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Abstract: Biocompatibility and biomechanical stability are two of the main obstacles limiting
the effectiveness of vascular scaffolds. To improve the biomechanical stability and biocompat-
ibility of these scaffolds, we created a heparin-nanomodified acellular bovine jugular vein scaffold
by alternating linkage of heparin and dihydroxy-iron via self-assembly. Features of the scaffold
were evaluated in vitro and in vivo. Heparin was firmly linked to and formed nanoscale coatings
around the fibers of the scaffold, and the amount of heparin linked was about 808 + 86 pg/cm?
(101 = 11 USP/cm?) per assembly cycle. The scaffolds showed significantly strengthened bio-
mechanical stability with sustained release of heparin for several weeks in vitro. Importantly,
the modified scaffolds showed significantly reduced platelet adhesion, stimulated proliferation
of endothelial cells in vitro, and reduced calcification in a subcutaneous implantation rat model
in vivo. Heparin nanomodification improves the biocompatibility and biomechanical stability
of vascular scaffolds.

Keywords: scaffolds, nanomodification, heparin, sustained release, biomechanical stability,
biocompatibility

Introduction

Vascular grafts have been used widely in cardiovascular disease, cancer, trauma, organ
transplantation, and microsurgical reconstruction. Vascular graft substitutes include
autologous vessels, vascular allografts, vascular xenografts, and synthetic vascular
grafts.!> Autologous vessels and vascular allografts are ideal alternative vessels, but
an insufficient supply of donor vessels limits their widespread clinical application.?
Synthetic vascular grafts perform well in large vessel reconstruction, and there is a
plentiful supply, but low graft patency greatly limits surgical utilization of small-caliber
synthetic grafts because of thrombosis.!'

We recently reported on in vivo use of decellularized bovine jugular vein (BJV)
scaffolds to reconstruct pulmonary and right ventricular tissue in a dog model, with
potential regeneration.’”’ The acellular vascular scaffolds were able to retain the tensile
strength and unique extracellular matrix composition of native vessels, and thus could
serve as an alternative blood vessel.®? Acellular BJV is a biological xenograft with
a retained natural valve, and glutaraldehyde-treated BJV (Contegra®, Medtronic Inc,
Minneapolis, MN) provides a promising substitute for surgical valvular reconstruc-
tion of the right ventricular outflow tract.!®!'?> However, poor biocompatibility and
biomechanical stability of acellular BJV scaffolds, including poor endothelialization,
thrombus formation, aneurysm formation, and calcification, limit the clinical effec-
tiveness of these scaffolds.!?!?
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Poor biocompatibility can induce thrombogenicity.
Thrombus formation is one reason for transplant failure.>"!3
To prevent early thrombosis after vascular xenograft
implantation, systemic anticoagulant therapy is commonly
used and this increases the risk of bleeding complications.'
A thromboresistant surface or endothelialization of a vascu-
lar graft can effectively prevent thrombosis. Establishing a
thromboresistant surface is crucial to prevent formation of
blood clots in the initial phase of graft implantation.'*

Poor biomechanical stability can induce aneurysms.
Formation of an aneurysm is another reason for transplant
failure because of poor biomechanical stability of
xenografts.'"'? Glutaraldehyde is used to improve the stability
of a xenograft, but this procedure increases the cytotoxicity
of xenografts and induces thrombogenicity.!%!?

Heparin is a conventional anticoagulant and can be
linked to the surface of a vascular graft.!> This approach can
reduce thrombus formation without bleeding complications
and also provide a substrate to bind growth factors, includ-
ing basic fibroblast growth factor, epithelial growth factor,
and vascular endothelial growth factor, which accelerate
endothelialization and regeneration.'*!'*'® Heparin can
be linked to an extracellular matrix using a crosslinker
such as glutaraldehyde, 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC), or chitosan,
but the amount of heparin linked is small, and long-term
results are not ideal.'*!"?! Much effort has been devoted
to improving the antithrombogenicity of xenogeneic
skin grafts by surface modification using anticoagulant
molecules. Dai et al reported that complex multilayers of
iron polysaccharide, which are used to modify a nitinol
surface, provide a stable thromboresistant surface with
good biocompatibility.?

In the present study, our main objective was to
develop a decellularized vascular scaffold with heparin
nanomodification, and to improve the biocompatibility and
biomechanical stability of acellular vascular scaffolds. Stable
heparin-nanomodified scaffolds were created by alternating
linkage of heparin and dihydroxy-iron (DHI) to the scaffolds
via layer-by-layer self-assembly. Furthermore, we evaluated
the biocompatibility and biomechanical stability of the
modified vascular scaffold in vitro and in vivo, using an
unmodified counterpart as a control. Heparin-nanomodified
scaffolds could provide a stable antithrombogenic surface
and significantly improve biomechanical stability and
biocompatibility compared with unmodified scaffolds. The
results of this study suggest a new method for developing
tissue-engineered vascular grafts.

Materials and methods

Materials and reagents

Heparin sodium (molecular weight 10,000-15,000,
125 USP/mg) was purchased from Sigma Ltd (St Louis, MO)
and ferric chloride hexahydrate (FeCl, - 6H,0, molecu-
lar weight 270.8) was obtained from Tianda Chemical
(Tianjing, China).

Preparation of DHI ([Fe(OH),]") solution was as follows.
FeCl, - 6H,0 was dissolved in deionized water, and its pH was
slowly adjusted to 3.0 with NaOH solution while stirring
(molar ratio of NaOH to FeCl, is 2 to 1). Its concentration
was then adjusted to 0.05 mol/L with deionized water.

Preparation of acellular BJV scaffolds was as follows.
BJVs from 300-500 kg cattle beasts were obtained from a
local slaughterhouse and stored in chilled normal saline.
The loose connective tissue and fat on the outer surface
of the BJVs was removed in the laboratory. The multistep
detergent-enzymatic decellularization procedure has been
described in detail previously.>”’

Modification procedure

Acellular BJV scaffolds were modified as follows. First, the
acellular BJV scaffolds were trimmed to the desired shape
and size, immersed in 0.05 mol/L DHI solution for 10 min-
utes at room temperature, and then rinsed three times with
0.9% NaCl solution for 5 minutes. Next, the scaffolds were
immersed in 5 mg/mL heparin solution containing 0.9% NaCl
for 5 minutes at room temperature, followed by washing three
times with 0.9% NaCl solution for 5 minutes. Subsequently,
the scaffolds were immersed in 0.05 mol/L. DHI solution for
5 minutes at room temperature. Finally, after completion of
the desired number of cycles, the scaffolds were removed,
rinsed with 0.9% NaCl solution, and stored in 5 mg/mL hepa-
rin solution containing 0.9% NaCl at 4°C for further use.

Quantification of linked heparin

The toluidine blue colorimetric method was used to measure
the initial and residual concentration of heparin solution
before and after each assembly cycle, and the amount of
linked heparin was calculated.?®?* In brief, acellular BJV
scaffolds were cut into square sheets (1 cm X 1 cm, n = 12)
and modified as described above. The initial concentration
of heparin solution was detected by the toluidine blue colori-
metric method first, then the residual concentration of heparin
solution was detected after the sheets were removed from the
heparin solution during each assembly cycle. Absorbance was
recorded at 630 nm using an ultraviolet spectrophotometer
(UV-2450 Shimadzu Corporation, Tokyo, Japan), and the
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amount of linked heparin per cm? per cycle was calculated.
The amount of linked heparin was calculated as (the initial
concentration of heparin solution — the residual concentration
of heparin solution) X the volume of heparin solution.

Surface ultrastructure

Scanning electron microscopy (SEM, Nova NanoSEM 230,
FEI Company, Hillsboro, OR) was used to evaluate the
variances in surface ultrastructure between unmodified and
heparin/DHI-modified BJV scaffolds. In brief, acellular
BJV scaffolds were cut into vessel sheets (1 cm X 1 cm) and
modified by one, four, seven, ten, and 13 cycles of heparin/
DHI coating as described earlier, with unmodified BJV scaf-
folds were used as the control. All samples were fixed in 4%
glutaraldehyde for 24 hours, rinsed in phosphate-buffered
saline, postfixed in 1% OsO, for 2 hours, followed by a brief
wash with distilled water and then dehydration with graded
ethanol. The samples were then critical-point dried, mounted
luminal side up, sputter-coated with gold, and examined using
SEM (JEOL-6490 LV, JEOL, Tokyo, Japan).

Histological characteristics

Linked heparin in tissue sections can be stained with toluidine
blue and visualized using light microscopy.'** Briefly, the
formaldehyde-fixed BJV scaffold samples modified or not
modified by seven cycles heparin/DHI were embedded in
paraffin and cut into slices. The histological sections were
deparaffinized and hydrated routinely, then stained with 0.1%
toluidine blue for 10 minutes. Next, they were dehydrated and
mounted in a routine manner. Photographs were taken under
a light microscope (Nikon E600, Tokyo, Japan).

Washing test

To study the binding force of the heparin/DHI coating on
the surface of the BJVs, the shaken-wash model was used,
which mimics resting heart rate, body temperature, and
exposure of the heparin/DHI coatings to fluid flow stress.?
In brief, acellular BJV scaffolds were cut into square sheets
(1 cm X 1 cm, 10 samples each) and modified using four,
seven, and ten cycles of heparin/DHI as described above.
Each sheet was subjected to a tangential shaking wash in
40 mL of phosphate-buffered saline at 37°C, and 0.2 mL
samples of the washed solution were removed after washing
for one day and one, 2, 4, 6, and 8 weeks. After removal, the
heparin concentration in the samples was determined using
the toluidine blue colorimetric method. Absorbance was
recorded as described above, and the cumulative amount of
heparin released was calculated. The ultrastructure of the

luminal surface of the BJV scaffold modified by seven cycles
of heparin/DHI was examined after 8 weeks of washing as
described above.

Biomechanical stability

A tensile test was used to evaluate the biomechanical stability
of the heparin/DHI-modified scaffolds.®’ Briefly, 20 pieces
of acellular BJV scaffolds which were more than 1 cm away
from the vein valve sinus were cut transversely into six
portions. Five portions of scaffolds were transversely cut
into vessel sheets (1 cm X 4 cm) and modified by one, four,
seven, ten, and 13 cycles of heparin/DHI as described above,
and the other scaffolds were used as controls. The elastic
modulus, maximum load, and maximum tensile stress of
the modified and unmodified scaffolds were tested using a
tensile test machine (Instron Co, Norwood, MA).

Antithrombogenic activity in vitro

The activated partial thrombin time (APTT) and prothrom-
bin time are used widely to evaluate the antithrombogenic
activity of biomaterials.?? In brief, BJV scaffolds modified
by seven cycles of heparin/DHI were cut into square sheets
(1 ecm x 1 cm), and every sheet was washed in 40 mL of
phosphate-buffered saline at 37°C under 80 rpm shaking
conditions. The sheets were removed after one day and
one, 4, 6, and 8 weeks of washing (eight samples each),
and then rinsed three times with phosphate-buffered saline
for 3 minutes. Unmodified BJV scaffolds were also cut
into sheets (n = 8) and used as controls. Each sheet was
then placed carefully in a tube containing 1 mL of citrate-
anticoagulated blood (obtained from volunteer donors) at
37°C for 60 minutes, and the blood was next centrifuged
for 15 minutes at 3000 rpm to obtain the plasma. The APTT
and prothrombin time of the resulting plasma were detected
using an automatic blood coagulation analyzer (CA6000,
Sysmex Ltd, Kobe, Japan).

Platelet adhesion in vitro

The biocompatibility of biomaterials can be investigated
by evaluation of platelet adhesion.?* Briefly, platelet-rich
plasma was generated by centrifugation for 15 minutes at
750 rpm. Scaffolds modified by seven cycles of heparin/
DHI were then cut into square sheets (1 cm X 1 cm, n = 6),
and every sheet was positioned in contact with 1 mL of
platelet-rich plasma for 3 hours in a humidified 5% CO,
air atmosphere at 37°C. Unmodified scaffold sheets (n = 6)
were used as the control. The specimens were fixed in
4% glutaraldehyde solution for 24 hours, then washed in
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phosphate-buffered saline three times and dehydrated using
graded ethanol. Next, the specimens were dried in a vacuum
dryer, sputter-coated with gold, and observed using SEM.

Cytotoxicity assay in vitro

An in vitro cytotoxicity assay was used to evaluate the cyto-
toxicity of the BJV scaffolds modified with heparin/DHI. In
brief, BJV scaffolds modified with seven cycles of heparin/
DHI were sheared into 1.0 cm diameter disks (n = 48) and
sterilized using gamma-ray irradiation at 20 KGy. Human
EA hy926 endothelial cells (1 x 10° cells) from a spontane-
ously transformed human umbilical vein endothelial cell
line (ScienCell Co, San Diego, CA) were seeded onto the
luminal surface of the modified BJV scaffolds in 48-well
culture plates.'3?” The disks were incubated in a humidified
atmosphere of 5% CO, and 95% air at 37°C for one, 4, 7,
and 10 days (12 disks each). Unmodified BJVs (n=48) were
used as the control. Dulbecco’s Modified Eagle’s Medium
(Hyclone Ltd, Logan, UT) supplemented with 10% fetal
bovine serum (Hyclone Ltd) was used as the culture medium
and changed routinely every 2 days.

At the end of the culture period, each group of disks
was divided into two portions. One portion was subjected to
MTT assay as follows. The disks were incubated for 4 hours
in serum-free medium with 0.8 mg/mL MTT (Sigma Ltd),
then washed briefly with phosphate-buffered saline, followed
by shaking in 1 mL of dimethyl sulfoxide (Sigma Ltd) for
10 minutes. Next, 0.2 mL samples of the resulting solution
were transferred into 96-well plates, and absorbance was
recorded at 560 nm using a microplate spectrophotometer
(Bio-Tek Instruments Inc, Winooski, VT). The other portion
of'the disks was assayed by light microscopy. For this exami-
nation, the disks were stained with DioC ¢ solution (Beyotime
Institute of Biotechnology, Haimen, China) for 10 minutes,
and photographs were taken under a fluorescence microscope
(E600, Nikon Corporation, Tokyo, Japan).?

Anticalcification in a rat model

Subcutaneous implantation was used to evaluate calcification
in the BJV scaffolds modified using heparin/DHI. Briefly,
20 Sprague-Dawley rats (140—150 g) were obtained from
the animal department of Central South University. Sheets
of BJV scaffolds (1 cm x 1 cm, n=20) modified using seven
cycles of heparin/DHI or not (control scaffold sheets) were
subcutaneously implanted symmetrically on both sides of
the rat spine and retrieved after 30 days (n = 10) or 60 days
(n = 10). Rat handling complied with the requirements for
care and use of animals according to National Institutes of

Health and Chinese guidelines. The samples retrieved were
dried to a constant weight in a desiccator oven and hydrolyzed
with HNO, (10 mL, 0.75 mol/L) at 70°C for 15 hours. After
centrifugation (15 minutes, 3000 rpm), the fluid was removed
and diluted, and the calcium content was determined using
a fast sequential atomic absorption spectrometer (Varian
AA240FS, Varian Inc, Palo Alto, CA).»

Statistical analysis

All values are expressed as the mean * standard deviation.
The statistical analysis was performed using analysis of vari-
ance followed by the Student-Newman-Keuls test to compare
the groups in a pairwise manner. The statistical analysis was
performed using the Statistical Package for Social Sciences,
Windows version 18.0 (SPSS Inc, Chicago, IL). A P < 0.05
was considered to be statistically significant.

Results

Gross appearance

The gross appearance of the scaffolds is shown in Figures 1
and 2. The vessel walls and valves with unmodified BJV
scaffolds (Figure 1A) and the scaffolds modified by heparin/
DHI (Figure 1B) had a similar shape, flexibility, and texture.
However, the color of the luminal and outer surfaces of the
BJV scaffolds modified by heparin/DHI changed from white
to golden yellow, whereas the middle layer of the modified
scaffolds remained white (Figure 2). The intensity of the
golden yellow color appeared to increase with an increase
in the number of assembly cycles (Figure 2).

Quantification of linked heparin
We detected the initial and residual concentrations of hepa-
rin solution using the toluidine blue colorimetric method

Figure | Gross appearance of scaffolds. (A) Gross appearance of unmodified
decellularized BJV scaffolds. (B) Gross appearance of heparin/DHI-modified
decellularized BJV scaffolds.

Abbreviations: BV, bovine jugular vein; DHI, dihydroxy-iron.
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Figure 2 Gross appearance of decellularized BJV scaffold sheets modified or not
modified by four and seven cycles of heparin/DHI, respectively.
Abbreviations: BV, bovine jugular vein; DHI, dihydroxy-iron.

and calculated the amount of linked heparin. The results
show that the average amount of linked heparin was about
808 £ 86 pg/cm? (101 £ 11 USP/cm?) per cycle, and the mean
amount of linked heparin was about 3.23 £0.34,5.46 £ 0.60,
and 8.80 + 0.86 mg/cm? after four, seven, and ten cycles,
respectively.

Surface ultrastructure and histological

characteristics

SEM images of the ultrastructure of the luminal surface
(Figure 3) showed that heparin and DHI were linked to
and formed nanoscale coatings around the fibrils of the
scaffolds. The coatings of the BJV scaffolds modified by
four, seven, and ten cycles of heparin/DHI were uniform, but
the coatings of scaffolds modified by 13 cycles of heparin/
DHI were not uniform. We compared the diameters of fibrils
from the BJV scaffolds modified by heparin/DHI with those
of their unmodified counterparts, and the results show that
the thickness of the heparin/DHI coatings increased with an

increase in the number of assembly cycles; the thickness of
one-cycle heparin/DHI coating was about 25 nm, and the
thicknesses of BJV scaffolds modified by four, seven, and
ten cycles of heparin/DHI coating were about 95, 160, and
260 nm, respectively. However, if assembly involved more
than seven cycles, adjacent fibrils could be fused with each
other by the heparin/DHI complexes.

Photographs of sections stained using toluidine blue
(Figure 4) showed that both the outer and luminal layers of
the heparin/DHI-modified scaffolds (Figure 4A) were stained
deeply, whereas the middle layers of BJV scaffolds modified
by heparin/DHI were stained lightly but more deeply than in
their unmodified counterparts (Figure 4B).

Stability of heparin/DHI coatings

The modified scaffolds still retained their golden yellow color
after 8 weeks of washing. The ultrastructure of the luminal
surface of the scaffolds modified by heparin/DHI after 8 weeks
of washing is shown in Figure 5. There was a large amount
of heparin left in the scaffold, and the remains of the heparin/
DHI coating could be found around the fibrils. Cumulative
release of heparin is shown in Table 1. The results indicate
that the heparin/DHI coating released heparin in a sustained
manner for at least 8 weeks. There was no significant differ-
ence in the amount of heparin released between the scaffolds
modified by heparin/DHI using different cycles.

Strengthened biomechanical stability
The results of the tensile test are shown in Table 2 and
Figure 6. Compared with the unmodified scaffolds, the elastic

Figure 3 Luminal surface ultrastructure of scaffolds. (A) SEM image of unmodified scaffold (10,000x). (B) SEM image of a scaffold modified by one cycle of heparin/DHI
(10,000x%). (C) SEM image of scaffold modified by four cycles of heparin/DHI (10,000x). (D) SEM image of scaffold modified by seven cycles of heparin/DHI (10,000x).
(E) SEM image of scaffold modified by ten cycles of heparin/DHI (10,000x). (F) SEM image of scaffold modified by one cycle of heparin/DHI (20,000x).

Abbreviations: DHI, dihydroxy-iron; SEM, scanning electron microscope.

International Journal of Nanomedicine 2012:7

submit your manuscript

5851

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Tao et al

Dove

Figure 4 Toluidine blue staining of scaffolds (200x). (A) Toluidine blue staining
shows the outer and middle layers of BJV scaffolds modified by heparin/DHI stained
by toluidine blue, with the outer layer stained more deeply than the middle layer.
The arrows indicate positive staining. (B) Toluidine blue staining shows that the
unmodified BJV scaffolds could not be stained by toluidine blue.
Abbreviations: B}V, bovine jugular vein; DHI, dihydroxy-iron.

modulus, maximum load, and maximum tensile stress of the
heparin/DHI-modified scaffolds were significantly increased.
There were significant differences between the unmodified
and heparin/DHI-modified scaffold groups (P < 0.01). The
biomechanical stability of the modified scaffolds increased
with an increase in the number of assembly cycles. However,
biomechanical stability was not significantly increased after
ten cycles.

Increased antithrombogenic activity

The results of the coagulation activity assay are shown in
Table 3. The prothrombin time and APTT of the unmodified
scaffolds were within the normal reference range, but above

e | dwell 3um .
5.00 kV 5.0 mm |20 000 x |12 45 ps

HY | \/VD-A’ még

Figure 5 Ultrastructure of the luminal surface of heparin/DHI-modified BJV scaffolds
after 8 weeks of washing.
Abbreviations: B}V, bovine jugular vein; DHI, dihydroxy-iron.

the upper limit of the normal range in all the heparin/DHI-
modified scaffold groups. It is important to note that the pro-
thrombin time and APTT of the modified sheets removed after
one day and one week of washing were above the upper detec-
tion limit of the blood coagulation analyzer (120 seconds for
prothrombin time and >180 seconds for APTT). There was
a significant difference in antithrombogenic activity between
the unmodified and heparin/DHI-modified scaffold groups,
regardless of washing duration (P < 0.01).

Reduced platelet adhesion

SEM images of platelets adhered to the luminal surface
(Figure 7) indicate that the heparin/DHI-modified scaffolds
drastically decreased surface platelet adhesion compared
with their unmodified counterparts. Large numbers of
platelets adhered to and aggregated in some regions of the
unmodified sheets (Figure 7B), but few platelets were found
on the luminal surfaces of the heparin/DHI-modified sheets
(Figure 7A). Mean platelet counts per 10,000 um? area for
the heparin/DHI-modified and unmodified scaffolds were
8 = 4 and 48 * 16, respectively. The difference between the
two groups was significant (P < 0.01).

Stimulated proliferation

of endothelial cells
Photographs of DioC , staining are shown in Figure 6. The
results of this assay show that human EA.hy926 endothelial
cells could adhere to and proliferate on the luminal surface
of both heparin/DHI-modified and unmodified scaffolds.
The number of endothelial cells on the luminal surface of
a heparin/DHI-modified sheet (Figure 8E) was less than
the number on the luminal surface of an unmodified sheet
(Figure 8A) after one day of incubation. After 4 days of
incubation, the number of endothelial cells on the luminal
surface of the modified sheet (Figure 8F) was very similar to
that on the surface of its unmodified counterpart (Figure 8B).
However, the number of endothelial cells on the luminal
surface of the unmodified scaffold (Figure 8C and D) was
less than the number on the luminal surface of the heparin/
DHI-modified scaffold sheet (Figure 8G and H) after incuba-
tion for 7 and 10 days. In particular, at 10 days of incuba-
tion, the morphology of the endothelial cells on the luminal
surface of the unmodified scaffold sheets changed to being
smaller and thinner than that on the heparin/DHI-modified
scaffold sheets.

The MTT assay showed similar results. Mean OD
values were 0.21 + 0.04, 0.39 £ 0.03, 0.58 £ 0.0,6 and
0.65 £ 0.08 for heparin/DHI-modified sheets after incubation
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Table | Cumulative release of heparin from heparin/DHI modified scaffolds (n = 10)

Group Cumulative release of heparin (ug/cm?)

I day I week 2 weeks 4 weeks 6 weeks 8 weeks
4-cycle modified scaffold 257 + 38 368 53 689 £79 1298 £ 161 1678 £ 179 1877 £ 214
7-cycle modified scaffold 281 +43 379 £ 60 721 £ 81 1317 £ 157 1685 + 187 1915 £ 228
10-cycle modified scaffold 274 £ 45 358 £ 67 712 +87 1309 + 175 1701 £ 233 2011 +273

Note: P > 0.05, there was no significant difference among all heparin/DHI-modified scaffold groups.

Abbreviation: DHI, dihydroxy-iron.

for one, 4, 7, and 10 days, respectively. Corresponding
mean OD values for the unmodified sheets were 0.32 £0.03,
0.40%+0.04,0.38 £0.05, and 0.28 £ 0.08 after incubation for
one, 4, 7, and 10 days, respectively. There were significant
differences between OD values obtained for unmodified and
heparin/DHI-modified scaffolds after incubation for one,
7, and 10 days (P < 0.01).

Reduced calcification

The modified scaffolds retrieved after 30 or 60 days retained
their golden yellow color (Figure 9). Mean calcium content
(Figure 10) after 30 days of incubation for the heparin/DHI-
modified and unmodified BJV scaffolds was 8.5 = 1.9 and
46.6 3.7 ug/mg dry weight, respectively, and at 60 days
was 12.5 £ 6.8 and 112.6 + 16.9 ug/mg dry weight. There
was a significant difference in calcium content between the
heparin/DHI-modified and unmodified scaffolds at both time
points (P < 0.01).

Discussion

In the current study, a stable heparin/DHI-nanomodified acel-
lular vascular xenograft scaffold was developed by alternating
dative covalent linkage of DHI ions and heparin molecules
onto BJV scaffolds using layer-by-layer self-assembly. The
mechanisms for establishing heparin/DHI complexes may be
as follows. Iron ion, an essential trace element in the human
body, is a typical transition metal cation that accepts elec-
tron pairs. DHI ions are formed when FeCl, solution mixes
slowly with NaOH solution, and the chemical equation is

Fe’* + 20H" = [Fe(OH),]*. Heparin, a highly sulfated linear
polysaccharide, contains large numbers of hydroxyl, amino,
carboxyl, sulfonyl, and other groups, and these groups are
typical Lewis bases that donate electron pairs.'>3%3! Positively
charged DHI ions can be combined with negatively charged
sulfonic or carboxylic acids of heparin molecules by ionic
bonds, and they can also be chemically bonded with the
carboxyl, sulfonyl, hydroxyl, or amino groups of heparin
molecules by dative covalent bonds. Hence, heparin/DHI
complexes are formed when heparin molecules and DHI ions
chemically bond with each other. The extracellular matrix,
which consists of collagen fibers, elastic fibers, fibronectin,
laminin, glycosaminoglycan, and proteoglycan, also contains
large numbers of carboxyl, hydroxyl, amino, and other groups
that can donate electron pairs.'>** As described above, DHI
ions can also be chemically bonded to the extracellular matrix
by dative covalent bonds.

The self-assembly procedure may occur as follows.
Firstly, when acellular BJV scaffolds are immersed in DHI
solution, DHI ions are chemically combined with the carboxyl,
hydroxyl, or amino groups of the extracellular matrix by dative
covalent bonds and linked to the scaffolds. Secondly, when
the scaffolds are immersed in heparin solution, the carboxyl,
sulfonyl, hydroxyl, or amino groups on the heparin molecules
are chemically combined with the DHI ions linked into the
extracellular matrix by dative covalent bonds, and heparin
molecules are linked onto the scaffolds. Thirdly, when the
scaffolds are immersed in DHI solution again, DHI ions are
chemically combined with the remaining carboxyl, sulfonyl,

Table 2 Biomechanical stability of unmodified and heparin/DHI-modified scaffolds (n = 20)

Maximum load (N) Maximum tensile press (MPa)

Group Elastic modulus (MPa)
Unmodified scaffold* 5.01 £0.23
|-cycle modified scaffold 5.57+£0.21
4-cycle modified scaffold 5.92+0.24
7-cycle modified scaffold 6.23£0.21
10-cycle modified scaffold** 648 £0.19
I3-cycle modified scaffold** 6.61 £0.16

29.78 + 1.81 3.16+0.18
3227 £ 1.21 3.72+0.16
34.29 £ 1.08 417 +0.17
3543 £ I.15 446 £0.15
36.75 £ 0.97 471 x0.14
36.94 £ 0.86 4.85+0.12

Notes: *P < 0.01 versus heparin/DHI-modified scaffolds, there was a significant difference between unmodified and heparin/DHI-modified scaffolds; **P > 0.05, there was

no significant difference between the 10-cycle and |3-cycle-modified scaffold groups.

Abbreviation: DHI, dihydroxy-iron.
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7.0 Table 3 Prothrombin time and APTT of unmodified and heparin/
6.8 DHI-modified scaffolds (n = 8)
6.6
— 64 Group PTIs APTTIs
= 6.4
£ 62 Unmodified scaffold* 11.8+1.5 212434
@ 60 Modified scaffold (I d)* >120 >180
3 s8] Modified scaffold (I w)° >120 >180
o 4
£ 5.6 Modified scaffold (4 w)< 823+72 1125+ 13.1
2 54 Modified scaffold (6 w) 467 +3.6 84.7+89
& 524 Modified scaffold (8 w)® 213445 65.1 +12.2
5'0__ Notes: *Modified scaffold (I d), heparin/DHI-modified scaffolds that were removed
4-3-_ after one day of washing; *modified scaffold (I w), heparin/DHI-modified scaffolds
4.6 : : . . . . that were removed after one week of washing; ‘modified scaffold (4 w), heparin/DHI-
0 cycle 1cycle 4cycles 7cycles 10cycles 13 cycles modified scaffolds that were removed after 4 weeks of washing; ‘modified scaffold
39 (6 w), heparin/DHI-modified scaffolds that were removed after 6 weeks of washing;
38] *modified scaffold (8 w), heparin/DHI-modified scaffolds that were removed after
8 weeks of washing; *P < 0.0 versus heparin/DHI-modified scaffolds, indicates a
371 significant difference between unmodified and modified scaffolds.
36+ Abbreviations: APTT, activated partial thrombin time; PT, prothrombin time;
g 35 DHI, dihydroxy-iron.
® 344
S
£ 33
S after ten cycles. In contrast, only 6.21 + 2.03 USP/cm? of
% 31 heparin was linked to the extracellular matrix when EDC
= . N
30+ was used as the crosslinker.'* These results indicate that more
29 . . .
heparin molecules are linked to the extracellular matrix when
284 . :
o7 using DHI than when using EDC. Our recent test results
T T T T T T
Ocycle  foycle 4cycles 7cycles 10cycles 13 cycles show that the average amount of linked iron ion was about
5.2+ . . .
co] 178 £46 pg/cm? per assembly cycle.* Iron ion is an essential
48] trace element used by the human body to produce red blood
I ’ e . .
< 46 cells, and DHI is nontoxic to humans.
@ 447 Heparin/DHI coatings could be visualized directly
- . . .
by 27 using SEM, which suggests that a large number of heparin
= 4.0+ . :
2 molecules were linked to the scaffolds. SEM images of the
&8 3.8
E 361 luminal surface ultrastructure show that the thickness of a
% 3.4.: one-cycle heparin/DHI coating was about 25 nm, suggesting
= 321 that heparin/DHI complex coatings are nanoscale films.***
3.04 . .
ve] Increasing the number of assembly cycles should increase the
8 T T T T T T T T T T . . . .
Ocycle  1Tcycle 4cycles 7cycles 10cycles 13 cycles thickness of the heparin/DHI coating, and if the number of

Figure 6 Line graphs showing tensile test results.

Note: Tensile curves show that the elastic modulus, maximum load, and maximum
tensile stress of heparin/DHI-modified scaffolds increased along with an increase in
the number of assembly cycles, but with no significant increase after ten cycles of
nanomodification.

Abbreviation: DHI, dihydroxy-iron.

hydroxyl, or amino groups of the linked heparin molecules in
the extracellular matrix and linked to the scaffolds. Finally,
after completion of several cycles, large numbers of heparin
molecules and DHI ions are alternately linked to scaffolds and
form heparin/DHI complex coatings around the fibrils.

In this study, quantification showed that the average
amount of linked heparin was about 808 £ 86 pg/cm? (101 £ 11
USP/cm?) per assembly cycle, and the total amount of linked
heparin was about 8.80 £ 0.86 mg/cm? (1040 £ 110 USP/cm?)

assembly cycles increased enough, the heparin/DHI complexes
would fill up the spaces between adjacent fibrils and form a
microscale coating on the surface of the scaffold.

The current results show that both the outer and luminal
layers of the heparin/DHI-modified vascular scaffold were
stained deeply by toluidine blue, whereas the middle layer of
the modified scaffold was stained lightly but more deeply than
the unmodified scaffolds. These observations suggest that the
heparin molecules were mainly linked to the surface of the
scaffolds, with a little heparin linked to the middle layer.

The results of the tensile test show that the elastic
modulus, maximum load, and maximum tensile stress in the
heparin/DHI-modified scaffolds were increased significantly
compared with unmodified scaffolds. Our findings suggest
that nanomodification with heparin/DHI increased the
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Figure 7 SEM images (5000x) of platelets adhering to the surface of unmodified (A) and heparin/DHI-modified bovine jugular vein scaffolds (B).

Note: The arrows indicate adhering platelets.
Abbreviations: DHI, dihydroxy-iron; SEM, scanning electron microscope.

biomechanical stability of the scaffold, which might be because
the heparin/DHI complexes form crossbridges and crosslink
adjacent fibrils. However, there was no significant difference
in biomechanical stability between scaffolds modified by ten
and 13 cycles of heparin/DHI, indicating that the crosslinked
heparin/DHI complexes have limited biomechanical stability.
Increasing the number of assembly cycles beyond ten may not
increase the biomechanical stability of the scaffold further. The
modified scaffold was stiffer than its unmodified counterpart,
but softer than the glutaraldehyde-treated scaffold.

The modified scaffolds used in this study released hepa-
rin in a sustained manner during 8 weeks of incubation in
phosphate-buffered saline. The amount of heparin released
from a 1 cm? area of scaffold sheets modified by four, seven,

and ten cycles of heparin/DHI after 8 weeks of washing
was approximately 1.88 mg (58%), 1.91 mg (35%), and
2.01 mg (23%), respectively. These results indicate that the
heparin/DHI complexes were firmly linked to the BJV scaf-
folds, and more linked heparin enabled heparin release for
a longer period of time. The prothrombin time and APTT
of the modified BJV sheets after washing for one day and
8 weeks were above the upper limit of the normal reference
ranges, indicating that heparin/DHI-modified BJV scaffolds
retained antithrombogenic activity for at least 8 weeks.
Therefore, modification with heparin/DHI complexes could
provide a stable antithrombogenic surface for acellular
BJV scaffolds and effectively resist thrombus formation.
All these observations indicate that heparin/DHI-modified

Figure 8 DioC ; staining of endothelial cells on the luminal surface of scaffolds (200x). (A-D) are photographs of endothelial cells on the luminal surface of unmodified
scaffolds after incubation for one, 4, 7 and 10 days, respectively. (E-H) are photographs of endothelial cells on the luminal surface of heparin/DHI-modified scaffolds after

incubation for one, 4, 7 and 10 days, respectively.
Abbreviation: DHI, dihydroxy-iron.
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Figure 9 Gross appearance of unmodified and heparin/DHI-modified scaffold sheets
at 30 days (A) and 60 days (B) after implantation.

Note: The modified scaffolds retain their golden yellow color.

Abbreviation: DHI, dihydroxy-iron.

scaffolds might be more antithrombogenic than unmodified
scaffolds.

Platelet adhesion increases the likelihood of mural throm-
bosis, so less platelet adhesion means less thrombogenicity.
Compared with the unmodified scaffolds, adhesion of plate-
lets to the surface of the heparin/DHI-modified scaffolds
was dramatically decreased in this study, suggesting that the
modified scaffolds should have better antithrombogenicity
than the unmodified scaffolds.

It has been reported that iron ions and heparin molecules
can protect biomaterials from calcification.**® We obtained
similar results in our experiment. The calcium content of
the heparin/DHI-modified scaffolds decreased significantly
compared with that in the unmodified scaffolds, suggesting
that the modified BJV scaffolds may reduce calcification.

100 A B Unmodified group

= Nanomodified group

Calcium contents (ug/mg)
B
o

N
o
L

30 days 60 days

Figure 10 Column graphs showing the calcium content of unmodified and nanomodified
scaffolds.

In the current study, the number of endothelial cells on
the surface of the heparin/DHI-modified scaffold sheets was
less than the number on the surface of the unmodified sheets
in the early period of culture, but endothelial cells could grow
and proliferate on the luminal surface of the modified scaf-
folds more rapidly, and the number of endothelial cells on the
surface of heparin/DHI-modified scaffolds was greater than
that on the surface of the unmodified scaffolds after 10 days
of incubation. Furthermore, growth of endothelial cells on the
unmodified scaffolds had slowed down and stopped by 10 days
of incubation. These findings indicate that nanomodification
using heparin/DHI decreased adherence of endothelial cells
in the initial period, but once adhered, these cells grew and
proliferated rapidly on the luminal surface in vitro. Further,
the heparin/DHI complexes were not cytotoxic.

Heparin molecules and DHI ions can be alternately linked
to acellular vascular scaffolds and have four main actions.
First, heparin can reduce the thrombogenicity of vascular
xenografts and prevent formation of blood clots on the
surface after implantation.'* Second, coating the graft with
heparin provides a substrate to bind growth factors, such
as basic fibroblast growth factor, epithelial growth factor,
and vascular endothelial growth factor, that may accelerate
endothelialization and regeneration.'®** Third, DHI ions and
heparin molecules can reduce calcification of biomaterials,
and this may minimize calcification in vascular xenografts.
Fourth, heparin/DHI complexes can crosslink adjacent fibrils
and strengthen the biomechanical stability of acellular tissue-
engineered scaffolds.

The amount of heparin linked to the scaffolds increases
with an increase in the number of assembly cycles. However,
the optimal number of assembly cycles and amount of heparin
that needs to be linked for maximum efficacy are not clear.
Although heparin inhibits smooth muscle cell proliferation
and neointimal formation, resists inflammation, and has
other beneficial effects, it is not clear whether heparin/
DHI-modified acellular vascular scaffolds have these same
properties.!404! These issues still need further evaluation,
and additional studies with heparin/DHI-nanomodified
tissue-engineered vascular grafts implanted in animals are
in progress.

Conclusion

We have created heparin-nanomodified acellular vascular
xenografts by alternating dative covalent linkage of heparin
and DHI on acellular BJV scaffolds via layer-by-layer self-
assembly. Our initial results show that acellular vascular scaf-
folds modified with heparin/DHI complexes have excellent
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antithrombogenicity and biomechanical stability, resist
calcification, decrease platelet adhesion, and stimulate pro-
liferation of endothelial cells without cytotoxicity. This study
suggests a new method for developing tissue-engineered
vascular grafts. However, these results are preliminary, and
further in vivo studies in animals with long-term implantation
of these heparin/DHI-modified grafts are needed.
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