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a b s t r a c t 

Vascular grafts with a diameter of less than 6 mm are made from a variety of materials and techniques 

to provide alternatives to autologous vascular grafts. Decellularized materials have been proposed as a 

possible approach to create extracellular matrix (ECM) vascular prostheses as they are naturally derived 

and inherently support various cell functions. However, these desirable graft characteristics may be lim- 

ited by alterations of the ECM during the decellularization process leading to decreased biomechanical 

properties and hemocompatibility. In this study, arteries from the human placenta chorion were decellu- 

larized using two distinct detergents (Triton X-100 or SDS), which differently affect ECM ultrastructure. 

To overcome biomechanical strength loss and collagen fiber exposure after decellularization, riboflavin- 

mediated UV (RUV) crosslinking was used to uniformly crosslink the collagenous ECM of the grafts. Graft 

characteristics and biocompatibility with and without RUV crosslinking were studied in vitro and in vivo . 

RUV-crosslinked ECM grafts showed significantly improved mechanical strength and smoothening of the 

luminal graft surfaces. Cell seeding using human endothelial cells revealed no cytotoxic effects of the 

RUV treatment. Short-term aortic implants in rats showed cell migration and differentiation of host cells. 

Functional graft remodeling was evident in all grafts. Thus, RUV crosslinking is a preferable tool to im- 

prove graft characteristics of decellularized matrix conduits. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Statement of significance 

The design of a successful small-diameter vascular graft with 

desirable characteristics is still a challenge. Currently, there 
are no sufficient alternatives to autologous grafts available. 
Decellularized matrix grafts seem to be promising candidates 
to overcome these limitations. However, properties of nat- 
urally derived materials may be changed by the decellular- 
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ization process, resulting in reduced biomechanical proper- 
ties and hemocompatibility. Therefore, we show in this study 
that riboflavin-mediated crosslinking is an effective approach 

to improve biomechanical strength and surface topography of 
human placenta-derived matrix grafts after decellularization. 

. Introduction 

Autologous vessels such as saphenous vein, internal mammary

rtery and radial artery are currently the materials of choice for
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ascular transplants with small diameters ( < 6 mm), because of

igh patency rates [1] . However, using the patient’s own tissue

equires invasive harvesting procedures and availability might be

imited due to pre-existing disease or repetitive surgery. 

Several types of vascular grafts have been developed to over-

ome current limitations of small diameter vascular replacement.

2–6] . Synthetic vascular prostheses materials can be fabricated

ith high reproducibility and can be easily modified. Synthetic

ubstitutes have demonstrated high long-term patency rates when

pplied in large diameter arteries ( > 6 mm). However, when used

s small diameter ( < 6 mm) vascular grafts, they show unaccept-

bly low patency rates [ 7 , 8 ]. For that reason, biological vascu-

ar grafts derived from the extracellular matrix (ECM) of arteries

ained importance as alternative material [9–13] . 

Decellularized human arteries from the placenta chorion have

hown potential as small diameter vascular grafts because of their

ow immunogenicity as well as optimal support for both cell mi-

ration and growth after implantation [14] . However, the decellu-

arization process alters the structure of the vascular graft matrix

15–20] . Successful decellularization is always a compromise be-

ween the complete removal of cells and their cell residues (e.g.

NA) and the structural degradation of ECM proteins such as col-

agen or proteoglycans. 

Various decellularization approaches have been investigated

ith the aim to overcome these limitations. Besides biological and

hemical approaches, physical decellularization methods such as

reeze/thaw cycles, mechanical agitation, sonication or exposure to

upercritical CO2 have been proposed to preserve the ultrastruc-

ure of the tissue particularly well [ 21 , 22 ]. However, none of these

rotocols alone meets all the desired requirements for tissue de-

ellularization, and often a combination of different protocols is

equired to meet the criteria for effective decellularization [23] .

ubsequent to this process, clinical application is only conceivable

hrough intensive evaluation of the biological properties of the tis-

ue produced [24] . 

In this study, we used a previously described detergent based

ulsatile flow decellularization technique for vascular grafts which

nables the use of lower chemical concentrations and exposure

imes. It has been shown that this procedure removes cells suf-

ciently and improves the preservation of the ECM [25] . However,

ur previous studies have shown that even with this set-up the

iomechanical strength of ECM grafts was reduced in comparison

o native blood vessels. Beside degradation of structural proteins,

he luminal cell layer is completely removed in the arterial ECM

raft during decellularization and collagen fibers are exposed to

he lumen of the vessels [18] . This may cause blood clotting af-

er implantation. It has been shown previously that hemocompati-

ility of ECM grafts can be improved by covalently bound heparin

olecules to the collagenous surface [ 9 , 14 ]. 

The here presented study counteracts the loss of mechanical

trength and collagen exposure at the luminal surface of the con-

uits after decellularization. Collagen fibers of ECM grafts can be

rosslinked by chemical or physical treatment. Chemically, aldehy-

es, isocyanates or carbodiimides are used as crosslinking agents.

hysically crosslinking methods are UV irradiation or dehydrother-

al methods. Both techniques have in common to mediate new

ovalent bonds at the amine and carboxyl groups within the colla-

en molecules [ 26 , 27 ]. However, chemical crosslinking agents such

s glutaraldehyde may be effective, but are cytotoxic when not

ompletely removed and often lead to graft failure, calcification

nd inhibited cell migration after implantation [12] . UV light treat-

ent alone often leads to denaturation of the scaffold and is only

uitable for grafts showing thin walls since the light wave cannot

ass thick tissues [28] . We wanted to overcome these limitations

y using a photosensitizer in combination with UV irradiation, as it

as been used previously to improve the biomechanical properties

f collagen scaffolds [29] . In various studies dye-Mediated Photo-
xidation has been shown to be a promising alternative to chem-

cal crosslinking to generate biostable implants being resistant to

alcification and showing low immunogenic response [ 30 , 31 ]. Here,

e evaluated the effectiveness of riboflavin mediated UV (RUV)

rosslinking to improve the mechanical characteristics and hemo-

ompatibility of decellularized arteries from placental chorion. Two

etergent based protocols which are reported to have different ef-

ects on ECM structure and components were applied to investi-

ate the effect subsequent of RUV crosslinking. A harsh, ionic de-

ergent for decellularization (SDS), which is known to be efficient

n removing nuclei but rather destroys the ECM, and a non-ionic

nd comparable mild detergent (Triton), which preserves GAG and

rowth factors better, were included in this study. Besides char-

cterization of surface topography, platelet adhesion, cell viability,

nd biomechanical strength in vitro , short term implantation stud-

es in rats were performed to assess graft performance, cell migra-

ion and functional remodeling in vivo . 

. Materials and Methods 

.1. Human placenta harvesting 

Human placenta tissues were obtained from the Department of

bstetrics and Gynecology, Medical University of Vienna, with ap-

roval from the institutional ethics committee (EK:1602/2018) and

nformed consent from all donors. Placentas were harvested af-

er planned caesarian section deliveries at term (pregnancy week

7 + 0 to 40 + 0). The placental vascular tree was rinsed

ith phosphate buffered saline (PBS) supplemented with heparin

50 IU/ml) and antibiotics (1% penicillin/streptomycin). The ves-

els were freed from remaining blood and the whole placenta

as frozen at -80 °C until decellularization. Thereafter the placenta

essels were further processed as indicated in our flow scheme

 Fig. 1 ). All donors were serologically tested for HIV, HBV and HCV.

.2. Decellularization 

Blood vessels were decellularized using either Triton-X 100 or

odium Dodecyl Sulfate (SDS) and enzymatic digestion as pre-

iously described [14] . Briefly, after isolation from the chorionic

late, vessels underwent a freeze-thaw cycle at -80 °C for 18 h. Af-

erwards, they were washed with PBS and subjected to a perfusion

ystem using a peristaltic pump at pressure levels ranging from

0–80 mmHg (Minipuls Evolution, Gilson, USA). Vessels were per-

used with hypertonic (1.2% NaCl) and hypotonic (0.4% NaCl) saline

olutions for 30 min each followed by perfusion with PBS contain-

ng 1% Triton X-100 (Sigma-Aldrich, Austria) or 0.5% SDS and 0.02%

thylene-diaminetetraacetic acid (EDTA) for 24 h at room temper-

ture. Subsequently, vessels were thoroughly washed with PBS for

8 h before an overnight incubation at 4 °C with DNAse I-solution

200 IU/ml, Roche, Switzerland) was performed. Chemical steriliza-

ion was carried out by rinsing the vessels with sterile PBS fol-

owed by a washing step with 0.18% (w/v) peracetic acid (PAA) and

.8% EtOH solution at pH 7.0 [32] . Samples from each batch were

outinely evaluated for a successful decellularization process by us-

ng histological staining in conjunction with biochemical quantifi-

ation of DNA, collagen and proteoglycans. 

.3. Riboflavin-mediated UV (RUV) crosslinking 

Riboflavin (Vitamin B2) powder was diluted to 0.1% in a 20%

extran T500 aqueous solution. Vessels were incubated within the

hotosensitizer solution in a petri dish under UVC light (253 nm)

n a laminar flow hood for 60 min. After RUV crosslinking, vessels

ere rinsed with distilled water three times. The vessels were sub-

ected to 50 ml conical falcon tubes and washed three times with
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Fig. 1. Experimental setup. After decellularization with either Triton or SDS, grafts were left untreated or were RUV crosslinked. Finally, the luminal surface of all grafts was 

modified by heparin crosslinking. 
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PBS for 20 min and afterwards stored at 4 °C in PBS before further

use. 

2.4. Heparinization 

For heparinization of the grafts, vessels were incubated in 1 M

hydroxylamine sulfate aqueous solution for 18 h in 50 ml falcon

tubes on a roller shaker. On the next day, the hydroxylamine sul-

fate solution was aspirated and vessels were washed twice with

distilled water for 30 min after transfer in new falcon tubes.

During the water change after 30 min, the vessels were addi-

tionally rinsed with distilled water in a petri dish once. Subse-

quently, vessels were perfused with heparin solution (500 U/ml

heparin + 1.25% N’-ethylcarbodiimide hydrochloride (EDC), ad-

justed to pH 1.5 with HCl, sterile filtered) for 48 h on a roller

shaker at room temperature. After the incubation time, vessels

were washed with distilled water for 1.5 h and further with PBS

at room temperature for 2.5 h. Vessels were then stored in PBS

overnight. After 24 h the specimens were rinsed with sterile PBS

in a laminar flow hood. 

2.5. Biomechanical testing 

Biomechanical properties of the grafts were evaluated by ulti-

mate tensile tests and suture retention tear-out tests. Ultimate ten-

sile testing was performed using an uniaxial BOSE Electroforce LM1

test bench system (Bose Corp, USA) as described previously [33] .

Briefly, ring segments of 3 mm length were cut from the chori-

onic vessels (n = 12), put on 0.6 mm steel hooks and strained

till failure (10 mm/min) in a 37 °C saline bath before and after

RUV treatment as well as prior and after 1 month of implanta-

tion. Specimens of all groups were tested for maximal tensile force

and compliance. The compliance (% diameter change/100 mmHg)

and the theoretical burst pressure were determined using Laplace’s

law [33] . 

The suture retention strength was determined according to the

test method described in ISO 7198:2016 [34] . Briefly, one end

of the grafts was clamped to the tensile testing machine (Mess-

physik Beta 10-2,5, Messphysik Materials Testing GmbH, Austria).

As shown in Fig. 4 E, a loop of a 7.0 polypropylene suture (Prolene,

BV 176-8, USA) was sutured 2 mm from the edge of the free end of

the sample into the graft wall and clamped to one arm of the ten-

sile tester. The opposite end of the sample was directly clamped

to the other arm of the testing machine. The tear-out force of

the suture was measured at a loading speed of 120 mm/min. Five

tests per sample were carried out (n = 6). Native placental arteries

served as controls in all biomechanical experiments. 
.6. Contact angle and wettability 

Contact angles of decellularized matrices were evaluated to de-

ermine surface wettability and to detect possible alterations upon

UV treatment and/or heparinization. Therefore, captive air-bubble

ontact angles were measured by the inverted drop method us-

ng a goniometer (Data Physics, model OCA 15, Germany) equipped

ith a video CCD-camera. Accordingly, each sample was longitudi-

ally opened attached to a microscope slide and placed into an

ltrapure water-filled glass chamber. After that, a 10 μL air bub-

le was released from a J-shaped needle underneath the sample’s

urface and the contact angle was measured at the luminal surface

sing the software SCA (Kiuwan, USA). 

.7. Cell Culture 

If not otherwise stated, all cell culture materials including cells

nd supplements were purchased from Thermo Fisher Scientific

Waltham, USA). Human umbilical vein endothelial cells (HUVEC)

rom passage 2 to 8 were cultured in Medium 200 supplemented

ith low serum growth supplement, 8% fetal calf serum (FCS)

nd 1% penicillin/streptomycin. Sub-culturing of cells was per-

ormed at 80% confluence in a splitting ratio of 1:3 or 1:4 by

rypsinization. Human foreskin fibroblasts (HFF, ATCC, USA) were

ultured in high glucose Dulbecco’s Modified Eagle Medium sup-

lemented with 10% FCS, 1% non-essential amino acids and 1%

enicillin/streptomycin. 

.8. Cell viability assay 

Decellularized vessel grafts were cut into 2 × 2 mm pieces

nd transferred into a 96 well plate. Graft pieces were washed

ith PBS twice. 1 × 10 4 HUVEC (p2-p8) were seeded per graft

n day 0. HUVECs were seeded on the luminal side of the graft

ieces. After cell attachment and immediately before XTT solu-

ion was added to the wells graft pieces were transferred to a

ew 96 well plate to ensure that the viability is only evaluated

rom cells seeded on the graft. The pieces were humidified with

00 μl cell culture medium. XTT assay was performed on days 3, 6

nd 8 after seeding. For the measurement, the wells were com-

lemented with 50 μl XTT working solution (25 μM phenazine

ethosulfate with 1 mg/ml 3,3’-(1-[(phenylamino)carbonyl]-3,4-

etrazolium)-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate

both Sigma-Aldrich). The plates were incubated for 4 h at 37 °C.

hereafter, the supernatant was transferred to a new 96 well plate

o avoid background signal from the graft piece and absorption

as measured at 450–490 nm (reference wavelength 620–650 nm)

ith a Powerwave XS2 microplate reader (Biotek, USA). The effects

f detergent (SDS and Triton), RUV (without and with) and time
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l  
3d, 6d, 8d) on HUVEC proliferation were tested by a 3-factorial

NOVA. 

.9. Platelet adhesion 

Platelet enrichment was performed as described before [35] .

riefly, 45 ml of citrated whole blood were obtained from healthy

onors and diluted with PBS in a 1:1 ratio. The blood was pipet-

ed onto a layer of Ficoll Paque (GE Healthcare, USA) and density

entrifugation was performed for 30 min at 300 g without brake.

he upper phase and buffy coat were transferred into a new tube

nd centrifuged again at 300 g for 10 min. The upper 2/3 of the

olution was aspirated (platelet poor plasma) and the remaining

ells and fluid were resuspended (platelet rich plasma (PRP). Cells

ere counted and diluted to a concentration of 20 × 10 6 cells/ml.

raft pieces were subjected to a 24 well plate and seeded with PRP

or 2 h on the luminal surface with gentle shaking every 10 min.

ells were then fixed in 2.5% glutaraldehyde for 2 hours at 4 °C
efore the samples were dried and prepared for scanning elec-

ron microscopy. Furthermore, dehydrated samples were stained

ith 10 mM mepacrine solution (Sigma-Aldrich, USA) for 90 min

t room temperature, followed by three washing steps with PBS.

mages were taken on a Zeiss LSM 700 confocal microscope (Zeiss,

ermany). 

.10. Scanning electron microscopy 

Graft samples were fixed in 2.5% glutaraldehyde (in PBS) for

8 h and subjected to ethanol series ranging from ethanol con-

entrations of 25% up to 100%. Thereafter, hexamethyldisilazane

HMDS) was pipetted on top of the samples and the samples were

ried overnight under a fume hood. Chemically dried samples were

putter coated with 20 nm of gold and analyzed with a Zeiss EVO

0 (Zeiss, Austra). 

.11. Immunofluorescence staining 

HUVECs were seeded to the luminal side of either non-treated

r RUV-treated graft pieces for one week. To evaluate the for-

ation of a consistent monolayer, cells were then fixed with 4%

uffered formaledehyde overnight at 4 °C. Samples were stained

ith a fluorescein isothyocyanate (FITC) labeled anti-CD31 anti-

ody (BD Biosciences, USA) by an overnight incubation in PBS sup-

lemented with 1% bovine serum albumin (BSA, Sigma-Aldrich,

SA) in a dilution of 1:50. After three washing steps with PBS,

amples were subjected to microscopy slides with fluorescent

ounting medium (Dako, USA) including 1 μM 4’,6-Diamidin-2-

henylindol (DAPI, Sigma-Aldrich, USA). Imaging was performed at

 Zeiss LSM 700 confocal microscope (Zeiss, Germany). 

.12. Histology 

Grafts were fixed in 4% buffered formaldehyde for 48 h. Tissues

ere then dehydrated by an ascending series of ethanol and em-

edded in paraffin through xylene as intermedium, using an au-

omated embedding device (TissueTek VIP 6, Sakura Finetek USA,

nc., Torrance, CA, USA). Sections of 3 μm thickness were cut and

tained with hematoxylin and eosin (H&E) according to Romeis

36] for general morphological evaluation. Immunofluorescence

taining was performed to investigate cell migration, proliferation

nd tissue remodeling. To determine the cell number within the

rafts and the proliferation activity of immigrated cells a ki67

taining was performed and both ki67-positive nuclei and ki67-

egative nuclei, counter-stained with DAPI, were counted with

mage analyzing software FIJI as described before [37] . A 3-way

NOVA was used to statistically evaluate a possible effect of RUV
n cell proliferation in vivo . The exact protocol, including all used

aterials are described in the Supplemental method section in de-

ail. A triple-immunofluorescence staining, using antibodies against

alponin, smooth muscle actin and vimentin, was performed to

valuate tissue remodeling. 

.13. Animal model 

The animal studies were approved by the Austrian Ministry of

cience. All animals received humane care within the principles of

he Good Scientific Practice (GCP) Guidelines of the Medical Uni-

ersity of Vienna. Procedures were performed under general anes-

hesia as previously described [9] . 

Heparinized grafts of both groups (Triton/SDS) with and with-

ut RUV crosslinking were implanted aseptically into the infrarenal

orta of Sprague Dawley rats as earlier described [5] . The grafts

inner diameter: 2 mm, length: 20 mm) were inserted into the

ost vessel using a surgical microscope (Zeiss Vario S88, Carl

eiss GmbH, Vienna, Austria). The end-to-end anastomoses were

erformed with 10/0 non-absorbable sutures (Monosoft, Covidien,

ansfield, USA). 

No anticoagulants or anti-platelet drugs were administered dur-

ng and after the in vivo study. Retrieved grafts were subjected to

ifferent analyses. After 1 month, the midgraft region was cut into

hree pieces and analyzed by scanning electron microscopy (SEM),

istology and biomechanical testing. Further proximal and distal

nastomoses were evaluated by histology. 

.13. Electromyography 

Isometric tension studies were performed as described previ-

usly [14] . Briefly, at retrieval, ring shaped specimens of 2 mm

ength from each group were cut from the mid-graft region, laced

n 4 °C cold Krebs Buffer solution and immediately measured. Na-

ive rat aorta segments were used as controls. For measurement of

he contractile force a 620 M Multi Wire Myograph System (ADIn-

truments, Oxford, UK) was used. Therefore, the segments were

ounted on two metal pins in a myograph chamber filled with

reheated (37 °C) and aerated (95% O 2 , 5% CO 2 ) Krebs-Buffer so-

ution. Each ring was stretched to a baseline tension of 10 mN

or normalization and equilibrated for 45 min. At increased potas-

ium levels (60 mM K 

+ ) in the chamber natural contraction of the

lood vessel segments was induced. The datapoints of contractile

orce were recorded and processed using LabChart Pro V8 software

ADInstruments, UK). 

.14. Statistical methods 

The primary research question, whether RUV crosslinking im-

roves mechanical strength of decellularized placental arteries, was

ested using mixed linear models. After testing interactions, the ef-

ect of RUV was plotted as a single estimate applying for all condi-

ions with its 95% confidence interval. All analyses were performed

sing IBM SPSS Statistics 26 (IBM, USA), graphs were generated us-

ng GraphPad Prism 8 (GraphPad, USA). All reported p-values are

he results of two-sided tests. P-values ≤ 0.05 were considered

o be statistically significant. Due to the exploratory, basic science

haracter of this study no adjustment for multiple testing was per-

ormed. Results have to be interpreted accordingly. Detailed statis-

ical analyses are described in the supplement methods section. 

. Results 

.1. Efficacy of blood vessel decellularization 

Histological staining showed no signs of cell nuclei after decel-

ularization. The DNA content was significantly reduced in both de-
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Fig. 2. (A–D) Surface topography of luminal graft surfaces prior and after RUV crosslinking. A strong smoothening effect of RUV treatment in both decellularization groups 

sodium dodecyl sulfate (SDS) and Triton X-100 (Triton) is evident. (E) Air bubble contact angle measurement of decellularized ECM grafts at different stages of surface 

modification. Contact angles between 30 and 40 degrees indicate rather hydrophilic surfaces. (F) Estimated main effect of RUV on contact angles with 95% confidence 

interval including 0, indicating that RUV application did not significantly affect wettability. 
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cellularized conduits by over > 97%, whereas collagenous structures

could be preserved in both protocols. The content of proteoglycans

(GAG) was significantly reduced in both decellularization groups.

SDS treated grafts showed significantly less preserved GAG (Suppl.

Fig. 1). 

3.2. Matrix graft topography and wettability 

According to scanning electron microscopy, RUV treatment of

decellularized vessels appeared to smoothen the initially rough

surface ( Fig. 2 A-D). The captive air-bubble contact measurements,

designed to quantify wettability, showed that neither the type of

detergent (p = 0.62), heparinization (p = 0.38), or RUV treat-

ment (p = 0.12) significantly affected contact angles (all interaction

terms p > 0.15, Fig. 2 E & F; Suppl. Fig. 2). The grand mean of con-

tact angles was 36.8 ° (95% CI 34.3–39.3), indicating that mean con-

tact angles were significantly lower than 39.3 °. As a contact angle
elow 90 ° indicates hydrophilic surface structures, the graft mate-

ial itself showed high hydrophilicity, i.e. wettability [38] . 

.3. High cell viability and reduced platelet adhesion on RUV 

rosslinked grafts 

The investigation of HUVEC adhesion, proliferation, and viabil-

ty showed that cells maintain their morphology and proliferate

n RUV crosslinked vessel pieces in vitro ( Fig. 3 A & B). The ef-

ects of detergents (SDS and Triton), RUV (without and with) and

ime (3d, 6d, 8d) on HUVEC proliferation were tested by an XTT

ssay ( Fig. 3 C). While HUVEC proliferation significantly increased

uring the observational period (main effect of time p < 0.0 0 01),

here was neither an effect of the detergent (main effect of deter-

ent and all interaction terms containing detergent p > 0.26) nor

f RUV (main effect of RUV and all interaction terms containing

UV p > 0.26). 
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Fig. 3. Luminal graft surface after reseeding with human umbilical vein endothelial cells (HUVEC). (A) Scanning electron microscopy, (B) confocal electron microscopy 

(immunofluorescence staining, CD31 – green, DAPI – blue). (C) RUV treatment revealed no change of proliferation rates in HUVEC analyzed by XTT proliferation assay 

(n = 3). (D) Significantly decreased platelet adhesion on RUV-treated placental ECM grafts was observed after 2 h incubation with platelet rich plasma (PRP) solution. (E) 

Effect of decellularization and RUV treatment on platelet attachment. Each color within a group represents a graft (4 grafts / group), each symbol represents platelet counts 

in a certain graft area (platelets in 7 graft areas were quantified). 
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To test if RUV crosslinking would be beneficial for reduced

latelet adhesion to grafts, platelets were isolated from whole

lood and seeded on graft pieces for two hours. RUV crosslinking

ecreased platelet adhesion by 77% (95% CI 70–83%, p < 0.0 0 01)

 Fig. 3 D & 3 E and Suppl. Fig. 4). The effect was similar in Triton-

nd SDS-treated grafts (p = 0.06). 

.4. Increased biomechanical strength and suture retention 

Fig. 4 A demonstrates the setup for mechanical testing. Seg-

ents of graft specimens showed a significantly increased maxi-

al radial force of 0.83 N due to RUV treatment (95% CI 0.46–1.2,

 < 0.0 0 01, Fig. 4 B). Although the effect of RUV appeared to be
maller post-implant compared to pre-implant, there was no evi-

ence that the effect of RUV was affected by vessel implantation

r type of detergent (3-way interaction and all three 2-way inter-

ctions, p > 0.1 each). Furthermore, there was no evidence that the

ffect of RUV on burst pressure was affected by the type of deter-

ent or by implantation (3-way interaction and two 2-way interac-

ions including RUV, p > 0.26 each). Calculated burst pressure was

lso increased by RUV, namely by 942 mmHg (95% CI 581–1303,

 < 0.0 0 01, Fig. 4 C). 

While the readouts which were mentioned above indicate

igher biomechanical strength, there was no evidence that RUV

ad a relevant effect on vessel compliance (difference with vs.

ithout RUV 0.65%, 95% CI -0.5–1.9, p = 0.24, Fig. 4 D). However,
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Fig. 4. Effect of RUV crosslinking on biomechanical properties of placental ECM grafts pre and post implantation (A) 3 mm graft segments on metal pins of the Bose uniaxial 

test system in 37 °C warm physiological saline solution. RUV treatment significantly improved tensile strength (B), burst pressure (C) and suture retention strength (F) of 

decellularized conduits, but had no effect on compliance (D) prior implantation. Each dot represents an analyzed segment. Native indicates no decellularization (grey bars 

with red dots), Triton (black dots) and SDS (orange dots) indicates the respective decellularization method. The estimated effect of RUV applies to all conditions, i.e. is 

independent of detergent or implantation. The error bar represents the 95% confidence interval. (E) Suture retention strength was determined according to ISO 7198:2016. 
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implantation reduced compliance from 9.4% (decellularized pre-

implant) by 3.0% (95% Ci 1.9–4.1, p < 0.0 0 01) to 6.4% (decellular-

ized, post-implant) independent of RUV treatment. 

In line with the results from the uniaxial tests, suture retention

strength was also increased by RUV. Fig. 4 E shows the experimen-

tal setup. RUV treatment increased this pull out strength by 11.4 g

(95% CI 2–20.7, p = 0.018, Fig. 4 F), whereby again, there was no ev-

idence that this was affected by the type of detergent (interaction

detergent x RUV, p = 0.43). 

3.5. In vivo performance of aortic implants 

The implantation of grafts into Sprague Dawley rats for one

month revealed no visible signs of thrombus formation, vasodilata-
ion or luminal narrowing in any grafts (Suppl. Fig. 5). Successful

nticoagulation by heparinization of the grafts has been confirmed

n vitro by a whole blood incubation experiment (data not shown).

fter one month of implantation, all grafts were integrated into

he surrounding tissue ( Fig. 5 A). Gross examination of the conduits

emonstrated a smooth and shiny inner surface without evidence

f clot formation, luminal narrowing or aneurysm formation. Scan-

ing electron microscopic analysis of the luminal surface showed

omplete endothelialization of all specimens ( Fig. 5 B). Blood sam-

les of the animals showed slightly increased neutrophils, but

o signs of severe foreign body reaction or systemic inflamma-

ion independent on the decellularization or RUV treatment (Suppl.

ig. 7). 
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Fig. 5. (A) Gross morphology of decellularized matrix grafts implanted into the abdominal aorta of rats for1 month. (B) Scanning electron microscopic (SEM) analysis shows 

complete reendothelialization of the luminal surface of all specimens (scale bars: 20 μm). (C) Histological staining (H&E), (D) immunohistochemical staining for differentiated 

smooth muscle cells (desmin), and (E) triple immunofluorescence staining. Vimentin (Vim, grey), smooth muscle actin (SMA, red), calponin (Calp, green), nuclei (blue). 
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H&E staining of grafts showed that host cells had migrated

rom the lumen and from the adventitial side into the vessel walls

ithin one month of implantation, both in grafts that were sub-

ect to RUV crosslinking and in those that were untreated ( Fig. 5 C).

o signs of intimal thickening were evident. Immunohistochemi-

al staining revealed desmin-positive smooth muscle cells in the

raft wall ( Fig. 5 D). While there was no evidence that the type of

etergent had any influence on the number of immigrated cells, a

rend was observed that RUV treatment prior to implantation re-

uced the number of immigrated cells from 17.8 × 10 3 per cross-

ectional area to 9.8 × 10 3 (main effect of RUV p = 0.035). Mul-

iplex immunofluorescence ( Fig. 5 E) revealed the presence of a

ixed population of differentiated functional smooth muscle cells

calponin + , SMA + ), myofibroblasts (SMA + , vimentin + ) and fibrob-

asts (vimentin + , SMA 

−) within the graft wall. Vimentin positive

ells were rather regularly distributed within the graft wall in all

pecimens irrespective from treatment. In RUV treated grafts we

bserved the presence of smooth muscle cells in all areas of the

raft wall, which differed from untreated grafts, where smooth

uscle cells were located only in areas close to the luminal sur-

ace ( Fig. 6 ). In addition, myofibroblasts were present in the vascu-

ar wall of all graft types. 
i  
.6. Recovered vasoconstriction 

Functional tissue remodeling was assessed with electromyogra-

hy using a DMT myograph system to measure reactive vasocon-

triction in graft segments ( Fig. 7 A). There was no evidence that

he type of detergent or RUV treatment had an effect on contrac-

ility (p = 0.25). Taken together, decellularized grafts showed a

ean contractile force of 1.99 mN (95% CI 1.68–2.30), which is sig-

ificantly greater than 0, as measured in decellularized (acellular)

rafts prior implantation (p < 0.0 0 01, Fig. 7 B), i.e. treated grafts re-

ained contractile capacity while being implanted. The contractile

esponse, however, was still 2.37 mN (95% CI 1.62–3.12, p < 0.0 0 01,

ig. 7 C & D) lower than the response of native vessels. 

. Discussion 

There is a clear need for artificial grafts with improved func-

ional characteristics and patency rates to overcome current limi-

ations in cardiovascular surgery and to provide an adequate alter-

ative to autologous blood vessel grafting. Graft wall architecture,

urface topography and biomechanical properties play crucial roles

n graft patency. As a consequence, incompatible graft characteris-
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Fig. 6. Immunofluorescence staining of midgraft cross sections shows a deposition of laminin (Lam) and smooth muscle actin (SMA) one month after implantation. (A, B) 

merged channels (Lam/SMA/DAPI). (C, D) SMA channel only. All grafts show Lam and SMA positive stained areas. RUV treated grafts reveal SMA depositions in the whole 

graft walls, while SMA signals in untreated grafts were limited to the luminal area of the graft wall. 
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tics as a rough surface, or the absence of a functional endothelium

may cause thrombotic events after implantation [39] and inappro-

priate degradation rates may influence the possibility of calcifica-

tion [40] or aneurysm formation, which severely limits the long-

term performance of vascular grafts [41] . 

In the present study, we investigated the use of riboflavin-

mediated UV (RUV) crosslinking to improve the characteristics of

decellularized small diameter vascular grafts derived from placen-

tal chorionic arteries. Riboflavin has been shown to increase UV ab-

sorption in collagenous tissue and therefore facilitates UV-induced

collagen cross-linking. Noteably, if this effect is due to the creation

of reactive oxygen species or photodynamic-processes is not com-

pletely understood [42] . 

The results of this study suggest that the RUV treatment im-

proves surface smoothness and ultimate mechanical strength with-

out detrimental effects on graft elasticity. Compared to untreated

controls cell migration and tissue remodeling were not impaired,

as it was often observed when using chemical crosslinking strate-

gies [43] . 

Previously, we have shown that Triton-X100 or SDS decellular-

ization successfully remove cells and their components from small

arteries isolated from the human placenta chorionic plate. How-

ever, ultrastructural changes of the decellularized matrix graft were

evident and were associated with disruptive properties of deter-

gents [14] . Besides decreased biomechanical strength of the matrix

grafts, decellularization treatment leads to exposure of collagen

fibers with only low amount of remnants of basement membrane

on the luminal surface, which may induce platelet aggregation and
hrombosis leading to immediate graft occlusion after implanta-

ion [44] . Therefore, we intended to further improve the hemo-

ompatibility and biomechanical strength of the decellularized ma-

rix grafts to ensure safe application. In 2013, Ramesh et al. de-

cribed the use of allogenic decellularized saphenous veins, which

ere crosslinked by dye-mediated photooxidation [45] . They have

eported a favorable increase in biomechanical strength, hemocom-

atibility and smoothening of the luminal surface of the homo-

rafts when compared to native veins. The blood vessels were de-

ived from human cadavers which may cause ethical concerns, es-

ecially when the final product should be commercialized. By con-

rast, our approach described here using placental vessels repre-

ents a suitable alternative to the use of blood vessels from human

adavers. 

Human placental tissue, often only considered as a clinical

aste product, has remarkable potential for its use in tissue engi-

eering and can be harvested in large quantities without hesitation

f an ethical approval and the informed consent of the patients is

vailable [ 46 , 47 ]. We believe that decellularized arteries from the

etal part of the placenta, including the umbilical cord, have great

otential to complement existing blood vessel replacement strate-

ies, including autologous or cadaver donation. RUV crosslinking of

he collagen matrix is a suitable method to further improve graft

haracteristics. 

In this study, RUV crosslinking proved to smoothen the luminal

raft surface, and prevented the exposure of collagen fibers, which

ignificantly reduced platelet adhesion compared to untreated con-

rols in vitro . No cytotoxic effect was observed during treatment,
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Fig. 7. Vasoconstrictive response of matrix grafts after stimulation with potassium in an organic bath of a DMT myograph system. (A) A 2 mm segment of a vascular graft 

mounted to the steel pins in the myograph chamber. (B) Raw data with mean values. (C) Confidence interval showing the estimated mean contraction force with its 95% 

confidence interval, which does not include 0, indicating that the contraction force was significantly higher than 0. (D) Estimated difference between all native and all other 

grafts with 95% confidence interval. Estimated mean contraction force values of decellularized grafts were significantly lower compared to contraction of native vessels. 
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nd the graft surfaces showed high wettability, indicated by low

ontact angles between 33 and 40 degrees before and after RUV

rosslinking. A hydrophilic graft surface indicates a high cell-matrix

ffinity [ 4 8 , 4 9 ], which correlates with our findings showing unim-

eded cell growth of endothelial cells in vitro and the formation of

 confluent endothelial layer in vivo. 

An in vitro collagenase II (MMP-8) digestion assay of small di-

meter vascular grafts was performed to visualize the effects of

raft modification steps (RUV and heparinization) on the degra-

ation rate. MMP-8 was used because it is always the predom-

nant collagenase in normal wound healing. This experiment re-

ealed that only RUV-crosslinked samples showed a slight delay in

egradation at early times (15 and 30 min). After 90 min, all sam-

les were fully digested (Suppl. Fig. 3). 

Biomechanical tests revealed significantly improved tensile

trength of RUV treated grafts. Suture retention strength was sig-

ificantly increased. In comparison, natural tissues like the saphe-

ous vein and the internal mammary artery have suture retention

trengths in the range of 90–140 g [50] . RUV crosslinking also sig-

ificantly increased the burst pressure of the small diameter, thin-

alled decellularized grafts by an average value of 900 mmHg to

ore than 2300 mmHg. According to the literature, physiologi-

al human saphenous veins exhibit an average burst pressure of

260 ± 230 mmHg, while the internal mammary arteries reveals

alues between 1523 ± 654 mmHg and 3169 ± 1026 mmHg [51-

4] . 

High patency rates of autologous grafts are not only due to their

onfluent endothelial layer. It is hypothesized that among other

actors the compliance represents a main factor for graft patency

55] . As shown by Smith et al. adaption of vascular graft com-
liance at the anastomoses sites to the host vessel compliance

t the anastomoses sites led to improved patency rates [56] . The

natomical structure of the grafts also plays an important role. The

aphenous vein has been shown to be easily accessible to the sur-

eon, but elastic arteries like the internal mammary artery have

roven to be even better vascular substitutes as they show opti-

al compliance and are not affected by atherosclerosis [57] , lead-

ng to 90% patency after 7–10 years of implantation [58–60] . Fur-

hermore, functional remodeling of vascular grafts is an important

actor for successful long-term application. 

In the present study it has to be emphasized, that RUV

rosslinking did not affect graft compliance, although it caused

 significant increase in biomechanical strength and burst pres-

ure of the fabricated implants. However, there was a distinct de-

rease of graft compliance evident after short-term implantation

30 days), possibly due to rapid cell migration and vascular graft

emodeling. It can be speculated that the high systemic blood pres-

ure in the aorta of the rat induced rapid remodeling of the origi-

ally thin graft wall (20 0–40 0 μm). Species differences may be fur-

her relevant because we implanted human placental grafts into a

odent model. However, histology and blood profiles did not in-

icate severe immunogenic reactions (Suppl. Fig. 6 & 7). The re-

ulting compliance after in vivo application of the grafts was still

igher than in most tissue engineered grafts prior implantation

 61 , 62 ]. Nevertheless, further observations are needed to evaluate

he remodeling process during long-term application in a large an-

mal model. 

Prior to implantation, all grafts used in this study were hep-

rinized by EDC coupling as described before [63] , whereby a

ystematic anticoagulation was not necessary during and after
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the surgical intervention. After 30 days, histological examination

showed complete reendothelialization of the luminal surface of all

grafts, and no signs of thrombus formation indicating that the an-

ticoagulative effect of heparinization appears to be active until the

reendothelialized surface is able to provide sufficient thrombore-

sistance via biochemical processes regulating intrinsic and extrinsic

coagulation pathways [64] . 

During the 1 month of implantation grafts showed appropri-

ate performance and no failure modes. There were no signs of

lumen narrowing, vasodilatation or aneurysm formation. No se-

vere systemic or local inflammation was observed in the animals

even though the xenogenic setup. Only low numbers of inflamma-

tory cells (CD3, CD20, CD68 positive cells) were found in the graft

wall. There was no indication of undesired calcified areas. Both,

untreated and RUV crosslinked grafts enabled cell migration into

the vessel wall and functional remodeling also indicated by func-

tional stimulation tests. The repopulation of the grafts was not af-

fected by the different decellularization methods nor by the RUV

treatment and grafts revealed a dense population of differentiated

desmin- and calponin-positive muscle cells only after one month

of implantation. Several studies showed a strong effect of laminin

on endothelial cell attachment and proliferation [65] . We observed

the expression of laminin in the luminal area in untreated and RUV

treated grafts after 1-month of implantation. However, RUV treated

samples showed a distribution of laminin as well as smooth mus-

cle actin predominantly in the medial and adventitial area of the

graft wall. We speculate that RUV activates mechanisms of graft

healing and aortic vessel wall maturation. It was shown in rats,

that there is a constant increase in aortic laminin and actin ex-

pression between week 5 and 12 during development [66] . This

expression is important for the maturation of the smooth muscle

cell phenotype. Furthermore, it has been demonstrated that the in-

growth and proliferation of smooth muscle cells into the graft wall

of synthetic, as well as autologous vein grafts is an indicator for

graft healing [67–69] . Both, untreated and RUV crosslinked grafts

enabled cell migration into the vessel wall and functional remod-

eling. The repopulation of the grafts was not affected by the differ-

ent decellularization methods nor by the RUV treatment and grafts

revealed a dense population of migrated cells after one month of

implantation. Smooth muscle function was confirmed by contrac-

tile response to potassium stimulation in all grafts indicating the

restoration of a functional muscular layer. 

5. Conclusion 

The design of a successful vascular graft with all the desir-

able characteristics like a non-thrombogenic surface, sufficient me-

chanical strength, resistance to intimal hyperplasia and compatibil-

ity with the host tissue remains challenging. Decellularized matrix

grafts seem to be promising candidates to overcome these limita-

tions especially when additional matrix modifications are used to

compensate destructive changes during fabrication. In this study

we demonstrate that RUV crosslinking is an effective approach to

improve the characteristics of decellularized matrix grafts ensuring

adequate biomechanical properties and host cell infiltration pro-

moting subsequent graft remodeling. 

6. Limitations of the study 

The limitations of the study refer to the use of a small animal

model, as rats show differences in comparative physiology (throm-

bogenicity, hemodynamics). However, the rat model is widely ac-

cepted for early-proof of concept studies to assess the biocompat-

ibility and function of the graft before large animal experiments

are performed. Further investigations are necessary to validate the
onvincing results of this research in a large animal, long-term im-

lantation model using grafts with clinically relevant specifications.
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