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Abstract

Designing scaffolds for polyplex-mediated therapeutic gene delivery has a number of applications
in regenerative medicine, such as for tissue repair after wounding or disease. Microporous
annealed particle (MAP) hydrogels are an emerging class of porous biomaterials, formed by
annealing microgel particles to one another /n situto form a porous bulk scaffold. MAP gels have
previously been shown to support and enhance proliferative and regenerative behaviors both /n
vitroand in vivo. Therefore, coupling gene delivery with MAP hydrogels presents a promising
approach for therapy development. To optimize MAP hydrogels for gene delivery, we studied the
effects of particle size and stiffness as well as adhesion potential on cell surface area and
proliferation and then correlated this information with the ability of cells to become transfected
while seeded in these scaffolds. We find that the void space size as well as the presentation of
integrin ligands influence transfection efficiency. This work demonstrates the importance of
considering MAP material properties for guiding cell spreading, proliferation, and gene transfer.

Abstract

Microporous annealed particle (MAP) hydrogels are an emerging class of porous biomaterials,
formed by annealing spherical microgels together /n situ, creating a porous scaffold from voids
between the packed beads. Here we investigated the effects of MAP physical and adhesion
properties on cell spreading, proliferation, and gene transfer in fibroblasts. Particle size and void
space influenced spreading and proliferation, with larger particles improving transfection. MAP
stiffness was also important, with stiffer scaffolds increasing proliferation, spreading, and
transfection, contrasting studies in nonporous hydrogels that showed an inverse response. Last,
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RGD ligand concentration and presentation modulated spreading similar to non-MAP hydrogels.
These findings reveal relationships between MAP properties and cell processes, suggesting how
MAP can be tuned to improve future design approaches.
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1 Introduction

Non-viral gene delivery has been an invaluable tool used not only to study biological
processes such as differentiation, but also serve as an alternative to viral gene therapy,
particularly in tissue regeneration applications. However, the broader applicability of non-
viral gene delivery is limited by overall low transfection efficiency. Thus, strategies to
increase the efficiency of non-viral gene delivery are critical to improving biological studies
both /n vitro and in vivo. While there has been considerable research done on improving
gene carriers[1,2] and vector DNA constructs[3], many studies have also explored the role
the cellular microenvironment on key cellular processes which influence gene transfer. Such
features of the microenvironment include substrate chemistry and charge[4], extracellular
matrix protein composition[5,6], cell adhesion ligand presentation and concentration[7,8],
substrate stiffness[8,9], and surface topography[10]. Importantly, these key features
triggered different responses when cells were seeded in two dimensions compared to in three
dimensions. Culturing cells in three dimensions (3-D) in hydrogel scaffolds is crucial for
biomedical applications, as it better mimics the native tissue environment, serving as a more
accurate /n vitro model to study biological processes or to test new therapies[11]. The
viscoelastic properties of hydrogels must be tailored for the particular tissue of interest, with
stiffer systems for applications in skin[12], or softer ones as in the brain[13,14]. The locally
observed cellular microenvionment is especially relevant to the development of new
hydrogel biomaterials used to locally deliver therapeutic genes to infiltrating cells for
regenerative medicine applications such as in wound healing, stroke recovery, or cartilage
and bone regeneration.

One class of biomaterials recently developed by our laboratory for such tissue regeneration
applications is the microporous annealed particle (MAP) hydrogel, which consists of
microscale modular hydrogel-based building blocks that anneal to one another /7 sitwupon
injection to form a porous scaffold[15,16]. The microscale pores allow for homogeneous
distribution of incorporated cells for culture /n vitro. The MAP scaffold also promotes cell
proliferation and infiltration throughout the scaffold differently from culture in nonporous
hydrogels /n vivo, as rates of cell spreading and infiltration are no longer dependent on the
local cell-mediated degradation of the hydrogel. In addition, the MAP scaffold shows
significant promise in promoting tissue regeneration in large part due to its inherent porous
structure and the ability to seamlessly fill the wound cavity due to its injectability. In a
murine cutaneous wound healing model, MAP scaffold injections accelerated tissue
formation and vascularization[15]. Similarly, in a murine stroke model, the MAP scaffold
reduced inflammation, increased peri-infarct vascularization, and induced migration of
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neuroprogenitor cells into the stroke site[17]. In both cases, the MAP scaffolds were able to
have stiffness and resulting void space adjusted for compatibility in the target tissues.
Quantification of native tissue porosity is challenging from literature, with studies
developing complex models to account for voids[18,19]. The MAP system allows for
emulating the native tissue stiffness while optimizing the void space as a function of
microgel size, rather than mimic the intricacies of tissues, to maximize cell infiltration and
spreading. Coupling such a material with the therapeutic potential of non-viral gene delivery
may yield positive outcomes for therapy development. Previously, MAP scaffolds were
shown to modulate cell response from transfection differently than standard nonporous
hydrogels, with altered cell spreading and proliferation mechanisms, in addition to polyplex
uptake and transgene expression pathways[20].

Here, we investigated the effects of several different physical and cell adhesion properties of
MAP hydrogels on non-viral gene delivery. Specifically, we explored how MAP scaffold
properties such as modular block size, stiffness, cell adhesion ligand concentration and
presentation, and integrin specificity can modulate cell spreading, proliferation, and non-
viral gene transfer to cells cultured within the scaffold.

2 Methods

2.1 Preparation of hyaluronic acid-norbornene (HA-Norb)

To modify hyaluronic acid (HA) to contain norbornene functional groups, 1 g of 60 kDa
sodium hyaluronan (Genzyme, Cambridge, MA) and 3.111 g 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methyl-morpholinium chloride (DMTMM) (Thermo Fisher Scientific,
Waltham, MA) were each dissolved in 40 mL 200 mM MES buffer pH 5.5 (molar ratio of
~1:633 for HA to DMTMM). The two solutions were combined and stirred for 10 minutes to
allow for activation of the carboxylic acid (Figure 1A). 0.677 mL 5-norbornene-2-
methylamine (TCI America, Portland, OR) was added dropwise to the reaction mixture
(molar ratio of ~1:343 for activated HA to NMA), which was then allowed to react overnight
at 25°C with constant stirring. The reaction product was then precipitated in ethanol, filtered
to collect the solid, dissolved in 2 M NaCl in water, and dialyzed under running deionized
water for 24 hours. The final product was then filtered, flashfrozen, and lyophilized. The
extent of modification was confirmed via 1H-NMR spectrometry. IH-NMR shifts of attached
norbornene groups in the product in D50 are & = 6.33 and 6.02 (vinyl protons, endo), and
6.26 and 6.23 ppm (vinyl protons, exo). The integrations of these peaks were normalized to
the peak corresponding to the methyl group on the HA monomer at 6 = 2.0 ppm to
determine percent of HA monomers modified to contain norbornene groups. Following
synthesis, the HA precursor and HA-Norb product were assessed with electrophoretic light
scattering (ELS) on a Malvern ZetaSizer ZS instrument to determine if the polymers are
prone to self-assembly. Size and electrophoretic mobility were assessed in triplicate using
the default run parameters, at up to 150 scans, for stabilized measurements to derive the zeta
potential.
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2.2 Synthesis of polyethylene glycol-tetrazine (PEG-tet)

PEG-tet was synthesized by combining 100 mg 4-arm 20kDa PEG-thiol (NOF America,
White Plains, NY) and 15 mg methyltetrazine-PEG4-maleimide (Kerafast, Boston, MA) for
a Mal/SH ratio of 1.05 (or molar ratio of 1:5.8 for PEG-thiol to Tet-Mal), each dissolved in
0.5 mL dichloromethane (DCM). 1 L of trimethylamine was added (0.5 molar equivalent)
and the mixture was allowed to stir at 25°C for 4 hours while protected from light (Figure
1B). The reaction product was precipitated in 50 mL of cold diethyl ether and allowed to dry
under vacuum overnight. Modification of the thiol groups with the tetrazine was verified
through *H-NMR, observing shifts of attached tetrazine groups in the product in D,O at & =
7.24 and 8.52 (phenyl protons, at ester and tetrazine ends respectively). The integrations of
these peaks were normalized to the large 4-arm PEG peak at & = 3.25 ppm and compared to
determine percent modification with the tetrazine groups.

2.3 HA microgel formation and purification

HA-Norb microgels were prepared using a batch water-in-hexane emulsion technique. 1 mL
of gel precursor solution was prepared in HEPES buffer pH 8.3 with HA-Norb at a final
concentration of 3.5 wt%, lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate photo-initiator
(LAP; TCI America) at 2.2 mM, thiolated RGD peptide (RGDSPGERCG; Genscript,
Piscataway, NJ) at 100, 250, 500, or 1000 puM, and tris(2-carboxyethyl)phosphine (TCEP) at
25% of the total thiol molarity (i.e. mmol TCEP:mmol thiols = 1:4). Once all the
components were mixed, a 50 mM stock of dithiothreitol (DTT) (Thermo Fisher Scientific)
was added as the crosslinker to achieve a crosslinking ratio (mmol SH/mmol HA) of 14, 28,
or 56. For RGD clustering, a portion of the HA-Norb was combined with the total amount of
RGD peptide and pre-reacted by exposing the solution to UV light for 1 minute at 10
mW/cm? in the presence of the appropriate amount of LAP and TCEP, after which the
remaining HA-Norb, LAP, and TCEP were added, along with DTT. To generate microgels
containing different fibronectin fragments without clustering, the recombinant fragments,
provided to us by Dr. Thomas Barker of the University of Virginia, were combined in lieu of
RGD along with the other gel components as described above to a final concentration of 5
UM. This final gel precursor solution was then pipetted into a round-bottom flask containing
10 mL 3% span-80 in hexane continuously stirring at 800 rpm, then mixed by pipetting up
and down 9 times to generate a stable emulsion. The flask’s contents were then purged with
argon and exposed to UV light at 15 mW/cm? for 10 minutes to trigger the norbornene-thiol
crosslinking reaction to form microgels.

Next, the crosslinked microgels in hexane was transferred into a conical tube and
centrifuged at 1000 x g and washed with hexane three times. The microgels were then
transferred to 1% Pluronic F107 in PBS for 30 min to allow for swelling before sieving
using 200 pm, 100 um, 60 um, and 20 um (PluriSelect, Leipzig, Germany) pore size
strainers. During sieving, microgels were washed with 10 mL 1% Pluronic in PBS and 50
mL PBS. The collected microgels were then autoclaved and pelleted by centrifugation at
14000 x g for 5 minutes, after which the supernatant was removed and microgels were
stored at 4°C until further use.
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2.4 Alexa Fluor 647 tetrazine synthesis and labelling of microgels

To synthesize Alexa Fluor 647 tetrazine, 2.8 mg PEG dithiol (MW 3500 Da) (JenKem
Technology USA, Plano, TX) and 0.41 mg methyltetrazine-PEG4-maleimide (Kerafast)
were each dissolved in 1 mL dichloromethane and combined in a glass vial. 0.11 pL
triethylamine (SigmaAldrich) and 1 mg Alexa Fluor-647 maleimide (Thermo Fisher
Scientific) were then added and the reaction was allowed to proceed overnight at 25°C
protected from light. The reaction was then precipitated in 10 mL cold diethyl ether,
centrifuged at 14000 x g for 5 minutes to pellet the precipitate, and the diethyl ether was
decanted. The residual diethyl ether was removed under vacuum overnight. The resulting
product was dissolved at 1 mg/mL in dimethylformamide and stored at —20°C.

To fluorescently tag 200 pL microgels, Alexa Fluor 647 tetrazine was diluted in 100 uL PBS
to a concentration of 0.015 mM and combined with the microgels. The mixture was then
incubated at 37°C for 1 hour with agitation. Microgels were washed three times by filling
tube with PBS, centrifuging at 14000 x g for 5 minutes to pellet beads, and aspirating liquid.

2.5 Microgel size distribution

After sieving and tagging with fluorophore, free microgels in PBS were imaged as z-stacks
using confocal microscopy using a 10x objective to obtain a maximum intensity projection.
These images were then analyzed using the particle analysis toolkit in ImageJ to obtain
diameter measurements of 400 to 1700 microgels for each condition, which were
subsequently plotted using the Seaborn visualization package in Python.

2.6 Microgel annealing to generate MAP scaffolds

A 5.32 mM solution of PEG-Tet in PBS was mixed with microgels at a 1:6 volumetric ratio
of PEG-Tet to microgels and immediately centrifuged at 14000 x g for 3 minutes. Excess
liquid was removed, and 15 pL of gel was pipetted into each well and allowed to anneal for
1 hour at 37°C.

2.7 Preparation of cell culturing devices

A custom negative mold was printed using a 3D, Form 2 stereolithography printer
(Formlabs, Inc.). Cell culture devices were cast using soft lithography to produce a PDMS
reservoir for cell culture. The culture wells were composed of a cylindrical culture section (3
mm in diameter and 5 mm tall), enabling a maximum of 35 pL of volume. Additionally, a
conical media reservoir above the cylindrical culturing section was able to contain up to 150
pL of media. Specific dimensions of the mold, and subsequently the PDMS wells, can be
found in Supplementary Figure 1. To fabricate PDMS culturing devices, 70 g of Sylgard 184
PDMS (Dow Corning) was preparing according to the manufacturer’s instructions and
poured into a 10 cm x 10 cm square dish. The mold was placed in the PDMS, and the PDMS
was degassed by applying a vacuum for 1 hour. Subsequently, the PDMS was allowed to
cure at 60°C for 4 hours in a convection oven. The PDMS slab was then cut into three-well
pieces and plasma-bonded to cover glass slides using a corona plasma gun. PDMS triplicate
well-slides were then autoclaved prior to use for cell culture and experimental evaluation.
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2.8 Cell culture and seeding HDFs in MAP scaffolds

Human dermal fibroblasts (HDF; Cell Applications, Inc., San Diego, CA) were maintained
in culture in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific) containing
10% fetal bovine serum (Thermo Fisher Scientific) at 37°C and 5% CO,. Media was
changed every 2-3 days.

To seed cells in MAP scaffolds, 100 pL microgels were first equilibrated in supplemented
media for 30 minutes before pelleting and removing supernatant. HDFs were trypsinized and
1.2 x 10° cells were pelleted by centrifugation at 250 x g for 5 minutes. Media supernatant
was aspirated and equilibrated microgels in PEG-Tet solution (as described in section 2.6)
were then added to the cell pellet and mixed thoroughly by pipetting. Importantly, prior to
gel/cell seeding, 6 pL of sterile 1% agarose in PBS was added to the wells to coat the glass
surface and allowed to cool to 25°C to prevent cell attachment to glass. 15 pL of gel plus
cells was then pipetted into each well in the PDMS culturing device. The MAP gel was
allowed to anneal for 1 hour at 37°C. After annealing, the wells were filled with 150 pL
supplemented media containing 50 pug/mL primocin (InvivoGen, San Diego, CA).

2.9 Void space analysis

Annealed MAP scaffolds of various microgel bead sizes were incubated with PBS
containing 1 pg/mL 500 kDa tetramethylrhodamine isothiocyanate-dextran (TRITC-dextran)
(Sigma-Aldrich, St. Louis, MO) to fill the void space in between microgels, as it is too large
to penetrate the microgel’s polymer network. The labelled void space was imaged using
confocal microscopy to obtain 200-um z-stacks. The z-stacks were imported into IMARIS to
generate surface renders, and void space volumes were quantified as a fraction of the total
volume represented by the z-stack. A minimum of 4 measurements were made for each
MAP scaffold.

2.10 Oscillation rheometry

Stiffness of both nonporous HA-Norb hydrogels and of annealed MAP gels were measured
as the storage modulus (G’) using a plate-to-plate rheometer (Physica MCR, Anton Paar,
Ashland, VA). To create a nonporous HA-Norb gel, 45 pL of the gel precursor solution was
prepared as described in section 2.3 and pipetted onto a Sigmacote-treated (Sigma-Aldrich)
glass slide. Imm-thick spacers were placed on either side of the slide and a second
Sigmacote-treated slide was placed on top to sandwich the gel precursor solution and
fastened into place using binder clips. The gel was exposed to UV light at 15 mW/cm? for 1
minute, then flipped and exposed for another minute for uniform crosslinking. The
crosslinked gel was transferred into PBS and allowed to swell overnight. A frequency sweep
was performed on the hydrogels using a strain of 0.2% with an angular frequency range of
0.5 to 10 rad/s. To measure the storage modulus of an annealed MAP gel, 50 UL microgels
with PEG-Tet were pipetted directly onto the rheometer stage. The measuring position was
set to Imm and the gel was allowed to incubate with humidity for 1 hour to allow for
annealing. Once the gel was annealed, a frequency sweep was performed on the hydrogels
using a strain of 1% with an angular frequency range of 0.5 to 10 rad/s.
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2.11 Cell staining, imaging, and quantification of cell spreading

MAP gels with cells cultured for 2 days were fixed in 1% paraformaldehyde for 15 minutes
at 25°C. The cultures were permeabilized in 0.1% Triton X-100 in PBS and stained using
DAPI (Sigma-Aldrich) for cell nuclei and rhodamine phalloidin (Thermo Fisher) for cell
actin per manufacturer’s guidelines for 1 hour. Gels were washed with PBS before z-stack
imaging with a Nikon confocal. To quantify cell spreading, the z-stacks were imported into
IMARIS to generate surface renders of cell actin for surface area quantification and to count
nuclei.

2.12 Transfection of MAP gel culture and assay for transgene expression

Transfection was performed two days after seeding cells in MAP gels to allow for adequate
spreading. DNA polyplexes were prepared by complexing plasmid DNA encoding for
Gaussia luciferase (GLuc) with jetPEI (Polyplus-Transfection, Illkirch, France) according to
manufacturer’s instructions. Briefly, 0.25 ug DNA was diluted in 10 puL of 150 mM NacCl
and 0.5 pL jetPEI was diluted in a separate tube in 10 pL of 150 mM NacCl, for an N/P of 5
based on the manufacturer protocol. Similar formulations were prepared for 0.125 ug and
0.5 ug doses of the plasmid DNA for the same N/P ratio. The jetPEI solution was then added
to the DNA solution, immediately vortexed, and allowed to incubate for 15 min at 25°C to
allow for complexation. Amounts were scaled up depending on DNA dose and number of
wells, but the polyplex volume administered to each well remained constant (20 uL of
polyplexes were added to each well as a bolus administration). After 4 hours of polyplex
exposure, the polyplex-containing media was removed and replenished with fresh media.

To verify that cells throughout the scaffold were uniformly transfected in the z-direction,
plasmid DNA was mixed with the fluorescent dye, YOYO-1 (Thermo Fisher Scientific), at a
ratio of 1:50 YOYO-1:base-pair DNA and was allowed to incubate for 30 minutes at 25°C.
YOYO-1-labeled DNA was then used to prepare polyplexes as mentioned above. MAP gels
containing cells and YOYO-1 polyplexes were then imaged using confocal microscopy to
obtain z-stacks, and percent co-localization of YOYO-1 polyplexes with cell actin was
quantified for each image in the z-stack to confirm consistent transfection in the z-direction.

Transfection was quantified by measuring expression of GLuc using the BioLux Gaussia
Luciferase assay kit (New England Biolabs, Ipswich, MA) per manufacturer’s protocol.
Conditioned media was collected from each well at each time point. Briefly, 20 puL of each
sample was mixed with 50 uL of substrate solution, pipetted for 2 to 3 seconds to mix, and
read for luminescence with a 5 second integration time using a Modulus Fluorometer
(Turner BioSystems, South San Francisco, CA).

2.13 Cell viability

Cell viability was quantified using the PrestoBlue assay (Thermo Fisher Scientific) per
manufacturer’s instructions. At specified times, the media in each well was replaced with a
solution of 10 pL of the PrestoBlue reagent mixed with 90 puL of media. After 3 hours, 90 pL
from each well were transferred into a 96-well plate and fluorescence was read using a
BioTek plate reader at an excitation wavelength of 560 nm and an emission wavelength of
590 nm.
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2.14 Statistical analysis

Statistical analysis and plotting were performed using Prism 6. Experiments were repeated
two times with three independent gel samples in each experiment. Statistics assumed that gel
samples, which were cast independently, were statistically independent from each other.
Statistical significance was assessed using a 95% confidence interval using a one-way
ANOVA with Tukey post-hoc test, unless otherwise noted. All error is reported as the
standard deviation of error (SD).

3 Results and discussion

3.1 Analysis of gel physical properties

To synthesize microgels, HA-Norb was first prepared using amine-carboxylic acid chemistry
utilizing the carboxylic acid in the backbone of HA (one per monomer) and a free amine-
containing norbornene molecule (Figure 1A). NMR analysis of the modified polymer
revealed that 41.85% of the HA monomers were reacted to contain the norbornene
functional group, based on the available carboxylic acids per repeating HA monomer. HA
microgels were produced using a water-in-hexane emulsion and UV light to trigger a
thiolene reaction between the norbornene groups on the HA backbone and the thiols of the
DTT crosslinker. The resulting microgels were polydisperse with diameters ranging from 10
to greater than 200 um, but are all spherical in shape. To ensure that size distributions were
not a result of self-assembly by the HA-Norb material prior to crosslinking, due to possible
interactions from the hydrophobic norbornene groups, ELS was used to determine the zeta
potential of the material. Neither the precursor stock HA (at —27.4 + 0.4 mV) nor the final
HA-Norb product (at —28.3 £ 2.4 mV) showed significant electrostatic interactions to
suggest that aggregation occurs. To narrow down the size range, microgels were purified to
remove hexane and surfactant and swelled in PBS before sieving through pore size ranges of
20-60 pm, 60-100 pum, and 100-200 um to generate microgel populations of different sizes
and of reduced polydispersity. A size distribution of each size range was obtained via
analysis of confocal microscopy images (Figure 2A-B). The average diameters and standard
deviations of these populations were 54.25 + 29.11 um, 86.04 + 20.25 um, and 150.76 +
44.14 um, respectively. Microgels with diameters outside the nominal sieving boundaries
were also binned, which may be due to the ability of the viscoelastic microgels to squeeze
through sieve pores. However, further studies are necessary to determine if this is the case,
given that microgel crosslinking and stiffness are varied based on the target application.

MAP scaffolds were generated by annealing microgels within a culture well using a click
reaction of the norbornene groups at the surfaces of the beads and a separate 4-arm PEG-
tetrazine (PEG-Tet) crosslinker. Briefly, the crosslinker was prepared as described using a 4-
arm PEG-thiol and Methyl-tetrazine-PEG4-Maleimide. NMR analysis of the modified
polymer revealed that a 98% of the free thiols were converted to the maleimide-linked
tetrazine groups. Concentrated fluorescently tagged microgels were mixed with PEG-Tet
crosslinker and allowed to anneal to generate MAP scaffolds within custom PDMS culture
devices (Figure 2C). To enable visualization and quantification of the void space between
each scaffold, a high-molecular-weight fluorescent TRITC-dextran solution, which does not
penetrate the microgels, was added to fill the void space within the annealed gel. Z-stack
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images were taken to obtain images of the void space between the microspheres (Figure
2D). Use of IMARIS to detect and render surfaces of these void spaces in three dimensions
subsequently allowed us to measure void space fractions of these scaffolds (Figure 2E-F).
No significant differences in void fraction between gels of different microgel diameters were
observed, with void fractions ranging from 0.22 to 0.25. While the close random packing
void fraction of a stiff monodisperse bead population is reported to be ~0.36, this value has
been demonstrated to decrease with increasing polydispersity of the bead population, such as
the ones observed in this study (polydispersity index 0.537, 0.235, and 0.293 for the small,
medium, and large microgel populations, respectively)[21]. Furthermore, the viscoelastic
nature of the microgels may allow them to pack more densely than an identically distributed
population of stiff beads, although individual bead rheology would be required to derive the
Young’s modulus. We speculate that packing density may increase with decreasing stiffness
of microgels. In a previous study, Sideris et al.[16] calculated the void fraction of MAP
scaffolds formed with microfluidicsgenerated microgels as 11-15%. This discrepancy with
our results may be due to two factors. First, this earlier study computed void fraction by
analyzing two-dimensional images individually instead of performing analysis on a three-
dimensional render. Second, the inherent mechanical properties of the microgels used in this
study were different, due to the different crosslinking chemistry and ratio of crosslinker used
to form the microgels. We note that the microfluidic setup was able to produce a more
monodispersed range of bead sizes, but the production time is much longer due to slow flow
rates to accommodate a different bead crosslinking chemistry, and the end result is the same
as the faster batch production used here when followed by rounds of sieving for bead size
ranges. Another important factor is the microgel morphology, with no difference in shape
present in the annealed microgels, as seen in the 3D renderings of the z-stack. While the
solution is heterogeneous from the varied bead sized produced using the batch production
method, despite filtering afterwards, packing itself does not appear to induce changes to the
bead shape. It is speculated that as there is no physical pressure applied on the scaffold that
could warp bead shape, the microgels retain their spherical morphology since the annealed
scaffold acts as a hydrogel in media solution. This is the same regardless of how the beads
are created, batch or microfluidic, since the spherical geometry and annealing concept is the
same. These factors are important to consider when selecting a method to produce MAP for
3-D culture.

We next characterized the rheological properties of the MAP scaffolds used in this study.
Three crosslinking ratios of 14, 28, and 56 mmol SH:mmol HA were used to generate
microgels to be used for annealing. Oscillation rheometry was performed on both the
nonporous gel formulation as well as the annealed MAP scaffold. The storage modulus (G)
measurement of the nonporous gel formulation is representative of the local microgel
stiffness experienced by a cell which is adhered to a microgel, while the storage modulus of
the annealed MAP scaffold provides an overall characterization of the bulk rheological
properties of the scaffold as a whole. Taken together, these two measurements provide a
more comprehensive characterization which is relevant to cell mechanosensing of the
microenvironment. As expected, gels were stiffer with higher concentrations of crosslinker
(Figure 2G-H). Previous studies have also shown the relation with increased crosslinking
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resulting in increased G’ and G”, but as stated earlier, further analysis on individual beads
could give insight into how packing varies based on the degree of crosslinking.

3.2 Cell culture and transfection in MAP gel

Before evaluating which factors govern transfection and spreading for cells cultured inside
MAP scaffolds, we first wanted to ensure that seeded cells could be uniformly transfected
after cell spreading had occurred within MAP pores. From the benefits of using MAP for
wound regeneration, with past studies in mouse models[15], human dermal fibroblasts
(HDF) were used for the 3-D culture. HA microgels were mixed with HDFs and
subsequently annealed to form a cell-seeded scaffold (Figure 3A). To confirm cells
throughout the scaffold were able to be transfected with a bolus polyplex administration,
cells and polyplexes in the scaffold were simultaneously visualized by transfection with
polyplexes labeled with YOYO-1, a nucleic acid dye, and subsequently fixing and staining
cell actin with phalloidin (Figure 3B). Cell morphology and polyplex uptake were monitored
over the first 24 hours of transfection. Percent co-localization of YOYO-1-tagged polyplexes
with the labeled cytoskeletal actin was relatively consistent throughout the scaffold,
confirming that cells were seeded homogenously throughout the scaffold, especially in the z-
direction, and that they were able to be uniformly transfected (Figure 3C-D). However, it is
noted that due to the nature of the cell culture devices, image resolution was lost at higher z-
stacks, hence the representative image only showing a lower 1 mm slice of the overall gel.
Previous studies have confirmed that cells are distributed evenly throughout the annealed
gels[15,16], with cells rapidly spreading within the first few hours of 3-D culture following
annealing and that no precipitation through the voids observed, so it was assumed to hold
true for the polyplexes as well in higher z-stacks.

To measure and compare levels of transfection between conditions, plasmid DNA encoding
for the secreted marker protein Gaussia luciferase (GLuc) was complexed with jetPEI, an
efficient commercially available polyethyleneimine (PEI)-derived cationic polymer, to form
polyplexes. Levels of GLuc expression were easily tunable by controlling the amount of
DNA polyplexes used during transfection, with more DNA achieving higher transgene
expression (Figure 3E). However, administering high doses of DNA polyplexes initially had
an adverse effect on cell viability, although viability was largely restored by day 6 (Figure
3F). The toxicity at higher doses was expected from previous studies with HDF cells, with
only 0.25 ug being the optimal dose to balance transgene expression and cell viability. This
amount was used for all subsequent experiments with the HDFs. It is important to note that
while PrestoBlue correlates cell metabolic activity to viability over the days to monitor, it is
possible that the trends could be due to other mechanisms aside from cell death, such as
adapting to the scaffold. Previous studies have shown that the MAP scaffold itself does not
impact cell viability negatively[15], with the norbornene-tetrazine click reaction releasing
only N, gas[24,25] that escapes through the MAP voids, and that the trends are similar to
those observed when transfecting in 2-D[20]. In addition, no difference in cell morphology
was observed between the different polyplex concentrations. Cell viability could be
improved through the use of less toxic cationic polymers to complex with DNA, although a
vehicle comparison was not within the scope of this study.
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3.3 Effects of MAP physical properties on transfection

We next sought to understand how the physical properties of MAP hydrogels, specifically
microgel bead size and stiffness, can be controlled to modulate cell spreading, proliferation,
and transgene expression. Multiple studies have previously investigated the role of scaffold
microarchitecture, namely pore size, on cell morphology and proliferation, albeit with
different conclusions on the nature of the relationship depending on cell type, void fraction,
and pore shape[26-30]. For example, HDFs seeded in silk fibroin scaffolds 200-250 pm
diameter pores exhibited more proliferation than those seeded in scaffolds of smaller pore
sizes[29]. In addition, pore shape and topography may also affect cell spreading and
migration, as converging or diverging orientations of paths ahead of migrating cells in a
matrix have been demonstrated to result in different patterns of cell cytoskeleton polarization
and migration[31]. Here we tested the effects of changing microgel size to control scaffold
architecture, which would not only increase or decrease pore size while maintaining a
constant overall porosity (Figure 2F) but would also modify the topographical curvature of
the pore surfaces. Other methods of modifying the architecture include changing the shape
of the microgels, which would also affect tortuosity and substrate curvature, although this
was not evaluated here.

To investigate microgel size, the three microgel distributions as described in Figure 2A-B
were used, while the other gel formulation parameters were kept constant at a crosslinking
ratio (SH/HA) of 14, RGD concentration of 500 uM, and RGD clustering ratio of 2:1 mmol
RGD:mmol HA. Seeding HDFs in gels of the smallest bead size (20-60 pum sieving range)
resulted in less spreading, lower levels of proliferation, and decreased transgene expression
than in gels of either of the two larger bead size ranges (60—100 pm and 100-200 pum sieving
range) (Figure 4). The relatively low spreading and proliferation in MAP scaffolds made
using the smallest microgel size may be due to the smaller pore size of these scaffolds,
which can limit the extent of cell spreading. This finding may be extended to the MAP
scaffold architecture, in which changing substrate curvature as determined by microgel and
diameter may potentially modulate cell morphology, migration, proliferation, and
subsequently transfection.

The effects of substrate stiffness on various cellular processes have been well-documented.
In general, adhesion, spreading, and proliferation of fibroblasts and other adherent cell lines
increase with increasing substrate stiffness for cells cultured in 2-D[32,33]. The range of
microgel stiffnesses tested in this study (honporous G’ 1810 — 3646 Pa) corresponds with a
subset of stiffnesses which was previously shown to result in a highly differential spreading
response in mouse fibroblasts cultured in 2-D, with an approximate doubling in the cell
circumference with an increase in substrate stiffness from 1600 to 3600 Pa[33]. However,
cells encapsulated in a nonporous hydrogel observe the inverse effect as a function of
stiffness, likely due to higher resistance to cell-mediated degradation of the hydrogel at
higher stiffnesses, which can be controlled by modifying polymer backbone concentration or
crosslinking ratio[8,34]. A similar relationship has been observed for transfection as a
function of stiffness and dimensionality, suggesting a correlation between cell spreading and
transfection[8,9]. Given this, we next sought to evaluate the effect of tuning MAP scaffold
stiffness on cell spreading, proliferation, and transfection by increasing the microgel
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crosslinking ratio. Gel formulations resulting in a nonporous G’ range of 1810 to 3646 Pa—
corresponding to overall MAP G’ of 222 to 970 Pa (Figure 2G—H)—were tested. The other
gel formulation parameters were kept constant at 100-200 pm microgel filter range, RGD
concentration of 500 uM, and RGD clustering ratio of 2:1 mmol RGD:mmol HA. Increasing
MAP stiffness by increasing the crosslinking ratio significantly enhanced cell spreading, but
not cell proliferation (Figure 5A-D). Furthermore, transgene expression increased by 2.28-
fold and 2.25-fold by 2 and 6 days after transfection, respectively, when the scaffold stiffness
was increased 4.4-fold from 222 to 970 Pa (Figure 5E). As such, spreading and transfection
appear to increase with increasing MAP scaffold stiffness, in agreement with results from
studies of 2-D culture. However, it is possible that the degree of crosslinking could reduce
porosity and RGD presentation to an extent, and this is a point to consider investigating as
surface characterizations technologies improve for use with our microgel system. Overall,
the results suggest that cell spreading and transfection in MAP scaffolds may be
characterized as more similar to that in 2-D than in 3-D. This is also supported by our recent
work into the mechanisms and pathways influenced by MAP transfection, with a
dependence on microtubule dynamics to the same effect at 2-D cultures, although the
internalization and actin signaling cascades did differ[20]. However, the previous study was
only done under a single set of MAP physical properties, due to the number of combinations
able to be explored, and the results may not translate across all of those explored in this
study.

3.4 Effects of MAP cell adhesion properties on transfection

A popular strategy to promote cell attachment to biomaterials is to incorporate integrin-
binding peptides such as RGD into the biomaterial formulation. It has been well
demonstrated in literature that the concentration and presentation of cell adhesion motifs on
a substrate can affect both cell spreading and subsequent gene transfer[7,8,34,35]. With
MAP scaffolds, the use of microgels allows for a highly customizable system for ligand
presentation across beads and on an individual bead. To understand how tuning cell adhesion
characteristics of the MAP hydrogel can affect cell spreading and gene transfer, we
manipulated either the concentration or clustering presentation of RGD peptides throughout
the gel. Kong et al.[7] found that while increasing RGD concentration increased cell surface
area, proliferation, and gene transfer in 2-D, maintaining a constant RGD concentration but
with increased peptide clustering resulted in a decrease in proliferation rate and gene transfer
without any effect on cell spreading. To first test the effects of overall RGD concentration in
MAP scaffolds, the gel was formulated to contain RGD peptides at an overall concentration
of 100, 250, 500, or 1000 uM. In all four of these conditions, the formulations were such
that there were two RGD peptides conjugated to one HA molecule for the subset of HA
molecules containing RGD (Figure 6A). Regardless of RGD concentration, all physical
properties were kept constant, including the annealed MAP stiffness and size of microgels at
a G’ of 222 Pa and sieving range 100-200 um, respectively. HDFs cultured in MAP gels
containing an RGD concentration lower than 500 uM resulted in overall significantly less
spreading, lower proliferation, and lower transgene expression than in gel with RGD
concentrations of 500 or 1000 uM (Figure 6B—F). These results are consistent with what has
previously been reported for the effects of RGD concentration on gene transfer in 2-D[7]. In
contrast, it was found that an intermediate concentration of 100 pM RGD resulted in the
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highest transfection as compared to 10 and 400 uM for D1 mouse mesenchymal stem cells
encapsulated within a 3-D nonporous hydrogel[8], a difference which may be due to the use
of a different cell line or the difference in cellular microenvironment between the MAP gel
and a nonporous gel. While preliminary in characterization, this may point to the MAP
microenvironment giving a similar effect for adhesion as for cells cultured in 2-D on tissue
culture plastic. Previous studies have identified that several other mechanisms for transgene
expression in MAP also appear to match those in 2-D[20], but more mechanistic studies are
needed to fully understand the relation between cell adhesion in MAP and integrin signaling
effects on transfection.

To test the effects of RGD clustering, 1, 2, 4, or 12 RGD peptides were conjugated to one
HA molecule for the subset of HA molecules containing RGD, while the overall RGD
concentration of all four conditions was kept constant at 500 uM (Figure 7A). Again, all
other physical properties were kept constant. Interestingly, there was no significant effect on
cell spreading and overall viability as a function of RGD clustering, though 2 and 4 mmol
RGD:mmol HA did result in higher average cell surface areas (Figure 7B-E). However,
transgene expression in the highest clustering ratio of 12 mmol RGD:mmol HA did exhibit
the lowest cumulative transgene expression especially by 6 days (Figure 7F). Kong et al.[7]
did also report lower transgene expression at the highest clustering ratio tested and
suggested that this may be due to the relatively large spacing between RGD ligand clusters
adversely affecting integrin signaling and therefore overall growth rate. It could be worth
investigating if the effects observed for varied RGD concentrations and stiffness are
consistent at other annealed MAP stiffnesses, since both stiffness and RGD regulate cell
spreading and proliferation to an extent. While inclusion of RGD at different concentrations
does not exhaust the availability of free norbornenes on the gel backbone even after
crosslinking, resulting in a consistent stiffness regardless of RGD patterning, a range of
stiffnesses could be tailored for the each layout to improve viability. This would require
more extensive studies outside of our intended scope but are good considerations for future
optimization of the MAP scaffold.

3.5 Effect of integrin specificity on transfection

We next studied the role of integrin binding in guiding gene transfer. Previous studies have
demonstrated that specific or preferential integrin activation has differential effects on stem
cell differentiation[36], epithelial cell phenotype[37], and vessel regeneration[38],
demonstrating the importance of integrin specificity in cellular processes. This suggests that
the current near-ubiquitous strategy of incorporating RGD ligands into biomaterials may not
be optimal for promoting specific cellular processes, given the primary ability of RGD to
bind to av integrins[37]. Furthermore, presenting short integrin-binding peptides in
biomaterials result in significantly reduced cell adhesion affinity when compared to identical
molar concentrations of the same peptide included in its endogenous three-dimensional full-
length protein structure[38]. Here, we sought to study the effects of integrin specificity on
HDF spreading, proliferation, and gene transfer. To our knowledge, this is the first
investigation of the role of specificity of integrin activation in modulating gene transfer.
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One method of determining integrin specificity is to control the conformational stability of
the RGD-containing ninth and tenth domains of fibronectin (Fn 1119-10) by introducing
either a Leu-Pro point mutation at position 1408 (9*10) or a labile 4 x Gly linker (9(4G)10)
between the two domains; these variants have been demonstrated to preferentially bind to
a3/a5p1 or avP3 integrins, respectively[36,38]. In place of RGD, these recombinant
fibronectin fragments were covalently tethered to the HA-Norb backbone at a final
concentration of 5 UM and used to form microgels. This concentration was chosen in light of
previous studies which demonstrated spreading with fibronectin fragment concentrations of
that magnitude, levels comparable to spreading observed in environments with RGD
concentrations on the order of 102 uM[37,39]. The annealed MAP stiffness and size of
microgels were also kept constant at a G’ of 222 Pa and sieving range 100-200 um,
respectively. HDFs cultured in MAP gels which preferentially activate a3/a5p1 integrins
exhibited lower average cell surface area than in MAP gels which preferentially activate
avp3 integrins (Figure 8A-C). However, a3/a5B1-activating gels interestingly resulted in
higher overall proliferation and, notably, higher transgene expression after transfection
despite less spreading (Figure 8D-E).

In investigating effects of both physical and cell-adhesive properties of MAP scaffolds on
cell behavior, we noticed that the extent of cell spreading appeared to correlate with cell
proliferation and that both properties appeared to correlate with transgene expression in
studies of microgel size, stiffness, and RGD concentration. The trends were maintained even
after normalizing expression to proliferation levels at time of transfection at day 2
(Supplementary Figure 2). This is consistent with previous 2-D studies of preosteoblasts and
mesenchymal stem cells which found similar trends[7,9,40]. However, we speculate that
proliferation more heavily influences gene transfer and transgene expression, given our
finding that a3/a5p1-activating gels increased overall proliferation and transgene expression
despite a decrease in spreading. This suggests that integrin-dependent differences in gene
transfer may in fact be independent of the extent of cell spreading, with a stronger
correlation to proliferation (Figure 8). The dependence of polyplex-mediated gene transfer
on cell cycle has previously been reported in 2-D[41]. Transgene expression was 10x-50x
higher when polyplex-mediated transfection occurred during S, G2, or M phases of cell
division, perhaps due to nuclear membrane degradation during phases closer to the mitotic
M phase. This suggests that if certain substrate characteristics can trigger increased cell
proliferation, this can directly affect the ability of seeded cells to be efficiently transfected
and subsequently significantly increase downstream transgene expression.

4 Conclusion

In this study, we performed /n vitro studies to examine how MAP hydrogel properties can be
tuned to enhance non-viral gene transfer from polyplexes. Microgel diameters of 60-200
um, increased microgel stiffness, RGD concentrations of at least 500 uM, and an RGD
clustering ratio of less than 12 mmol RGD:mmol HA resulted in the highest transgene
expression. These modifications initially appeared to correlate both with cell spreading and
cell proliferation. However, MAP gels which preferentially activated p, integrins resulted in
enhanced proliferation and transgene expression but decreased average cell spreading,
decoupling the trend of proliferation from spreading and suggesting that transgene
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expression may be independent of cell spreading. Overall, these findings demonstrate that
MAP scaffolds can serve as a highly tunable platform for studying polyplex-mediated gene
transfer in a homogeneously seeded, uniformly transfected 3-D culture environment. These
findings will also inform future design criteria when integrating non-viral gene delivery with
therapeutically relevant MAP scaffolds for tissue repair /n vivo.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Overview of HA-Norb and PEG-Tet synthesis. A) 2-step reaction for HA-Norb synthesis

from hyaluronic acid and NMA. The the carboxylic acids on the HA polymer were activated
using DMTMM, followed by overnight reaction with NMA to add the norbornene groups.
B) Thiol-ene reaction for PEG-Tet synthesis from 4-arm PEG-thiol and Tet-PEG-Mal.
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Fig. 2.
Characterization of MAP gel properties. A) Confocal microscopy images of Alexa Fluor

647-tagged HA microgels after swelling and sieving to collect gel between the 20-60 Im
filters, between the 60-100 Im filters, and between the 100-200 Im filters. Scale bar = 100
Im. B) Relative frequency histogram of size distributions of gel collected between the
different sieving ranges. Dashed lines indicate filter pore size. C) Z-stack of annealed MAP
gel using gel collected between the 60-100 Im filters. D) Visualization of void space within
the MAP scaffold by using high-molecular-weight TRITC-dextran to fill pores of MAP gel.
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Scale bar = 200 Im. E) IMARIS rendering of void space volume from z-stack in Fig. 1D.
Scale bar = 200 Im. F) Void space fraction of annealed MAP gel consisting of the different
sieving ranges as calculated from IMARIS renderings of void space volume, for a constant
crosslinking ratio of 14. Storage moduli of G) nonporous HA-Norb gels and H) annealed
MAP gel with microgels crosslinked at different crosslinking ratios as measured by
oscillation rheometry with average storage moduli noted above each condition. (*p < 0.05,
**p < 0.01, and ***p < 0.001).
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Characterization of HDF culture and polyplex distribution, transgene expression, and cell
viability following transfection in MAP gels. A) 3-D rendering of z-stack of HDFs (actin in
red, nuclei in blue) cultured in MAP gels 2 days after seeding. IMARIS was used to generate
a volume render of the MAP gel of the left half of the image. Scale bar = 150 Im. B) 3-D
render of HDFs cultured in MAP gels (MAP gel not shown) with YOYO-1-labelled
polyplexes (green) after 4 h of polyplex exposure. Scale bar = 200 Im. C). 3-D render of co-
localization of YOYO-1 polyplexes and cell actin after 4-hour transfection in MAP gel.
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Vertical axis represents the z-axis. D) Quantification of area of polyplex and actin co-
localization along z-axis. E) Transgene expression of HDF culture in MAP gels over time as
a function of DNA polyplex dose (*p < 0.05 and ***p < 0.001). F) Relative cell viability
over time as measured using the PrestoBlue assay as a function of DNA polyplex dose (*p <
0.05 between 0.5 Ig and other two conditions; +p < 0.05 between 0.5 Ig and 0.125 Ig). (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Effect of microgel diameter on HDF spreading and transfection in MAP gels. A) 3-D
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renders and B) aerial views of HDF spreading (actin in red, nuclei in blue) in MAP gels of
different microgel sizes after 2 days of culture. Scale bar = 150 Im. C) Quantification of
average cell surface area in each size condition using IMARIS. D) Relative cell activity/
proliferation 2 days after seeding using PrestoBlue assay. E) Cumulative transgene
expression 2 and 6 days after transfection. (*p < 0.05, **p < 0.01, and ***p < 0.001).(For
interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 5.

Effect of MAP gel stiffness on HDF spreading and transfection in MAP gels. A) 3-D renders
and B) aerial views of HDF spreading (actin in red, nuclei in blue) in MAP gels of different
storage moduli after 2 days of culture. Scale bar = 150 Im. C) Quantification of average cell

surface area in each stiffness condition using IMARIS. D) Relative cell activity/proliferation

2 days after seeding using PrestoBlue assay. E) Cumulative transgene expression 2 and 6
days after transfection. (*p < 0.05, **p < 0.01, and ***p < 0.001).(For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 6.

Efgll’ect of RGD concentration on HDF spreading and transfection in MAP gels. A) Schematic
of RGD presentation in conditions of varying RGD concentrations. B) 3-D renders and C)
aerial views of HDF spreading (actin in red, nuclei in blue) in MAP gels of different RGD
concentrations after 2 days of culture. Scale bar = 150 Im. D) Quantification of average cell
surface area in each RGD concentration condition using IMARIS. E) Relative cell activity/
proliferation 2 days after seeding using PrestoBlue assay. F) Cumulative transgene
expression 2 and 6 days after transfection. (*p < 0.05, **p < 0.01, and ***p < 0.001). (For
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interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Effect of RGD clustering ratio (mmol RGD/mmol HA) on HDF spreading and transfection
in MAP gels. A) Schematic of RGD presentation in conditions of varying RGD clustering
ratios. B) 3-D renders and C) aerial views of HDF spreading (actin in red, nuclei in blue) in
MAP gels of different RGD clustering ratios after 2 days of culture. Scale bar = 150 Im. D)
Quantification of average cell surface area in each RGD clustering condition using IMARIS.
E) Relative cell activity/proliferation 2 days after seeding using PrestoBlue assay. F)
Cumulative transgene expression 2 and 6 days after transfection. (*p < 0.05, **p < 0.01, and
***p < 0.001). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 8.

Ef?’ect of integrin specificity as controlled by cell adhesion ligand on HDF spreading and
transfection in MAP gels. A) 3-D renders and B) aerial views of HDF spreading (actin in
red, nuclei in blue) in MAP gels of different cell adhesion ligand (fibronectin fragment 9*10
or fibronectin fragment 9(4G)10 after 2 days of culture. Scale bar = 150 Im. C)
Quantification of average cell surface area in each integrin ligand condition using IMARIS.
D) Relative cell activity/proliferation 2 days after seeding using PrestoBlue assay. E)
Cumulative transgene expression 2 and 6 days after transfection. (*p < 0.05, **p < 0.01, and
***p < 0.001). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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