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ABSTRACT: A common approach to tailoring synthetic a . AFMcantilever - »
hydrogels for regenerative medicine applications involves Single cell force l "Mesenchymal \ =
incorporating RGD cell adhesion peptides, yet assessing the spectroscopy stem cell ‘ +
cellular response to engineered microenvironments at the Hydrogel Interfacin Specific
. . 9 force measurement
nanoscale remains challenging. To date, no study has
demonstrated how RGD concentration in hydrogels affects | b — #
g g 0.g Super resolution -
the presentation of individual cell surface receptors. Here we microscopy o
3 o q Fluorescent imaging Nanoscale
studied the interaction between human mesenchymal stem cells of specific proteins spatial mapping

(hMSCs) and RGD-functionalized poly(ethylene glycol) hydro-
gels, by correlating macro- and nanoscale single-cell interfacial ul
quantification t'echniques. We q.uantif{ed RGD unbindirllg forces Mo'egf“:]aarn%‘g?;gga“"" Integrin M, o 4™ RGD peptide

on a synthetic hydrogel using single cell atomic force

spectroscopy, revealing that short-term binding of hMSCs was

sensitive to RGD concentration. We also performed direct stochastic optical reconstruction microscopy (dSTORM) to
quantify the molecular interactions between integrin @51 and a biomaterial, unexpectedly revealing that increased integrin
clustering at the hydrogel-cell interface correlated with fewer available RGD binding sites. Our complementary, quantitative
approach uncovered mechanistic insights into specific stem cell-hydrogel interactions, where dSTORM provides nanoscale
sensitivity to RGD-dependent differences in cell surface localization of integrin @Sf1. Our findings reveal that it is possible to
precisely determine how peptide-functionalized hydrogels interact with cells at the molecular scale, thus providing a basis to
fine-tune the spatial presentation of bioactive ligands.

KEYWORDS: AFM, single cell force spectroscopy, ASTORM, RGD, PEG hydrogel, integrin aSp1

, Cell membrane

ynthetic hydrogels are a highly tailorable and advanta- made in engineering a broad range of highly sophisticated
geous class of biomaterials for many regenerative bioactive hydrogels, our understanding of the nanoscale
medicine applications. Because of their high level of cellular response of individual receptor interactions to these
hydration and ability for the researcher to specify the desired materials is very limited. In recent years, a variety of exciting
structure and properties, they have a range of diverse techniques have emerged,”” enabling the precise investigation
applications, such as targeted delivery of therapeutics, larger of single cell-material interactions at molecular length scales.

scaffolds to support replacement tissue, or model systems to
study disease progression or drug tolerance. Because of the
relative ease of fabrication and functionalization, synthetic
hydrogels can be engineered to promote specific cellular
interactions at multiple length scales."” As unfunctionalized
synthetic hydrogels are often bioinert, a common approach is
to incorporate cell adhesion peptides to mimic the
composition of the native extracellular matrix (ECM),
facilitating cell adhesion and migration.z’3 However, determin- Received:  September 3, 2020
ing the optimal peptide concentration and presentation of Accepted:  November 17, 2020
these molecules for a specific application is not trivial,"® yet Published: November 20, 2020
peptide availability has been shown to have significant

implications on downstream cell behavior following surface

receptor reorganization.” Although great strides have been

We hypothesize that leveraging a selection of these techniques
in parallel with conventional approaches for studying cellular
interaction with biomaterials will elucidate previously un-
quantified nanoscale observations, thus informing the rational
design of synthetic bioactive hydrogels for a variety of
applications. To demonstrate the value of such an approach,
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Figure 1. Schematic of stem cell-hydrogel interfacing. (a) 8-arm PEG-norbornene (20 kDa) is cross-linked with nondegradable PEG-dithiol
(1000 Da), with tethered 6.8 mM cell-adhesive RGD peptide (CGGRGDSP) or nonadhesive RDG scrambled peptide (CGGRDGSP), in the
presence of photoinitiator and 365 nm light to generate a 3D photo-cross-linked hydrogel network. (b) hMSCs bound to an AFM tip are
brought into contact with hydrogels of varying RGD concentration, permitting analysis of specific unbinding events by single cell force
spectroscopy (SCFS). (c) hMSCs attach to functionalized cantilevers through concanavalin-A—cell membrane glycoprotein interactions.
Scale bar = 30 pm. (d) hMSCs adhered to hydrogels are fixed and immunolabeled, and surface localization of the RGD binding integrin
as5f1 is imaged using the super-resolution imaging technique direct stochastic optical reconstruction microscopy (dSTORM). (e) Integrins
in their active, extended conformation are immunolabeled with a primary antibody and visualized by detecting blinking of secondary

antibody-bound AlexaFluor647.

we investigated how presenting a controlled amount of cell-
adhesive peptide within a versatile hydrogel platform affected
interfaced human mesenchymal stem cells (hMSCs) from the
macro- to nanoscale. This was accomplished by observing the
migration speed of individual cells on a 2D hydrogel surface,
measuring overall cell-hydrogel adhesions and individual
rupture forces of cell-peptide interactions using single cell
force spectroscopy (SCFS), and visualizing individual
presentation and induced clustering of integrins on the cell
membrane interfaced with the hydrogel using direct stochastic
optical reconstruction microscopy (dSTORM).

For this study, we used hMSCs, which are highly researched
for use in regenerative medicine applications. This includes the
direct use of hMSCs against chronic inflammation,'®"" as
delivery agents for gene therapies,'” or encapsulated in
engineered tissue systems for regeneration of many tissues in
the body.">~"° They are broadly investigated due to their low
immunogenicity, ability to migrate to sites of injury, and
immunomodulatory actions.'® However, hMSC therapies have
a low translation to clinic due to several limitations, including
low cell retention and cell survival rates. A major hurdle to
improving cell engraftment is the lack of understanding of
specific molecular interactions between cells and the material
substrate with which they are delivered. Understanding the
underlying nanomechanical and molecular spatial presentation
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of cell adhesion receptors is hypothesized to aid design of
engineered biomaterials. Integrins are cell-adhesion receptors
that cluster at the membrane at points of force generation, such
as focal adhesions hence they are critical to cell adhesion and
motility. In particular, nanoscale spacing of integrin ligands was
shown to affect inte;rin activation and subsequently focal
adhesion dynamics.”'” Moreover, integrin @51 has also been
implicated in hMSC adhesion and migration through
fibronectin binding'® and is thus considered an important
target for improved hMSC engraftment in regenerative
medicine applications.

To demonstrate our technological approach, we used RGD
peptide-functionalized hydrogels interfaced with hMSCs as a
model system. Poly(ethylene glycol) (PEG) hydrogels based
on 8-arm, 20 000 Da PEG-norbornene were photo-cross-linked
with varying concentrations of a covalently tethered linear cell-
adhesive RGD peptide (CGGRGDSP), where the RGD
sequence is present in fibronectin and a few other extracellular
matrix proteins that bind several cell-surface receptors, notably
integrin aSf1."”*° The integrin-binding RGDSP motif was
previously used to facilitate cellular attachment to PEG-based
hydrogels,”' and tethered RGD peptides in PEG hydrogels
were found to be necessary for encapsulated hMSC survival.®
We chose to use the linear RGDSP peptide due to its higher
affinity for binding integrin @561, compared to most forms of
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cyclic RGD.>*™>* PEG-based thiol-norbornene “photoclick”
hydrogels present a highly versatile and well-controlled
platform to probe cell-material interactions.”> The 8-arm
PEG macromers were cross-linked into a network with
nondegradable PEG-1000 dithiol linker and tethered RGD
peptide at a molar ratio of 2:1 linker:peptide in the presence of
photoinitiator and UV light (Figure 1a). A concentration of 6.8
mM RGD was used to generate a hydrogel with a high level of
RGD peptide availability, referred to here as the 100% RGD,
“high” binding hydrogel (Table 1). A 10% RGD hydrogel was

Table 1. RGD Peptide-Functionalized Hydrogel
Specifications”

100% RGD 10% RGD 0% RGD
% RGD peptide 100 10 0
% scrambled peptide (RDG) 0 90 100
RGD concentration (mM) 6.8 0.68 0

“RGD peptide was added at a concentration of 6.8 mM
corresponding to the 100% RGD gel. This was further mixed with
RDG (scrambled) peptide to dilute RGD concentration to 10% and
0% RGD, to keep total peptide concentration consistent between
hydrogel conditions.

also generated by replacing 90% of the RGD peptide with a
scrambled version of the peptide, RDG (CGGRDGSP),
providing a “low” binding hydrogel. Similarly, a 0% RGD
hydrogel was generated using 100% RDG peptide and used as
a control where indicated.

To investigate single cell behavior on hydrogels at the macro
scale, live cell migration was monitored using live tracking
microscopy, which delivers indispensable insights into the
study of cell-material interactions. The migration paths of
individual cells were tracked in order to verify the macroscopic
behavior of single cells on PEG-RGD hydrogels, and to
correlate these observations with more detailed micro- and
nanoscale measurements. To approach the nanoscale mechan-
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ical and spatial quantification of cell surface receptors in cell-
material interfacing, we combined two intrinsically quantitative
molecular scale techniques to characterize the cell surface
interactions of hMSCs with the RGD peptide-functionalized
hydrogels; SCFS and dSTORM.

SCFS is an atomic force microscopy (AFM) technique
which provides molecular insight into single cell interactions
with materials.”*”” SCES was previously applied in just a
handful of studies to measure unbinding forces between single
cells and materials to identify molecular interactions and
elucidate initial adhesion mechanisms,” but to the best of our
knowledge has not yet been used on hydrogels with tailored
cell-adhesive interactions. It is a valuable tool for characterizing
cell-surface interactions with a highly sensitive but broad range
of measurable forces (10 pN to 100 nN), and precise spatial
and temporal control.*** In our experimental setup, single
hMSCs were adhered to functionalized AFM cantilevers and
brought into contact with the hydrogels (Figure 1b). Upon
retraction of the hMSC-bound cantilever, individual unbinding
events could be precisely measured. The attachment of the
hMSCs to the cantilever was mediated by concanavalin-A-cell
membrane glycoprotein interactions (Figure Ic).

dSTORM is a single molecule fluorescent imaging
technique, which offers the ability to quantify the presence
of specific protein targets at nanoscale spatial resolutions,
typically around 20—50 nm. Since its introduction in 2008,
dSTORM has enabled precise visualization and quantification
of many cellular components of varying morphologies, cell
surface receptors, receptor clustering, and even receptor
conformation.” >* Typically, dSTORM is carried out on
very thin samples, however here we describe an adapted setup
enabling the dSTORM imaging on cells interacting with a
hydrogel. The availability of the RGD-binding cell surface
receptor, integrin aS31,"””" was analyzed on the surface of
hMSCs in contact with the RGD hydrogels by imaging the
inverted hydrogels and focusing the laser at the interfacing
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Figure 2. Migration analysis of hMSCs on RGD hydrogels. (a) Representative confocal images of hMSCs bound to hydrogels, labeled for
actin (green) and nuclei (blue). Scale bar = 200 gm main image, 20 gm inset. (b) Representative images of CellTracker Orange-labeled
hMSC trajectories on the hydrogels, tracked over 6 h. Scale bar = 200 ym. (c) Migration directionality plots of hMSCs. N = 71 tracks per
condition. (d) Average velocity of hMSCs on hydrogels with different RGD concentration. N = 748—1203 tracks from n = 3 hydrogel
replicates per condition. (e) Total displacement of hMSCs on hydrogels. N = 748—1353 cells from n = 3 hydrogel replicates per condition.
Nonparametric two-tailed ¢ test with Mann—Whitney post hoc test. Violin plots represent median + IQR. ***p < 0.001.
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Figure 3. Single cell force spectroscopy of hMSCs detaching from the hydrogel surface. (a) Representative force—distance retraction curve
when the hMSC-functionalized AFM tip is retracted from the surface of 100% RGD hydrogel. Typically, there is a large initial nonspecific
adhesion of the hMSC to the hydrogel, followed by smaller force events after the bulk of the hMSC has detached as it moves away from the
surface. The integrated area under the curve (blue) represents the total adhesion energy binding the single hMSC to the hydrogel surface.
Inset illustrates ramp-like change in force (dotted line) preceding a force step event (between solid lines). (b) Total adhesion energy for
hMSCs bound to 100%, 10%, and 0% RGD hydrogels. n = 7—13 per condition. Parametric one-way ANOVA with Tukey multiple
comparison test. Box plots represent median + IQR, whiskers represent minimum and maximum. ns = not significant. (c) Histogram of total
registered force events during unbinding of hMSCs from 100% and 10% RGD hydrogels. N = 3 cells measured at n = S locations per n = 3
hydrogel replicates per condition. (d) Average total and RGD specific rupture events occurring on 100% and 10% RGD hydrogels, as defined
through controlled interaction experiments (see Figure S5). N = 3 cells measured at n = S locations per n = 3 hydrogel replicates per
condition. (e) Percentage of RGD rupture events per force displacement curve occurring on 100% and 10% RGD hydrogels.

membrane (Figure 1d). Antibody receptor labeling was used to further confirmed the nonbinding nature of the RDG
detect cell surface integrin aSf1 in their active, extended scrambled peptide.
conformation (Figure 1e). These combined techniques provide A critical role of hMSCs in vivo is their ability to migrate to
mechanistic insights into how hMSCs interact with materials at sites of injury.”” This migration is affected by hMSC adhesion
the nanoscale via reorganization of the cell surface receptors to its substrate. Observing the hMSCs bound to high and low
that regulate their attachment and subsequent migration. RGD hydrogels revealed that cellular morphology was
markedly affected by the amount of RGD, exhibiting a more
RESULTS/DISCUSSION spread morphology on 100% RGD, and spindle-shape on 10%

RGD (Figure 2a). We next characterized the migration of
individual hMSCs to determine if the concentration of the
RGD cell-adhesion peptide had an effect on the macro scale
behavior of the cells. We carried out live fluorescent imaging

RGD Availability Dictates hMSC Migration on
Peptide-Functionalized Hydrogels. Photo-cross-linked
PEG hydrogels provide a very versatile tailorable platform,

therefore the specific formulation used for these studies was over a period of 6 h (Figure 2b) and found that hMSCs on
carefully considered. We chose to employ a relatively stiff high and low binding hydrogels displayed no directional
hydrogel with a Young’s modulus around 20 kPa (Figure S1a), preference (Figure 2c). Interestingly, the hMSCs on the 10%
similar to the stiffness of muscle tissue.” Hydrogels with RGD hydrogels traveled across the hydrogel surface much
modulus in this range previously showed enhanced hMSC faster, with a median velocity of 2.6 ym/min, compared to 1.7
attachment to RGD peptide hydrogels, compared to softer pm/min on 100% RGD hydrogels (Figure 2d). These
gels.” We additionally confirmed that total peptide content in velocities were both higher than hMSCs on tissue culture

each hydrogel condition was of similar magnitude (Figure plastic (TCP) (Figure S3). Furthermore, the hMSCs on 10%
S1b). This previous study’ also found that a minimum of 0.5 RGD hydrogels traveled farther, with a 488 um median
mM RGD peptide was necessary for cell attachment, which is displacement compared to 314 ym on 100% RGD hydrogels
similar to our “low” 10% RGD hydrogel with 0.68 mM peptide, (Figure 2e). These experiments demonstrated and confirmed
whereas much higher levels of RGD presentation, such as 5 that availability of the RGD peptide influences morphology
mM (similar to our “high” 100% RGD hydrogel with 6.8 mM and migration behavior.

peptide), promoted a spread morphology and enhanced Mapping hMSC-RGD Unbinding Forces Using Single
proliferation for hMSCs.”° We measured similarly high Cell Force Spectroscopy. SCFS was utilized to investigate
numbers of cells attached to both the 100% and 10% RGD the influence of RGD concentration on adhesion forces
hydrogels (Figure S2), which facilitated further investigation between the hMSCs and the hydrogels, thus providing
and comparison of the hydrogels via SCFS and dSTORM. No molecular level insight to explain differences in migration
cells remained bound to 0% RGD hydrogels after 24 h and velocity. During a SCFS measurement, changes in cantilever
were thus not included in the migration experiments, and this deflection (force) can be measured as the cell is pulled away

17324 https://dx.doi.org/10.1021/acsnano.0c07428

ACS Nano 2020, 14, 17321-17332


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07428/suppl_file/nn0c07428_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07428/suppl_file/nn0c07428_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07428/suppl_file/nn0c07428_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07428/suppl_file/nn0c07428_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07428/suppl_file/nn0c07428_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07428?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07428?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07428?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07428/suppl_file/nn0c07428_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07428?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07428?ref=pdf

ACS Nano

www.acsnano.org

and completely detached from the hydrogel (Figure 3a). Here,
we have quantified the nano- and picoscale adhesion between
the hMSC and the hydrogel relative to RGD concentration.
First, we quantified the adhesion energy required to fully
detach the hMSC from the hydrogel, from integrating the area
under the retraction curve (annotated blue area in Figure 3a),
on the hydrogels with varying RGD concentration (Figure 3b).
The mean total adhesion energy of the hMSC on the 0% RGD
hydrogel was not significantly different from the 100% and
10% RGD hydrogels (Figure 3b), which would appear contrary
to the fact that no cells adhered to these hydrogels in culture.
However, SCFS involves physically pushing the cell into the
hydrogel surface which results in substantial nonspecific
adhesion to the hydrogel polymer network (Figure S$4),
which we attribute to electrostatic interactions between the cell
and hydrogel.”® The mean adhesion energies for 100% and
10% RGD hydrogels are not significantly different, indicating
that the availability of RGD does not have a measurable impact
on overall adhesion of a single cell. However, looking within
each force—distance curve it is possible to deconvolute
important adhesion events occurring at the molecular level.
Within the force—distance curve for hMSC interaction with
the hydrogel, typical rupture events are observed (Figure 3A,
inset box), notably a force step (or “jump”) preceded by a
ramp-like change in force.”® These total rupture events were
quantified (Figure 3c) and a Gaussian fit was applied to the
distribution of forces up to 200 pN. There was a mean event
force of 67 + 4 pN (mean + SD) on the 100% RGD hydrogel,
and 60 + 3 pN on the 10% RGD hydrogel. For the 0% RGD
hydrogel there was a greatly reduced number of overall events
with a random distribution of the associated forces, therefore
no fit could be applied (Figure S5a). Furthermore, when the
hMSCs were incubated with soluble RGD peptide, effectively
blocking the available surface integrins, the number of rupture
events were significantly reduced, indicating that these events
were indeed due to cellular interaction with hydrogel-bound
RGD (Figure S5b). To further characterize the cause of this
specific force rupture event, we performed SCFS on RGD
peptide chemisorbed via the thiols of the terminal cysteines on
a gold substrate (Au-RGD) compared to a clean gold (Au)
substrate to quantify rupture events in the presence of only
RGD without the underlying hydrogel (Figure SSc). On the
Au-RGD surface the mean force was quantified at 61 + 2 pN,
while on the Au substrate there were a negligible number of
events and thus the distribution was unable to be fitted (Figure
S5c). Hence, the mean rupture force of 61 + 2 pN can be
attributed to an unbinding event between the hMSC and
RGD. To determine if the mean rupture force of 67 + 4 pN
(between the hMSC and the 100% RGD hydrogel) is
representative of an individual ligand—receptor unbinding
event, the relationship between the rupture force and
retraction speed was explored. A shorter contact time of 50
ms was employed to increase the sensitivity of the force
measurement to single-molecule interactions,” with a range of
retraction velocities (0.1—20 wm/s). Only rupture events
which were a single, discrete force step to the zero-force level
were analyzed to ensure the measurement was a single-
molecule unbinding event (Figure S6a), and as less than 30%
of the force—distance curves yielded this discrete force event,
there was an approximately 85% probability that this rupture
event was the unbinding of a single-bond rupture.”’ Using this
single-molecule binding approach, the mean rupture force was
quantified as 63 + 8 pN at the same retraction velocity (1 ym/

s) as the longer adhesion measurements (67 + 4 pN) on the
100% RGD hydrogel. For the Au-RGD surfaces, even with the
very short contact time the number of rupture events were too
frequent to extract single unbinding events; conversely, for the
10% RGD hydrogel the number of rupture events were too few
for meaningful statistical analysis. Furthermore, the mean
rupture forces recorded on 100% RGD hydrogels under these
single-molecule binding conditions revealed a linear relation-
ship with the logarithmic increasing retraction speed (Figure
S6b). According to the Bell/Evans theory of kinetic bond
rupture, there is a linear relationship between this rupture force
and the effective loading rate, which is the product of the
effective spring constant and the retraction velocity."' Hence,
observing this linear relationship indicates that the observed
rupture forces are the result of a single bond rupture event.
Therefore, it was proposed that a single unbinding event
occurred at 63 + 8 pN specifically between the hMSC and the
RGD peptide cross-linked to the PEG hydrogel. This is within
the range reported for integrin-ECM unbinding forces which
vary between 40 to 140 pN dependent on loading rate,*”** and
comparable to the rupture force for a5$1/FN7-10 complex,
reported as 69 pN for a similar loading rate.*’

Further analysis of the individual rupture events revealed the
sensitivity of SCES to the availability of RGD in the hydrogels.
The average number of total rupture events (Ny) detected in a
single force—distance curve for the 100% RGD hydrogel
(Figure 3d) was almost twice (178%) the N for the 10% RGD
hydrogel. Comparatively, the Au-RGD surface generated a
nearly 10-fold increase in Ny relative to the 100% RGD
hydrogel (Figure SSd), attributed to the higher density of
available RGD when chemisorbed directly onto the gold
surface."* To characterize the proportion of RGD-hMSC single
unbinding events compared to nonspecific events, the number
of rupture events occurring within the range of 63 + 10 pN
(accounting for baseline noise in the AFM) were quantified.
The average number of RGD-hMSC unbinding events in a
single force—distance curve (Npgp) followed a similar pattern;
there were almost twice the number of Nygp on the 100%
RGD hydrogel compared to the 10% RGD hydrogel, and again
a 10-fold increase in the Nygp on the Au-RGD compared to
the 100% RGD hydrogel (Figures 3d and S5d). Curiously, the
Np measured for the 0% and 10% RGD hydrogel were similar
(Figure 3d and S5d), but the total number of events on the
plain gold surface was greatly reduced as previously described
(Figure SSc). This indicates a baseline level of nonspecific
binding between the hMSC and the PEG hydrogel; as
observed in the cell culture experiments, this nonspecific
binding was not sufficient to facilitate adhesion of the hMSC to
the 0% RGD hydrogel.

Interestingly, the proportion of RGD interaction rupture
events on the RGD hydrogels remained very similar;
specifically, we found that 30% and 36% of all rupture events
on 100% and 10% RGD hydrogels, respectively, occurred at 63
+ 10 pN (Figure 3e), which was comparable to the Au-RGD
surface (30%) (Figure SSe). Hence even as the quantity of
rupture events (Ny) increased with increasing RGD avail-
ability, the proportion of these forces identified to be specific
hMSC-RGD interactions remained consistent. This suggests
that SCFS is sensitive to the saturation of available RGD
binding sites on the hMSC, and that even at “low”
concentrations the RGD density available is more than
sufficient for initial cell adhesion.” More complex analysis of
the possibility of multiple binding events and clustering
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Figure 4. dSTORM imaging of integrin @Sf1. (a) Schematic representing immunolabeling of active integrin aSf1. (b) Representative
dSTORM reconstructed images of integrin aSf1 clusters on the surface of hMSCs bound to 100% and 10% RGD hydrogels. Scale bar = 500
nm. (c) Representative DBSCAN cluster maps of images in panel b. Maps are 4 X 4 um. (d) Representative cluster density maps of images in
panel b. Maps are 4 X 4 ym. (e) Analysis of total number of surface localizations, number of clusters and density of clusters of integrin a5f1
per ROI for hMSCs in contact with 100% and 10% RGD hydrogels. N = 10—15 ROIs from n = 3 hydrogel replicates per condition. Welch’s
unequal variances unpaired two-tailed ¢ test. Box plots represent median + IQR; whiskers represent minimum and maximum. *p < 0.0S.

behavior is difficult to accurately determine using SCFS, hence
applying spatial molecular quantification methods such as
dSTORM can further elucidate the hMSC-RGD hydrogel
interaction.

Characterization of Integrin a561 hMSC Surface
Clustering Using dSTORM. We proceeded to quantify the
number and arrangement of a5p1 integrins on the plasma
membrane surface of hMSCs adhered to RGD-functionalized
hydrogels. Immunolabeling aSf1 integrins in their active,
extended conformation enabled assessment of the surface
availability of the integrin for ligand binding (Figure 4a).
dSTORM image acquisition was carried out via temporally
separated blinking events of AlexaFluor647. The individual
detections were Gaussian fitted, and super-resolved images
were reconstructed. The localization precision of the individual
AlexaFluor647 detections was measured to be 16.7 nm (o)
(Figure S7a), while the cluster sizes had a measured diameter
of 140—160 nm (based on the full width half-maximum,
FWHM, of their fluorescent intensity) (Figure S7b). This is
similar to the previously reported localization precision of
AlexaFluor647 using dSTORM,* and the reported size of
integrin clusters.*’

The monoclonal JBSS clone primary antibody to integrin
aSp1 was used as it has been extensively characterized in the
literature to bind only the active, extended conformation of the

17326

integrin and thus specifically represents the integrins that are
available for binding at the cell surface.'”*®* Further, these
studies also tested various RGD peptide sequences, and found
that short RGD peptides, which do not include the synergy
fibronectin sequence (as used in the present study), permit
antibody binding. To ensure that the RGD-integrin inter-
actions did not obscure a5f1 labeling in our setup, a
“saturated” labeling control was used where hMSCs were
seeded on untreated glass and dSTORM was performed
(Figure S8). No difference in the total number of localizations,
number of clusters or density of clusters was seen between the
hMSCs on glass or on 100% RGD hydrogels, suggesting the
RGD peptide indeed does not obscure antibody labeling of the
integrin, and thus the differences measured are attributed to
cell surface availability of the integrin.

There was a dramatic increase in @51 availability at the cell-
material interface on the 10% RGD hydrogel compared to the
100% RGD hydrogel (Figure 4b). Using the integrated
density-based spatial clustering of applications with noise
(DBSCAN) function of the cluster analysis algorithm Clus-
DoC,” the aSp1 clusters were identified and maps of the
clusters and their densities were generated within regions of
interest (ROI) of 4 X 4 ym (Figure 4c and d). Upon analysis
of the clusters, we measured a significant increase in the
median number of surface localizations by 232%, number of
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clusters by 363% and density of clusters by 363%, for 10%
hydrogels compared to 100% (Figure 4e). It was previously
established that increased cell traction forces are due to local
activation of aSp1 integrins,51 and hence, the increased
receptor numbers and clustering on 10% RGD hydrogels
likely underpins the increased migration speed measured at the
macro scale. However, to date, no study has demonstrated the
effect of RGD concentration in a hydrogel on integrin a551
presentation. We concluded that the availability and clustering
of a5f1 on the hMSC membrane corresponds inversely to
available RGD binding sites on the hydrogel surface. Hence
dSTORM provides molecular sensitivity to differences in cell
surface localization of integrin a541, driven by the availability
of RGD on the surface of the hydrogel.

CONCLUSIONS

To explore the correlative relationship between the multiscale
interfacing measurements, we indexed the various parameters
between 0 and 1 (Figure 5). While this indexing simplifies the

Average
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Figure 5. Correlation of multiscale interfacing parameters. 2D
Radar plot of median measurements on 100% and 10% RGD
hydrogels, with normalized values indexed between 0 and 1 on
each axis. Migration velocity was indexed between 0 and 3 pm/
min; adhesion energy was indexed between 0 and 600 nJ. Total
rupture events were indexed between 0 and 12, and RGD rupture
events were indexed between 0 and S. Total localizations were
indexed between 0 and 1500 per ROI, and the number of clusters
were indexed between 0 and 100 per ROI

complexity of cell-material interactions, it enables the
comparison and combination of the various cellular processes
underlying cell adhesion and migration across several length
scales. Plotting these indexed values side-by-side revealed stark
differences between unbinding events and receptor localization
that help to explain the macroscopic cell migration
observations. On high binding (100% RGD) hydrogels, strong
interactions between the hMSC and RGD, illustrated by a
higher quantity of RGD-hMSC unbinding events, enabled
stable cell adhesion to the substrate and slower migration. On
low binding (10% RGD) hydrogels, fewer specific interactions
between the hMSC and the hydrogel, illustrated by reduced
RGD-hMSC unbinding events, correlated with increased a5p1
surface localizations and clustering, likely as a cellular response
to attempt to improve cell adhesion, leading to faster
migration.

Taken together our measurements reveal a relationship
between the availability of RGD binding sites and the
subsequent cell response. Furthermore, although it appears
counterintuitive at first, increased RGD availability and

proportion of RGD-hMSC unbinding events did not correlate
with increased receptor localizations. While we do not rule out
that there were likely changes occurring in other RGD-binding
receptors that we did not measure, a clear difference in a5p1
surface availability was seen in the low versus high binding
conditions, which agrees with a recent study where increased
RGD ligand spacing (which correlates with reduced surface
concentration) promoted growth of total aSfl-containing
focal adhesions on epithelial cells.”” Our data also agree with
studies on other motile cell types, such as cancer cells, where
increased migration and invasion were associated with
increased surface aSf1 protein levels, as measured by Western
blots, and thus szpatial organization of the receptors could not
be appreciated.””>* Thus, our dSTORM results fully support
this increase in measured hMSC migration velocity on low
binding RGD hydrogels through increased integrin surface
localizations and clustering, suggesting that ligand density
partly determines hMSC adhesion stability and migratory
behavior. Our mechanistic insights thus provide a key
consideration for peptide concentration when designing
materials to support cell adhesion and migration. Moreover,
our technical approach also highlights the insights that can be
provided by such complementary and quantitative techniques
to precisely characterize cell-material interactions. Both SCES
and dSTORM are relatively recent techniques that are not yet
widely utilized in biomaterial characterization. More traditional
methods for analyzing cell-material interactions include
measuring bulk material stiffness and surface topography by
AFM combined with conventional fluorescence microscopy of
cell shape.”® However, cell behavior can now be assessed in
greater detail via examining nanoscale interactions with the
immediate microenvironment. SCFS and dSTORM are
complementary to traditional techniques, such as quartz crystal
microbalance with dissipation (QCM-D), where individual
unbinding events cannot be measured,”™” and diffraction-
limited fluorescence microscopy where individual receptors
cannot be visualized or quantified due to the diffraction limit of
200 nm.'® As integrins direct cell adhesion and migration, the
relationship between surface receptor organization and
unbinding events, with respect to macroscale migration,
could not be previously quantified.”'” While SCFS and
dSTORM have enabled measurable advances in our under-
standing of cell binding and receptor distribution in isolated
cell culture systems, we believe that our demonstration of these
techniques used in parallel offers important insights into
biomaterial interfacing that could not be quantified using
traditional techniques. We successfully demonstrated the
capacity to elucidate previously unquantified nanoscale
observations within an accessible biomaterials system with
two concentrations of available RGD peptide, providing a solid
methodological foundation that we hope will be built on in the
future. We limited our study to investigating a single peptide-
integrin pair; however, this system lends itself to the study of
many other receptor—peptide interactions, and therefore,
further interesting insights could be gained by studying
different types and conformations of adhesive ligands at a
variety of concentrations. Additionally, our system was limited
to 20 kPa hydrogels, which are generally considered to be stiff.
Previous work demonstrated that hMSCs can respond very
differently to hydrogel substrates with varied stiffness and
presentation of adhesive ligands**~* therefore, future studies
should aim to expand upon our work for tissue specific
regimens.
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Even more precise exploration of how peptide-functionalized
hydrogels interact with cells at the molecular scale appears to
be in reach and would establish a basis for a priori
determination of peptide amount, as well as its spatial and
temporal presentation. This setup is envisaged to be
straightforward for use by many others as AFM is often used
for material characterization, in addition to recent advances in
single molecule interaction studies, specifically the super-
resolution technique dSTORM, which can be carried out on a
standard widefield microscope with the addition of a powerful
laser and careful sample preparation. As these techniques
become more widely available to researchers at the intersection
of biology and biomaterials, we foresee attaining even more
critical insights in the future that will drive discovery forward in
interdisciplinary research.

METHODS/EXPERIMENTAL SECTION

Hydrogel Synthesis and Fabrication. Hydrogels were formed
from a macromer solution Erepared with 10% w/w eight-arm PEG-
norbornene (MW 20 000)®* in Dulbecco’s phosphate buffered saline
(DPBS; Life Technologies), with 13.7 mM PEG-dithiol cross-linker
(MW 1000, Sigma-Aldrich), 6.8 mM peptide (cell-adhesive
CGGRGDSP or scrambled CGGRDGSP), and 0.05% w/w Irgacure
2959 (Sigma-Aldrich). These amounts of cross-linker and peptide
were used to react with all available norbornenes. Peptides were
manually synthesized by Fmoc solid-phase peptide synthesis, followed
by HPLC purification (water/acetonitrile gradient with 0.1% v/v
TFA) and pure peptide molecular weight verification by MALDI-ToF.
Hydrogels were formed by pipetting the macromer solution into disc-
shaped silicone molds (6 mm diameter, 0.5 mm height) between glass
coverslips and cured 7 min with 365 nm light (5 mW cm™), where
the upper coverslip was coated with nonadhesive Rain-X, and the
lower 13 mm diameter glass coverslip was thiol-functionalized using
3-mercaptopropyl trimethoxysilane (Sigma-Aldrich). To thiol-func-
tionalize, coverslips were rinsed 1X with acetone, soaked 10 min in
4% v/v 3-mercaptopropyl trimethoxysilane in acetone, rinsed 3X with
acetone, cured 10 min at 80 °C, then cooled and stored at —20 °C
until use. Following gelation, the upper coverslip was removed and
the hydrogel remained covalently bound to the lower coverslip. The
hydrogels were rinsed in PBS-antis (DPBS supplemented with 1% v/v
antibiotic/antimycotic (A/A; Invitrogen) and 1% v/v penicillin—
streptomycin (P/S; Invitrogen)), transferred to individual wells of a
24-well tissue culture plastic (TCP) plate (Corning), covered with
fresh PBS-antis, sterilized by exposing to 365 nm light (S mW cm™)
for 15 min with the plate cover on, sealed with parafilm, and stored at
4 °C until use.

Fluoraldehyde Peptide Assay. Peptide functionalization to PEG
hydrogels was confirmed using fluoraldehyde o-pthaldialdehyde
(OPA) reagent solution (Thermo Fisher Scientific). Free-standing 6
mm diameter hydrogels (formed between two Rain-X coated glass
coverslips) were equilibrated in PBS-antis and transferred to
individual wells in a black 96-well plate. PBS-antis (50 uL) and SO
1L of OPA were added to each well, and fluorescence was measured
immediately in scanning mode on a PerkinElmer EnVision plate
reader, according to OPA reagent specifications.

Gold-RGD Self-Assembled Monolayer Surface. Gold-coated
silicon wafer substrates were treated with O, plasma (Plasma Prep S,
Gala Instruments) for 6 min and then soaked in ethanol for 10 min.
One hundred microliters of 10 mmol RGD in DPBS solution was
pipetted onto the substrate and incubated for 30 min; then, it was
rinsed 3X with DPBS and used for the SCFS measurements in serum-
free Leibovitz’s L-15 CO, independent media (L-15; Life
Technologies).

Cell Culture. Primary human bone marrow-derived mesenchymal
stem cells (hMSCs; Lonza) were cultured under standard cell culture
conditions (37 °C, humidified atmosphere, 5% CO,). hMSCs were
expanded in mesenchymal stem cell basal medium (Lonza),
supplemented with mesenchymal stem cell growth medium (Lonza)

and 1% v/v A/A. Cells were grown to 80—90% confluency in T175
cell culture flasks (Corning) before use in each experiment.

Live Cell Imaging and Migration Analysis. Autoclaved silicone
o-rings (9.19 mm inner diameter, RS PRO) were placed on each
hydrogel in a 24-well TCP plate (Corning). hMSCs were labeled with
S uM CellTracker Orange CMRA (Thermo Fisher Scientific) in
MesenPRO RS medium (Thermo Fisher Scientific) for 30 min,
washed with DPBS, trypsinized (0.05% v/v Trypsin-EDTA (1x), Life
Technologies) and seeded onto hydrogels at 20 000 cells/ cm? or
empty TCP wells (10 000 cells/cm? a lower cell density was used for
these controls to avoid confluency) in alpha minimal essential
medium Glutamax™' (aMEM; Life Technologies) supplemented with
10% v/v mesenchymal stem cell grade fetal bovine serum (MSC-FBS;
Life Technologies) and 1% v/v P/S, and incubated 24 h to attach.
The culture medium was changed to MesenPRO RS supplemented
with 20 ng mL™" bFGF and 10 ng mL™" TGF-f1 (both recombinant
human growth factors, Peprotech), and the plate was transferred to
the sample chamber on a Zeiss Axio Observer live imaging
microscope and equilibrated 1 h (37 °C, §% CO,) before beginning
measurements. 3X ROIs per well were imaged under bright field and
fluorescent illumination (45 HQ TexasRed filter) every 10 min for 6 h
using a 10X objective, at 20% stage speed to minimize drift. The
migration data was analyzed using Icy (https://icy.bioimageanalysis.
org)®* with the Spot Detector® and Spot Tracking®® plugins. The
tracking data was analyzed and exported with the Motion Profiler
plugin.

Confocal Microscopy and Cell Number Analysis. Following
live imaging, sample wells were washed with DPBS and fixed with 4%
v/v paraformaldehyde (PFA; Electron Microcopy Sciences) for 20
min at room temperature. All indicated dilutions were in DPBS. O-
rings were removed from gels, and all following immunolabeling steps
were performed on an orbital shaker (75 rpm) at room temperature,
with DPBS washes between each step. Samples were treated with
0.25% v/v Triton X-100 (Sigma-Aldrich) for 30 min, blocked 30 min
with 5% v/v normal goat serum (Sigma-Aldrich), immunolabeled 20
min in 0.1% v/v bovine serum albumin (BSA) supplemented DPBS
with 1:500 AlexaFluor 488 Phalloidin (Thermo Fisher Scientific), and
10 min with 1:1000 DAPIL Immunolabeled samples were stored at 4
°C in PBS-antis up to 1 week before imaging. The coverslip-bound
gels were inverted on a 35 mm glass bottom p-dish (Ibidi GmbH) in
DPBS and imaged on a Leica SP8 inverted confocal microscope.
Images were taken with a 10X objective and 63X oil immersion
objective. The DAPI channel was extracted from the confocal
microscopy images using FIJI. Images were transformed into 8-bit and
an automatic threshold based on intensity gray levels applied to the
image. The “analyze particles” function was then utilized to extract the
number of nuclei per image.

Atomic Force Microscopy (AFM). All AFM measurements were
performed using a Keysight 5500 AFM.

Indentation for Young’s Modulus. Colloidal cantilevers (sQUBE)
with a nominal tip radius of 20 pm and calibrated with a spring
constant of 3.7 N/m. For each hydrogel sample, 5 force—indentation
measurements were performed at 3 individual locations. The force—
indentation measurements were modeled using a spherical Hertz
model to quantify the Young’s modulus.

Single-Cell Force Spectroscopy (SCFS). Probe Functionaliza-
tion. Tipless cantilevers (Nanoworld PNP-TR) were first O, plasma
treated for 20 min. The cantilevers were then incubated in 0.5 mg/mL
biotinylated BSA (Thermo Fisher Scientific) for 12 h at 4 °C. The
cantilevers were then rinsed with DPBS; then, they were incubated in
0.5 mg/mL streptavidin (Sigma-Aldrich) for 1 h at room temperature.
The cantilevers were rinsed with DPBS, then finally incubated in 0.1
mg/mL biotinylated concanavalin A (Vector Laboratories) for 1 h at
room temperature. The cantilevers were rinsed and then stored in
DPBS at 4 °C until use or up to 2 weeks.

Single-Cell Attachment and SCFS Measurements. The SCES was
performed with a Keysight temperature-controlled stage to enable
local temperature control at 37 °C in a method similarly described in
ref 67. The hydrogel samples were placed into a TCP Petri dish
(Corning) and incubated in L-15 media 1 h prior to SCES
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measurements at 37 °C. The hMSCs were cultured in aMEM
supplemented with 10% v/v MSC-FBS and 1% A/A with a density of
1000 cells/cm* for 24 h prior to detachment. The hMSCs were
incubated in 0.5 mM EDTA for 45 min to detach from the culture
plate to produce a solution of hMSC in suspension. 50 uL of the
hMSC suspension was added to the hydrogel sample in the Petri dish
and L-15 media and allowed to settle for 10 min. The functionalized
cantilever was then introduced to the media during this 10 min period
to allow the cantilever to reach thermal equilibrium. Using the optical
system of the AFM, the cantilever was positioned above a single cell
and brought into contact with an applied force of 0.5 nN for 30 s. The
cantilever was then retracted with the cell attached and was,
subsequently, left to adhere for 15 min prior to SCFS measurements.

For the SCFS measurements, the hMSC-functionalized cantilever
was positioned over a cell-free region of the hydrogel and force—
distance curves performed. In five locations across the hydrogel, five
force—distance curves were performed sequentially with 2 min rest
period between each measurement and performed with a rate of 1 p
m/s, a 2 nN set-point, and a 30 s dwell period when engaged with the
hydrogel surface. For the loading rate measurements, the retraction
velocity of the cantilever was varied with a range of 0.1, 1, S, 10, 1S,
and 20 ym/s. The loading rate was calculated as the product of the
retraction velocity and the calibrated spring constant of the cantilever.
The contact time was set to S0 ms, and for each velocity, 10 force
curves were performed, except for 0.1 ym/s, which were performed S
times.

On each hydrogel sample (100%, 10%, and 0% RGD), these two
force—distance curve parameters were repeated 3 times with a freshly
functionalized hMSC cantilever. The resulting force—distance curves
were analyzed using custom MATLAB code to quantify force jumps
within the retraction curve; these force jumps are identified as rupture
events, which occur when a bond formed between the hMSC
integrins and the hydrogel detaches.

AFM Blocking. Detached cells were incubated in a solution of 10
mM RGD in L-15 media for 15 min prior to being attached to the
functionalized cantilever, and then, the SCFS protocol described
above was performed on a 100% RGD hydrogel.

Direct Stochastic Optical Reconstruction Microscopy
(dSTORM). Preparation of dSTORM Samples. Cells were trypsinized
in 0.05% v/v trypsin-EDTA (1X) and seeded at a concentration of
20000 cells/cm? in aMEM supplemented with 10% v/v MSC-FBS
and 1% v/v A/A onto the hydrogels in 12-well TCP plates (Corning).
After 24 h, cells were fixed in 0.3% v/v glutaraldehyde (GA; Electron
Microscopy Sciences) in cytoskeleton stabilization buffer (10 mM
MES buffer pH 6.1, 150 mM NaCl, S mM EGTA, S mM glucose, and
S mM MgClz),68 with 0.25% v/v Triton X-100 for 5 min; then, they
were fixed in 3% v/v GA in cytoskeleton stabilization buffer for 10
min. The cells were then treated with 0.1% w/v NaBH, in DPBS for
10 min, rinsed 1X in DPBS, followed by two more washes for 10 min
each. Cells were then blocked in 3% w/v BSA in DPBS for 2 h at
room temperature, incubated with @581 primary antibody (mouse
monoclonal, clone JBSS, 1:2000; Millipore) in 3% w/v BSA in DPBS
for 1 h 30 min at room temperature, washed three times in DPBS, and
then incubated with AlexaFluor647 secondary antibody (goat
antimouse IgG, 1:2000; Life Technologies) 1 h 30 min in 3% w/v
BSA in DPBS. The cells were washed a further three times in DPBS
followed by post fixation with 2% v/v PFA in DPBS for 10 min
followed by a further three washes with DPBS. The samples were
stored overnight at 4 °C for imaging the following day.

dSTORM Image Acquisition. The cells were imaged in 25% v/v
VectaShield (Vector Laboratories) in glycerol (Sigma-Aldrich).””
First, a drop of the 25% v/v VectaShield in glycerol was placed on a
35 mm high p-dish with a #1.5H glass coverslip (Ibidi-GmbH), and
the hydrogel was placed upside-down onto the imaging solution, with
a small weight of 8.6 g placed on top, bringing the cells into contact
with the glass coverslip. Imaging was carried out on a Zeiss Elyra PS.1
AxioObserver Z1 motorized inverted microscope with an electron-
multiplying charge-coupled device (EMCCD) camera (Andor iXon
DU 897), an alpha Plan-Apochromat 100x/1.46 NA immersion oil
DIC VIS Elyra objective and a 640 nm solid-state laser (150 mW).

ZEN black image software v.2012 was utilized to acquire the movies.
Images were captured with EPI illumination, in ultrahigh-power mode
(PALM_uHP), in 16-Bit depth with a pixel size of 100 nm and an
image size of 24.8 ym X 24.8 ym. AlexaFluor647 was excited at 640
nm with an exposure time of 50 ms per frame at 80% laser power with
an EMCCD gain of 10%, and the fluorescence emission was acquired
over 15000 frames. As hMSCs are much bigger than the field of view
with a 100X objective, images were taken with as much of the cell in
as possible.

Cluster Analysis. The single-molecule localization data were
analyzed using the versatile, open source software ThunderSTORM
plug-in for FIJI,”° which has previously been used to reconstruct
dSTORM images of varying cellular structures.”””'~"* Camera
parameters were input (pixel size = 100 nm, photoelectrons per A/
D count = 8.6, base level = 414, EM gain = 10). Default fitting
parameters were used (wavelet-based filter, local maximum detection
of single molecules, and integrated two-dimensional Gaussian fitting).
Multiemitter fitting was selected for reconstruction to correct for
overblinking as each secondary antibody was conjugated with 5
fluorophores. Postprocessing involved drift correction by cross-
correlation, followed by filtering for an uncertainty <15 nm and
frames merged (maximum = 10) to remove localizations blinking
continuously across several frames from the same molecule, thus
avoiding overcounting. Images were reconstructed as 2D average
shifted histograms with a bin size of 20 nm corresponding to a SX
magnification. Cluster analysis was carried out using the Clus-DoC
script”® with MATLAB v.2017. The exported data from Thunder-
STORM were uploaded into Clus-DoC and S regions of interest
(ROI) of 4 ym X 4 um were randomly selected for each image. This
was done to ensure no background was analyzed but only the flat
surface of the hMSCs. DBSCAN was then used with a minimum
number of neighbors (MinPts) of 3 for cluster propagation within a
radius (epsilon) of 30 nm, with a cluster defined as having 10
localizations or more.

Quantification and Statistical Analysis. All graphing and
statistical analysis were carried out using the software GraphPad Prism
v.8. Data were tested for normality of distribution using D’Agostino-
Pearson and Kolmogorov—Smirnov tests. Parametric data were
analyzed with either an unpaired two-tailed ¢ test or an unpaired
one-way ANOVA. Parametric data that displayed unequal variances
were analyzed with Welch’s unpaired ¢ test or Brown-Forsythe and
Welch unpaired one-way ANOVA with Dunnett’s T3 multiple
comparison test. Nonparametric data were analyzed using a two-
tailed unpaired ¢ test with Mann—Whitney post hoc or a Kruskal—
Wallis ANOVA with Dunn’s multiple comparison test. Data is
represented as violin plots, box and whisker plots or dot plots with
median + the interquartile range (IQR). *p < 0.05, **p < 0.01, ***p
< 0.001, ns = not significant.
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