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Abstract

Processing ex vivo derived tissues to reduce immunogenicity is an effective approach to create
biologically complex materials for vascular reconstruction. Due to the sensitivity of small
diameter vascular grafts to occlusive events, the effect of graft processing on critical parameters
for graft patency, such as peripheral cell adhesion and wall mechanics, requires detailed analysis.

Isolated human umbilical vein sections were used as model allogenic vascular scaffolds that were
processed with either: 1. sodium dodecyl sulfate (SDS), 2. ethanol/acetone (EtAc), or 3.
glutaraldehyde (Glu). Changes in material mechanics were assessed via uniaxial tensile testing.
Peripheral cell adhesion to the opaque grafting material was evaluated using an innovative flow
chamber that allows direct observation of the blood-graft interface under physiological shear
conditions.

All treatments modified the grafts tensile strain and stiffness properties, with physiological
modulus values decreasing from Glu 240£12 kPa to SDS 210+6 kPa and EtAc 140£3 kPa, P<.
001. Relative to glutaraldehyde treatments, neutrophil adhesion to the decellularized grafts
increased, with no statistical difference observed between SDS or EtAc treatments. Early platelet
adhesion (% surface coverage) showed no statistical difference between the three treatments;
however, quantification of platelet aggregates was significantly higher on SDS scaffolds compared
to EtAc or Glu.

Tissue processing strategies applied to the umbilical vein scaffold were shown to modify structural
mechanics and cell adhesion properties, with the EtAc treatment reducing thrombotic events
relative to SDS treated samples. This approach allows time and cost effective prescreening of
clinically relevant grafting materials to assess initial cell reactivity.
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INTRODUCTION

While autologous vessels are the grafts of choice for small diameter vascular bypass[1-3],
they are severely limited in availability due to disease or prior use. Allogeneic grafts such as
human umbilical veins (HUV) have been shown to be a viable clinical alternative in
peripheral applications when crosslinked with aldehydes[4, 5]. The treatment of collagenous
grafts with glutaraldehyde induces the modification of amino groups to allow the formation
of covalent bonds, more specifically it crosslinks the lysyl amino acid residues of adjacent
collagen monomers[6, 7]. This chemical reaction creates a barrier that limits the patient’s
immune and regenerative capacity, thus limiting remodeling and preventing functional
recovery[8, 9]. While suitable for adult patients, the inability to remodel makes cross-linked
materials unattractive for pediatric patients where vessel structure is continuously remodeled
during growth. The inability to remodel into a competent tissue is also a primary limitation
toward achieving fully functional vascular grafts that hypothetically improves outcomes. As
such, considerable research effort has moved toward synthetic[10] or naturally derived[11-
13] materials that are hydrolysable or enzymatically degradable to allow natural remodeling
processes. This class of materials can be used as templates for guided regeneration or tissue
engineering[14] with the aim of creating ‘living’ functional vessels. Herein, emphasis has
been placed on ex-vivo derived vascular scaffolds for their biochemical composition and 3D
microarchitecture that is preserved upon decellularization treatments.

The objective of tissue processing, or decellularization, is to remove soluble extracellular
matrix (ECM) components and cells that would otherwise elicit negative immune responses
and potentially lead to graft failure. This process strips away the existing endothelium
exposing the underlying type IV collagen-rich basement membrane which is prone to
thrombotic events[15, 16]. A variety of strategies to limit thrombogenicity have been
explored including re-endothelialization of the graft lumen prior to implantation[17];
however, recent history has shown limited success as endothelial cells are often lost during
surgical intervention or shear reperfusion[18-23]. Therefore, as part of a developmental
strategy, it is critical to define the effect of chemical treatments on the grafts surface
reactivity. Different treatments used to decellularize tissues are known to alter materials
surface chemistry[24] and as such may significantly alter peripheral cell adhesion. Sodium
dodecyl sulfate (SDS) and ethanol/acetone are used herein as representative examples of
processing chemistries. SDS is an anionic surfactant that removes cellular material by
solubilizing lipid membranes and nuclear remnants as well as stripping soluble
glycosaminoglycans[25], growth factors, and insoluble macromolecules from the ECM[26].
By comparison, ethanol lyses cells via dehydration, and a mixture of ethanol and acetone
(EtAc) is effective for extraction of lipids[27], but tends to crosslink the ECM proteins[28].
Evaluating acellular materials is critical in vascular applications but has proven problematic
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due to difficulty evaluating complex surface chemistries and limited model systems to
predict peripheral cell interactions.

Shear stress induced by blood flow is a recognized regulator of peripheral cell adhesion[29,
30], with parallel plate flow chambers having been used widely to mimic hemodynamic
blood flow conditions and assess cell adhesion[31, 32]. However, these flow chambers are
designed to study cell interactions with specific proteins coated on glass and as such these
surfaces do not represent the complexity of natural tissues. In the present investigations, a
novel flow chamber was designed and built using parallel plate flow geometry to expose the
lumen of a vessel to peripheral blood cells under controlled shear conditions[33]. This flow
chamber was used to assess the effects of tissue processing chemistries on the initial
hemocompatibility of a model vascular scaffold derived from the human umbilical vein
(HUV)[14, 15]. By comparing tissue decellularization methods to glutaraldehyde treatments
(that have been used in the clinic for the past decades[4]) we aim to improve our
understanding of how processing affects graft biocompatibility with the ultimate goal of
generating an enhanced prosthesis.

MATERIALS AND METHODS

HUV isolation

Human umbilical veins (HUV) were extracted from umbilical cords freshly collected from
UF Health Shands Hospital (Gainesville FL) (IRB approval #64-2010). Veins were isolated
from the surrounding tissues to a uniform wall thickness of 0.75 mm using an automated
dissection procedure then cut to 100 mm long segments, as previously described[12].

HUV processing treatments

Dissected veins were either decellularized (SDS or an ethanol acetone mixture (EtAc)), or
cross-linked with glutaraldehyde (Glu). Decellularization was performed by immersing
veins in either a solution of ethanol, acetone, and DI water (EtAc — 60:20:20 ratio), or 1%
(w/v) sodium dodecyl sulfate (SDS) in DI water as previously described[15]. Briefly,
samples were incubated in the decellularization solution under orbital shaking (100 RPM)
conditions for 24 hours and rinsed in fresh aliquots of DI water. Sections were then
incubated in deoxyribonuclease | (Sigma-Aldrich) (70 U/mL) at 37°C for 2 hours to remove
nucleic acids, rinsed in DI water, and terminally sterilized in a solution of 0.2% peracetic
acid and 4% ethanol in DI water. Scaffolds were then rinsed in DI water, and pH balanced
(7.4) in PBS for 24 hours. Scaffolds were then stored in PBS at 4°C for a maximum of 2
weeks prior to use.

Cellular veins were crosslinked with 3% glutaraldehyde in PBS (Glu) for 1 hour under
orbital shaking conditions (100 RPM)[5, 34]. Scaffolds were then rinsed in refreshed PBS
solutions (pH 7.4) for 5, 15 and 40 minutes then 2 hours under constant agitation.

Tensile testing

Samples were cut into 5 mm wide ringlets and subjected to uniaxial tensile testing (Instron
5542, Norwood, Mass, using a 10N load cell). Tissue specimens (3 independent sample
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groups from different cords, each assessed 5 times (15 discrete samples)) were preloaded to
a stress of 0.01 N then elongated at a rate of 2 mm/min to determine physiological load
values then at 5 mm/min until material failure. Mechanical properties were analyzed over
the low-strain region that reflects physiologic behavior (physiologic range between 80-120
mmHg (11-16 kPa)). Stress/strain data was used to calculate the physiological tensile
modulus (E) to determine the materials stiffness.

Blood draws

Human venous blood was harvested from healthy adult volunteers after obtaining informed
consent (IRB approval #689-2010). Blood was collected in 10 U/mL of heparin using a 21-
gauge needle and fluorescently labeled with 20 pg/mL of Acridine Orange (Molecular
Probes).

Cell adhesion flow circuit design

Cell adhesion to the lumenal surface of each differentially processed HUV sample was
observed in real-time using the newly developed flow chamber designed to replicate earlier
parallel plate geometries[33] (Figure 1 A&B). The chamber design allows the lumenal
surface of the HUV to be exposed to the flow channel. High-speed images were taken with a
Zeiss Axiolmager M2 upright epifluorescence microscope coupled with an AxioCam Hrm
Rev 3 digital camera (Zeiss, Thornwood, NY) through a window located on the top plate of
the flow chamber. Cell solutions were injected into the flow circuit prior to the chamber at
controlled shear rates via a programmable syringe pump (PHD Ultra; Harvard Apparatus,
Holliston, MA).

Neutrophil detachment assay

HL-60 promyelocytic leukemia cells transduced with a green fluorescent protein (GFP)-
expressing lentiviral vector were generously provided by Dr. Christopher Cogle (University
of Florida Department of Medicine, Gainesville, FL). Cells were maintained in Dulbecco’s
Modified Eagle Medium supplemented with 20% FBS and differentiated into neutrophils by
incubation in 1.3% dimethylsulfoxide for 3 days as previously described[35]. Neutrophil-
like differentiated HL-60 cells (dHL-60) were incubated with the HUV for 5h before
applying a ramped flow (from 0.5 to 210 s71, flow was increased stepwise every 30 seconds)
to assess their adhesion potential. The density of adherent dHL-60 neutrophils was
quantified as shear values were ramped. At the initial (0.5 s™1) and terminal (210 s™1) shear
rates dHL-60 density was assessed at 6 locations for each sample, (n=4), with assessments
during shear ramping assessed at a single fixed location at 10x magnification to infer a
larger count area (n=4).

Platelet adhesion assay

A longpass filter was used to detect acridine orange fluorescence (bound to platelet RNA).
Validation of platelet staining was determined by adherent cells color, and size. Whole
blood was perfused across the HUV surface at a calculated wall shear rate of 210 s71, and
images were captured over a five minute perfusion period to assess dynamic aggregate
formation. Fluorescent microscopy was performed using a Zeiss Axiolmager M2 upright
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fluorescence microscope with a Zeiss AxioCam Hrm Rev 3 digital camera operated by
AxioVision software version 4.8. A threshold was applied to obtain a monochromatic mask
of each image, with the percentage of white area corresponding to the percentage of platelet
coverage and quantified at 60 second intervals. Platelet aggregates, referring to the
accumulation of more than one platelet, were determined by size (diameter > 3 pm) and
were manually counted using ImageJ (NCBI). An index indicative of the size of the
aggregates for each treatment was calculated by dividing the percentage of platelet coverage
by the number of aggregates for the seven discrete experiments over the 5 minutes of blood
perfusion.

Histological analysis

Samples were embedded in Neg-50 media (Thermo Fisher Scientific, Waltham, MA) and
snap-frozen in liquid nitrogen. Thin sections (7 um) were cut and stained with hematoxylin
and eosin using standard protocols and observed via the Zeiss Axiolmager M2 upright
microscope (Zeiss, Thornwood, NY).

SEM imaging

Statistics

Samples were fixed in 2.5% glutaraldehyde, washed in PBS, fixed in 1% osmium tetroxide
solution, and progressively dehydrated in 25%, 50%, 75%, 85%, 95%, and 3x100% ethanol
solutions. Samples were then critical point dried, sputter coated with gold/palladium, and
imaged using a Hitachi S-4000 FE-SEM at 10 kV.

All values are presented as mean + standard errors of the mean. Significant differences
between the means of more than one group were determined using one-way analysis of
variance (ANOVA). If a significant difference (P < 0.05) was indicated by ANOVA, a
Tukey post hoc test was used to compare between group means. Significant differences
between two discrete groups were determined using the Student’s t-test. P values <0.05
indicate statistical significance in the mean values.

RESULTS

Effect of treatments on HUV architecture

Figure 2A shows morphological changes in the veins’ structure immediately after each
chemical treatment: EtAc treatments resulted in vessel contraction due to dehydration, while
SDS veins expanded (Figure 2A). After rinsing and pH stabilization in PBS, SDS veins
remained swollen, and EtAc veins rehydrated until reaching similar architecture as SDS
treated samples. Glutaraldehyde treatments induced a characteristic color change (from light
pink to yellow) and material stiffening. Unlike SDS scaffolds, EtAc scaffolds, and the
vessels prior to treatment, Glu scaffolds maintained their tubular structure without lumenal
support upon pH balancing.

Scaffolds were further examined via histology coupled with SEM imaging to assess
variation in fiber alignment and surface structure. Representative cross-sections stained with
hematoxylin and eosin show cells and soluble components of the ECM remained present in
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the native vein when compared to the acellular scaffolds (Figure 2B). Scanning electron
micrographs show denudation of the endothelium by EtAc and SDS treatments showing the
exposed subjacent basement membrane. Glu crosslinking processes resulted in a
homogeneous ECM morphology on both lumen and ablumen surfaces. The effect was more
evident on the ablumenal surface where surface proteins appeared to have fused relative to
SDS and EtAc treatments that were more fibrous in structure. Morphological observations
also showed SDS treated scaffolds displayed partial disruption of the lumens basement
membrane exposing the underlying ECM.

Material stiffness and tensile strain

Tensile analysis showed similar load/extension profiles for the three processing methods
(Figure 3A inset). Within the physiological range, tensile modulus of the decellularized
veins was lower than the Glu stabilized vessels (EtAc 14043 kPa, SDS 210+6 kPa vs. Glu
240+12 kPa; P<.001 and P=.033 respectively), with SDS treated grafts having significantly
higher values than EtAc (P<.001) (Figure 3 A&B). With respect to the scaffold prior
treatment, EtAc displayed a decreased tensile modulus (P=.034); Glu, an increased tensile
modulus (P=.004); and SDS, no significant difference (P>.05). Additionally, tensile strain at
16 kPa (120 mmHg) was significantly higher for decellularized scaffolds compared to
glutaraldehyde treatments (EtAc 21.2+0.6%, SDS 19.2+0.9% vs. Glu 11.5+£0.9%; P<.001
for both) (Figure 3C). The tensile strain at 16 kPa was also significantly higher than the
vessel prior to treatment for both decellularization approaches (EtAc: P<.001, SDS: P=.047),
and was significantly lower for the glutaraldehyde treatment (P=.006).

Characterization of neutrophil dHL-60 adhesion

Neutrophil dHL-60 were seeded on each of the differentially processed HUV scaffolds and
incubated for 5 hours, after which a low shear rate of 0.5 s~} was applied to remove non-
adherent cells and allow quantification of adhered neutrophils. Representative fluorescent
images show significantly higher neutrophil dHL-60 adhesion to the decellularized grafts
compared to glutaraldehyde stabilized grafts (EtAc 330+62 cells/mm?, SDS 314429
cells/mm? vs. Glu 98+22 cells/mm?; P=.001 and P=.002 respectively) (Figure 4 A&B).

After ramping flow from below venous shear rates (0.5 s1) to arterial values (210 s™1) the
remaining adherent cells were quantified. Results showed a higher density for the
decellularized groups compared to glutaraldehyde treated grafts (EtAc 235+36 cells/mm?,
SDS 209+161 cellssmm? vs. Glu 68+30 cells/mm?2; P=.001 and P=.007 respectively) (Figure
4B). Images taken during flow ramping show a progressive detachment of the dHL-60
neutrophils reaching detachment values of 40+17% (Glu), 46£15% (SDS), and 68+6%
(EtAc) (Figure 4C).

Characterization of platelet adhesion

Direct observation of platelet/scaffold interactions shows single platelet adhesion to initiate
aggregate formation within the first minute of blood perfusion (Figure 5A). SEM images
taken after 5 minutes of perfusion confirm platelet adhesion and show cells in their activated
state (spherical with extended filopodia) forming aggregates for all processing methods
(Figure 5B). Quantification of platelet adhesion shows that platelets tend to adhere more to
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the decellularized scaffolds (SDS and EtAc treated) compared to glutaraldehyde stabilized
grafts. However, no significant difference was observed between the decellularization
treatments nor between either EtAc or SDS and the glutaradehyde grafts (At 1 min: EtAc
0.47+0.54%, SDS 0.87+0.82%, Glu 0.42+0.48%; P>.05. At 5 min: EtAc 2.78+1.20%, SDS
2.99+0.80%, Glu 1.64+0.55%; P>.05) (Figure 6A). Quantification of platelet aggregates
showed a significantly higher density of discrete aggregates forming on SDS compared to
Glu scaffolds (At 1 min: 38.0+8.5 vs. 6.6+1.5; P=.006. At 5 min: 40.0+4.3 vs. 17.0+3.5; P=.
043) (Figure 6B). Similarly, the number of aggregates formed after 1 minute of perfusion
was significantly higher for SDS than EtAc (38.0+8.5 vs. 12.3+4.7; P=.022), and an
analogous trend was observed at 5 minutes with no significant difference (24.8£21.8 vs.
40.0£11.4; P>.05). When comparing the seven discrete experiments at 1 and 5 minutes, no
clear correlation was observed between the number of aggregates and total platelet coverage
for SDS and Glu (At 1 min: R?=0.4249 and R?=0.5043; at 5 min: R?=0.1710 and R2=0.0881
respectively) (Supplementary data 1). Conversely, EtAc decellularization resulted in
increased variability in the number of aggregates formed, but was highly correlated with
total platelet coverage (R?=0.89 at 1 min and R2=0.91 at 5 min). Overall, for a given percent
platelet coverage, a higher density of discrete aggregates was observed on SDS compared to
Glu and EtAc treated scaffolds (Figure 6C). Analysis of the average surface area covered per
platelet shows larger development of the EtAc and Glu aggregates when compared to SDS
aggregates (EtAc 0.102+0.013, Glu 0.043+0.006 vs. SDS 0.074+0.009; P=.018 and P=.045
respectively) (Figure 6D).

DISCUSSION

The aim of these investigations was to determine the effects of commonly used chemical
processing treatments on ex-vivo derived scaffolds in order to generate an optimized
biocompatible support for vascular tissue regeneration. The response of the graft to different
processing treatments was analyzed to define the effects on scaffold architecture, mechanics,
and peripheral cell adhesion. Two decellularization methods were evaluated and compared
to traditional glutaraldehyde crosslinking that has been used clinically for over 35 years[4,
36].

The process of decellularizing ex vivo-derived materials can result in significant changes in
the vessels ECM and gross architecture. These changes can negatively affect cell adhesion
as binding sites are modified as well as tissue mechanics that, if adverse, have been shown
to predictive of graft failure. Tensile analysis over the arterial pressure range (80 to 120
mmHg) demonstrated glutaraldehyde treatment to display increased stiffness and decreased
strain. These observations can be linked to the alterations in grafts structure as
glutaraldehyde treated samples showed fusion of ECM fibers to form continuous smooth
surfaces. By contrast, the more fibrous structure of the decellularized vessels displayed a
decrease in material stiffness and an increase in strain values. Relative to native vessels, the
decellularized scaffolds were more elastic; however, in the context of tissue engineering
previous investigations have shown that reseeded HUVs displayed an increase in stiffness
more indicative of native vessels after construct remodeling[12, 14].

Cardiovasc Eng Technol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Van de Walle et al.

Page 8

In order to assess both short and long-term immune acceptance of grafting materials, it is
key to understand how processing treatments influence scaffold thrombogenicity and
immunogenicity. Early failure of current small diameter bypass vessels is largely attributed
to thrombotic events that are initiated by an activated or absent endothelium. We have
previously shown the ability of endothelial cells to adhere to the lumen of the processed
HUV[15]; however, endothelial cells are often damaged during surgery or lost during
reperfusion making the thrombogenicity of the acellular material a critical issue. Thus, these
investigations assessed platelet interactions with the lumenal surface when exposed to
physiologically relevant hemodynamic conditions. A modified parallel plate flow chamber
that allows observation of cell adhesion to opaque materials provided a unique platform to
assess material-cell interactions[33]. Results show an increasing trend of adhesion to the
decellularized materials compared to glutaraldehyde treated scaffolds. Analyses of the
platelet adhesion and aggregation pattern suggested more sites where available for initial
platelet attachment to SDS treated grafts, however aggregates were typically larger on Glu
treated grafts. This supports clinical observations that glutaraldehyde crosslinking reduces
platelet adhesion on allografts, but the surface retains a degree of biological activity[36]. It
also suggests the mechanism of thrombus formation in glutaraldehyde stabilized grafts is
driven by development of a few initial aggregates. By comparison, adhesion sites on SDS
decellularized vessels appear to be more readily accessible as noted by a disrupted basement
membrane exposing the underlying ECM. Similarly, comparison of the two decellularization
treatments show a less aggressive initial adhesion of platelets to EtAc than SDS grafts and
development of larger aggregates on EtAc, with a high correlation between the adhesion and
aggregation processes. The observed reduction in instantaneous adhesion and the parallelism
in the adhesion/aggregation pattern to treatments currently used in the clinic (Glu) suggests
EtAc treatments may be a more suitable processing treatment than SDS when aiming to
minimize graft thrombogenicity while preserving remodeling capacities.

While most immunogenicity testing has been based on observing lymphocyte and monocyte
recruitment, studies have shown that neutrophils play an important role during xenograft and
allograft rejection[37-40]. Previous observations have also shown extracts derived from
decellularized pulmonary vessels to have a decrease in lymphocyte and monocyte
recruitment compared to native vessels, but no reduction in neutrophils[40]. In line with
these previous works, our investigations aimed to further analyze neutrophil behavior when
in contact with differentially processed human umbilical veins. Interestingly, increased
neutrophil adhesion was found on decellularized rather than crosslinked vessels. Little is
currently understood of this phenomenon, as neutrophils are not known to specifically
adhere to a denuded basement membrane. A possible explanation has been given by Bastian
et al.[41] who demonstrated that specific ECM proteins from the native tissue that usually
inhibit granulocyte adhesion may be removed by decellularization processes. Importantly,
neutrophil recruitment does not necessarily imply graft rejection as neutrophils are also
involved in tissue remodeling. They initiate the reparative and remodeling process via
recruitment of monocytes that have the capacity to differentiate into the “healer” M2
macrophage phenotype[42]. Research continues toward the characterization of monocytes
recruitment and differentiation processes as a tool to positively control inflammatory
responses and promote positive tissue remodeling[43].
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By understanding the impact of tissue processing on cell adhesion, processing treatments
can be optimized to not only reduce thrombogenicity and immunogenicity but also to favor
recellularization. The creation of a functional endothelium and vascular wall are crucial for
the development of a graft with improved patency rates. Previous studies have shown that
endothelial cells have a higher adhesion efficiency on the EtAc than SDS processed
HUV[15], and that EtAc grafts support increased oxygen diffusion, muscle cell proliferation
and migration compared to scaffolds treated with SDS[44]. These results suggest EtAc
treatment is preferential to SDS to generate an acellular scaffold with enhanced remodeling
features.

CONCLUSIONS

These findings have shown chemical treatments used to reduce the broader immunogenicity
of these model ex vivo-derived vascular grafts influence mechanical properties and surface
chemistries. Chemical effects alter the material’s elastic properties and peripheral cell
adhesion both of which are shown to be determinants of graft patency. From the treatments
assessed we have determined that EtAc may be preferential to SDS as a decellularization
approach when developing acellular scaffolds for vascular regeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Perfusion design
A newly designed flow chamber is used to observe platelet and leukocyte adhesion to the

graft materials in real-time. Shear conditions are controlled by modulating the bulk flow rate
using a high capacity syringe pump. Images are recorded via a high resolution Zeiss
Axiocam monochrome Rev 3 digital camera. (A) Schematic of the perfusion circuit. (B)
Photograph of the newly designed flow chamber.

Cardiovasc Eng Technol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Van de Walle et al.

A

Page 14

Immediately after treatment After pH balancing in PBS

ablumen

ablumen

o

»

Q05316 9.0 kv x60d 460w

ablumen

ablumen

PRR1I6L 1. 0kV XE0b Sh.erm BRRICTY v oV XEGod ddlorm

Figure 2. Processing influence on the scaffold architecture
Extracted Human Umbilical Veins (HUV) were either decellularized with one of two

different chemical treatments or cross-linked with glutaraldehyde. Shown in the top row (A)
are representative images of HUV scaffolds immediately following treatment and after
subsequent rinsing in PBS. The micro-architecture of the processed scaffolds is shown in
(B), first by H&E staining (left), then by SEM imaging of the lumenal (middle), and
ablumenal (right) surface. Treatments are labeled as follows: (EtAc) Ethanol/Acetone
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decellularization, (SDS) Sodium Dodecyl Sulfate decellularization, and (Glu)
Glutaraldehyde crosslinking. represents the lumen of the HUV and the ablumen.
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Figure 3. Scaffold mechanical properties
The mechanics of the HUV were tested after processing treatments followed by subsequent

rinsing/sterilization. Graphs show (A) representative strain/stress curves, inset showing the
complete profile with an enlargement over the physiological range, B) tensile modulus in the
physiological range (from 11 to 16 kPa, represented by E in (A)), and C) tensile strain at 16
kPa. (n=3, * P<.05) Dashed lines represent the scaffold prior to chemical processing, and the
grey areas surrounding the dash lines indicate the standard error.
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Figure 4. Neutrophil adhesion to processed HUV
HL-60 differentiated as neutrophils were incubated with HUV for 5 hours. After incubation

and subsequent exposure to a 210 s~1 flow, the neutrophils adhering to the lumenal surface
of the vein were (A) observed (scale bar: 100 pm) and (B) quantified (* P<.05, the dashed
line represents the amount of neutrophils incubated). Neutrophil detachment as a function of
shear was also observed (C). After incubation, a ramping flow was applied and the
percentage of neutrophils detaching was quantified for each shear condition. (n=4).
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Figure 5. Qualitative visual assessment of platelet adhesion and aggr egates formation
A) Representative fluorescent images of platelet adhesion to the lumen of processed HUV

over time, under a shear rate of 210 s1. White arrows represent flow direction. Scale bar:
100 um. B) After five minutes of whole blood perfusion at a shear rate of 210 s™1, platelet
aggregates were imaged using scanning electron microscopy.
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Figure 6. Progression of platelet adhesion and aggregation
A) Real-time analysis of the total platelet accumulation on the lumen of the HUV at a given

shear rate of 210 s™1. Each data point represents the mean + S.E. for 7 separate experiments.
B) After one and five minutes of perfusion, the number of platelet aggregates was quantified
(T P<.05 between the three treatments, * P<.05 between 1 and 5 minutes for each
treatment). C) Correlation between platelet aggregation and surface coverage was assessed
atl, 2, 3,4, and 5 minutes. Each data point represents the mean platelet aggregates
correlated to the corresponding total area covered with platelets for seven separate
experiments. D) An index indicating the overall surface area covered by one platelet was
calculated for each treatment (T P<.05 between the three treatments).
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