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Toward “Green” Vessels: Characterization of Microstructure,
Mechanics, and Endothelial Cell Interaction on Three
Macro-Tubular Plants for Vascular Tissue Engineering
Applications

Ali Salehi,* Meriem Ernez, Gemma Lucas Salido, and Giorgio Cattaneo

Vascular tissue engineering aims to create vessel models for in vitro research
and develop vascular grafts for in vivo applications using tubular scaffolds.
Natural scaffolds outperform synthetic ones due to their biocompatibility and
natural microenvironment supporting cell growth. Given the importance of
producing biocompatible tubular scaffolds through cost-effective and uncom-
plicated processes, this study introduces nature-derived tubular structures
from three decellularized tubular plants (Water Spinach, Green Onion, and
Water Horsetail) as novel alternatives. Microstructural characterization on the
luminal surfaces of the plants reveals unique surface topography for each. Wa-
ter Spinach is the most promising graft candidate in suturability tests besides
presenting the highest elongation before rupture in tensile test. Assessment
of human endothelial cells on the luminal surfaces of decellularized scaffolds
shows higher expression of Ki-67 protein and a consistent increase in cell
number on water spinach and green onion scaffolds compared to tissue culture
plate as a control. Focal adhesion-related molecule Vinculin is expressed more
than twice on all scaffolds compared to control, and confluent cell monolayers
are formed on water spinach and green onion scaffolds, as confirmed by
VE-cadherin. This study proposes an innovative approach to use the natural
structure of macro-tubular plants for the preparation of vascular scaffolds.

1. Introduction

Vascular tissue engineering aims at the dimensional and func-
tional in vitro reproduction of blood vessels embedding human
cells within synthetic or natural scaffolds. The resulting biolo-
gized scaffolds show a high potential for implantation as vascular
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grafts and models for in vitro research on
cardiovascular diseases (CVD) and their
treatment.

Vascular grafts are used to bypass or
replace narrowed or occluded vessels
through a surgical procedure. Synthetic
vascular grafts made of Polyester[1] or ex-
panded Polytetrafluoroethylene (PTFE)[2]

as well as biological vascular grafts
such as xenografts,[3] cryopreserved
allografts[4] and human autologous
grafts[5] have been used widely in pa-
tients. However, limitations such as poor
long-term patency in small-diameter
(<6 mm) as well as immune rejec-
tion and risk of animal-transmitted
diseases in biological grafts remain
a major concern.[6–8] Employing ani-
mal tissues in regenerative medicine
offers advantages stemming from
structural and organ similarities be-
tween animals and humans. However,
this practice raises concerns regard-
ing availability, reproducibility, high
cost, and ethical considerations.[9,10]

As an alternative, different approaches
including electrospinning,[11,12] melt electrowriting,[13,14]

casting,[15] rolling,[16] and 3D printing,[16,17] have been used to
manufacture tubular scaffolds for the preparation of biologized
vessel grafts. High cost of production, expensive equipment,
complex process, possible production of toxic residues and
byproducts are the reported drawbacks of these methods.[18]

Vascular grafts must endure suture tension during implantation
without rupturing, ensuring durability at the edges and the
ability to withstand blood pressure.[19] Common methods for
assessing the suitability of vascular grafts include testing suture
retention strength and manually evaluating suturability.[20–23]

Vascular models are widely used to investigate catheter-based
vascular implants such as stents, stent-grafts, or flow diverters
intended for treatment of vascular diseases such as stenoses and
aneurysms.[24] Preclinical tests aim to predict mechanical and
other interactions between the implant and the surrounding tis-
sue as well as the blood response to the foreign material, ensur-
ing maximum safety. Generally, silicon or PVC tubes or block
models with simplified anatomical characteristics are used to
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investigate fluid dynamics[25–27] or blood reaction to foreign im-
plant surfaces.[28,29] Vascular models including an endothelial cell
layer have been presented with the aim of replicating the biolog-
ical environment of a vascular implant,[30–34] potentially adding
a biological component crucial for the investigation of implant-
triggered thrombus formation and implant surface endothelial-
ization. In fact, the endothelium lining of the native vasculature
is resistant to thrombosis and regulates vessel function, platelet
activation, and leukocyte adhesion.[35] As a result, the lack of en-
dothelial cell monolayer on biomaterials used as vascular mod-
els favors thrombosis and thus distorts results in studies fo-
cusing on implant-blood interaction.[36] For this reason, the in-
clusion of an endothelial monolayer, known as endothelializa-
tion, on the luminal surface of vascular models has been inves-
tigated in some previous studies. However, after endothelializa-
tion of tubular scaffolds via a bioreactor, asymmetric cell adhe-
sion as well as random cell orientation have been reported as
drawbacks.[37–39] Moreover, stent implantation within previously
endothelialized vascular models produced a detachment of en-
dothelial cells.[37,38,40] Generation of surface topographies mim-
icking the natural cell environment by means of roughness, mi-
crochannels, nanofibers and microgrooves improved cell behav-
ior in terms of proliferation and orientation in previous studies
on planar substrates.[41–44]

Considering the limitations of current technologies, the im-
portance of investigating novel materials and technologies
for tubular scaffold fabrication and endothelialization appears
to be extremely significant. Among them, decellularized tis-
sues from natural sources have the potential to provide nat-
ural structures “designed” to host human cells. While ani-
mal tissues offer the advantage of human-similarity in me-
chanical and anatomical characteristics, concerns include low
reproducibility, limited accessibility and availability, difficul-
ties in extracting target tissues without damage and finally
ethical issues.[45–48] Furthermore, 𝛼 -gal carbohydrate antigen
and major histocompatibility complex (MHC) molecules found
in animal cell membranes represent the main cause of im-
mune rejection during transplantation of decellularized animal
scaffolds.[49]

Plant-based tissue engineering has the potential to play a sig-
nificant role in the production of natural vascular grafts as well
as models for in vitro cardiovascular research in the future. The
structural framework of plant cell walls consists of polysaccha-
rides including cellulose, hemicellulose, and pectin, alongside an
assortment of proteins.[50] These polysaccharides contribute to
structural integrity, mechanical strength, and flexibility.[51] Plant
cells are made up of cellulose, a linear polymer organized into
microfibrils. Cellulose, the most prevalent polysaccharide in na-
ture, comprises linear chains consisting of 𝛽 (1→4) D-glucose
units. Cellulose is valued in biomedical research for its numer-
ous advantageous properties, such as its widespread availabil-
ity, biocompatibility, minimal cytotoxicity, biodegradability, and
adjustable mechanical characteristics.[52] Cellulose finds applica-
tions in various areas of tissue engineering research and is also
utilized in FDA-approved surgical wound dressings designed for
hemostatic purposes and a commercial scaffold for the treatment
of knee cartilaginous damages.[53,54] In recent times, cellulose
has attracted attention for biomedical purposes like manufac-
turing hemodialysis membranes and vascular grafts due to the

hemocompatibility, mechanical resilience, and flexibility of this
material.[55,56]

The potential of plant-based cellulose scaffolds for cultivat-
ing mammalian cells in a 3D environment was first intro-
duced by Modulevsky et al. where a decellularized apple scaf-
fold provided an alternative method to current techniques.[57]

This emerging path has been followed in more specific appli-
cations such as vascular, bone, cartilage, and skin tissue en-
gineering, muscle regeneration, and drug delivery.[50,58–66] No-
tably, the available natural microenvironment in decellular-
ized plant scaffolds promotes cell adhesion, proliferation, and
differentiation.[50,62,67–73] Regarding surface modification of plant
scaffolds, collagen coating, a well-known surface modification
technique for decellularized plant scaffolds, has been frequently
reported to enhance cell adhesion on these scaffolds.[57,61,66,74–79]

Recent studies demonstrate in vitro and in vivo biocompat-
ibility of plant-derived cellulose scaffolds.[50,75,80] Among oth-
ers, a typical foreign body reaction to implanted decellular-
ized apple scaffold in mice skin after 1 week and the disap-
pearance of this immune response after 8 weeks has been
reported.[80]

Although previous studies revealed the potential of decellu-
larized plant tissues for several tissue engineering applications,
a few studies investigated the potential of tubular plants for
vascular tissue engineering. For instance, decellularized Pars-
ley stems were recently introduced as potential vascular grafts,
however, the narrow luminal dimension of this plant limits their
application.[58] Given the importance of advancing vascular tis-
sue engineering to overcome the limitations of existing vascular
grafts and vessel models, this study aims to introduce innova-
tive biologized tubular scaffolds derived from plants as a new ap-
proach. Among various plant options, three tubular plants with
stable structures and large inner diameters ranging from 3.4 to
6.5 mm, referred to as “macro-tubular,” were selected. These
plants were decellularized and their luminal surfaces were ex-
amined using scanning electron microscopy (SEM) and confocal
microscopy, followed by tensile testing to assess their mechani-
cal properties. To evaluate the potential of decellularized plants
as vascular grafts, their suturability was assessed by measuring
suture retention strength and grafting onto animal coronary and
pulmonary arteries. Endothelial cells were then cultured on the
luminal surfaces of the plant-derived scaffolds. Finally, cell adhe-
sion, proliferation, viability, and the formation of cell-to-cell and
cell-to-substrate junctions were analyzed using fluorescence mi-
croscopy.

2. Results

2.1. Scaffold Characterization

2.1.1. Dimensional Characterization and DNA Quantification

Green onion (GO), Water spinach (WS) and Water horsetail (WH)
plants were prepared for this study as can be seen respectively
from left to right in Figure 1A. After the decellularization treat-
ment, all plants lost their color while keeping their integrity
(Figure 1B). Cross-sectional imaging (Figure 2) demonstrated
that the tubular geometry of the plants was preserved after decel-
lularization (D) treatment, comparable to that of the native plants
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Figure 1. A) GO, WS, and WH plants in native and B) decellularized state.

(N). However, some inhomogeneity in the wall thickness of the
decellularized plants was observed. The inner diameter and wall
thickness were measured 6.61 ± 0.73 mm and 0.59 ± 0.16 mm
for GO, 4.91 ± 0.34 mm and 1.10 ± 0.17 mm for WS and 3.40
± 0.25 mm and 0.56 ± 0.13 mm for WH, respectively. Further-

more, the inner diameter and wall thickness variations in indi-
vidual samples of each plant are presented in detail in, Table S2
(Supporting Information). DNA amount decreased significantly
to less than 50 ng mg−1 tissue in all the decellularized plants
(Figure 3).

Figure 2. Cross-sectional microscopy of the plants before and after decellularization.

Adv. Mater. Technol. 2025, 10, 2401129 2401129 (3 of 17) © 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 3. Detected DNA content in the native and decellularized plants (n = 3).

2.1.2. Microstructural Investigation

The microstructure of the scaffolds was evaluated by imaging
from the inner surface of the tubular plants. Scanning elec-
tron microscopy (SEM) and confocal microscopy were utilized
for morphological study of the scaffolds and the results are pre-
sented in Figure 4. Consistent results of SEM and confocal mi-
croscopy illustrate that plants’ natural microstructures were only
accessible after the decellularization treatment (Figure 4B,F,J)
while covered before decellularization (Figure 4A,E,I). Accord-
ingly, decellularization caused a rise in surface roughness for all
plants. Microscopical data of decellularized WH demonstrated
deep parallel grooves with a depth of 35.80 ± 1.47 μm and regular
peaks and valleys formed longitudinally along the plant’s inner
surface (Figure 4J,L). Decellularized GO (Figure 4B,D) showed
regular and rectangular depressions arranged on its surface,
and areas with regular microstructures were observed on WS
(Figure 4F,H). Microstructures were shallower in GO and WS
compared to WH, amounting to ≈1.78 ± 0.32 and 3.26 ± 0.23 μm
respectively. Table 1 presents the microstructural characteristics
of the samples.

2.1.3. Mechanical Characteristics

A tensile test was performed to determine Young´s modulus,
tensile strength, and maximum elongation of the plant scaf-
folds. In general, decellularized tissues showed noticeably lower
Young´s modulus, tensile strength, and maximum elongation
compared to the native plants. As depicted in Figure 5A, native
and decellularized WH showed the highest Young’s module of
343.7 ± 15.6 and 73.9 ± 15.69 MPa respectively, and thus in
higher order on magnitude compared to native and decellular-
ized WS (21.54 ± 1.18 and 10.35 ± 2.33 MPa) and GO (19.49
± 1.38 MPa and 8.42 ± 2.30 MPa) respectively. Similarly, the ul-
timate tensile strength values were measured as follows: 6191
± 2766 kPa for native WH and 1098 ± 615.1 kPa for decellular-
ized WH; 402.7 ± 153.9 kPa for native GO and 73.4 ± 23.6 kPa
for decellularized GO; and 872.7 ± 44.5 kPa for native WS and
240.6 ± 100.3 kPa for decellularized WS. The decellularization
treatment significantly reduced the maximum elongation of the
plants, as shown in Figure 5B. Among the decellularized tissues,
WS exhibited the highest elongation, with a maximum value of
7.31 ± 0.64% after decellularization. In comparison, GO and WH

showed similar maximum elongations of 2.80 ± 1.13% and 2.37
± 0.59%, respectively.

Investigations into the suturability of the decellularized plants
revealed that WS samples showed the most promise compared
to GO and WH samples. As shown in Figure 6, the suture re-
tention force in WS (0.184 ± 0.06 N) was significantly higher
than in GO (0.059 ± 0.03 N) and WH (0.063 ± 0.02 N). Addition-
ally, suture retention strength (SRS), calculated from the mea-
sured forces and taking into account the sample wall thickness,
was 2.39 ± 0.84 MPa for WS, 1.42 ± 0.83 MPa for GO, and 1.61
± 0.69 MPa for WH.

Additionally, the performance of the wet decellularized plants
in forming anastomosis was investigated. In general, end-to-end
suturing of the decellularized plants to plants and to the ani-
mal vessels was feasible as we observed structural integrity at
the anastomosis and smooth passage of sutures through the graft
wall as depicted in Figure 7. During the surgical needle punctur-
ing we detected no crack marks near the puncture sites in the
decellularized plants. The loss of tubular shape in some samples
of GO increased suture difficulty and time. As anticipated from
the suture retention evaluations, we experienced that end-to-end
suturing of WS to WS, as well as WS to animal vessels, was signif-
icantly easier and more reproducible compared to GO and WH.
This was attributed to the higher resistance to rupture during the
firm stretch and further knotting.

To enhance our understanding of the potential for further ap-
plication of decellularized plants, we designed and conducted a
multi-stitch tensile strength test. The results of the test on the de-
cellularized plants grafted to porcine arteries demonstrated that
WS could withstand greater tensile force compared to the other
samples, which was consistent with the findings from the suture
retention experiment. By dividing the maximum recorded force
by the number of stitches in each sample, the maximum tensile
force per stitch was calculated as 0.066 ± 0.003 N for GO, 0.062
± 0.011 N for WH, and 0.216± 0.074 N for WS, which falls within
the range of values obtained from the suture retention test.

2.2. Cell Adhesion

Actin filaments and nuclei of the cells are visualized in
Figure 8. Microscopy revealed that endothelial cells attached and
evenly spread on the surface of WS and GO. In contrast, large
zones without any attached cells were detected in WH scaffold.
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Figure 4. SEM imaging and confocal microscopy of the luminal surface of the plants. SEM images of A) GO before decellularization and B) after decel-
lularization, 3D representations of C) GO before decellularization and D) after decellularization. SEM images of E) WS before decellularization and F)
after decellularization, 3D representations of G) WS before decellularization and H) after decellularization. SEM images of I) WH before decellularization
and J) after decellularization, 3D representations of K) WH before decellularization and L) after decellularization.

A part of the cells on GO showed elongated morphology (labeled
with red arrows), presumably in response to the rectangular cavi-
ties on the microstructure while this was not observed on WS. In
some regions (labeled with red arrows) on WH, cells were elon-
gated compared to the morphology of cells in TCP, potentially
following the parallel groove-like topography of the scaffold.

2.3. Cell Viability

The viability percentage was greater than 80% for TCP, GO, and
WS and 70% for WH at every time point (Figure 9), suggesting
the lack of cytotoxic residues from the decellularization process
in the plant structures and indicating no cytotoxic effects from
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the chemicals in the selected plants. Additionally, there was no
statistically significant difference (p > 0.05) observed when com-
paring the viability of cells cultured on decellularized samples
of GO and WS compared to TCP control samples. Nevertheless,
the viability rate in WH remained significantly lower than in the
other samples on days 2, 3, and 4.

2.4. Cell Proliferation

Immunofluorescence staining of Ki-67 antibody as the prolifera-
tion marker of cells on day 1 is illustrated in Figure 10A. Quan-
tification of Ki-67-expressing cells on scaffolds and the control
group showed significantly more positive cells for this marker
on WS and GO in comparison to TCP whereas, no trace of Ki-
67 protein was found in the majority of endothelial cells on WH
(Figure 10B).

As Figure 11 presents, on the first day of endothelialization,
cell number on the three plant scaffolds was higher than TCP.
During the whole period of endothelialization, the number of
cells on TCP, GO, and WS steadily increased with a significant
rise from day 1 to day 4, while this number decreased in WH. On
the last day of endothelialization, significantly fewer cells were
observed in WH compared to TCP in contrast to GO and WS, in
which more cells were detected.

2.5. Vinculin and VE-Cadherin Expression

Representative images of immunostaining for the Vinculin pro-
tein, associated with cell-to-matrix junctions in the focal adhe-
sion complex, on the final day of endothelialization are shown
in Figure 12A. The average fluorescence intensity of this protein
was quantified and is presented in Figure 12B. The cells on all
three scaffolds expressed significantly more than 2.5-fold Vin-
culin in comparison to the TCP control group, with the highest
Vinculin intensity nearly equivalent in cells on the GO and WS
scaffolds.

Moreover, Figure 13 shows the VE-cadherin expression in
green dye, indicating the endothelial cell-to-cell junctions on the
4th day. In general, HUVECs showing VE-cadherin expression
were observed across all three scaffolds as well as in the TCP con-
trol group. While in TCP, GO and WS a uniform monolayer of
endothelial cells was formed and well-organized cell-to-cell junc-
tions positive for VE-cadherin were visible, this phenomenon was
not evident in WH scaffold, where cell clusters were isolated and
bounded by cell-free areas.

3. Discussion

The development of biologized tubular scaffolds as vascular
grafts and in vitro vessel models is of paramount importance.
These scaffolds provide a more physiologically relevant environ-
ment, improving vascular regeneration and predictability of pre-
clinical testing for vascular implants and therapeutic interven-
tions. They could consequently reduce reliance on animal models
in accordance with the 3R principles (Replacement, Reduction,
and Refinement), thereby accelerating the translational success
of vascular research.

Considering the great variety of plant kingdom, selection of
proper plants and their mechanical characterization after decel-
lularization are fundamental steps toward reliable replication
of mammalian tissue properties and consequently use in tis-
sue engineering applications. Decellularized plant tissues pri-
marily consist of cellulose, a biocompatible biomaterial that
has been gaining attention in tissue engineering. Promising
properties of decellularized plants include biocompatibility,[56,80]

non-cytotoxicity,[50,60] cost-effectiveness,[58,59] and owning natu-
ral microstructure that facilitates cell adhesion, proliferation,
and differentiation.[61,62,64,66] Currently, CelluBridge and Cellu-
Juve products (SPIDERWORT, Ottawa, Canada) from decellu-
larized plants are being used for the regeneration of the spinal
cord and the healing of dermal wounds, respectively. However,
plant tissues—unlike decellularized animal blood vessels—lack
specific polymers and biomacromolecules found in blood vessels
that may support endothelialization and tissue remodeling.[46]

Previous research in plant-based vascular tissue engineer-
ing has been limited to cultivating endothelial cells either on
the planar surface of plant leaves such as Sorghum and An-
thurium Magnificum leaves[61,69] or within microchannels of
plant leaf petioles and veins including Spinach, Parsley, and
Cabbage.[50,58,70,81,82] Gershlak et al. showed that the prevascular-
ized structure of decellularized spinach leaves was similar to the
vascular branching structure of a decellularized rat heart. Never-
theless, full endothelialization of leaf microchannels with HU-
VECs was limited possibly due to the lack of a perfusion-based
bioreactor.[50] Walawalkar et al. showed that endothelial cells in
the decellularized large leaf scaffold of cabbage proliferate and
maintain metabolic activity.[81] Most recently, Cevik et al. intro-
duced a suitable environment of parsley stems for endothelial
cell culture and emphasized its potential as a vascular graft. The
viability of endothelial cells and collagen deposition by HUVECs
on the scaffolds was assessed quantitively and endothelial cells
on the scaffolds were qualitatively shown by DAPI and SEM
imaging.[58] However, the application of this scaffold is limited
due to the narrow inner diameter (<1 mm) of the parsley stem.
In our study, we introduced macro-tubular plants with large in-
ner diameters of 3.4 to 6.6 mm to broaden their potential applica-
tions. Moreover, to ensure a thorough understanding of the for-
mation of a complete monolayer of endothelial cells on the scaf-
folds, we considered the importance of visualizing cell junctions
and cytoskeleton in addition to staining cell nuclei, which pro-
vides a more comprehensive view of cell distribution and scaffold
coverage.

To the best of our knowledge, no systematic study on large-
diameter tubular plants as potential vascular scaffolds has been
carried out. In our study, we investigated three plants with an
inner diameter ranging from 3.4 to 6.6 mm, a dimensional range
potentially suitable for both vessel-graft implantation as well as
biologized in vitro models for research on endovascular implants.
We characterized the mechanical and microstructural properties
of these tubular plants and assessed their suitability for hosting
endothelial cells by investigating their proliferation, cell-to-cell as
well as cell-to-scaffold interaction.

Among the variety of tubular plants found in nature, we specif-
ically chose water horsetail, green onion, and water spinach based
on logistical aspects (accessibility and availability), dimensional
characteristics as well as preliminary experiments, showing their
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Table 1. Microstructural characterization of the luminal surface of the plants (n = 5).

Sample Microstructure after decellularization Sa [μm] native plant Sa [μm] decellularized Structure geometry

WH Parallel grooves 3.41± 0.36 35.80 ± 1.47 Grooves’ lateral distance: 64.62 ± 3.11 μm
Maximum grooves’ peak = 59.42 ± 6.77μm

GO Rectangular depressions 1.49 ± 0.26 1.78 ± 0.32 Depressions’ width: 49.78 ± 4.62 μm
Depressions’ length: variable

WS High-density micropeaks 2.15 ± 0.34 3.26 ± 0.23 Longitudinally textured

integrity and stability following decellularization treatment. Sig-
nificant reduction in the plant DNA and detection of less than
50 ng double-stranded DNA/mg tissue in all three plants con-
firmed a successful decellularization approach according to com-
mon criteria.[83]

In all plants, Young’s modulus, ultimate tensile strength
(UTS), and maximum elongation decreased after decellulariza-
tion. Among the parameters, Young´s modulus experienced the
highest drop over one order of magnitude or more in all plants.
Young´s modulus of the decellularized WS and GO (10.35 ± 2.33
and 8.42 ± 2.30 MPa) was significantly lower compared to WH
(73.91 ± 15.69 MPa), yet still higher compared to natural blood
vessels which range from 200 kPa to more than 1 MPa depending
on the tissue and source.[84–86,87–90] The higher ultimate tensile
strength in the WS scaffold compared to GO (240.6± 100.3 kPa to
73.4 ± 23.6 kPa) and higher maximum elongation (7.31 ± 0.64%
to 2.80± 1.13%) might make this plant a more promising scaffold
in terms of mechanical similarity to compliant vessels. Nonethe-
less, previous studies have reported an average of 10% longitudi-
nal strain in the coronary arteries of eight humans and UTS of
more than 2 MPa in porcine carotid arteries.[88,91] Moreover, in
our study mechanical properties were detected in the longitudi-
nal direction, while the strength in the circumferential direction
is more critical during blood pulsation.

The feasibility of suturing plant-to-plant vessels may enable
the preparation of modular and longer grafts when more complex
anatomies are needed. The anastomosis of plant-derived tubu-

lar structures with animal vessels demonstrated the potential
feasibility of integrating plant-based grafts with natural tissue.
Nevertheless, the suturability of WS was more promising com-
pared to WH and GO. The suture retention of the GO and WH
grafts did not align with values reported in the literature; how-
ever, the suture retention of WS was within the range of grafts
made from natural polymers, as documented in previous stud-
ies. In particular, the WS graft in our study showed higher su-
ture retention strength (2.39 ± 0.84 MPa) than the introduced
graft from the decellularized parsley stem (0.066 ± 0.029 MPa)
by Cevik et al.[58] Moreover, the SRS of 0.184 ± 0.06 N measured
in WS is similar to the electrospun Fibrin-PCL grafts introduced
by Elliott et al, showing a SRS of 0.21± 0.08 N.[92] Similarly, the
SRS for collagen-based grafts amounted to 0.29–0.49 N by Yu
et al.[93] Gupta et al. reported 0.38 ± 0.11 N to 0.46 ± 0.11 N
suture retention strength for bioresorbable silk grafts,[94] while
Wang et al. showed the SRS of 0.45 N for silk fibroin-gelatin vas-
cular grafts.[95] Finally, Cavez et al. reported the SRS of collagen-
elastin vascular graft in the range of 0.34–1.88 N.[96] Despite the
promising results of WS scaffold, we recognize the potential for
improving our grafts’ suturability to achieve a higher suture re-
tention force of ≈2N that meets the generally accepted threshold
for clinical implantation.[97]

Endothelialization of blood-contacting implants is crucial
regarding the inhibition of blood coagulation and platelet
activation.[98] Additionally, endothelialized materials potentially
replicate the biological environment for conducting in vitro

Figure 5. A) Young´s modulus of the decellularized (-D) and native (-N) plants. Figure 5. B) maximum elongation of the plants in decellularized (-D)
and native (-N) states (n = 3).
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Figure 6. Maximum load depicted as suture retention force (N) mea-
sured by tensile machine in decellularized tissues from GO, WH, and WS
(n = 6).

investigations on cardiovascular implants and
pharmaceuticals.[99,33] In this context, the influence of the
material surface on endothelial cell proliferation, function,
and immunoresponse is crucial.[36] The structure of cellulose
can mimic collagen fibers in the natural extracellular matrix
(ECM) of animals, forming a 3D matrix that supports tissue
regeneration.[100] Since cellulose constitutes the predominant
component of post-decellularization plant structures, the re-
sulting substrate can effectively mimic the ECM for cell culture
in vitro. In our study, microscopical analysis of the surface
properties of the inner sections of the plants performed using
scanning electron and confocal microscopy revealed that native
plants exhibited smoother surfaces compared to those that had
undergone decellularization. The decellularization procedure
exposes the underlying microstructure of the plants, perhaps
due to the removal of epicuticular wax, which is known to cover
plant stems.[101] Consequently, specific surface morphologies
were observed on each plant.

As natural vascular tissues have nano-to-microscale features
that support the proliferation of endothelial cells,[102–104] it is cru-
cial to notice the correlation between the surface properties of
scaffolds and subsequent endothelialization in vitro. The influ-
ence of decellularized plant substrates on cell arrangement has
been previously reported.[105] Allan et al. showed that nano and
micro-grooves on the surface of decellularized amenity grass pro-
vide contact guidance supporting myoblast cell alignment and
proliferation.[106] Previously, studies by Cheng et al. and Yun et al.
showed that groove structures on the outer portion of the white
bulb of green onion and Sorghum leaves, respectively, can guide
muscle cell alignment.[61,107] In this project, we hypothesized
that the natural ECM and microarchitecture of the decellularized
tubular plants might stimulate endothelial cells adhesion, pro-
liferation, and interaction with substrate. We observed that actin
filaments in endothelial cells are elongated, likely aligning with
the microgrooves along the longitudinal axis of WH scaffolds.
Additionally, the rectangular surface depressions on the GO scaf-
folds appeared to impact cytoskeletal rearrangement in some en-
dothelial cells. Among the scaffolds, WS and GO scaffolds en-
abled homogenous adhesion and distribution of endothelial cells.
However, deeper parallel grooves with ≈59 μm elevation might

have been responsible for cell-free areas over the surface of WH-
scaffolds.

Viability assays during 4 days of endothelialization did not re-
veal any cytotoxic effect of the prepared scaffolds on endothe-
lial cells. Ki-67, a protein that is expressed in the nuclei of
proliferating cells, is a well-known marker for assessing cell
proliferation.[108,109] Physical, chemical, and mechanical proper-
ties of substrates can affect proliferation of endothelial cells and
further expression of Ki-67.[110,111] Investigating the number of
ki-67 positive endothelial cells has been used for the compari-
son of their proliferation capability in vitro and in vivo as well
as in therapeutic applications where angiogenesis evaluation was
required.[112–115] Higher expression of the Ki-67 gene in the GO
and WS scaffolds than in WH could be correlated to the more
suitable microenvironment of those scaffolds for endothelial cell
proliferation while presumably, the unsuitable surface topogra-
phy of the WH scaffold appears to suppress the proliferation of
HUVECs. Significantly higher visualization of Ki-67 positive HU-
VECs in GO and WS scaffolds compared to TCP could be corre-
lated to the surface microstructure of these scaffolds as well as
collagen coating similar to previous studies that showed elevation
of proliferation and Ki-67 expression in the presence of collagen
type I.[116,117]

A higher number of adhering cells on all the plant scaffolds
compared to TCP was detected on the first day of endothelializa-
tion. The number of cells on WH decreased until day 3 of the
experiment and did not change significantly from day 3 to day
4. This matter is consistent with the lowest expression of Ki-67
protein on this scaffold. We observed a constant increase in the
number of detected cells on WS and GO during 4 days of en-
dothelialization. Significantly more adhesion of cells on all the
plant scaffolds compared to TCP at day 1 might be due to the
surface modification of scaffolds via collagen coating, available
3D topography as well as higher specific surface area of the de-
cellularized plants. Since surface roughness is a well-known fac-
tor influencing HUVEC proliferation,[118,119] we were eager to ex-
plore the effect of the scaffold’s surface roughness on endothe-
lialization. Higher cell proliferation in GO and WS with surface
roughness of Sa = 1.78 ± 0.32 and 3.26 ± 0.23 μm, respectively is
aligned in some way with previous findings indicating enhanced
cell proliferation on surface roughness of 2 μm compared to a
smooth surface.[120] However, sub-micron roughness on other
biomaterials was introduced as the best surface topography for
endothelial cell attachment and proliferation.[44,121,122] Neverthe-
less, considering that more factors such as cell type, material sur-
face chemistry, and mechanical properties, particularly stiffness
and elasticity play an important role in cell behavior,[123,124] direct
comparisons of the influence of roughness between our results
and those of earlier studies with different study parameters could
not be done.

Since instability of cells in endothelialized scaffolds has been
a limitation in previous studies, it is crucial to evaluate and im-
prove the adhesion strength of endothelial cells on scaffolds and
finally prepare tissue-engineered vessel models with more stable
endothelium.[37,38,40,125] Interactions of Vinculin as a key protein
in focal adhesion complexes (FAC) and cell integrins mediate the
anchorage of endothelial cells to the surrounding ECM.[126] In-
vestigating Vinculin expression provides insights into cell adhe-
sion strength.[127] Higher secretion of Vinculin from HUVECs
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Figure 7. Representative images of end-to-end suturing of decellularized GO, WH, and WS plants. A) GO to GO and B) GO to freshly dissected porcine
pulmonary artery. C) WH to WH and D) WH to freshly dissected porcine coronary artery. E) WS to WS and F) WS to freshly dissected porcine coronary
arteries.

Figure 8. Actin filaments (green) and nuclei (blue) staining of the HUVECs on tissue culture plate (TCP) surface, WH, GO, and WS scaffolds.
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Figure 9. Viability of HUVECs on TCP, WH, GO, and WS after 24, 48, 72,
and 96 h (n = 3).

on WH, GO, and WS scaffolds to those cultivated on the 2D
environment of TCP declared stronger adhesion of endothelial
cells on the prepared 3D scaffolds. Previously, the quantifica-
tion of the Vinculin fluorescence signal was reported to be 3-fold
higher in endothelial cells on 3D gelatin scaffold in comparison
to 2D substrates.[128] Our results show that the topological fea-
tures on the surface of the prepared decellularized plant scaffolds
increased endothelial cells’ focal adhesion. It seems that the cells
adhering to the WH scaffold on day 4, though fewer in number
compared to other scaffolds, had a robust attachment to the pro-
vided 3D environment. This phenomenon arises from the fact
that Vinculin measurement in this study was derived from the
average Vinculin signal detected from adhered cells, rather than
being based on the total number of cells on scaffolds. Neverthe-
less, more Vinculin expression from endothelial cells on GO and
WS, compared to all other groups, can suggest stronger cell adhe-
sion to the substrates, consequently making them more promis-
ing substrates for the fabrication of endothelialized scaffolds.

VE-cadherin, a distinctive marker of endothelial cells, func-
tions as a central transmembrane protein localized at the inter-
face of neighboring cells, facilitating tight junction formation and
cell-to-cell interaction within an endothelialized substrate.[129] In
this light, we explored the formation of endothelium on the pre-
pared scaffolds by this marker. The low expression of this marker
in WH accounts for the incomplete endothelialization on the
scaffold surface. In contrast, the establishment of a confluent
monolayer of endothelial cells on GO and WS confirmed by VE-
cadherin staining revealed the confluent endothelialization by
the end of the experiment.

While our study aimed to characterize some decellularized
tubular plants and investigate their endothelialization, several
limitations should be considered. Given that the tubular scaf-
folds introduced in this study are derived from natural plant
sources, the geometry of the samples cannot be readily manip-
ulated or controlled. We observed variations in wall thickness
and deviations from a perfectly circular cross-section in these
plant-based scaffolds, which may affect their mechanical proper-
ties and present challenges during anastomosis. However, due to
their high availability and low cost, we recommend pre-selecting

samples with more uniform wall thickness and cross-sectional
geometry to enhance their applicability as grafts. Plant species
may display diverse growth patterns across various zones and
environments, potentially influencing their dimensions and me-
chanical properties. Consequently, this variability could impact
the reproducibility of plant growth for the fabrication of tubu-
lar scaffolds. The higher mechanical properties of the introduced
tubular scaffolds compared to native tissues still represent a lim-
itation concerning their further applications. Therefore, further
studies to adjust and improve the mechanical properties of decel-
lularized plants are needed.

Endothelialization was performed on planar scaffolds derived
from the plant’s tubular structures to achieve a more repro-
ducible and geometry-independent investigation of the microen-
vironment effect on endothelial cells. This approach excludes the
cross-effects of the plant’s inner diameter and facilitates micro-
scopic assessment. However, effective endothelialization of the
entire luminal surface of the tubular plants – such as by means
of a bioreactor – has to be verified in future investigations as a
prerequisite for realization of biologized vessel models and vas-
cular grafts. Investigating endothelialization of the introduced
scaffolds during a longer period as well as using more robust
assays for evaluation of cell proliferation such as XTT could be
performed in the future. Moreover, in our study, all the plant
scaffolds were coated with collagen using the same procedure,
whereas TCP, serving as the control group, was not coated. There-
fore, a comparison between both plant scaffolds and TCP with
collagen coating might provide a fairer assessment of the influ-
ence of surface topography on endothelialization and could be
considered for future research.

As endothelial cell alignment and spatial orientation are highly
correlated with tissue functionality in vivo and in vitro,[130] fur-
ther assessment of the secretion of immunomodulatory factors
from endothelial cells on the scaffolds and comparison to the con-
trol environment could be carried out. Upon reviewing the out-
comes of our study, we see possibilities for additional investiga-
tion within this field. Since endothelial cells respond to the envi-
ronmental shear stress by cytoskeletal re-arrangement, alteration
in gene expression, nitric oxide production and functionality,[131]

investigations of endothelial cell behavior under physiological
flow conditions appear to be a reasonable advance. Looking
ahead, we plan a first feasibility study of stent implantation
within a decellularized and endothelialized tubular plant. In pre-
liminary experiments, we tested the integrity of the presented
scaffolds after catheter-based deployment of a self-expandable
stent with a diameter of 6 mm and length of ≈15 mm, manu-
factured in-house using a 100 μm nitinol wire. (Figure S1 and
Video S1, Supporting Information).

We acknowledge the extended possibilities presented by the
endothelialized scaffolds as a novel vessel model for preclin-
ical implant investigations in cardiovascular research as well
as potential cost-effective and sustainable plant-derived vascular
grafts.

4. Conclusion

In this study, we analyzed the macroscopic and microscopic
properties of three tubular plant specimens before and after
decellularization, to prepare endothelialized scaffolds. Water
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Figure 10. A) Immunofluorescence staining of Ki-67 protein (orange) and DAPI staining of HUVECs nuclei (blue) on TCP, WH, GO, and WS. B) Per-
centage of HUVECs expressing Ki-67 protein on TCP, WH, GO, and WS (n = 3).

horsetail, green onion, and water spinach plant which kept their
consistency after decellularization, were selected for further as-
sessments. Each plant showed unique microstructure and me-
chanical properties. Regarding their potential use as a graft, we
found the suturability of decellularized water spinach to be the
most favorable. While the mechanical properties of the intro-
duced plants do not match those of animal tissues, decellularized
water spinach exhibits the most promising mechanical character-
istics among the other scaffolds. Excessively high Young´s mod-
ulus, and low ultimate elongation besides the hindered prolifer-
ation and formation of a monolayer of endothelial cells in wa-
ter horsetail render this scaffold less promising. However, dur-
ing endothelialization of water spinach and green onion, the
number of cells increased constantly, and Ki-67 proliferative pro-

tein was significantly higher expressed in these scaffolds com-
pared to the control group. Perhaps, in contrast to water horsetail,
the microenvironment of green onion and water spinach scaf-
folds eased the endothelialization process. Upon conducting VE-
cadherin immunostaining of cells at the final time point, we ob-
served the development of endothelium on the surfaces of green
onion and water spinach scaffolds. Immunofluorescent staining
of vinculin on the endothelialized scaffolds further demonstrated
the possibility of strong cell attachment to the water spinach
and green onion substrates compared to other materials. In the
end, endothelialized tubular scaffolds from green onion and wa-
ter spinach might represent future biomaterials for different
applications in vascular tissue engineering, including in vitro
research models. Considering the suturability of decellularized
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Figure 11. The number of counted HUVECs on the control group of TCP, WH, GO, and WS scaffolds on days 1, 2, 3, and 4 (n = 3).

water spinach, this tubular scaffold shows the highest potential
for use as a vascular graft.

5. Experimental Section
Plant Decellularization and Dimensional Characterization: A prelimi-

nary selection of plants (Table S1, Supporting Information) was carried out
based on the criteria of tubularity in structure or stem, stability of hollow
tissue, flexibility, and desired dimension. Water Spinach (Ipomoea aquat-
ica), Water Horsetail (Equisetum hyemale japonicum), and Green Onion
(Allium fistulosum) were selected and purchased from the local market to
obtain sufficient native and decellularized tissues for the following exper-
iments, each performed in triplicate (n = 3). Tubular structures derived
from stems of Water Horsetail (WH), Water Spinach (WS), and Green
Onion (GO) were decellularized according to the organ perfusion decellu-
larization technique. In short, the plant tissues were immersed consecu-
tively in pure solutions of Hexane (purity ≥ 94.5%, Sigma-Aldrich, Ger-
many) and phosphate-buffered saline (PBS) (Sigma-Aldrich, Germany)
three times each for 5 minutes, to remove waxy cuticles from the plant
tissues and therefore to allow the chemicals used for decellularization to
permeate the tissue more efficiently. Then, the stems were immersed in a
10% sodium dodecyl sulfate (SDS) (Bioreagent, ≥ 98.5%, Sigma–Aldrich,
Germany) solution in deionized water for 5 days with gentle agitation of
the samples on a shaker (rpm = 70, T = 25 °C). Consequently, they were
washed 3 times with deionized water followed by rinsing in a 0.1% Triton
X-100 (Sigma–Aldrich, Germany) and 10% sodium hypochlorite solution
(EMPLURA, Merck, Germany) for 2 more days under the same mentioned
conditions. At day 7, the samples were washed thoroughly in a deionized
water bath for 3 min and the step was repeated three times with fresh wa-
ter to remove the chemical residues from the plants. Once the protocol
was finished, they were stored in deionized water in the refrigerator, at a
temperature of ≈4 °C, for further use. Finally, the dimensions of the de-
cellularized tubular plants (n = 6) were characterized by cutting samples
and taking cross-sectional images using a Stereomicroscope (Leica S9D,
Germany).

DNA Quantification: Native and decellularized samples were im-
mersed in liquid nitrogen and pulverized with a mortar and pestle. Con-
sequently, 50 mg of plant tissues were added to 2 mL Eppendorf tubes
containing 400 μL of pre-warmed (65 °C) extraction buffer with a PH of
6.8 containing 100 mm Tris-HCl, 700 mm NaCl, and 50 mm EDTA. After

cooling the samples, 220 μL of chloroform/ isoamyl alcohol (24:1) was
added and the sample was shaken gently for 5 min followed by 2 min cen-
trifuge at 70 000 rpm. The supernatant was mixed with 400 μL isopropanol,
allowed to precipitate for 2 min at RT and then centrifuged for 10 min at
70 000 rpm. The supernatant was removed, and the pellet was washed with
350 μL 70% ethanol, followed by centrifuging for 2 min at 70 000 rpm. The
supernatant was carefully removed and the pellet was allowed to dry for 10
min at RT and 30 μL of dd-H2O was added and the DNA was dissolved at
65 °C for 10 min. The extracted DNA was quantified using a spectrometer
(BioTek Epoch2, USA).

Scanning Electron Microscopy: Native and decellularized tissues from
the selected plant were placed in −20 °C freezer for 2 h and then immersed
in liquid nitrogen for 1 min and subsequently lyophilized (Heto Power Dry
LL3000 Freeze Dryer). The freeze-dried samples were coated via a spinning
gold sputtering device and the inner surface of tubular plants was imaged
with FEI Helios NanoLab600 scanning electron microscope at a voltage of
5 kV.

Confocal Microscopy: The walls of tubular plants in both decellular-
ized and native states were sectioned to create samples measuring 10 ×
10 mm. These samples were thoroughly washed three times with deion-
ized water (Sigma–Aldrich, Germany) prior to microscopy. The samples
were fixed onto the specimen stage, and the luminal surfaces of the plants
were imaged using contact-free confocal microscopy (MarSurf CM Expert,
NanoFocus AG, Germany) in CSI mode with a magnification of 10x (NA
0.3, FOV 1.6 × 1.6 mm2) to facilitate a comprehensive and representative
analysis of surface topography across larger areas. To correct for any tilt or
curvature in the samples, Least-Squares Plane Leveling (LSPL) was applied
to the acquired data, ensuring an accurate baseline for surface roughness
and topography analysis. The images were processed in accordance with
ISO 25178-2 via the associated MarSurf MfM (Extended 8.2.9564, NanoFo-
cus AG, Germany) software and the arithmetical mean height of the sur-
face (Sa), grooves’ lateral distance and maximum grooves’ peak (in WH)
and depressions’ width (in GO) were measured in 5 repeats on five dis-
tinct zones within the lumen of one representative standard sample from
each plant.

Mechanical Characterization: For the mechanical characterization of
native and decellularized plants, tensile test was performed using a ten-
sile testing machine (INSTRON 34SC-1, USA) with a 50 N force capacity.
Measurements for 3 samples of each plant species in both their native and
decellularized state were obtained. To perform the test, 120 mm long sam-
ples were cut and the tensile velocity of 5 mm min−1 was applied. Young’s
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Figure 12. A) Representative images of Vinculin immunostaining (green) and DAPI (blue) of HUVECs on the substrates at the last day of endothelial-
ization. B) Intensity of Vinculin expression from the HUVECs cultivated on WH, GO, WS, and the control substrate of TCP (n = 3).

modulus as the slope of the linear section of the stress–strain graph in a
strain range between 0.01% and 0.5%, elongation at maximum stress and
ultimate tensile strength (UTS) were derived from the stress–strain curve.

Suture retention strength of the tubular scaffolds was determined ac-
cording to the American National Standard Institute–Association for the
Advancement of Medical Instruments (ANSI/AAMI) VP20 standards.[132]

The wet decellularized plants were cut open longitudinally to obtain rect-
angular strips (n = 6, length = 40 mm) with the short edge of each speci-
men belonging to the circumference of the tubular scaffolds. A single 6-0
polypropylene (ATRAMAT, Mednaht, Germany) suture was used to create
a single loop 2 mm away from the short edge of the scaffolds and at equal
distance from both long edges. The free end of the suture was fastened

with laboratory labeling tape (Sigma–Aldrich, Germany), positioning the
scaffolds at the center of the loop. The tape was then clamped in the up-
per grip of the tensile testing machine. The other end of the scaffold strip
was secured in the lower grip, and the suture was pulled at a constant
rate of 5 mm min−1 along the scaffold’s longitudinal axis until it ruptured.
The maximum load measured was recorded as the suture retention force
and the suture retention strength (SRS) was calculated as suture retention
force/(suture diameter × sample wall thickness).

The suturing feasibility and preparation of modular grafts from decel-
lularized plants was first evaluated by suturing two decellularized plants
of each type (n = 3) with a surgical needle (3/8 circle premium round
needle, ATRAMAT, Mednaht, Germany) and the 6-0 polypropylene suture,

Adv. Mater. Technol. 2025, 10, 2401129 2401129 (13 of 17) © 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 13. Immunofluorescence staining of VE-cadherin in HUVECs on TCP, WH, GO, and WS.

described above. Furthermore, to gain further insights into the potential
applications of the decellularized plants in anastomosis, three replicates
of each decellularized plant type were end-to-end sutured ≈2 mm away
from the sample edge onto freshly dissected porcine coronary arteries (for
WH and WS scaffolds) and pulmonary artery (for GO scaffold) obtained
from three different animals. Finally, the grafted plants to coronary and
pulmonary arteries underwent a multi-stitching strength test by clamping
both ends of the wet grafts to the grips of the tensile machine and pulling
uniaxially at a rate of 1mm min−1 until the sutures broke completely free
from the scaffold wall (n = 3). The burst force was divided by the number
of stitches to obtain the maximum tensile force per stitch.

Scaffold Preparation: To generate a hydrophobic surface inhibiting cell
adherence, polydimethylsiloxane (PDMS) coating was applied at the bot-
tom of each well of 24-well tissue culture plates. For that, a 1:10 solution
of the elastomer curing agent to elastomer base (Sylgard 184, DOW, USA)
was transferred to each well and cured at 85 °C for 2 h. The plates were
allowed to cool to room temperature and washed thoroughly with PBS to
remove unreacted reagents. The decellularized tissues of GO, WH, and
WS were punched to fit the size of a well of a 48-well plate. After that,
the scaffolds were sterilized using 70% Ethanol and UV irritation follow-
ing washing in PBS. Subsequently, the scaffolds were placed on PDMS-
coated wells. The surface of decellularized plants was modified with col-
lagen coating according to the reported established method.[57,74] Briefly,
the scaffolds were incubated for 4 h at room temperature in a solution of
5 μg mL−1 collagen (Type I, rat tail, Ibidi) in acetic acid followed by washing
in PBS before use. The scaffolds were carefully positioned within the wells,
ensuring that the luminal surface of the tissues faced upward to come in
contact with seeding cells.

Cell Culture: Human Umbilical Vein Endothelial cells (HUVEC) iso-
lated in growth medium 2, pooled, (PromoCell, Germany) were cultivated
with Endothelial Cell Growth Medium 2 Kit (Promocell, Germany) un-
til 80% confluence. Cell suspension of 470 × 103 cells mL−1 was pre-

pared from HUVECs passage number 3 and 450 μL of the suspension
was seeded on top of each scaffold and wells of tissue culture plate (TCP)
with Nunclon Delta treatment as a control group. The scaffolds and con-
trol group were incubated in a cell culture incubator at 37 °C, 5% CO2
overnight before the first medium change, and after that, the medium was
changed every two days for the rest of the experiment.

Cell Adhesion, Proliferation, and Viability Assays: F-Actin staining solu-
tion (CytoPainter, green fluorescence, Abcam, Germany) was used to ob-
serve the actin filaments within the cytoskeleton of the fixed cells on day 1
and thus assess cell adhesion and distribution over the scaffolds´surface
and possible change in the arrangement of cells cytoskeleton. Immunoflu-
orescent staining of samples by assessing expression of Ki-67 protein in
the nuclei of 4′, 6-diamidino-2-phenylindole (DAPI) stained cells to in-
vestigate endothelial cells proliferation potency was performed on day 1.
Cells on each sample were washed thrice with PBS and then fixed with 1%
Paraformaldehyde (PFA) solution for 10 min. After being permeabilized
with 0.01% Triton X-100 for 3 min, the cells were blocked by 10% normal
goat serum for 30 min. After overnight incubation of samples with Ki-67
antibody staining solution (Alexa Fluor 555 conjugated, Cell signaling tech-
nology, USA) in 1.5% normal goat serum at 4 ° C and further washing, 10
random zones on each sample were imaged and the number of total cells
and Ki-67 positive cells were calculated.

Endothelial cell proliferation on the prepared scaffolds and control sam-
ples was investigated by DAPI staining on days 1,2,3, and 4. Prior to the
staining, the cells were fixed with 4% PFA (Alfa Aesar, USA) in PBS for
20 min and subsequently washed 3 times with PBS. Afterward, the cells
that had been fixed on scaffolds and TCP were subjected to DAPI staining
solution (Abcam, Germany) to visualize the nuclei of the cells. The prolif-
erating cells were quantified by counting the nuclei in 10 randomly chosen
images per sample, which covered the majority of the surface area.

On 1, 2, 3, and 4 of endothelialization, the cells on scaffolds and control
samples were washed with PBS after 15 min of incubation of samples in a
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cell culture incubator and the viability of the cells was determined based on
two-color fluorescence analysis of Propidium Iodide and Hoechst, using
LIVE/DEAD Cytotoxicity Assay Kit (Abcam, Germany). The number of live
and dead cell from 20 random regions of each sample were counted. All
the fluorescent images were obtained using a ZEISS Axio Vert.A1 inverted
fluorescent microscope (Carl Zeiss Suzhou Co., Ltd.) and provided soft-
ware of ZEISS ZEN 3.7. Quantification of cells was facilitated by BioApps
software, Zen Blue, Zeiss.

Immunofluorescence Analysis of Cell-to-Cell and Cell-to-Substrate Junc-
tions: Similar to the previously described method, the cells were fixed,
permeabilized, and blocked before immunofluorescent staining. On the
final day of the endothelialization, VE-cadherin antibody (Alexa Fluor 647
conjugated, Santa Cruz Biotechnology, Inc., USA) was employed as the
specific marker for endothelial cells, staining the intracellular junctions of
HUVECs. Representative images of each sample were captured via fluo-
rescence microscopy.

Additionally, the adhesion of endothelial cells to the substrates was
evaluated via Vinculin antibody staining (Recombinant Alexa Fluor 488
Anti-Vinculin antibody, Abcam, Germany) on day 4 and further DAPI stain-
ing to locate cells’ position. The assessment of Vinculin within the cell was
conducted through fluorescence intensity analysis. Specific areas of single
cells were chosen, and the levels of green channel intensity were measured
using Zeiss image analysis software. This procedure was repeated for ev-
ery cell culture condition and the arithmetical mean intensity of reflected
VE-cadherin signals from 25 single cells of each sample were measured.

Statistical Analysis: All experiments in this study were performed with
three repeats (n = 3) unless otherwise specified, and the results are pre-
sented as the mean value ± standard deviation (SD). The data from
each group were compared using two-way ANOVA analysis for Figures 3
and 5A,B and 9 and 11 and one-way ANOVA analysis for Figures 6 and 10B
and 12B conducted with Graph Pad Prism software, with significant dif-
ferences between various groups reported when the P-values were be-
low 0.05. The symbols *, **, ***, and **** represent significance levels of
p< 0.05, 0.01, 0.001, and 0.0001, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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