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Currently, the most severe limitation to applying RNA interference technology is delivery, including local-
izing the molecules to a specific site of interest to target a specific cell population and sustaining the pre-
sentation of these molecules for a controlled period of time. In this study, we engineered a functionalized,
biodegradable system created by covalent incorporation of cationic linear polyethyleneimine (LPEI) into
photocrosslinked dextran (DEX) hydrogels through a biodegradable ester linkage. The key innovation of
this system is that control over the sustained release of short interference RNA (siRNA) was achieved, as
LPEI could electrostatically interact with siRNA to maintain siRNA within the hydrogels and degradation
of the covalent ester linkages between the LPEI and the hydrogels led to tunable release of LPEI/siRNA
complexes over time. The covalent conjugation of LPEI did not affect the swelling or degradation proper-
ties of the hydrogels, and the addition of siRNA and LPEI had minimal effect on their mechanical proper-
ties. These hydrogels exhibited low cytotoxicity against human embryonic kidney 293 cells (HEK293).
The release profiles could be tailored by varying DEX (8 and 12% w/w) and LPEI (0, 5, 10 lg/100 ll gel)
concentrations with nearly 100% cumulative release achieved at day 9 (8% w/w gel) and day 17 (12%
w/w gel). The released siRNA exhibited high bioactivity with cells surrounding and inside the hydrogels
over an extended time period. This controllable and sustained siRNA delivery hydrogel system that per-
mits tailored siRNA release profiles may be valuable to guide cell fate for regenerative medicine and other
therapeutic applications such as cancer treatment.

Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
1. Introduction

RNA interference is an efficient method to post-transcription-
ally turn off the expression of specific proteins and transcription
factors using small interfering RNA (siRNA) for cancer therapeutics
or tissue engineering applications [1–8]. Naked siRNA bears nega-
tive charges which limit its ability to passively diffuse across cell
membranes and it is easily degraded by ribonucleases [1,2]. To
overcome these limitations, a number of siRNA delivery systems,
including liposomes, lipoplexes, nanoparticles and microparticles,
have been developed to deliver siRNA to treat a wide range of dis-
eases [1]. Unfortunately, these systems can be easily dispersed
in vivo on account of their small size, making it difficult to locally
target sites of interest for a prolonged period of time [1,2]. Local-
ized and sustained delivery is a promising strategy for siRNA deliv-
ery in vivo, which may enhance its clinical applicability. For
example, localized delivery would permit targeted siRNA exposure
to non-malignant tumors or sites of tumor resection, which may
lower the dose required for efficacy and potentially reduce effects
r Ltd. on behalf of Acta Materialia
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on non-target cells [7]. siRNA delivery at a specific location in the
body may also permit regulation of transplanted or host cell gene
expression to aid in the regeneration of damaged or diseased
tissues [8]. In addition, sustained delivery of siRNA may provide
a silencing effect over an extended period of time. There are
currently no injectable hydrogel systems that provide temporal
control over the local delivery of siRNA to incorporated and sur-
rounding cells.

To address the issues of rapid dispersion and transient delivery
of siRNA from the aforementioned nano- or microparticle systems,
we previously demonstrated sustained and localized siRNA deliv-
ery from macroscale, biodegradable polymer hydrogels [2]. Hydro-
gels, highly hydrated three-dimensional (3-D) networks of
crosslinked hydrophilic polymer chains, have been widely explored
for use as bioactive agent delivery vehicles and tissue engineering
scaffolds [9–12]. Injectable hydrogels are valuable for these appli-
cations because polymer solutions can be easily mixed with bioac-
tive agents and/or cells, administered via a minimally invasive
method at desired sites and triggered to form hydrogels in situ
[9]. Our previous work using photocrosslinked alginate, calcium
crosslinked alginate and collagen hydrogels demonstrated that sus-
tained and localized siRNA release could be achieved, and that the
Inc.
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release profiles were material dependent [2]. However, siRNA re-
lease from those hydrogels could not be easily controlled [2].

The goal of this work was to engineer the first hydrogel system
that would permit controlled, localized and sustained delivery of
siRNA to cells incorporated within and surrounding the biomate-
rial. To achieve controlled siRNA release profiles, we designed
photocrosslinked dextran (DEX) hydrogels covalently functional-
ized with cationic LPEI molecules via a biodegradable ester linkage.
It was hypothesized that siRNA could be retained within the
hydrogels via electrostatic interactions between the negatively
charged siRNA and positively charged LPEI, and degradation of
the ester linkages would permit tunable, controlled release of siR-
NA/LPEI complexes. The release profiles could be tailored by regu-
lating the degree of these interactions and controlling the
degradation rate of hydrogels. For this purpose, the hydrogels were
photocrosslinked from solutions of DEX methacrylate containing
various concentrations of methacrylated linear polyethyleneimine
(LPEI). We tested whether LPEI modification affects the hydrogel
physical properties, such as swelling, degradation profiles and
mechanical properties, and the viability of human embryonic kid-
ney 293 cells (HEK293) cultured near and within the hydrogels.
Hydrogels containing varying DEX, LPEI and siRNA concentrations
were examined to determine the role of these parameters on siRNA
release profiles. Bioactivity of released siRNA and its ability to
transfect cells inside the hydrogels were also investigated to dem-
onstrate the utility of this system with tunable delivery profiles.
2. Experimental

2.1. Materials

DEX from Leuconostoc mesenteroides (average molecular
weight of 40,000 g mol–1), 4-(dimethylamino)pyridine (DMAP),
glycidyl methacrylate (GMA, 97% pure), 2-hydroxyethyl methacry-
late (HEMA), 1,10-carbonyldiimidazole (CDI), dimethyl sulfoxide
(DMSO), chloroform, deuterium oxide (D2O) and Irgacure D-2959
were purchased from Sigma Aldrich (St Louis, MO, USA). Linear
polyethyleneimine (LPEI, 25,000 g mol–1) was purchased from
Polysciences Inc. (Warrington, PA). 2-hydroxylethyl methacrylate
imidazolylcarbamate (HEMA-IC) was synthesized as previously re-
ported [13]. CellTiter 96 Aqueous One Solution, which contains 3-
[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxy-phenyl]-2-[4-
sulfophenyl]-2H-tetrazolium (MTS-tetrazolium), was purchased
from Promega Corp. (Madison, WI). Dulbecco’s modified Eagle
medium with 4.5 g l–1 glucose (DMEM-HG) and fetal bovine serum
(FBS) were purchased from Hyclone (Logan, UT). Accell eGFP Con-
trol siRNA, Accell green cyclophilin B control and Accell Delivery
Media (ADM serum-free) were obtained from Thermo Scientific
Dharmacon (Lafayette, CO). Accell siRNA can enter cells without
the use of a transfection reagent. HEK293 cells stably transfected
with destabilized GFP (deGFP) were a generous gift from Piruz
Nahreini, PhD (University of Colorado Health Sciences Center). Fal-
con Transwell inserts were obtained from Becton Dickinson
(Franklin Lakes, NJ). Nuclease-free water was purchased from
Ambion (Austin, TX). Dialysis membrane (MWCO 3500) was ob-
tained from Spectrum Laboratories Inc. (Rancho Dominguez, CA).
2.2. Synthesis of DEX methacrylate and LPEI methacrylate macromers

DEX methacrylate (DEX-HEMA) was synthesized via the reac-
tion of HEMA-IC to the hydroxyl groups of the DEX main chain
as previously described [13]. Briefly, to synthesize DEX with 7%
theoretical methacrylation, DEX (10 g) and DMAP (2 g) were dis-
solved in DMSO (90 ml) in a dry 250 ml round bottom flask. After
complete dissolution, HEMA-IC (0.93 g) was added. The reaction
occured for 4 days at room temperature, followed by dialysis
(MWCO 3500) against ultrapure deionized water (diH2O) for
3 days and lyophilization. White DEX-HEMA power (9 g) was ob-
tained after lyophilization. LPEI methacrylate (LPEI-GMA) modified
at a theoretical degree of 5% was synthesized via the ring opening
reaction of epoxy groups of GMA with amine groups of LPEI. LPEI
(0.5 g) and GMA (105 ll) were dissolved in chloroform (30 ml) in
a 250 ml round-bottom flask for 1 h in a 60 �C silicon oil bath.
The chloroform was then completely evaporated under vacuum
and the mixture was reconstituted in ultrapure diH2O (30 ml) at
pH 6.0. The LPEI-GMA was purified by dialysis against ultrapure
diH2O at pH 6.0 (MWCO 3500) for 3 days, filtered using a
0.22 lm filter and lyophilized. The final yield was 0.32 g. DEX-
HEMA and LPEI-GMA were characterized by proton nuclear mag-
netic resonance (1H-NMR) in D2O using a Varian Unity-300
(300 MHz) NMR spectrometer (Varian Inc., Palo Alto, CA). Peaks a
and e in Fig. 1b and peak b and the peaks from 2-ethyl-2-oxazoline
in LPEI in Fig. 1c were used to determine the actual degree of mod-
ification of DEX-HEMA and LPEI-GMA, respectively.

2.3. Photocrosslinking

DEX-HEMA (8 or 12% w/w) was dissolved in phosphate buffered
saline (PBS) with 0.05% w/v photoinitiator (Irgacure D-2959) and
different LPEI-GMA concentrations (0, 5 and 10 lg/100 ll gel).
The polymer solutions (100 ll) were placed into the wells of a
96-well plate and hydrogels were formed by photocrosslinking
with 320–500 nm UV light at 3.5 mW cm–2 for 85 s using an Omn-
icure S1000 UV Spot Cure System (Lumen Dynamics Group, Miss-
issauga, Ontario, Canada).

2.4. Swelling and in vitro degradation

To determine the swelling profiles of these photocrosslinked
DEX hydrogels, their dry and wet weights were determined at var-
ious time points over 17 days. The prepared photocrosslinked DEX
hydrogels were lyophilized and their initial dry weights (Wd initial)
were measured. Each dried hydrogel sample was immersed in 5 ml
PBS at pH 7.4 and incubated at 37 �C. The PBS was changed every
three days. At predetermined time points, samples were removed
and rinsed with diH2O, and the weights of the swollen hydrogel
samples (Ws) were measured. The swelling ratio (Q) was calculated
by Q = Ws/Wd initial.

To determine the degradation profiles, each dried hydrogel
sample was immersed in 5 ml of PBS and incubated at 37 �C. The
PBS was replaced every three days. At predetermined time points,
samples were removed, rinsed with diH2O and lyophilized. The dry
weights of the samples at different time points (Wd) were mea-
sured. The percentage mass loss was calculated by (Wi �Wd)/
Wi � 100, where Wi is the dry weight of the hydrogel samples at
the initial time point. The samples (N = 3 for each time point) were
prepared and tested at the same time.

2.5. Mechanical properties

Rheological properties of photocrosslinked DEX hydrogels (12%
w/w) with various LPEI concentrations with or without encapsu-
lated siRNA (26.6 lg/100 ll hydrogel solution) were measured
using a strain-controlled AR-2000ex rheometer (TA Instruments,
New Castle, DE) with stainless steel parallel plate geometry (plate
diameter of 8 mm, gap of 0.75 mm). Hydrogels were made by
pipetting solutions between two glass plates separated by two
0.75 mm spacers and photocrosslinked as previously described.
Photocrosslinked hydrogel disks were punched out with an 8 mm
biopsy punch to match the diameter of the parallel plates. G0 and
G00 of each hydrogel were measured by performing a dynamic
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Fig. 1. (a) Synthesis of DEX-HEMA (left) and LPEI-GMA (right), and 1H-NMR spectra of (b) DEX-HEMA and (c) LPEI-GMA in D2O.
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frequency sweep test in which a sinusoidal shear strain of constant
peak amplitude (0.1%) was applied over a range of frequencies
(0.1–10 Hz). The samples (N = 3 per condition) were prepared
and tested at the same time.

2.6. Cell viability

Photocrosslinked DEX hydrogels with various concentrations of
LPEI were formed in cell culture inserts above a monolayer culture
of HEK293 cells and cell viability was assessed using an MTS assay
used according to the manufacturer’s instructions. Briefly, HEK293
cells (passage 25) were seeded in a 24-well plate at 2 � 105 cells
per well in 0.5 ml of DMEM-HG containing 10% FBS and cultured
at 37 �C and 5% CO2 in a humidified incubator for 24 h. The DEX-
HEMA solutions with various LPEI-GMA concentrations (100 ll,
12% w/w) were photocrosslinked in cell culture inserts (8 lm pore
size), and then placed into the wells containing cells. Cells were
cultured in parallel without the hydrogel or insert as a control.
Media were changed every 3 days. After 2 and 7 days, media and
inserts were removed, cells were rinsed with PBS, and a 20% CellT-
iter 96 Aqueous One Solution in PBS (0.5 ml) was added to each
well. After 90 min incubation at 37 �C, absorbance was measured
at 490 nm on a plate reader (SAFIRE, Tecan, Austria). Cell viability
was calculated by normalizing the absorbance of samples at
490 nm to that of the control.

To evaluate the viability of cells encapsulated in hydrogels of
various LPEI concentrations, 2 � 105 HEK293 cells (passage 27)
were mixed into 100 ll of 12% w/w dextran solutions containing
different LPEI concentrations. The cell/polymer mixtures were
photocrosslinked in a 48-well plate and the cell-encapsutated
hydrogels were cultured in 0.5 ml of DMEM-HG containing 10%
FBS. The media was replaced every 3 days. After 7 days, media
were removed and the hydrogels were rinsed with PBS. The cell-
encapsulated hydrogels were homogenized for 30 s using a TH
homogenizer (Omni International, Kennesaw, GA) prior to measur-
ing absorbances at 490 nm of an MTS assay as described above. The
samples (N = 3 per condition) were prepared and tested at the
same time.
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2.7. siRNA release kinetics

Accell green cyclophilin B control siRNA, which is fluorescently
labeled with fluorescein isothiocyanate (FITC), was used to exam-
ine its release kinetics from DEX hydrogels (8 and 12% w/w).
Hydrogels (8 and 12% w/w) with different methacrylated LPEI
concentrations (0, 5, 10 lg), containing 13.3 or 26.6 lg of the siR-
NA, were fabricated in a 96-well plate. For example, to prepare
hydrogels (12% w/w) with 13.3 lg of siRNA, first, 10 ll of siRNA
(100 lM) was mixed with 17 ll of LPEI-GMA (pH 6.0), and the
resulting mixture was allowed to sit for 30 min at room temper-
ature. Second, 73 ll of DEX-HEMA solution (16.4% w/w) was
added to the mixture. Then, the 100 ll mixture was pipetted into
a 96-well plate, followed by exposure to UV light for 85 s. The
formed hydrogel was transferred into a well of a 24-well plate
containing 1 ml PBS. At predetermined time points, the PBS was
removed and replaced. Separate standard curves were made for
each condition by preparing matched hydrogels as described
above and homogenizing in 1 ml PBS. The resulting solutions
were then diluted to various concentrations (6, 2, 0.5, 0.05,
0 lg ml–1). All the released siRNA and the standards were mea-
sured at pH 12 to dissociate the complexes using a plate reader
(fmax, Molecular Devices, Inc., CA) set at excitation 485/emission
538 [14,15]. The samples (N = 3 per condition) were prepared and
tested at the same time.
2.8. Bioactivity of released siRNA

100 ll hydrogel mixtures (12% w/w) were prepared as de-
scribed above and then photocrosslinked in Transwell membranes
(8 lm pore size) in 24-well plates. ADM (0.5 ml) was pipetted into
the gel containing wells. The released siRNA in ADM was collected
and refreshed at days 3, 7 and 14. HEK293 cells stably transfected
with deGFP were seeded in 24-well plates at 1.5 � 105 cells per
well in media containing DMEM-HG and 10% FBS. After 1 day of
incubation at 37 �C and 5% CO2 in a humidified incubator, the med-
ia were removed and replaced with ADM containing the released
siRNA from each time point above. The cells were collected and
deGFP knockdown was determined by flow cytometry (EPICS XL-
MCL, Beckman Coulter, Fullerton, CA) after two days of incubation.
The samples (N = 3 per condition) were prepared and tested at the
same time.
2.9. Transfection of cells encapsulated inside hydrogels

HEK293 cells were mixed with the hydrogel solutions (12% w/
w) at a concentration of 20 � 106 cells ml–1. The cells/hydrogel
solutions were transferred onto Transwell membrane inserts
(0.4 lm pore size), and then crosslinked as described above. The
cells/hydrogel constructs were initially cultured in ADM alone
and the media were replaced with ADM + 1% FBS at days 1, 3, 5,
7 and 9. Transfection was assessed using confocal microscopy
(LSM510, Zeiss, Jena, Germany) on day 3, 7 and 11. Images were ta-
ken every 5 lm in the z-direction for 100 lm from the top of the
hydrogels and compiled into a single 3-D projection. The samples
(N = 2 per condition) were prepared and tested at the same time.
2.10. Statistical analysis

All data are expressed as mean ± standard deviation. Statistical
significance was determined using Turkey–Kramer Multiple Com-
parisons Test with one-way analysis of variance (ANOVA) using In-
Stat sofware (GraphPad Software, La Jolla, CA). P < 0.05 was
considered to be statistically significant.
3. Results and discussion

3.1. Synthesis and characterization of the polymer macromers, and
hydrogel formation

Methacrylated DEX (DEX-HEMA) and methacrylated LPEI (LPEI-
GMA) were synthesized by coupling HEMA-IC to the hydroxyl
groups of the DEX main chain [13] and by the reaction of the epoxy
group of the GMA with amine groups of the LPEI, respectively, as
shown in Fig. 1a. 1H-NMR spectra of the synthesized DEX-HEMA
and LPEI-GMA in D2O are presented in Fig. 1b and c. The signals
corresponding to the methacrylate groups of both DEX-HEMA
and LPEI-GMA appeared at 5.76 and 6.17 ppm. The peaks appear-
ing at 4.48–4.55 ppm in Fig. 1b indicated the successful conjuga-
tion of HEMA-IC to DEX. Peaks at 4.00, 4.18 and 4.30 ppm in
Fig. 1c confirm the ring opening reaction of epoxy group of GMA
with amine groups of LPEI. From the 1H-NMR spectra, the actual
degrees of methacrylation of DEX and LPEI were 4.2% and 1.2%,
respectively. DEX-HEMA macromers were photocrosslinked with
various concentrations of LPEI-GMA macromers to form hydrogels
for controlled, localized and sustained delivery of siRNA to inhibit
gene expression of surrounding or encapsulated cells (Fig. 2).
3.2. Swelling kinetics and degradation of the photocrosslinked
hydrogels

A photocrosslinked hydrogel system was formed by combining
neutral DEX-HEMA and cationic LPEI-GMA macromers capable of
forming electrostatic interactions with siRNA. DEX-HEMA, previ-
ously reported by Hennink [13], is a biodegradable and biocompat-
ible polymer [16,17], The covalent crosslinks formed following
photopolymerization under low level UV light contain ester link-
ages that can degrade in aqueous media. Biomaterial swelling
and degradation rate are important for (1) the transport of oxygen
and nutrients to and the removal of waste products from incorpo-
rated cells, (2) providing space for new tissue formation in tissue
engineering applications, and (3) controlling the release of bioac-
tive molecules [18,19] such as siRNA. These parameters can be tai-
lored by varying the degree of methacrylation [20,21], size of
crosslinker [22] and hydrogel macromer concentration [17]. Swell-
ing ratios of photocrosslinked DEX hydrogels (8 and 12% w/w) with
0, 5 and 10 lg LPEI/100 ll gel (DEX-only, DEX + 5PEI and DEX + 10-
PEI, respectively) in phosphate buffered saline (PBS) over the
course of 9 and 17 days are shown in Fig. 3a and b. The DEX hydro-
gels with various LPEI concentrations displayed similar swelling
profiles, indicating that the LPEI did not affect this hydrogel prop-
erty at the concentrations investigated. The 8% w/w DEX hydrogels
achieved maximal swelling after 5 days, whereas the 12% w/w DEX
hydrogels reached maximal swelling after 12 days.

Mass loss (%) of photocrosslinked DEX hydrogels with various
LPEI concentrations was examined by measuring their dry weights
over time (Fig. 3c and d). The 8% w/w DEX hydrogels completely
degraded by day 9, while the 12% w/w DEX hydrogels did not com-
pletely degrade until day 17 due to the higher crosslinking density
of the hydrogels formed with higher macromer concentration. At
both concentrations of DEX in the hydrogels, there was no signifi-
cant difference in degradation profiles with various LPEI contents.
3.3. Rheology

To investigate whether the addition of LPEI or siRNA alters the
mechanical properties of the hydrogels, storage (G0) and loss (G00)
moduli were measured using a rheometer. G0 and G00 represent the
elastic and viscous behavior, respectively, of the hydrogels. Fig. 4
shows G0 and G00 of the DEX hydrogels (12% w/w) with different LPEI
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contents with and without incorporated siRNA. G0 of the DEX + 5PEI
and DEX + 10PEI hydrogels was slightly greater than that of the
DEX-only hydrogel. Hydrogels with siRNA exhibited a trend towards
higher G0 than those without siRNA. In addition, G0 was greater than
G00 for all frequencies tested (0.1–10 Hz), indicating that elastic
behavior of the hydrogels dominates in this range [23]. The in-
creased hydrogel G0 with LPEI likely resulted from increased cross-
linking density of the hydrogels, and the increase in G0 with siRNA
may be a result of higher density of the hydrogel constructs.

3.4. Cell viability

Hydrogels for use in biological molecule delivery or tissue engi-
neering applications must be cytocompatible. LPEI, a cationic syn-
thetic polymer, was modified with GMA to make it
photocrosslinkable with DEX-HEMA. Since LPEI can be cytotoxic
to cells, we tested the viability of deGFP expressing HEK293 cells
cultured in the presence of photocrosslinked hydrogel degradation
products. These cells were used because they constitutively ex-
press deGFP, which gets turned off by the released siRNA in our
bioactivity evaluation experiments. Photocrosslinked DEX hydro-
gels (12% w/w) with different LPEI concentrations were prepared
in cell culture inserts above a monolayer culture of HEK293 cells
and cell viability was determined using an MTS assay, which mea-
sures mitochondrial metabolic activity, and normalized to wells
containing cells and culture medium only (Fig. 5a). After 2 days
in culture, cell viability in the presence of DEX hydrogels with var-
ious LPEI concentrations (DEX-only, DEX + 5PEI and DEX + 10PEI)
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was 95.42% ± 0.96, 94.09% ± 8.44 and 93.56% ± 3.03, respectively,
that of the control wells. After 7 days in culture, they remained
highly viable at 97.63% ± 1.73, 97.00% ± 1.70 and 96.00% ± 1.52,
respectively, compared to the controls. No significant differences
were found between experimental conditions and the control or
between time points.

Cell viability of HEK293 cells encapsulated within 12% w/w DEX
hydrogels containing various LPEI concentrations was also deter-
mined by the MTS assay to examine survival of the cells during
photocrosslinking formation of the hydrogels and in 3-D culture
(Fig. 5b). Since photocrosslinked hydrogels formed with DEX-
HEMA have been previously shown to be cytocompatible [24],
we compared MTS assay absorbances at 490 nm of cells in the
DEX + 5PEI and DEX + 10PEI hydrogels to that of cells in the DEX-
only control. There was no significant difference between the
absorbances of the samples (1.21 ± 0.04 for DEX-only,
1.165 ± 0.022 for DEX + 5PEI, and 1.124 ± 0.135 for DEX + 10PEI)
after 7 days in culture, which indicates that the addition of
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LPEI-GMA to the system did not affect cell viability. While in
monolayer culture HEK293 cells may require cell adhesion for sur-
vival, this is not the case in 3-D culture as our group [2] and others
[25,26] have shown that HEK293 cells remain viable when cul-
tured within hydrogels that do not promote cell adhesion, such
as alginate.

3.5. siRNA release

PEI is capable of complexing with and condensing siRNA into
nanoparticles which can protect siRNA from denaturation by ribo-
nucleases [1] and enhance cellular uptake [27]. For example, siR-
NA/PEI complexes have been reported to silence VEGF expression
to reduce tumor growth [28] and siRNA/PEI conjugates physically
trapped in scaffolds were released to suppress fibroblast prolifer-
ation and knockdown type 1 collagen mRNA expression [29]. In
this study, LPEI was utilized because of two of its important prop-
erties: (1) its capacity to be chemically modified via amine groups
on its backbone and (2) its ability to form stabilized complexes
with siRNA. To examine whether the covalent incorporation of
LPEI into the DEX hydrogels during photopolymerization could
delay and control the release of siRNA over a prolonged time per-
iod, the temporal release of siRNA from 8 and 12% w/w hydrogels
with various LPEI contents was compared (Fig. 6). The release was
sustained and delayed as the LPEI amount was increased from 5 to
10 lg. For example, on the first day, the cumulative release of siR-
NA from the DEX-only hydrogels (8 and 12% w/w) with siRNA
loading amount of 13.3 lg was 67.22% and 65.59% whereas the re-
lease from the DEX + 5PEI hydrogels was significantly less at only
36.92% and 32.61%, respectively (Fig. 6a and b). Additionally, even
less siRNA (19.63% and 16.54%) was released from the DEX + 10-
PEI hydrogels (8 and 12% w/w, respectively) on the first day. With
the siRNA loading amount of 26.6 lg, a similar trend was ob-
served at the first day (Fig. 6c). These results show that the
significant initial burst release resulting from the hydrogels with-
out LPEI (DEX-only) decreased markedly by the covalent conjuga-
tion of a small amount of LPEI (DEX + 5PEI and DEX + 10PEI).
Insets show the siRNA release rate (lg day–1) from the corre-
sponding hydrogels.

The release was also controlled by the hydrogel concentration.
For example, the 8% w/w hydrogels released the siRNA over the
course of 9 days as the hydrogels degraded completely (Fig. 6a).
Similarly, siRNA was released from the 12% w/w hydrogels until
they completely degraded by day 17 (Fig. 6b). siRNA was released
from the DEX-only hydrogels predominantly via simple diffusion
in addition to the degradation of the hydrogels at later time points,
resulting in a substantial initial burst release. The addition of free
PEI into hydrogels does not allow for control over the release be-
cause the siRNA/PEI complexes simply diffuse out of the hydrogels
[29]. Therefore, to achieve control over the release, LPEI was mod-
ified with GMA, which could covalently bind to the hydrogels via
free radical photopolymerization and form hydrolysable ester-con-
taining crosslinks. Importantly, the interactions were indepen-
dently controlled by adding defined amounts of LPEI-GMA and
siRNA prior to photocrosslinking gelation. The mechanism of siRNA
release from the LPEI-containing hydrogels at later time points is
thus regulated predominantly by controlled degradation of the
hydrogels and the ester linkages between the LPEI and DEX, fol-
lowed by diffusion of the siRNA/LPEI complexes from the
hydrogels.

3.6. Bioactivity evaluation

This study would determine whether the UV light used in the
photocrosslinking process, the photoinitiator, the electrostatic
interactions of siRNA and methacrylated LPEI, and the subsequent
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Fig. 6. siRNA release profiles from (a) 8% w/w DEX hydrogels with siRNA loading of
13.3 lg (⁄P < 0.05 compared with DEX + 5PEI and DEX + 10PEI, #P < 0.05 compared
with DEX + 10PEI), (b) 12% w/w DEX hydrogels with siRNA loading of 13.3 lg
(⁄P < 0.05 compared with DEX + 5PEI and DEX + 10PEI, #P < 0.05 compared with
DEX + 5PEI), and (c) 12% w/w DEX hydrogels with siRNA loading of 26.6 lg
(⁄P < 0.05 compared with DEX + 10PEI). Insets indicate siRNA release rate (lg day–1)
from the corresponding hydrogels.
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Fig. 7. Percentage of positive deGFP HEK293 cells after exposure to released media
from 12% w/w DEX-LPEI hydrogels originally containing (a) 13.3 lg (⁄P < 0.05
compared with day 3 of DEX-only, ⁄⁄P < 0.05 compared with day 3 of DEX + 5PEI,
⁄⁄⁄P < 0.05 compared with day 14 of DEX-only, #P < 0.05 compared with day 7 of
DEX + 5PEI, ##P < 0.05 compared with day 14 of DEX + 5PEI, and ###P < 0.05
compared with day 14 of DEX + 10PEI), or (b) 26.6 lg siRNA (⁄P < 0.05 compared
with day 3 of DEX-only, ⁄⁄P < 0.05 compared with day 7 of DEX-only, ⁄⁄⁄P < 0.05
compared with day 14 of DEX-only). Samples are normalized to release samples
from hydrogels without any siRNA. GFP expression of cells exposed to all release
samples (except those exposed to release samples from DEX-only by day 14 in
Fig. 7a) was significantly different compared with the controls (no siRNA) at
corresponding time points.
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release of siRNA from the hydrogels affects the gene silencing abil-
ity of the released siRNA or siRNA/LPEI complexes. siRNA against
deGFP (13.3 and 26.6 lg gel–1) was released in ADM from 12% w/
w DEX hydrogels (DEX-only, DEX + 5PEI and DEX + 10PEI), which
degraded completely after 14 days of culture, and collected at days
3, 7 and 14. HEK293 cells plated in tissue culture plastic one day
earlier were then exposed to collected siRNA release samples.
deGFP expression of these cells was measured by flow cytometry
after 48 h treatment with the released siRNA.
Hydrogels (12% w/w) displayed a sustained silencing of deGFP
expression only when LPEI was covalently incorporated within
the hydrogels (Fig. 7a and b). deGFP expression of cells exposed
to siRNA (13.3 lg original mass) released from DEX-only hydrogels
was silenced to 5.23% of control samples with releasates from day
3, but increased to 77.10% and 94.13% with releasates from days 7
and 14, respectively (Fig. 7a). In contrast, the percentage of deGFP-
positive cells treated with siRNA released from DEX + 5PEI hydro-
gels was 9.71, 40.89 and 23.16% with releasates from days 3, 7
and 14, respectively, and� 70% for all three time points with siRNA
from DEX + 10PEI hydrogels. These results indicate more sustained
knockdown when LPEI was coupled to the hydrogels. When the
siRNA amount in the hydrogels was increased to 26.6 lg, deGFP
knockdown increased (Fig. 7b). Importantly, deGFP expressing
cells were reduced to less than 11.56% for releasates from all time
points from the DEX + 10PEI hydrogels. These results confirm that
the siRNA and siRNA/LPEI complexes released from the hydrogels
retained their capacity to substantially knock down deGFP expres-
sion in HEK293 cells cultured on tissue culture plastic. The magni-
tude and duration of knockdown were dependent on the amount of
siRNA and coupled LPEI present in the hydrogels.
3.7. Transfection of cells incorporated into hydrogels

Hydrophilic, biocompatible and biodegradable 3-D hydrogel
networks can serve as temporary matrices for cell growth and
new tissue formation in regenerative medicine applications when
implanted or injected at a defect or damaged tissue site [23,30–
32]. Therapeutics incorporated into hydrogels can be retained



Fig. 8. Confocal fluorescent photomicrographs of deGFP HEK293 cells encapsulated in 3-D hydrogels with or without siRNA (Group 1: DEX-only without siRNA, Group 2:
DEX-only with siRNA, Group 3: DEX + 10PEI with siRNA). Control hydrogels without siRNA treatment contained cells with strong deGFP expression at all time points. deGFP
expression of cells in the DEX-only hydrogels with siRNA was decreased at day 3, but strong expression returned at day 7 and day 11. Substantial knockdown of deGFP
expression was observed at all time points for cells in the DEX + 10PEI hydrogels. The scale bar indicates 200 lm.
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and then locally released to transplanted cells within the hydrogels
and to host cells at specific sites to treat diseases or promote heal-
ing of damaged tissues [9,18,32,33]. Therefore, we examined the
ability of this system to knock down deGFP expression of cells cul-
tured within the hydrogels. Three groups of 12% w/w DEX hydro-
gels were used: (1) DEX-only hydrogels without siRNA (control);
(2) DEX-only hydrogels with 26.6 lg siRNA; (3) DEX + 10PEI
hydrogels with 26.6 lg siRNA. Photomicrographs depicting the
fluorescence activity of cells in the hydrogels as a measure of trans-
fection are shown in Fig. 8. deGFP expression of cells in the hydro-
gels with siRNA (groups 2 and 3) was substantially reduced at day
3, whereas that of cells in the hydrogels without siRNA (group 1)
was not. Compared to strong deGFP expression of cells in groups
1 and 2 at time points of 7 and 11 days, cells in group 3 exhibited
substantial deGFP silencing, even at these later time points. This
demonstrates that the coupled LPEI in group 3 was acting to retain
bioactive siRNA within the hydrogels for a longer period of time to
affect incorporated cells.

Cells in group 1 strongly expressed deGFP at all time points be-
cause they were not transfected with siRNA (Fig. 8). deGFP expres-
sion of cells in group 2 that were transfected with siRNA was
significantly reduced at day 3, but increased at days 7 and 11
(Fig. 8) since most of the siRNA had been released from the hydro-
gels by these time points (Fig. 6c). In contrast, cells in group 3,
which were encapsulated in hydrogels containing LPEI which acted
to retard siRNA release, exhibited sustained deGFP knockdown at
days 3, 7 and 11 in culture. Due to the swelling of the hydrogels,
the density of cells imaged on the confocal microscope on day 11
in all groups decreased for all conditions. At later time points, large
areas of green represent cell clusters that arise due to cell prolifer-
ation and merging. Their morphology is round as would be ex-
pected within a material that does not support cell adhesion. We
previously reported photocrosslinked alginate hydrogels without
coupled LPEI that silenced deGFP expression of incorporated cells
at day 3, but at a later time point (day 6) deGFP expression in-
creased significantly [2]. This result is similar to our current find-
ings with cells incorporated into hydrogels in group 2. In group
2, siRNA was released from the hydrogel by simple diffusion or
degradation. In contrast, in group 3 the release of siRNA was gov-
erned by a small amount of covalently coupled LPEI molecules,
resulting in a subsequent extended deGFP knockdown.
4. Conclusion

In this work, we have designed biodegradable hydrogels using
methacrylated DEX and methacrylated LPEI that were photocross-
linked with exposure to UV light. The swelling and degradation
were controlled by varying the hydrogel concentration and thus
the crosslinking density. The low concentration of LPEI used did
not affect the swelling and degradation properties of the hydrogels.
LPEI and siRNA slightly increased the mechanical strength. The
photocrosslinked hydrogels showed low cytotoxicity against
HEK293 cells. Importantly, this is the first report of hydrogels cova-
lently functionalized with cationic polymeric molecules (LPEI-
GMA) for the tunable, controlled release of bioactive siRNA. The re-
lease of siRNA from the hydrogels was tailored over a prolonged
time period by regulating the degree of the electrostatic interac-
tions between siRNA and cationic molecules, and was a result of
degradation of the ester linkages and diffusion of siRNA/LPEI com-
plexes. While in this study release profiles were controlled by vary-
ing the concentration of LPEI, siRNA and DEX, varying the degree of
DEX methacrylation would likely also regulate release. The re-
leased siRNA and siRNA/LPEI complexes retained high biological
activity. Moreover, this system allowed for controlled and sus-
tained knockdown of protein expression in cells incorporated into



K. Nguyen et al. / Acta Biomaterialia 9 (2013) 4487–4495 4495
the hydrogels. This macroscopic hydrogel system permitting tun-
able, controlled release of bioactive siRNA over an extended time
period may have great utility for a variety of gene therapy and
regenerative medicine applications.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 2, and 8, are dif-
ficult to interpret in black and white. The full colour images can be
found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2012.08.012.
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