1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

> % NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATIG,

Published in final edited form as:
Mol Pharm. 2011 October 3; 8(5): 1582-1591. doi:10.1021/mp200171d.

Utilizing Cell-matrix Interactions to Modulate Gene Transfer to
Stem Cells Inside Hyaluronic Acid Hydrogels

Shiva Gojginil, Talar Tokatlian, and Tatiana Segura?
1Department of Chemical and Biomolecular Engineering, University of California, Los Angeles

Abstract

The effective delivery of DNA locally would increase the applicability of gene therapy in tissue
regeneration, where diseased tissue is to be repaired in situ. One promising approach is to use
hydrogel scaffolds to encapsulate and deliver plasmid DNA in the form of nanoparticles to the
diseased tissue, so that cells infiltrating the scaffold are transfected to induce regeneration. This
study focuses on the design of a DNA nanoparticle loaded hydrogel scaffold. In particular, this
study focuses on understanding how cell-matrix interactions affect gene transfer to adult stem cells
cultured inside matrix metalloproteinase degradable hyaluronic acid hydrogel scaffolds.
Hyaluronic acid was crosslinked to form a hydrogel material using a matrix metalloproteinase
degradable peptide and Michael addition chemistry. Gene transfer inside these hydrogel materials
was assessed as a function of polyplex nitrogen to phosphate ratio (N/P = 5 to 12), matrix stiffness
(100 to 1700 Pa), RGD concentration (10 to 400 pM) and RGD presentation (.2 to 4.7 RGDs per
HA molecule). All variables were found to affect gene transfer to mouse mensenchymal stem cells
culture inside the DNA loaded hydrogels. As expected higher N/P ratios lead to higher gene
transfer efficiency but also higher toxicity, softer hydrogels resulted in higher transgene
expression than stiffer hydrogels, an intermediate RGD concentration and RGD clustering resulted
in higher transgene expression. We believe that the knowledge gained through this in vitro model
can be utilized to design better scaffold-mediated gene delivery for local gene therapy.

Keywords

Hydrogel scaffolds; non-viral gene delivery; poly(ethylene imine); hyaluronic acid; mesenchymal
stem cell

Introduction

The natural extracellular matrix (ECM) is a dynamic network consisting of protein fibers
and polysaccharides that support cell fate and provide biophysical and biochemical cues to
cells through cell surface receptors, such as integrins 2. Naturally cells degrade the ECM
through proteases during their migration and tissue remodeling. Synthetic ECM hydrogels
that aim to provide an environment in which to direct stem cell fate should recapitulate key
features of the natural ECM such as integrin mediated cell binding and growth factor
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mediated signaling, while also allowing for cell migration and proliferation. Hyaluronic acid
(HA), an anionic, non-sulfated glycoaminoglycan and major component of the ECM, is
widely distributed in connective, epithelial and neural tissue3. HA has recently gained
popularity as a biomaterial for tissue engineering and tissue regeneration due to its high
biocompatibility and low immunogenicity*’. Several studies have demonstrated that HA-
based hydrogels are good candidates for culturing stem cells®-12. HA specifically interacts
with cell surface receptors, such as CD44, RHAMM (receptor for HA mediated motility)
and ICAM-1 (intercellular adhesion molecule 1), and contributes to tissue hydrodynamics,
cell proliferation and migration!3 14, Semi-synthetic hyaluronic acid (HA) hydrogels which
are also degradable by matrix metalloproteinases (MMPs) have previously been developed
for culturing mouse mesenchymal stem cells in 3-dimensions®. While peptides and growth
factors can be easily incorporated within these hydrogels, rapid degradation by proteases
generally limits their effectiveness in long-term cell culture. Non-viral gene delivery is an
ideal alternative for the incorporation of bioactive signals within tissue-engineering
constructs.

Local gene delivery using hydrogel scaffolds has been studied for over a decade primarily
through the encapsulation of naked DNA during hydrogel formation. Naked DNA has been
successfully incorporated inside collagen?8, pluronic-hyaluronic acidl?, PEG-poly(lactic
acid)-PEG18, alginatel?, oligo(polyethylene glycol) fumarate?9 and engineered silk elastin?1,
Although naked DNA has shown gene expression and ability to guide regeneration in
vivol6: 22 limitations with low gene transfer efficiency and rapid diffusion of the DNA from
the hydrogel scaffold has motivated the use of DNA nanoparticles instead of naked DNA.
DNA condensed either with cationic peptides, lipids, or polymers has been introduced into
fibrin hydrogels23-27, enzymatically degradable PEG hydrogels?3 and PEG-hyaluronic acid
hydrogels?4.

Here we aim to study gene transfer to stem cells as a function of cell-matrix interactions
since the effects of cell-matrix interactions on non-viral gene transfer are not well-
established and required for further progress to be made with hydrogel-mediated
transfection. For cells seeded in two dimensions matrix stiffness has been shown to
influence transgene expression, with stiffer surfaces resulting in enhanced transgene
expressionZ8. Further, for cells seeded in two dimensions RGD presentations were also
shown to influence transgene expression, with RGD clustering resulting in enhanced gene
transfer compared to homogeneously distributed peptides2?. Studies for gene transfer in
three dimensions have shown that the migration rates as well as the matrix degradation are
important parameters that influence transgene expression3%: 31,

We previously reported on a matrix metalloproteinase degradable hyaluronic acid hydrogel
scaffold for stem cell culturel®. Here we use this hydrogel scaffold to investigate how cell-
matrix interactions modulate gene transfer. Matrices with different mechanical properties
and RGD presentations are used to determine how these parameters affect gene transfer to
cells seeded in three dimensions (inside the hydrogel scaffold). For these studies
poly(ethylene imine) (PEI) was used as a transfection reagent. PEI is a cationic polymer that
has been widely utilized for non-viral gene delivery. PEI is able to condense DNA through
electrostatic interactions between the positively charged amines on the PEI and the
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negatively charged phosphates on the DNA, forming nanoparticles (polyplexes) in the range
of 50 to 200 nm32. PEI has been successfully used in vivo delivering DNA or siRNA to the
brain33: 34, lungs3>-38, abdomen3?, and tumors#9-42. We believe that the use of gene based
bioactive signals to guide stem cell differentiation or cell trans-differentiation in 3D
hydrogel scaffolds will be a powerful approach for tissue engineering and tissue
regeneration applications.

Materials and Methods

Materials

Peptides Ac-GCRDGPQGIWGQDRCG-NH2 (MMPxI) and Ac-GCGWGRGDSPG-NH2
(RGD) were obtained from (Genescript, Piscataway, NJ). Sodium hyaluronan was a gift
from Genzyme Corp. (Boston, MA). Gaussia luciferase expression vector (pGluc, New
England BioLabs, Ipswich, MA) was expanded using an endotoxin free Giga Prep kit from
Qiagen following the manufacturer’s instructions. Linear PEI (25 kg/mol) was purchased
from Polysciences (Warrington, PA). All other products were purchased from Fisher
Scientific unless noted otherwise.

Cell Culture

Mouse bone marrow cloned mesenchymal stem cells (MMSCs, D1, CRL12424) were
purchased from ATCC (Manassas, VA) and cultured in DMEM (Invitrogen) supplemented
with 10% bovine growth serum (BGS, Hyclone, Logan, UT) and 1% penicillin/streptomycin
(Invitrogen, Grand Island, NY) at 37°C and 5% CO2. The cells were split using trypsin
following standard protocols.

Modification of hyaluronic acid

Acrylated hyaluronic acid (HA-AC) was prepared using a two-step synthesis as previously
described™®. Briefly, hyaluronic acid (60,000 Da, Genzyme Corporation, Cambridge, MA)
(2.0 g, 5.28 mmole, 60 kDa) was reacted with 18.0 g (105.5 mmole) adipic dihydrazide
(ADH) at pH 4.75 in the presence of 4.0 g (20 mmole) 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC) overnight and purified through dialysis (8000 MWCO)
in DI water for 2 days. The purified intermediate (HA-ADH) was lyophilized and stored at
—20 °C until used. 40.46% of the carboxyl groups were modified with ADH based on the
trinitrobenzene sulfonic acid (TNBSA, Pierce, Rockford, Illinois) assay. HA-ADH (1.9 g)
was reacted with N-Acryloxysuccinimide (NHS-AC) (1.33 g, 4.4 mmole) in HEPES buffer
(pH 7.2) overnight and purified through dialysis in DI water for 2 days before lyophilization.
The degree of acrylation of 10% was determined using 1H-NMR (D,0) by taking the ratio
of multiplet peak at 6 = 6.2 corresponding to the cis and trans acrylate Hs to the singlet peak
of the acetyl methyl protons in HA (6 = 1.6).

DNA loaded HA hydrogel synthesis and characterization

HA hydrogels were formed by Michael-type addition of bis-cysteine containing MMPxI
peptides onto HA-AC functionalized with cell adhesion peptides (RGD). A lyophilized
aliquot of RGD peptides (0.1 mg) was dissolved in 15 pL of .3M TEOA buffer (pH=8.7),
mixed with HA-AC and allowed to react for 20 minutes at room temperature. The HA-RGD
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solution was kept in ice until used. DNA/PEI polyplexes were formed by mixing 5ug
plasmid DNA with 4.57ug PEI in nuclease-free water, vortexing for 15 s and incubating for
10 min at room temperature. Polyplexes were cooled in ice prior to gelation. Immediately
before adding the polyplex solution to the hydrogel precursors ice cooled 3M TEOA
(pH=8.2) was added to bring the final concentration of buffer in the polyplexes to .3M
TEOA. A lyophilized aliquot of the crosslinker (0.91 mg MMPxI) was then diluted in 18.2
pL of .3M TEOA buffer (pH=8.2) immediately before mixing with DNA/PEI polyplexes,
HA-RGD (final concentration of 100 uM RGD) and the cell solution (500,000 cells per 100
ul final gel volume). The final gel solution had a pH=8.1 and all precursors were kept on ice
prior to mixing. Gelation was achieved by placing a drop of the precursor solution between
sigmacoted glass slides for 30 min at 37 °C. The final gel was placed inside 96-well plates
for culture. Thorough mixing was used to ensure the polyplexes were uniformly distributed
throughout the hydrogel.

Hydrogels with variable stiff nesses were prepared by changing the ratio of thiols to
acrylates (r ratio) or the concentration of HA used (see Table 1 for conditions and resulting
storage moduli). To generate hydrogels with different RGD presentations different portions
of HA-AC were first mixed with the constant amount of RGD peptide. The HA-RGD was
then mixed with unmodified HA-AC. Thus homogenous RGD represents the condition were
100% of the HA-AC was mixed with the RGD peptide. For the RGD presentation studies a
constant concentration of 100 uM RGD was used.

To visualize the distribution of the polyplexes inside the HA hydrogels, gels were formed
using the same protocol as described above but in the absence of cells. The hydrogels were
stained with ethidium bromide post hydrogel formation and imaged using a fluorescence
inverted microscope. The images were taken using the fluorescent (Observer Z1 Zeiss)
microscope with 10x magnification.

Characterization of HA hydrogel mechanical properties

The storage and loss modulus were measured with a plate-to-plate rheometer (Physica MCR,
Anton Paar, Ashland, VA) using a 8 mm plate under a constant strain of 0.03 and frequency
ranging from 0.1 to 10 rad/s. Hydrogels were made as detailed above and cut to a size of 8.0
mm in diameter to fit the plate. A humid hood was used to prevent the hydrogel from drying
and the temperature was kept at (37°C).

Radiolabeling DNA

Plasmid DNA was radiolabeled with 3H-dCTP (100 uCi, MP Biomedicals, Santa Ana, CA)
using a Nick translation kit (Roche, Indianapolis, IN) as per the manufacturer’s protocol.
Briefly, an equimolar mixture of dATP, dGTP, dTTP, and 3H-dCTP was prepared and added
to the DNA (1 ug) solution. Once the enzyme solution was added to the mixture, the final
solution (200 pl) was gently mixed by pipetting and incubated for 2 h at 15 °C. The reaction
was stopped by addition of 10 ul 0.2 M EDTA (pH=8.0) and heating to 65 °C for 10 min.
The DNA was purified using the mini Prep kit from Qiagen following the manufacturer’s
instructions. The final DNA concentration was 0.04 pg/ul.
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DNA/PEI polyplex release kinetics and activity

In order to determine the extent of release of the encapsulated polyplexes and their activity
post encapsulation, gels were formed using the protocols indicated above with 1%
radiolabeled DNA. To test the release kinetics, the gels were swelled in PBS for 2 h and the
swelling solution was collected. The gels were then placed in 150 pL of release solution
(PBS, 10 U/ml HAase and 0.50 U/ml Col I). At the indicated time points, 150 L of the
solution was removed and an additional 150 pL of fresh release medium was added. After
192 h, the Col I concentration was increased to 1 U/ml. Following the final release medium
collection, the gels were incubated with 0.25% trypsin/EDTA to result in complete release
of the DNA from the gel upon degradation. DNA concentrations were measured using a
scintillation counter at the UCLA Chemistry core facility. The readout was analyzed using a
standard curve.

To determine the activity of the encapsulated DNA/PEI polyplexes, a HA gel was prepared
and swelled as indicated above using DNA encoding for Gaussia luciferase (pGluc). After
swelling in PBS, the gel was degraded through incubation with 100 puL 0.25% trypsin at 37
°C for 10 min. To determine how much release solution should be added to add 0.5ug of
DNA to mMSCs cultured on a 48-well plate, the DNA concentration in the sample was
measured using HOECHST dye (H33258). In a typical measurement, 100 pl heparin (10
mg/mL in PBS) was incubated with 10 pL of the degraded sample for 10 min at room
temperature to displace the DNA from DNA/PEI complex.10 L of the above solution was
then mixed with 100 pL H33258 assay solution (0.1 mg/mL H33258 in TNE buffer (0.2 M
NacCl, 10 mM Tris, 1.3 mM EDTA\) and the fluorescence light intensity was read using a
fluorometer equipped with a UV filter (Turner Biosystems, Sunnyvale, CA). The readout
was analyzed using a standard curve measured using complexed DNA. The collected
polyplexes from the degraded hydrogel sample was then used for a bolus transfection (0.5ug
DNA for a 48 well-plate) and compared to freshly made polyplexes. The cell media was
collected after 48 h and transgene expression was measured using the Gaussia Luciferase
Assay Kit (New England BioLabs. Ipswich, MA) as described below (Gene transfer
section).

Cell viability, spreading and proliferation

Cell viability in these hydrogels was studied using LIVE/DEAD viability/cytotoxicity kit
(Molecular Probes, Eugene, OR). Briefly, 2 ul of ethidium homodimer-1 and 0.5 uL of
calcein AM from the kit were diluted with 1 mL DMEM. Each gel was stained with 150 uL
of this staining solution for 30 min at 37 °C in the dark.

To better analyze cell spreading, separate gels were fixed for 30 min at RT using 4 %
paraformaldehyde, rinsed with PBS, treated with 0.1 % triton-X for 10 min and stained for
90 min in the dark with DAPI for cell nuclei (500x dilution from 5 mg/ml stock) and
rhodamine-phalloidin (5 ul per 200 pl final stain solution) in 1 % bovine serum albumin
solution. The samples were then washed with 0.05 % tween-20. For both cell viability and
cell spreading, an inverted Observer Z1 Zeiss fluorescence microscope was used to visualize
samples. To better visualize the distribution throughout the hydrogel, multiple z-stacks 12—
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13 um thick were taken for each image, deconvoluted to minimize background, and
presented as maximum intensity projections.

MTT assay (CellTiter 96R AQ,eous One Solution Cell Proliferation Assay, Promega,
Madison, WI) was used to quantify the cell proliferation rate. 20 pL MTT reagent with 100
uL DMEM was added to each well (96-well plate) and incubated at 37 °C for 2 hrs. The
cells were lysed after 2 h with addition of 10 % sodium dodecyl sulfate. The solutions were
transferred to a new plate and absorbance was measured at 490 nm using a standard plate
reader. Three gels for each condition were analyzed at each time point. Readings were
normalized to day 2 readings for gels containing no DNA.

Gene transfer

Results

pGluc/PEI nanoparticle loaded hydrogels with mMSCs were made as described above. Each
day the media was collected and frozen immediately at —20°C and fresh media was added to
each gel. To quantify secreted Gaussia luciferase levels in the media, the samples were
thawed on ice and assayed using a BioLux™ Gaussia Luciferase Assay Kit (New England
Biolabs, Ipswich, MA) as per the manufacturer’s protocol. Briefly, 20 ul sample was mixed
with 50 pl 1x substrate solution, pipetted for 2-3 sec, and read for luminescence with a 5 sec
integration. Background was determined with media from gels that did not contain any DNA
and values were expressed as relative light units (RLU).

Hydrogel preparation, DNA loading and characterization

Acrylates were conjugated onto the HA backbone through a two-step process (Scheme 1A).
HA was first modified with adipic acid dihydrazide (ADH) using carboxylic acid/amine
chemistry and the resulting hydrazide groups were then modified with NHS-acrylate (NHS-
AC) to get acrylamide functionalities. An amine content assay (TNBSA assay) showed that
40.46% of the carboxylic acids were modified with ADHSs. After reacting the HA-ADH with
NHS-AC at pH 7.2 overnight, 1H-NMR showed that 10% of the hydrazide groups were
modified with acrylate groups on the final products, resulting in approximately 15 acrylates
per HA chain.

RGD adhesion peptides were incorporated through Michael-type addition of the cysteine
side chain in the peptide to the acrylate groups on the HA backbone. The crosslinker was
then added to form the hydrogels (Scheme 1B). Polyplexes were incorporated into the
hydrogel during hydrogel gelation. Polyplexes were formed in a final volume of 20 pL by
mixing equal volumes of PEI and DNA, vortexing for 15 seconds and incubating for 15
minutes. The full volume of the polyplexes was incorporated into 100 L of hydrogel
precursor solution to achieve a final DNA concentration of 0.05 pg DNA/uL hydrogel. Cells
were also incorporated during gelation.

The storage (G") and loss moduli (G") of hydrogels with DNA polyplexes were measured at
37°C using plate-to-plate rheology with an 8 mm geometry. An evaporation blocker was
utilized to avoid drying of the hydrogel sample. Results showed that the G' and G" did not
cross at any measured frequency (0.1 to 10 Hz) and were frequency independent (Fig. 1A),
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both of which are consistent with typical hydrogel characteristics. The loss tangent values
(ratio of G" to G") were lower than 0.06 for all hydrogels tested, indicating that the hydrogels
were highly elastic. The mechanical properties of the hydrogels were controlled by varying
the percent of the HA solution or the r ratio, resulting in a final range of mechanical
properties from 100 to 1700Pa (Table 1, Fig. 1B).

The activity of the entrapped polyplexes was estimated by synthesizing a polyplex-loaded
hydrogel, degrading the hydrogel with trypsin and performing a bolus transfection with the
released polyplexes (Fig. 2A). The observed transfection was compared to that of fresh
polyplexes, fresh polyplexes with trypsin added, and fresh polyplexes with a degraded
hydrogel added. The amount of transgene expression decreased with the addition of trypsin
but was the same for that of polyplexes exposed to hydrogel degradation products and
released polyplexes indicating that the polyplexes were active inside the hydrogel. The
distribution of the polyplexes inside the hydrogel scaffold was determined through the
staining of the hydrogel with ethidium bromide post hydrogel formation. Polyplexes were
observed mostly as unaggregated particles and uniformly distributed throughout the gel (Fig.
2B).

To determine the release kinetics of the entrapped polyplexes, radiolabeled DNA was used.
Release studies indicated that the hydrogel mechanical properties modulated the release rate
of the polyplexes (Fig. 2C). In general, stiffer materials resulted in lower release rates in
PBS, collagenase I and hyaluronidase. DNA release in collagenase | and hyaluronidase were
directly modulated by hydrogel stiffness, with hydrogels with 100 and 260 Pa resulting in
faster release than hydrogels with higher storage modulus. At 192 hours a higher
collagenase I concentration was added to induce faster release. However, even with this
higher concentration stiff hydrogels did not result in complete hydrogel degradation and
DNA release by 312 hours, with 81%, 92% or 68%, released for 839, 1360 and 1730 Pa
gels, respectively. DNA release in PBS was also seen with the trend 70%, 59%, 46.4%,
50%, and 58%, for 100, 260, 839, 1360, 1730 Pa hydrogels respectively which was not as
heavily dependent of the hydrogel stiffness.

Cell viability, proliferation and gene transfer as a function of N/P ratio

The toxicity of the DNA/PEI polyplexes was assessed using both the LIVE/DEAD and MTT
assays as a function of nitrogen to phosphate (N/P) ratio (Fig. 3A,B). Although all
conditions contained some dead (red) cells, we observed minimal toxicity for cells cultured
in hydrogels that did not contain polyplexes and for cells cultured inside hydrogels with
polyplexes made with N/P 5 and N/P 7 ratios. However, by 8 days the images showed lower
numbers of cells for the N/P 9 and N/P of 12 conditions. Cell spreading as a function of N/P
ratio was also investigated (Fig. 3A). Cell spreading was observed for all the conditions
tested; however, N/P of 5, 7 and 9 had the most abundant cell spreading at day 8. The MTT
assay was performed at days 2, 4 and 6 of transfection, supporting the results from the
LIVE/DEAD and spreading images. It showed that the no DNA, N/P 5 and N/P 7 conditions
contained more cells than the N/P 9 and 12 conditions. At day 2 there were a statistically
lower number of cells in the N/P 12 condition (p < 0.05); however, all other conditions
contained the same number of cells. By day 4 and 6 the no DNA condition contained
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statistically more cells than any other condition, while N/P 5 and 7 have statistically the
same cell number with respect to each other but have statistically more cells than the N/P 9
condition (p < at least 0.05). Surprisingly the N/P 12 condition recovered in cell number
quicker than the N/P 9 condition suggesting that the polyplexes were released faster from
this hydrogel and allowed the cells to grow again.

Gene transfer was also assessed as a function of N/P ratio while keeping the amount of DNA
constant at 5ug per 100uL of hydrogel. In general, transgene expression increased with
increasing N/P (Fig. 3C), with N/P of 12 and 9 achieving significantly more transgene
expression than N/P of 5 and 7 (Fig. 3D). At day 2, N/P of 9 and 12 transgene expression
was statistically significantly more than N/P 5 and 7 (p < at least 0.01) and N/P 9 was
significantly more than N/P of 12 (p < 0.05). Similarly at day 8, transgene expression for
N/P of 9 and 12 was statistically significantly more than N/P 5 and 7 (p < 0.001); however,
there was also a significant difference between N/P 7 and N/P 5 (p < 0.05) with no statistical
difference between N/P 9 and 12. To balance toxicity with gene transfer in our subsequent
experiments N/P of 7 was used.

Hydrogel mechanical properties influence cell proliferation, spreading and transgene

expression

Hydrogels with different mechanical properties were synthesized and analyzed for their
ability to modulate non-viral gene transfer. The viability of the cells at days 1 and 8 was
assessed using the LIVE/DEAD stain and at 2, 4, and 6 days using the MTT assay (Fig.
4A,B). The LIVE/DEAD stain showed minimal cell death at day 1 indicating that the
hydrogel synthesis conditions did not affect cell viability. However, by day 8 significantly
fewer cells were observed for the highest modulus hydrogels (gel ID 4 and 5). Cell
spreading at day 5 was affected by hydrogel stiffhess with 100 to 839Pa hydrogels resulting
in substantial cell spreading, while hydrogel stiffness of 1350 and 1730 Pa resulted in
reduced cell spreading (Fig. 4A). The MTT assay agreed with the live/dead data (Fig. 4B),
showing significantly more metabolic activity at days 2 and 4 for the 100 Pa and 260Pa
hydrogels compared to 1360 and 1730Pa hydrogels (p at least < 0.05). Further, at days 2 and
4 there was no statistically significant difference between the no DNA condition (gel ID 0)
and the softest hydrogels (gel ID 1,2), while there was a statistical difference between no
DNA and the stiffest samples (gel ID 4,5). By day 6 the softest hydrogel was significantly
degraded, which resulted in the loss of cells and, therefore, showed a lower cell number. The
260Pa (gel ID 2) hydrogel remained higher in cell number than the two stiffest samples (gel
ID 4, 5).

Transgene expression was a direct function of the hydrogel stiffness with softer hydrogels
resulting in enhanced gene transfer compared to stiffer hydrogels (Fig. 4C). Transgene
expression at days 2 and 8 for 200 and 260 Pa hydrogels was also statistically significantly
higher compared to the three stiffest hydrogels, with p < 0.001 and p < at least 0.05 for 200
and 260 Pa comparisons, respectively (Fig. 4D).
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Effect of RGD concentration and presentation on gene transfer

In addition to the mechanical properties we also investigated how the concentration and
presentation of RGD peptides on the hydrogel would affect the process of non-viral gene
transfer. RGD concentrations of 10, 100 and 400 puM for the conditions containing DNA and
100uM for the condition with no DNA were tested. To look at the effect of RGD
presentation the concentration of RGD was kept constant at 100uM but the fraction of the
total HA it was reacted with was modulated to result in different numbers of RGD molecules
per HA chain. For homogeneously dispersed RGD 100% of the HA was modified with
RGD, however, for increasing degrees of RGD clustering lower and lower percentages of
HA were reacted with the RGD. Thus, the trend of 0.2 < 0.4 < 4.7 for number of RGD per
HA molecule represents an increase in clustering of RGD, with 4.7 RGD/HA representing
the most clustered RGD condition. To ensure comparisons in transfection were due to the
RGD concentration and presentation and not hydrogel stiffness, mechanical properties were
tested. Regardless of RGD clustering and at low RGD concentrations (10 and 100uM) the
mechanical properties were independent of RGD presentation and concentration (Fig.
5A,B). However, 400 uM RGD hydrogels were slightly softer (360 Pa for 400 uM compared
to 516 and 541 Pa for 10 and 100 uM, respectively). This slight difference in modulus could
not be avoided in order to be able to test a complete range of RGD concentrations.

The viability of the cells at days 1 and 8 was assessed using the LIVE/DEAD stain and at 2,
4, and 6 days using the MTT assay (Fig. 6A,B). The LIVE/DEAD stain showed minimal cell
death at day 1 indicating that the RGD conditions did not affect cell viability. By day 8
spreading was observed in all conditions (Fig. 6A). The MTT assay for various RGD
concentrations showed that the number of cells in the hydrogel was the same as the no DNA
condition for low concentrations of RGD peptide at days 2 and 4, while at day 4 the highest
concentration of RGD tested showed a lower metabolic activity than the no DNA condition
(Fig. 6B). At day 4 the 10 and 100uM RGD concentrations were statistically higher in
metabolic activity than the 400puM condition. By day 6 all conditions showed lower
metabolic activities than the sample with no DNA (p < 0.001), although the 10uM condition
continued to show a higher metabolic activity than the 400puM condition (p < 0.05).

RGD concentration affected transgene expression with the 100uM RGD concentration
showing higher levels of transgene expression followed by 10, which was followed by
400uM RGD (Fig. 6C). At day 8 the 100uM RGD concentration was statistically higher than
the 400puM condition (p < 0.05, Fig. 6D).

RGD presentation was also assessed as a possible factor to influence cell viability,
proliferation, and transfection efficiency. The viability of the cells at days 1 and 8 was
assessed using the LIVE/DEAD stain and at 2, 4, and 6 days using the MTT assay (Fig.
7A,B). The LIVE/DEAD stain showed minimal cell death at day 1 indicating that RGD
clustering conditions did not affect cell viability. By day 8 spreading was also observed in
all conditions (Fig. 7A). The MTT assay for RGD presentation showed that the degree of
RGD clustering influenced the metabolic activity with the highest clustered condition (4.7
RGD/HA molecule) resulting in higher MTT readings than the lower clustering conditions (.
4 and .2 RGD/HA molecule, Fig. 7B). At day 2 there is a significantly higher MTT reading
than for the 4.7 RGDs per HA molecule than the 0.4 and 0.2 RGD clustering conditions (p <
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0.01). By day 6 all the conditions were again lower than the no DNA condition (p at least <
0.01) and the highest clustered condition continued to have higher MTT values than the
lower clustering conditions.

Transgene expression was also affected by the RGD presentation in the scaffold, with an
intermediate RGD clustering resulting in optimal transgene expression (Fig. 7C). The trend
observed was 0.4 > 4.7 > 0.2 RGD per HA molecule, with .4 RGD/HA resulting in the
greatest transgene expression. The 0.4 clustering condition was statistically higher than the
0.2 (homogeneous RGD) clustering condition (p < 0.01, Fig. 7D).

Discussion

Cell-matrix interactions are increasingly being utilized to guide stem cell differentiation#3-4°
and have been previously implicated with DNA/PEI non-viral gene transfer?8: 29 for cells
plated on top of hydrogel materials (in two dimensions). We are interested in introducing
gene based bioactive signals to aid in the differentiation of either transplanted or endogenous
stem cells from within 3-dimensional hydrogel scaffolds. Here HA-RGD was crosslinked
with a MMP labile peptide using Michael type addition to form hydrogels that were
degradable through a combination of hyaluronidases and MMPs. In addition, DNA/PEI
polyplexes and mouse mesenchymal stem cells were encapsulated during gelation. The role
of cell-matrix interactions on DNA/PEI non-viral gene transfer for cells seeded within
hydrogel scaffolds was investigated here (in three dimensions). Using a range of mechanical
properties from 100 + 2.11 to 1730 + 45.62 Pa, we observed that gene transfer was strongly
influenced by mechanical properties, with softer hydrogels resulting in optimal transgene
expression. We further studied if the concentration and presentation of RGD cell adhesion
peptides affected gene transfer in three dimensions. An intermediate RGD clustering
resulted in the most effective transgene expression.

The activity of the entrapped polyplexes was as high as fresh polyplexes mixed with trypsin
and hydrogel degradation products, indicating that the encapsulation process does not
inactivate the polyplexes (Fig. 2A). However, compared to fresh polyplexes without trypsin
and hydrogel degradation products the activity was lower. This indicates that the presence of
trypsin in the polyplex solution negatively affects transfection. The distribution of the
polyplexes inside the hydrogel was studied through the labeling of the DNA post hydrogel
formation. The presence of DNA clusters indicates that the polyplexes are present in the
hydrogel (Fig. 2A). Naked DNA would show a uniform fluorescence inside the hydrogel
(data not shown). Although some larger aggregates are observed the majority of particles
were found to not be aggregated. This result is consistent with our previous studies showing
that concentrations of DNA below 0.1ug DNA/UL hydrogel do not result in severe polyplex
aggregation?3 31, As expected the polyplex physical properties affected the rate of non-viral
gene transfer for cells seeded inside hydrogel scaffolds with increasing N/P ratio resulting in
higher transgene expression, but also higher toxicity (Fig. 3). This is the same trend
observed for polyplexes grown in two-dimensional surfaces*6: 47, Thus, although we
observed two fold higher transgene expression for N/P of 9 and 12, an N/P of 7 was used in
the remaining studies to ensure minimal toxicity was observed.
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For cells cultured on two-dimensional surfaces cell area®: 29 has been previously been
linked to non-viral gene transfer, with increased cell area also increasing transgene
expression. For cells cultured in three-dimensions the migration rate30: 31 of cells through
the material has previously been implicated with effective non-viral gene transfer. Based on
these findings we postulated that hydrogel scaffolds that allowed for extensive cell
spreading and migration would result in enhanced gene transfer over hydrogels that did not
allow for substantial cell spreading or migration. We previously published on culture of
MSC:s inside HA/MMP hydrogels. In that study it was observed that soft hydrogel materials
allowed for extensive spreading and migration, while stiff materials did not!®. Here we find
that soft hydrogel materials result in more effective transfection of encapsulated cells
compared to those within stiff hydrogels (Fig. 4), suggesting that cell spreading and
migration also play a role in gene transfer to cells seeded inside hydrogels. It should be
noted that for cells seeded on top of the hydrogel material (in two dimensions), stiff
substrates have been shown to promote more efficient gene transfer than cells cultured on
soft substrates?8,

The lack of efficient gene transfer on stiff hydrogels is attributed to decreased migration
rates, spreading, and actin polymerization, all of which have been implicated with enhanced
transfection28-31. 48_ Fuyrther, to achieve stiff hydrogels higher HA percentages were used to
form the hydrogels, which decreased the pore size. Higher stiffness did slow down cellular
metabolic activity and cell spreading; thus, nutrient diffusion and slowed matrix degradation
could be a reason for lower gene transfer specially at early time points.

One possibility to enhance transfection further in our soft hydrogels is to prevent polyplex
release from our hydrogel scaffolds. Extensive release was observed even when release was
performed in PBS. Thus, if more DNA were retained throughout the 8-day incubation period
(and beyond) more transgene expression might be observed.

We next wanted to study the role of the concentration and presentation of RGD peptide on
non-viral gene transfer in three-dimensions. As mentioned RGD presentation was found to
be important for gene transfer in 2 dimensions29. Because each molecule of HA in our
system has on average 64 acrylate groups and < 7% of those groups are used for conjugating
RGD many sites are still available to crosslink without compromising mechanical
properties. As expected the mechanical properties of these hydrogels remained
approximately constant (Fig. 5). An intermediate RGD concentration of 1200uM was found
to achieve the most efficient transgene expression compared to 10uM and 400uM,
suggesting that there is an optimal degree of spreading and migration rate associated with
transgene expression inside hydrogel scaffolds (Fig. 6C,D). RGD concentration was not
found to affect cell viability as determined by the LIVE/DEAD assay, however, the MTT
metabolic activity assay showed lower metabolic activity for 400uM RGD compared to
lower RGD concentrations. This could explain why 400uM RGD resulted in the lowest
transgene expression of the three tested RGD concentrations.

To cluster RGD we used a similar approach used by the Mooney group to cluster RGD in
alginate hydrogels2% 45, In this approach, a fraction of the total polymer is modified with
RGD and then mixed with unmodified polymer. By changing the ratio of modified to
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unmodified polymer, while keeping the overall concentration constant, the RGD
presentation is modulated. Using 100% modified HA would result in homogeneously
displayed RGD and 0.2 RGDs per HA molecule, while using 4.3% modified HA and 95.7%
unmodified HA would result in our most RGD clustered condition with 4.7 RGDs per HA
molecule. RGD presentation was found to significantly influenced transgene expression with
an intermediate clustering achieving the mot efficient transgene expression (Fig. 7C,D).
Metabolic activity was the highest for the most clustered condition, however, this condition
did not achieve the most efficient gene transfer. Another complementary explanation for the
effect of RGD presentation ion transgene expression is integrin clustering. Clustering of
integrins has been implicated with stem cell differentiation*®, enhanced bone formation in
vivo®0, enhanced nanoparticle targeting®! and enhanced transgene expression2% 52,
suggesting that the clustering of integrins may be playing a role in making the cells more
susceptible to transfection.

In conclusion, we explored the role of matrix stiffness and RGD presentation on gene
transfer to cells seeded inside hydrogel scaffolds. Both matrix stiffness and RGD
presentation significantly influenced transgene expression with an intermediate stiffness and
RGD clustering resulting in maximal transgene expression. We believe that the knowledge
gained through this in vitro model can be utilized to design better scaffold-mediated gene
delivery for local gene therapy for in vivo applications.
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Figure 1.
Hydrogel mechanical properties. The mechanical properties of the hydrogels were

determined using plate-to-plate rheometry Storage (A) and average (B) modulus over a
frequency range of 0.1 to 10 rad/s at a constant strain of .03 are shown for increasingly stiff
hydrogels (Gel ID 1<2<3<4<5).
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Figure 2.

Polyplex activity, distribution inside hydrogel scaffolds and release. (A) Activity of the
entrapped polyplexes was determined through the release of the polyplexes post hydrogel
formation using trypsin and a subsequent bolus transfection with the released polyplexes.
The gene transfer of the released polyplexes was compared to fresh polyplexes with trypsin
added and fresh polyplexes with gel degradation products added. (B) DNA/PEI polyplexes
were stained with ethidium bromide post hydrogel formation and imaged with a
fluorescence microscope equipped with z-stack capability. Scale bar = 100um. (C) DNA
release was determined using radiolabeled DNA. DNA/PEI loaded hydrogels were
incubated in different release solutions and at predetermined time points samples were
gathered and analyzed for radioactivity using a scintillation counter. At the final day of the
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release assay the hydrogel was fully degraded with trypsin and the final activity measured.
Data is plotted as the % cumulative release.
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Figure 3.
Gene transfer as a function of N/P ratio. The effect of N/P ratio on transgene expression was

studied for cells cultured inside MMP degradable HA hydrogels. For these studies a 3%
hydrogel with an r ratio of 0.3 was used. The cell viability, ability of the cells to spread and
the metabolic activity of the cells were studied using the LIVE/DEAD assay, phalloidin
staining (A) and MTT assay (B). Gene expression was determined over time using a reporter
plasmid, gaussia luciferase, which is secreted by the cell when expressed (C). The
cumulative expression at days 2 and 8 is plotted for ease of comparison (D). Statistical
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significance was determined using multiple comparisons and either the Dunnett or the
Tukey multiple comparison’s tests. The symbol ** indicates statistical significance at the
level of 0.01 between the indicated condition and the corresponding no DNA control in (B)
or between the indicated conditions in (D). The symbols ¢, ¢4, 44 indicate statistical
significance at the level of 0.05, 0.01 and 0.001 between the indicated conditions in (B). N/P
= 0 represents the condition with no DNA polyplexes added to the hydrogel. Scale bar =
100pm.
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Figure 4.

Gene transfer as a function of hydrogel stiffness. The effect of hydrogel stiffness on the
ability of cells seeded inside the hydrogel to become transfected was studied for hydrogels
with storage modulus ranging from 100 Pa to 1730 Pa. The cell viability, ability of the cells
to spread and the metabolic activity of the cells was studied using the LIVE/DEAD assay,
phalloidin staining (A) and MTT assay (B). None of the cell stiffness resulted in lower
cellular viability. However, cell spreading was inhibited for stiffer hydrogels. Gene
expression was determined over time using a reporter plasmid, gaussia luciferase, which is
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secreted by the cell when expressed (C). The cumulative expression at days 2 and 8 is
plotted for ease of comparison (D). Matrix stiffness influenced transgene expression. The
numbers 1-5 represent different hydrogel stiffness. 1 = 100 Pa, 2 = 260 Pa, 3 =839 Pa, 4 =
1360 Pa, 5 = 1730 Pa. Statistical significance was determined using multiple comparisons
and either the Dunnett or the Tukey multiple comparison’s tests. The symbols ** and ***
indicate statistical significance at the level of 0.05, 0.01 and 0.001 between the indicated
condition and the corresponding no DNA control in (B) or between the indicated conditions
in (D). The symbols ¢, ¢4, 44 indicate statistical significance at the level of 0.05, 0.01
and 0.001 between the indicated conditions in (B). Gel ID 0 represents the condition with no
DNA polyplexes added to the hydrogel. Scale bar = 100um.
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Hydrogel mechanical properties for hydrogels with different RGD concentrations and
presentations. The mechanical properties of the hydrogels were determined using plate-to-
plate rheometry Storage (A, B)modulus over a frequency range of 0.1 to 10 rad/s at a
constant strain of 0.03 are shown for hydrogels with various RGD concentrations and
presentations, respectively. RGD presentation is displayed as number of RGD/HA molecule
with 4.7 RGD/HA being the most clustered condition and .2 RGD/HA being the least
clustered/homogeneously distributed condition.
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Figure 6.

Gene transfer as a function of RGD concentration. The effect of RGD concentration on the
ability of cells seeded inside the hydrogel to become transfected was studied for hydrogels
with RGD ranging from 10 uM to 400 uM. The cell viability, ability of the cells to spread
and the metabolic activity of the cells was studied using the LIVE/DEAD assay, phalloidin
staining (A) and MTT assay (B). Gene expression was determined over time using a reporter
plasmid, gaussia luciferase, which is secreted by the cell when expressed (C). The
cumulative expression at days 2 and 8 is plotted for ease of comparison (D). Different RGD
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concentration influenced transgene expression. Statistical significance was determined using
multiple comparisons and either the Dunnett or the Tukey multiple comparison’s tests. The
symbol *** indicates statistical significance at the level of 0.001 between the indicated
condition and the no DNA control in (B) or between the indicated conditions in (D). The
symbols ¢, ¢4, 44 indicate statistical significance at the level of 0.05, 0.01 and 0.001
between the indicated conditions in (B). 100* represents the condition with no DNA
polyplexes added to the hydrogel. Scale bar = 100um.
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Gene transfer as a function of RGD presentation. The effect of RGD presentation on the
ability of cells seeded inside the hydrogel to become transfected was studied for hydrogels
with 100 uM RGD displayed either homogeneously (100% HA-RGD, .2 RGD/HA
molecule) or as RGD clusters (52% to 4.3% HA-RGD, .4 and 4.7 HA/RGD molecule,
respectively). RGD clustering is achieved by reacting different amounts of HA-AC with the
same amount of RGD and then mixing the resulting HA-RGD with unmodified HA. The cell
viability, ability to of the cells to spread and the metabolic activity of the cells were studied
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using the LIVE/DEAD assay, phalloidin staining (A) and MTT assay (B). Gene expression
was determined over time using a reporter plasmid, gaussia luciferase, which is secreted by
the cell when expressed (C). The cumulative expression at days 2 and 8 is plotted for ease of
comparison (D). RGD presentation influenced transgene expression. Statistical significance
was determined using multiple comparisons and either the Dunnett or the Tukey multiple
comparison’s tests. The symbols ** and *** indicates statistical significance at the level of
0.01 and 0.001 between the indicated condition and the corresponding no DNA control in
(B) and between the indicated conditions in (D). The symbols ¢, ¢4 indicate statistical
significance at the level of 0.05 and 0.01 between the indicated conditions in (B). 4.7*
represents the condition with no DNA polyplexes added to the hydrogel. Scale bar = 100um.
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Scheme 1.

chematic of HA modification and hydrogel formation. (A) HA-acrylate synthesis is a two-
step process first reacting HA with ADH and then using the pendant hydrazide to react with
NHS-acrylate. (B) Schematic of DNA-loaded hydrogel formation. Liquid HA-AC is first
modified with RGD peptides using Michael type addition. HA-RGD is then crosslinked
using an MMP degradable peptide in the presence of DNA/PEI polyplexes.
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Table 1

Hydrogel mechanical properties

Hydrogel formation conditions and overall storage modulus

Hy(?rDogeI HA% | r ratio ( +I§;N A)
1 3 0.7 100.0 +2.11
2 3 1.05 260.0 +1.30
3 35 1.05 839 +12.30
4 4 1.05 1360 + 11.73
5 5 1.05 1730 + 45.62

r ratio represents the moles of —SH over the moles of AC
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