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Abstract

Gene delivery using injectable hydrogels can serve as a potential method for regulated tissue
regeneration in wound healing. Our microporous annealed particle (MAP) hydrogel has been
shown to promote cellular infiltration in both skin and brain wounds, while reducing
inflammation. Although the scaffold itself can promote healing, likely other signals will be
required to promote healing of hard to treat wounds. Gene delivery is one approach to introduce
desired bioactive signals. In this study, we investigated how the properties of MAP hydrogels
influence non-viral gene delivery of polyethylenimine (PEI) condensed plasmid to cells seeded
within the MAP gel. From past studies, we found that gene transfer to cells seeded in tissue culture
plastic differed from gene transfer to cells seeded inside hydrogel scaffolds. Since MAP scaffolds
are generated from hydrogel microparticles that are approximately 100um in diameter, they
display local characteristics that can be viewed as two dimensional or three dimensional to cells.
Thus, we sought to study if gene transfer inside MAP scaffolds differed to gene transfer to cells
seeded in tissue culture plastic. We sought to understand the roles of endocytosis pathway, actin
and microtubule dynamics, RhoGTPases, and YAP/TAZ on transfection of human fibroblasts.

Graphical Abstract

Supporting Information Description

The supplemental results give more details on the transfection efficiency and GLuc expression results for the pathways explored
(Figures S1-S2). The supplemental methods further describe the custom cell culturing device that was created to prepare the MAP gel
and cells for transfection studies, with a schematic and model shown in Figure S3.
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Introduction

While non-viral gene delivery has been used in the development of therapies for tissue
regeneration, its level of widespread adoption has been limited by overall low transfection
efficiency. Therefore, strategies to increase the efficiency of non-viral gene delivery are
critical to improving biological studies both /n vitroand in vivo. While there has been
considerable research done on improving gene carriersl-2 and vector DNA constructs3, 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?, extracellular matrix protein composition®8, cell adhesion ligand
presentation and concentration’ 8, substrate stiffness8, and surface topography2.
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 more accurately mimics the
native tissue environment, serving as a better /n7 vitro model to study biological processes or
to test new therapies!®. The locally observed cellular microenvironment is especially
relevant to the development of new hydrogel biomaterials used to locally deliver therapeutic
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genes to scaffold-infiltrating cells for regenerative medicine applications such as in wound
healing, stroke recovery, cartilage and bone regeneration.

Our laboratory recently developed microporous annealed particle (MAP) hydrogels, the first
injectable porous scaffold. This scaffold is composed of hydrogel microparticles (ugels) that
are annealed to each other forming a granular solid. Along the boundaries of the pgels void
spaces or “pores” are generated that are large enough for cell infiltration of endogenous cells
in vivo or cell spreading and proliferation in vitrot213, When used for cell culture in vitro,
the pgels can be mixed with the cells prior to annealing such that the cells are homogenously
dispersed in the gel. Using this approach we have found that MAP scaffold allows cell
proliferation and extensive cell spreading throughout the scaffold differently from culture in
nonporous hydrogels, as rates of cell spreading and infiltration are no longer dependent on
the local cell-mediated degradation of the hydrogel'314. In addition, the MAP scaffold
shows significant promise in promoting tissue regeneration largely due to its inherent porous
structure and the ability to seamlessly fill the wound cavity from its injectable-nature. In a
murine cutaneous wound healing model, MAP scaffold injections accelerated tissue
formation and vascularization2. Similarly, in a murine stroke model, the MAP scaffold
reduced inflammation, increased peri-infarct vascularization, and induced migration of
neuroprogenitor cells into the stroke site14. Coupling such a material with the therapeutic
potential of non-viral gene delivery may yield positive outcomes for therapy development.

Since our laboratory has previously demonstrated that dimensionality affects the
mechanisms by which cationic polymer-mediated gene transfer occurs?®, specifically for the
commonly used linear PEI, here we sought to understand if and how gene transfer in MAP
cell culture would differ from that in 2-D cell culture on tissue culture plastic. Based on
previous studies in nanoporous hydrogels!®16, the roles of endocytic pathways, cytoskeletal
dynamics, and RhoGTPase-mediated signaling in transfection from cells cultured in MAP
were investigated in comparison to 2-D culture (Figure 1). Ultimately, enhancing knowledge
of these mechanisms will enable the development of strategies to increase gene transfer
efficiency from therapeutically relevant MAP hydrogels.

Results and Discussion

Analysis of gel physical properties and cell culture in MAP scaffolds

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. NMR analysis of the modified polymer revealed that
41.9% of the HA monomers were reacted to contain the norbornene functional group. 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 (Figure 2A). 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 60-100 pm to generate a microgel population of reduced
polydispersity (Figure 2B). The average diameter and standard deviation of this population
was 86.0 £ 20.3 um.
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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. 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). The average void fraction of the porous scaffolds was
determined to be 0.22 + 0.06.

We next characterized the rheological properties of the MAP scaffolds used in this study to
verify consistency with recent work and ensure that the gels were an appropriate stiffness for
the cell culture. After using the crosslinking ratio of 14 mmol SH:mmol HA to generate
microgels, 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, measured to be 1813 + 315 Pa (data not shown), 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, measured to be 223 + 67
Pa, provides an overall characterization of the bulk rheological properties of the scaffold as a
whole (Figure 2D). We believe that taken together, these two measurements provide a more
comprehensive characterization which is relevant to cell mechanosensing of the
microenvironment.

Lastly, the spreading of human dermal fibroblasts and subsequent transfection in the MAP
scaffolds were visually assessed through seeding cells in the MAP scaffold, annealing the
microgels, culturing, and fixing and staining (Figure 3A and 3B). At day 2 of culture,
substantial spreading was observed, showing that the cells were sufficiently acclimated to
the 3-D scaffold. Following cell growth in the 3-D culture, cells were transfected with jetPEI
polyplexes to characterize polyplex diffusion into the gel and uptake by cells (Figure 3C).
Plasmid DNA was mixed with the fluorescent intercalating dye, YOYO-1. There is concern
for polyplex interactions within hyaluronic acid (HA) gels since the charged interactions
have been shown /n vitro to induce polyplex aggregation?2:23, aside from the PEG-Tet
crosslinker and steric interactions®24. Based on confocal microscopy and z-stacks, the
percent co-localization of YOYO-1 polyplexes was visually observed in IMARIS (Figure 3D
and 3E), and then quantified for the distribution relative to seeded cells based on overlapping
regions of fluorescence (Figure 3F). As shown, diffusional limitations were negligible as the
polyplexes were able to be fully distributed throughout the gel and localize closely with that
of the cells, with a total co-localization of 35.1% and an average of 18.0 £ 5.1% across the
entire gel volume.

Analyzing dependence of endocytic, cytoskeletal, RhoGTPase, and YAP/TAZ pathways on
transfection

We wanted to study the role of various pathways and processes, specifically those
contributing to endocytosis, cytoskeletal dynamics, and RhoGTPase- and YAP/TAZ-
mediated pathways, in gene transfer in MAP gel culture compared to cells plated in 2-D on
conventional 2-D tissue culture plastic (Figure 3C). Previous studies have demonstrated in
both 2-D and 3-D culture that transfection occurs preferentially through specific endocytic
pathways and that the nature of the dependence differs as a function of dimensionality®1°,

Bioconjug Chem. Author manuscript; available in PMC 2020 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Truong et al.

Page 5

Micropinocytosis, caveolae-mediated endocytosis, and clathrin-mediated endocytosis were
directly and indirectly inhibited using various chemical inhibitors which were administered
before and during transfection (Figure 1). It was determined that inhibition of
micropinocytosis and caveolae-mediated endocytosis enhanced transgene expression in 2-D
but decreased transgene expression in MAP gels (Figure 4). Direct inhibition of clathrin-
mediated endocytosis using chlorpromazine significantly decreased transgene expression in
both 2-D and MAP culture conditions, while there was no significant effect with indirect
inhibition of dynamin via dynasore treatment. However, from this and past studies,
transfection within hydrogels is less efficient than direct 2-D transfections?2:25, with
approximately 10-fold less expression from MAP based on the Relative Luminescence Units
for the luciferase assay (Figure S1). Due to the differences and wanting to infer clear trends
on the mechanism rather than simply transfection efficiency, as this had been covered in our
previous work, the data was normalized with respect to the “no treatment” control for each
2-D or MAP conditions (Figure 4). Together these findings suggest that gene transfer in 2-D
predominantly occurs through clathrin-mediated endocytosis, while the more consistent
suppression of gene transfer in MAP culture across all endocytic pathways suggests that
gene transfer in MAP is dependent not only on clathrin-mediated endocytosis, but also to
some extent on micropinocytosis and caveolae-mediated endocytosis. A previous study
investigating the effects of inhibition of endocytic pathways in D1 mouse mesenchymal stem
cells observed a dependence of gene transfer on both caveolae- and clathrin-mediated
endocytosis in both 2-D and nonporous 3-D hydrogels®; however, the dominant
internalization route of polyplexes seems to be cell line dependent, suggesting that
comparisons drawn between findings in different cell lines may not necessarily be true26.

The role of cytoskeletal dynamics in gene transfer in MAP gels and 2-D culture was studied
by inhibiting actin, myosin, and microtubule dynamics (Figure 1). Previous studies have
illustrated the importance of cytoskeletal activity in gene transfer mechanisms, mostly in 2-
D culturel6.27.28 \while there was no significant effect of inhibition of actin polymerization
via cytochalasin D, expression significantly decreased with jasplakinolide administration
(Figure 5). Jasplakinolide enhances the frequency of actin nucleation; however, it does so at
the expense of actin polymeric organization, adversely affecting endosomal trafficking?®.
This suggests that organized actin polymerization may be necessary for transfection in MAP
gels, but not so for 2-D culture. Stabilization of microtubules with paclitaxel enhanced
transgene expression both in 2-D and in MAP gels, while inhibition of microtubule
polymerization with nocodazole resulted in a decrease in expression, suggesting a strong
dependence of polyplex trafficking on microtubule dynamics. Previous reports have also
similarly identified the importance of microtubules in the trafficking of polyplexes towards
the nucleus?”:28.30,

Next, the roles of the RhoGTPases Rho, Rac, and Cdc42 in the gene transfer process were
investigated (Figure 1). Rho proteins are GTPases which regulate a variety of cell processes
but play an integral role in mediating integrin binding to the cell’s ECM and actin
cytoskeletal and microtubule dynamics in response to that1631, The Rho, Rac, and Cdc42
GTPases have previously been shown to regulate cell polarity, lamellipodial protrusion, and
cell adhesion during migration in 2-D18. Inhibition, activation, and overexpression of
RhoGTPases have also been shown to modulate the intracellular processing of polyplexes in
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2-D16, Here, inhibition of RhoA/B/C using C3 transferase significantly decreased transgene
expression in MAP gels, with a nonsignificant effect in 2-D (Figure 6). A similar pattern was
seen in the inhibition of ROCK, a downstream effector of RhoA. However, inhibition of
PAKZ1, a downstream effector of Rac and Cdc42, with IPA-3 increased transgene expression
in 2-D but decreased expression in MAP gels, suggesting a difference in gene transfer
mechanism between 2-D and MAP gels. Activation of Rho, Rac, and Cdc42 resulted in a
significant increase in transfection in MAP gels but no significant effect in 2-D. However,
the activation of RhoA/B/C resulted in a decrease in transgene expression in both 2-D and
MAP gels, suggesting that the activation of Rac and Cdc42 may be more integral to gene
transfer in MAP gels.

It was noted that both Rac and Cdc42 have separate activities on actin polymerization;
however, there are currently no suitable methods to differentiate between Rac and Cdc42
activation due to their similarity in function for agonists and relation to the Rho
pathway16:17:32-34 \\e were able to identify a candidate agonist that was specific for Rho
(A/BIC), which did not have effects on Rac/Cdc42 activity!>16. Some studies have been
able to isolate the actin behavior by knocking-out Rho or Rac32, but this causes many other
phenotypic changes that would prevent accurate results in our MAP hydrogels. A few
agonists have been identified for Rac and RhoAl7:34, excluding Cdc42 effects, but this still
does not distinguish between the remaining two. Should agonists be developed for Rac and
Cdc42 that can distinguish their separate activities from RhoA, it would be a valuable
contribution the understanding the endocytosis mechanism. In addition, the effect of
Rho/Rac/Cdc42 is dependent on the cell infiltration and spreading within the hydrogel,
which varies based on its physical properties. As we have previously shown, the transfection
efficiency changes based on the local environment, aside from using other hydrogel scaffold
systems such as pre-cast porous®2° or nanoporous!6:22 hydrogels. Due to the many
variables involved in generating MAP gels, from bead stiffness, porosity, RGD clustering,
size, and resulting void space, only one set of parameters was selected for this study to be
characterized for the pathway differences that regulate transgene uptake and expression. This
follows previous work that shows similar effects from the Rho/Rac/Cdc42 inhibitors and
activators?8, but the trends do vary since the scaffold changes how cells interact. Future
studies may look to other gel parameter conditions and see how that affects the pathway
response differently, given that the end transfection efficiency does differ.

Lastly, the role of YAP/TAZ (Yes-associated protein/Transcriptional coactivator with PDZ-
binding motif), a key sensor and regulator of cell mechanotransduction?:35, in gene transfer
was studied (Figure 1). YAP/TAZ relays extracellular mechanical cues to the nucleus,
thereby triggering downstream pathways36. It has been shown to play an integral role in the
stiffness-dependent differentiation of mesenchymal stem cells and in fibroblast activation
and fibrogenesis as a function of substrate stiffness?1:37, and YAP/TAZ nuclear localization
has been shown to be correlated with the extent of cell spreading6. Given that multiple
studies have reported a consistent correlation between cell spreading and gene transfer, we
next investigated whether gene transfer is dependent on YAP/TAZ-mediated signaling,
which has not been studied prior to this study. YAP was inhibited with the administration of
verteporfin, which upregulates a chaperon protein that localizes YAP in the cytoplasm and
targets it for degradation38. Inhibiting YAP resulted in a dramatic decrease in transgene
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expression in both 2-D and MAP gels to near-zero levels (Figure 6), demonstrating that
YAP/TAZ signaling is integral to gene transfer. The dependence of gene transfer on stiffness
and cell adhesion ligand presentation may also be mediated by YAP/TAZ, but further studies
will need to be conducted to verify this mechanism. The YAP/TAZ relation to the Rho/Rac/
Cdc42 endocytosis mechanism has only been understood so far through actin dynamics;
however, several targets would be beneficial to evaluate and determine their role in the
endocytosis pathway between 2-D and MAP, including the Rho activator AKAP-Lbc20 and
Rho-ROCK effector CFL39, apart from indirect actin regulation via TEAD384041 Fyture
studies may help to evaluate which mechanism is used specifically in endocytosis to relate
RhoA directly to YAP regulation and resulting microtubule effects for cell spreading.

Conclusions

Methods

In this study, we performed /n vitro studies to examine pathways responsible for polyplex-
mediated gene transfer in a 3-D MAP scaffold as compared to standard 2-D culture. By
analyzing the role of endocytic pathways, cytoskeletal dynamics, and RhoGTPases and
YAP/TAZ, which are important downstream mediators of integrin signaling, we determined
that: (1) clathrin-mediated endocytosis is less dominant in driving gene transfer in MAP gels
than in 2-D culture; (2) as in 2-D culture, microtubule dynamics are integral to polyplex
trafficking and efficiency of gene transfer; (3) Rac and Cdc42 may be important to the
efficiency of polyplex-mediated gene transfer; and (4) as in 2-D culture, YAP activity is
crucial to enabling gene transfer. These findings will help to improve non-viral gene delivery
methods from our therapeutically relevant MAP scaffolds by influencing cell pathway
response, enhancing transfection and tissue repair /n vivo.

Preparation of hyaluronic acid-norbornene (HA-Norb)

As depicted in Figure 7A, 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. The
two solutions were combined and stirred for 10 min to allow for activation of the carboxylic
acid. 0.677 mL 5-norbornene-2-methylamine (TCI America, Portland, OR) was added
dropwise to the reaction mixture, 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, flash-frozen, and lyophilized. The extent of
modification was confirmed via *H-NMR spectrometry. 1H NMR shifts of attached
norbornene groups in the product in D20 are 6 = 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.
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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),
each dissolved in 0.5 mL dichloromethane (DCM). 1 pL of trimethylamine was added and
the mixture was allowed to stir at 25°C for 4 hours while protected from light. The reaction
product was precipitated in 50 mL of cold diethyl ether and allowed to dry under vacuum
overnight.

HA microgel formation and purification

As depicted in Figure 7B, 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 500 yuM, 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. 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. 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 200um, 100um, 60um, and 20um (PluriSelect, Leipzig, Germany) pore size strainers.
During sieving, microgels were washed with 10mL 1% Pluronic in PBS and 50mL 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.

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 1300 microgels.

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 min. Excess liquid
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was removed, and 15 uL of gel was pipetted into each well and allowed to anneal for 1 hour
at 37°C.

Preparation of cell culturing devices

A custom negative mold was printed using a 3-D, 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
uL of media. Specific dimensions of the mold, and subsequently the PDMS wells, can be
found in Figure S3. 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.

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 four measurements were made for each
MAP scaffold.

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 L of the gel precursor solution was
prepared as described previously 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 pL microgels
with PEG-Tet were pipetted directly onto the rheometer stage. The measuring position was
set to 1mm 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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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 105 cells were pelleted by centrifugation at 250 x g for 5 minutes. Media supernatant
was aspirated, and equilibrated microgels in PEG-Tet solution (prepared as previously
described) were then added to the cell pellet and mixed thoroughly by pipetting. Importantly,
prior to gel/cell seeding, 6 UL 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).

Cell staining and imaging
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. IMARIS was used to analyze cell spreading in z-stacks to
calculate the total cell surface area from spreading after 2 days for each sample.

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 NaCl
and 0.5 pL jetPEI was diluted in a separate tube in 10 pL of 150 mM NaCl. 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 min 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 based on overlapping regions of flourescence in the z-stack to
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confirm consistent transfection throughout the z-direction. As described previously2°:42:43,
surface area construction was performed for the polyplex and cell actin channels in the z-
stacks using IMARIS, followed by using the co-localization toolbox (Manders coefficient
analysis) to generate overlay regions where polyplexes and cells shared similar voxels within
0.1 um and relate to non-colocalized cell surface area. This was then displayed as a trend
across each z-stack to show uniform diffusion and localization of polyplexes within the
MAP void spaces.

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 pL 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). To account for transfection efficiency
differences between 2-D and MAP cultures, expression data was normalized to the control
group for relative transgene expression. Cell cultures were also assessed for viability using
the PrestoBlue proliferation assay (Thermo Fisher Scientific) according to the manufacturer
protocol. Briefly, reagent dye was diluted in 150 pL of cell media, replacing the previous
media in the wells (2-D) or cell culture device (MAP). Following a 1 hour incubation at
37°C, the media was transferred to a clear 96-well plate for fluorescence measurement
(excitation at 560 nm, emission at 590 nm). A blank control was subtracted as background,
and the values normalized to the control for viability.

Endocytic pathway inhibition

Analysis of endocytic pathways was performed using various small molecule inhibitors
(Table 1) as described in another study®. All inhibitors were purchased from Sigma-
Aldrich.

Macropinocytosis was inhibited using 100 uM amiloride, caveolae-mediated endocytosis
was inhibited using 200 pM genistein and 0.1 mM methyl-B-cyclodextrin, and clathrin-
mediated endocytosis was inhibited using 10 pg/mL chlorpromazine and indirectly inhibited
using 50 uM dynasore. Inhibitor pretreatment of cells was administered 2 days after seeding
cells in MAP gels. For comparison to 2-D cell culture, 1.8 x 10* HDFs, which is the same
number of cells seeded per 15-uL MAP gel, were seeded per well in a 48-well tissue-culture
plate for 16 hours before pretreatment with inhibitors. For genistein, chlorpromazine, and
amiloride, the pretreatment was administered for 0.5 and 1.5 hours for cells cultured in 2-D
and MAP gels, respectively. For methyl-B-cyclodextrin and dynasore, cells were pretreated
for 1 hour in both 2-D and MAP gels. After the initial pretreatment with pathway inhibitors,
0.25 pg polyplexes were added to each well for a 4-hour transfection in the presence of the
inhibitors. The media was then replaced with fresh media. Transgene expression was
analyzed on samples of media collected from the wells 2 days after transfection for all
culture samples.
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Cytoskeletal inhibition and activation

RhoGTPase

All cytoskeletal inhibitors and activators (Table 1) were purchased from Sigma-Aldrich. 20
UM cytochalasin D was used to inhibit actin polymerization, 10 uM nocodazole was used to
depolymerize microtubules, and 10 mM butanedione monoxime was used to inhibit myosin
ATPase. 20 nM endothelin I, 500 nM jasplakinolide, and 10puM paclitaxel were administered
to activate actin/myosin, actin, and microtubule dynamics, respectively. 2-D cell cultures
were prepared as described above. Pretreatment was administered for 1.5 hours for all
inhibitors, 2.5 minutes for endothelin I, and 2 hours for the other activators. After the
pretreatment, 0.25 pg polyplexes were added to each well for a 4-hour transfection in the
presence of the inhibitors/activators. The media was then replaced with fresh media.
Transgene expression was analyzed on samples of media collected from the wells 2 days
after transfection.

and YAP/TAZ inhibition and activation

All inhibitors and activators (Table 1) were purchased from Cytoskeleton, Inc. (Denver, CO)
unless otherwise stated. RhoA, B, and C were inhibited using 1 pg/mL C3 transferase with a
4-hour pretreatment, ROCK was inhibited using 10 uM Y27632 (Selleck Chemicals,
Houston, TX) for a 30-minute pretreatment, and PAK1 was inhibited using 10 pM IPA-3
(Sigma-Aldrich) for a 30-minute pretreatment. To test RhoGTPase activation, 2-D and MAP
gel cultures were serum starved for 8 hours prior to 4-hour pretreatment with 1 pg/mL
Rho/Rac/Cdc42 activator or 1 pg/mL Rho activator Il. YAP was inhibited using 3 uM
verteporfin (Sigma-Aldrich) for a 12-hour pretreatment. After the pretreatment, 0.25 g
polyplexes were added to each well for a 4-hour transfection in the presence of the
inhibitors. The media was then replaced with fresh media. Transgene expression was
analyzed on samples of media collected from the wells 2 days after transfection.

Statistical analysis

Statistical analysis and plotting were performed using Prism 6. Experiments were repeated
two times with three to four independent gel samples in each experiment. Statistics assumed
that gel samples, which were cast independently, were statistically independent from each
other. All error is reported as the standard deviation of error (SD). Statistical analysis was
conducted using one-way ANOVA with correction for multiple comparisons using Dunnett’s
post-hoc test as compared to no-treatment control for 2-D or for MAP. For each treatment, 2-
D and MAP were compared to each other using unpaired two-tailed t tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Polyplex internalization pathways, driven by mediators, cytoskeleton movements, and
GTPase signaling. While many more pathways influence those shown, in addition to
feedback control from extracellular and intracellular factors, the simple overview highlights
the key mechanisms of interest and methods for inhibition or activation for know effectors
RhoA, Rac, and Cdc4216-18, The YAP/TAZ pathway was also explored as past studies have
shown a possible relation between Rho and actin polymerization regulation through
YAP19-21 Note that bold arrows indicate the general flow for cascades as it related to
polyplex uptake and processing or membrane resturcturing, with dotted arrows indicating
cross-pathway interactions between different cascades.
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Figure 2.
Characterization of MAP gel formation and scaffold properties. (A) Imaging of stained

MAP gel from bulk mixing, used to determine size in ImageJ from binary. Scale bar = 400
um. (B) Size distribution of MAP gel diameters for 60—100 um sieve, binned at intervals of 5
from 0-300 um. Dashed lines indicate filter pore size. (C) 3-D image of annealed MAP
scaffold. IMARIS was used to generate a volume render of the gel. Scale bar = 200 um. (D)
Rheological properties of the scaffold, with storage modulus, G’, and loss modulus, G”, for
a given angular frequency.
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Figure 3.

Characterization of HDF cell culture and transfection in MAP gels. (A) 2-D confocal image
of single z-stack for HDF cells (actin in red, nuclei in blue) cultured in MAP gels 2 days
after initial seeding. Scale bar = 150 um. (B) 3-D rendering of z-stacks of HDFs 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 = 200 um. (C) Overview of cell culture and
transfection methods, with 1.) traditional 2-D (plate) transfection, and 2.) 3-D MAP
transfection. *Note that the order and incubation time for inhibitor and polyplex addition
varied per study (refer to Methods and Table 1). (D) 3-D rendering of cells 4 hours after
transfection, with a cutaway showing the presence of YOYO-1 stained polyplexes and
phalloidin/DAPI stained cells. Scale bar = 200 um. (E) Gel rendering with only the space
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occupied by polyplexes visualized in a 3-D and side view, showing homogeneous
distribution throughout the scaffold. Scale bar = 200 um. (F) Quantification of polyplex
distribution relative to phalloidin-stained actin for cells through the total z-stack, based on
the cell surface area and overlapping regions with polyplexes.
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Figure 4.
Effects of endocytic inhibitors on transgene expression 2 days after bolus transfection with

polyplexes of HDFs cultured on tissue culture plastic (2-D) or in MAP gels. Statistical
analysis was conducted using one-way ANOVA with correction for multiple comparisons
using Dunnett’s post-hoc test (* p< 0.05, ** p< 0.01, and *** p< 0.001) as compared to
no-treatment control for 2-D or for MAP. For each treatment, 2-D and MAP were compared
to each other using unpaired two-tailed t tests (* p< 0.05, ** p<0.01, and *** p< 0.001).
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Figure5.
Effects of cytoskeletal inhibitors and activators on transgene expression 2 days after

transfection. Statistical analysis was conducted using one-way ANOVA with correction for
multiple comparisons using Dunnett’s post-hoc test (* p< 0.05, ** p<0.01, and *** p<
0.001) as compared to no-treatment control for 2-D or for MAP. For each treatment, 2-D and
MAP were compared to each other using unpaired two-tailed t tests (* p< 0.05, ** p<0.01,
and *** p<0.001).

Bioconjug Chem. Author manuscript; available in PMC 2020 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Truong et al.

Page 23

Il 2-D 1 MAP

Normalized expression
"

+ + + +++
i I
1—~ * * B T
0- irTw ill‘ ’ll ﬁl:_Ll
X

5 W07 Y S Ov\{b S
P UGN IO SO RN
TR K xS
2 Q’/\Q) N4 Q\”(\O k\\\ {\Q,Q
\Q}(b * \\X o (5'\'0 A@
® NS
o & ¥
N
© ¥
Figure®6.

Effects of inhibitors and activators of RhoGTPases and inhibition of YAP on transgene
expression 2 days after transfection. Statistical analysis was conducted using one-way
ANOVA with correction for multiple comparisons using Dunnett’s post-hoc test (* p < 0.05,
** p<0.01, and *** p< 0.001) as compared to no-treatment control for 2-D or for MAP.
For each treatment, 2-D and MAP were compared to each other using unpaired two-tailed t
tests (f p< 0.05, ** p<0.01, and *** p< 0.001).
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Figure7.
Microgel production for MAP. (A) Formation of hyaluronic acid — nobornene (HA-Norb).

(B) Addition of RGD peptide and DTT crosslinking of HA-Norb to form MAP gels.
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Table 1.

Overview of inhibitors and activators for internalization, contractility, and signalling pathways. Note that the
time of treatment refers to the duration for drug exposure before 0.25 uM polyplexes were added to the
solution. Media was replaced only after the 4-hour polyplex incubation time. *Specific for the RhoGTPase
activators, pretreatment was in serum-free media.
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Time of treatment

Drug Target Function  Concentration
2-D culture  MAP culture

Chlorpromazine Clathrin Inhibitor 10 ug/mL 0.5 hours 1.5 hours
Dynasore Dynamin (indiretly clathrin) Inhibitor 50 uM 1 hour
Genistein Caveolae Inhibitor 200 uM 0.5 hours 1.5 hours
Methyl-p-cyclodextrin Caveolae Inhibitor 0.1 mM 1 hour
Amiloridae Macropinocytosis Inhibitor 100 uM 0.5 hours 1.5 hours
Cytochalasin D Actin polymerization Inhibitor 20 uM 1.5 hours
Nocodazole Microtubule depolymerization  Inhibitor 10uM 1.5 hours
Butanedione monoxime Myosin-ATPase Inhibitor 10 mM 1.5 hours
Jasplakinolide Actin polymerization Activator 500 nM 2 hours
Paclitaxel Microtubule depolymerization  Activator 10uM 2 hours
Endothelin | Myosin-ATPase Activator 20 uM 2.5min

C3 transferase Rho Inhibitor 1 ug/mL 4 hour
Verteporfin YAP/TAZ Inhibitor 3uM 12 hours

IPA-3 PAK1 (indirectly Rac, Cdc42)  Inhibitor 10 uM 30 min

Y27632 ROCK (indirectly RhoA) Inhibitor 10uM 30 min
Rho/Rac/Cdc42 activator  Rho, Rac, Cdc42 Activator 1 ug/mL 12 hours*

Rho director activator 11 Rho Activator 1 ug/mL 12 hours*
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