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RNA interference (RNAi) harnesses short interfering RNA (siRNA) to inhibit gene 

expression post-transcriptionally by targeted destruction of specific messenger RNA 

(mRNA) molecules. This promising direction in disease therapeutics and regenerative 

medicine is problematic due to ionic, hydrophilic and macromolecular nature of naked 

siRNA.[1] These properties prevent siRNA from entering cells, and make it susceptible to 
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degradation by serum ribonucleases (RNases).[2] Many approaches have been developed to 

deliver siRNA to target tissue, including direct injection of siRNA solutions,[3] incorporation 

of siRNA into liposomes,[3c,4] complexation of siRNA with cationic polymers and lipids to 

form nanoparticles[1a,1d,3c,5] or encapsulation of siRNA into microparticles.[6]

Nano- and microparticles can protect siRNA from RNase degradation, but siRNA delivered 

by these particles disperses rapidly in vivo owing to their small size, leading to poor 

retention at targeted tissue sites.[1f,1g,2a-c] Prolonged presentation of siRNA at desired target 

tissue, however, would increase its bioavailability and thus therapeutic efficacy.[1g,2a,2b] In 

efforts to extend siRNA-mediated gene silencing, macroscopic hydrogels,[1g-j,2a,7] 

nanofibers[8] and porous scaffolds[9] have recently been reported for localized and/or 

sustained delivery of siRNA. The delivery of siRNA from these systems has been achieved 

through the regulation of siRNA diffusion, hydrolytic degradation of the carrier biomaterial 

and/or affinity of interactions between siRNA and hydrogels.[1d-h,2a,2b,7a,8-9]

Externally applied stimuli for triggering siRNA release would provide an alternative 

mechanism for physician- or patient-controlled delivery, permitting the release of desired 

defined doses at specific times. Among external stimuli such as light[1g], ultrasound[10], and 

magnetic[11] and electric[12] fields, UV light has been widely used for control over the 

release of low molecular weight compounds[13] and cells[14], and its application may be 

spatially and temporally[15] regulated with high precision. For example, externally applied 

UV light has been reported to regulate the photodegradation of the polymer backbone of 

nanoparticles[13a-d] or linkages between polymers and bioactive agents[13e-h,14,15b,15d] to 

release payloads, such as 5-fluorouracil,[13f] doxorubicin[13h] and cells.[14] Similarly, 

methyl-ether-PEG-b-poly(5-(3-(amino) propoxy)-2-nitrobenzyl methacrylate,[16] a cationic 

photodegradable polymer, or lipid-derived photolabile-bridged-diethylenetriamine,[17] an 

amphiphilic photodegradable molecule, have also been synthesized to photo-activate the 

gene silencing capacity of siRNA. Recently, 3D macroscopic photodegradable PEG 

hydrogels were engineered to control cell morphology and proliferation[15b] and regulate the 

release of encapsulated cells via UV application.[18] To date, however, the capacity to deliver 

genetic material from 3D macroscopic hydrogels locally and in a sustained manner, and to 

regulate the release profile via on-demand triggering by light stimulation has not been 

reported. In this work, photodegradable poly(ethylene glycol)-di(photolabile acrylate) (PEG-

DPA) hydrogels chemically modified with a cationic molecule (i.e., 2-amino ethyl 

methacrylate (AEMA)) were engineered for photo-triggering siRNA release at target sites, a 

potentially valuable tool for on-demand regulation of cell gene expression with applications 

in disease therapeutics and tissue regenerative medicine.

A photodegradable PEG-DPA macromer (Figure 1A) was synthesized using modifications 

of previous reports[15b-d,18-19] to fabricate a hydrogel system that can activate the release of 

siRNA by UV light application. The PEG-DPA contains two ortho-nitrobenzyl (ONB) 

photolabile groups with the photocleavable ester groups linked directly to ONB groups. 

These ester moieties are known to cleave into acetal and acid groups upon exposure to UV 

light.[15b-d,18] The photodegradable hydrogels were fabricated via free radical 

polymerization of PEG-DPA and AEMA in the presence of ammonium persulfate (APS) and 

tetramethylethylenediamine (TEMED) as redox initiator and catalyst, respectively. The 
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gelation time of the fabricated photolabile hydrogels ranges from 4.8 to 12.6 min as a 

function of hydrogel concentrations (Table S1, Supporting Information). This gelation time 

range is sufficient for injecting the hydrogel precursor solutions with the redox catalysts into 

the body using a syringe and needle or a long micro-catheter before the gelation. AEMA 

bearing a primary amine group was employed to electrostatically interact with and retain 

negatively charged siRNA within the hydrogel network following the crosslinking of the 

methacrylate moiety with the acrylates of the PEG-DPA. Upon exposure to low-intensity 

UV irradiation (365 nm), the resulting siRNA-loaded photodegradable PEG hydrogels can 

degrade via the photolysis of ONB-ester units and thus release incorporated siRNA. The 

capacity of the photolabile hydrogels to release siRNA on demand in response to UV light 

was compared to non-photodegradable hydrogels synthesized from PEG-diacrylate (PEG-

DA) (Figure 1B), which was synthesized using modifications of previous reports,[7a,20] and 

AEMA. A schematic illustrating siRNA loading, hydrogel formation and siRNA release 

from the hydrogels upon their hydrolytic and/or UV light exposure-based degradation is 

depicted in Figure 1C.

The release of siRNA (siRNA against luciferase, siLuc) from non-photodegradable and 

photodegradable PEG hydrogels with and without UV light exposure into nuclease-free 

phosphate buffered saline (PBS) solution was performed to demonstrate the capacity of the 

hydrogel system to release siRNA in response to UV light application. UV light with an 

intensity of 10 mW/cm2 applied to the hydrogels for 20 min (denoted as “UV 10-20”) at 

each release time point. 20 minutes at this irradiation intensity was previously reported to be 

benign to human mesenchymal stem cells encapsulated within the similar PEG 

hydrogels.[15b] First, siRNA release from non-photodegradable hydrogels (15% w/w) was 

investigated to demonstrate that UV light did not accelerate siRNA release using this 

hydrogel system. As shown in Figure 2A, siRNA was released from non-photolabile 

hydrogels with and without UV exposure at a similar release rate, with 43 and 44% 

cumulative siRNA released after 14 days, respectively, likely due to the hydrolytic 

degradation of ester linkages within the hydrogel networks.[1g] These similar siRNA release 

profiles from the non-photodegradable hydrogels support a UV light exposure-independent 

mechanism. siRNA release from 15% (w/w) photolabile hydrogels in the absence and 

presence of “UV 10-20” was then examined to demonstrate that UV light can regulate 

siRNA release from the photodegradable hydrogels. As shown in Figure 2B, the photolabile 

hydrogels without UV application (“No UV”) released 53% of siRNA after 14 days. In 

contrast, the release rate of siRNA increased upon the application of UV light (“UV”), with 

a total siRNA release of 83% after 14 days, likely as a result of photodegradation of the 

hydrogel network,[15b] indicating light-stimulated siRNA release (illustrated in Figure 1C). 

A similar trend was also observed with the 7.5 and 10 % (w/w) hydrogels (Figure S1, 

Supporting Information).

After establishing that UV application could accelerate siRNA release from the hydrogels, 

photolabile hydrogels (15% w/w) were exposed to UV light with an intensity of 10 mW/cm2 

for an increased time of 60 min (denoted as “UV 10-60”) at each release time point to 

quantify the effect of UV irradiation duration on hydrogel degradation and thus siRNA 

release. As shown in Figure 2C, while the hydrogels subjected to UV released all 
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encapsulated siRNA within 14 days as the hydrogels underwent complete degradation, the 

hydrogels without UV exposure for the first 14 days (denoted as “UV from day 14”) 

cumulatively released 50% of siRNA and remained intact. The “UV from day 14” hydrogels 

in Figure 2C were then exposed to UV for 60 min starting at day 14 and at every subsequent 

release time point. siRNA release was then accelerated until the hydrogels completely 

degraded at day 25 with 96% siRNA was recovered. These results indicate that varying UV 

exposure time while keeping the UV intensity constant can regulate siRNA release kinetics 

by regulating hydrogel degradation rate.[15b]

To examine the ability of released siRNA to inhibit green fluorescent protein (GFP) 

expression via flow cytometry, photodegradable hydrogels were loaded with a siRNA 

targeting GFP (siGFP). 15% (w/w) photodegradable hydrogels were exposed to either no 

UV or UV light at defined intensities and exposure durations at specific time points, and 

release of siGFP into phenol red free Dulbecco's Modified Eagle Medium High Glucose 

(DMEM-HG) at 37°C was measured. For hydrogels subjected to UV light, an intensity of 10 

mW/cm2 was used for exposure durations of either 20 or 60 min. As shown in Figure 3A, 

the UV-exposed hydrogels exhibited higher release rates than those without UV treatment 

(“No UV”). siRNA was gradually released from “No UV” hydrogels with only 50% of 

encapsulated siRNA released over 2 weeks due to the hydrolytic degradation of ester 

linkages within the hydrogel network.[1g] These hydrogels released 98% siRNA after 39 

days upon complete degradation (Figure S2A, Supporting Information). In contrast, the “UV 

10-20” hydrogels released 91% siRNA after 2 weeks and completely degraded by day 27 

with all incorporated siRNA recovered (Figure S2A, Supporting Information). Furthermore, 

the “UV 10-60” hydrogels fully degraded by day 14 with all encapsulated siRNA released 

(Figure 3A). The faster release rate from the “UV 10-60” hydrogels compared to the 

“UV10-20” hydrogels was likely due to faster degradation of the polymer backbone 

resulting from longer UV exposure time at the same UV intensity. In addition, at the same 

hydrogel concentration (15%, w/w) and UV light conditions (“UV 10-20”), the release 

profile of non-targeting control siLuc was similar to that of siGFP (Figure S2A, Supporting 

Information). When hydrogels were irradiated with UV at different UV intensities (2, 5 and 

10 mW/cm2), but for a constant UV exposure time (20 min), the release of siRNA increased 

with increasing UV intensity (Figure 3B and S2B). When the hydrogels were exposed to UV 

light with different exposure times and intensities, siRNA release concentrations in DMEM-

HG (μg/mL) over time were greater with increases in either or both of these variables 

(Figure 3C). Taken together, these results indicate that siRNA release can be controlled by 

regulating UV exposure time and/or intensity.

The effect of UV on the bioactivity of released siRNA was evaluated and compared to that 

of fresh siRNA and siRNA released from hydrogels without UV light application as UV 

light exposure may compromise the bioactivity of released siRNA. The same amount of 

released siGFP and released siLuc, and fresh siGFP (0.5 mL of 0.075 μM) in DMEM-HG 

solutions were cultured with HeLa cells constitutively expressing destabilized GFP (deGFP) 

seeded in monolayer for 48h. Cells were then harvested for flow cytometry to quantify the 

degree of GFP silencing. The cells cultured with media only served as a control with 100% 

GFP expression (G1) and the other experimental conditions were normalized to G1. As 
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shown in Figure 3D, the cells treated with the samples from “UV 10-20” hydrogels alone 

(G2) or with released siLuc from “UV 10-20” hydrogels (G3) exhibited 100% GFP 

expression. In contrast, when the same siRNA concentration (0.075 μM) was used, siGFP 

released from the hydrogels with no UV (G5) and different UV doses (G6-G9) knocked 

down GFP expression similarly to the fresh siGFP (G4) that inhibited 54% GFP expression 

(Figure 3D), indicating that the UV intensity and time utilized did not affect the bioactivity 

of released siRNA.

Since it was demonstrated that increasing UV irradiation intensity and duration accelerated 

siRNA release from the photolabile hydrogel system, it is important to examine the effect of 

exogenously controlling siRNA dosing by UV light on the degree of gene knockdown. 

Therefore, siRNA samples released from hydrogels with different UV exposure intensities 

and durations were cultured with deGFP-expressing HeLa cells in monolayer for 48h, and 

then the cells were harvested for GFP expression quantification using flow cytometry. Cells 

cultured with media only were used as a control with 100% GFP expression (“Control”), and 

all other groups were normalized to the “Control”.

As shown in Figure 3E, reduction of GFP expression was observed when the cells were 

cultured with releasates from “No UV” and UV-treated hydrogels. Interestingly, the released 

siRNA from hydrogels exposed to various intensities of UV for the same amount of time 

significantly silenced GFP expression more compared to that released from “No UV” 

hydrogels, as a result of more siRNA having been released from the UV-applied hydrogels 

(Figure 3C), except for the “UV 2-20” and “UV 5-20” hydrogels at day 1. In addition, the 

released siRNA from hydrogels exposed to greater UV intensity with the same exposure 

duration significantly or equally knocked down GFP expression compared to the released 

siRNA from hydrogels exposed to lower UV intensity (Figure 3E). This trend can be 

observed for the released samples from day 3 up to day 14, which correlates with the 

concentration of siRNA released (Figure 3C). Moreover, the released siRNA from hydrogels 

exposed to the same UV intensity for a longer duration significantly or equally knocked 

down GFP expression compared to the released siRNA from hydrogels with shorter UV 

exposure at all examined release time points (Figure 3F), except for day 14 due to the much 

lower released siRNA concentration at the last time point from the “UV 10-60” hydrogels 

compared earlier time points (Figure 3C). These results indicate that variations in UV dose 

can be used to trigger the release of siRNA from photolabile hydrogels at different rates, 

which permits regulation of the timing and extent of gene silencing.

In summary, a photodegradable hydrogel system has been engineered for stimulating siRNA 

release in response to UV light. AEMA, a cationic molecule, has been incorporated into the 

hydrogels to retain siRNA within the hydrogel networks. The release profiles of siRNA were 

regulated by UV intensity, UV exposure duration, and hydrogel concentration. The released 

siRNA from hydrogels with and without UV exposure could knockdown GFP expression in 

cells to the same extent as fresh siRNA. The releasates from hydrogels exposed to higher 

UV doses could inhibit GFP expression at significantly higher levels compared to that from 

hydrogels subjected to lower UV doses, which effectively correlates with the concentration 

of siRNA in releasates. To the best of our knowledge, this is the first report of on-demand 

delivery of genetic material from photolabile hydrogels. This hydrogel system provides an 
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excellent platform for nucleic acid delivery using UV light as an external stimulus. By 

applying light directly through the skin or by using a light cable or catheter guide wire to 

access more distant sites, genetic material could be released at defined times and spatial 

locations in the body, an approach that would be valuable for tissue engineering strategies 

and treating diseases such as cancer.

Experimental Section

Materials

Accell siGFP and siLuc were obtained from Thermo Scientific Dharmacon (Lafayette, CO). 

Tetramethylethylenediamine (TEMED) and phenol red free DMEM-HG were purchased 

from Sigma Aldrich (St Louis, MO). 2-amino ethyl methacrylate (AEMA) was obtained 

from Polysciences, Inc. (Warrington, PA). Ammonium persulfate (APS) was purchased from 

MP Biomedicals, LLC (Solon, OH). RiboGreen RNA assay kit was obtained from 

Invitrogen (Carlsbad, CA). 10x nuclease-free PBS solution was obtained from Life 

Technologies (Carlsbad, CA). DMEM-HG with 4.5 g/L glucose, fetal bovine serum (FBS) 

and G-418 (50 mg/mL) were purchased from Hyclone (Logan, UT).

Synthesis of PEG-DA and PEG-DPA

PEG-DPA and PEG-DA were synthesized according to modifications of previous 

reports.[7a,15b-d,20] The detailed procedures for synthesis and characterization are provided in 

the Supporting Information.

Hydrogel preparation

The hydrogels were prepared by free radical polymerization of PEG-DA or PEG-DPA 

macromers and AEMA in the presence of APS and TEMED as redox initiator and catalyst, 

respectively. To prepare siRNA-loaded 50 μL 15% (w/w) hydrogel, siRNA (13.3 μg) was 

mixed with AEMA (160 μg) in a total volume of 11.3 μL PBS for 30 min prior to combining 

with PEG-DA or PEG-DPA solutions in PBS (33.7 μL, 22.3% w/w). APS (2.5 μL, 40% 

w/w) and TEMED (2.5 μL, 5% w/w) solutions in PBS were then added to the above 

mixture, and the mixture was vortexed and incubated at RT for 2 h for hydrogel crosslinking. 

Prior to release studies, the hydrogels were rinsed with PBS solution (0.5 mL, pH 7.4) at 

4°C and the PBS was changed every 12 h for 3 days to remove the catalysts. The amount of 

siRNA in the rinse solutions was measured (7-17%) and subtracted from the total amount 

initially loaded to obtain the true baseline for release and bioactivity experiments.

siRNA release and quantification

The prepared hydrogels in 1.7 mL vials were exposed to a 320-500 nm UV light source 

using an Omnicure S1000 UV Spot Cure System (Lumen Dynamics Group, Mississauga, 

Ontario, Canada). Nuclease-free PBS solution (0.5 mL) at pH 7.4 was added to the vials and 

siRNA release was performed at 37°C. At each predetermined time point, the 0.5 mL 

released sample was collected, and UV light was applied to the hydrogels and then 0.5 mL 

fresh PBS was added to the vials. A series of known siRNA concentrations in PBS solution 

was used to establish the standard curve. The released siRNA was quantified with 

RiboGreen RNA assay on a plate reader (fmax, Molecular Devices, Inc., CA, USA) set at 
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excitation 485/emission 538 nm. For bioactivity evaluation, Accell siGFP and siLuc were 

released into phenol red free DMEM-HG instead of PBS.

Bioactivity of the released siRNA

To examine the effect of UV exposure on the bioactivity of the released siRNA, the same 

amount of released or fresh siRNA in DMEM-HG (0.5 mL, 0.075 μM siRNA) was cultured 

with deGFP-expressing HeLa cells. The cells were seeded in monolayer in 24-well plate at a 

density of 50,000 cells/well in 0.5 mL of DMEM-HG supplemented with 5 % FBS and 

G-418 (500 μg/mL) and cultured at 37°C and 5% CO2 in a humidified incubator. After 1 day 

of culture, the growth media were aspirated and replaced with 0.5 mL media containing the 

same concentration of fresh or released siRNA (0.075 μM siRNA). The cells were 

transfected for 24h, and then FBS (10 μL) was added and the cells were cultured for an 

additional 24h before harvesting for flow cytometry (EPICS XL-MCL, Beckman Coulter, 

Fullerton, CA) to quantify the degree of GFP silencing. To examine the bioactivity of 

different siRNA concentrations in the releasates from photolabile hydrogels exposed to 

different UV doses, the releasates from 3 hydrogels at each specific time point were 

combined and cultured with the deGFP-expressing HeLa cells (0.5 mL/well), which were 

seeded as described above 1 day prior. After 24h, FBS (10 μL) was added and the cells were 

then cultured for an additional 24h before harvesting for flow cytometry to quantify the 

degree of GFP silencing. The GFP expression of control samples was normalized to 100% 

and the GFP expression of the other conditions was normalized to controls.

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 Prism 5.0 software (GraphPad Software Inc., La Jolla, CA). P 

< 0.05 was considered to be statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure of the (A) photolabile PEG-DPA and (B) non-photolabile PEG-DA macromers 

used in this study. (C) Schematic of photolabile hydrogel formation and subsequent siRNA 

release upon the degradation of hydrogel network in aqueous media in the absence and 

presence of an external UV light source.
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Figure 2. 
Release profiles of siRNA from 15% (w/w) hydrogels in the absence and presence of UV 

light exposure. (A) Non-photolabile (the 2 curves overlap), (B) photolabile hydrogels 

exposed to UV light at an intensity of 10 mW/cm2 for 20 min (“UV 10-20”) at each time 

point and (C) photolabile hydrogels exposed to the same UV light intensity of 10 mW/cm2 

for 60 min (“UV 10-60”) at each time point. UV light exposure triggered the release of 

siRNA from photolabile hydrogels due to the photolytic degradation of the crosslinked 

networks, which did not occur in non-photolabile hydrogels.
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Figure 3. 
Release profiles of siRNA into DMEM-HG from 15% (w/w) photolabile hydrogels exposed 

to no UV and UV light at (A) an intensity of 10 mW/cm2 for 20 (“UV 10-20”) and 60 min 

(“UV 10-60”) or (B) different intensities of 2, 5 and 10 mW/cm2 for 20 min (“UV 2-20”, 

“UV 5-20” and “UV 10-20”, respectively). (C) Concentration of siRNA in the releasates. 

(D) % GFP expression of deGFP-expressing HeLa cells after 2 days of culture with the same 

concentration (0.5 mL 0.075 μM siRNA) of fresh siGFP and released siRNA collected at 

day 4 of the release experiment. G1) Control; G2) Gel only, UV 10-20; G3) siLuc, Gel UV 
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10-20; G4) fresh siGFP; G5) siGFP, Gel No UV; G6) siGFP, Gel UV 2-20; G7) siGFP, Gel 

UV 5-20; G8) siGFP, Gel UV 10-20; G9) siGFP, Gel UV 10-60. The released siGFP from 

photolabile hydrogels treated with different UV doses (G5-G9) silenced GFP expression at a 

similar degree compared to fresh siGFP. Percentage GFP expression of deGFP-expressing 

HeLa cells after 2 days of culture with the same volume (0.5 mL) of releasates from 

hydrogels exposed to different UV (E) intensities or (F) exposure durations collected at 

different time points. # p<0.01 compared to “Control” (G1), * p<0.05.
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