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1 Introduction

Surface grafting of Fc-binding peptides as a simple
platform to immobilize and identify antibodies
that selectively capture circulating endothelial
progenitor cellst

Omar S. Bashth, 2 Mohamed A. Elkhodiry, @ Gaétan Laroche ©° and
Corinne A. Hoeslj (2 ¥2<

Antibody surface immobilization is a promising strategy to capture cells of interest from circulating fluids
in vitro and in vivo. An application of particular interest in vascular interventions is to capture endothelial
progenitor cells (EPCs) on the surface of stents to accelerate endothelialization. The clinical impact of
EPC capture stents has been limited by the lack of efficient selective cell capture. Here, we describe a
simple method to immobilize a variety of immunoglobulin G antibodies through their fragment crystalliz-
able (Fc) regions via surface-conjugated RRGW peptides for cell capture applications. As an EPC capture
model, peripheral blood endothelial colony-forming cells suspended in cell culture medium with up to
70% serum were captured by immobilized anti-CD144, anti-CD34 or anti-CD309 antibodies under
laminar flow. The endothelial colony-forming cells were successfully enriched from a mixture with peri-
pheral blood mononuclear cells using surfaces with anti-CD309 but not anti-CD45. This antibody immo-
bilization approach holds great promise to engineer vascular biomaterials with improved EPC capture
potential. The ease of immobilizing different antibodies using the same Fc-binding peptide surface graft-
ing chemistry renders this platform suitable to screen antibodies that maximize cell capture efficiency and
selectivity.

Medical Technologies Inc., FL, USA) stent, a stainless-steel
stent coated with anti-CD34 antibodies, represents the first

Surface-immobilized antibodies are broadly applied to selec-
tively capture target cells through cell surface antigen
binding"® for applications ranging from diagnostics® to
immunotherapy.*® In the regenerative medicine field, anti-
body-functionalized surfaces have been used to enrich stem
and progenitor cells for in situ tissue repair and
regeneration.”® Endothelial progenitor cell (EPC) capture
stents, for example, aim to selectively capture cells that acceler-
ate endothelialization to reduce the incidence of restenosis.’
One cell type that can be used as an EPC capture model is
endothelial colony-forming cells (ECFCs), which have high
proliferative potential in vitro and can directly contribute to
neovascularization in vivo.'®'" The Genous™ (OrbusNeich
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commercial implementation of this approach. Although pre-
vious human clinical trials have demonstrated a better early
endothelialization on these stents compared with drug-eluting
stents,’>"? other long-term studies have confirmed the for-
mation of late neointimal hyperplasia and restenosis.'*® This
late in-stent restenosis could be due to poor ECFC selectivity
by CD34 antibodies, as there are other circulating progenitor
cells (CD34") that could be captured on the surface."” Certain
CD34" cells might differentiate into immune cells that
mediate inflammatory responses and disturb the signaling
and activation pathways of smooth muscle cells (SMCs),
leading to intimal hyperplasia.'®'® Antibodies with higher
specificity for ECFCs such as anti-CD144 antibodies were
found to reduce the neointimal area observed in stainless steel
stents compared to anti-CD34 antibodies.>

Most of the antibody surface immobilization techniques
available for in vitro studies or for in vivo cell capture appli-
cations have relied on adsorption, direct covalent conjugation
or interactions with bio-affinity bacterial proteins. The sim-
plest method to immobilize antibodies on surfaces is adsorp-
tion, but this method can lead to a reduction in antigen
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binding due to desorption and conformations with reduced
availability of antigen-binding sites.”’ Antibody conjugation
via primary amine or carboxylic acid functional groups is less
prone to desorption and it is a method currently used to
modify commercially-available EPC capture stents.>> However,
this technique suffers from a lack of control over antibody
orientation on the surface due to the prevalence of these func-
tional groups throughout the antibody structure.”® Directional
antibody immobilization can be achieved via binding of the
fragment crystallizable (Fc) region to surfaces grafted with bac-
terial products such as protein A or G.>*** Disadvantages of
this strategy include the immunogenicity of these bacterial
proteins and their high affinity for albumin,***® which may
increase fouling in the presence of biological fluids.

The disadvantages and limitations of such immobilization
methods have led to the evolution and development of easily
synthesized peptides that are able to both immobilize anti-
bodies and control their orientation. For instance, Tsai et al.?’
designed a short peptide sequence, RRGW, with a strong
affinity toward the Fc region of mouse immunoglobulin G
(IgG). with this and other short synthesized peptides, it
becomes convenient to screen a large number of antibodies in
a single experiment through an easy switch between different
antibodies. The additional advantage of using these peptides
to immobilize antibodies rather than proteins, such as protein
A or G, is their small size that provides better control in graft-
ing the molecule on the surface and preventing steric hin-
drance. These synthesized peptides have been designed and
used for antibody purification purposes,*®**° and to fabricate
biosensors chips.*® To our knowledge, no studies have tested
the efficiency of peptide-based antibody immobilization to
capture circulating cells. Here, we describe a method allowing
controlled surface conjugation of RRGW peptides to immobi-
lize and screen multiple antibodies aimed to capture and
enrich ECFCs selectively from a heterogeneous mixture of
cells.

2 Materials and methods
2.1 Antibody immobilization via RRGW peptides

Aminated polystyrene Petri dishes (#354732, Corning®,
PureCoat™, USA) were cut into 2 cm x 3 c¢cm slides using a hot
wire (#K02B, Lompoc, USA) or - for flow chamber studies —
into 2.95 cm x 2.51 cm slides using a Micro Mill (Datron Neo
3-axis CNC Mill, Cell imaging and analysis network, McGill
University, Canada). The edges were surrounded by Teflon
tape (PTFE, thread seal tape) to maintain the added solutions
(90 pL ecm™) in each step. After each of the reaction steps,
excess solutions were removed, and the slides were washed
twice with 0.2 pm-filtered phosphate-buffered saline solution,
pH 7.4 (PBS, #21600010, Thermo Fisher Scientific™). The
slides were, first, incubated in 3 mg mL™" of sulfo-succinimi-
dyl-4-(p-maleimidophenyl)-butyrate ~ (Sulfo-SMPB,  #BC24,
G-Biosciences) in PBS for 2 h in the dark with 90 rpm agitation
(Ecotron, Infors HT). Next, 2 pL (around 0.64 uL mm™?) dro-
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plets of 30 uM to 5000 pM RRGW peptide (RRGW(PEG3)C;
Biomatik, Cambridge, Canada) solutions in PBS were de-
posited onto the surface and incubated in static humid
chambers in the dark for 2 h. Controls with adsorbed peptides
were obtained in the same fashion, but omitting the sulfo-
SMPB step. After blocking for 40 min in the dark at 90 rpm agi-
tation using Dako serum-free protein block (#X0909, Agilent
Dako, CA, USA), the slides were entirely covered with 10 pg
mL ™" of primary antibodies resuspended in PBS and incubated
for 1 h in the dark at 90 rpm agitation. The primary mouse
anti-human antibodies used were CD105 (#323202), CD309
(#393002), CD14 (#367102), CD144 (#348502), all from
Biolegend (San Diego, USA), and CD34 (#550760, BD
Bioscience, ON, Canada). The negative control (no binding to
anti-mouse secondary antibodies) consisted of slides functio-
nalized with RRGW (300 puM) followed by immobilizing
primary rabbit anti-human CD45 (#154885, Abcam, Canada).
To detect the immobilized primary antibodies, surfaces were
submerged in 10 pg mL™" of Alexa Fluor 488 F(ab’)2-goat anti-
mouse IgG (#A11017, Thermo Fisher Scientific™) in PBS. After
1 h incubation in the dark at 90 rpm agitation, the slides were
washed twice in PBS and twice in RO water and then air-dried.
The spots and surrounding background were imaged using a
10x objective of a confocal microscope (Zeiss LSM 5 Exciter,
Germany).

2.2 Stability of the immobilized antibodies in different
serum concentrations

Mouse anti-human CD105 antibodies were immobilized on
surfaces with spots of adsorbed (without sulfo-SMPB) or co-
valently grafted (with sulfo-SMPB) RRGW peptides (300 pM
RRGW during the peptide grafting step). The following
different aqueous conditions were prepared: (1) PBS; (2) endo-
thelial cell growth medium-2 (EGM-2, supplement and growth
factor kit #CC-4176 was added to endothelial cell growth basal
medium - EBM-2 - #00190860, Lonza, Basel, Switzerland) with
10% fetal bovine serum (FBS, #SH3039603, Thermo Fisher
Scientific™); (3) 70% FBS in EGM-2. Slides were then incu-
bated in these solutions in a cell culture incubator (37 °C, 5%
CO,) in static conditions or under flow (1.5 dyn cm™> wall
shear stress) using a parallel-plate flow chamber system pre-
viously described by Hoesli et al®' After 1 h, slides were
washed twice with PBS before adding Alexa Fluor 488 F(ab')2-
goat anti-mouse secondary antibodies, followed by imaging.

2.3 PBMC isolation and ECFC formation

ECFCs were isolated from the peripheral blood of healthy
donors as previously described.*? Briefly, blood samples were
received from 6 healthy donors under informed consent fol-
lowing a protocol (Study No. A06-M33-15A) approved by the
Ethics Institutional Review Board at McGill University. Next, a
6-well plate was coated with 50 ug mL™" type 1 rat tail collagen
(#A1048301, Thermo Fisher Scientific™) for 1 h, then washed
with sterile Dulbecco’s phosphate-buffered saline (DPBS,
#14190250, Thermo Fisher Scientific™). Fresh blood samples
were collected in 60 mL syringes coated with heparin

This journal is © The Royal Society of Chemistry 2020
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(#02303086, Sandoz Canada Inc., Canada). The blood was then
diluted in a 1:1 ratio with sterile DPBS and added to
SepMate™ tubes (#85450, Stem Cell Technologies Inc.,
Vancouver, British Columbia, Canada) filled with 15 mL of
Histopaque® 1077 (#10771, Sigma-Aldrich®). The tubes were
centrifuged with the break turned off, and the PBMC-contain-
ing top fraction was poured off and collected into 50 mL
tubes. The collected PBMCs were washed twice with EBM-2,
resuspended in EGM-2 with 10% FBS and seeded into the
6-well plate at a cell density of 12.5 million cell per mL.
Screening for late colony formation was carried on for 30 days
by using a phase-contrast of an inverted microscope (VWR
International). Colonies were then trypsinized with TrypLE
(#12604-021, Life Technologies, USA), resuspended in com-
plete EGM-2 and expanded in collagen-coated cell culture
flasks. Prior to any experiments, confluent cells were detached
from the surface with TrypLE and enumerated using the
inverted microscope after staining with Trypan blue
(#15250061, Thermo Fisher Scientific™). ECFCs used in this
study were between passages 4 and 7.

2.4 ECFC capture under flow

ECFC capture under flow was performed using a custom paral-
lel-plate flow system with four independent chambers
described previously by Hoesli et al.>" The flow system tubing
was autoclaved while the flow chamber itself, as well as the
antibody-modified slides, were incubated for 15 min in 100%
ethanol and left to dry in a biosafety cabinet immediately
before assembly. The following different cell culture media
were prepared: (1) serum-free EGM-2 (EGM-2 without serum
added from the kit); (2) 10% FBS (final concentration) in
EGM-2; (3) 70% FBS in EGM-2. Before starting the flow, 15 mL
of each solution was added to different 50 mL reservoirs, and
the flow chamber system (parallel plate system, medium reser-
voirs and flow dampeners) was then placed inside a cell
culture incubator (37 °C, 5% CO,) to equilibrate temperature
and pH. ECFCs were harvested, resuspended in the corres-
ponding media and sieved through a 40 pm mesh size cell
strainer (#07201430, Thermo Fisher Scientific™) to remove
cell aggregates before being injected into the medium reser-
voirs using a syringe and needle. The final average cell concen-
tration in the reservoir was 1.2 + 4 x 10" cells per mL. ECFCs
were circulated in the flow chamber system at a wall shear
stress of 1.5 dyn cm > using peristaltic pumps (Masterflex®
model 7544-80 with Masterflex® L/S 2-channel easy-load II
pump head using L/S 13 BPT tubing). After 1 h, the flow was
stopped, surfaces were recovered from flow chambers, and the
captured cells were fixed with 4% paraformaldehyde (4% PFA,
#CAAAJ61899-AP, VWR International) for 10 min. The slides
were washed and then stored in PBS for
immunohistochemistry.

2.5 The role of antigen-binding sites in cell capture

To block their fragment antigen-binding (Fab) regions, anti-
human CD309 antibodies immobilized via covalently grafted
RRGW were incubated with 20 puM of soluble CD309 proteins
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(#10012-HO8H, Cedarlane, Canada) for 1 h in the dark at 90
rpm agitation. Slides were then washed twice with PBS and RO
water. ECFCs were circulated over anti-human CD309 functio-
nalized surfaces with or without CD309 blocking at 1.5 dyn
ecm™2 wall shear stress for 1 h, as described above. Surfaces
recovered from flow chambers, and the captured cells were
fixed with 4% PFA, washed and stored in PBS until performing
immunohistochemistry.

2.6 Selective capture of ECFCs from a cell mixture

ECFCs were stained with calcein acetoxymethyl (AM) according
to the manufacturer’s instruction (#C1430, Thermo Fisher
Scientific™). Briefly, a volume of 7 mL of 1 pg mL ™" calcein-
AM was added in each T-flask to mark ECFCs with a green
fluorescent dye, and the flasks were incubated for 30 min
inside cell culture incubator (37 °C, 5% CO,). Human PBMCs
were isolated from fresh blood as described earlier and mixed
at 1:1 ratio with the pre-labeled ECFCs harvested using
TrypLE, as described above. The cell mixture was then resus-
pended in serum-free media and circulated for 1 h at a wall
shear stress of 1.5 dyn cm™> over surfaces modified with either
mouse anti-human CD309 or mouse anti-human CD45. After
1 h, the captured cells were fixed for 10 min in 4% PFA and
washed with PBS. Cell nuclei were then stained, and samples
were imaged immediately.

2.7 Immunohistochemistry

Fixed samples were permeabilized with 0.1% Triton-X (#T8787,
Sigma-Aldrich®) in PBS for 15 min, and slides were then
washed with PBS. Cell nuclei were stained with 1 pg mL™" of
4'\6-diamidino-2-phenylindole =~ (DAPI, #D9542, Sigma-
Aldrich®) resuspended in RO water for 10 min, followed by
washing in RO water and then PBS. Using VECTASHIELD®
HardSet™ antifade mounting medium (#H-1400, Vector lab-
oratories Inc., USA), slides were mounted on coverslips and
imaged using fluorescence microscopy (Olympus IX81, Tokyo,
Japan) equipped with a programmable Prior® stage (Prior
Scientific Inc., Rockland, MA). A total of 40 to 45 images -
taken at pre-programmed positions - per each condition in
every replicate were analyzed using the Image] program. Cells
in each DAPI image were counted using “threshold” and
“analyze particle” tools.

2.8 Statistics

Data represent the mean values + standard deviation (error
bars) of at least 3 independent experimental replicates. In anti-
body detection experiments, each experimental replicate con-
sisted of 3 spots with at least 6 images that were taken to cover
each side of the spot. The mean intensity of each spot was
quantified using CellProfiler™ software with the “measure
object intensity” plug-in. For experiments with cells, each
replicate was conducted with ECFCs from a different donor. In
the proof-of-concept selective cell capture study, 2 experiments
were conducted; each with a different PBMC donor but 4 inde-
pendent ECFC donors to investigate surface capture selectivity
of ECFCs without considering PBMCs between-donor varia-
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bility. Unless otherwise mentioned, comparisons between mul-
tiple groups were performed using analysis of variance
(ANOVA) followed by Tukey-Kramer HSD post-hoc tests. To
compare various samples with the control group (Fig. 1D and
2), Dunnett’s test was performed. Differences between groups
were considered to be statistically significant at p < 0.05. Using
Grubbs’s test, an outlier point was determined and rejected
from one replicate of the cell capture study in the 10% FBS
condition (Fig. 4B). All statistical analyses were performed
using JMP® (SAS Institute Inc., Cary, NC).

H2N NH,

(PEG3)

View Article Online
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3 Results

3.1 Directional and specific immobilization of antibodies on
RRGW-modified surfaces

To maximize the availability of hypervariable antibody regions
for cell surface antigen binding, antibodies were immobilized
via interactions of the Fc region with covalently conjugated
RRGW peptides, as shown in Fig. 1A. To determine the nitro-
gen and the amine content of the substrates used for conju-
gation, the commercially available PureCoat™ aminated sur-
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Fig. 1

RRGW concentrations in solution (uM)

Immobilization of mouse anti-human CD105 on conjugated or adsorbed RRGW spots on polystyrene substrates. (A) The chemical structure

of the covalent conjugation of RRGW peptide into activated polystyrene surfaces with sulfo-SMPB. (B) Schematic representation of the experimental
design to immobilize and detect the grafted antibodies on the surface. (C) Fluorescence imaging of immobilized antibodies on either adsorbed
(without sulfo-SMPB) or conjugated (with sulfo-SMPB) spots of RRGW (300 pym during the conjugation step) through detection by AF488-F(ab’)2-
goat anti-mouse. (D) Average of mean intensities of the detected antibodies on adsorbed or conjugated RRGW spots. The concentrations represent
the amount of RRGW added during the conjugation or adsorption step, where 0 pm as a control represents the background regions without RRGW.
Samples were compared to the control with **p < 0.01, *p < 0.05 and NS (not significant) >0.05, n = 3 experimental replicates (6 spots analyzed per
experimental replicate).
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Fig. 2 Average of mean intensities of different mouse anti-human anti-
bodies immobilized on conjugated spots of RRGW (300 pym during the
conjugation step) on polystyrene substrates and detected by AF488-F
(ab’)2-goat anti-mouse. The control is a rabbit anti-human CD45
immobilized on conjugated RRGW detected by the same anti-mouse
secondary antibody. Samples were compared to the control with *p <
0.05 and **p < 0.01, n = 3 experimental replicates (6 spots analyzed per
experimental replicate).

faces were characterized using X-ray photoelectron spec-
troscopy (XPS) accompanied by chemical derivatization (see
supplementary materials). As 4-(trifluoromethyl) benzaldehyde
(TFBA) reacts with primary amines, the atomic nitrogen per-
centage decreased in samples with the chemical derivatization
(20% + 29%) compared with no chemical derivatization (22.0%
+ 0.9%) as shown in Fig. S1.f The amine percentage in the
PureCoat™ substrates was calculated to be 1.4% + 0.2% with
an average amine selectivity ([NH,]/N) of 0.06 + 0.01. Sulfo-
SMPB treatment and peptide grafting were both associated
with an increase in the water contact angle, indicating a
decrease in surface hydrophilicity after peptide grafting com-
pared to the untreated PureCoat™ substrates (Fig. S2).

To confirm selective antibody immobilization only on
regions functionalized with RRGW, peptide solutions were
spotted onto surfaces that were washed before complete
immersion in primary antibody followed by F(ab’)2 secondary
antibody solutions for immunofluorescent detection as shown
in Fig. 1B and C. The secondary antibody fragments of F(ab’)2
were used to eliminate signal from the interaction between the
Fc region of the full secondary antibodies and RRGW peptides.
As expected, the fluorescence signal detected via secondary
antibodies was significantly higher in regions with covalently
grafted RRGW spots in a range of concentrations from 40 uM
to 500 pM compared to the background area where no pep-
tides were grafted.

This journal is © The Royal Society of Chemistry 2020
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With covalent grafting of RRGW, the fluorescence intensity
increased when concentrations of the peptide added in solu-
tion were raised from 30 pM to 300 uM. Above 300 UM concen-
tration (which corresponds to 9 + 2 x 10° total number of anti-
body molecules; Fig. 1D and S3t), a decrease in fluorescence
signal was detected. This decrease could be due to peptide
aggregation in solution hindering their surface grafting, or to
fluorescence quenching of the secondary antibodies at higher
densities.*® Contrary to surfaces with covalent peptide grafting,
the fluorescence signal detected from adsorbed RRGW was not
significantly different from the background. These results indi-
cate that antibodies were specifically immobilized on RRGW
spots, and that the antibody surface density was significantly
higher with covalent RRGW grafting compared to adsorbed
RRGW peptides. Based on these results, a concentration of
300 pM RRGW peptide was selected to be conjugated during
the reaction scheme to maximize antibody surface density in
subsequent experiments.

3.2 Successful immobilization of different antibodies on
conjugated RRGW

A practical method of surface immobilization should be
readily translatable to other antibodies, at least within the
same immunoglobulin subclass. Different representative
mouse IgG antibodies were successfully immobilized on
PureCoat™ aminated surfaces treated with sulfo-SMPB and
RRGW (spots of 300 pM solution), including anti-human
CD34, CD31 (platelet endothelial cell adhesion molecule-1),
CD144 (vascular endothelial cadherin), CD105 (endoglin),
CD14 and CD309 (vascular endothelial growth factor receptor
2) antibodies. The detected signal from the different anti-
bodies was significantly higher than the negative control
(immobilized rabbit anti-human CD45, which should not be
detected by anti-mouse secondary antibodies). This indicates
that the detection method of the immobilized antibodies was
specific and that the RRGW-conjugated method successfully
immobilized several IgGs while maintaining similar grafting
efficiency.

3.3 Enhanced stability of immobilized antibodies on
conjugated RRGW substrates

As this surface modification technique could eventually be
applied in vivo, where the substrates would be in contact with
biological fluids, the stability of the immobilized antibodies
on conjugated RRGW was investigated. Under all aqueous con-
ditions, the signals of the immobilized antibodies on the con-
jugated RRGW under flow were significantly higher than the
background. As shown from the representative spot images in
Fig. 3A, no significant differences in antibody retention on
conjugated RRGW were observed between static and dynamic
flow conditions. Conversely, a decrease in antibody surface
density of high magnitude (~30% loss of the signal after sub-
tracting background signal; Fig. 3B) was observed for anti-
bodies immobilized on surfaces with adsorbed RRGW pep-
tides when exposed to flow. Although the difference between
the signal detected before and after flow on surfaces with

Biomater. Sci, 2020, 8, 5465-5475 | 5469
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Fig. 3 Stability study of immobilized mouse anti-human CD105 anti-
bodies on conjugated or adsorbed spots of RRGW (300 pm during the
conjugation step) incubated for 1 h in static conditions or under flow at
1.5 dyn cm™2 wall shear stress. Antibodies were detected by AF488-F
(ab’)2-goat anti-mouse. (A) Fluorescence imaging of antibodies on
either conjugated RRGW incubated in PBS, 10% and 70% FBS in EGM-2,
or adsorbed RRGW incubated in PBS. (B) Average of mean intensities of
the spot regions with the background (no RRGW) as a control. *p < 0.05,
**p < 0.01 and NS (not significant) >0.05, n = 3 experimental replicates
(6 spots analyzed per experimental replicate).

adsorbed RRGW did not reach statistical significance, the
signal after flow exposure was not significantly different from
the background (Fig. 3B). This suggests that adsorbed RRGW
peptides and/or antibodies interacting with these peptides
were washed away after 1 h of flow exposure.

Even though the dissociation constant of the RRGW and
antibodies was reported in the literature to be low,”” there was
a sharp decrease in the density of the immobilized antibodies
between surfaces incubated in PBS (serum-free) and those
incubated under serum conditions. Interestingly, the density
and the amount of the immobilized antibodies after incubat-
ing the substrates at 10% and 70% serum were similar (1.4 +

5470 | Biomater. Sci, 2020, 8, 5465-5475

View Article Online

Biomaterials Science

0.2 x 10° total number of antibody molecules; Fig. 3B and
S3t). This indicates that the modified surfaces reached a
stable state where the immobilized antibodies were not
affected by the amount and the concentration of the present
proteins in up to 70% serum. Overall, higher antibody reten-
tion was observed on surfaces with conjugated RRGW com-
pared to adsorbed RRGW peptides, even in the presence of
elevated serum concentrations.

3.4 Selective ECFC capture under flow

To assess the ability of the developed antibody immobilization
method to capture circulating cells, ECFCs were resuspended
in different serum concentrations and circulated for 1 h over
surfaces modified with anti-CD14 (no expression expected in
ECFCs), anti-CD34 (moderate expression in ECFCs), anti-
CD144 or anti-CD309 (both with high expression in
ECFCs).""** In serum-free EGM-2, the difference in the
number of captured ECFCs per surface area was only signifi-
cant between anti-CD309 and anti-CD14 (Fig. 4A and B). This
difference was not statistically significant when anti-CD144
and anti-CD34 were compared with anti-CD14. In the presence
of serum, all anti-endothelial cell antibodies (anti-CD34, anti-
CD144, anti-CD309) captured significantly more cells com-
pared with anti-CD14.

Despite antibody losses observed under flow in the pres-
ence of serum (Fig. 3), the number of captured cells on the
surface was significantly higher at 70% FBS compared to 10%
FBS or serum-free conditions (Fig. 4B). The higher ECFC
capture efficiency observed on surfaces with anti-endothelial
cell antibodies compared to anti-monocyte (anti-CD14)
suggests that the amount of the antibodies immobilized on
the surface was sufficient to enhance cell recognition.
Furthermore, the ECFC capture efficiency mediated by anti-
CD309 surfaces was significantly reduced in the presence of
soluble CD309 protein added to block the interactions
between the Fab region and cell surface proteins (Fig. 4C).

3.5 Enhanced selectivity of capturing ECFCs from a
heterogeneous mixture of cells by immobilized anti-CD309
antibodies

As a proof of the concept of selective ECFC capture from a
heterogeneous mixture of cells, ECFCs were mixed 1:1 with
PBMCs and then perfused over RRGW-conjugated surfaces pre-
senting either anti-CD309 (expressed by ECFCs) or anti-CD45
(expressed by PBMCs but not ECFCs**?**) immobilized anti-
bodies. In general, the total number of adhered PBMCs was
significantly higher on the anti-CD45 surfaces, suggesting that
these cells might have a higher adhesion propensity under
flow compared to ECFCs (Fig. 5A). This could be due to the
culture step required for ECFC expansion, which may lead to
reduced expression of receptors required for adhesion under
flow or due to higher inertial forces applied to the ECFCs
resulting from their significantly larger diameter compared to
the PBMCs. Importantly, significantly higher ECFC surface
densities and concentrations were observed on the anti-CD309

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Selective ECFC capture using parallel-plate flow chambers for 1 h at a wall shear stress of 1.5 dyn cm~2 over modified surfaces with anti-
bodies immobilized on conjugated RRGW. (A) Representative images of nuclei stained with DAPI (blue). (B) Average of the number of captured
ECFCs per mm? surface area at different serum concentrations. At each serum condition, the antibodies recognizing endothelial cells were com-
pared with anti-CD14 negative controls. *p < 0.05, **p < 0.01 and NS (not significant) >0.05, n = 6 experimental replicates. (C) Competitive binding
study to demonstrate the role of available Fab regions in cell capture by blocking anti-CD309 antibodies with soluble CD309 proteins, n = 3 experi-

mental replicates with *p < 0.05.

compared to the anti-CD45 surfaces (Fig. 5B). Together with
the dose-dependent effect of surface-immobilized antibodies
via conjugated RRGW (Fig. 4C), these results provide substan-
tial evidence of the roles of the surface-immobilized anti-
bodies in promoting selective ECFC capture.

This journal is © The Royal Society of Chemistry 2020

4 Discussion

In this work, the effect of RRGW-mediated immobilized anti-
bodies on EPC capture was studied using ECFCs. Many pre-
vious in vitro studies have used HUVECs as a model cell type to
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Fig. 5 Selective capture of ECFCs from a mixture of cells. ECFCs were labeled with calcein (green fluorescent dye) and mixed at a ratio of 1:1 with
PBMCs. The mixture was then resuspended in serum-free EGM-2 and perfused for 1 h at a wall shear stress of 1.5 dyn cm™2 using the parallel-plate
flow chambers system. (A) Representative images of all cell types stained for nuclei with DAPI (blue), and the prelabelled ECFCs with calcein (green)
on anti-CD45 and anti-CD309 modified substrates. White arrows indicate PBMCs (DAPI* and calcein™) while white dashed circles indicate ECFCs
(DAPI* and calcein™). (B) The fraction of ECFCs among surface captured cells on modified substrates with either anti-CD45 or anti-CD309 anti-
bodies. The triangle and the circle represent the different two independent PBMC donors that were mixed with ECFCs. *p < 0.05 with n = 4 experi-

mental replicates.

develop EPC capture surfaces. However, HUVECs and other
more mature endothelial cells display reduced in vitro angio-
genesis capacity,®>*® in addition to being less representative of
EPCs present in the circulation. The great challenge in devel-
oping ECFC capture stents is the presence of other circulating
cells that might interfere with selective cell targeting. The
selectivity of ECFC capture from a 1:1 mixture with PBMCs
increased nearly 2-fold on anti-CD309 vs. anti-CD45 antibodies
immobilized via RRGW peptides. The CD309-mediated ECFC
capture was abrogated in the presence of soluble CD309 pro-
teins, further demonstrating that ECFC capture was mediated
by the immobilized antibodies via RRGW peptides (Fig. 4C).
Similar observations were previously reported for HUVEC
capture on protein G-immobilized anti-CD309 antibodies with
or without blocking the antigen-binding sites."

Previous studies of EPC capture technologies typically
focused on one or two potential capture antibodies."***?” To
our knowledge, no single broad comparative study has been
conducted between multiple EC-specific antibodies and non-
EC specific controls. Here, a broad comparison between 3 anti-
bodies recognizing ECFCs (anti-CD309, anti-CD34 and anti-
CD144) and 2 antibodies that should not bind ECFCs (anti-
CD14 and anti-CD45) was conducted in the same experimental
system. Moreover, the effect of different serum concentrations

5472 | Biomater. Sci, 2020, 8, 5465-5475

on ECFC capture efficiency was investigated as antibodies and
other suspended proteins may potentially outcompete and dis-
place the grafted molecules. Antibody retention was reduced
when surfaces were incubated in serum. This may be due to
the desorption of adsorbed molecules present even in the
“conjugated” conditions or to antibody displacement by anti-
bodies present in serum.*®*?° Given the lack of concentration-
dependent effects of antibody displacement at different serum
concentrations (Fig. 3) and the low dissociation constant of
RRGW peptides,”” antibodies are expected to be retained
in vivo for at least 1 h. Importantly, surfaces with conjugated
RRGW retained significantly more antibodies than surfaces
with adsorbed RRGW. Contrary to the physical adsorption of
antibodies on the surface that was previously shown to be
affected by salt concentrations,’® the developed antibody
immobilization strategy via conjugated RRGW peptide is
stable and preserved at up to 70% serum for at least 1 h under
flow.

Despite lower antibody retention in conditions with 70% or
10% serum, ECFC capture efficiency was significantly
enhanced at higher serum concentrations (Fig. 4). This could
be due to the presence of proteins in the serum, which may
enhance firm cell adhesion either directly (e.g., extracellular
matrix protein adsorption*'™**) or indirectly (e.g., growth factor

This journal is © The Royal Society of Chemistry 2020
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receptor activation****). Moreover, antibodies recognizing ECs
captured significantly more ECFCs than the anti-monocyte
antibodies (anti-CD14) even at higher serum concentrations,
supporting the feasibility of using the RRGW-conjugated sur-
faces for EPC capture applications.

The conjugation method applied in this study relies on an
available single thiol (-SH) group from a terminal cysteine
residue on the RRGW(PEG3)C peptide sequence (Fig. 1A). This
approach permits not only directional antibody immobiliz-
ation via Fc/RRGW interactions but also control over peptide
orientation on surfaces - contrary to a previous method where
RRGW-NH, peptides were grafted onto surfaces with carboxylic
acid groups wusing the 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide [EDC/NHS] chemistry.””
Another advantage of the peptide sequence used in this study
is the integration of polyethylene glycol (PEG) within the
sequence, which was previously proven to minimize non-desir-
able and non-specific protein adsorption.’®™*® Furthermore,
the conjugation scheme of the RRGW(PEG3)C sequence could
readily be applied to other Fc-binding peptides in the literature
such as KHRFNKD and HFRRHL.***° Thus, a screening plat-
form including multiple Fc-binding peptides and cell capture
antibodies could be envisioned. Mixtures of antibodies could
also be applied to the RRGW-functionalized surfaces to maxi-
mize cell capture efficiency and selectivity. Finally, the peptide
surface conjugation scheme could be applied to immobilize
antibodies onto any substrate with available primary amines
on the surface, including stents and bioresorbable vascular
scaffolds. These stents and scaffolds, with immobilized anti-
bodies on the surface, could then be implanted into animal
models such as pigs to compare their capacity to capture
ECFCs and promote endothelialization with commercially
available stents such as the Genous™ technology.

Although this study focused on ECFC capture for vascular
applications, the technique could be easily translated to target
other cell types. Another anticipated application, for example,
includes capturing circulating tumor cells for cancer diagno-
sis.>® The ease of immobilizing a variety of IgG antibodies (6
in total in this study) via the same initial Fc-binding peptide
surface conjugation strategy facilitates screening of different
cell capture antibodies. A large number of different antibodies
and antibody combinations could readily be immobilized on
surfaces to screen cell capture potential, particularly when
combined with higher throughput flow systems using micro-
fluidics or commercial systems with higher numbers of paral-
lel flow paths compared to the 4-chamber custom flow system
used here.

5 Conclusion

This study presents a method to selectively capture circulating
cells with antibodies immobilized through surface conjugation
of the Fe-binding peptide, RRGW. Antibody-modified surfaces
captured circulating ECFCs suspended in serum-free or serum-
containing medium. Anti-CD309 modified surfaces signifi-

This journal is © The Royal Society of Chemistry 2020
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cantly increased the selective capture of ECFCs from a hetero-
geneous mixture of cells. The ease of immobilizing a variety of
IgG antibodies without changing the underlying Fe-binding
peptide surface grafting chemistry creates a platform that is
highly versatile and amenable to screening applications.
Furthermore, the chemistry used in this platform could be
easily translated to variable stent materials - such as cobalt
chromium alloys — with available amines on the surface intro-
duced, for example, via plasma-based procedures.>® This plat-
form holds great promise to engineer better cell capture bio-
materials such as stents, biosensor platforms and other bio-
materials for cellular therapy and regenerative medicine
applications.
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