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Aim: To engineer a photodegradable hydrogel system for actively controlled 
release of bioactive unmodified RNA at designated time points to induce hMSC 
osteogenesis. Materials & methods: RNA/polyethylenimine complexes were loaded 
into dual-crosslinked photodegradable hydrogels to examine the capacity of UV 
light application to trigger their release. The ability of released RNA to drive hMSC 
osteogenic differentiation was also investigated. Results & conclusion: RNA release 
from photodegradable hydrogels was accelerated upon UV application, which was 
not observed in non-photodegradable hydrogels. Regardless of the presence of UV 
light, released siGFP exhibited high bioactivity by silencing GFP expression in HeLa 
cells. Importantly, siNoggin or miRNA-20a released from the hydrogels induced hMSC 
osteogenesis. This system provides a potentially valuable physician/patient-controlled 
‘on-demand’ RNA delivery platform for biomedical applications.
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The global need for tissue and organ repair 
and replacement is exponentially increas-
ing while the availability of donated organs 
for transplantation is far smaller than the 
demand  [1–5]. Considerable recent scientific 
efforts have focused on identifying thera-
peutic alternatives to transplants. Tissue 
engineering using biocompatible biomate-
rials, cells, and/or inductive signals offers 
exciting potential strategies to regenerate lost 
and damaged tissue [1–5]. Mesenchymal stem 
cells (MSCs) are a particularly attractive cell 
source for tissue engineering and regenerative 
medicine applications because of their high 
capacity for culture expansion, low immu-
nogenicity, and ability to differentiate into 
multiple connective tissue phenotypes [6–13]. 
MSCs can be isolated from many different 
tissue sources, such as bone marrow, pla-
centa, umbilical cord blood, fat, muscle and 
corneal stroma [6,14–16]. When presented with 

specific signals in their microenvironment 
such as growth factors and genetic material, 
MSCs can be guided to differentiate down 
connective tissue cell lineages (e.g.,  chon-
drocytes, osteoblasts, myoblasts and adipo-
cytes), which are valuable for engineering the 
corresponding tissues [4–6,16].

Delivering small interfering RNA 
(siRNA) or microRNA (miRNA) [17,18] to 
inhibit gene expression post-transcriptionally 
is a promising biomedical technology that 
has been investigated for many applications 
including cancer therapeutics  [19–23], wound 
healing  [24–26], and tissue regeneration  [6–

10,27–32]. For example, RNAs have been used 
in tissue regeneration to induce the differ-
entiation of human MSCs (hMSCs)  [6–10], 
canine MSCs  [30] and rat MSCs  [31] into 
osteoblasts [6–9,30,31], chondrocytes [10] or adi-
pocytes  [7,8]. siRNA suppresses gene activity 
by binding to one specific complementary 
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messenger RNA (mRNA) target and inactivating it 
through enzymatic cleavage [33–37], while miRNA reg-
ulates gene expression by binding to multiple mRNA 
targets and inhibiting their translation  [17,18]. These 
RNAs possess great therapeutic potential due to their 
ability to regulate the production of specific proteins 
associated, for example, with the progression of a spe-
cific disease or the inhibition of tissue regeneration 
[6,20,32–38].

Despite the promise of siRNA and miRNA-based 
therapy, their effective delivery to target cells remains 
a significant challenge  [1,6,32–48]. Efficacy of naked 
siRNA/miRNA is limited due to their short half-lives 
in vivo, ranging from several minutes to an hour, which 
is largely a consequence of their susceptibility to degra-
dation by ribonucleases (RNases)  [36]. Stability issues 
are further compounded by poor cellular uptake due to 
their high molecular weight, hydrophilicity, and nega-
tive charge  [40]. To tackle these challenges, synthetic 
and natural materials have been examined to increase 
their delivery efficacy [34,49–52]. For example, nanocom-
plexes of anionic siRNA and miRNA with cationic 
macromers, such as polyethylenimines (PEIs) [46], chi-
tosan [34,49], poly(β-amino ester) [21], and others [27,50,51] 
have been shown to increase their stability and cellular 
internalization. However, locally delivering these nano-
carriers to specific regions in the body is hampered by 
their rapid dispersion in vivo as a result of their small 
size  [6,32–38,47,52–54]. Consequently, repeated or high 
doses are generally necessary to achieve sustained gene 
knockdown at a target tissue.

Polymeric hydrogel biomaterials are three-dimen-
tional chemically or physically crosslinked hydrophilic 
polymer networks that can absorb and retain large 
quantities of water  [2,38,55–58]. Hydrogels hold great 
potential in biomedical and pharmaceutical applica-
tions because bioactive factors can be encapsulated 
within them and subsequently delivered in a local-
ized and controlled manner at desired anatomic loca-
tions [38,55–57]. For example, they have been employed 
as depots for the delivery of anticancer drugs  [59–61], 
genetic materials  [62], and proteins  [63–65]. Hydro-
gels have previously been engineered for localized, 
sustained and, in some cases, controlled delivery of 
siRNA/miRNA [1,6,39–42], where release was regulated 
via degradation in response to local environmental 
conditions surrounding the biomaterials and/or elec-
trostatic interaction between RNA and the hydro-
gels  [1,6,39–42]. However, once these RNA-containing 
biomaterials are injected or implanted into the body, 
neither the patient nor the clinician can alter the RNA 
release rate in response to potential temporal changes 
in the need for the therapeutic agent. To address this, 
we recently reported a photolabile hydrogel contain-

ing chemically-modified siRNA that can be uptaken 
by the cells without the need of a transfection reagent. 
This delivery occurs via electrostatic interaction 
between siRNA and hydrogel-incorporated primary 
amine groups and permits accelerated release of siRNA 
from the biomaterial via UV irradiation [47]. Although 
this system provides an innovative biomaterial plat-
form for remote user-controlled ‘on-demand’ release 
of siRNA, retention of unmodified siRNA by the pri-
mary amines in the aforementioned hydrogels is chal-
lenging due to the necessity for unmodified siRNA 
complexation with a cationic transfection reagent for 
cellular internalization. Therefore, its potential appli-
cations may be restricted due to the limited availability 
of chemically-modified RNAs.

A hydrogel system capable of ‘on-demand’ controlled 
release of either unmodified or chemically-modified 
RNA using an external stimulus, such as UV, provides 
new directions in biomedical and tissue regeneration 
applications. This work reports a dual-crosslinked, 
photodegradable poly(ethylene glycol) (PEG) hydrogel 
system capable of accelerating the release of unmodi-
fied RNA post-gelation via UV application to induce 
hMSC osteogenic differentiation. The photodegradable 
PEG hydrogels were prepared using a combination of 
a Michael addition reaction between acrylate and thiol 
groups, and the oxidation of thiol groups. Hydrogel deg-
radation and siRNA/PEI complex release profiles from 
the photodegradable hydrogels with and without UV 
stimulation were examined, and bioactivity of released 
siRNA against green fluorescent protein (siGFP) was 
investigated via the inhibition of GFP expression in 
destabilized GFP (deGFP)-expressing HeLa cells. 
Importantly, the ability of biological relevant RNA 
(e.g.,  siRNA against noggin or miRNA-20a) released 
from this photodegradable hydrogel system to induce 
osteogenic differentiation of hMSCs was demonstrated.

Materials & methods
Materials
Poly(ethylene glycol)-diacrylate (PEG-DA) and 
PEG-diphotodegradable-acrylate (PEG-DPA) mac-
romers were synthesized as previously reported  [47] 
and detailed in Supplementary Figure 1. 8-arm PEG-
thiol (PEG(-SH)

8
, Mw 10 kDa) was purchased from 

Jenkem Technology USA (TX, USA). Branched 
PEI (Mw 25 kDa), 1-methoxy phenazine methosul-
fate (PMS) and alizarin red S (ARS) were purchased 
from Sigma Aldrich (MO, USA). Hydrogen peroxide 
(H

2
O

2
) and sucrose were obtained from Fisher Scien-

tific (PA, USA). 3-(4,5-dimethyl thiazol-2-yl)-5-(3-
carboxy methoxyphenyl)-2-(4-sulfo phenyl)-2H-tetra-
zolium inner salt (MTS) was obtained from Promega 
Corporation (WI, USA).
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siRNA targeting luciferase (siLuc, sequence 5′-GAU 
UAU GUC CGG UUA UGU AUU-3′) and siGFP 
(sequence 5′-GCA AGC UGA CCC UGA AGU 
UC-3′) are products of Dharmacon (CO, USA), and 
were obtained from Thermo Fisher Scientific (NY, 
USA). miRNA-20a (sequence 5′-UAA AGU GCU 
UAU AGU GCA GGU AG-3′), siNoggin (sequence 
5′-AAC ACU UAC ACU CGG AAA UGA UGG 
G-3′) and nontargeting negative control siRNA (siCT, 
sequence 5′-UUC UCC GAA CGU GUC ACG UTT-
3′) were purchased from Insight Genomics (VA, USA). 
Quant-iT™ RiboGreen® RNA reagent was obtained 
from Thermo Fisher Scientific.

High-glucose Dulbecco’s Modified Eagle’s Medium 
(DMEM-HG) and low-glucose DMEM (DMEM-
LG) were purchased from Sigma. Phosphate-buffered 
saline (PBS), prescreened fetal bovine serum (FBS, 
Gibco), penicillin/streptomycin (P/S) and G-418 
(50 mg/ml, Hyclone Laboratories Inc., UT, USA) were 
obtained from Fisher Scientific. hMSCs were isolated 
as reported in previous literature [6], stored under liq-
uid nitrogen, plated at 5000 cells/cm2, and cultured for 
10 to 14 days before harvesting for use in experiments. 
deGFP-expressing HeLa cells were generously gifted 
from Dr. Matthew Levy (Albert Einstein College of 
Medicine, NY, USA).

Hydrogel preparation
The formation of the dual-crosslinked hydrogels is 
based on the combination of two synergistic chemis-
tries including Michael addition (acrylate-thiol) and 
disulfide formation (Figure 1). The hydrogels were 
fabricated by simply mixing PEG-DPA or PEG-DA 
with PEG(-SH)

8
 solutions at concentrations in PBS 

(pH 7.4) to achieve a thiol/acrylate molar ratio of 4/1 
in 1.7 ml microcentrifuge tubes. The mixture (100 μl) 
was vortexed for 10 s, incubated at room temperature 
for 2 min to form the first crosslinks (acrylate-thiol), 
and then 1 μl PBS solution containing H

2
O

2
 (H

2
O

2
/

SH = 1/1, mol/mol) was added and vortexed for 10 s 
to initiate the second crosslinking (disulfide bonds). 
The mixtures were incubated at room temperature for 
2 h to achieve further gelation before conducting any 
experiments.

Hydrogel degradation
To determine the effect of UV light on the degradation 
of the dual-crosslinked photodegradable hydrogels, 
their degradation behavior in the absence or presence of 
UV light exposure was examined. The hydrogels were 
prepared as described in the previous section, rinsed 
in deionized water (diH

2
O) and lyophilized, and their 

initial dried weights (W
d0

) were measured. The dried 
hydrogels were rehydrated by immersion into PBS 

(10 ml, pH 7.4) and then incubated at 37°C. The PBS 
was changed every 3 days. Hydrogels were exposed to 
UV light (Omnicure S1000 UV, Lumen Dynamics 
Group, ON, Canada) at an intensity of 20 mW/cm2 
for 10 min (‘UV 20–10’) starting at day 0 and then 
weekly. At designated time points the hydrogels were 
collected, rinsed with diH

2
O overnight at 4°C, frozen 

at -80°C and lyophilized, and their dried weights (W
dt
) 

were then determined. The percentage mass loss was 
calculated by (W

d0
-W

dt
)/W

d0
× 100.

Cytotoxicity of hydrogel degradation products
To determine cytotoxicity of hydrogel degradation 
products, the viability of HeLa cells and hMSCs when 
cultured with media containing various concentra-
tions of degradation products was determined using 
an MTS assay. Hydrogels (4%, w/v) were prepared as 
described previously, immersed in 0.5 ml DMEM-HG 
and then divided into two groups. The first group was 
incubated at 37°C without UV light exposure to obtain 
hydrolytic degradation products upon complete degra-
dation of the hydrogels by day 9. The second group 
was exposed to UV light at an intensity of 20  mW/
cm2 for 10 min (‘UV 20–10’), 6 times/day until the 
hydrogels were completely degraded by day 4 to obtain 
photodegradation products.

Cells were seeded in monolayer in 48-well plates 
(Fisher Scientific) at a density of 25,000 and 20,000 
cells/well for HeLa cells and hMSCs, respectively, in 
250 μl of growth media and cultured at 37°C and 
5% CO

2
 in a humidified incubator. Growth media 

for HeLa cells and hMSCs consisted of DMEM-HG 
supplemented with 5% FBS and DMEM-LG supple-
mented with 10% FBS and 1% P/S, respectively. After 
1 day of culture, the growth media was replaced with 
250 μl growth media containing various concentra-
tions of degraded hydrogels. The cells were cultured 
for an additional 2 days prior to executing the MTS 
assay.

To perform the MTS assay, sterile solutions of MTS 
(2 mg/ml) and PMS (0.92 mg/ml) were prepared in 
PBS (pH 7.4). Growth media in wells of 48-well plates 
containing HeLa cells or hMSCs 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 (1/20, v/v). 
After 2 h incubation at 37°C and 5% CO

2
 in a humid-

ified incubator, 100 μl of solution in each well was 
transferred into wells of 96-well plates, and absorbance 
at 490 nm was recorded using a VERSAmax micro-
plate reader (Molecular Devices Inc., CA, USA). The 
cells cultured with media only were used as a control 
(‘Ctrl’) with 100% cell viability, and the other samples 
were normalized to ‘Ctrl’ (n = 3).
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Figure 1. Schematic showing the formation of dual-crosslinked photodegradable hydrogels and their degradation 
when exposed to UV light.
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siRNA loading & UV-triggered siRNA release in 
PBS
To examine the ability of UV light to accelerate the 
siRNA release rate from the hydrogels, the release 
kinetics of siRNA/PEI complexes were determined 
in PBS in the absence or presence of UV light expo-
sure. Stock solutions of siRNA (100 μM) and PEI 
(1 mg/ml, 40 μM) in nuclease free water were sepa-
rately prepared. siRNA/PEI complexes were formed 

using an N/P ratio of 11.5, where N and P are the 
number of amine and phosphate groups in PEI and 
siRNA, respectively, by adding diluted siRNA solution 
(12.8 μM) to the same volume of diluted PEI solution 
(9.6 μM) in PBS, vortexing the mixture for 30 s and 
then incubating it at room temperature for 30  min. 
The prepared siRNA/PEI complexes were then loaded 
into PEG-DPA or PEG-DA solutions in 1.7 ml nucle-
ase free tubes (Fisher Scientific) and PEG(-SH)

8
 solu-
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tions were added to prepare the hydrogels (100 μl, 4 μg 
siRNA/gel) as described previously. Then, 1 ml 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 1 ml fresh PBS 
was added. UV light was applied to hydrogels in the 
exposure treated groups at day 0 and either at every 
collection time point or weekly prior to the addition 
of fresh PBS. A standard curve was established by 
diluting a freshly prepared siRNA/PEI complex solu-
tion (6.4 μM or 80 μg/ml) in fresh media into a series 
of known concentrations (0 to 4 μg/ml). The releas-
ates and standard samples (10 μl) were mixed with a 
heparin solution (Sigma, 5 μl solution 10 mg/ml) for 
30 min to disassociate siRNA/PEI complexes and free 
siRNA was quantified using a RiboGreen RNA assay 
with fluorescence values measured using a plate reader 
(fmax, Molecular Devices Inc.) set at excitation 485/
emission 538 nm [6,47].

Release behavior of siRNA/miRNA in DMEM
To examine the bioactivity of released siRNA/miRNA, 
lyophilized RNA/PEI complexes were encapsulated 
in photodegradable hydrogels, their release kinetics 
in phenol red-free DMEM with and without appli-
cation of UV light were measured, and the released 
siRNA/miRNA was then used to transfect cells cul-
tured in monolayer. Lyophilized RNA/PEI complexes 
prepared in the presence of lyo-protectants such as 
sucrose  [1] or trehalose  [27] have been reported to help 
retain the bioactivity of RNA materials. Retention of 
siRNA bioactivity using this strategy was confirmed 
in this report (Supplementary Figure 2). To prepare 
the lyophilized RNA/PEI complexes, diluted siRNA/
miRNA (4.0 μM) and PEI (3.0 μM) solutions in PBS 
supplemented with 10% sucrose were mixed, vor-
texed for 60 s and incubated at room temperature for 
30 min, followed by freezing at -80°C for 2–4 h and 
lyophilizing for at least 16 h. The lyophilized RNA/
PEI complexes were then mixed with PEG-DPA solu-
tion and the siRNA/miRNA-loaded hydrogels (50 μl, 
5 μg RNA/gel) were fabricated as described previously. 
Prior to release studies, the hydrogels were rinsed 
with 0.5 ml phenol red-free DMEM at 4°C for 3 h to 
remove sucrose, and the amount of RNA in the rinse 
solutions was measured using the RiboGreen assay 
and subtracted from the total amount initially loaded 
to obtain the true loaded-amount for the subsequent 
release experiments. Less than 5% of the total amount 
originally loaded was measured in the rinse solutions. 
The release of siRNA/miRNA was carried out in 
phenol red-free DMEM (DMEM-HG for siGFP and 
DMEM-LG for siNoggin/miRNA-20a) in the absence 
or presence of UV light as described above. Designated 

hydrogels were directly exposed to UV at an intensity 
of 2 mW/cm2 for 10 min (‘UV 2–10’) every day while 
they persisted. The concentration of siRNA/miRNA 
in releasates was quantified as described earlier.

Bioactivity of released siGFP on deGFP-
expressing HeLa cells in monolayer
deGFP-expressing HeLa cells were seeded in mono-
layer in wells of 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% CO

2
 in a humidified 

incubator. After 1 day of culture, the growth media in 
each well was replaced with 0.5 ml of pooled releasates 
from 3 hydrogels at a given time point of ‘No UV’ or 
daily ‘UV 2–10’-treated (starting at day 0 or day 6) 
groups (22.5% (w/v) photodegradable hydrogels)  [47]. 
The cells were cultured for 6 h, and then the media 
was replaced with 0.5 ml of fresh culture media with-
out G-418. The cells were cultured for an additional 
2 days before harvesting for flow cytometry (EPICS 
XL-MCL, Beckman Coulter, CA, USA) to quantify 
the degree of GFP silencing. Lyophilized siRNA/PEI 
complexes were freshly reconstituted in DMEM-HG 
and used as a knockdown positive control (‘Pos. Ctrl’). 
Cells transfected with media only served as a nontrans-
fected control (‘Ctrl’) and were considered to exhibit 
100% GFP expression, and all other groups were 
normalized to the ‘Ctrl’.

Osteoinductivity of UV-triggered released 
siNoggin/miRNA-20a on hMSCs in monolayer
hMSCs were seeded in wells of 24-well plates at a den-
sity of 10,000 cells/well in 0.5 ml of DMEM-LG sup-
plemented with 10% FBS and 1% P/S. After 1 day of 
culture, growth media in each well was replaced with 
0.5 ml of DMEM-LG containing released siNoggin or 
miRNA-20 (40 nM). After culturing for 6 h, the trans-
fection media in each well was replaced with 0.5  ml 
osteogenic media (i.e.,  DMEM-LG supplemented 
with 10% FBS, 1% P/S, 100 nM dexamethasone [MP 
Biomedicals, OH, USA], 10 mM b-glycerophosphate 
[CalBiochem, MA, USA] and 100 μM ascorbic acid 
[Wako USA, VA, USA]). The osteogenic media was 
replaced twice per week. After 3 weeks, the media was 
removed, and cells were rinsed with 0.5 ml PBS. The 
cells were then fixed with a 70% solution of ice-cold 
ethanol in diH

2
O (v/v) at 4°C for 1 h, after which 

they were rinsed with 0.5 ml diH
2
O. The cells were 

stained with ARS solution (60 mM, pH 4.1) for 10 
min and then rinsed twice with 0.5 ml of diH

2
O and 

once with 0.5 ml of PBS (pH 7.4) for 15 min before 
being imaged using a TMS-F microscope (Nikon, 
Japan) with a mounted Nikon E995 camera (Nikon, 
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Japan). Calcium-bound dye in each well was dissolved 
with 0.5 ml of 10% (w/w) cetylpyridinium chloride 
(CPC, Sigma) in 10 mM sodium phosphate buffer at 
pH 7.0 for 30 min at room temperature, after which 
100 μl of solution was transferred to wells of 96-well 
plates for ARS quantification by recording absor-
bance at 562 nm  [66] using a VERSAmax microplate 
reader (Molecular Devices Inc.). Cells transfected with 
DMEM-LG only, freshly reconstituted lyophilized 
siNoggin and siCT were used as a nontransfected con-
trol group (‘Ctrl’), a knockdown positive control (‘Pos. 
Ctrl’) and a negative control (‘Neg. Ctrl’), respectively. 
The concentrations of ARS in PBS solution (pH 7.0) 
containing CPC (10% w/v) were reported to be linearly 
related to the absorbance of the ARS solutions  [67,68] 
and bound calcium amounts  [66]; and therefore the 
absorbance ratios between groups are considered to be 
their deposited calcium ratios.

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 soft-
ware (GraphPad Software Inc., CA, USA). p < 0.05 
was considered to be statistically significant.

Results & discussion
Hydrogel formation & photodegradation
The dual-crosslinked hydrogels were prepared using a 
combination of two crosslinking chemistries: acrylate 
and thiol addition reaction and disulfide formation. 
PEG-DA and PEG-DPA were used as acrylate mac-
romers for preparing non-photodegradable and photo-
degradable hydrogels, respectively. The hydrogels were 
prepared by mixing PEG-DA or PEG-DPA with excess 
PEG(-SH)

8
 to allow the formation of the acrylate-thiol 

crosslinks for 2 min, followed by the addition of H
2
O

2
 

to initiate the formation of disulfide bonds as the sec-
ond crosslink. Gelation occurred 3–5 min after mixing 
the acrylate and thiol solutions depending on the mac-
romer concentrations. Figure 1 shows a schematic of 
dual-crosslinked photodegradable hydrogel formation 
and hydrogel photodegradation upon the application 
of UV light.

Bioactive factors and cells can easily be encapsu-
lated within hydrogels for tissue engineering appli-
cations  [2,5,6,38,55–58]. The degradation of hydrogel 
biomaterial platforms increases their network pore 
size, which regulates the release of loaded bioactive 
molecules, creates free space for newly forming tis-
sues and enhances transport of oxygen and nutrients 
to encapsulated cells as well as removal of metabolic 
waste. In this photocleavable hydrogel system, the 

degradation rate was actively controlled post gela-
tion by applying UV light to degrade photodegrad-
able linkages within the hydrogel networks. Degra-
dation profiles of 22.5% (w/v) hydrogels with and 
without the weekly application of UV light at an 
intensity of 20 mW/cm2 for 10 min (‘UV 20–10’) 
were measured. Without UV application (‘No UV’), 
hydrogels gradually decreased their mass, with 46% 
mass loss after 4 weeks (Figure 2A) due to hydrolytic 
degradation of ester groups in the network  [6,41,47]. 
However, when subjected to external UV light, the 
degradation rate of ‘UV 20–10’ hydrogels was accel-
erated, as expected, with 83% mass loss after 4 weeks 
(Figure 2A). This increase in the degradation rate 
of the ‘UV 20–10’ hydrogels was attributed to the 
photodegradation of photocleavable linkages in the 
biomaterial network  [47,69,70]. Photographs of 6 mm 
hydrogel discs (22.5%, w/v) exposed to UV light 
at an intensity of 20 mW/cm2 for different periods 
of time (0 to 60 min, Figure 2B) depict a change in 
appearance from transparent to dark yellow due to 
the photodegradation of photolabile linkages.

Cytotoxicity of degradation products
Hydrogel degradation products contain carboxylic acid 
and hydroxyl groups from hydrolytic degradation and/
or acetal derivative and free carboxylic acid groups from 
photodegradation [69]. To examine potential cytotoxic-
ity, monolayer cells were exposed to different concen-
trations of the degradation products in culture media 
and their viability was then measured indirectly after 
2 days using an MTS assay. Viability of HeLa cells and 
hMSCs was minimally affected at degradation product 
concentrations of 0.38 mg/ml or less (Figure 3). Viabil-
ity of both cell types decreased as degradation product 
concentration increased above 0.38 mg/ml, with less 
than 79.7% average viability at 3.00 mg/ml (Figure 3). 
There was no significant difference in cell viability 
between the cells treated with hydrolytically degraded 
gels and photolytically degraded gels.

UV-controllable siRNA release
After demonstrating that the engineered photolabile 
hydrogels degraded in response to UV light, the ability 
to trigger siRNA release from the hydrogels by expos-
ing them to UV was investigated. To examine this 
release capability of the biomaterial system, siRNA/
PEI complexes (using siLuc) were physically encapsu-
lated in the hydrogels, and the siRNA-loaded hydrogels 
were exposed to UV light to determine if release of the 
loaded genetic material could be controlled. Figure 4 
shows a schematic of UV-triggered degradation of the 
hydrogels and the subsequent release of siRNA/PEI 
complexes from the network in aqueous media.
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Figure 2. (A) Degradation profiles of 22.5% (w/v) dual-
crosslinked photodegradable hydrogels in the absence 
or presence of UV light at an intensity of 20 mW/cm2 for 
10 min (‘UV 20–10’) weekly. (B) Photographs of 6 mm 
hydrogel discs (22.5%, w/v) exposed to UV light at an 
intensity of 20 mW/cm2 for different periods of time.

Figure 3. Viability of (A) HeLa cells and (B) hMSCs measured indirectly using an MTS assay after 2 days with 
degradation products of photodegradable dual-crosslinked hydrogels in the culture media. 
*p < 0.05 compared with corresponding ‘Ctrl’ group.
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The release of siRNA from non-photodegradable 
hydrogels was first performed in both the absence and 
presence of UV light to confirm UV-independence of 
the siRNA release kinetics. As expected, siRNA was 
released from ‘No UV’ and ‘UV-1’ non-photodegrad-
able hydrogels at the same rate, with approximately 
30 and 63% cumulative siRNA released after 4 and 
10  days, respectively, indicating a UV-independent 
release mechanism (Figure 5A). To demonstrate the 
ability of UV to regulate siRNA release from the pho-
todegradable hydrogels, the release of siRNA from 
15% (w/v) hydrogels was performed. siRNA was grad-
ually released from the ‘No UV’ hydrogels, with 55% 
cumulative siRNA released after 3 weeks (Figure 5B), 
likely governed by the hydrolytic degradation of ester 
groups (hydrolytic degradable sites in Figure 1) in the 
hydrogel networks [6,41,47]. In contrast, siRNA release 
from ‘UV-2’ 15% (w/v) hydrogels was significantly 
accelerated beginning at day 3, and 94% of siRNA 
was cumulatively released after 3 weeks (Figure 5B). 
This acceleration in siRNA release rate was a result of 
UV light exposure mediated photodegradation of the 
hydrogel networks  [47], which was confirmed by the 
degradation results (Figure 2A). The persistence time 
of the 15% (w/v) photodegradable hydrogels was more 
than 9 weeks (Supplementary Figure 3A), regardless of 
the absence or presence of UV exposure, likely due to 
the slow and UV-independent degradation of disulfide 
bonds in the networks.

To demonstrate the ability to tune siRNA release 
from the hydrogel system, siRNA release from 22.5% 
(w/v) hydrogels was next examined with various UV 
doses. By increasing the hydrogel concentration from 
15 to 22.5% (w/v), the siRNA release rate substan-
tially decreased in ‘No UV’ hydrogels. After 4 weeks, 

27% siRNA released from the ‘No UV’ 22.5% (w/v) 
hydrogels (Figure 5C) compared to 59% from the ‘No 
UV’ 15% (w/v) hydrogels (Figure 5B). These find-
ings are in agreement with the literature as increas-
ing hydrogel concentration and/or crosslinking den-
sity have been reported to decrease the release rate 
of loaded bioactive molecules such as siRNA, anti-
cancer drugs and proteins from the hydrogel net-
works  [47,57,60,63,71]. Similar to the 15% (w/v) hydro-
gels, siRNA release was accelerated when the 22.5% 
(w/v) hydrogels were exposed to external UV light 
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Figure 4. Schematic showing UV-triggered degradation of hydrogels and the subsequent release of siRNA/PEI 
complexes.
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(Figure 5C, ‘UV-3’: 20 mW/cm2 for 10 min at each 
release time point or ‘UV-4’: 20 mW/cm2 for 30 min 
weekly). siRNA was released from the ‘UV-3’ and 
‘UV-4’ hydrogels at the same rate for the first 2 weeks, 
likely due to the same cumulative duration of UV 
exposure (i.e., a total of 60 min) at an intensity of 20 
mW/cm2. After 2 weeks, however, the siRNA release 
rate from the ‘UV-4’ hydrogels was higher than that 
from the ‘UV-3’ hydrogels as a result of increased 
cumulative UV exposure time (Figure 5C, UV-4/
UV-3 (min exposure/min exposure): 60/60 at day 10, 
90/70 at day 14, 120/80 at day 21, 150/90 at day 28). 
The hydrogels in Figure 5C were completely degraded 
by 9 weeks (Supplementary Figure 3B) regardless of the 
UV light application, likely due to the contribution 
of the slowly degrading disulfide bonds in the net-
work. Overall, this dual-crosslinked photodegradable 
hydrogel system can be used for sustained release of 
siRNA with a capacity to actively elevate the release 
rate at designated time points by directly applying an 
external UV light source to the hydrogels.

Although macroscopic hydrogel and scaffold bio-
materials have recently been reported to provide local-
ized, sustained, and in some cases controlled release 
RNA, release could not be controlled after gelation. 
The RNA release rates were adjusted by tailoring the 
degradation rate of the hydrogel networks [1,6,21,27,39–41] 
and the affinity between RNA molecules and func-
tional groups incorporated in the hydrogels [39–42]. In 
contrast, the approach reported here provides a flexible 
strategy to accelerate siRNA release from photolabile 
hydrogel networks ‘on-demand’ at designated time 
points via exposure to a UV light source.

Silencing GFP expression in deGFP-expressing 
HeLa cells with released siGFP
Having demonstrated the ability of the hydrogel system 
to tune and accelerate siRNA release via UV application 
in PBS, released siRNA bioactivity was then assessed. 
siGFP released from the hydrogels in phenol red-free 
DMEM-HG was examined in the absence or presence 
of daily UV light exposure at an intensity of 2 mW/cm2 
for 10 min (‘UV 2–10’). siGFP release concentration 
was first measured, and siGFP was gradually released 
from ‘No UV’ hydrogels in a sustained fashion over a 
release course lasting 5 weeks (Figure 6). As predicted, 
UV irradiation triggered siGFP release in DMEM-
HG by facilitating the degradation of photodegradable 
linkages in the hydrogel network, which resulted in an 
increased siRNA release rate (‘UV’ hydrogels, Figure 6) 
and shorter hydrogel persistence times. Hydrogels in all 
groups were completely degraded by their last release 
time point, which occurred at day 18, 20 and 35 for 
‘UV,’ ‘UV from D6’ and ‘No UV’ hydrogels, respec-
tively (Figure 6). Interestingly, the release rate of siGFP 
was rapidly accelerated when the hydrogels were 
exposed to UV starting at day 6 in the ‘UV from D6’ 
group, indicating that external UV light stimulation 
can actively trigger the release rate of siGFP at a des-
ignated time point. In addition, the retention time of 
the hydrogels in DMEM-HG was much shorter than 
that in PBS (i.e.,  35 days in DMEM-HG compared 
with 63 days in PBS for 22.5% (w/v) ‘No UV’ hydro-
gels, Figure 6 & Supplementary Figure 3B), but it is not 
clear why the differences in the solution compositions 
dramatically influenced the degradation rates of the 
hydrogels.
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Figure 5. Release profiles of siRNA from (A) 15% (w/v) non-photodegradable and (B) 15% (w/v) and (C) 22.5% 
(w/v) photodegradable dual-crosslinked hydrogels in PBS in the absence or presence of UV light exposure.  
‘UV-1’: 5 mW/cm2 for 10 min at each time point; ‘UV-2’: 10 mW/cm2 for 10 min at each time point; ‘UV-3’: 20 mW/
cm2 for 10 min at each time point; ‘UV-4’: 20 mW/cm2 for 30 min weekly.
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To assess the bioactivity of siRNA released from the 
hydrogels in DMEM-HG, deGFP-expressing HeLa 
cells in 24 well plates were treated with the pooled 
releasates at specific time points, and the degree of 
GFP silencing was examined using flow cytometry. 
The releasates from the different hydrogel groups at 
specific time points containing different amounts of 
released siGFP (Figure 7A) silenced GFP expression to 
different degrees. GFP expression of deGFP-expressing 
HeLa cells was measured at day 2 following transfec-
tion with the released siGFP (Figure 7B). Cells cultured 
with media only were assigned as a nontransfected 
‘Ctrl’ group that was considered to exhibit 100% GFP 
expression. Cells transfected with day 14 (D14) releas-
ates from hydrogels that did not contain siGFP but 
were exposed to UV, a negative control (‘Neg. Ctrl’), 
expressed 100% GFP, indicating that the degraded 
hydrogels themselves did not cause GFP silencing 
(Figure 7B). Importantly, cells cultured with releasates 
from both ‘UV’ and ‘No UV’ siGFP-loaded hydrogels 
significantly reduced GFP expression in comparison to 
the ‘Ctrl,’ indicating that the released siGFP retained 
its bioactivity. Cells cultured with freshly reconstituted 
lyophilized siGFP/PEI complexes, a knockdown posi-
tive control (‘Pos. Ctrl’), exhibited a high degree of 
gene silencing with 18% GFP expression due to the 
relatively high siRNA concentration (80 nM) applied 
(Figure 7A). GFP expression of the cells transfected 
with day 2 (D2) releasates from all groups was not 
significantly different from (i.e.,  ‘No UV’ and ‘UV 
from D6’) or significantly lower than (i.e., ‘UV’) that 
of the ‘Pos. Ctrl’ groups (Figure 7B), due to similar or 
higher released siGFP concentrations in the transfec-
tion media (Figure 7A), indicating the high bioactiv-
ity of released siGFP. At each specific time point, the 
releasates with higher siGFP concentration resulted in 

increased GFP silencing. For example, the same siGFP 
concentration in day 6 (D6) releasates from the ‘No 
UV’ and ‘UV from D6’ hydrogels (Figure 7A) exhibited 
the same degree of GFP silencing (Figure 7B). However, 
D6 releasates from the ‘UV’ hydrogels decreased GFP 
silencing more compared with that from the ‘No UV’ 
and ‘UV from D6’ hydrogels (Figure 7B), due to the 
higher concentration of released siGFP (Figure 7A). 
Interestingly, when UV was turned on at day 6, the 
siGFP concentration of day 8 (D8) releasates from the 
‘UV from D6’ hydrogels abruptly increased, leading 
to decreased GFP expression compared with the ‘No 
UV’ and ‘UV’ hydrogels (Figure 7). This result also 
demonstrated that UV stimulation could accelerate the 
release rate of siRNA from the hydrogels and subse-
quently suppressed gene expression of cells at a specific 
time point in an ‘on-demand’ manner. This actively 
controlled release of genetic material could be valuable 
for biomedical applications such as cancer treatment 
and tissue engineering.
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Figure 7. (A) Concentration of released siGFP used in the transfection media for the bioactivity study and (B) GFP 
expression of deGFP-expressing HeLa cells cultured in monolayer and transfected with all releasates that were 
collected at predetermined time points from dual-crosslinked photodegradable hydrogels in the absence or 
presence of daily UV light exposure at an intensity of 2 mW/cm2 for 10 min (‘UV 2–10,’ starting at day 0 or day 6). 
‘Neg. Ctrl’: cells transfected with day 14 releasates from no-siGFP ‘UV’ hydrogels; ‘Pos. Ctrl’: cells transfected with 
freshly reconstituted lyophilized siGFP/PEI complexes (80 nM). 
#p < 0.05 compared with groups that do not contain the same symbol, and p < 0.01 compared with ‘UV’ group at 
D2 and all groups at D6, D8 and D14. 
*p < 0.05.
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UV light-triggered release of RNA to drive 
osteogenic differentiation of hMSCs cultured 
in monolayer
This photodegradable hydrogel system has been engi-
neered to trigger siRNA release via the application of an 
external UV light source, and regardless of the presence 
of UV light, the released siGFP retains its bioactivity 
as evidenced by its capacity to silence GFP expression 
in HeLa cells. To further examine the potential appli-
cation of this hydrogel system in tissue engineering 
and regenerative medicine, the capacity of UV-light-
triggered release of biologically relevant RNAs, specifi-
cally siNoggin and miRNA-20a, to induce osteogenic 
differentiation of hMSCs cultured in monolayer was 
investigated. siNoggin has been reported to enhance 
osteogenic differentiation of hMSCs by downregulat-
ing the expression of noggin protein, which is a bone 
morphogenetic protein (BMP) antagonist that inhib-
its BMPs from binding to their receptors on the cell 
surface  [6,72–75]. miRNA-20a can also guide hMSC 
osteogenic differentiation by downregulating Bambi, 
Crim1 and peroxisome-proliferator-activated receptor 
(PPARγ), which are antagonists of BMP pathway [9,76].

Using this hydrogel system, UV light could be used 
to tailor the release profile of encapsulated siNoggin. In 
the absence of UV light, siNoggin was slowly released 
in a sustained fashion from ‘No UV’ hydrogels over 
the course of 5 weeks (Figure 8A). In contrast, siNoggin 
was released from ‘UV’ hydrogels at a faster rate, and 
all loaded siNoggin was recovered by day 19 when the 
hydrogels were completely degraded. To assess the abil-
ity of the released siNoggin (40 nM) to direct hMSC 
osteogenic differentiation, releasates at certain time 

points were used to transfect hMSCs cultured in mono-
layer, and the cells were cultured in osteogenic media 
for up to 3 weeks. After 3 weeks of culture, calcium 
deposition, a primary indicator of hMSC osteogenic 
differentiation, was stained with ARS and then quanti-
fied. A low density of deposited calcium was observed 
in the ‘Ctrl’ group, which was cultured in DMEM-LG 
without siRNA (Figure 8B). Similarly, cells transfected 
with day 4 (D4) releasates from empty ‘UV’-treated 
hydrogels (without siRNA, ‘Gel only’) and lyophilized 
siCT/PEI complexes (‘siCT’ at 40 nM) showed a low 
density of deposited calcium (Figure 8B). Calcium quan-
tification confirmed that amounts of deposited calcium 
normalized to the ‘Ctrl’ group were similar in the ‘Gel 
only’, ‘siCT’ and ‘Ctrl’ groups (Figure 8C). As expected, 
the freshly reconstituted lyophilized siNoggin (‘Pos. 
Ctrl’ at 40  nM) and siNoggin released from the ‘No 
UV’ and ‘UV’ hydrogels at the day 2 (D2) and day 4 
(D4) time points increased deposited calcium density in 
ARS red staining images (Figure 8B) and quantified cal-
cium deposition (Figure 8C). BMP-2 expression increases 
when the hMSCs differentiate into osteoblasts [74], and 
the expression of noggin, an antagonist of BMP, is then 
upregulated [75]. Therefore, presentation of siNoggin, as 
released in this system, suppresses the expression of nog-
gin, enhances BMP signaling and promotes osteogenesis 
of hMSCs  [6,72–75]. These results indicate that, regard-
less of the absence or presence of ‘UV 2–10’, the released 
siNoggin from the hydrogels retained its bioactivity and 
induced the osteogenic differentiation of hMSCs.

Although the released siNoggin retained its bioac-
tivity as demonstrated by an enhancement in the osteo-
genic differentiation of hMSCs compared with the ‘Gel 
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Figure 8. (A) siNoggin release behavior from 22.5% (w/v) photodegradable hydrogels into DMEM-LG in the 
absence or presence of ‘UV 2–10’ daily. (B) Photomicrographs of ARS staining depicting the deposition of calcium, 
and (C) quantification of deposited calcium (normalized to ‘Ctrl’) by hMSCs cultured in monolayer and transfected 
with the same concentration (40 nM) of released siNoggin from hydrogels at day 2 (D2) or day 4 (D4) or freshly 
reconstituted lyophilized siRNA/PEI complexes of siCT (‘siCT’) or siNoggin (‘Pos. Ctrl’). ‘Gel only’: pooled D4 
releasates from ‘UV’-treated hydrogels lacking RNA. The scale bar indicates 200 μm. 
#p < 0.05 compared with groups that do not contain the same symbol. 
*p < 0.05.
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only,’ ‘siCT’ and ‘Ctrl’ groups, a decrease in the relative 
amount of deposited calcium was observed in groups 
treated with the released siNoggin from the both ‘UV’ 
and ‘No UV’ hydrogels. Specifically, while the ‘Pos. 
Ctrl’ group produced 3.5-fold higher calcium deposi-
tion than the ‘Ctrl’ group, siNoggin released from the 
‘UV’ hydrogels at D2 and D4 or from the ‘No UV’ 
hydrogels at D4 exhibited only 2.1–2.6-fold higher cal-
cium deposition than the ‘Ctrl’ group. This decrease 
in the degree of osteogenic induction of the released 
siNoggin may have been due to binding of hydro-
gel degradation products containing carboxylic acid 

groups to the positively charged siNoggin/PEI nano-
complexes [77,78]. This binding might cause a decrease 
in the surface charge density of nanocomplexes and 
increase the particle size, and subsequently decrease 
their ability to be internalized by cells [79]. Importantly, 
at both D2 and D4 time points, the released siNoggin 
from the both ‘No UV’ and ‘UV’ hydrogels showed a 
similar amount of deposited calcium (Figure 8C), indi-
cating that the UV application had little effect on the 
bioactivity of released siNoggin.

Similar to siNoggin, miRNA-20a release from the 
photodegradable hydrogels was also triggered by UV 
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Figure 9. (A) miRNA-20a release behavior from 22.5% (w/v) photodegradable hydrogels into DMEM-LG in the 
absence or presence of ‘UV 2–10’ daily. (B) Photomicrographs of ARS staining depicting the deposition of calcium 
and (C) quantification of deposited calcium (normalized to ‘Ctrl’) by hMSCs cultured in monolayer and transfected 
with the same concentration (40 nM) of released miRNA-20a from hydrogels at day 2 (D2) or day 4 (D4) or freshly 
reconstituted lyophilized RNA/PEI complexes of siCT (‘siCT’) or miRNA-20a (‘Pos. Ctrl’). ‘Gel only’: pooled D4 
releasates from ‘UV’-treated hydrogels lacking RNA. The scale bar indicates 200 μm. 
#p < 0.01 compared with groups that do not contain the same symbol. 
*p < 0.05.
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stimulation (Figure 9A). Specifically, miRNA-20a 
was released from the ‘No UV’ and ‘UV’ hydrogels 
over the course of 37 and 20 days, respectively. The 
same amounts of released miRNA-20a (40 nM) were 
then used to transfect hMSCs to examine its ability 
to induce osteogenic differentiation  [9]. The released 
miRNA-20a from both ‘No UV’ and ‘UV’ hydrogels 
increased the osteogenic differentiation of hMSCs 
compared with the ‘Gel only’, ‘siCT’ and ‘Ctrl’ groups, 
as evidenced by the increased calcium deposition in 
ARS staining photomicrographs (Figure 9B) and quan-

tified deposited calcium (Figure 9C). Regardless of UV 
light exposure, the released miRNA-20a at D2 showed 
a similar amount of deposited calcium to the ‘Pos. Ctrl’ 
group at a concentration of 40 nM, which exhibited 
a 3.3-fold increase compared with the ‘Ctrl’ group 
(Figure 9C). Although the amount of deposited calcium 
by cells treated with the released miRNA-20a from D4 
was lower than that of the ‘Pos. Ctrl,’ the amounts of 
deposited calcium in groups treated with the released 
miRNA-20a from the ‘No UV’ and ‘UV’ hydrogels 
are similar at all experimental time points (Figure 9C). 
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Again, these results demonstrated that the UV light 
application to the hydrogels not only accelerated RNA 
release, but also permitted retention of its bioactivity.

Conclusion
A dual-crosslinked in situ forming photodegradable 
hydrogel was developed for actively controlling the 
release of either unmodified or chemically modified 
siRNA or miRNA via UV irradiation. Photodegradable 
linkages were introduced into the hydrogel network to 
control the degradation rate of the hydrogels and subse-
quently to trigger the release of the loaded genetic mate-
rials upon the application of UV light. UV-triggered, 
accelerated release of siGFP exhibited high bioactivity 
by silencing GFP expression of deGFP-expressing HeLa 
cells to the same degree as the freshly prepared siGFP. 
Importantly, the UV-triggered, accelerated release of 
siNoggin or miRNA-20a from the hydrogel system 
induced the osteogenic differentiation of hMSCs, 
demonstrating the potential for applying this photo-
degradable hydrogel system for bone regeneration. To 
the best of our knowledge, this is the first photodegrad-
able hydrogel system that can provide the ‘on-demand’ 
delivery of unmodified RNAs at designated time points 

via the application of an external stimulus in the form 
of UV light. This hydrogel system provides an excellent 
platform for ‘on-demand’ release of genetic materials or 
other bioactive agents at a specific time via externally 
applied UV, and is promising for applications in disease 
therapeutics and tissue regeneration.
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Executive summary

•	 Photodegradable dual-crosslinked poly(ethylene glycol)-based hydrogels were fabricated using two 
synergistic chemistries: Michael-type acrylate-thiol and oxidized disulfide formations.

•	 Photocleavable moieties were introduced into the hydrogel network, providing an active means to increase 
the hydrogel degradation rate post-gelation, and subsequently accelerate the release rate of encapsulated 
RNA/PEI complexes at designated time points.

•	 Disulfide bonds that degrade slowly via hydrolysis were employed to prolong the hydrogel persistence time 
and consequently the RNA release time course.

•	 In the absence of UV light, the loaded unmodified RNA complexed with PEI was released from the hydrogels 
in a sustained and controlled fashion.

•	 Upon the application of UV light, the release of the complexes (i.e., siLuc, siGFP, siNoggin and miRNA-20a) 
from the photodegradable hydrogels was accelerated, which was not observed in non-photodegradable 
hydrogels.

•	 Regardless of the presence of UV light, released siGFP exhibited high bioactivity by silencing GFP expression in 
deGFP-expressing HeLa cells cultured in monolayer.

•	 Released siNoggin and miRNA-20a from the hydrogels induced osteogenic differentiation of human 
mesenchymal stem cells to a similar extent as freshly reconstituted RNA.

•	 UV light exposure did not affect the bioactivity of the released RNA material from this photodegradable 
hydrogel system.

•	 This is the first report of a photodegradable hydrogel system that can provide the ‘on-demand’ accelerated 
delivery of unmodified RNA complexed with PEI at designated time points via the application of UV light, an 
external and user-controlled stimulus

•	 This photolabile hydrogel system provides a potentially valuable physician or patient-controlled ‘on demand’ 
RNA delivery platform for biomedical applications.
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