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Abstract

We have engineered biomaterials that display nanoclusters of ligands that bind both integrin and
syndecan-4 cell receptors. These surfaces regulate cell behaviours under static conditions including
adhesion, spreading, actin stress fibre formation, and migration. The syndecan-4 receptors are also
critical mediators of cellular mechanotransduction. In this contribution we assess whether this novel
class of materials can regulate the response of cells to applied mechanical stimulation, using the shear
stress imparted by laminar fluid flow as a model stimulus. Specifically, we assess endothelial cell
detachment due to flow, cell alignment due to flow, and cell adhesion from the flowing fluid. A high
degree of cell retention was observed on surfaces containing integrin-binding ligands or a mixed
population of integrin- and syndecan-binding ligands. However, the presence of both ligand types was
necessary for the cells to align in the direction of flow. These results imply that integrin engagement is
necessary for adhesion strength, but engagement of both receptor types aids in appropriate
mechanotransduction. Additionally, it was found that surfaces functionalised with both ligand types
were able to scavenge a larger number of cells from flow, and to do so at a faster rate, compared to
surfaces functionalized with only integrin- or syndecan-binding ligands. These results show that
interfaces functionalized with both integrin- and syndecan-binding ligands regulate a significant range

of biophysical cell behaviours in response to shear stress.

Keywords: Multivalent, endothelial cell, co-receptor, mechanotransduction, cell scavenging
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1. Introduction

Advances in biomaterials science are critical to the development of new biomedical devices and
improvements in tissue engineering and organ-on-a-chip technologies. Strategies for developing these
next generation materials can often be informed through understanding how cells interact with their
native environment, the extracellular matrix (ECM). Integrin receptors are the main cell adhesion
molecules that regulate a cell’s interactions with the ECM. This detailed mechanistic knowledge has
resulted in the development of bioactive materials that are functionalised with polypeptide motifs — or
ligands — that regulate cell adhesion through specific interactions with a cell’s integrin receptors [1-3].
For nearly thirty years, researchers have functionalised synthetic materials with a variety of integrin-
binding ligands such as the RGD, GFOGER, REDV, and CRRETAWAC polypeptides to promote

specific, integrin-mediated cellular adhesion [4-13].

While integrins are considered to be the primary ECM receptors, they are not the only receptor type
responsible for ECM adhesion. Specifically, biological research has illustrated that the syndecan-4
receptor is a critical co-receptor that must be engaged with integrins for optimal cell adhesion,
mechanosensing, and initiation of intracellular signalling [14-20][21-24]. For instance, fibroblasts
require engagement of both syndecan-4 and asP; integrins for focal adhesion formation and stress fibre
development, whereas neither is sufficient alone [25]. To the best of our knowledge, we are the first to
develop synthetic biomaterials that leverage the synergy between integrin and syndecan-4 receptors

through the functionalisation of materials with ligands that bind both receptors types [26].
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Previously, we have developed a low-fouling biomaterial platform that enables the presentation of nano-
clusters of cell adhesive ligands. This nano-scale presentation of multivalent ligands facilitates receptor
clustering within the cell membrane and promotes focal adhesion formation [3]. We then illustrated
that the nanoscale clustering of the integrin-binding RGD ligand can be used to increase adhesion,
endothelialisation rate, and migration speed of endothelial cells under static conditions compared to
surfaces that displayed a similar overall density of ligands with a random distribution [27]. Next, we
illustrated that surfaces that display nanoclusters of mixed populations of integrin and syndecan-4
ligands synergistically increase endothelial cell adhesion and increase the rate of surface
endothelialisation under static conditions compared to those that displayed only clusters of integrin-

binding ligands [26].

In this contribution, we are most interested in the documented role of syndecan-4 receptors in cellular
mechanotransduction [28-30]. Endothelialisation of cardiovascular biomaterials is an important
example of a process that depends on the biomaterial surface design to achieve the desired cell
behaviour under applied mechanical forces. As such, we used endothelial cells as the model cell type
in this study and used a laminar shear flow chamber to mechanically stimulate the cells with shear
stresses over a physiologically relevant range. Specifically, we assessed how this new generation of
biomaterials impacts three key endothelial cell behaviours under flow: detachment from the material
surface due to flow, cellular reorganization and alignment under flow, and attachment to the surface
from flow. These behaviours were chosen because they provide biophysical insight into the
complementary role of integrins and syndecans in cell binding and are critical for improving the
endothelialization of biomedical devices: 1) Cell adhesion from flow was assessed as many recent
studies focus on in situ endothelialization through the capture of circulating endothelial progenitor cells

(EPCs) from the blood stream [31-33]. Thus generating surfaces with improved scavenging capacity is
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desired. 2) Cell detachment from a surface is also of concern. Cells that are seeded onto the interface
or that are scavenged from the flow must be firmly attached to prevent exfoliation to maintain the
integrity of the endothelium [31,32]. As such, engineering surfaces to promote firm EC adhesion is
required. 3) Cellular mechanotransduction is also critical. ECs align and elongate in the direction of
flow in vivo, and this mechanotransduction is an important regulator for many key cellular functions
including apoptosis, morphological remodelling, cell cycle progression, and production of NO, which
altogether contribute to atheroprotective effects of the endothelium [34-37]. As such, development of

surfaces that promote appropriate EC mechanosensing is necessary.

Herein, we illustrate that integrin engagement is critical to generate strong attachment between cells
and the interface. However, engagement of both integrin and syndecan receptor types is necessary to
achieve the appropriate mechanotransduction of cells under flow and to improve the scavenging of cells
from flow. Additionally, syndecan-4 is ubiquitously expressed by the adherent cells of the body;
therefore, we expect this new class of biomaterials could be used to improve the interactions between

biomaterials and a variety of other cell types [38,39].
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2. Materials and Methods

2.1. Polymer synthesis and surface preparation

The polymers were synthesized and the surfaces were prepared as previously described [26]. Briefly, a
copolymer of methyl methacrylate/PEG-methacrylate (MP) and a terpolymer of methyl
methacrylate/PEG-methacrylate/PEG-methacrylate-norbornene (MPP) were synthesized via reversible
addition-fragmentation chain transfer (RAFT) polymerization. The MPP polymer was functionalized
with the cysteine-terminated syndecan-4-binding AG73 peptide or the integrin-binding RGD peptide
through thiol-ene coupling to generate MPP-AG73 or MPP-RGD polymers, respectively. For the
peptide functionalisation, the MPP polymer (50 mg), peptide (RGD/AG73, 5 mol% of polymer), UV
initiator (2,2-dimethoxy-2-phenylacetophenone, 2 wt% of peptide), and tri(2-carboxyethyl)phosphine
(2 mol% of polymer) were dissolved in dimethyl formamide (DMF), degassed by nitrogen, and
irradiated by UV for 10 h. The polymers were then dialyzed (MWCO ~ 2000 Da) against deionized
water for 24 h, lyophilized, and stored at 4 °C. Test surfaces were generated by blending appropriate
ratios of the non-functionalized MP polymers with the MPP-AG73, MPP-RGD, or both MPP-AG73
and MPP-RGD polymers. To create polymer test surfaces, 25 puL of 10 wt% polymer solution in
DMF:tetrahydrofuran (THF) (3:7) was cast onto cover glass (Knittel Glass, No.1, 24x60 mm) and
allowed to dry at room temperature for 48 h to create surfaces that will be referred to from hereafter as

the AG73, RGD, and AG73:RGD(50:50) surfaces, depending on their ligand content.

2.2. Device Fabrication

A Hele-Shaw flow chamber was used in this study. The wall shear stress within the device decreases

linearly with device length along the longitudinal axis as shown in Figure 1 [40,41]. This device was
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designed by Usami et al. based on the theory of Hele-Shaw flow between parallel plates [40]. The shear
stress at the surface is defined by Equation 1 where 7y, is the wall shear stress, u is the viscosity of
solution, Q is the volumetric flow rate, h is the chamber height (59 pm), wi is the inlet width (3 mm), L

is the chamber length (50 mm), and z is the axial position.

_6uQ .z
TW - h2W1 (1 L) (1)

A double molding process was used to fabricate the microfluidic device. The fabrication method is
presented schematically in Figure 2. A 3D structure of the device was drawn using SolidWorks 3D
Design software and a polyacetal mold was fabricated with a CNC milling machine (Fadal, USA). A
polydimethylsiloxane (PDMS) intermediate mold was made by mixing a 10:1 (w/w) ratio of silicone
macromer solution and curing agent (Sylgard® 184 silicone elastomer kit, Dow Corning Corp.), poured
over polyacetal mold, degassed in a vacuum oven for 1 h at room temperature, and cured at 65 °C for
3.5 h. The cured PDMS was delaminated to produce an intermediate mold. The intermediate mold was
then placed in the oxygen plasma apparatus (Plasma cleaner PDC-32G) at high energy for 1 min to
generate hydroxyl groups on the surface [42,43]. The treated mold was silanized with
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma) by placing the mold and 20 uL of the silane
under a vacuum for 3 h. A fresh PDMS mixture (10:1 w/w macromer solution/curing agent) was then
poured into the silanized intermediate mold and degassed under vacuum for 1 h at room temperature.
An oxygen plasma treated glass slide machined with two holes that would become the inlet and outlet
ports (1.5 mm diameter) was placed on top of the PDMS and the construct was cured at 65 °C for 3.5

h. The PDMS and the attached glass slide were delaminated from the intermediate mold and the inlet
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and outlet holes were made in the PDMS using a needle. A polymer coated glass coverslip was treated
with oxygen plasma for 30 s and immediately placed in contact with the PDMS construct to complete
the construction of the microfluidic device. A piece of PDMS with the same shape as the channel was
placed over the polymer during the plasma treatment step to maintain the chemical integrity of the
polymer. Silicone tubing (1.5 mm outer diameter) was inserted into the holes, and bonded to the glass
slide by epoxy glue (Duramax). The whole flow chamber device was left for 2 days to ensure good

bonding. The flow chambers were incubated overnight in PBS at 37 °C before experimentation.

2.3. Cell Culture and maintenance

Pooled donor Human Umbilical Vein Endothelial Cells (HUVECs) were purchased from Lonza
(Australia) and maintained in Clonetics™ EGM™-2 medium containing Endothelial Basal Medium-2
(EBM™-2 Medium) supplemented with the BulletKit™ as recommended by the supplier. Cells were
cultured at 37 °C in a humidified 5 % CO; atmosphere. The culture medium was changed every other
day. The cultures were passaged at 80% confluence and lifted using 0.25% trypsin-EDTA. For all tests,

cells between passages 3 and 5 were used.

2.4. Flow experiments
2.4.1. Cell detachment under flow

200 pL of cell suspension containing 4.3 x 10° cells in EGM-2 medium was injected into the flow
chamber at a flow rate of 100 puL/min using a programmable Aladdin syringe pump and incubated at
37 °C under no flow condition to allow the cells to adhere. After 7 h of incubation at 37 °C, a PBS

solution containing 0.5 pg/mL of Acridin Orange (AO, Sigma)/Propidium lodide (PI, Sigma) (1:1
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volume ratio) live/dead stain was flowed through the flow chamber with flow rate of 50 puL/min for 8
min to allow cells uptake the fluorescent stain. After the staining step, the flow rate through the flow
chamber was increased in a step-wise manner from 0 to 1.4 mL/min over 16 minutes. The magnitude
of each step increase was 0.2 mL/min. Images were taken every 2 minutes by a confocal laser scanning
microscope (Nikon A1R) at 20x magnification with automated stage to assess cell detachment from the
surfaces under flow. Seven locations were imaged from the inlet to the outlet along the longitudinal
axis and at each location three images were taken. Each experiment was performed at room temperature
and at least three times on each surface. The images were analysed using ImageJ software (NIH). The
viscosity of PBS was measured using a Twin Drive Rheometer MCR 702 (Anton Paar) and was found
to be 1.057 mPa.s at room temperature. The viscosity was found to be constant over the range of shear
rates used in this study. The percentages of cells remaining on the surfaces at various shear stresses

were calculated by Equation 2.

Number of remaining cells

Percentage of cells remaining = X 100 Equation (2)

Initial number of cells

2.4.2. Cell morphology under flow

100 pL of serum-free EBM-2 medium containing 1.7 x 10° cells was injected into the flow chambers
using syringe pump at a flow rate of 100 pL/min and incubated for 4 h under no flow condition at 37
°Cto allow cells to adhere. Then serum containing EGM-2 medium was introduced to the flow chamber
at the flow rate of 10 pL/min for 3 days, 50 pL/min for 10 h, and finally 70 pL/min for 10 h in an
incubator at 37 °C. The cells were then fixed with 4% paraformaldehyde and permeabilized with 0.1%

Triton X-100 in PBS. The cells were stained with TRITC-phalloidin (1:500) and 4’,6-diamino-2-

10
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phenylindole (DAPI, 1:1000) each for 1 h. The cells were finally washed and covered with PBS and
imaged on a confocal laser scanning microscope (Nikon A1R) at 60x magnification. Images were
generated by optical sectioning in the z-direction and were analysed using ImageJ software (NIH). The
viscosity of EGM-2 medium as measured by rheology was 0.838 mPa.s at 37 °C and was found to be
constant over the range of shear stresses used in these experiments. The projected cell area, degree of
cell alignment to the flow direction, and the width and length of actin filaments on various surfaces was
measured using Imagel software (NIH). The degree of cell alignment to the flow direction was
determined by using angle tool to measure the angle formed between the flow direction and the actin

filament. At least twenty randomly selected cells on each surface were used for these quantifications.

2.4.3. Cell capture under flow

HUVECs in a cell suspension of 1.2 x 10° cells/mL in EGM-2 medium were fluorescently stained with
AO/PI (1:1 volume ratio, 0.5 pg/mL each). The stained cells were then flowed through the flow
chamber using a syringe pump at a flow rate of 20 uL/min for a period of 20 min. Cell attachment from
flow was observed using a confocal laser scanning microscope (Nikon A1R) at 20x magnification. The
microscope was programmed to image the biomaterial interfaces every 2 minutes at locations in the
devices corresponding to seven distinct shear stresses. At each location, three cell counts were taken,
averaged, and presented as cell density. Cell counts were taken between 1 and 4 cm from the device
inlet, along the device axis. The images were analysed using ImageJ software (NIH). The cells were
counted manually. Each experiment was performed at room temperature and at least three times on each
type of surface and new samples were used in each experiment. The viscosity of EGM-2 medium was
measured and was determined to be 1.1 mPa.s at room temperature and stable over the range of shear

rates assessed in this experiment.

11
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The attachment rate constants for endothelial cell adhesion on polymer surfaces at various shear stresses
were calculated by assuming first-order attachment kinetics using Equation 3 [44]. The rate of change
in surface cell density with time (dCy/dt) is expressed as a function of effective attachment (k+) and

detachment (k.) rate constants as well as the bulk (Co) and surface (Cs) cell concentrations.

dcts —K.C,—kC, 3

As no cell detachment was observed during these experiments, the detachment rate constant was set to

zero. Equation 3 can then be solved for Cs (Equation 4).
C, =k, Cjt (4)

An effective attachment rate constant (k+) was calculated as the slope of the number of cells adhered

per area versus time divided by the bulk cell concentration over the initial linear segment of the curve.

2.5. Statistical analysis

Data is reported as mean + standard deviation. For tests where multiple means were compared, statistical
significance of the data was assessed using one-way analysis of variation (ANOVA) plus a Tukey-
Kramer post-test. For endothelial cells’ response to shear flow, a significance value of a < 0.01 was
used. For cell adhesion and detachment under flow, a Student t test was used where ** represents P <

0.01 and * represents P< 0.05.

12
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3. Results

3.1. Polymer design, synthesis, and test surface fabrication

The two low fouling polymers, the MP and MPP polymers, were synthesized by RAFT polymerization
to contain ~ 85 mol% MMA and ~ 15 mol% of PEG-containing repeat units (Figure 3A) as our previous
work has illustrated that this degree of modification with PEG side chains is sufficient to generate a
water-stable and low fouling surface upon which bioactive ligands can be immobilized [26,27]. The
MP and MPP polymers were synthesized to have high molecular weight (128 and 105 kDa, repectively)
and low PDI (1.17 and 1.12, respectively). The norbornene motifs of the MPP polymer were reacted
with the thiol groups of cysteine-terminated peptide ligands through the thiol-ene click chemistry
reaction to produce either the integrin-binding MPP-RGD or the syndecan-4-binding MPP-AG73
polymer. The peptide bulk density determined by trace elemental microanalysis and the number of
peptides per polymer chains was then calculated. Each of the ligand-functionalized polymers has

approximately 5 ligands per chains [26].

The non-functionalized MP polymer was blended with highly peptide-functionalized MPP polymers to
generate surfaces that display nanoclusters of integrin- and syndecan-binding ligands (Figure 3B).
RAFT polymerization was used as it is a facile, industrially applicable, controlled living radical
polymerization capable of synthesizing polymers with high molecular weight and low PDI.
Synthesizing polymers with high molecular weight enabled us to regulate the size of the random coils
and thus the average spacing of the cell-adhesive ligands with a nano-island. Additionally, the low PDI
enabled us to have a good control over the number of ligands per nanocluster. We functionalized
polymers with approximately 5 ligands per polymer chain, as previous studies have shown that surfaces

that present pentamers of integrin-binding ligands enhance the formation of focal adhesions in adherent

13
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cells by promoting receptor redistribution and clustering [3]. In our previous work, we varied the
concentration of peptide in the material and found that a bulk concentration of 0.01 umol/mg polymer
resulted in an excellent biomaterial surface for cell adhesion and growth [26]. As such, the bulk ligand
density in this work was held constant at 0.01 umol/mg polymer. An RGD peptide (CGGGRGDS) was
selected as the integrin-binding ligand. This peptide binds to a variety of integrins including asf1, aspi,
owP1, owPs, owPs, owPs, and ouwPs [2,45-48]. The AG73 peptide (CGGGRKRLQVQLSIRT-amide) was
selected as the syndecan-binding ligand. This peptide binds to the syndecan-1 and syndecan-4 receptors
[49-52]. In our previous contribution, we illustrated that the base polymer was non-adherent to
endothelial cells. Additionally, we illustrated that minimal cell adhesion was possible on materials
functionalised with the non-sense RGE peptide and a scrambled syndecan-4 peptide. These results
indicate that cell adhesion to these materials is due to specific interactions between the ligands present
at the material interface and cell adhesion molecules on the cell surface. In this study, we assess the
interaction of endothelial cells with these materials under fluid flow conditions. In each sub-section
below, the data is presented a range of shear stresses where interesting cellular behaviours were

observed.

3.2. Endothelial Cell Retention under Flow

Herein, we build on our previous study by investigating how endothelial cells interact with these
materials under flow conditions through use of a Hele-Shaw laminar flow chamber, as shown in Figures
1 and 2. This flow chamber design was selected as it enables cellular interactions with the substrate to

be assessed over a range of shear stresses in a single experiment [40,41,53].

14
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The HUVECs were cultured on various polymer surfaces, and a range of shear stresses from 0 to 90
dynes/cm? was applied to assess shear-mediated cell detachment as this spans a range of shear stresses
present in different arteries and venules in the body [54-56]. A sub-confluent plating cell density was
used in this study as we were interested in assessing the interaction between individual cells and the
material surface without the influence of neighbouring cells. The percentage of retained cells as a
function of shear stress on different surfaces was quantified (Figure 4). In the lower shear stress regime
(0 to 14 dynes/cm?) all surfaces had a high degree of cell retention of greater than 95%. However, the
cell behaviour began to diverge in the higher shear stresses regime. The largest amount of cell
detachment was observed on the AG73 surfaces where only 65 % of cells remained on the surface after
being exposed to 90 dynes/cm? of shear stress. Both the RGD and AG73:RGD(50:50) surfaces showed
robust cellular adhesion of approximately 90%, even at the highest shear stress. At the highest shear
stresses tested, 78 and 90 dynes/cm? the cell retention is statistically higher on both RGD and

AG73:RGD(50:50) surfaces compared to AG73 surfaces.

3.3. Endothelial cell response to shear flow

While integrin binding is necessary for adhesion strength, we found that the presence of both integrin
and syndecan-binding ligands improves the mechanotransduction of ECs to flow. Representative
images of cultured cells on various surfaces after exposure to shear stress (1-3 dynes/cm?) for 10 h are
shown in Figure 5. ECs are present as confluent monolayers in vivo. Therefore, these experiments were
performed at near confluent conditions. Cell spreading, alignment in the flow direction, and formation
of actin filaments were increased on surfaces with both integrin- and syndecan-binding ligands
compared to surfaces with only integrin- or syndecan-binding peptides. We quantified the projected cell

area, degree of cell alignment, number of actin filaments per cell, and length and width of actin filaments

15
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on the various surfaces (Figure 6A-E). The cell spreading was significantly higher on the surfaces with
mixed peptides at all shear stresses (Figure 6A). Additionally, a significantly higher degree of
alignment of cells to the flow direction was observed on the surfaces with both integrin- and syndecan-
binding peptides (Figure 6B). Additionally, the cells cultured on the surfaces with both peptides
exhibited the most well-developed actin cytoskeletons as seen through their statistically greater number

of actin filaments and the larger length and width of filaments (Figure 6C-E).

3.4. Cell capture under flow

HUVEC adhesion to the functionalized polymer surfaces was performed at various shear stresses as
shown in Figure 7. We initially assessed cell scavenging from shear stresses found in the coronary
artery (37 dynes/cm?). However, no adhesion was observed over the time frame of this experiment. As
such, we continued to reduce the shear stress until cell attachment was observed. An increase in cell
adhesion on all polymer surfaces was observed over time. Furthermore, it qualitatively appears that the
AG73:RGD(50:50) surfaces exhibited the highest degree of cell adhesion over this range of shear

stresses.

Figure 8A-C quantifies the number of attached cells over time and illustrates that the surface density
of adherent cells changes as a function of time, shear stress, and surface composition. Cell adhesion
increases as the shear stress decreases on all polymer surfaces. Specifically, the cell capture is very low

at higher shear stresses but increases at lower shear stresses. Additionally, under conditions where cell

16
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adhesion does occur, the number of adhered cells increases linearly at short times before beginning to

plateau and eventually reaching a saturation point.

Among the different surfaces, the RGD surface has the lowest capacity to scavenge cells from flow
followed by the AG73 surfaces. The best cell scavenging capacity is observed on the
AG73:RGD(50:50) surface where both the syndecan- and integrin-binding ligands are present.
Specifically, after 18 minutes, the number of adhered cells on AG73:RGD(50:50) was statistically

higher than on RGD or AG73 surfaces at multiple shear stresses (Figure 8D).

The rate of cell attachment is quantified as by the attachment rate constant, k., where a larger value of
ks indicates a higher rate of cell adhesion (Figure 8E). The linear section of the curves at short times
was used to approximate k. when almost all of the sample surface area was available and thus cell
crowding effects could be neglected. On all surfaces, the values of k+ is highest at low shear stresses
and decrease to approximately zero when higher shear stresses are applied. Amongst the three surfaces,
the largest value of k. was observed on AG73:RGD(50:50) surface, indicating the fastest rate of cell
scavenging. These results are consistent with our previous observations of EC adhesion under static
conditions where surfaces presenting both integrin- and syndecan- binding ligands synergistically
increase the EC adhesion rate compared to surfaces functionalized with only one of the ligands [26].
Interestingly, a crossover in the attachment rate constant curves was observed for the RGD and AG73
surfaces at moderate shear stresses (~0.5 dyne/cm?). This indicates that the syndecan-binding ligand is
good for cell scavenging at lower shear stresses but loses the cell capture potency at higher shear

stresses.

17

This article is protected by copyright. All rights reserved.



4. Discussion

In this study, we evaluated the impact of a novel biomaterial platform on the biophysics of endothelial
cell adhesion, detachment, and mechnosensing as a function of applied shear stress. The material is
distinct in that it is functionalised with nanoclusters of a mixed population of cell-adhesive peptides.
One ligand type (the RGD tripeptide unit) binds to various integrin receptors, while the second ligand
type (the AG73 peptide unit) binds to syndecan-1 and syndecan-4 co-receptors. The syndecan

receptors are critical mediators of cellular mechanotransduction.

First, we assessed the ability of cells to remain adhered to the surfaces under shear flow conditions,
over a range of physiological shear stresses (0-90 dynes/cm?) (Figures 4). The wall shear stress in the
coronary artery is approximately 37 dynes/cm? [54-56]. As such, robust adhesion of endothelial cells
at this shear stress is critical to the development of small diameter vascular grafts that can retain an
endothelium. These data illustrate that both the RGD and the AG73:RGD(50:50) surfaces are able to
retain ~100% of the endothelial cells at that applied stress. However, the AG73 surface had already
begun to experience cell detachment at this level of shear. From these data, it appears that integrin
binding is necessary to robustly maintain endothelial cell adhesion over a physiologically relevant range

of shear stresses.

Beyond cell adhesion, the endothelial cells must also appropriately respond to the shear and align in the
direction of flow, as it is critical towards their function [34,57]. Figures 5 and 6 show that the
characteristics of the substrate greatly impact ECs’ ability to sense and respond to applied mechanical

stimulation. Specifically, only cells on the AG75:RGD(50:50) surface showed the ability to align in
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the direction of flow. Additionally, these cells were more spread and had more well-developed actin
cytoskeletons. These findings are significant as a study by Baeyens et. al. has shown that syndecan-4 is
critical for EC alignment in flow and atheroprotective signalling [24]. Their studies showed that knock-
down of syndecan-4 in ECs leads to poor organization of actin stress fibers and misalignment of cells
under flow condition both in vitro and in vivo. These changes lead to increased atherosclerosis in
sydndecan-4 knock-downed mice. These results illustrate that the canonical method of functionalizing
materials with integrin-binding ligands is not sufficient. As such, this new class of materials that
engages both integrin and syndecan receptors is superior at enabling cellular mechanotransduction and

response to the applied shear stresses.

Finally, we assessed the ability of these surfaces to scavenge cells from flow. The AG73:RGD(50:50)
surface was able to adhere the largest number of cells and to do so at the fastest rate. Further, the AG73
surface was able to adhere a large number of cells at low shear stresses, but that ability rapidly
deteriorated at higher shear stresses. At all conditions, the RGD surfaces exhibited relatively low levels
of cell adhesion. This behaviour could be explained through the interplay of two factors: 1) the speed
at which interactions form between the receptor and ligand and 2) the strength of the interactions [58—
60]. From the cell detachment data above, we found that the syndecan-mediated interactions are
substantially weaker than the integrin-mediated interactions (Figure 4). The interactions between the
positively charged AG73 ligand and negatively charged heparin sulfate chains of the syndecan receptor
are largely electrostatic in nature [49-52,59,61]. We hypothesize that these interactions form quickly
but are relatively weak. In contrast, the more lock-and-key interactions of the integrin receptors with
the RGD peptide are stronger yet slower to form [59,62,63]. Therefore, at low shear stresses the fast-

forming interactions with the AG73 ligand are strong enough to arrest the cells. However, as the shear

19

This article is protected by copyright. All rights reserved.



stress is increased, these interactions are too weak to halt cell motion. Therefore, the stronger integrin

interactions become necessary at these higher shear stresses [60].

The surfaces that display both integrin and syndecan binding ligands exhibit the best cell scavenging
capacity of the surfaces assessed in this study. We hypothesize that on these surfaces the syndecan
interactions are acting as a braking mechanism that slows the cells, providing time for the slower but
strong integrin interactions to form and halt cell motion. We liken this phenomenon to what is observed
when white blood cells, such as leukocytes, are scavenged from circulation to sites of inflammation
[64—-66]. This scavenging is characterized by stages of rolling adhesion where weak selectin-mediated
adhesions slow the cells, followed by tight adhesions that are mediated by integrins. In the case of
leukocytes, rolling adhesion is mediated by the interactions between selectins and charged
carbohydrates that are fast-forming yet relatively weak. However, this rolling phenomenon reduces a
cell’s velocity, thus enabling the stronger integrin-mediated interactions to form and stop the cell motion
[64—-67]. Interestingly, minimal cell adhesion was observed at shear stresses comparable to that present
in the coronary artery (37 dynes/cm? [54-56]). Many recent articles have proposed to improve the
endothelialisation of coronary artery vascular grafts by creating affinity surfaces that scavenge
endothelial progenitor cells from flow [68]. These data demonstrate that mechanisms based on the
binding of integrins alone will likely not be sufficient, illustrating the need to produce technologies that

enable cell adhesion at higher shear stresses.

The polymer blending strategy used in this contribution to generate the peptide-functionalised
surfaces provides a rapid and facile way of assessing the impact of global and local ligand density on

the cell response. However, the ligand-functionalised polymer chains are randomly distributed across
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the polymer interface. The development of material interfaces with more exact control over ligand
positioning is required to unravel specific mechanisms of action that underly this system’s
advantageous properties and to determine the critical length scales that govern the biophysics of these
interactions. However, this contribution illustrates that the co-engagement of integrin- and syndecan-
binding ligands is a novel mechanism biomaterials-based mechanism for regulating cell adhesion and
mechanotransduction. The syndecan-4 receptor is ubiquitous amongst the adherent cell types. As
such, the authors feel that this study can be used to improve the design of many ligand-functionalised

biomaterial systems.
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5. Conclusions

The data reported herein illustrate that biomaterials functionalised with both integrin- and syndecan-4-
binding ligands regulate a wide range of EC behaviours including adhesion and mechanotransduction.
Specifically, engagement of both ligand types is critical for cell mechanosensing and alignment as well
as cell scavenging from flow. These data illustrate that this novel class of materials can be used to
improve cell/material interactions and cellular mechanotransduction. Additionally, these materials
exhibit improved endothelialisation compared to those functionalised with only integrin-binding
ligands, potentiating their use in blood contacting biomedical device applications. As integrins and
syndecan-4 are ubiquitously expressed by the adherent cells in the human body, this new class of
biomaterials will likely find use in a much wider range of applications, such as tissue engineering

scaffolds where mechanotransduction is required for the maturation of neotissues in bioreactors.
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Figure Caption

Figure 1. 2D geometry of flow chamber and wall shear stress profile at a flow rate of 400 pL/min.

Figure 2. Schematic of Hele-Shaw laminar flow chamber fabrication.

Figure 3. (A) Chemical structure of MP and MPP-peptide polymers. (B) Generation of clustered
surfaces by blending of non-functionalized polymer chains (MP, light blue) with highly peptide
functionalized polymer chains (MPP-AG73/MPP-RGD, dark blue). The blending strategy creates
nano-scale islands of high peptide density defined by the random coils of the functionalised polymer
molecule

Figure 4. Quantification of HUVEC retention as a function of shear stress on various surfaces. Asterisks
(*) represent statistical difference where **P < 0.01; *P < 0.05.
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Figure 5. Representative confocal images of HUVECSs stained for F-actin (red) and nucleus (blue) after
exposure to shear stresses of 1, 2, or 3 dynes/cm? at 60x magnification. The cells were exposed to these
shear stresses for 10 h. Flow direction is from left to right. Scale bars represent 50 pm.
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Figure 6. Quantification of HUVEC morphology and cytoskeletal development on various surfaces
after exposure to shear stresses of 1, 2, or 3 dynes/cm? for 10 h: (A) projected cell area, (B) degree of
alignment to the flow direction, (C) number of actin filaments per cell, (D) width of actin filaments, and
(E) length of actin filaments (n>20). Asterisks (*) represent statistical differences where o < 0.01.
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Figure 7. Representative images of HUVECs adhesion over 18 minutes on various surfaces at a shear
stress of 0.6 dynes/cm? at 20x magnification. The cells were stained with AO (live, green) and P1 (dead,
red). Scale bars represent 100 pum.
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AG73:RGD(50:50)

Figure 8. (A-C) Quantification of HUVEC adhesion as a function of time on various surfaces over a
range of shear stresses (n=9). (D) Quantification of HUVEC adhesion after 18 minutes at 0.4 and 0.6
dynes/cm? on various surfaces. (E) Attachment rate constants of HUVECSs on various surfaces as a
function of shear stress. Asterisks (*) represent statistical difference where **P < 0.01; *P < 0.05
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