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ABSTRACT

Growth factors (GFs) are potent signaling molecules that act in a coordinated manner
in physiological processes such as tissue healing or angiogenesis. Co-immobilizing GFs
on materials while preserving their bioactivity still represents a major challenge in the
field of tissue regeneration and bioactive implants. In this study, we explore the potential
of an oriented immobilization technique based on two high affinity peptides, namely the
Ecoil and Kcoll, to allow for the simultaneous capture of the epidermal growth factor
(EGF) and the vascular endothelial growth factor (VEGF) on a chondroitin sulfate
coating. This glycosaminoglycan layer was selected as it promotes cell adhesion but
reduces non-specific adsorption of plasma proteins. We demonstrate here that both Ecoil-
tagged GFs can be successfully immobilized on chondroitin sulfate surfaces that had been
pre-decorated with the Kcoil peptide. As shown by direct ELISA, changing the
incubation concentration of the various GFs enabled to control their grafted amount.
Moreover, cell survival studies with endothelial and smooth muscle cells confirmed that
our oriented tethering strategy preserved GF bioactivity. Of salient interest, co-
immobilizing EGF and VEGF led to better cell survival compared to each GF captured
alone, suggesting a synergistic effect of these GFs. Altogether, these results demonstrate
the potential of coiled-coil oriented GF tethering for the co-immobilization of
macromolecules; it thus open the way to the generation of biomaterials surfaces with
fine-tuned biological properties.
KEYWORDS
Surface functionalization, Co-immobilization, Growth Factor, Oriented tethering, Cell

survival



1 INTRODUCTION

Conferring bioactive properties to synthetic materials via specific signaling molecules
such as growth factors is a promising way to predict and control biological response to
implants. Growth factors (GFs) are naturally present in the body as soluble or
extracellular matrix (ECM)-bound cues for the cells. Accordingly, many efforts have
been dedicated to incorporate GFs into materials in order to take advantage of their
natural regenerative action either via their progressive release[1-3] or their
immobilization on various substrates.[4-6] Such GF-modified biomaterials have been
shown to promote in vitro cell proliferation,[7, 8] migration [8, 9] and differentiation.[10,
11]

However, most of the studies on the biological modification of materials rely on the
addition of a single GF, while in their physiological environment, GFs are often
combined, and complex processes such as wound healing or angiogenesis typically
involve several signalling proteins possessing synergistic or complementary actions.[12-
15] This generated a growing interest in biomimetic materials delivering or displaying
multiple GFs.[15-18] Studies have shown that GF combination in biomaterials can
improve angiogenesis,[17, 19-22] osteogenesis,[23] directed migration[24] or cell
differentiation[23] when compared to a single GF. However, major hurdles still limit the
use of systems involving multiple GF, such as the huge quantities of GF required for
large size implants/scaffolds, or the lack of characterization of potential synergies
existing between GF that could be exploited for enhanced implant biological activity. The
search towards an efficient, well-controlled immobilization platform for GF combination

is thus still in progress.



To reach that aim, stable immobilization appears advantageous since it provides the
substrate with a high local concentration of GF that is not released over time, thereby
inducing an enhanced and sustainable cell response compared to free growth factor.[25-
27] Moreover, lower amounts of immobilized GFs are required to trigger cell stimulation
when compared to their supply in a diffusible form, given that large quantities need to be
provided by a sustainable source (either medium renewal in vitro or controlled
release).[28] Finally, for blood-contacting devices, stable immobilization enables a
localized and durable effect [25] as it prevents GF release into the blood stream. Another
challenge is the choice of GF immobilization method to preserve its biological activity.
Electrostatic binding can alter protein structure and negatively impact GF bioactivity as a
result of denaturation and/or a random presentation on the surface, with active sites not
being fully accessible for recognition by cell surface receptors.[29] Furthermore, in
physiological conditions, the long term availability of the GF may also be limited due to
the weak attachment of molecules on the surface.[29] Covalent immobilization involving
irreversible binding of reactive groups present on side chain residues to chemical
moieties available at the surface is durable but can also lead to loss of bioactivity due to
conformational changes and random orientation of the GF upon grafting.[5, 29]

In this context, several groups have developed site-specific, oriented protein tethering
systems that maintain GF bioactivity. Those include the use of ECM binding tags that can
be genetically fused to GFs, as well as pairs of high affinity peptides with variable
stabilities in which one peptide is bound to the substrate of interest while the other is
fused to GFs by genetic engineering.[17, 30-33] On that note, we have investigated the

potential of two peptides, the Ecoil and Kcoil, of respective amino acid sequence



[EVSALEK]s and [KVSALKE]s that bind to each other to form stable coiled-coil
structures.[34] Ecoil/Kcoil mediated capture has been successfully applied to tether
various Ecoil-tagged GFs, such as the epidermal growth factor (EGF)[35] and the
vascular endothelial growth factor (VEGF),[36] onto substrates that had been pre-
decorated with Kcoil peptides. Careful positioning of the Ecoil tags on the chimeras
corresponding to each GF allowed this immobilization strategy to preserve the GF
bioactivity after tethering (as deduced from receptor activation,[34] increase in
adhesion[27], proliferation[27] or survival [36, 37] of cells). Of interest, coiled-coil
immobilized and free EGF and VEGF led to comparable cell survival when provided at

sufficiently high doses.[36, 37]

Although this system had been limited so far to the immobilization of a single type of
GF at a time, we hypothesized that Kcoil-bearing substrates could readily be
functionalized with multiple Ecoil-tagged GFs. The objective of this work was therefore
to investigate the feasibility of GF co-immobilization, its control and the advantage of the
stable coiled-coil capture system as a platform to investigate the collaborative effect
between GFs and its potential to create a coating with tailored properties. More
specifically, we hypothesized that a controlled combination of EGF and VEGF could
help to optimize a coating with pro-survival properties. Indeed, conferring pro-survival
properties to biomaterials is an ongoing challenge for several applications such as tissue
engineered scaffolds where survival of pre-seeded cells is crucial to counter the cell loss
caused by serum deprivation and hypoxia before neo-angiogenesis takes place. [38, 39]

Healing around stent grafts implanted during endovascular repair of abdominal aortic



aneurysms may also benefit from pro-survival properties as the vessel wall in aneurysms

displays strong vascular cell depletion due to a pro-apoptotic environment.[40, 41]

To achieve this aim, Ecoil-tagged EGF and Ecoil-tagged VEGF (hereafter designated
as E-EGF and E-VEGEF, respectively) were co-immobilized using coiled-coil mediated
tethering on chondroitin sulfate (CS). When coated on biomaterial’s surfaces, this ECM
glycosaminoglycan was shown to permit cell adhesion despite low-fouling properties and
low-platelet adhesion,[42, 43] suggesting that it could enhance the bioavailability of the
immobilized GF. In an effort to evaluate the potential of a dual GF immobilization for
vascular and tissue engineering applications, the effect of surface densities of these GFs
(alone and combined), on the survival of two vascular cell types - the human umbilical
vein endothelial cells (HUVEC) and human aortic smooth muscle cells (AoSMC) was

studied.



2 MATERIALS AND METHODS

2.1 Materials and Reagents

Chondroitin-4-sulfate  (CS), sodium chloride (99.99% purity), 1-Ethyl-3-(3-
dimethylaminopropyl)-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), 2-morpholinoethane sulfonic acid (MES), Dulbecco's Phosphate Buffered Saline
(modified PBS, without calcium chloride and magnesium chloride), Tween 20, Cysteine
(99+% purity) and resazurin sodium salt were purchased from Sigma-Aldrich (Oakville,
ON). EMCH (3,3"-N-[e-maleimidocaproic acid] hydrazide, trifluoroacetic acid salt) was
purchased from Pierce Biotechnology (Rockford, IL). Commercially available DuoSet
ELISA Kkits containing biotinylated goat anti-hEGF antibody and mouse anti-hVEGF45
antibody and detection antibodies, streptavidin-horseradish peroxidase (streptavidin-
HRP), bovine serum albumin  (BSA), substrate  solution (hydrogen
peroxide/tetramethylbenzidine) was obtained from R&D Systems (Minneapolis, MN).
CellIBIND® carboxyl-exposing microplates (96-well) were purchased from Corning

(Corning, NY).

2.2 Kcaoil, Ecoil-tagged EGF and Ecoil-tagged VEGF Production
Cysteine-tagged Kcoil peptides were synthesized by the peptide facility at University
of Colorado (Denver, CO).[35] Ecoil-tagged EGF (E-EGF) and Ecoil-tagged VEGF45
(E-VEGF) were produced in HEK 293-6E cells and purified by immobilized metal-ion
affinity chromatography (IMAC) as previously described.[35] Protein concentration was

determined by ELISA. Purified proteins were then stored at -80°C until use.



2.3 Chondroitin sulfate and Growth Factor Immobilization

Chondroitin sulfate coating preparation

CellBIND® 96 well microplates were used as model surfaces to prepare the coatings
and carry out the cell culture assays. To create amine groups on the carboxyl-presenting
CelIBIND surfaces, carbohydrazide (CH, chemical formula NH,-NH-CO-NH-NH,) was
grafted using carbodiimide chemistry by exposing the wells to 50 pl of a solution
containing 50 mM CH, 200 mM EDC and 50 mM MES for 2 h and rinsing with PBS and
water (2 min each) in an ultrasonic bath. Aminated wells were then exposed to 50 pl of a
solution containing 0.01 g/ml CS, 40% v/v EtOH, 50 mM MES, 22.8 mM EDC, 4.6 mM
NHS for 1 h. The surfaces and the wells were finally rinsed once using PBS (10 mM, pH

7.4) and two times using Milli-Q water for 2 min in an ultrasonic bath.

E-EGF and E-VEGF Capture on Kcoil Layers

A Kcoil layer was generated on CS-covered surfaces using EMCH linker, that both
reacts with the carboxyl groups of CS and the thiol group of the cysteine-terminated
Kcoil, as previously described.[37] Briefly, CS was activated using a 40% v/v EtOH, 50
mM MES, 22.8 mM EDC, 4.6 mM NHS for 10 min. Then, activated CS carboxyl groups
were reacted with the primary amine group of EMCH by depositing 50 pL of 1 mM
EMCH in PBS:DMSO (90:10 v/v) on each surface for 1 h. The surfaces were rinsed
using PBS and Milli-Q water. Deactivation of remaining polymer COONHS groups was
obtained with 100-pL ethanolamine solution (1 M, pH 7.0) for 15 min, followed by

rinsing with PBS and Milli-Q water. Thiol-reactive surfaces were then reacted with 100



pL of 1-uM cysteine-tagged Kcoil in Milli-Q water for 1 h. The surfaces were rinsed
using PBS and Milli-Q water. Unreacted sites of EMCH were blocked using 100 pL of
50-mM cysteine solution (1 M NaCl in 0.1 M sodium acetate, pH 4.0) followed by
rinsing with PBS and Milli-Q water.

Surfaces harboring covalently bound Kcoil were stored overnight in a 10% solution of
feetal bovine serum (FBS) in PBS. After rinsing with PBS, surfaces were incubated with
50 uL of E-EGF and/or E-VEGF solution (at concentrations ranging from 0.05 to 20 nM
in 10 mM PBS containing 1% BSA, PBS-BSA) for 1 h. After the Ecoil-tagged protein(s)
capture, wells were rinsed with PBS. For successive captures, after the first coil-tagged
GF capture (1 h), surfaces were rinsed with PBS and incubated with the second coil-
tagged GF (1 h). The Ecoil-tagged GF immobilization of EGF and VEGEF is illustrated in

Fig. 1.

2.4 Surface growth factor quantification by ELISA

Quantification of EGF and VEGF surface densities in the wells was performed by
direct ELISA. The wells were first incubated with 50 pL of a biotinylated anti-human
EGF antibody or VEGF antibody (50 ng/mL in PBS-BSA) for 30 min. The wells were
washed 3times with PBS containing 0.05% Tween 20 (PBS-T) and 50 pL of a
streptavidin-HRP solution (diluted 200 times in PBS-BSA) was added to the wells for 20
min. Finally, the wells were rinsed 3 times with PBS-T and reacted with 50 pL of the
substrate solution (50:50 v/v mixture of hydrogen peroxide and tetramethylbenzidine).
The optical density (O.D.) at 630 nm was measured using an ELISA plate reader (Victor

%V Multilabel Counter, PerkinElmer, Woodbridge, ON). The slopes corresponding to the



O.D. variation in the wells over time were calculated, and the value obtained for a surface

with no growth factor was subtracted from all signals.

2.5 Stability of coiled-coil immobilization

Growth factor-immobilized samples were incubated either 24 hrs in complete growth
medium with 5% v/v FBS followed by 7 days in serum-free medium (named 8 day
treatment in the rest of the manuscript, comparable to AoSMC survival test); or 24 hrs in
complete growth medium with 2% v/v FBS followed by 2 days in serum-free medium
(named 3 day treatment in the rest of the manuscript, comparable to HUVEC survival
test). Direct ELISA was then performed as presented above and the results are shown
relative to a fresh incubation of GF. For all samples, medium was changed every two

days to mimic cell culture conditions.

2.6 Cellular assays

Cell culture materials

Human umbilical vein endothelial cells (HUVEC) and human aortic smooth muscle
cells (AoSMC) were purchased from LONZA (Walkersville, MD) and cultured in their
respective complete medium - Clonetics™ EGM™-2 and SmGM™-2, Basal EBM™-2
and SmBM™-2 were used as serum-free media for the survival experiments.

Cell survival in serum-free medium

Cells were seeded in 96-well microplates and incubated on each surface at 37°C and
5% CO; in 200 pL of complete growth medium. Cell seeding densities were 20,000 cells/

well for HUVEC and 10,000 cells/well for AoSMC. After a 24 h-adhesion period, the



surfaces were rinsed with PBS to detach non-adherent cells. Serum-free medium was
then added (200 pL per well) and changed every other day. Cell metabolic activity was
probed using a resazurin assay.[44] Once rinsed with PBS, the wells were exposed to a
mix of resazurin (100 pg/mL in MilliQ water) and culture medium (10:90 v:v) for 2 h.
Fluorescent signal was read using a spectrophotometer (560 and 590 nm, for excitation
and emission wavelengths, respectively). Cells spreading on the well surfaces was also
evaluated via nucleus and actin staining.[45] In brief, cells were fixed with a 4% wi/v
solution of formaldehyde for 10 min at room temperature and rinsed with PBS. They
were then permeabilized with 0.4% v/v Triton X-100 for 10 min and rinsed with PBS. A
10% FBS solution in 0.1% v/v Triton X-100/PBS was used to block the cells. Actin
staining was achieved by incubating phalloidin-Alexa 488 (1/40 dilution, Cat.# A12379,
Molecular Probes, Invitrogen, Grand Island, NY) in PBS for 50 min. Nucleus staining
was achieved by adding 10 pul of Hoechst solution (5 pug/ml) and incubating another 10

min. Cell spreading was estimated with ImageJ image analysis software.

2.7 Statistical analysis
Results are expressed as mean * standard deviation. Statistics were assessed by one-
way ANOVA with Tukey's HSD post-hoc testing; p-values less than 0.05 were

considered significant.



3 RESULTS

3.1 Characterization of immobilized growth factors

During this study, Kcoil-functionalized CS surfaces were exposed to either E-EGF or
E-VEGF alone (‘single capture’ Fig. 2A), or to a combination of both GFs (Fig. 2B). The
co-immobilization of EGF and VEGF was performed by incubating the proteins together

(‘simultaneous incubation’ Fig. 2B) or one after the other (*sequential incubation’ Fig. 3).

In a first step, E-EGF or E-VEGF was incubated alone on Kcoil-functionalized
surfaces at concentrations ranging from 0.1 to 20 nM. The range of incubation
concentrations was selected after preliminary in vitro cell survival assays. The lowest
concentration (0.1 nM) was chosen since no significant impact on cell survival was
detected for HUVEC and SMC cultured on surfaces where E-VEGF and E-EGF had been
incubated at 0.1 nM, respectively. After GF incubation, the optical density (O.D.)
corresponding to tethered E-EGF or E-VEGF detected by direct ELISA was measured
(Fig. 2A). For both GFs, an O.D. saturation was observed. The saturation occurred for
concentrations higher than, or equal to, 1nM for E-VEGF and 5 nM for E-EGF.

The non-specific adsorption of E-EGF and E-VEGF was evaluated by incubating the
tagged GFs on CS-coated surfaces (data not shown). Of interest, the O.D. signals of
adsorbed GFs were inferior or equal to 20 % of the total signal for immobilized VEGF
and less than 5% for adsorbed EGF, meaning that most of GF molecules were indeed
immobilized to Kcoil-coated CS surfaces via coiled-coil interactions (Supplementary

Figure 1).



Ecoil-VEGF

Ecoil-EGF

Kcoil

CS

Figure 1. Concept of the Ecoil-tagged EGF (E-EGF, monomeric) and Ecoil-tagged
VEGF (E-VEGF, dimeric) co-capture on Kcoil-decorated chondroitin sulfate (CS).

The saturation of ELISA signals observed in Fig. 2A indicates that the final layer of
the assay (horseradish peroxidase) reached a maximal density on the surfaces. This could
be explained by the GFs reaching themselves a maximal density on the surface, with the
immobilized Kcoil peptides being the limiting reagent of the coiled-coil interactions.
Another explanation would be that the actual GF density kept increasing with
concentrations past 1 nM E-VEGF (resp. 5 nM E-EGF) but that the density of ELISA
reagents (antibodies and/or horseradish peroxidase) would not, due to their steric
hindrance. To test these hypotheses, a sequential incubation of GFs was performed. A
high concentration (20 nM) of E-EGF (resp. E-VEGF) was incubated over a surface
previously decorated with varying concentrations of E-VEGF (resp. E-EGF). Direct
ELISA results presented in Fig. 3A showed that E-EGF capture was strongly hindered
when the surface was previously functionalized with concentrations of E-VEGF of 1 nM
and higher, with a complete inhibition of E-EGF capture with a pre-incubation superior to

5 nM E-VEGF. The data thus indicate that Kcoil peptides were saturated when the



surface was pre-treated with E-VEGF concentrations of 5 nM and higher, and thus that
the plateau observed in Fig. 2A was due to E-VEGF reaching a maximal density on the
surfaces.
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Figure 2. Single capture (A) and simultaneous capture (B) of E-EGF and E-VEGF on
Kcoil-functionalized CS surfaces. Relative ELISA signal as a function of growth factor
incubation concentrations (Mean+ SD, n>8).

In contrast, E-VEGF capture was possible following E-EGF pre-incubation, no matter
the E-EGF concentration (Fig. 3B). Of prime interest, the ELISA signals corresponding
to E-EGF alone and E-EGF followed by E-VEGF incubation were similar, which
indicates that E-VEGF did not displace previously captured E-EGF and that the coiled-
coil capture was stable (see stability test in Fig. 4). Altogether, the results demonstrate
that a large number of Kcoil peptides remained available for E-VEGF recruitment, and
thus that the saturation observed for E-EGF in Fig. 2A was not due to a complete

occupation of the Kcoil peptides: E-EGF did not reach maximal density but the ELISA

reagents did, which was most likely due to their steric hindrance.
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Figure 3. Sequential tethering of (A) 20 nM E-EGF or (B) 20 nM E-VEGF incubated
over Kcoil-functionalized CS surfaces that had been pre-incubated with varying
concentrations of (A) E-VEGF or (B) E-EGF. The data are presented as ELISA signal
relative to a single capture of (A) 20 nM E-EGF and (B) 20 nM E-VEGF (without pre-
incubation).

Simultaneous incubation of E-EGF and E-VEGF was also tested. Corresponding
ELISA results (Fig. 2B) showed that varying the incubation concentrations of both GFs
resulted in the creation of various ratios of immobilized GFs. Of interest, the ELISA
response at a given E-VEGF concentration was not significantly different when this GF
was incubated alone (Fig. 2A) or in combination with E-EGF (Fig. 2B). On the contrary,
the more E-VEGF in the solution, the less captured E-EGF on the surface. It is here
noteworthy that E-VEGF was expressed as a homodimeric protein and thus bears 2 Ecoil
tags [46], whereas E-EGF is monomeric and has one Ecoil moiety only.[47] Our
observations can therefore be explained by an avidity phenomenon that favors the
grafting of E-VEGF over the grafting of E-EGF (Fig. 1). The data obtained here by
ELISA are in good agreement with previous surface plasmon resonance assays using

Kcoil-decorated sensor chips: E-EGF displayed a steady though slow dissociation under

continuous flow from the surfaces and could be regenerated by one pulse of 6 M
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guanidium hydrochloride (GdnHCI) [34]. Oppositely, no dissociation was observed for
E-VEGF. The overwhelming stability of Kcoil-mediated E-VEGF immobilization was

further proven by incomplete regeneration after several pulses of 6 M GdnHCI.[46]
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Figure 4. Stability assay. Relative retention rates of E-EGF (A) and E-VEGF (B) after 3-
day or 8-day treatments in cell culture conditions estimated by direct ELISA. The
retention rates of E-EGF and E-VEGF after the ageing treatments are expressed
relatively to the signal obtained on fresh surfaces (Mean % + SD, n>3). 3-day treatment
is comparable to HUVEC survival test: 1-day adhesion in complete medium EGM
containing 2% FBS and 2-day survival in basal EBM. 8-day treatment is comparable to
AoSMC survival test, 1-day adhesion in complete medium SmGM containing 5% FBS
and 7-day survival in basal SmBM.

The stability of coiled-coil interactions was tested by incubation in cell culture
medium in the same conditions as those used for our cell culture experiments, the results
are presented in Fig. 4. E-VEGF was stable with a very high retention rate (between 59-

94%) of the immobilized growth factor after both the 3-day and the 8-day treatment

(comparable respectively to HUVEC or AoSMC survival tests) for incubation

VEGF incubation concentration (nM)



concentrations ranging from 1 to 20 nM. Of interest, the minimum of GF retention of
59% was observed after the 8-day treatment for E-VEGF incubation concentration of 0.1
nM. E-EGF showed to be less stable than E-VEGF, with retention rates between 23 and
63% after the 8-day treatment, and between 47 and 114% after the 3-day treatment.
Overall, the fact that E-EGF is less stable than E-VEGF confirms E-VEGF multiple

binding to Kcoil-functionalized surfaces (avidity).

3.2 Bioactivity of immobilized growth factors

HUVEC

HUVEC survival on E-EGF- and E-VEGF-decorated surfaces after 2 days in serum-
free medium is presented in Fig. 5, and cell morphology on selected surfaces is displayed
in Fig. 6.

The 48-h serum deprivation treatment significantly impacted the number of cells on
control surfaces (CellBIND® culture plate and carbohydrazide aminated surfaces), as
expected.[36] Chondroitin sulfate, although known for its anti-apoptotic properties,[48,
49] did not induce a significant increase in HUVEC survival when compared to the other
controls (Fig. 5). On GF-immobilized surfaces, a tremendous difference in trends was
observed between the survival induced by E-EGF or by E-VEGF. The maximal survival
observed with E-EGF functionalized surfaces was 17 = 8 %, which was not significantly
higher than that on bare CS surfaces (12 + 4 %, p = 0.99). In contrast, on E-VEGF
functionalized surfaces, cell survival increased progressively from 10 £+ 4 % to 75+ 9 %

by increasing VEGF incubation concentration from 0.1 to 20 nM.
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Figure 5. HUVEC survival after 2 days in serum-free medium. Ratio of metabolic activity
estimated by resazurin assay at 2 days relative to initial adhesion (Mean + SD; n = 12).
*: Statistical difference with all other conditions (p < 0.005).

CONTROL - CS 20 nM E-EGF 5 nM E-VEGF 20 nM E-EGF + 5 nM E-
Survival: 12 % Survival: 17 % Survival: 74 % Survival: 92 %

Figure 6. Morphology of HUVEC after 2 days in serum-free medium, actin and nucleus
staining. Scale bar: 200 pm.

The best survival (92 + 12 %) was however observed for surfaces pre-incubated with a
mixture of E-EGF (20 nM) and E-VEGF (5 nM), which was statistically higher than all
other conditions (p < 0.005), including single capture of E-VEGF at 5 nM (64 £ 11 %)

and of E-EGF at 20 nM (20 £ 9 %). These data suggested a synergistic effect of E-EGF



and E-VEGF on the surfaces exposing the appropriate combination of both GFs, which
led to the conservation of a quasi monolayer of HUVEC after the 48-h serum free
treatment (Fig 6). Of interest, the mean single cell area was similar on all surfaces (Table

1),

Table 1. HUVEC single cell area after 2 days in serum-free medium (Mean + SD; no

statistical difference between groups).

20 nM E-EGF +
Surface CS 20 nM E-EGF | 5nM E-VEGF 5nM E-VEGE
HU\(LEm%)area 1211495 | 1422 +127 1358 + 63 1265 + 59
AOSMC

AoSMC survival on surfaces decorated with E-EGF and E-VEGF after 7 days in
serum-free medium is presented in Fig. 7, and cell morphology on selected surfaces is
shown in Fig. 8.

Similarly to HUVEC, serum-free treatment affected AoSMC survival, however the
time needed to get a significant decrease in metabolic activity was much longer than for
HUVEC. After 7 days in serum-free conditions, AOSMC retention was similar on our
controls and on CS surfaces, showing that anti-apoptotic properties of CS are not
sufficient to induce long-term survival. As opposed to HUVEC, E-VEGF immobilization
alone showed little enhancement of AoSMC survival (31 = 5 % for surfaces incubated
with E-VEGF at 20 nM compared to 20 + 7 % for bare CS surfaces). However, as
previously reported, the coiled-coil immobilization of E-EGF on CS led to a significant

increase in cell survival,[37] and this pro-survival effect increased with the E-EGF



incubation concentration (from 27 £ 12 % for 0.1-nM E-EGF to 53 = 9 % for 20-nM E-

EGF).
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Figure 7. AoSMC survival after 7 days in serum-free medium. Ratio of metabolic activity
estimated by resazurin assay at 7 days compared to initial adhesion (Mean + SD; n =
12). *: Statistical difference with all other conditions (p < 0.005), except with the co-
incubation of E-EGF 20 nM and E-VEGF 1 nM, (p = 0.18).

CONTROL - CS 20 nM E-EGF 0.1 nM E-VEGF 20 nM E-EGF + 0.1 nM E-VEGF
Survival: 20 % Survival: 53 % Survival: 24 % Survival: 79 %

Figure 8. Morphology of AoSMC after 7 days in serum-free medium, actin and nucleus
staining. Scale bar: 200 um.



Once again, a further increase in cell survival was observed for surfaces incubated
with a mixture of GFs. Thus, the combination of 20 nM E-EGF and 0.1 nM E-VEGF led
to 79 = 16 % cell retention after 7 days in serum-free medium, whereas 20 nM E-EGF
and 0.1 nM E-VEGF separately induced 53 + 9 % and 24 = 10 % cell survival,
respectively. The pro-survival effect induced by this specific GF ratio was statistically
higher than all others we tested (p < 0.005), except for the combination of 20 nM E-EGF
and 1 nM E-VEGF (62 = 7 %, p = 0.18).

Of interest, on surfaces incubated with 0.1 nM E-VEGF, cell survival was lower than
on 20 nM E-EGF and 20 nM E-EGF + 0.1 nM E-VEGF (Figs. 7 and 8). However, the
cell spreading (Table 2) was also higher on this surface (p < 0.05), so that the surface
coverage by cells appeared relatively similar on the three surfaces (Fig. 8). On CS, cell
survival was similar to 0.1 nM E-VEGF, but cell spreading was lower, leading to a less

extensive surface coverage.

Table 2. AoSMC single cell area after 7 days in serum-free medium (mean + SD). *:
Statistical difference with 20 nM E-EGF and 20 nM E-EGF + 0.1 nM E-VEGF

conditions (p < 0.05).

20 NM E-EGF +
Surface cs 20nM E-EGF | 0.1nME-VEGF | o2 "0 =2 ¢
AOS('L\l"n%)"’“ea 2394160 | 200197 3183 + 439 * 1864 + 91




4 DISCUSSION

The characterization of bioactive surfaces involving grafted GFs is important to
understand their biological outcomes. In this study, ELISA was used to assess the
amounts of captured of Ecoil-tagged GFs on Kcoil-functionalized CS surfaces. ELISA is
a common method to characterize GF immobilization.[5, 8, 17, 50] However, in our case,
the signal collected in direct ELISA was only semi quantitative since a saturation was
observed for incubation concentrations higher than 5 nM and 1 nM for E-EGF and E-
VEGF, respectively (Fig. 2). Several studies using a similar direct ELISA method did not
report any saturation of the signal,[17, 50, 51] while in contrast, Shen et al. also observed
a detection limit of direct ELISA for samples with high quantities of covalently
immobilized VEGF in a collagen scaffold.[8] Our first hypothesis is that the saturation
was due to steric hindrance of anti-EGF antibodies, anti-VEGF antibodies or horseradish
peroxidase enzyme. This suggests that the coil-coil system enabled to achieve high GF
surface densities. Indeed, in a previous study, we observed that the coiled-coil mediated
EGF immobilization allowed higher capture efficiencies compared to covalent
grafting.[37] Another explanation for the signal saturation we observed, especially in the
case of E-VEGF, could be a saturation of the Kcoil units on CS, since the secondary
capture of E-EGF on surfaces pre-incubated with E-VEGF at concentrations higher than
5 nM did not occur (Fig. 3). Despite these limitations in GF quantification due to signal
saturation, our results unambiguously showed that the coiled-coil tethering strategy
enabled the oriented immobilization of two GFs at different surface densities on CS via a

simultaneous incubation.



As stated in the introduction, several studies have explored the potential benefits of
GF combination, either by covalent grafting,[20, 24] progressive release from a polymer
scaffolds or nanoparticles,[15, 16, 19, 21] capture by matrix[23] or oriented tethering.[17]
To our knowledge, most studies were however focused on testing combinations of
different GF at fixed concentrations, rather than varying their relative amounts and
studying the biological effect brought by specific ratios. Recently, Almodovar and
colleagues have used a microfluidic device to study the effect of gradients of BMP-2 and
BMP-7 in layer-by-layer films of poly(L-lysine) and hyaluronan. The authors have
observed an additive or synergistic effect of both GFs for myoblast differentiation.[23]
Our coiled-coil based strategy, in addition to ensuring an oriented and stable GF display,
allowed us to control the captured amounts of each of them by simply adjusting their
concentration within the incubation mix (‘simultaneous incubation’). This is of salient
interest since we did not only demonstrate the benefits of GF combination but also that
the HUVEC and AoSMC responses were maximal for distinct combinations of GF
amounts (Figs. 5 and 6).

Indeed, the combination of EGF and VEGF increased the biological response of both
HUVEC and AoSMC when compared to each GF being tethered separately. Specific
ratios of GFs allowed maximal efficiency either for AoSMC survival (20 nM E-EGF +
0.1 nM E-VEGF) or for HUVEC survival (20 nM E-EGF + 5 nM E-VEGF), suggesting
that this approach is an interesting strategy to fine-tune cell response around vascular

implants or tissue engineering scaffolds.



Two hypotheses can be drawn to explain the observed synergy. Our first hypothesis is
that co-immobilized GFs simultaneously interact with their respective cell receptors and
this co-stimulation triggers enhanced cells survival. Indeed, in the literature, both GFs are
known to trigger PI3K/Akt and RAS/ERK pathways involved in cell survival.[52-54] The
observed synergy could thus be due to the increased signaling in these pathways via
simultaneous EGF receptor and VEGF receptor activation, leading to an increased cell
response. In a recent study, Assal et al. have shown that a combination of bFGF, EGF and
VEGF led to higher angiogenesis than isolated GFs, however their study did not
specifically study EGF/VEGF synergy in detail.[17]

In the case of AoSMC, this hypothesis is supported by the fact that both GFs enhanced
cell survival (Fig. 7). Separately, E-VEGF and E-EGF enhanced survival by up to 15 %
and 35 %, respectively, whereas their optimal combination enhanced survival by 60 %
compared to control surfaces. This hypothesis is however less plausible in the case of the
HUVEC given that, in contrast to a report by Yang et al.,[55] our results did not show
that E-EGF alone was sufficient to trigger survival. The influence of EGF on HUVEC
has been debated in the literature. Some studies state that non-tumor endothelial cells do
not possess EGF receptors, or at least that EGFR is not expressed at levels that are high
enough for detection.[56, 57] On the contrary, Semino et al. identified that the EGF
signaling cascade is essential to promote VEGF-induced morphogenesis of HUVEC and
that, while the VEGF pathway stimulates HUVEC proliferation, the EGF pathway
influences HUVEC migration.[58] The synergy observed with E-EGF and E-VEGF on

HUVEC survival is thus difficult to relate to the EGF receptor activation.



This brings us to our second hypothesis, which is centered on the spatial organization
of our immobilized GF on the surface. One GF, although possessing little or no
bioactivity on the targeted cells, could enhance the spatial orientation of the second GF
by acting as a 'filler' on the surface, which may in turn favour the interactions between the
other GF and cell receptors. This phenomenon of a bioinert species allowing an active
protein to reach higher activity has previously been observed by Kumada et al.[59]

To precisely establish the role of both GFs in the observed synergy, a thorough
examination of activated pathways would be necessary, for example by quantifying the
levels of activation of PI3K/Akt and RAS/ERK in cells which EGF or VEGF receptors

would have been previously blocked.

In the system we have here explored, E-EGF and E-VEGF immobilization was stable
enough for us to observe a sustained AoSMC survival for 7 days, despite repeated
medium changes. As presented in Fig. 4, the stability of E-VEGF was higher than that of
E-EGF, probably due to the presence of two Ecoil-moieties on the E-VEGF homodimer,
that leads to a higher avidity of the Kcoil-functionalized surface and a lower probability
of release since both coiled-coil complexes would have to detach simultaneously for the
E-VEGF to be released. Despite the lower E-EGF stability observed in Fig. 4 compared
to E-VEGF, immobilized E-EGF was able to induce AoSMC survival over 7 days for
incubation concentrations as low as 1 nM (Fig. 7). Compared to other coiled-coil
systems, our approach has the advantage to be more stable (characterized by a
dissociation constant, Kg, of 6.10™ M [60]) compared to (i) natural affinity of GF for

ECM components (e.g. VEGF affinity for heparin is characterized by a Kq of 2.10° M



calculated from [61]), and (ii) the coiled-coil structures used by Assal et al. [17]
developped by O'Shea et al. (Kq of 3.10° M calculated from [62]). The especially high
affinity observed for the Ecoil/Kcoil system could prevent surface degradation upon
GF/cell receptor interaction since the affinity of VEGF with its receptor is lower than the
Ecoil/Kcoil affinity (K4 of 4.10™"° calculated from [61]).

Of interest, our system is very adaptable, allowing the stability of protein tethering to
be tailored for precise clinical needs by changing the motif of the Kcoil or Ecoil units.
More precisely, the stability of the coiled-coil structure can be lowered by shortening the
amino acid sequence[60, 63] or substituting selected residues in the hydrophobic
core.[64] Controlled, progressive release of multiple GFs with different kinetics could
thus be achieved, if needed. This could prove very interesting to mimic human tissue

healing, where multiple GFs act successively.[12, 65]

5 CONCLUSION

This work highlights the potential of coiled-coil oriented tethering for co-
immobilization of multiple GFs so as to optimize biological properties of surfaces for
specific needs. Our results with the co-immobilization of EGF and VEGF on CS clearly
demonstrated the possibility to adjust GF immobilization to direct a particular cell
response, here the survival of endothelial or smooth muscle cells. Our work also
highlights the use of our coiled-coil tethering system as a platform to help understand
possible redundancy, competition or synergy existing among GFs towards the creation of

smart biomaterials controlling the fate of targeted cells.



Of prime interest, the simultaneous capture of the two GFs allowed us to reach higher
levels of cell survival when compared to each GF being captured on its own. These
promising results suggest a synergy between EGF and VEGF to trigger survival
pathways. A possible application of the coiled-coil co-immobilization of EGF and VEGF
could be the design of coatings for vascular grafts improving SMC survival on the

abluminal side and HUVEC survival on the luminal side.
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Supplementary Figure 1. Non specific adsorption and coiled-coil mediated capture of E-
EGF and E-VEGF on chondroitin sulfate. Relative ELISA signal as a function of growth
factor incubation concentrations (Mean+ SD, n>4).
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