hydrogel systems in tissue engineering applications may be
restricted because of the use of catalysts necessary for hydrogel

Scheme 1. Schematic Showing the Formation of RNA/PEI Nanocomplexes and Hydrogel Fabrication via a Single Cross-Linked
Michael Addition Reaction for Loading RNA
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formation, such as hydrogen peroxide, ammonium persulfate
and tetramethylethylenediamine, which may negatively influ-
ence encapsulated cells.
This study presents a cytocompatible catalyst-free photo-

degradable hydrogel system that permits cell encapsulation and
controlled release of loaded siRNA or miRNA, in the form of
RNA/PEI complexes, postgelation via UV application. The
photodegradable hydrogels were prepared via single-cross-
linked Michael addition reaction between acrylate groups in
poly(ethylene glycol)-diphotolabile-acrylate (PEG-DPA) and
thiol groups in eight-arm PEG-thiol (PEG(-SH)8) without the
use of any catalyst.64,65 Here, we examined whether application
of UV light to hydrogel networks containing photodegradable
linkages accelerated their degradation and subsequent release of
RNA/PEI complexes compared to hydrogels lacking photo-
degradable moieties. The bioactivity of siRNA presented from
these catalyst-free, photodegradable hydrogels in the absence or
presence of UV light to monolayer cultured and encapsulated
cells was investigated. Importantly, the potential application of
this photodegradable hydrogel system for bone regeneration
was also evaluated via the investigation of the capacity of
released siNoggin and miRNA-20 to enhance osteogenic
differentiation of hMSCs.

2. MATERIALS AND METHODS
2.1. Materials. PEG-DA and PEG-DPA were synthesized as

previously reported62,63,66 and detailed in Supporting Information.
Branched PEI (MW 25 kDa), PEG (MW 4 kDa), 1-methoxy-
phenazine methosulfate (PMS), alizarin red S (ARS), high-glucose
Dulbecco’s modified Eagle medium (DMEM-HG), low-glucose
DMEM (DMEM-LG), and anhydrous toluene were purchased from
Sigma-Aldrich (St Louis, MO). G-418 (50 mg/mL) is a product of
Hyclone Laboratories Inc. (Logan, UT), and was purchased from
Fisher Scientific. 8-arm PEG thiol (PEG(-SH)8) (MW 10 kDa,
hexaglycerol core) was purchased from Jenkem Technology USA
(Allen, TX).
siGFP (sequence 5′-GCA AGC UGA CCC UGA AGU UC-3′) and

siRNA targeting luciferase (siLuc, sequence 5′-GAU UAU GUC CGG
UUA UGU AUU-3′) are products of Dharmacon (Lafayette, CO),
and were obtained from Thermo Fisher Scientific (Grand Island, NY).
Prescreened fetal bovine serum (FBS, Gibco) and penicillin/
streptomycin (P/S) were obtained from Fisher Scientific. siNoggin
(sequence 5′-AAC ACU UAC ACU CGG AAA UGA UGG G-3′),
miRNA-20a (sequence 5′-UAA AGU GCU UAU AGU GCA GGU
AG-3′) and a nontargeting negative control siRNA (siCT, sequence
5′-UUC UCC GAA CGU GUC ACG UTT-3′) were purchased from
Insight Genomics (Falls Church, VA). Quant-iT RiboGreen RNA
reagent is product of Molecular Probes Inc. (Eugene, OR), and was
obtained from Thermo Fisher Scientific. 3-(4,5-dimethyl thiazol-2-yl)-
5-(3-carboxy methoxyphenyl)-2-(4-sulfo phenyl)-2H-tetrazolium
(MTS) inner salt was obtained from Promega Corporation (Madison,
WI).
2.2. Hydrogel Preparation and UV Dosage. The hydrogels

were prepared through a single-cross-linked Michael addition reaction
between thiol groups in PEG(-SH)8 and acrylate groups in PEG-DA
and/or PEG-DPA in PBS pH 7.4 at room temperature.64,65 The
PEG(-SH)8 solution was added into the solution of PEG-DA and/or
PEG-DPA at a 1:1 stoichiometric ratio of thiol to acrylate groups to
obtain a desired polymer concentration. The mixture was vortexed for
10 s and then incubated at room temperature for 2 h to achieve
gelation. A schematic depicting the formation of RNA/PEI nano-
complexes and an RNA-loaded hydrogel via thiol−acrylate Michael
addition reaction is presented in Scheme 1.
Omnicure S1000 UV Spot Cure System (Lumen Dynamics Group,

Mississauga, Ontario, Canada) was used as a UV source at intensities
of ∼22.5 (low UV dose) and ∼45 (high UV dose) mW/cm2. Note:
UV intensities were measured as 2 and 10 mW/cm2 for low and high

UV doses, respectively, during the performance of this study using a
UV meter that was later determined to be malfunctioning and
supplying erroneous values. Once this was discovered, the UV
intensities were remeasured to be ∼22.5 and ∼45 mW/cm2 for low
and high UV doses, respectively, based on the original instrument
experimental setup parameters using a new and properly functioning
UV meter. Although there may have been slight changes within the
Omnicure UV instrument over time such as decreased bulb output, the
UV intensities of ∼22.5 and ∼45 mW/cm2 for low and high UV doses,
respectively, more accurately represent those actually used in this
study.

2.3. Gelation Time and Rheological Measurements. Gelation
time was determined using the tube inverting method at room
temperature, as previously described.67 Briefly, the gelation time is the
period from when the polymer solutions were mixed to the point
when the mixture solution stopped flowing in the inverted tubes. The
acrylate and thiol solutions (total 100 μL at desired concentration)
were mixed in 1.7 mL microcentrifuge tubes, vortexed for 10 s and the
gelation time was measured (N = 3).

The storage (G′) and loss (G″) moduli of the mixed macromer
solutions used to form hydrogels were measured using a dynamic
Haake Mars III Rotational Rheometer (Thermo Fisher Scientific Inc.,
Waltham, MA). The thiol and acrylate polymer solutions were mixed
together for 1 min, and then placed between two stainless steel parallel
plates (8.0 mm diameter upper plate; 50 mm diameter lower plate)
with a gap of 1.0 mm. The measurement was performed at 25 °C using
oscillation time sweep mode with a controlled stress of 0.4 Pa and a
frequency of 1.0 rad/s.68

2.4. Hydrogel Swelling and Degradation. To determine the
swelling ratio and degradation profiles of hydrogels with and without
UV exposure, we prepared 100 μL hydrogels in 1.7 mL micro-
centrifuge tubes as described in section 2.2, rinsed in diH2O overnight
at 4 °C, froze them at −80 °C for at least 4 h, lyophilized, and then
measured the initial dried weights (Wdo).

1,43,68 The dried hydrogels
were immersed in PBS (pH 7.4, 10 mL in 15 mL conical tubes) at 37
°C, which was changed every 3 days. Designated hydrogels were
transferred onto the inside surface of the lid of a 10 cm Petri dish, and
then exposed to a UV source with an intensity of ∼45 mW/cm2 for 10
min (denoted as “UV 45−10”) at 1 h after rehydration and then every
week to determine the effect of UV exposure on the swelling ratio and
degradation rate of the different hydrogels. At the predetermined time
points, the designated hydrogels were collected and the uncollected
“UV-treated” hydrogels were exposed to UV as mentioned earlier and
then reimmersed in PBS. The wet weight (Wwt) of the collected
hydrogels was measured, and the hydrogels were rinsed with diH2O
overnight at 4 °C, frozen at −80 °C and lyophilized to determine the
dry weight (Wdt). The swelling ratio was calculated by Wwt/Wdo, and
the percentage mass loss was calculated by (Wdo − Wdt)/Wdo × 100.

2.5. Cytocompatibility of Degraded Hydrogels. To determine
possible cytotoxicity of degraded hydrogel products, the viability of
cells cultured with media containing various concentrations of these
degradation products was determined using an MTS assay. Hydrogels
(10%, w/w) prepared as described in section 2.2 were immersed in
DMEM and then divided into two groups. The first group was
incubated at 37 °C in the absence of UV light exposure to obtain
hydrolytically degraded products. The media was not changed and the
hydrogels were completely degraded at day 10. The second group was
exposed to “UV 45−10”, 6 times/day until the gels completely
degraded (day 5) to obtain combined UV-degraded and hydrolytically
degraded products. These degraded hydrogel products were incubated
at 37 °C to reach the same incubation time as the samples in the first
group (hydrolytic degradation group, day 10). The degradation
products were then diluted with fresh DMEM to obtain designated
concentrations. FBS was then added and their cytocompatibility was
examined using deGFP-expressing HeLa cells and hMSCs.

deGFP-expressing HeLa cells (generously gift from Dr. Matthew
Levy, Albert Einstein College of Medicine, Bronx, NY) were seeded in
monolayer in 48-well plates (Fisher Scientific) at a density of 25,000
cells/well in 0.25 mL of DMEM-HG supplemented with 5% FBS and
cultured at 37 °C and 5% CO2 in a humidified incubator. After 1 day
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of culture, the growth media was replaced with 0.25 mL DMEM-HG
containing 2% FBS and various concentrations of degraded hydrogels.
The cells were cultured for additional 2 days prior to the MTS assay.
hMSCs were isolated as previously reported1 and stored under

liquid nitrogen. The cells (passage 2) were thawed and plated into
T175 flasks (Fisher Scientific) at a density of 5,000 cell/cm2 and
cultured at 37 °C and 5% CO2 in a humidified incubator for 10 to 14
days before harvesting for further experiments. hMSCs were then
seeded in monolayer in 48-well plates at a density of 15,000 cells/well
(passage 3) in 0.25 mL of DMEM-LG supplemented with 10% FBS
and 1% P/S. After 1 day of culture, the growth media was aspirated
and replaced with 0.25 mL DMEM-LG supplemented with 5% FBS
and 1% P/S and containing various concentrations of degraded
hydrogels. The cells were cultured for an additional 4 days followed by
the MTS assay.
To perform MTS assays, sterile solutions of MTS (2 mg/mL) and

PMS (0.92 mg/mL) in PBS (pH 7.4) were prepared. Cell culture
media in wells was aspirated and the cells were rinsed with 0.5 mL
PBS. Fresh PBS (200 μL) was added into each well followed by the
addition of 50 μL freshly prepared MTS/PMS mixture solution (1/20,
v/v). Cells were then incubated for 2 h at 37 °C and 5% CO2 in a
humidified incubator. Then, 100 μL of the culture solutions was
transferred into wells of 96-well plates, and absorbance at 490 nm was
recorded using a VERSAmax microplate reader (Molecular Devices
Inc., CA). Cells cultured with media only were designated as a control
(“Ctrl”) with 100% cell viability, and all other samples were
normalized to “Ctrl”.
2.6. Preparation of RNA/PEI Complexes. siRNA was diluted in

nuclease free PBS (pH 7.4) to prepare a 100 μM stock solution. PEI
was dissolved in nuclease free water at a stock concentration of 1 mg/
mL (40 μM). siRNA/PEI complexes were prepared at an N/P ratio of
11.5, where N and P refer to the number of amine and phosphate
groups in PEI and siRNA, respectively. A screening experiment
showed that at the same final siGFP concentration, siGFP/PEI
complexes prepared with low siGFP concentrations significantly
enhanced GFP silencing levels (Figure S3, SI). However, a low
concentration of siRNA/PEI complexes in a large volume of PBS is
not ideal for loading a large amount of complexes into the hydrogels to
measure release kinetics. Therefore, the siRNA/PEI complexes formed
with a more concentrated solution of siRNA (6.4 μM) (method 1) was
first chosen for examining siRNA release kinetics from the engineered
photodegradable hydrogels. To prepare siRNA/PEI complexes using
method 1, siRNA (12.8 μM) and PEI (9.6 μM) solutions were
prepared separately in PBS. The siRNA solution was then added into
the PEI solution (1/1, v/v), and the mixture was vortexed for 30 s and
incubated at room temperature for 30 min to form the complexes. The
siRNA/PEI complexes were then mixed with acrylated macromer
solution, and the siRNA-loaded hydrogels (100 μL, 4 μg siRNA/gel)
were fabricated as described in section 2.2 to examine the siRNA
release kinetics.

Previous reports have demonstrated that lyophilized RNA/PEI
complexes can retain their bioactivity by including lyo-protectants,
such as sucrose58 or trehalose,29 in the complex solution prior to
lyophilization. Lyophilized RNA/PEI complexes offer the ability to
encapsulate large amounts of RNA within hydrogel or scaffold
biomaterials. Lyophilized RNA/PEI complexes in the presence of
sucrose prepared using a solution with a low RNA concentration (2.0
μM) (method 2) were shown to retain bioactivity of the RNA to a
similar extent as nonlyophilized complexes (Figure S4). To prepare
lyophilized RNA/PEI complexes (method 2), RNA (4.0 μM) and PEI
(3.0 μM) solutions were prepared separately by diluting RNA and PEI
stock solutions in PBS containing 10% sucrose. The RNA solution was
added into the PEI solution (1/1, v/v), and the mixture was vortexed
for 60 s and incubated at room temperature for 30 min to form the
complexes. The complexes were then frozen at −80 °C for 2−4 h,
lyophilized for at least 16 h, and then mixed with acrylated macromer
solution. The RNA-loaded hydrogels were fabricated (50 μL, 5 μg
RNA/gel) as described in section 2.2 to examine the RNA release
kinetics in phenol red-free DMEM as well as the bioactivity of released
RNA.

2.7. UV Light Triggered siRNA Release Kinetics in PBS.
Freshly prepared siLuc/PEI complexes (method 1) were loaded into
PEG-DA and/or PEG-DPA macromer solutions in 1.7 mL nuclease
free tubes (Fisher Scientific) and the hydrogels (100 μL, 4 μg siRNA/
gel) were prepared as described in section 2.2. Then, 1 mL of release
solution (PBS, pH 7.4) was added into each tube and the release was
carried out at 37 °C. At predetermined time points, the released media
was collected and replaced with fresh media. Before adding release
solution, “UV 45-10”, was applied directly to the hydrogels in the UV
exposure groups. In the presence of UV light application, the ester
groups of the photolabile moieties photodegrade to create acetal and
carboxylic acid groups,69 which increases the degradation rate of the
hydrogel and subsequently the release rate of loaded RNA. A
schematic depicting the release of RNA/PEI nanocomplexes from
photodegradable hydrogels in the absence or presence of external UV
light exposure is presented in Figure 1. The released RNA was
quantified using a RiboGreen RNA assay on a microplate reader (fmax,
Molecular Devices Inc., CA) set for excitation at 485 nm and emission
at 538 nm.62 A series of known RNA concentrations in fresh release
solution was used to establish a standard curve to calculate released
RNA concentration. The release from blank hydrogels was carried out
in parallel to eliminate effects of degraded polymers.

2.8. UV Light-Triggered RNA Release in Cell Culture Media
and Bioactivity of Released RNA from Photodegradable
Hydrogels. To investigate the bioactivity of released RNA, siGFP
and siNoggin/miRNA-20a were employed for silencing GFP
expression of deGFP-expressing HeLa cells and inducing osteogenic
differentiation of hMSCs in monolayer, respectively. The lyophilized
RNA/PEI complexes (method 2) were prepared and reconstituted in
PEG-DA/PEG-DPA solution for fabrication of RNA-loaded “Photo-
50” hydrogels (50 μL, 5 μg RNA/gel) as described in section 2.2. Prior

Figure 1. Schematic showing the release of RNA/PEI nanocomplexes from photolabile hydrogels in aqueous media in the absence or presence of an
external UV light source.
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to release studies, the hydrogels were rinsed with 0.5 mL phenol red-
free DMEM at 4 °C for 3h to remove sucrose. The amount of RNA in
the rinse solutions was measured and subtracted from the total amount
initially loaded to obtain the actual RNA amount loaded for the release
experiments. Less than 5% of the total amount originally loaded was
measured in the rinse solutions. The release of RNAs into phenol red-
free DMEM (0.5 mL, DMEM-HG for siGFP and DMEM-LG for
siNoggin and miRNA-20a) was carried out in the absence and
presence of UV light exposure. The release samples were collected
every 2 days and fresh media were added. Designated hydrogels were
directly exposed to UV at an intensity of ∼22.5 mW/cm2 for 10 min
(“UV 22−10”) every day. The RNA concentration in releasates was
quantified as described in section 2.7.
2.8.1. Capacity of Released siGFP to Silence GFP Expression in

deGFP-Expressing HeLa Cells Cultured in Monolayer. deGFP-
expressing HeLa cells were seeded in monolayer in 24-well plates
(Fisher Scientific) at a density of 50,000 cells/well in 0.5 mL of
DMEM-HG supplemented with 5% FBS and G-418 (250 μg/mL) and
cultured at 37 °C and 5% CO2 in a humidified incubator. After 1 day
of culture, the growth media was aspirated and replaced with 0.5 mL of
transfection solutions, which were prepared by diluting the pooled
releasates from 3 hydrogels at specific time points with fresh DMEM-
HG (1:2, v/v). The cells were cultured with the transfection solutions
for 6 h, after which the transfection media was replaced with 0.5 mL of
fresh culture media without G-418. The cells were then cultured for 2
more days, and harvested for flow cytometry (EPICS XL-MCL,
Beckman Coulter, Fullerton, CA) to quantify the degree of GFP
silencing. Freshly reconstituted lyophilized siGFP/PEI complexes in
DMEM-HG were used as a positive control (“Pos. Ctrl”). Cells
cultured with media only served as a control with 100% GFP
expression (“Ctrl”), and all other groups were normalized to the
“Ctrl”.
2.8.2. Driving Osteogenic Differentiation of hMSCs in Monolayer.

hMSCs (passage 3) were seeded in monolayer in 24-well plates at a
density of 10,000 cells/well in 0.5 mL of DMEM-LG supplemented
with 10% FBS and 1% P/S. After 1 day of culture, growth media was
replaced with 0.5 mL DMEM-LG containing the same concentration
of freshly reconstituted or released RNA/PEI complexes (40 nM,
siNoggin or miRNA-20a) and culture continued for 6 h. The
transfection media was then replaced with 0.5 mL osteogenic media,
which is DMEM-LG supplemented with 10% FBS, 1% P/S, 100 nM
dexamethasone (MP Biomedicals, Solon, OH), 10 mM b-glycer-
ophosphate (CalBiochem, Billerica, MA), and 100 μM ascorbic acid
(Wako USA, Richmond, VA). The osteogenic media was changed
twice per week. After 3 weeks of culture, osteogenic media was
removed and cells were rinsed with 0.5 mL PBS, fixed with ice-cold
ethanol 70% in diH2O (v/v) at 4 °C for 1 h followed by rinsing with
0.5 mL diH2O. The cells were then stained with ARS solution (60
mM, pH 4.1) for 10 min, rinsed twice with 0.5 mL of diH2O, and then
rinsed for 15 min with 0.5 mL of PBS pH 7.4 prior to light microscopy
imaging using a TMS-F microscope (Nikon, Japan) equipped with a
Nikon E995 camera (Nikon, Japan). Calcium-bound dye in each well

was dissolved with 0.5 mL 10% (w/v) cetylpyridinium chloride (CPC,
Sigma) in 10 mM sodium phosphate buffer at pH 7.0 for 20−30 min
at room temperature. Then, 100 μL of the solution was placed into
wells of 96-well plates, and the ARS concentration was quantified by
measuring absorbance at 562 nm on a VERSAmax microplate reader
(Molecular Devices Inc., CA). Cells transfected with DMEM-LG only,
freshly reconstituted lyophilized RNA/PEI and siCT/PEI complexes
in DMEM-LG were used as a control (“Ctrl”), a knockdown positive
Ctrl (“Pos. Ctrl”) and a negative Ctrl (“Neg. Ctrl”) group, respectively.
The ARS concentrations in PBS solution containing 10% (w/v) CPC
(pH 7.0) were reported to be linearly related to the absorbance of the
ARS solutions70,71 and bound calcium amounts;72 and therefore the
absorbance ratios between groups are considered to be their deposited
calcium ratios.

2.9. Silencing Gene Expression of Encapsulated deGFP-
Expressing HeLa Cells in siGFP-Loaded Photodegradable
Hydrogels. To examine the ability of loaded-siRNA in the hydrogels
to silence encapsulated cells’ gene expression, we encapsulated deGFP-
expressing HeLa cells (1 × 107 cells/mL gel) and methacrylated cell
adhesion oligopeptide Gly-Arg-Gly-Asp-Ser-Pro prepared as previously
reported73 (0.5% (w/w) dry polymer, Commonwealth Biotechnolo-
gies, Richmond, VA) into 15% (w/w) photodegradable hydrogels with
or without lyophilized siRNA/PEI complexes (20 μg siRNA/mL gel).
The hydrogels were formed between 2 glass plates with 400 μm
spacers for 20 min and then punched out using a 6 mm biopsy punch,
and each individual 6 mm hydrogel was immersed in 0.5 mL of
DMEM-HG in wells of 24-well plates and incubated at cell culture
conditions for 1 h to remove sucrose. The media was then replaced by
DMEM-HG supplemented with 5% FBS and cultured for 2 days. Two
and twenty-four hours after preparation, designated hydrogels were
scooped out of the wells, placed in Petri dishes and exposed to “UV
22−10”. After 2 days of culture, GFP expression of the encapsulated
cells was assessed using confocal microscopy (LSM510, Zeiss, Jena,
Germany). Images were taken every 5 μm in the z direction for 50 μm
from the bottom of the hydrogels and compiled into a single 3D
projection.

2.10. Statistical Analysis. The data are expressed as mean ±
standard deviation (N = 3). Statistical analysis was performed with
one-way analysis of variance (ANOVA) with Tukey−Kramer Multiple
Comparisons using GraphPad Instat 3.0 software (GraphPad Software
Inc., La Jolla, CA). P < 0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Hydrogel Preparation. Hydrogels were prepared by
mixing PBS solutions of PEG(-SH)8 with PEG-DA and/or
PEG-DPA at room temperature. Three different hydrogel
compositions were prepared in this study: “Photo-0″, “Photo-
50” and “Photo-100” hydrogels. The nomenclature was
assigned based on the PEG-DPA weight percentage of the
total acrylated macromers in each condition. The non-
photodegradable “Photo-0” hydrogels, formed by mixing

Figure 2. (A) Hydrogel gelation rates of different formulations as determined by the tube inverting method (* p < 0.01). (B, C) Time-dependent
rheology of mixed “Photo-50”, (B) different precursor solutions at 25 °C, and (C) 20% macromer solution at different temperatures. Storage (E′,
filled) and loss (E″, open) moduli are plotted as a function of time, and gelation time was determined as the time at which G′ and G″ cross each
other. At 25 °C, gelation time increased from 10.2 to 11.2, and then to 13.4 min when macromer concentration decreased from 25 to 20, and then to
15% (B). Gelation time of 20% macromer solution decreased from 11.2 to 8.2 min when the temperature increased from 25 to 37 °C (C).
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PEG-DA and PEG(-SH)8 solutions, did not contain photo-
degradable PEG-DPA macromer and were not responsive to
UV light. The photodegradable “Photo-50” hydrogels were
formed by mixing a mixture of PEG-DA and PEG-DPA (1/1,
w/w) with PEG(-SH)8, and the photodegradable “Photo-100”
hydrogels were formed by mixing solutions of PEG-DPA with
PEG(-SH)8. Gelation times of prepared hydrogels were
determined using the previously reported tube inverting
method67 (Figure 2A) and rheological assessment68 (Figure
2B). Increasing density of photolabile moiety resulted in
slightly longer, but not significant, gelation time (Figure 2A),
likely due to the steric hindrance of aromatic rings in the
photolabile groups. Increasing macromer concentration sig-
nificantly decreased gelation time (Figure 2). In addition, the
gelation time decreased with increasing the cross-linking
temperature (Figure 2C).
3.2. Hydrogel Swelling and Degradation. In situ

forming hydrogels provide valuable platforms for encapsulation
of bioactive factors and/or cells for drug delivery and tissue
regeneration applications.48,74 Hydrogel swelling and degrada-
tion result in increased network pore size, which plays a key
role in controlling release of encapsulated bioactive factors,
providing space for newly forming tissues and increasing the
rate of nutrient and oxygen transport to incorporated cells and
waste removal.54−56 In this photodegradable hydrogel system,
swelling and degradation properties can be tailored through UV
light exposure and/or changing the density of photolabile
moieties in the hydrogels. Hydrogels were placed onto the
inside surface of a 10 cm Petri dish lid (Figure 3A), and upon
the application of UV light, the color of “Photo-0” hydrogels

did not change (Figure 3B), whereas “Photo-50” hydrogels
changed from light yellow to dark yellow, and then to slightly
brown (Figure 3C). The swelling ratio and degradation profiles
of 20% (w/w) hydrogels in the absence and presence of “UV
45−10” were determined (Figure 3). As expected, swelling ratio
and degradation profiles of “Photo-0” hydrogels were not
influenced by UV light exposure (Figure 3D, G). The swelling
ratio and mass loss of “Photo-0” hydrogels gradually increased
almost linearly over 4 weeks, and the swelling reached
maximum at day 28 before the hydrogels were completely
degraded at day 30. Interestingly, the swelling ratio and
degradation profiles of “Photo-50” and “Photo-100” hydrogels
were strongly affected by UV irradiation (Figure 3E, F, H, I).
After 24 h equilibration swelling, the swelling ratios of “Photo-
50” hydrogels increased in an almost linear fashion in the first 2
weeks regardless of the presence or absence of UV light. The
swelling ratio of “No UV” hydrogels then rapidly increased to
reach a maximum value at day 21, whereas the swelling ratio of
“Photo-50” “UV” hydrogels slightly increased (Figure 3E). A
similar trend of swelling ratio was also observed in “Photo-100”
hydrogels (Figure 3F), with lower maximum swelling ratios
compared to the “Photo-50” hydrogels. This behavior is likely
due to the increased hydrophobicity of the “Photo-50” and
“Photo-100” hydrogel networks caused by the increased density
of aromatic group-containing photodegradable groups. The
degradation rate of the “Photo-50” and “Photo-100” hydrogels
was also accelerated through the application of UV light
compared to that of their “No UV” counterparts, indicating the
photodegradation of photolabile groups in the hydrogel
network (Figure 3H, I). Without UV irradiation, “Photo-50”

Figure 3. (A) Photograph of the hydrogels placed onto the inside surface of a 10 cm Petri dish lid under UV light exposure. (B, C) Photographs of
(B) “Photo-0” and (C) “Photo-50” hydrogels (100 μL macromer solutions were gelled in 1.7 mL microcentrifuge tubes) before and after being
exposed to UV light at an intensity of ∼45 mW/cm2 for 10 and 30 min. The scale bar indicates 1 cm. (D−F) Swelling ratio and (G−I) degradation
kinetics of 20% (w/w) (D, G) “Photo-0″, (E, H) “Photo-50” and (F, I) “Photo-100” hydrogels in the absence or presence of “UV 45−10”) weekly.
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and “Photo-100” hydrogels showed similar trends in degrada-
tion with slow degradation rates in the first 4 weeks, followed
by a rapid increase in hydrolytic degradation that led to their
complete degradation by days 35 and 44, respectively. In
contrast, with UV application, “Photo-50” and “Photo-100”
hydrogels showed more rapid degradation rates with their
complete degradation by days 31 and 40, respectively. In
addition, by increasing the density of photodegradable moieties
(“Photo-0” to “Photo-50” to “Photo-100”), the hydrolytic
degradation rate of hydrogels decreased due to an increase in
the hydrogel hydrophobicity. The swelling ratio of the “No
UV”-treated “Photo-50” and “Photo-100” hydrogels was higher
than that of the corresponding “UV”-treated hydrogels after 2
weeks (Figure 3E, F). This observation may be attributed to the
photodegradation and increased concentration of degraded
products in the surrounding PBS as these hydrogels degraded
more rapidly (Figure 3H, I).
3.3. Cytocompatibility of Hydrogel Degradation

Products. In aqueous media, without UV irradiation the
ester groups of the photodegradable hydrogels are hydrolyzed
to form carboxylic acid and hydroxyl groups. However, upon
UV application the ester groups of the photodegradable
moieties in PEG-DPA underwent photodegradation to form
the acetal derivative and free carboxylic acid groups.69 To
determine cytocompatibility of the hydrogel degradation
products containing the above-mentioned chemical groups,
we examined the viability of cells exposed to culture media
containing different concentrations of the degradation products
using an MTS assay. The degraded products exhibited minimal
toxicity to both HeLa cells and hMSCs at low concentrations
(Figure 4). The average viability of both cell types decreased

below 70% when cells were cultured with media containing
more than 2 mg/mL of degradation products. At most hydrogel
degradation product concentrations, the viability of cells

exposed to photodegraded hydrogels was slightly lower, but
not significantly, than that of those exposed to hydrolytically
degraded products, which may be a result of the acetal groups
produced via photodegradation. In a photolabile hydrogel
system with the same photodegradable moiety, UV application
(10 mW/cm2 for total 16 min) and hydrogel photodegraded
products were also reported to show a minimal effect on the
viability of encapsulated hMSCs.69

3.4. UV Light Triggered siRNA Release into PBS. To
investigate the effect of UV light exposure on the release
kinetics of siRNA from photodegradable hydrogels, we
examined the release of siRNA/PEI complexes from “Photo-
0” (Nonphotolabile), “Photo-50”, and “Photo-100” into
nuclease-free PBS in the absence and presence of UV light
exposure. As expected, siRNA was gradually released at a
similar rate from “Photo-0” hydrogels regardless of UV
exposure over the course of 31 days (Figure 5A), indicating
UV-independent release kinetics. The siRNA release was likely
governed by the hydrolytic degradation of ester groups in the
hydrogel networks.62 Importantly, the release of siRNA from
both “Photo-50” and “Photo-100” hydrogels was strongly
influenced by the application of external UV light (Figure 5B,
C). In particular, without UV exposure, siRNA was retained in
the hydrogel network and released slowly in the first 3 weeks
with less than 25% of siRNA cumulatively released. The release
rate then rapidly increased after 3 weeks due to an increase in
ester group hydrolysis rate in the networks. Upon the complete
degradation of the hydrogels, all loaded siRNA was released by
days 38 and 46 for “Photo-50” and “Photo-100” hydrogels,
respectively. In contrast, siRNA release rate from the UV-
treated (“UV”) hydrogels was substantially accelerated after the
second dose of UV (day 7) because of the contribution of
photodegradation of photolabile moieties in the hydrogel
networks (Figures 5B, C). Although “Photo-50” UV-treated
hydrogels were fully degraded and released all loaded siRNA by
day 33, “Photo-100” UV-treated hydrogels released most of the
loaded siRNA by day 35 with complete degradation by day 46.
The hydrogels with a lower photolabile moiety density
presented shorter hydrogel persistence time likely due to faster
hydrolytic degradation rate of the ester groups in the less
hydrophobic hydrogel networks. These results are supported by
degradation properties of the corresponding hydrogels (Figure
3). Taken together, this photodegradable hydrogel system is
able to retain siRNA for a prolonged period of time, and the
release of the loaded siRNA can actively accelerate the
introduction of photodegradable linkages into the hydrogels
and subsequent application of UV light.
For almost a decade, control over the localized and/or

sustained release of RNA using macroscopic hydrogel and
scaffold biomaterials has been investigated.1,26,29,32,43−45,58−61

Figure 4. Viability of (A) HeLa cells and (B) hMSCs cultured with the
degradation products of “Photo-50” hydrogels as measured using MTS
assay. * p < 0.05 compared to corresponding “Ctrl” groups.

Figure 5. siRNA release profiles from 20% (w/w) (A) “Photo-0″, (B) “Photo-50”, and (C) “Photo-100” hydrogels in the absence and presence of
“UV 45−10”. The (red) arrows denote the time points when UV was applied to the hydrogels.
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The release of RNAs from these biomaterial systems can be
predicted and adjusted by controlling the degradation rate of
the biomaterials and/or the diffusivity of the RNA through the
network1,26,29,32,43−45,58,59 by changing, for example, macromer
concentration and/or the degree of functionalized RNA-affinity
molecules43−45,60 before gelation. However, the release from
these systems cannot be altered by physician or patient after the
biomaterials are injected or implanted into the body. Recent
studies have reported that the use of external, user-controlled
stimulus in the form of UV light at desired time points could
actively control hydrogel degradation rate and therefore the
release of loaded RNA.62,63 The electrostatic interaction
between negatively charged RNA and hydrogel-conjugated
positively charged primary amine groups62 or physically
trapped RNA in the form of RNA/PEI nanocomplexes63

helped retain RNA in the hydrogel network. Upon the
application of UV light, the photolabile linkages underwent
photodegradation, which resulted in the breakdown of the
hydrogel network and release of loaded RNA. However, the
requirement of catalysts in these previously reported hydrogel
preparations may affect the survival of the encapsulated cells. In
contrast, the cytocompatible, photodegradable catalyst-free
hydrogel system reported here provides a flexible, active
method to control the “on demand” delivery of RNA/PEI
nanocomplexes at designated time points with a user-controlled
UV light source and permits encapsulation of cells with high
cell viability for regulation of gene expression and tissue
regeneration applications.
3.5. Capacity of Released siGFP to Silencing GFP

Expression in deGFP-Expressing HeLa Cells in Mono-
layer. After demonstrating that the hydrogel system could
accelerate siRNA release upon UV application, the bioactivity
of the released siRNA was then examined. To do this,
lyophilized siGFP/PEI complexes (method 2) were prepared
and loaded into 20% (w/w) “Photo-50” hydrogels (50 μL, 5 μg
siGFP/gel). The released siGFP into media with and without
UV application was then quantified and applied to deGFP-
expressing HeLa cells cultured in monolayer.
First, the release profiles of siGFP from 20% (w/w) “Photo-

50” hydrogels into phenol red-free DMEM-HG were measured
(Figure 6A). In the absence of UV light, siRNA gradually
released from “No UV” hydrogels with a cumulative release of
20% over the first 4 days. The release rate increased after day 4
and all loaded-siRNA was released by day 8 when the hydrogels
were completely hydrolytically degraded. As expected, when
exposed to UV, “UV” hydrogels released siRNA at a faster rate
(Figure 6A), and all loaded siRNA was released by day 7 upon
complete degradation of the hydrogels. Interestingly, regardless
of the absence or presence of UV light exposure, the

persistence time of “Photo-50” hydrogels in DMEM-HG is
much shorter than in that of the hydrogels in PBS (more than
33 days, Figure 6B). It is not clear how the differences in
composition between PBS and DMEM-HG, the latter of which
contains glucose, would lead to differences in the hydrolysis
rate of the ester groups in the hydrogel network and
subsequent persistence times of the hydrogels. This finding is
consistent with other work in the literature,61,63,75 which
reported that DMEM accelerated hydrolytic degradation of
ester groups within hydrogels compared to PBS.
The releasates from three different hydrogels at each specific

time point were combined, diluted 1:2 (v/v) with fresh
DMEM-HG and used to treat deGFP-expressing HeLa cells in
monolayer to examine their ability to silence GFP expression.
The siRNA concentrations used for transfection are presented
in Figure 6B. As shown in Figure 6C, whereas cells cultured
with media served as a control group (“Ctrl”) with 100% GFP
expression, and all other conditions were normalized to this
group. Cells treated with releasates from both “UV” and “No
UV” hydrogels showed a significant reduction in GFP
expression compared to “Ctrl”, indicating the bioactivity of
released siGFP (Figure 6C). Specifically, cells cultured with
freshly reconstituted lyophilized siGFP/PEI complexes, a
knockdown positive control (“Pos. Ctrl”), had reduced GFP
expression compared to all other groups (Figure 6C) due to the
high siRNA concentration (80 nM) in the transfection media
(Figure 6B). At day 2 and 4 (D2 and D4), cells transfected with
releasates from “UV” hydrogels showed lower GFP expression
than that of cells treated with releasates from “No UV”
hydrogels (Figure 6C) because more siRNA (1.92 and 2.32 fold
in siRNA concentration for D2 and D4, respectively; Figure
6B) was released from the “UV” hydrogels at those time points.
At day 6 (D6), no difference in the degree of GFP expression of
the transfected cells was observed between “UV” and “No UV”
hydrogels due to the smaller relative difference (1.39 fold
higher siRNA concentration in “UV” group at D6; Figure 6B)
in siGFP concentration in the transfection media. At the last
time point (“Last Day”, day 7 for “UV” gels and day 8 for “No
UV” gels), cells transfected with these releasates from “No UV”
hydrogels showed lower GFP expression than those treated
with releasates from “UV” hydrogels (Figure 6C) as a result of
the higher siGFP concentration in the “No UV” releasates.
Although the released siGFP could inhibit GFP expression,

there was a reduction in the bioactivity of released siGFP at the
later time points (D6 and the last day). For example, siGFP
concentration in releasates from “No UV” hydrogels at the last
day was higher than that from the same hydrogels at D6 or in
the “Pos. Ctrl” (Figure 6B). However, the degree of GFP
silencing was similar and lower than that of D6 and “Pos. Ctrl”,

Figure 6. (A) Release profiles of lyophilized siGFP/PEI complexes (method 2) from 20% (w/w) “Photo-50” hydrogels in the presence or absence of
“UV 22−10” everyday. (B) Concentration of siGFP in the transfection media used in the bioactivity study, and (C) GFP expression of monolayer-
cultured deGFP-expressing HeLa cells transfected with releasates collected at predetermined time points. # p < 0.01 compared to all other groups, *
p < 0.01.
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respectively (Figure 6C). A similar phenomenon was also
observed in the “UV” hydrogels. Although the siGFP
concentration is similar in releasates of D4, D6, and last day,
cells transfected with the releasates from the last day expressed
GFP at a higher level compared to other conditions. This
reduction in bioactivity of released siGFP at the later time
points could be attributed to the binding of carboxylic acids in
the hydrogel degradation products to the siRNA/PEI nano-
particles, resulting in increased particle size and decreased
positive surface charge density. As a result, the capacity of the
siRNA/PEI nanocomplexes to interact with the cells would
decrease, leading to a reduction in the degree of gene silencing.
Supporting this theory, it was previously reported that the
binding of anionic polymers into positively charged nano-
particles increases particle size and decreases surface charge
density,76,77 leading to lower cellular internalization capacity.78

To confirm this hypothesis in the current system, we freshly
reconstituted lyophilized siGFP/PEI powder with D6 releasates
from empty “UV” hydrogels (without siGFP) and then cultured
with deGFP-expressing HeLa cells. It was found that the GFP
silencing capacity of lyophilized siRNA/PEI complexes
decreased from 82% to 56% and 52% after mixing with
hydrogel degradation products and incubating at 37 °C for 30
min and 3 days, respectively (Figure S5). Moreover, cells
treated with releasates from the empty “UV” hydrogels
(without siRNA) expressed similar GFP levels compared to
“Ctrl” (Figure S5), indicating that the hydrogel degradation
products did not affect GFP expression. Taken together,
although a slight reduction in bioactivity of released siGFP was
observed at the later time points, the released siGFP from this
new photodegradable hydrogel system retained its bioactivity
by silencing GFP expression of deGFP-expressing HeLa cells
cultured in monolayer regardless of the absence or presence of
UV light exposure.
3.6. Silencing Gene Expression of deGFP-Expressing

HeLa Cells Encapsulated in siGFP-Loaded Photodegrad-
able Hydrogels. As described earlier, this cytocompatible,
photodegradable catalyst-free hydrogel system permits encap-
sulation of cells with high cell viability for regulation of gene
expression. To confirm the ability to silence gene expression of
encapsulated cells in the photodegradable hydrogel system,
deGFP-expressing HeLa cells were encapsulated to the 15%
(w/w) “Photo-50” hydrogels with and without lyophilized
siRNA/PEI complexes and cultured for 2 days, followed by the
examination of GFP expression using confocal microscopy. The
cells encapsulated in the hydrogels without siGFP or with
nontargeting siLuc expressed strong GFP signal regardless of
the presence or absence of UV light (Figure 7). In contrast, the
cells encapsulated in the hydrogels containing siGFP expressed
less intense GFP signal in both “No UV” and “UV” hydrogels
(Figure 7), demonstrating the inhibitory effect of the
encapsulated siGFP. The ability of loaded siGFP in the
hydrogels to silence GFP expression of encapsulated deGFP-
expressing cells has been reported previously1,43,44,58 to
demonstrate the bioactivity of the genetic material. There was
no difference in the degree of GFP expression between “No
UV” and “UV” hydrogels (Figure 7), which indicates that the
UV light is benign with respect to the bioactivity of loaded
siGFP. Moreover, the encapsulated cells in both “UV” and “No
UV” hydrogels showed high cell viability via live−dead staining
after 2 days culture (Figure S6), indicating that the
experimental process, UV light dose, hydrogel materials, and

hydrogel degradation products are not toxic to encapsulated
cells.

3.7. Inducing hMSC Osteogenic Differentiation with
Released siNoggin/miRNA-20a. After demonstrating the
capacity of the photodegradable hydrogels to accelerate RNA
release in response to UV light while retaining RNA bioactivity,
we examined the ability of released RNA to regulate stem cell
differentiation to demonstrate the potential of the hydrogel
system in tissue regeneration. Therefore, the ability of
osteogenic RNA, specifically siNoggin and miRNA-20a,
released from the photodegradable hydrogels to induce the
osteogenic differentiation of hMSCs cultured in monolayer was
examined. Lyophilized siNoggin/PEI or miRNA-20a/PEI
nanocomplexes were encapsulated in the photodegradable
hydrogels to determine their release kinetics and bioactivity.
First, the release kinetics of siNoggin from 15% (w/w) “Photo-
50” hydrogels into phenol red-free DMEM-LG in the absence
or presence of UV light was examined (Figure 8A). siNoggin
was released gradually from “No UV” hydrogels in a sustained
manner with 55% cumulatively released over the first 10 days
and complete release by day 12 coinciding with total
degradation of the hydrogels. In contrast, siNoggin was
released from “UV” hydrogels at a much faster release rate
than from “No UV” hydrogels (Figure 8A), and all loaded
siNoggin was released by day 10 upon complete hydrogel
degradation.
To determine the ability of the released siNoggin to induce

hMSC osteogenic differentiation, it was applied to hMSCs
cultured in monolayer. The cells were then cultured in
osteogenic media for 3 weeks and deposited calcium was
quantified. The “Ctrl” group transfected with DMEM-LG only
exhibited low calcium staining (Figure 8B). The hMSCs treated
with nontargeted control siCT (“Neg. Ctrl”) and releasates
from empty “UV”-treated hydrogels (“Gel Only”) exhibited a
similar degree of calcium deposition to that of “Ctrl” (Figure
8B). These results were confirmed by calcium quantification
(Figure 8C). In contrast, cells transfected with lyophilized
siNoggin (“Pos. Ctrl”), a knockdown positive control and with
released siNoggin from the photolabile hydrogels at different
time points showed increased calcium deposition (Figure 8B),
illustrating that the released siNoggin induced osteogenic

Figure 7. Representative confocal fluorescence microphotographs
depicting the GFP signal of encapsulated deGFP-expressing HeLa cells
(1 × 107 cells/mL gel) in 15% (w/w) “Photo-50” hydrogels loaded
with siRNA (20 μg/mL) in the absence or presence of UV light
exposure. The scale bar indicates 200 μm.
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differentiation of hMSCs. Quantification of calcium content
confirmed increased deposition in the groups transfected with
lyophilized or released siNoggin (Figure 8C). Regardless of the
absence or presence of UV light exposure, released siNoggin at
day 4 (D4) induced calcium deposition to a similar level to
“Pos. Ctrl”, which exhibited a 3.5-fold increase in calcium
mineral deposition compared to the “Ctrl” group. However, a
decrease in calcium deposition was observed in groups
transfected with siNoggin released at day 6 (D6) and day 8
(D8) from both “UV” and “No UV” hydrogels. This
diminution may be due to the presence of higher amounts of
hydrogel degradation products containing carboxylic acid
groups, which may decrease bioactivity of the released RNA
as discussed earlier. A similar reduction in the bioactivity of
released siGFP at later time points was observed (Figure 6) and
attributed to the presence of hydrogel degradation products in
the releasates (Figure S5). Interestingly, there was no
significant difference in calcium deposition between cells
transfected with released siNoggin from “No UV” and “UV”
hydrogels (Figure 8C), indicating that the application of UV to
the hydrogels is benign to the loaded siRNA.
In addition to siNoggin, the release of miRNA-20a from 15%

(w/w) “Photo-50” hydrogels and the ability of released
miRNA-20a to augment osteogenic differentiation of hMSCs
in monolayer were also examined. Similar to siNoggin, miRNA-
20a released from the photodegradable hydrogels was also
accelerated by the application of UV light (Figure 9A). miRNA-
20a was released from “UV” and “No UV” hydrogels over the
course of 10 and 12 days, respectively. hMSCs in monolayer

were treated with the released miRNA-20a, and the cells were
then cultured in osteogenic media for 3 weeks before analyzing
calcium deposition. miRNA-20a released from the both “No
UV” and “UV” hydrogels significantly increased calcium
deposition (Figures 9B and 9C) compared to “Ctrl”, “Neg.
Ctrl” and “Gel Only” groups. Although released miRNA-20a
from the “UV” hydrogels exhibited lower amounts of deposited
calcium compared to “Pos. Ctrl”, there was no significant
difference between the groups treated with released miRNA-
20a from the “No UV” and “UV” hydrogels at all time points
(Figure 9C). These results confirmed that the application of
UV light to the hydrogels not only accelerated the release of
loaded RNAs but it is also benign to their bioactivity.

4. CONCLUSIONS
We have successfully synthesized photodegradable PEG
hydrogels formed via catalyst-free Michael addition reaction
for active control of the release of unmodified RNA through
UV application. By introducing photodegradable linkages into
the hydrogel network, hydrogel swelling ratio and degradation
rate were modulated by the application of external UV light and
the density of the photodegradable linkage. The release of RNA
from the photodegradable PEG hydrogels was sustained and
actively accelerated at designated time points by UV
stimulation. Released siGFP from these hydrogels exposed to
UV or no UV retained its bioactivity as demonstrated by its
capacity to silence GFP expression of deGFP-expressing HeLa
cells cultured in monolayer. Importantly, this catalyst-free
hydrogel permitted encapsulation of cells with high viability,

Figure 8. (A) Release profiles of siNoggin from 15% (w/w) “Photo-
50” hydrogels into phenol red-free DMEM-LG in the absence or
presence of “UV 22−10” applied daily. (B) Representative photo-
micrographs of ARS stained cells showing the deposition of calcium,
and (C) quantification of deposited calcium (normalized to “Ctrl”) by
hMSCs cultured in monolayer and transfected with released siNoggin
from hydrogels at days 4, 6, and 8 (D4, D6 and D8, respectively), or
freshly reconstituted lyophilized siRNA/PEI complexes of siCT (“Neg.
Ctrl”) or siNoggin (“Pos. Ctrl”) (RNA 40 nM). “Gel Only”: pooled
D6 releasates from “UV”-treated hydrogels lacking siRNA. # p < 0.01
compared to groups that do not contain the same symbol, * p < 0.05.
The scale bar indicates 200 μm.

Figure 9. (A) Release profiles of miRNA-20a from 15% (w/w)
“Photo-50” hydrogels into phenol red-free DMEM-LG in the absence
or presence of “UV 22−10” applied daily. (B) Representative
photomicrographs of ARS stained cells showing the deposition of
calcium, and (C) quantification of deposited calcium (normalized to
“Ctrl”) by hMSCs cultured in monolayer and transfected with released
miRNA-20a from hydrogels at days 4, 6, and 8 (D4, D6, and D8,
respectively), or freshly reconstituted lyophilized RNA/PEI complexes
of siCT (“Neg. Ctrl”) or miRNA-20a (“Pos. Ctrl”) (RNA 40 nM).
“Gel Only”: pooled D6 releasates from “UV”-treated hydrogels lacking
RNA. # p < 0.01 compared to groups that do not contain the same
symbol, * p < 0.05. The scale bar indicates 200 μm.
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and the loaded siGFP inhibited the GFP expression of
encapsulated deGFP-expressing HeLa cells within the hydro-
gels. Moreover, released siNoggin and miRNA-20a induced
osteogenic differentiation of hMSCs, supporting the potential
application of this biomaterial system in tissue engineering
strategies. The work provides a platform for spatiotemporal
control over the release of other bioactive agents for disease
therapeutics and tissue regeneration applications.
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