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Mucin Covalently Bonded to Microfibers Improves
the Patency of Vascular Grafts

Randall Raphael R. Janairo, PhD."? YiQian Zhu, PhD,"? Timothy Chen, BS, and Song Li, PhD"?

Due to high incidence of vascular bypass procedures, an unmet need for suitable vessel replacements exists,
especially for small-diameter (<6 mm) vascular grafts. Here, we developed a novel, bilayered, synthetic vascular
graft of 1-mm diameter that consisted of a microfibrous luminal layer and a nanofibrous outer layer, which was
tailored to possess the same mechanical property as native arteries. We then chemically modified the scaffold with
mucin, a glycoprotein lubricant on the surface of epithelial tissues, by either passive adsorption or covalent bonding
using the di-amino-poly(ethylene glycol) linker to microfibers. Under static and physiological flow conditions,
conjugated mucin was more stable than adsorbed mucin on the surfaces. Mucin could slightly inhibit blood clotting,
and mucin coating suppressed platelet adhesion on microfibrous scaffolds. In the rat common carotid artery
anastomosis model, grafts with conjugated mucin, but not adsorbed mucin, exhibited excellent patency and higher
cell infiltration into the graft walls. Mucin, which can be easily obtained from autologous sources, offers a novel
method for improving the hemocompatibility and surface lubrication of vascular grafts and many other implants.

Introduction

CURRENTLY, OVER A HALF MILLION bypass procedures are
performed annually to treat vascular diseases in the
United States. An unmet need is the suitable small-diameter
vascular graft with patency that can match or outperform
autologous grafts. An ideal vascular graft should have char-
acteristics that include antithrombogenicity, resistance to re-
jection, mechanical compliance similar to native vessels, and
capability of self-remodeling. Researchers have attempted to
address these ideal properties by developing tissue-engineered
cellular vessels using vascular cells'™ as well as bone marrow
cells. > Cellular grafts, although successful in exhibiting many
of the same properties as autologous grafts, need a long period
to fabricate and require significant amount of effort for storage,
shipping, and handling. To address this shortcoming, research
has employed the decellularized native matrix as well as
modified synthetic materials to develop vascular replace-
ments. 51 Recently, many research groups have utilized
electrospinning to produce fibrous scaffolds for vascular re-
generation.”">!>'? These scaffolds consist of fibers that mimic
the porous micro- and nanostructure of collagen and elastin
fibers, the major native extracellular matrix components in the
blood vessel wall.

To maintain the patency of vascular grafts, the luminal
surface must be made antithrombogenic, either by cell
seeding or surface modification. Heparin, a highly sulfated
glycosaminoglycan (GAG), has been used extensively in

vascular therapies because of its strong anticoagulant abil-
ity. It has been shown to prevent thrombosis on synthetic
surfaces and decellularized xenogeneic tissue.'**** The
endothelial cell (EC) monolayer, the natural barrier between
blood and tissue, exhibits a glycocalyx layer on its surface.
Endothelial glycocalyx is a highly negatively charged
coating predominately composed of glycoproteins and
proteoglycans, including those containing heparin sulfate
GAGs.”?® This carbohydrate-rich layer has been shown
to be a significant factor in the ability of ECs to prevent
nonspecific protein and cell adhesion on the monolayer
surface.”*® Thus, one potential solution to preventing
thrombus formation, subsequent occlusion, and graft fail-
ure is to modify their surfaces so that they mimic this
passively protective coating.

To accomplish such a modification, inspiration can be
drawn from other protective surface coatings in the body.
For instance, epithelial cells in naturally harsh environments,
such as the gastrointestinal tract, respiratory system, and
urinary tract, rely on large, negatively charged, heavily gly-
cosylated proteins known as mucins for protection and se-
lective ’cransport.29 These glycoproteins have molecular
weights ranging from 0.5 to 20MDa and can be found in a
secreted form (as in saliva or mucus) or bound to cell
membranes. The three-dimensional configuration of mucin is
likened to a bottle brush, with the protein core handle con-
sisting of a vast number of tandem repeats comprising ser-
ine, threonine, and proline, to which numerous varieties of

'Department of Bioengineering, University of California, Berkeley, California.
2University of California Berkeley-University of California San Francisco Graduate Program in Bioengineering, Berkeley and San Francisco,

California.

285



286

0-linked and N-linked oligosaccharides attach and branch
out to form the brush.*

Because of its structure, mucin increases the surface hy-
drophilicity of epithelial tissue and suppresses nonspecific
plasma protein adsorption and nonspecific cell adhesion.>!
Mucin has been shown to increase hydrophilicity of silicon-
and poly(ethylene terephthalate)-based biomaterials.****
Furthermore, mucin has been shown to suppress bacterial
adhesion, as well as neutrophil adhesion and activity—events
that could lead to fouling and surface thrombosis.>*>*

Despite this recent progress, however, it is yet to be shown
how well mucin can protect synthetic biomaterials in vivo,
especially at the interface of blood and vascular grafts. Here,
we developed a novel, bilayered, electrospun micro- and
nanofibrous scaffold to mimic the mechanical strength of
native vessels, and investigated the effects of mucin modifi-
cation on vascular graft performance in vivo.

Materials and Methods

Electrospinning of bilayered, micro-/nanofibrous
vascular graft scaffold

Poly(L-lactide) (PLLA) (1.09 dL/g inherent viscosity; Lac-
tel Absorbable Polymers) was dissolved in 1,1,1,3,3-hexa-
fluoro-2-propanol (HFIP) by means of sonication for 30 min
or until all of the PLLA crystals were completely dissolved,
resulting in 19% (w/v) solution. A second polymer blend
solution consisting of 10% (w/v) poly(L-lactide-co-capro-
lactone-co-glycolide) (PLCG) (Sigma-Aldrich) and 5% poly(e-
caprolactone) (PCL) (Sigma-Aldrich) in HFIP (henceforth
referred to as the PLCG+PCL solution) was similarly pre-
pared through sonication. Electrospinning was done as pre-
viously described,'? with modifications made to spin the
PLLA and PLCG+PCL solutions consecutively onto the
same collecting mandrel. Briefly, a voltage of 12 kilovolts
(kV) was applied through a high voltage generator (Gamma
High Voltage) to a spinneret that was aimed at a grounded,
rotating, stainless steel mandrel (1 mm diameter; 150 revo-
lutions/min). Electrospinning of the PLLA solution was
performed first and continued until the scaffold wall thick-
ness reached ~50pm. Electrospinning of the PLCG+PCL
solution was started immediately after, onto the same col-
lecting mandrel and continued until the total scaffold wall
thickness reached ~ 100 pm. The resulting scaffold was then
removed from the mandrel and placed into a vacuum des-
iccator for 24h to remove any residual HFIP. Bulk scaffold
and fiber quality and dimensions were inspected using a
Hitachi TM-1000 Scanning Electron Microscope (SEM). The
bulk scaffold was cut into 7-mm length segments, sterilized
in 70% ethanol under germicidal ultraviolet light for 30 min,
and washed five times with sterile, deionized water.

Chemical modification of bilayered electrospun
vascular graft scaffold

Mucin modification of electrospun scaffolds was ac-
complished in two ways: (1) passive adsorption by sub-
mersing and rotating in 0.1% (w/v) solution of bovine
submaxillary mucin (BSM, henceforth referred to as mucin)
(Sigma-Aldrich) in 2x phosphate-buffered saline (PBS);
and (2) conjugation using 1-ethyl-3-(3 dimethylaminopro-
pyl) carbodiimide hydrochloride (EDC) and N-hydro-
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xysulfosuccinimide (sulfo-NHS) (Pierce Biotechnology)
with di-amino-poly(ethylene glycol) (PEG) as a linker.*” In
addition to untreated control grafts, a control group of
scaffolds was also PEGylated, using EDC and sulfo-NHS to
conjugate PEG only to the electrospun fibers.

Alcian blue binding assay for mucin detection

The presence of mucin on scaffolds was verified by means
of Alcian blue binding assay (Sigma-Aldrich) as described
previously.?® Briefly, untreated, PEGylated, mucin-adsorbed
(MUC), and mucin-conjugated (PEG-MUC) scaffolds were
placed in 0.00015% Alcian blue solution in 7% acetic acid for
30min at room temperature. The solution for each sample
was then extracted, placed in fresh centrifuge tubes, and
centrifuged at 10,000 rpm for 5min. The absorbance of each
resulting supernatant was measured at 600nm using a
spectrophotometer (Model 550; BioRad). The amount of dye
bound to each treated scaffold was taken as the difference
between the absorbance of their supernatant and that of
the untreated scaffold and thus reported as AAbsorbance.
A higher AAbsorbance correlated to more mucin on the
scaffold.

Stability of mucin modifications under flow condition

PEG-MUC and MUC PLLA microfibrous membranes, as
well as untreated and PEGylated controls were immobilized
onto one plate of a custom-made, parallel-plate, laminar flow
chamber. They were then subject to 24 dynes/cm?® shear
stress produced by flow of PBS for 48 h. The flow chambers
were kept in a humidified incubator at 37°C and supple-
mented with 5% CO, throughout the entire flow duration.
After the 48-h flow period, relative mucin amounts were
detected using the Alcian blue binding assay. These readings
were compared to preflow readings, as well as readings
taken for static controls at 0 and 48 h.

Effect of mucin solution on blood coagulation
time in vitro

The effect of mucin solution on blood coagulation time
was tested in vitro using modified methods previously de-
scribed.®” Briefly, microhematocrit glass capillaries (BD
Biosciences) were loaded by means of capillary action with
2.5uL of different concentrations of mucin, di-amino-PEG,
and heparin salt (Sigma-Aldrich) solutions in PBS. Im-
mediately before sacrifice, blood was collected into each so-
lution-loaded capillary tube from the punctured carotid
artery of athymic rats by placing the loaded opening of the
tube directly adjacent to the puncture site. Enough blood was
drawn into the tube such that the final volume in each cap-
illary was 25 L, as measured by premade markings on the
side of each capillary. The chronometer was started at the
time of contact between the blood and capillary tube. Im-
mediately after blood draw, the tubes were rotated slowly to
allow the blood to flow within a 45-mm length marked on
each tube. Time was stopped and recorded once the blood
stopped flowing within the capillary tube.

Platelet adhesion assay using whole blood

Whole rat blood was drawn from the athymic rat heart
immediately before sacrifice into collection tubes containing
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the ACD Solution A (BD Biosciences) to prevent coagulation
(9:1 blood:anticoagulant). Untreated, PEGylated, PEG-MUC,
and MUC PLLA microfibrous membranes of equal dimen-
sions (nine per experimental group) were immersed in equal
amounts of blood and kept in 37°C for 2h. Samples were
then washed and analyzed through SEM and immunofluo-
rescence staining using the anti-rat CD41 antibody (Santa
Cruz Biotechnology, Inc.). Positive immunofluorescent anti-
body staining was tallied for each treatment sample (9 per
experimental group) and compared. Platelets on the scaffolds
were imaged using a Hitachi TM-1000 SEM.

In vivo anastomosis model

All procedures involving animals were approved by the
Institutional Review Board Service and Institutional Animal
Care and Use Committee at the University of California, San
Francisco and the Research Administration and Compliance
Office and Animal Care and Use Committee at the Uni-
versity of California, Berkeley. The number of animals used
for our in vivo assessment was estimated based on previous
work”'? and recommendations for preclinical studies of
vascular intervention.*’

Adult female athymic rats (8 weeks old, 200+20 g, eight
per experimental group) were anesthetized with 2.0% iso-
flurane then placed in the supine position. The left common
carotid artery (CCA) was isolated, exposed, and ligated at 2
points ~8 mm apart, between which the artery segment was
dissected. An untreated, PEGylated, PEG-MUC, or MUC
vascular graft (8 mm in length and 1 mm in inner diameter)
was subsequently sutured end-to-end to the dissected CCA
and blood flow was reestablished. No heparin or other an-
ticoagulant was used at any time during these animal stud-
ies. After 1 month postoperative procedure, the rats were
euthanized by means of CO, asphyxiation followed by bi-
lateral thoracotomy, and the vascular grafts were explanted
and washed with saline to remove remaining blood. Before
explantation, the patency of the grafts was determined. Un-
obstructed blood flow through the graft was confirmed by
instantaneous redistension of the forcibly collapsed distal
CCA. This method was verified by Doppler Ultrasound
measurement of the flow through the patent grafts. The pa-
tency was further confirmed by the histological analysis of
the cross sections.

Mechanical testing

Freshly explanted native rat common carotid arteries,
preimplanted grafts, and freshly explanted vascular grafts
were cut so that 2-mm-long segments could be mounted onto
and uniaxially loaded by an Instron mechanical testing ma-
chine. The stress—strain curve was obtained for each sample
using accompanying Bluehill software. The elastic modulus
was calculated from the linear portion of the stress—strain
curve acquired for each graft.

Histological analysis

Samples were cryopreserved at —20°C in the Optimal
Cutting Temperature (OCT) compound (TissueTek) and
subsequently cryosectioned at 10-pum thickness in the cross-
sectional plane of the grafts. Immunohistochemical staining
was performed to analyze the presence of ECs using
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the CD31 antibody (BD Biosciences) and smooth muscle cells
(SMCs) using the smooth muscle-myosin heavy chain (SM-
MHC) antibody (Santa Cruz Biotechnology), as well as col-
lagen and elastin (through Verhoeff staining) and the pro-
liferation marker, Ki67 (Abcam) in the tissue sections. The
inflammatory response was assessed by immunofluorescent
staining for macrophage populations using the CD68 and
CD163 antibodies (Serotec), as well as the CCR7 antibody
(Novus Biologicals). Hematoxylin and eosin (H&E) and
DAPI nuclear stains were also performed to visualize the cell
presence within the graft sections. Images of all aforemen-
tioned stains were captured with a Zeiss Axioskop 2 MOT
microscope.

Statistical analysis

Quantitative data were calculated as the mean * standard
deviation, where applicable. For comparison between the
two groups, a t-test was performed. Analysis of variance
(ANOVA) was used when comparing the means of three or
more groups. When ANOVA revealed a statistical difference,
post hoc pairwise comparisons were accomplished using the
Holm’s t-test. A p-value of less than 0.05 was considered
statistically significant.

Results

Electrospinning of bilayered fibrous grafts
that mimicked native matrix fiber structure
and mechanical strength

We successfully made nonwoven, micro-/nanofibrous,
bilayered conduits that were suitable for being used as vas-
cular graft scaffolds (Fig. 1A). Our design incorporated two
different polymer solutions—PLLA for the luminal layer and
PLCG+PCL for the outer layer. The electrospun products
exhibited a structure similar to the native matrix, marked by
the fiber morphology and porosity (Fig. 1B, C). The average
diameter of the PLLA fibers (Fig. 1B) and PLCG+ PCL fibers
(Fig. 1C) was ~1.5pm and 800 nm, respectively. PLLA was
chosen for the luminal layer because of its easily customiz-
able and reproducible electrospun products, as well as its
well-characterized and highly consistent chemical modifica-
tion method.">*”*! PLCG+PCL was utilized to make the
outer layer because of its mechanical properties. The scaf-
folds containing PLCG +PCL exhibited elastic moduli about
three to four times as great as PLLA scaffolds alone, which
on average exhibited an elastic modulus of 3.5MPa.'* Since
the average elastic modulus of the native CCA was
12.6+2.2MPa, PLCG+PCL was the ideal choice for the
mechanically supportive outer layer of our graft design. The
utilization of PLCG +PCL as such resulted in a scaffold that
matched the stress-strain behavior of the athymic rat CCA
(Fig. 1D) and average elastic modulus (Fig. 1E). The average
elastic modulus of the bilayered electrospun graft was
12.8+2.5 MPa.

Mucin modification of bilayered electrospun
vascular graft scaffolds

The conjugation scheme is shown in Figure 2A. Successful
mucin modification was verified using the Alcian blue
binding assay, which resulted in a visual color change (Fig.
2B), as well as a positive AAbsorbance reading at 600 nm
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FIG. 1. Structure and me-
chanical properties of bi-
layered electrospun vascular
grafts. (A) SEM image of a
bilayered electrospun vascular
graft. Scale bar=500 um. SEM
images of (B) PLLA micro-
fibers on the inner surface and
(C) PLCG +PCL nanofibers on
the outer surface of the graft.
Scale bars=50 um. (D) Re-
presentative stress—strain
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(Fig. 2C). Mucin concentrations were increased for both
passive adsorption and conjugation schemes until a satura-
tion point was reached based on the Alcian blue binding
assay. This saturation corresponded to a mucin solution of
0.1% (w/v) for both schemes (data not shown). According to
the Alcian blue binding assay, despite using a saturated
concentration, more mucin was adsorbed than conjugated to
the same type of surface (Fig. 2C).

Release of mucin under static and flow conditions

The stability of mucin on the luminal surface is critical, as
unwanted release may increase the likelihood of an immune
response, thrombogenesis on the surface or in the blood, and
ultimate graft occlusion and failure. To determine the stability
of immobilized mucin under a static and hemodynamic envi-
ronment, we examined mucin release under both static and
flow conditions. After a 48-h incubation at 37°C, in the absence
or presence of flow, the quantity of mucin adsorbed to the
PLLA microfibrous membranes decreased significantly, but
some still remained. On the other hand, mucin conjugated to
PLLA remained stably attached (Fig. 2C). Although the
quantity of mucin remained higher on the adsorbed mem-
branes after 48 h, the difference was not statistically significant.

Anticoagulant activity of mucin

To determine whether mucin had any anticoagulant abil-
ity, the effects of mucin, di-amino-PEG (negative control),
and heparin (positive control) on coagulation time were
measured. Increasing concentrations of mucin in PBS corre-
lated with an increase in rat blood coagulation time, al-
though not as strongly as the increase of heparin
concentrations. Di-amino-PEG solution showed a much
lower anticoagulant activity than both mucin and heparin
(Fig. 3A). The anticoagulant activity of mucin peaked at
1mg/mL or 0.1% (w/v), which correlated to the mucin
concentration that saturated the surface of scaffolds as pre-
viously established using the Alcian blue binding assay.

Mucin-modified scaffolds significantly reduced
the adhesion of platelets

To determine the effect of mucin modification on platelet
adhesion, untreated, PEGylated, PEG-MUC, and MUC
membranes were incubated with rat whole blood. Mucin
modification significantly decreased the ability of rat plate-
lets to adhere to the membranes (Fig. 3B-F and Supple-
mentary Fig. S1; Supplementary Data are available online at
www liebertpub.com/tea). Additionally, PEGylated mem-
branes showed reduced platelet adhesion as expected (Fig.
3C, F and Supplementary Fig. S1B, F). Statistically, modifi-
cation with PEG alone, as well as in combination with mucin
showed the best ability to prevent platelet adhesion. Such a
reduction could aid in the success of graft scaffolds modified
by PEG, mucin, or both by preventing platelet adhesion/
activation and subsequent thrombus-related failure.

Figure 3B-E show representative SEM images of platelets
on untreated, PEGylated, PEG-MUC, and MUC PLLA mi-
crofibrous membranes, respectively. It is evident that more
activated platelets, as seen by their spiky protrusions, were
present on and within the untreated membranes. We also
observed the presence of red blood cells on and in the
membranes. Other types of blood cells were likely washed
away before sample preparation for SEM and immunofluo-
rescent staining.

Mucin-conjugated grafts significantly improved
patency rates in vivo

The patency for untreated, PEGylated, MUC, and PEG-
MUC bilayered grafts was determined at 1 month postim-
plantation in the carotid artery. After 1 month implantation
in athymic rats, four out of eight (50%) untreated grafts, four
out of eight (50%) PEGylated grafts, four out of eight (50%)
MUC grafts, and eight out of eight (100%) PEG-MUC grafts
were patent, indicating that covalently immobilized mucin,
but not adsorbed mucin, significantly improved the patency
of vascular grafts.
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FIG. 2. Mucin immobilization and stability. (A) Schematic
of mucin conjugation to a fiber using the PEG linker. (B)
Mucin was conjugated (or adsorbed; not shown) to fibrous
scaffolds and incubated with Alcian blue solution, exhibiting
blue color. (C) PLLA membranes with conjugated or ad-
sorbed mucin were incubated for 48 h at 37°C under static or
flow conditions, and the amount of mucin remaining on the
membranes was quantified. *p <0.05 based on the Holm’s
t-test, n=3. PEG, di-amino-poly(ethylene glycol). Color images
available online at www .liebertpub.com/tea

Bilayered graft maintained mechanical strength
after 1 month in vivo

To determine whether the mechanical strength of our
modified grafts was affected in vivo, we performed me-
chanical tests on rings of the explanted grafts and compared

289

A 200

150 4 Heparin

100 4

Time(s)

Mucin

e e _——
50 ’IP-. ~u -

feeesceliperesseneracrectectettsntensensessessaseng
PEG

0+ : . , : A

0 1 2 3 4 5

Concentration (mg/mL)

- |
4 a
. &
{ L
b
Lo .}
.-
x
=
o 200 *
5 I —
ga_ 150
]
3 400 -
s
8 50-
04 . = N
Untreated PEG PEG-MUC MuUcC

FIG. 3. Effects of mucin on coagulation and platelet adhe-
sion. (A) Anticoagulant activity of mucin, heparin (positive
control), and PEG (negative control) in phosphate-buffered
saline. Coagulation time of whole blood at each concentra-
tion of mucin, heparin, and PEG was measured (1=3). Re-
presentative SEM images of platelets adhered to (B)
untreated, (C) PEGylated (PEG), (D) mucin-conjugated
(PEG-MUC), and (E) mucin-adsorbed (MUC) PLLA scaf-
folds. Scale bar=10pm. (F) Statistical analysis of surface
modification effects on platelet adhesion. *p<0.05 based
on the Holm’s t-test, n=3 (9 fields were counted for each
sample).
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their average elastic moduli to each other, as well as to the
average elastic modulus of preimplanted grafts. As men-
tioned previously, the elastic modulus of the grafts before
implantation was about 12.8+2.5MPa. After 1 month, the
elastic moduli of implanted grafts were 11.3+0.7 MPa (un-
treated), 12.4+0.3MPa (PEG), 13.1£0.6MPa (PEG-MUC),
and 12.3+0.8 MPa (MUC). There was no statistical difference

Untreated

PEG

FIG. 4. Cross sections of the
explanted grafts at 1 month
postimplantation. (A-E) He-
matoxylin and eosin staining.
(F-J) DAPI staining. (K-O)
CD68 staining. Purple or
white dotted lines indicate
neotissue/PLCG +PCL bor-
der. Red dotted lines indicate
PLCG+PCL/PLLA border.
In all images, right side=1u-
minal side. All scale bars=
100 um. Color images avail-
able online at www
Jiebertpub.com/tea

PEG-MUC

MuUcC

Occluded

JANAIRO ET AL.

in the average elastic modulus between each treatment
group at 1 month postimplantation.

Neotissue formation and cell infiltration

The patent grafts of the four groups (untreated, PEGy-
lated, PEG-MUC, and MUC) showed similar histological
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characteristics. For the patent grafts, little thrombosis and/or
intimal hyperplasia was observed in the middle of the grafts
or at the anastomotic sites in each experimental group after 1
month (Fig. 4). The H&E stain indicated that neotissues
formed around all the vascular grafts (Fig. 4A-D). Some
matrix deposition occurred within the PLLA layer of PEG-
MUC and MUC grafts (Fig. 4C, D). Occluded grafts failed
due to thrombus formation. An occluded graft (untreated) is
exemplified in Figure 4E, showing many cells in the loose
matrix (possibly fibrin) inside the occluded lumen.

To clearly show cell distribution in the grafts, cell nuclei
were stained by DAPI (Fig. 4F-]). Cell infiltration had oc-
curred by 1 month, but to different extents in each experi-
mental group and was limited to the luminal (i.e., PLLA)
layer. PEG-MUC grafts promoted the most cell infiltration.
MUC grafts promoted some cell infiltration, but not as much
as PEG-MUC grafts. PEGylated grafts had a small amount of
cell infiltration, while untreated grafts showed little to none.
The extent of cell infiltration correlated well with the amount
of matrix deposition in the luminal layers (Fig. 4A-D). CD68
staining revealed a mild presence of macrophages in the lu-
minal layer of all grafts (Fig. 4I-L). M1 and M2 macrophages
were not present in the grafts after 1 month, as evidenced by
negative staining for CCR7 and CD163, respectively (data not
shown). The Ki67 staining of all tissue sections was negative
(data not shown), demonstrating that the cells present within
the graft walls at 1 month were not proliferative.

Endothelialization and SMC organization

After 1 month, continuous endothelialization was ob-
served on the luminal surface of the patent grafts from all
four groups (Fig. 5A-D). Except for the thrombus formation
in occluded grafts, little neointima on the luminal surface
was observed, and endothelialization was found in all patent
grafts around the anastomotic sites (Supplementary Fig. S2).
The SM-MHC staining showed that SMCs were the major
cell type in neotissues around the grafts (Fig. 5F-I). In con-
trast, occluded grafts did not have well-organized ECs and
SMCs (Fig. 5E, ]). These grafts lacked continuous en-
dothelialization on the luminal surface due to the thrombus
formation on the luminal surface (Fig. 5E), and some ECs
and SMCs were found in the loose matrix inside the oc-
cluded lumen (Fig. 5E, J).

Discussion

In this study, we developed a bilayered, electrospun
small-diameter vascular scaffold that exhibited excellent
performance when chemically modified with mucin. These
modified acellular grafts showed a superior patency rate
after 1 month in vivo. In addition, our graft design, which
incorporated two different polymer compositions into the
bilayered structure, resulted in the same mechanical prop-
erty as native arteries. This minimized the mechanical mis-
match that could result in the different extent of artery and
graft deformation, alter the local hemodynamics, and cause
endothelial dysfunction,**** subsequent thrombosis and
neointimal hyperplasia, and eventual long-term instability of
the grafts. Indeed, little neointima formation was detected
around the anastomotic site and endothelialization was
achieved (Supplementary Fig. S2).
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Untreated

PEG

PEG-MUC

Occluded

FIG.5. EC and SMC organization in the explanted grafts at
1 month postimplantation. (A-E) CD31 staining (dark
brown) for ECs. Blue arrows indicate EC presence on the
luminal side. (F-J) SM-MHC staining (dark brown) for
SMCs. Black arrows exemplified SMC staining. Purple dot-
ted lines indicate neotissue/PLCG +PCL border. Red dotted
lines indicate PLCG +PCL/PLLA border. In all images, right
side=luminal side. Scale bar=100 pm. EC, endothelial cell;
SMCs, smooth muscle cells; MHC, myosin heavy chain.
Color images available online at www .liebertpub.com/tea
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A major finding is that covalently bonded mucin, but not
adsorbed mucin, can prevent thrombosis and graft occlusion.
In vitro assessment suggested that this protective activity, at
least in part, could be attributed to the ability of mucin to
suppress platelet adhesion. The excellent patency of PEG-
MUC grafts may be also related to the inhibitory effect of
PEG on platelet adhesion. However, the fact that PEGylated
grafts did not show as good a patency rate as PEG-mucin
grafts suggests other factors contributed to this success
in vivo. For example, mucin also has a weak anticoagulant
activity. In addition, mucin is negatively charged and forms a
glycocalyx-like brush layer that could resist the nonspecific
adsorption of proteins and the adhesion of blood cells. The
latter may especially apply to platelets, whose inherent neg-
ative charge may cause them to be repelled from mucin-
treated surfaces. The mere presence of mucin by adsorption,
however, was insufficient to suppress thrombosis and
maintain the patency of grafts in vivo. One explanation is that
adsorbed mucin is not stable and may detach easily, espe-
cially under flow conditions; furthermore, the detached mu-
cin, if forming aggregates, can cause thrombus formation.

Additionally, mucin appeared to increase cell infiltration
into the PLLA layer of the graft. This event might be ex-
plained by the hydrophilic and negatively charged proper-
ties of mucin on the microfibers. It is possible that the
negative charge of mucin attracts more water into the scaf-
fold, which consequently increases the porosity of the scaf-
fold for cell infiltration. However, there was no cell
infiltration in the much denser outer layer of the vascular
grafts, and well-organized SMC layers formed on the outer
surface of the grafts. The cells that infiltrated into the PLLA
layer included a mild population of macrophages that likely
came from circulation. The inflammatory response may have
also promoted infiltration of other cell types (e.g., endothelial
progenitor cells) into the wall, but did not seem to be a
consistent factor contributing to graft failure. With good
endothelialization, SMC recruitment, and promotion of cell
infiltration, one might design vascular grafts that match the
mechanical property of native arteries for the long-term in-
tegration into vascular tissues.

Our study described here may serve as a basis for de-
signing an ideal vascular graft. All polymers used for the
grafts are biodegradable. However, their degradation rates
are slow and may be longer than necessary to support vas-
cular remodeling. Furthermore, the specific amount and
orientation of mucin bound to the polymer surfaces need
further characterization. As our main goals were to demon-
strate the ability to construct a mechanically mimicking
conduit and bind mucin to this conduit to increase its he-
mocompatibility, future studies may be done to optimize
polymer composition and employment of mucin on blood-
contacting devices.

Conclusions

The use of synthetic, biocompatible materials such as PLLA
and PLCG+PCL to produce micro/nanofibrous scaffolds
with the mechanical property identical to native arteries
demonstrated the feasibility to fabricate mechanically-
matched grafts. Mucin can prevent platelet adhesion and
has a weak anticoagulant activity. Covalently bonded mucin,
but not adsorbed mucin, results in an excellent patency rate.

JANAIRO ET AL.

Mucin coating also increased cell infiltration into micro-
fibrous grafts. Mucin-conjugated electrospun vascular grafts
may provide a superior off-the-shelf option for small-diam-
eter bypass grafts.
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