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ABSTRACT: Biophysical cues in the extracellular matrix (ECM) Combinatorial Hyaluronic Acid Hydrogel Array
regulate cell behavior in a complex, nonlinear, and interdependent

manner. To quantify these important regulatory reIationshipgy@tr(}igieI RGD Concentration

gain a comprehensive understanding of mechanotransduction, ————_

there is a need for high-throughput matrix platforms that enab > = ‘

parallel culture and analysis of cells in various matrix conditions. ~— /‘6—»
Here we describe a multiwell hyaluronic acid (HA) platforfin—————+¢ &&*

&

— Celis

which cells are cultured on combinatorial arrays of hydrogels

spanning a range of elasticities and adhesivities. Our stratéjjjnation Device
utilizes orthogonal photopatterning of ngtss and adhesivity

gradients, with the stiess gradient implemented by a programmable light illumination system. The resulting platform allow:
individual treatment and analysis of each matrix environment while eliminating contributions of haptotaxis and durotaxis. In hur
mesenchymal stem cells, our platform recapitulates expected relationships betweemesstriadkésivity, and cell
mechanosensing. We further applied the platform to show that as integrin ligand density falls, cell adhesion and migration de
more strongly on CD44-mediated interactions with the HA backbone. We anticipate that our system could bear great value
mechanistic discovery and screening where matrix mechanics and adhesivity are expatedoteeimotype.

KEYWORDS:mechanobiology, biomaterials, hyaluronic acid, combinatorial matrix arrays

S Ligand Density

INTRODUCTION behavior, there has been mudrtdo engineer combinatorial

Cells in tissue constantly sense and respond to biochemical &4§"09€! systems in which multiple ECM properties can be
biophysical inputs from the microenvironment, including théYStématically and independently varied, analogous to experi-
extracellular matrix (ECM). Cell-ECM biophysical interaction§'ents in which cultured cells are treated with systematic
profoundly impact many biological processes such as stem gaMbinations of small molecules or growth factors to assess
developmerittumor progressig?ﬁ, and immune respondes. Mmultifactorial interactions. For example, we and others have
The relationships between individual matrix parameters adgveloped hydrogel platforms with dual gradients refssti
phenotype are often complex, nonlinear, and interdependeand adhesive peptide density to investigate their couptitsy e

For example, matrix stess can drive cell behavior synergisti-on adhesion, migration, and fate commitMefit.Other

cally or antagonistically with adhesive ligand density, streseamples include hydrogels with orthogonal peptide gradients,
relaxation properties, and surface wettabilifesenchymal  sti ness and roughness gradients, amess and wettability
stem cell (MSC) phenotypes and transcriptomidesrbave radient$®252°These high-throughput hydrogel platforms can
also been rqurted_to be nonlinearly regulated by tppogr.apglé categorized into discrete hydrogel afrdy§ and

and stines$. *° An important barrier to _deconstructlng_ this continuous gradient hydrogdf&2° An important advantage
complex phase space has been the relative paucity of biomatgfig|screte arrays is the ability to isolate cells within a given set of
platforms that allow for combinatorial or parallel deployment ¢f 5ix conditions, thereby eliminating cellular crosstalk across

many matrix conditions simultaneously. - o T :
) o matrix conditions and permitting isolated extraction of cells
Synthetic hydrogels are commonly used to mimic ECM P 9

because of their structural and mechanical similarities to native

ECM and the versatility with which they can be chemicallffeceived: January 14, 2021
functionalizedf* ** Synthetic hydrogel platforms have been/ccepted: April 28, 2021
successfully applied to investigate cellular responses to various

biophysical cues such as matrix mecHari€sadhesiv-

ity,>*%° and topography®* As interest has grown in

understanding how matrix biophysical propertiesrice cell
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Figure 1 Fabrication of the HA hydrogel array platform. (A) Warlof the array fabrication. RGD density is controlled by mixing 10 wt % HA-Me
solutions with varying RGD peptide concentrationseStiis determined by the accumulation of two cross-linkingstepDTT and then by
radical photo-cross-linking. (B) Array itsiédwichassembly with PDMS lid. (C) Top view (upper) and side view (lower) of one gel in the array.

Each gelis3 mmwide and200 mthick. Scale bar: 1 mm. (D) Array assembled with a bottomless 96-well plate. Scale bar: 5 mm (E) Hydrogel array
is photopatterned by a light activation at variable amplitudes (LAVA) device (left). The LAVA device can control 24 independent channels w

programmable intensity and illumination time (right). Purple wells represent channels illuminated with UV light for various exposure times.

and/or media from individual matrix conditions for downstreanmultiwell formats where multiple matrix parameters can be
analysis. varied both independently and in parallel.

Matrix arrays with hundreds or even thousands of gels on ondiere we describe a combinatorial, multiwell hydrogel array
device can be fabricated using dedicated robotic sfidtters. platform in which cells are cultured on hyaluronic acid (HA)
However, specialized instrumentation is needed to constr@&!s with combinations of sess and adhesive RGD peptide

and read these arrays, and the extensive parallelipaded a density. HA is a common backbone of ECM-mimetic hydrogels

by these platforms is not always required. It would also Bg]tésrrs#:a‘?ng]'ggigg%gg%g 'bsvg'ogg?pgghbélﬁtsy%m:\ygy Lose q

advantageous to deploy multiplex hydrogel platforms '%ethacrylated HA (HA-Me) hydrogels with tunable mechanical

standard multiwell culture plate formats, for which a wealth B operties to study cethatrix interactions that depend on
bioanalytical assays has been developed. Althougthave ness, adhesive ligand density, topography, or other

been made to engineer multiwell gel arrays, most notably Bbbphysical cuéé.“° Our approach innovates upon our
assembling gels directly in the wells of standard cultuigeviously described photopatterning strategy, in which we
plates” ** most of these approaches have varied a singigeated orthogonal, continuous gradients afest and

ECM parameter at a time (e.g.,r&ss), and there remains a adhesive ligand densityOur new platform employs discrete
strong need for ECM platforms that can be implemented iBCM wells, made possible by replacing the gradient photomask
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with a custom-designed and programmable LED 4frag.a vortexing at room temperature for at least 1 hour.rithéiA-RGD
result, our platform allows individual treatment and extraction 8fecursor solutions had 5.71 wt % HA-Me but varying RGD
cells from individual matrix environments while eIiminatingao_nJU@lat'On concentrations. HA-RGD precursor solutions were

contributions of haptotaxis and durotaxis. We conducted prodfixed with 5 wt % dithiothreitol (DTT, Thermo Fisher Scnti
. : : : o X PBS to achieve a 0.15 thiol to HA repeat unit ratio (T/H ratio)
of-principle studies with human adipose-derived mesenchy ga nal 5 wt % HA-Me. The hydrogel solution (4 8r gel) was

stem cel[s (hI\/_ISCs) to validate this pllatform and re,C‘?‘pitU|at€?F?|mediate|y pipetted onto the PDL-treated glass stigce(2).
the relationships between matrixngs and adhesivity on The PDMS lid was then placed on top of the coverslip to form a

hMSC morphology. We further applied this platform tosandwich assembFigure B). The assembly was allowed to sit at
investigate the couplingeets of stiness and adhesivity on room temperature in a moisturized chamber overnight for hydrogel
human glioblastoma (GBM) cell spreading, adhesion, anmoss-linking. The following day, the assembly was soakeB$ifar
migration in the presence or absence of the HA-binding recepirieast 10 min to detach the PDMS lid from the gel array. The double-
CD4A4. sided tape cover was removed, and the newly exposed adhesive surface
was used to adhere the gel array onto a bottomless 96-well black-wall
culture plate (Greiner Bio-One International Gri8ia051 528),
EXPERIMENTAL SECTION and the plate was then covered with a 96-well lid (Evergreencscienti

Materials and Methods. Synthesis and Characterization of ~290-8019-01L)igure C, D). When soaked in steriteRBS, the gel
Methacrylated Hyaluronic Aciddethacrylated HA (HA-Me) was array can be stored &t@for up to one week. For cell efientiation
synthesized as described previduslyie y, sodium hyaluronate assays and other long-term (>1 day) cell culture studies, sterile PBS was
(MW 66 90 kDa range; Lifecore Technologies) was dissolved at 1 wised at all times, plastic culture supplies were disinfected by UV
% in deionized water, and a 10-fold molar excess of methacryl#gliation and the fabrication process occurred in a biosafety hood to
anhydride (Sigma-Aldrich; relative to the HA disaccharide repeat uniY)inimize microbial contamination.
was added dropwise to the solution on ice. The pH was adjus@d to 8 = Sti_ness Gradient Patterned by a Programmable Light lllumina-
by 10 N NaOH and the reaction was maintainetodernight. The tion SystemA specialized illumination device for light activation at
next day, 2-fold molar excess of methacrylic anhydride was add@diable amplitudes (LAVA) was used for gel photostimufagjore(
dropwise to the solution. The pH was adjusted3dg 10 N NaOH 1E). The LAVA device was designed for 96-well plate illumination as
and the reaction was maintained % 4or another day. Afterward, described previou$ly”Brie y, the illumination intensity of a surface-
methacrylated HA was precipitated from the aqueous solution Byount 405 nm LED (SMT405R, Marubeni) placed at the center of
adding excess cold ethanol (Proof 200 ethanol, anhydrous, Kopte@jch well was controlled with pulse-width modulation. Usedde
The mixture was then centrifuged at 4@®eecover the precipitate, intensities for each well were programmed through a graphical user
which was redissolved in deionized water, frozeBOC, and interface to allow 405 nm illumination in thed8.5] W/mm?
lyophilized*H NMR spectra were collected at 400 MHz using a Brukeintensity range. The LAVA device allowed independent control of 24
Avance AVB-400 instrument. The degree of methacrylation was thelmannels, so that clusters of four vertical wells were controlled
calculated as the ratio of the vinylic protons from the methacrylagmultaneously in the 96-well fornfagre E).
group to the N-acetyl methyl protons from the HA backbone, Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Allevi)
normalized to the number of protons per group. A methacrylate twas dissolved ik PBS to make a 0.5 wt % solution. Freshly made LAP
HA monomer ratio of 70% was achieveddgure S)L solution (100 L) was added to each well and the gels were incubated

Fabrication of HA Array lid with an array of polydimethylsiloxane on a shaker for 1 h at room temperature. The array was then placed on
(PDMS) (SYLGARDTM 184 silicone elastomer kit, Dow-Corning)the LAVA device and exposed to 405 nm UV light (intensity measured
posts was cast using acrylic molds. The acrylic mold was custom-maidée center of hydrogel = 18//mm?) for various amounts of time
by laser-cutting and stacking 1.5 mm-thick acrylic sheets (CLAREXogrammed by previously described softivafeerward, the LAP
Precision Thin Sheet, 1.5 mm, Astra Products). §pigcia 1.5 mm-  solution was immediately removed and the array was washad with 1
thick acrylic sheet was perforated with a H-serek2ZDesktop CO2 ~ PBS for 2< 10 min on a shaker to remove excess LAP.

Laser Engraver (Full Spectrum Laser) to generate an array of 3.3 mnfitomic Force Microscope Characterization of Hydrogel Afiay.

wide circular holes, with the distance between circles equal to the w&lEM measurements, the hydrogel array veasattached to a
to-well distance of a standard 96-well pld@e9Q cm) Figure S2 removable plastic chamber that held the LAP solution during photo-
Sheet A). A spacer acrylic shEgju(re S2Sheet B) with a rectangular  cross-linking on the LAVA device. Afterward, the LAP solution was
cutout was placed on top of Sheet A, with another rectangular acrykplaced with>d PBS. AFM was performed with a Veeco Catalyst
sheet Figure S2Sheet C) at the bottom of Sheet A. PDMS was pouredBioscope (Bruker Corporation, Camarillo, California, USA). The gels
into the mold, a glass slide (Fisherbrand, 12-550-A3) was placed on wgre indented using a pyramid-tipped probe (DNP-10, Bruker AFM
of Sheet B, and the sandwich assembly was clamped together with |Rigdes) with cantilever spring constants of 0.22 N/m, as
binder clips. The PDMS was cured at®dor at least 2 h before measured by thermal calibration. Typicallg, force curves per
disassembling the acrylic casting mold. The lid ¢sectbargedior hydrogel were collected ataient positions at least 100 apart from
subsequent uses with 10 min plasma treatment (Harrick Plasma, PB3@ch other. Elastic moduli of the gels were calculated from force curves
32G) immediately before each use, for up to 10 reliable reuses.  using a moded Hertz model, as previously descfibed.

A piece of double-sided tape (ARcare 90106, Adhesives Researchyell CultureHuman primary adipose-derived mesenchymal stem
was laser cut to generate an array of 3 mm-wide circular holes, with ¢edls (hMSC) were purchased from ATCC (PCS-500-011) and
distance between holes equal to the well-to-well distance of a standaaintained and grown in accordance with the manufacturer
96-well plate. One side of the tape cover was removed, and the tape igaesmmendations. Cells were cultured in hMSC growth medium
a xed to a No. 1.5 cover glass (Ted Pella, product 260423; 260484ith corresponding growth supplements (ATCC, PCS-500-040) and
100). Most experiments performed in this manuscript utilized a 24 (rsed at passage number <8. U-87 MG human glioblastoma (GBM)
36) x 60 mm cover glass rectangle; however, the glass may be cutedls were obtained from the University of California, Berkeley Tissue
smaller dimensions using a pen-style glass cutter to accommodateGh#ure Facility, which sources its cultures directly from ATCC. U-87
dimensions of customized gel arrays. A 1 mg/mb-paine (PDL, MG cells were cultured in DMEM (Thermo Fisher Scognti% (v/

MW > 300 000, Sigma-Aldrich) solution was used to coat the glass for) MEM nonessential amino acids (Thermo Fisher Scjeatid 1%
min followed by a 2 1 min rinse in double-distilleg®ito facilitate (v/v) sodium pyruvate (Thermo Fisher ScientiCells were passaged
HA hydrogel attachment. every 5 days using 0.25% trypsin-EDTA (Thermo Fisher Scéeti

HA-RGD precursor solutions were made by mixing appropriatesed at passage number <30. Cells were screened on a monthly basis for
volumes of 10 wt % HA-Me, 4 mg/mL reconstituted RGD adhesivenycoplasma and authenticated every six months by Short Tandem
peptide (Ac-GCGYGRGDSPG-NH2, Anaspec),aR@$ and then Repeat (STR) analysis at the University of California Cell Culture
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Facility. We used our previously developed CD44 knockout (KO) angere performed by imaging cells at 15 min intervals for 8 h using the
nontargeting (NT) U-87 MG cell lines, generated using CRISPR-bas&tlvicyte Live-Cell Imaging System with>adifjective in a 37C,
gene editing* CO, controlled chamber. ThmageManual Tracking plug-in was
hMSC Spreading Assay and ImmunostainifdSCs were seeded  used to track cell movements in each frame and calculate an average cell
on the hydrogel array at a density of 58600 cells/ciand allowed speed. Cells that were dividing, in multicellular clusters, or near the
to attach and grow for 180 h. Cells were therxed with 4% outer edge of the gel were excluded from analysis.
paraformaldehyde (PFA, Sigma-Aldrichy IRRS for 15 min at room Real-Time Polymerase Chain Reaction (RT-FROBR).to cell
temperature, permeabilized with 0.5% (v/v) Triton X-100 (EMD seeding, a ring-shaped tape cover was laser cut from the double-sided
Millipore, 9410) in £ PBS for 15 min at room temperature, and tape and adhered to the bare tape region in each well of the gel array.
blocked using 5% (v/v) goat serum (Thermo Fisher Scjeintilx Cells were then seeded onto the array and alloweernentiate as
PBS for 1 hour at room temperature. YAP was visualized using Y@@&scribed above. At the conclusion of theeetitiation assay, the tape
(D8H1X) XP rabbit monoclonal antibody (Cell Signaling Technol-cover and all cells attached to the cover was removed by tweezers,
ogy). Actin laments were visualized using AlexaFluor-546 labelethereas only cells attached to the hydrogels remained in the wells. Cells
phalloidin (Thermo Fisher Scienji Cell nuclei were visualized using were then lysed and RNA was extracted following the mantgacturer
4 ,6-diamidino-2-phelitydole dihydrochloride (DAPI, Sigma-Al- protocol (ReliaPrep RNA Miniprep systems, Promega Corporation).
drich). Fluorescence imaging was performed on a Nikon Eclipse TieENA was synthesized using gScript cDNA SuperMix (Quantabio)
epi uorescence microscope. YAP nucleus/cytoplasm (nuc/cytdpllowing the manufactuseprotocol. Real-time PCR reactions were
intensity ratio was measured as the average intensity of YAP signapared with a SYBR Green gPCR Master Mix (Bimake) and the PCR
inside the nucleus divided by the average intensity of an area adjacesyge was performed on a BioRad CFX Connect Real-Time System.
the nucleus region, of similar size as the nucleus. Morphometric analysiBhe following primer sequences were used in RT-PCR of hMSCs:
of projected cell area was performed by thresholding the phalloidi.P (ACC ACC ACG AGA GTG AAC CA; CGT TGT CTG AGT
uorescence images to m® the cell boundaries and applying ACC AGT CCC, Elimbio), FABP4 (ACG AGA GGATGATAAACT
automated particle shape analydimageJlCells in clumps or near GGT GG; GCG AAC TTC AGT CCA GGT CAA C, Genewiz), and

the outer edge of the gel were excluded from analysis. GAPDH (GTC AAG GCT GAG AAC GGG AA; AAA TGA GCC
hMSC Dierentiation and StainindhMSCs were seeded onthe HA  CCA GCC TTC TC, Elimbio). o o
hydrogel array at a density of 20000 cefisinthallowed to grow in Quanti cation and Statistical AnalysiStatistical sigréance was

expansion medium for 1 day. Cells were then shifted to a mix&@lculated by the indicated tests using GraphPad/Prism, and statistical
di erentiation medium, consisting of a 1:1 mixture of osteogenic art¢tails can be found igure legends. Fogures in which multiple
adipogenic derentiation media (StemPro kits, Thermo Fisher comparison analysis are displayed by letters, conditions with a common

Scientic). Cells were maintained for 7 days in mixeztatitiation letter are not sigrgantly dierent according to the stated statistical test
medium with medium change everg days. at the 5% level of sigoance f < 0.05).

Adipogenic dierentiation of PFAxed hMSCs was assessed by lipid
droplet staining of BODIPY 493/503 (4,4ddro-1,3,5,7,8-pentam- RESULTS

ethyl-4-bora-3a,4a-diaza-s-indacene, Invitrogen), & ava@rking N .
concentration. The cells were then washed extensively with PBS pr'o}_|A Hydrogel Array Fabrlcathn and Characterlzatlon..

to epi uorescence imaging. Osteogeniereitiation of xed and ur hydrogel array platform is assembled by casting HA
permeabilized hMSCs was assessed by alkaline phosphatase adiyfjogel precursors in two-dimensional array patterns on a glass
using the SigmaFast BCIP/NBT assay (Sigma-Aldrich). A workirgubstrate that is latereed to a bottomless multiwell plate. This
solution of BCIP/NBT was prepared as per manufasturer fabrication method results in individually accessible wells, each
instructions, added to the cells, incubated for 15 min at roongontaining a single gel. Key to this approach is the use of laser-
temperature, and then washed extensively iRBS. Alkaline  cyt double-sided tape, which serves both as a template for
phosphatase staining was idedtas a dark purple color anc_i imaged casting the HA gel solution and as an adhesive tioeaglass to

on an Olympus IX50 invertedorescence phase contrast microscopey e pottomless multiwell plate. We began array fabrication by

with images captured by a Canon EOS Rebel T3 digital SLR camera.: :
U-87 ge” Spl?eading E&ss@ells were harvested ar?d seeded ontoYSiNg alaser cutter to perforate the double-sided tape to generate

HA gel arrays at a density of 6000 celfomiincubated for atleast6 @ (Wo-dimensional array of circular holes corresponding to the
h. Cells were imaged using & 1LPLFN objective lens and the ~desired dimensions and distribution of gels. We then exposed
MuviCyte Live-Cell Imaging System (PerkinElmer, Massachuset@)e adhesive side of the patterned double-sided tape in order to
USA) in a 37°C, CQ, controlled chamber. At least 20 cells were attach the patterned tape to an appropriately sized glass
randomly selected for cell spreading quatitn. Cells in multi-  coverslip, also refered to as the cover glass. HA-RGD hydrogel
cellular clusters or near the outer edge of the gel were excluded frgfgcursors were mixed with DTT and then pipetted into the
analysis. Cells with zero visible protrusions when viewed with a 1@hallow‘wellé formed by the union of the patterned double-
objffctl\_/e were Ifilbgleldd‘:{sund(’j while cells with one or more sided tape and the glass surf&agu(e A). A lid of PDMS
protrusions were labe ed ssread. posts was immediately applieddtien gel interfaces during

U-87 Centrifugal Adhesion AssAycentrifugal adhesion assay was ! -~ S .
performed based on our previously reported prot6eBie y, cells initial cross-linkingHgure B). The resulting hydrogels are

were harvested and seeded onto HA gels at a density of 6006 cells/cr?00 M thick, approximately the same thickness as the double-
and incubated for at least 6 h. Prior to centrifugation, welldlecere ~ Sided tape, and 3 mm wide, approximately the same diameter as
with the addition of fresh medium, and cell culture plates were sealdte circular holes patterned in the double-sided Faped

with an adhesive plate sealer (MicréBeatlhesive Seals, BioRad). 1C). Following gelation and removal of the PDMS lid, the top
The plate was then inverted and centrifuged for 5 min @t 100 adhesive surface of the tape was exposed and used to adhere the
Following centrifugation, media was removed from the wells and ceiiass to a bottomless multiwell plategre D). The

remaining on hydrogels wered by PFA and stained with DAPI. potomless well plate, double-sided tape, and glass formed a
Images were captured using the MuviCyte Live-Cell Imaging Systeifiy,; seq that prevented media leakage and exchange between

At least three unique microscopids were randomly imaged per well . . , : .
using a 18 objective lens. Automated thresholding analysis of tth'gth”ng wells-{gure SB For this study, we designed the

DAPIimages was performedroagetb determine a total countofthe ~ aray in a 96-well plate format, but the fabrication technique can
number of cells in eactld of view. be readily adapted to other plate types (e.g., 6-, 12-, 24-well) by

U-87 Migration Assafells were seeded onto HA gels at a densitycustomizing the dimensions of the patterned double-sided tape
of 6000 cells/chand incubated for at least 6 h. Then, migration assayand PDMS lid.
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The array platform varies elasticity across wells ia the e ective concentration of HA mononiér§here was no
direction and independently varies adhesive ligand denssignicant dierence in modulus between HA-RGD gels and
(adhesivity) along wells in tadirection Figure A). Prior to bare HA gels under the same illumination conditigare Sy}
cross-linking, we conjugated various concentrations of R@GDggesting that the HA backbone retainediesut unreacted
peptide (GCGYGRGDSPG) to HA-Me precurdeaigife SiL methacrylate groups after RGD conjugation for the two-step
through thiol ene reactions, generating RGD-neadiHA cross-linking process.

(HA-RGD) precursors with varying RGD densities. HA-RGD Sti ness and Ligand Density Interact to Modulate
precursors then underwent a two-step cross-linking reactioniSC Mechanosensing and Morphology. To demonstrate
generate the stiess gradient. In thest step, HA-RGD was that our hydrogel array platform can recapitulate ets ef
mixed with DTT at a thiol to HA unit ratio (T/H ratio) of 0.15 ECM sti ness and adhesive ligand density on cell morphology
to create a relatively stifasé gel. The second cross-linking and mechanotransduction, we cultured hMSCs on our platform
step involved a tunable illumination process using a previoualyd evaluated cell spreading and Yes-Associated Protein (YAP)
developed device featuring light activation at variablecalization. YAP is a transcriptional coactivator that localizes to
amplitudes (LAVAJ**? On the LAVA device, individual the nucleus under mechanical tension, where it interacts with
hydrogel-containing wells were irradiated with a programmaljefactors to regulate the expression of a variety of target
405 nm LED in the presence of LAP photoiniti&iguge E). gene$’*® Specically, YAP has been reported to preferentially
In our study, we illuminated the gel with a UV intensity of 19ocalize to the nucleus of hMSCs cultured omstirices but
W/mm? and adjusted the illumination time to achieve varyingemain cytoplasmic for (MSCs on soft matrices. YAP nuclear
levels of cross-linking. localization has also been reported in cells cultured on matrices

To characterize the siess gradient generated by the two-containing high ligand density, consistent with the notion that
step cross-linking reaction we used atomic force microscogly ness and ligand density can act synergistically to regulate
(AFM). Youn¢s moduli were extracted Hing the resulting  cytoskeletal and focal adhesion asséntWSC morpholo-
force indentation curves to a Hertz model, as describedies are also highly sensitive to matrirests and adhesive
previously® Hydrogel stiness was highly correlated with ligand density in vitr6°%°* We hypothesized that on our
illumination time, spanning a dynamic range of 12 to 91 kPa wighatform, increased stess and ligand density would enhance
0 to 90 seconds of LED illuminatidfigure 2. An extended  YAP nuclear localization and increase cell area.

To evaluate hMSC sensitivity torstiss and RGD density,

140~ *4 we made a 8 5 array with three RGD densities (0.1, 0.25, and

= 120 0.5 mM RGD in the HA-RGD precursors) anel elasticities
2 100- g (12, 21, 30, 48, and 91 kPa). hMSCs were seeded onto the array
@ 80 *x platform and allowed to attach for 26 h. The time window
g 60 " — was chosen to ensure adequate cell attachment while minimizing
T 40l **%  — Q interference resulting from cell division. Afterxagilon and
§ 204 f m‘ = permeabilization, YAP logzation was characterized by

== immunostaining. Cell shape and area were evaluated by

T

0

T T 1 phalloidin staining of the F-actin cytoskeleton. We excluded

30 . 60 90 clustered cells from our analysis to minimize confounelitg) e
Exposure Time (sec) of cell cell interactions.

Figure 2.Sti ness gradient on the HA hydrogel array after LAP- AS eXpeC.ted’ YAP IocallzatIOI’] was segrtly aec.ted by
induced photo-cross-linkindlmiise 5 wt % HA-me gels with0.5mm ~ hydrogel stiness and RGD densityigure & C). Sti gels

RGD. Intensity of 405 nm UV radiation wasl at 15 W/mm?. Gels and high-RGD gels promoted YAP nuclear localization, shown
were indented with a pyramid-tipped AFM probe and elastic modudis an overlap of YAP and DAPI stairfiigufes A andFigure

were calculated from at least ®dint locations on each individual gel S5. We quantied YAP nuclear/cytoplasmic (nuc/cyt) ratio for

to obtain an average elastic modulus per gel. For each condition, each individual cell by calculating the ratio of the average YAP
individual gels were fabricated and measured in independejfftensity in the nucleus region and the average intensity in the
experiments(= 5). After 0, 30, 45, 60, and 90 seconds of radiationcytoplasmic region of similar size that is adjacent to the nucleus.
Telgkellgnosdeli“fg;'ei'ztgnlf;‘;d gﬁ\é%tfgésl?g%aﬁﬁvilﬁz’v?/ire Some cells, especially those on soft gels with low RGD density,
- ’ ' ' ' had rounded morphologies that made it challenging to discern

rounded to the nearest kPa. Statistical sigrie between neighboring
conditions was evaluated using unpaiests ¢*p < 0.01). Boxes the cytoplasm from the nucleus. These cells were thus excluded

represent 25th and 75th percentiles and whiskers represent min 4f@M the nuc/cyt ratio analysis. Asress increased from 12 to

max. 91 kPa, YAP nuc/cyt ratio increased signily on both low

RGD and medium RGD gelsigure B). On gels with high

RGD density, although statisticakdénces between low and
illumination time can increase the modulus to above 200 kPégh sti ness still persisted, the gaps in their median values were
(data not shown). Unless spedi otherwise, the following narrowed. When stiess was below 48 kPa, YAP showed a
studies utilized gel arrays within thedli2kPa range to mirror  trend to enrich in the nucleus as RGD density incréages(

the modulus of most human tissues, which falls between 5003€). On 91 kPa gels, however, YAP localization was not
and 100 kP&*° As illumination time increased, we observed aensitive to ligand density changes.

broader distribution of moduli across gels of a given formulation,Further, hMSC spreading generally increasechasstnd
indicating increasing heterogeneity in cross-linking. We haR&D density increased, along with the assembly of increasingly
previously observed that HA hydrogels in thisess range  prominent stressbers Eigure A). Sti ness-dependent
exhibit relatively modest siess-dependent variations in meshspreading was seen on all three RGD densitipse 8)

size, indicating that swelling does not appreciably alter tlaed ligand density-dependent spreading was observed across all

(-
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Figure 3.YAP localizes to hMSC nucleus as matrihess and RGD density increase. (A) Higheds and high RGD density promotes YAP
nuclear localization. The nucleus is visualized with DAPI (blue). White arrow heads highlight cells with YAP nuc/cyt > 1.0. Bcd®)bars: 50
Violin plot of YAP nuc/cyt ratios of individual cells on the array, grouped by RGD density. For each matrix condition, data was pooled from thi
independent experiments, as no systematienite was observed among the triplicates. At least 40 cells were analyzed per matrix condition in eac
independent experiment, except on some low RGD density or soft conditions where the overall number of hMSCs attached was under 40. (C) V
plot of the same data set as panel B, groupediagstiStatistical families a, b, and cshOv05 from KruskaWallis test for multiple comparison

of non-normally distributed data followed by Bumultiple comparisoré.equals to the total number of cells in the data set. Horizontal lines
represen®; Qs

sti ness conditions={gure €). Cell area is most sensitive to facilitate hMSC spreadittg>> Thus, the array platform
sti ness at lowest RGD density. As has been observedccessfully recapitulates expectadseof ECM sthess and
previously, ECM stiess and ligand density synergisticallyadhesivity on YAP localization and cell spreading.
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Figure 4.hMSC spreading area increases as matnigsstiand RGD density increase. (A) Highests/high RGD density promotes hMSC
spreading. The F-actin network is visualized with phalloidin (red) and the nucleus is visualized with DAPI (blue). Sua(BsistiB@lot of

cell area (m?) of individual cells on the array, grouped by RGD density. For each matrix condition, data was pooled from 3 independent experime
as we did not observe systematierdhce between the triplicates. At least 40 cells were analyzed per matrix condition for each independen
experiment, except on some low RGD density or soft conditions where the overall number of hMSCs attached was under 40. (C) Violin plot of
same data set as panel B, grouped bgsdi Statistical families a, b, c and dshovd5 from KruskaWallis test for multiple comparison of non-
normally distributed data followed by Dsinmultiple comparisomMéequals the total number of cells in the data set. Horizontal lines r€present

Q.

Human Mesenchymal Stem Cell Di erentiation on the a strong tendency to drentiate into adipocytes on soft
Array. We next asked if stiess and RGD density gradients on matrices, whereas stiydrogels largely promote osteo-
the array platform could direct mechanosensitive hMSC lineagenesi$>®? ** Using a gradient HA hydrogel with varying
commitment. It has previously been observed that hMSCs haste ness and bronectin density, we also previously demon-
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Figure 5.U-87 cell spreading increases with increasing RGD densitynasd.gth) Representative phase image of U-87 cells on HA hydrogels.
Yellow circles outline "round" cells with no visible protrusions when imagedxusinjgetil@. Scale bar: 100. (B) 3D column bar graph of U-87

cell spreading on HA hydrogels of varyingests and RGD density. Siids of view were analyzed across three independent experin@nts (

(C) Cell spreading quantiation for U-87 cells on HA hydrogels, a subset of the data set preBantsziih Statistical families a and b shew

0.05 from ANOVA followed with Tuké§ramer multiple comparisons test. Black horizontal lines represent mean and SD. (NT: nontargeting).

strated that soft, lovibronectin density matrices biased hMSCsimportant mechanism of adhesion on matrices with low RGD
toward adipogenesis, whereas bigh bronectin density  density** Furthermore, we have shown that CD44/HA
matrices supported osteogeriésie therefore hypothesized adhesion is intrinsically sensitive to matrix moduMkile
that a similar trend would be observed on this multiwell arrayoth HA-CD44 binding and integrins serve as important
platform. elements of mechanical control, the interaction between these

We rst evaluated whether the array was permissive for hM3@o signaling pathways and theiuémce on cell behavior
adipogenesis and osteogenesis in the presence of tieenains poorly understood. Using our HA gel array, we
corresponding induction media. We exposed the cells to a kyjstematically investigated thects of stiness and RGD
mixture of adipogenic and osteogenierdntiation media. density on cell phenotype and migration to further explore the
After 7 days of derentiation, we analyzed adipogenesis anthterplay between HA matrix stss and RGD ligand
osteogenesis by quantifying lipid droplet area and alkalisencentration on U-87 cell behavior. We hypothesized that
phosphatase activity, respectively. On low and medium densitgreased stiess and RGD density would synergistically
RGD gels, despite initial cell attachment and spreading, threrease GBM cell spreading, adhesion, and motility. We also
majority of hMSCs migrated to form cell cluskégsi(e S6A hypothesized that cells lacking CD44 would display a decreased
suggesting that cetlell interactions may be compensating forability to attach, spread, and migrate on 2D HA hydrogels and
reduced matrix adhesion. We did not observe cell migratiotivat this phenotype could be rescued on matrices with high
driven clustering on high RGD gels. The 1:1 mixed inductiosti ness and high RGD density.
medium induced both lineages simultaneously. Surprisingly, w&o investigate the role of CD44 in GBM cell sensitivity to
did not see a strong stess-dependence of either adipogenic osti ness and RGD density, we fabricatedZad@ray with three
osteogenic eciency from 12 to 91 kPa on high RGD gels.di erent RGD densities (0.02, 0.15, and 0.5 mM RGD in the
Similar lipid droplet area and osteogenesis ALP activity wai\-RGD precursors) and threeatent elasticities (12, 30, and
found on all stness conditionsF{gure S6B, )C We also 91 kPa). We utilized our previously generated CD44 KO and
observed large variations in adipogenesis across experimemiatargeting U-87 celfsWe seeded U-87 cells onto the array
replicates despite consistent gel fabricdtignré S6B Such platform and performed phase imaging to observe GBM cell
batch-to-batch variation mayae the heterogeneity of hMSCs morphology on HA hydrogels of varyingnes and RGD
in their di erentiation potency. We also measured expressiatensity. Cell spreading was indirectly qeahy counting the
levels of adipogenesis marker FABP4 and osteogenesis mankenber of round cells, which werdsl as cells exhibiting a
ALP across the stiess range but did not see anynefis- circular morphology and lacking visible protrusions when
dependence in gene expression (data not shown). imaging with a 20phase objectivé-igure ). CD44 KO

Sti ness and Ligand Density Coupled to Modulate U- cells generally had a higher percentage of round cells compared
87 Mechanosensing and Morphology. We have previously to nontargeting cells across all HA hydrogels, supporting the
shown that U-87 MG GBM cells adhere to HA matrices viaypothesis that CD44 supports cell spreading on HA-based
CD44 and that this interaction becomes an increasinglyatrices. As we hypothesized, increasingsgtiand/or RGD
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Figure 6 Cell adhesion and migration depend on HA hydrogeisti RGD density, and CD44 expression. (A) 3D column bar graph of centrifugal
adhesion assay for U-87 cells interacting with HA hydrogels of vangag atid RGD ligand density=(6). (B) Centrifugal adhesion assay
guanti cation for U-87 cells on HA hydrogels. Six tetds of view were analyzed across three independent experir@nBIléack horizontal

lines represent mean and SD. Statistical families a angk€ho® by ANOVA followed by Tukd¢ramer multiple comparisons test. (C) 3D
column bar graph showing 2D random migration speeds of U-87 cells on HA hydrogels withnesyiagdsRGD density<£ 60). (D) 2D

random migration speeds of U-87 cells on HA hydrogels. 60 total cells were analyzed from three independente&pStatetisy] families a,

b, and c show< 0.05 by KruskaWallis test for multiple comparison of non-normally distributed data followed witirDliiphe comparisons.
Horizontal lines represédt Q. (NT: nontargeting).

density was associated with a decreasing percentage of rountD44-Mediated Signaling is Important for U-87

cells in both nontargeting and CD44 KO cEllgufe B and Migration on Sti HA Hydrogels. We next explored the
Figure S) Interestingly, on 12 kPa hydrogels, the CD44 KOrelative roles of HA hydrogel séiss and RGD density on 2D

cell population contained sigrintly more round cells thanthe  cell migration. We used time-lapse microscopy to track cell
nontargeting population on gels with low RGD density buthadgheed on our HA array platform 6 hours after seeding. Increasing
similar fraction of round cells on gels with high RGD densitytj ness and/or RGD density increased cell migration speed
(Figure £). There were no derences in the percentage of 5.qqq 5| cell lineBigure € andFigure SP However, CD44

round cells across cell types on thestigels, regardless of KO cells generally migrated more slowly than nontargeting cells
RGD density, suggesting that CD44-mediated signaling MY a givgn matri);( mgdulus and RGD%:oncentratiog. Or?the

in uence cell spreading on soft matrices and conditions with low . . : . .
RGD density n?ore tha% on dtiydrogels or in conditions with softest gels, increasing RGD density rescued migration of CD44

high RGD density. KO cells relative to nontargeting céligire ®). Interestingly,

U-87 Adhesion on Soft HA Matrices is Enhanced by CD44 KO cells migrated more slowly than nontargeting cells on
CD44-HA Binding. To more directly test the role of CD44 in the stiest hydrogels across all RGD densities tested. These
facilitating cell attachment on HA matrices of varyimgssi ~ Nndings suggest a role for CD44 in facilitating cell migration on

and RGD density, we measured cell adhesion on our gel arfdly HA hydrogels, even when ample integrin ligand is present.
using a previously established centrifugal adhesioti‘4ssay.

We found that CD44 KO cells displayed reduced adhesion D|SCUSSION

Egr;ﬁ%rﬁ% tg B(Lnrfgrgftllr;% %elgi aRC(rS(I);Sg lelsg;sl fﬁ;?v:}gogjég&?o\z{% have developed a multiwell 2D hydrogel array platform'that
(Figure @ andFigure SB In contrast to the cell spreading &/0Ws parallel culture and analysis of cells on various
trends, increasing RGD density did not rescue adhesion in tR@mbinations of matrix stess and adhesivity. We successfully
CD44 KO cells on soft gegure 8). Increasing RGD density incorporated orthogonal stess and ligand density gradients
on sti gels, however, did rescue adhesion in CD44 KO cellgn the array by programmable UV photopatterning. Proof-of-
supporting our hypothesis that an abundance of integrin ligan@inciple studies with hMSCs validated that the platform can
on sti HA hydrogels can compensate for the absence of CD4#ecapitulate expected stss- and ligand density-sensitivity of
based adhesions. YAP localization and spreading. We further applied the platform
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to reveal context-dependent contributions of CD44 on GBNRGD-spect integrins, to drive cell spreaditi§In this study,
cell spreading, adhesion, and migration. CD44 KO cells displayed decreased adhesion on soft matrices

A common approach to developing multiwell hydrogel arraygardless of RGD density, highlighting the importance of both
platforms has been to fabricate hydrogel precursors direc@yp44- and integrin-based adhesions in particular matrix
within wells and then cross-link them in3§it§‘. Hydrogels conditions.
may also be cross-linked outside of the multiwell plates, cut intoAlthough cell migration speeds on our HA gel array generally
desired shapes, and latexed to the multiwell plate>® increased with increasing hydrogetesis and RGD density,
Although these approaches have proven enormously valuablgelt conditions facilitating the highest cell adhesion did not
can be challenging to use these methods to vary multiple gelpport the fastest cell migration. These results are consistent
parameters in a single plate, since each gel must be individuaith the well-known biphasic dependence of cell migration on
fabricated. Our system provides an alternative approach thia¢ strength of adhesion to the surrounding E%ﬁ/l.
involves fabricating the gel array initially on a glass coverslip &wdthermore, a previous study demonstrated a biphasic
then taping the substrate to a bottomless well plate. This aspeefationship between CD44 protein expression and cell
of our platform shares some conceptual connections withnaigration rates, with intermediate CD44 expression leading to
previous PDMS screening platform in which various micro- atlde fastest overall motility in cell culture and poorest survival in
nanotoeographies were presented in a standard multiwaliman GBM? On our platform, CD44 KO cells generally
format’’ An important innovation of our approach is the useexhibited slower migration speeds than nontargeting cells across
of laser-cut double-sided tape to both pattern the array amgbl conditions. However, increasing RGD density restored
anchor the multiwell chamber to the devace. Importantly,  migration speeds of CD44 KO cells to that of nontargeting cells
the laser-cut pattern is fully customizable and can accommodatethe softest gels, but not on theesti gels. Previous work
hydrogel arrays of arbitrary dimensions and shapes dependimgn our laboratory has demonstrated that CD44 ¢$esu to
on the multiwell plate format used. The platform also highlightérive the formation of tension-bearing protrusions (micro-
the application of a programmable LAVA device, which allowsntacles) that enable motility in the absence of integrin
for more precise tuning of photopatterning conditions thatigand$:* Using our HA array platform, we found that CD44 is
photomasks, as UV intensity and exposure time can be adjustequired to eectively migrate on stisubstrates, further
in a continuous manr&#? Further, LEDs on the LAVA device highlighting the importance of CD44-HA interactions in the
are expected to produce extremely consistent intensity from ageneration of cellular tension. Thus, the role of CD44 in cellular
use to another, maximize adsorptiogiency and reduce mechanosensing appears to be context-dependent; on soft HA
batch-to-batch variation of sgss patterning compared to matrices, CD44 is particularly important for cell adhesion and
traditional broad-spectrum UV light sources. on sti HA matrices it is important for cell migration.

The array platform captured the synergécteof ECM One surprising result from our study is that although gels in
sti ness and RGD peptide density on hMSC spreading and YARr platform were permissive of hMSC osteogenic and
localization. In addition, our observation that YAP localization#lipogenic derentiation, we did not observe an appreciable
insensitive to sthess (1248 kPa) on low RGD gels echoes matrix-dependent bias in lineage commitment. There are a
recent reports that YAP localization was insensitivaésstat ~ number of potential explanations for this result. First, the soluble
very high or lowbronectin densifi as both ligand density and  factors in the induction medium may have overriddereitts e
sti ness induce YAP translocation to cytoskeletal tension anéfimatrix stiness and thus induced sigant adipogenesis on

V 3-integrin adhesion through similar mechanisms. Faronditions as stias 91 kPa. We expect that a more
similar reasons, YAP localization is insensitive to ligand densitynprehensive consideration of adhesive ligands and media
on very sti gels (91 kPa). Interestingly, YAP nuc/cyt ratio andformulation would produce a regime in which one seessti
hMSC area did not follow a normal distribution but resembledependent hMSC direntiation. Second, despite seeding
long-tail distributions. Even on hydrogels with the highestlentical numbers of cells on each gel, we could not control
sti ness and ligand density, there is a subpopulation of hMSEsall density and cell clustering throughout the course of the
that favors cytoplasmic localization of YAP or is not well spreagkperiment. For example, gls routinely resulted ir20%

Also, a small percentage of cells on soft, low RGD density geigher cell density on day 7 ofdtentiation, presumably due to
are still capable of spreading or have nuclear YAP localizatigreater proliferation and/or increased attachment on these gels.
The non-normal distribution may eet intrinsic heterogene- High cell density, which is expected to reduce average cell area
ities within the hMSC population, as has been observezhd promote adipogenésfs, may therefore have partially
elsewher& rescued adipogenesis onggis. Third, the softest hydrogelsin

This study also provides insight into the role of CD44 in U-87his study (12 kPa) may still be too &tisigni cantly suppress
cell spreading, adhesion, and motility. Although both CD44 K@steogenesis or stimulate adipogenesis. Previous reports on
and nontargeting U-87 cells appeared sensitive to matsarious hydrogel platforms suggested an optimal modulus range
sti ness and RGD density on our HA gel array, CD44 KGor adipogenesis from several hundred pascals t6°5°kPa.
cells were generally less spread and less strongly adhered Tanlowest stness (12 kPa) in our study was based on a DTT
nontargeting cells. As expected, thaalecy of CD44 KO cells  to HA monomer ratio of 0.15, and a lower ratio of DTT cross-
was exacerbated on gels with the lowest modulus and R@Bker may cause gel swelling and compromise cell imaging
density. However, increasing RGD density and/oressi  qualities. However, thibasé gel stiness may be further
generally restored cell spreading and adhesion to that mfduced by optimizing gel composition, HA degree of
nontargeting cells. Interestingly, on soft matrices with high RGDnctionalization, or cross-linker types. Lastly, the broad
density, CD44 KO cells displayed decreased adhesion strengjgtributions of hMSC phenotypes for a given matrix condition
to HA-hydrogels despite a classgmiead 2D morphology. may reect intrinsic heterogeneities within the hMSC
Previous studies have demonstrated that CD44 can complempapulation. The lack of an expectednetis-dependence
and potentiate signaling from other surface receptors, includidigerentiation on the gel array platform could be a consequence
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of the heterogeneity that exists between MSC donors, tissue
sources, culture methods, and even individuaf cells.

The fabrication process of the array platform hasaigni
room for further optimization. For example, the RGD density
gradientin this system was achieved by manually mixing HA and
RGD in various ratios, which may become prohibitively labor-
intensive for highly parallelized arrays. This limitation could be
addressed in the future by adapting dual photopatterning as
described previousif***where the ECM ligand is conjugated
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Despite these limitations, we envision that our platform could
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photopatterning strategy. Changing the hydrogel composition,
degree of functionalization, and cross-linking modalities may
further extend the upper and lower limits of hydrogedssi.
Finally, we anticipate that our system could bear value for
mechanistic discovery and drug screening where mulitple
matrix-based parameters are expected to cooperatieslydn

cell phenotype.
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mechanosensitive behavior. The deployment of ECM-mimetic
hydrogels in a familiar, user-friendly, and parallelized format

should facilitate mechanistic discovery and screening applica-

tions.
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