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A major challenge to the effective treatment of injured cardiovascular tissues is the promotion of
endothelialization of damaged tissues and implanted devices. For this reason, there is a need for new
biomaterials that promote endothelialization to enhance vascular repair. The goal of this work was to
develop antibody-modified polysaccharide-based hydrogels that could selectively capture endothelial
progenitor cells (EPCs). We showed that CD34 antibody immobilization on hyaluronic acid (HA)
hydrogels provides a suitable surface to capture EPCs. The effect of CD34 antibody immobilization on
EPC adhesion was found to be dependent on antibody concentration. The highest level of EPC attachment
was found to be 52.2 cells per mm? on 1% HA gels modified with 25 pg mL~" antibody concentration.
Macrophages did not exhibit significant attachment on these modified hydrogel surfaces compared to the
EPCs, demonstrating the selectivity of the system. Hydrogels containing only HA, with or without
immobilized CD34, did not allow for spreading of EPCs 48 h after cell seeding, even though the cells were
adhered to the hydrogel surface. To promote spreading of EPCs, 2% (w/v) gelatin methacrylate (GelMA)
containing HA hydrogels were synthesized and shown to improve cell spreading and elongation. This
strategy could potentially be useful to enhance the biocompatibility of implants such as artificial heart
valves or in other tissue engineering applications where formation of vascular structures is required.

Introduction

Millions of people suffer from the effects of cardiovascular
diseases.! For this reason, there is significant research to generate
approaches to treat cardiovascular ailments. For example, the
development of stents has generated significant improvement in
patient outcomes.>* Furthermore, by using tissue engineering
approaches it may be possible to generate artificial tissue
constructs that could be used to replace diseased or damaged
tissues. In both of these approaches, and indeed for virtually any
implanted biomaterial, the interaction of the host with the tissue
of interest is of great importance.

A current limitation with artificial cardiovascular devices is
that without appropriately engineered surfaces, they do not
effectively promote vascular healing and may lead to thrombosis
and other complications. One approach to increase the
biocompatibility of artificial implants is to form a monolayer of
endothelial cells on their surface.* A potentially powerful cell
source for endothelialization of biomaterials is circulating EPCs
in the blood stream.>® EPCs have previously been reported to
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hasten surgical healing, re-epithelialization, angiogenesis and
vascularization events.’®*s For this reason, direct capture of
circulating EPCs from the blood could be an attractive strategy
to achieve in vivo endothelialization of cardiovascular grafts and
tissue engineering scaffolds.* Therefore, EPC capture approaches
are promising strategies for endothelialization of blood-
contacting implants, cardiovascular stents and artificial heart
valves. As an example, stents are often coated with antibodies,
which have affinities against surface antigens of EPCs.>'%!” For
instance, anti-human CD34 antibody has been immobilized on
stainless steel stents to capture EPCs in vivo as CD34 is naturally
present on the cell surface of EPCs.>*'¢' These implants
indicated that the use of EPC capturing stents improved re-
endothelialization in clinical studies.*> We hypothesized that the
combination of non-adhesive polysaccharide gels, such as hya-
luronic acid (HA) with CD34 antibodies, could be a useful
approach to synthesize materials that can selectively capture
EPCs. These materials could potentially be useful for a number
of biomedical applications ranging from vascularizing tissue-
engineering scaffolds to endothelializing stents.

Biodegradable anti-coagulant substrates are attractive mate-
rials for surface coatings on artificial implants. HA is a negatively
charged polysaccharide and important component of the extra-
cellular matrix (ECM) of many tissues.?*?*> HA has also been
reported to play a significant role in wound healing
processes.?**2* In addition, HA takes part in cell attachment
and signaling events by interacting with cell surface receptors. An
interesting aspect of HA or other negatively charged poly-
saccharides (like heparin) is that they are also non-thrombogenic
and have been used as anti-coagulants.>>® Therefore, they could
be used as a coating material to decrease blood coagulation on
a material.
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Polysaccharide-based hydrogels have previously been used by
Thebaud et al. to provide support for EPC attachment.?” In most
cases, however, HA based gels and HA coated surfaces have been
shown to be non-biofouling.3*32 Due to its non-adhesive features,
HA is a suitable biomaterial to prevent non-specific adhesion of
cells in the body. Since HA is prevalently found in vascular tissues
and heart valves, it has the potential to produce biocompatible
materials for cardiovascular tissue engineering. Furthermore, due
to the highly negative charge of HA, it can be easily integrated into
layer-by-layer approaches for coating surfaces.

The overall goal of this study was to develop a new material
that could be used to promote the endothelialization of materials
in the body through the merger of non-biofouling polysaccharide
based hydrogels with antibodies that could selectively capture
circulating EPCs. Here we developed a material that merges the
desirable properties of HA hydrogels with an antibody coating
that could be used to recruit EPCs from the blood to hasten re-
endothelialization for implants such as artificial tissues or stents.
We report that CD34 antibody immobilization on HA-hydrogels
provides a suitable surface to selectively capture EPCs as a subset
of these cells expresses CD34 antigens on their surfaces. Finally,
we determined suitable conditions to promote capturing and
spreading of EPCs on HA-based hydrogels in two-dimensions
(2D) by incorporating collagen-based materials with HA.

Experimental
Materials

Gelatin, methacrylic anhydride, 3-(trimethoxysilyl) propyl
methacrylate, 3-(N-morpholino) propanesulfonic acid sodium
salt and N-hydroxysuccinimide were purchased from Sigma-
Aldrich (St Louis, MO). Sodium hyaluronate was obtained from
Lifecore Biomedical (Chaska, MN). N-(3-Dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride was purchased
from Thermo Scientific (Rockford, IL). 2-Hydroxy-1-[4-
(hydroxyethoxy) phenyl]-2-methyl-1-propanone (Irgacure 2959)
was obtained from Ciba (Florham Park, NJ). Mouse antibodies
to CD31 and von Willebrand Factor, FITC and Rhodamine
labeled antibodies to mouse IgG were supplied by Abcam
(Cambridge, MA). Mouse antibodies to CD34 and its FITC
labeled analog were obtained from BioLegend (San Diego, CA).
Calcein AM and Phalloidin (Alexa Fluor 594) stains were
purchased from Invitrogen (Carlsbad, CA). 4',6-Diamidino-2-
phenylindole (DAPI) was obtained from Vector Laboratories
(Burlingame, CA). Pre-cleaned microscope glass slides were
purchased from Fisher Scientific (Waltham, MA). Medium for
EPCs and macrophages and their components were purchased
from Gibco-Invitrogen (Carlsbad, CA) and ATCC (Manassas,
VA), respectively. All reagents were used as supplied without
further purification.

Production of photocrosslinkable HA precursors

We synthesized methacrylated HA as reported before.*® Briefly,
we added 1 gram of sodium hyaluronate to 100 mL of water.
After obtaining a homogenous solution we placed 1 mL of
methacrylic anhydride, then adjusted the pH of the mixture to 8—
9 and maintained it in the same range throughout the reaction.
The reaction was carried out on ice for 24 h. We then dialyzed the

final product against deionized water for 3 days at 4 °C and then
lyophilized the resulting solution for 3 days. "H NMR analysis
indicated a degree of methacrylation of 16%.

Production of HA-based hydrogels

We prepared 1% (w/v) methacrylated HA in PBS solution con-
taining 0.5% (w/v) photoinitiator. This prepolymer solution was
kept at 80 °C until the HA completely dissolved. To enable
spreading of EPCs to endothelialize the surface we also made
hydrogels containing 1% (w/v) methacrylated HA, 2% (w/v)
methacrylated gelatin and 0.5% (w/v) photoinitiator. After
complete dissolution of solid components we exposed prepol-
ymer solutions to UV-light for 180 s at 5.5 mW cm 2 between two
untreated glass slides with 1 mm thick spacers. Following pho-
topolymerization, the two glass slides were separated and 4 mm
diameter hydrogel samples were punched using biopsy punches.
A thin HA layer was coated on 3-(trimethoxysilyl) propyl
methacrylate (TMSPMA) treated glass slides to attach the
punched hydrogel samples. After this step we carried on with
antibody immobilization.

Confirmation of covalent attachment on HA hydrogels

To conjugate CD34 antibody on the surface of gels, we incubated
HA hydrogels in 3-(N-morpholino) propanesulfonic acid (MES)
bufter (pH 5.6) for 30 min. After removing the buffer, the 0.1 M N-
(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) and 0.2
M N-hydroxysuccinimide (NHS) mixture were added to activate
the carboxylate groups on HA hydrogels. This mixture was
incubated on a shaker for 1 h and then the EDC/NHS solution was
removed. Activated hydrogels were washed in PBS for 10 min.
Upon removal of PBS, 1, 10 or 25 ng mL ' FITC conjugated or
non-labeled anti-human CD34 antibody was added on the top
surface of the hydrogels and the resulting material was incubated
at 4 °C overnight. We then kept these hydrogels in PBS overnight
to allow for desorption of nonspecifically adsorbed antibodies. All
experiments were carried out in triplicate. Dimensionless fluo-
rescent intensity values were obtained utilizing ImageJ analysis by
dividing the fluorescence with the background value and plotted
against antibody concentration.

Characterization of antibody modified hydrogels

The modified gels were characterized by using an inverted Nikon
fluorescent microscope (Melville, NY) to analyze the amount of
fluorescence from the FITC labeled antibodies. Fluorescent
intensities of images were examined using ImageJ and compared
with the negative controls, which did not include the antibody
incubation step. For further confirmation we incubated the CD34
antibody modified gels with a Rhodamine-labeled secondary
antibody and analyzed them with a fluorescent microscope.

Cell cultures

Human EPCs were isolated from infant cord blood and kindly
provided by Dr Joyce Bischoff’s lab. Macrophage P388D1 cell
line was provided by Dr Blaine Pfeifer. The EPCs were cultured
in EBM-2 culture media and macrophages using RPMI-1640
media with 10% Fetal Bovine Serum (FBS) supplement. The
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medium for cell cultures was changed every two to three days. All
cell cultures were maintained in a humidified incubator at 37 °C
and 5% carbon dioxide. EPCs of passage number 7 were har-
vested by trypsinization and then counted with a hemacytometer
to obtain a density of 4.1 x 10* cells per cm? for cell seeding
experiments. We utilized EPCs with the same passage number
throughout out experiments due to possible decrease in the level
of CD34 expression for higher passage numbers.

Characterization of cultured cells

The EPCs with passage number 7 were analyzed for their
expression of CD34 by immunostaining. Briefly, after harvesting
cells, they were washed with PBS buffer containing 0.1% sodium
azide. The cells were then resuspended in the same buffer and
incubated with FITC-labeled CD34 antibody for 1 h. We washed
the cells and analyzed them with flow cytometry. Furthermore,
we immunostained the cells by following standard procedures for
CD31 and vWF expression at 48 h. To immunostain, cells were
fixed with paraformaldehyde, incubated with bovine serum
albumin (BSA) to block non-specific binding and permeabilized
by Triton X-100. The samples were then incubated with primary
and secondary antibodies for 15 min respectively by 1/100 dilu-
tion. The cells were washed with PBS and analyzed with an
inverted fluorescent microscope to obtain phase-contrast and
fluorescent images. DAPI and Phalloidin stainings were carried
out following manufacturers’ standard protocols.

Capturing of EPCs on CD34 coated HA substrates

To test the adhesion of EPCs and macrophages on the CD34
conjugated gels, cells were seeded at a density of 4.1 x 10* cells
per cm? of varying concentrations of CD34 antibody coating or
controls without antibody modification. Two different CD34
antibody concentrations (10 and 25 pg mL~") were utilized to
study the attachment of EPCs on the antibody-modified hydro-
gels. Macrophages were chosen as the negative control as they
did not express CD34 on their cell surface as determined from the
flow cytometry analysis (see ESIT). We tested the adhesion of
both cell types at various times after seeding (5 min, 1 h, 3h and 6
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h). At each time point the non-adherent cells were gently washed
from the surface and the remaining cells were visualized and
quantified. To characterize the viability of the cells, which were
captured on HA-based hydrogels Calcein AM staining was
utilized. Then the amount of attachment was visualized by
utilizing fluorescent imaging and quantified by ImagelJ program.
To test the spreading of captured EPCs we used a 1% HA and 2%
GelMA combination to produce the hydrogel surface. Then we
carried out the antibody modification in the same way explained
above. Spreading and elongation of EPCs were quantified by
calculating the shape index with the following formula:

S = 4mA/P?

where S represents the shape index, A is the area and P is the
perimeter of the cell.

Statistical analysis

To analyze the antibody immobilization and EPC attachment data
we used standard statistical software by GraphPad Prism (Version
4.02, La Jolla, CA). All experiments were run in triplicate. The
differences between groups were analyzed by using one-way
ANOVA, two-way ANOVA and Bonferroni tests. All data are
presented as mean + standard deviation (SD). p-values that were
less than 0.05 were considered significant. * represents p < 0.05,
whereas ** and *** represent p < 0.01 and <0.001, respectively.

Results and discussion

Synthesis and characterization of photocrosslinkable HA
hydrogels conjugated with CD34 antibody

In this study HA-based hydrogels were conjugated with CD34
antibodies to render them selectively adhesive to EPCs. Fig. 1
demonstrates the scheme to develop photocrosslinked HA-based
hydrogels with covalently conjugated anti-human CD34 anti-
bodies. Covalent immobilization of the antibody was performed
by following standard amine coupling methods using EDC/NHS
conjugation process. Photocrosslinkable HA was synthesized as
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Fig. 1 Schematic of the process to develop photocrosslinked HA-based hydrogels with covalently conjugated anti-human CD34 antibodies. Standard
amine coupling strategy was followed for covalent antibody immobilization on the surface of hydrogels. Methacrylic anhydride was first used to attach
the photoactivatable functional groups on hyaluronic acid. Then EDC/NHS was utilized to activate the carboxyl substituents for immobilization of
CD34 antibodies. Neither methacrylation reaction nor covalent antibody immobilization process takes place with full efficiency.
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reported through a methacrylation reaction.?® These hydrogels
have been previously shown to be cell compatible and capable of
forming tissue-like structures of various geometries.?! Also, we
have previously characterized their properties such as the presence
of the methacrylate groups in the modified gels by 'H NMR
analysis. The schematic in Fig. 1 represents only one of the
possible outcomes for the chemical modification processes we
performed. Methacrylation of the alcohol groups at position 6 in
the second sugar moieties does not take place with full efficiency
for all repeating units of HA. For instance, the degree of meth-
acrylation for HA was determined to be 16% by NMR analysis in
this study. Likewise, covalent immobilization of anti-CD34
antibody does not take place in all repeating units in HA polymer.

The average molecular weight of HA that we used in our
experiments was 53 kDa, which is considered in the low molec-
ular weight range. It was reported in the literature that low
molecular weight HA possesses lower water absorption features
compared to its high molecular weight analogs.®*

Characterization of covalent CD34 antibody immobilization

In the current set of experiments, we confirmed the conjugation of
the antibody on HA hydrogels by performing fluorescence
analysis. Immobilization of three different concentrations (1, 10
and 25 ug mL™") of FITC-labeled CD34 antibodies was per-
formed along with a negative control without the antibody
incubation step. The fluorescent images for 25 pg mL~' CD34
antibody and the control are shown in Fig. 2a and b. The fluo-
rescent image demonstrating the absorbance from FITC labeled
anti-human CD34 antibody modified HA hydrogels is given in
Fig. 2a. In addition, the adsorption of CD34 antibody onto the
HA hydrogel without such chemical modification was investi-
gated by omitting the EDC/NHS activation step of the reaction.
Fig. 2b represents the negative control sample without antibody
conjugation. Some degree of non-specific protein adsorption was
observed as expected for the non-modified HA hydrogels but this
was significantly less than their chemically modified analogs. A
Rhodamine-labeled antibody, with specific affinity to the
immobilized CD34, was used for further confirmation for cova-
lent immobilization (Fig. 2¢ and d). A small amount of nonspe-
cific antibody adsorption was observed on the non-modified
hydrogel. These figures together suggest that the CD34 antibody
was covalently conjugated to the surface of the hydrogels. To
further characterize these findings quantification of fluorescence
intensity of the resulting HA-based antibody conjugated gels was
performed by using ImageJ Software. The resulting data was then
processed by using standard statistical tests (ANOVA and Bon-
ferroni comparisons) to evaluate statistical significance of the
results (Fig. 2e). Dimensionless fluorescent intensity values,
which were obtained by dividing the fluorescence with the
background value, are given in Fig. 2e. The background value is
described as the fluorescence intensity measured for control
hydrogels. To obtain these values, control hydrogels were treated
in the exact same conditions and incubated with only buffer
without antibody in the final step. A non-chemically modified
hydrogel was used as a control for the “non-chemical modifica-
tion” group whereas an EDC/NHS treated hydrogel was used for
the “EDC/NHS modified hydrogels” group. Based on these
calculations, chemically modified surfaces with 25 ug mL~' CD34
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Fig. 2 Characterization of antibody conjugated HA hydrogels. (a)
Fluorescent images of FITC labeled anti-human CD34 antibody modi-
fied HA-based hydrogel demonstrating the fluorescent absorbance, (b)
negative control with no antibody conjugation. It was shown that there
was some degree of non-specific protein adsorption without the antibody
coating as expected, but this was measured to be significantly less
compared to the antibody modified gel surface, (c) Rhodamine labeled
secondary anti mouse antibody on FITC-CD34 modified hydrogel
confirmed the antibody immobilization on the hydrogel surface, and (d)
negative control with no antibody conjugation. There was some degree of
nonspecific antibody adsorption on the non-modified hydrogel, (e)
statistical analysis for the quantification of fluorescent intensity on
hydrogels. Chemical modification of the hydrogel surface was found to be
creating a significantly higher effect on the amount of immobilized CD34
antibodies than the non-modified analog (error bars: £SD, **p < 0.01,
and ***p < 0.001). The scale bars represent 500 pm.

produced a fluorescence intensity of 1.66 & 0.06 compared to the
non-modified surface with an intensity of 1.39 + 0.08. Once the
concentration of the CD34 antibody was decreased to 10 ug mL ™!
on the modified hydrogel the fluorescent intensity changed to 1.44
+ 0.08, which was significantly different from the 1 pg mL™!
antibody dose (p < 0.01).

When the antibody concentration was further reduced for the
same surface the fluorescence intensity was significantly
decreased to 1.25 + 0.09 (p < 0.01). The fluorescence intensity
was significantly higher on the modified surface for the 1 ng mL™!
CD34 dose as compared to the negative control without anti-
body immobilization (p < 0.001). This decreasing trend for
fluorescence intensity with respect to decreasing antibody
concentration can be attributed to the number of available
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substituents of the antibody interacting with the activated func-
tional groups on the surface of HA gels. Fluorescence intensity
for the negative control (0 ng mL~! antibody concentration) is
not shown in Fig. 2e as it was used as the background value.

A significant concentration effect was also observed on the non-
modified hydrogels, with fluorescence intensities ranging from
1.39 + 0.08 to 0.98 + 0.01 (p-values 0.05-0.001). In these experi-
ments, increasing the antibody concentration provided signifi-
cantly higher immobilization for CD34 antibodies (p < 0.001).
These results demonstrate that chemical modification of the
hydrogel surface produced a statistically significant improvement
in antibody attachment. EDC/NHS modification significantly
enhanced the amount of CD34 immobilized for all conditions
with 1, 10 or 25 pg mL~! antibody concentration (p < 0.001).
Although there was still fluorescent absorbance on the hydrogels
without chemical modification, as expected, the quantification
demonstrated significantly smaller intensities.

Characterization of captured EPCs

Two different CD34 antibody doses (10 and 25 pg mL™") were
tested to study the attachment of EPCs at a seeding density of 4.1
x 10* cells per cm? on antibody-modified hydrogels. Fig. 3a—
d shows captured cells on HA-based hydrogels stained with Cal-
cein AM for the intracellular esterase activity, a measure of cell
viability. Quantification of the amount of captured EPCs and
macrophages on HA hydrogels at different times was carried out
using ImagelJ software (Fig. 4a and b). The highest number of
EPCs per mm? area was obtained as 52.2 4+ 5.0 on 25 ug mL™!
CD34 antibody modified hydrogels at 1 h. In contrast, the number
of adhered EPCs on control hydrogels without CD34 antibody
modification was significantly lower. There was no statistical
difference in terms of the number of attached EPCs with times
greater than 1 h (Fig. 4a). However, it was determined that
increasing the antibody concentration significantly increased cell

Fig. 3 Cell adhesion at a seeding density of 4.1 x 10* cells per cm? on
surface modified HA-hydrogels at 1 h. (a) EPC attachment on control
hydrogel without CD34 antibody modification was found to be low, (b)
macrophage attachment on control hydrogel without CD34 antibody
modification was low, (c) 25 pg mL~" CD34 antibody modified hydrogel
allowed capture of significant amount of EPCs, and (d) macrophage
attachment on 25 pg mL~' CD34 antibody modified hydrogel was
significantly less compared to the amount of adhered EPCs. The scale
bars represent 400 pm.
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Fig.4 Quantification of the amount of captured EPCs and macrophages
on HA-based hydrogels at different times. (a) Quantification of cell
attachment on CD34 antibody immobilized gels. EPC attachment was
found to be significantly higher after 1 h seeding compared to 5 min time
point. After 1 h, though, there was no statistical difference in terms of
adhered EPCs with respect to increasing time. (b) Comparison of the
amount of captured EPCs and macrophages on HA hydrogels at 3 h. No
significant difference was observed for macrophage attachment at
different antibody concentrations for the same time point. In addition,
macrophages adhered significantly less on the hydrogels compared to
EPCs (error bars: £SD, * p < 0.05, and ***p < 0.001).

attachment. In comparison to the 25 pg mL~' CD34 antibody
modified hydrogels that captured 52.2 4+ 5.0 EPCs per mm? after 1
hincubation, there was roughly a 2-fold decrease in the number of
adhered cells per mm? (25.3 & 5.3) at the 10 pg mL~! CD34 anti-
body dose for the same time point (p-value < 0.001). The increase
in the number of adhered cells with increasing antibody concen-
tration suggests the possibility of capturing more EPCs by
modifying the hydrogel surface with a higher amount of CD34
antibodies. EPC attachment was determined to be significantly
higher after 1 h seeding as compared to 5 min time point (Fig. 4a).
However, increasing the cell capture time longer than 1 h did not
significantly increase the number of adhered EPCs. Macrophages,
which were used as a negative control, did not show statistically
significant attachment as compared to the EPCs. Macrophage
attachment was found to be significantly less than that of EPCs
(»<0.001) (Fig. 4b). This result was expected, as based on the flow
cytometry results macrophages do not express CD34 on their cell
surfaces. After 3 h cell seeding, only 8.5 4+ 4.2 macrophages per
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mm? were observed to be adhered compared to EPCs (44.5 +9.5)
at 25 pg mL™' CD34 antibody concentration (p < 0.001).
Furthermore, no significant difference in macrophage cell
attachment was observed with respect to decreasing CD34 anti-
body concentration (8.5 +4.2 and 7.5 & 3.1 for 25 pygmL"and 1
pg mL~! concentration respectively). Non-modified hydrogels
demonstrated even less binding, with only 4.1 + 3.1 bound
macrophages per mm?.

In addition to cell attachment tests, spreading and elongation
of EPCs on HA-based hydrogels were also determined at 24 h
(Fig. 5a-h). Phase-contrast image for adhered EPCs is shown on
1% (w/v) HA hydrogels in Fig Sa. This data demonstrated that
gels containing only HA do not allow for spreading of EPCs
following adhesion. In that case cells remained rounded on the
hydrogel surface. To improve the spreading behavior, we
combined 2% (w/v) GelMA with 1% (w/v) HA to produce
hydrogels for cell attachment.

The phase-contrast image for adhered EPCs on GelMA con-
taining surfaces is given in Fig. 5e. Addition of GeIMA allowed
EPCs to spread on combination hydrogels after they were
captured. Adhered cells were also stained with Calcein AM to
display their spread morphology. Fluorescent image for Calcein
AM stained EPCs on CD34 antibody modified 1% HA hydrogels
at 24 h is shown in Fig. 5b. EPCs adhered and elongated on
CD34 antibody modified 1% HA and 2% GelMA combination
hydrogels (Fig. 5c and d). Phalloidin staining further demon-
strated the spreading and elongation of EPCs. The fluorescent
images for Phalloidin staining of F-actin in EPCs are given in
Fig. 5f-h. These images demonstrate the actin filament distri-
bution throughout the cells. Cells were counterstained with
DAPI to visualize the nuclei. There was no spreading observed
on gels containing HA only, however, 1% HA and 2% GelMA
combination hydrogels promoted spreading of EPCs (Fig. 5g
and h). Shape index for cells attached to both type of hydrogels
was calculated using ImagelJ, where a shape factor of 1 indicated
a perfect circle and 0 a straight line. Cells on gels containing only
HA produced an average shape index of 0.962 + 0.016, whereas
cells attached to 1% HA and 2% GelMA gels produced an index
of 0.336 + 0.060 implying significantly higher spreading for the
combination hydrogels (p < 0.001 with standard ¢-test).

According to the flow cytometry results only 6% of the EPCs
used expressed CD34 antigens. Although, at first the number of
adhered EPCs per mm? may appear to exceed the theoretical
maximum, once the data was normalized based on the number of
captured cells on control hydrogels we obtained values only
slightly higher than the number of cells expected. This may
implicate that there may be a small degree of non-specific cell
attachment on these hydrogels. This condition could potentially
be improved by addition of P-selectin, which was reported to
have specific affinity for progenitor cells. In the future we will
include P-selectin in addition to CD34 antibody to improve the
specificity of this method.

Although we did not study non-specific attachment of
macrophages on 2% (w/v) GelMA including 1% HA hydrogels,
we think that there would be a higher number of macrophages
adhering to the surface of hydrogels as compared to only HA-
containing gels as gelatin possesses cell adhesive functionalities.
However, CD34 antibody modified hydrogel surfaces would
promote the EPC binding through specific antibody—antigen

1% HA+ 1% HA+2% GelMA

1% HA+2% GelMA

1% HA+2% GelMA 1% HA+2% GelMA

Fig. 5 Spreading and elongation of EPCs on surface-modified HA
hydrogels after 24 h seeding. (a) Phase-contrast image for adhered EPCs
on 1% HA hydrogel, EPCs remained rounded on the hydrogel surface
which contained only HA, (b) fluorescent image for Calcein AM stained
EPCs on CD34 antibody modified 1% HA hydrogel at 24 h indicated no
spreading on the non-adherent gel, (¢ and d) fluorescent images for
Calcein AM stained EPCs on CD34 antibody modified (1% HA + 2%
GelMA) hydrogel at 24 h, GelMA containing surface allowed spreading
of EPCs, (e) phase-contrast image of elongated EPCs on (1% HA + 2%
GelMA) hydrogel. EPCs continued spreading on the GelMA containing
HA surfaces, (f) fluorescent image for Phalloidin and DAPI staining for
EPCs on CD34 antibody modified 1% HA hydrogel at 24 h, and (g and h)
EPCs on CD34 antibody modified (1% HA + 2% GelMA) hydrogels at 24
h. The scale bars represent 100 pm.

interactions. For this reason, we expect to observe a significant
difference in the number of adhered EPCs and macrophages on
GelMA containing HA-based hydrogels.

In addition to capturing EPCs on the surface modified
hydrogels, we also carried out immunostaining for the expression
of endothelial cell markers CD31 and von Willebrand Factor
(vWF) 48 h after seeding on 1% HA and 2% GelMA combination
hydrogels. CD31 is expressed on the cell surface of EPCs*
whereas the more specific endothelial marker vWF is expressed
once they start differentiating into endothelial cells.3*3¢ These
results showed that the EPCs expressed CD31 and vWF on
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antibody modified, GelMA containing HA hydrogels (data not
shown) confirming the suitability of the HA-based substrate.
This result supports our hypothesis that CD34 antibody modi-
fied HA hydrogels could possibly promote formation of an
endothelial layer once seeded with EPCs.

Taken together, the data suggest that CD34 antibody deco-
rated HA-based hydrogels may be a useful material to capture
EPCs. EPC capture strategies could be useful in the treatment of
cardiovascular injuries to recruit EPCs for enhancing re-endo-
thelialization events.'!?

In future work, we will study capture of EPCs on anti-CD34
antibody immobilized HA-based hydrogels under controlled
flow conditions. We anticipate that capture efficiency will be
different for both EPCs and macrophages under shear stress
compared to static conditions.

Conclusion

Here we synthesized hydrogels made from photocrosslinkable
HA and conjugated CD34 antibodies to enable selective
capturing of EPCs on the hydrogels. We developed these anti-
body decorated HA-based hydrogels to enhance attachment of
EPCs on the surface of the hydrogels. Chemical modification
of the hydrogel surface significantly enhanced the amount of
covalently immobilized CD34 antibody. We determined that
higher antibody concentrations could be used to enhance the
capture of EPCs on surface decorated polysaccharide-based
hydrogels. As expected, we did not observe significant cell
attachment for macrophages, which do not express CD34 on
their cell surfaces. Hydrogels containing only HA did not
promote spreading of EPCs 48 h after cell seeding by maintaining
their round shapes. To enhance spreading of EPCs 2% (w/v)
GelMA was added to the content of the hydrogels, which
improved cell spreading and elongation. This strategy could
potentially be useful to endothelialize artificial grafts especially
inside blood vessel walls and in the treatment stage of cardio-
vascular diseases to recruit EPCs to decrease re-endothelializa-
tion time. Such capture strategies could be wuseful in
cardiovascular tissue engineering, formation of vascular struc-
tures and engineering heart valves. The development of HA-
based hydrogels with controllable cell-biomaterial interactions
that could capture specified cell types to aid in endothelialization
of cardiovascular implants as well as tissue engineered constructs
might solve long standing problems in biomaterials and tissue
engineering and open up new avenues of research.
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