
137 (2022) 212832

Available online 1 May 2022
2772-9508/© 2022 Elsevier B.V. All rights reserved.

An in vitro analysis of the effect of geometry-induced flows on endothelial 
cell behavior in 3D printed small-diameter blood vessels 

Sung Yun Hann a, Haitao Cui a, Nora Caroline Zalud a, Timothy Esworthy a, Kartik Bulusu a, 
Yin-Lin Shen a, Michael W. Plesniak a,c, Lijie Grace Zhang a,b,c,d,* 

a Department of Mechanical and Aerospace Engineering, The George Washington University, Washington, DC 20052, USA 
b Department of Electrical and Computer Engineering, The George Washington University, Washington, DC 20052, USA 
c Department of Biomedical Engineering, The George Washington University, Washington, DC 20052, USA 
d Department of Medicine, The George Washington University Medical Center, Washington, DC 20052, USA   

A R T I C L E  I N F O   

Keywords: 
3D printing 
Blood vessel 
Geometry 
Endothelial cells 
Dynamic flows 

A B S T R A C T   

Clinical recovery from vascular diseases has increasingly become reliant upon the successful fabrication of 
artificial blood vessels (BVs) or vascular prostheses due to the shortage of autologous vessels and the high 
incidence of vessel graft diseases. Even though many attempts at the clinical implementation of large artificial 
BVs have been reported to be successful, the development of small-diameter BVs remains one of the significant 
challenges due to the limitation of micro-manufacturing capacity in complexity and reproducibility, as well as 
the development of thrombosis. The present study aims to develop 3D printed small-diameter artificial BVs that 
recapitulate the longitudinal geometric elements in the native BVs using biocompatible polylactic acid (PLA). As 
their intrinsic physical properties are crystallinity dependent, we used two PLA filaments with different crys
tallinity to investigate the suitability of their physical properties in the micro-manufacturing of BVs. To explore 
the mechanism of venous thrombosis, our study provided a preliminarily comparative analysis of the effect of 
geometry-induced flows on the behavior of human endothelial cells (ECs). Our results showed that the adhered 
healthy ECs in the 3D printed BV exhibited regulated patterns, such as elongated and aligned parallel to the flow 
direction, as well as geometry-induced EC response mechanisms that are associated with hemodynamic shear 
stresses. Furthermore, the computational fluid dynamics simulation results provided insightful information to 
predict velocity profile and wall shear stress distribution in the geometries of BVs in accordance with their 
spatiotemporally-dependent cell behaviors. Our study demonstrated that 3D printed small-diameter BVs could 
serve as suitable candidates for fundamental BV studies and hold great potential for clinical applications.   

1. Introduction 

The main scope of tissue engineering includes the successful gener
ation of artificial tissues and organs to fully restore their original func
tions [1]. According to the recent statistics of the American Heart 
Association in 2021, the leading causes of death in the US are heart and 
vascular diseases, such as cardiovascular, venous, and artery diseases 
[2]. In other words, hundreds of thousands of annual deaths in the US 
are related to vascular diseases. Hence, blood vessel (BV) diseases 
including atherosclerosis (plaque localization), and thrombosis remain 
as unsolved major vascular diseases [3–6]. In the human body, BVs are 

responsible for nutrition and oxygen transport as well as waste removal 
to maintain metabolism [7,8]. Although different types of cells possess 
different sensitiveness to oxygen, in extreme cases, most cells can sur
vive only within a range of 200 μm from their closest BV [9,10]. 
Moreover, sufficient vascularization is the key to successfully fabricating 
artificial tissues and organs for clinical application. To remedy BV dis
eases, autologous vessels have been considered the standard treatment 
[6,11]. However, the limited number of autografts is a great obstacle for 
patients to overcome [11]. Consequently, artificial vessels with large- 
diameter (>8 mm) and medium-diameter (6–8 mm) to replace general 
arteries or veins were developed along with the studies associated with 

* Corresponding author at: Department of Mechanical and Aerospace Engineering, The George Washington University, Science and Engineering Hall 3590, 800 
22nd Street NW, Washington, DC 20052, USA. 

E-mail addresses: shann008@gwmail.gwu.edu (S.Y. Hann), htcui@email.gwu.edu (H. Cui), caroline_zalud@gwmail.gwu.edu (N.C. Zalud), tesworthy@email.gwu. 
edu (T. Esworthy), bulusu@gwu.edu (K. Bulusu), yshen@gwu.edu (Y.-L. Shen), plesniak@gwu.edu (M.W. Plesniak), lgzhang@email.gwu.edu (L.G. Zhang).  

Contents lists available at ScienceDirect 

Biomaterials Advances 

journal homepage: www.journals.elsevier.com/materials-science-and-engineering-c 

https://doi.org/10.1016/j.bioadv.2022.212832 
Received 9 March 2022; Received in revised form 21 April 2022; Accepted 27 April 2022   

mailto:shann008@gwmail.gwu.edu
mailto:htcui@email.gwu.edu
mailto:caroline_zalud@gwmail.gwu.edu
mailto:tesworthy@email.gwu.edu
mailto:tesworthy@email.gwu.edu
mailto:bulusu@gwu.edu
mailto:yshen@gwu.edu
mailto:plesniak@gwu.edu
mailto:lgzhang@email.gwu.edu
www.sciencedirect.com/science/journal/27729508
https://www.journals.elsevier.com/materials-science-and-engineering-c
https://doi.org/10.1016/j.bioadv.2022.212832
https://doi.org/10.1016/j.bioadv.2022.212832
https://doi.org/10.1016/j.bioadv.2022.212832
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioadv.2022.212832&domain=pdf


Biomaterials Advances 137 (2022) 212832

2

artificial tissues [12–14]. However, the fabrication of small-diameter 
(<6 mm) artificial vessel implants remains as a significant challenge 
due to the difficulty of precise microfabrication and integration with 
their surrounding tissues. In addition, the failures of small-diameter 
vessel implants are generally related to poor patency, caused by the 
development of thrombosis as a result of the inadequate reendothelial
ization in the artificial vessel lumen [3,12,15–17]. Also, researchers 
have mostly focused their efforts on studies associated with arteries, as 
the development of atherosclerosis (plaque localization) is most com
mon in the arterial system and has been widely studied [3–5]. However, 
the relevant fundamental studies of veins are not as abundant as arteries, 
although thrombosis appears in both arteries and veins [17]. Venous 
diseases consist of two major classifications, which are blockage 
(thrombosis) and deficient drainage [17]. As an essential component of 
BV, the endothelium plays a significant role in the regulation of vascular 
integrity and progression of thrombosis (blood clots) as it is primarily 
exposed to blood flow [18–20]. Also, most BV-related diseases occur on 
the endothelium by local plaque (e.g., cholesterol and fat) deposition, 
especially at the bifurcation regions [21]. It is known that endothelial 
cells (ECs) are the fundamental components of the endothelium in the 
innermost layer of the human BVs from capillaries to arteries and veins. 
Their pathophysiological behaviors such as adhesion, morphology, 
cytoskeletal organization, migration, and functions are significantly 
affected by geometry-induced complex hemodynamic flows [7,8,22]. 
Thus, it is necessary to perform a feasibility study of geometric effects on 
the endothelialization to understand the fundamental mechanism of 
thrombosis, which is a primary step toward the successful fabrication of 
artificial BVs. 

Among the various efforts to create biomimetic artificial tissues, 3D 
printing has been considered one of the most promising fabrication 
technologies due to its advantages in controllability, repeatability, and 
reproducibility [23,24]. There have been many studies related to the 
design and the fabrication of specific artificial tissues reported, 
including artificial bone [23,25], skin [26,27], cartilage [28,29], and 
cardiac tissues [30,31]. Among different printing technologies, fused 
deposition modeling (FDM) is advantageous for manufacturing artificial 
vessel implants or replacements as it offers: 1) a broad selection for 
biocompatible printing materials approved by the FDA for other 
biomedical applications, 2) a cost-effective fabrication process with 
high-quality control, 3) a relatively rapid and reliable printing process, 
4) an easy-to-clinical translation solution, and 5) the essential charac
teristics to match the basic requirements for artificial vessels [24,32,33]. 
As a widely accepted material of artificial BVs, polylactic acid (PLA) is a 
biocompatible synthetic biopolymer, a prevalent 3D printing filament 
used for various biomedical applications due to its outstanding biode
gradability, biocompatibility, and processability [7,32,34–36]. With the 
rising demand for FDM 3D printing, selections of commercially available 
PLA filaments have also been diversified, especially with respect to their 
intrinsic physical properties. Through annealing, adjusting the stereo
isomerism, or adding the nucleating agents, PLA filaments with different 
crystallinity ranging from an amorphous glassy state to a semi- 
crystalline state and highly crystalline state are obtained. The crystal
linity of PLA also significantly affects its material properties, such as 
optical properties (transmittance or visibility), thermal properties (glass 

transition and melting temperature), degradability, and mechanical 
properties (Young's modulus and yield strength) [37,38]. Hence, it is 
also worth investigating and optimizing crystallinity-dependent prop
erties of PLA filaments to provide insightful information for 3D printing 
of artificial vessel implants. 

In this study, we specifically focused on the effect of material crys
tallinity in the 3D printed small-diameter artificial BV implants, in 
which the effect of geometry-induced flows on the cellular behavior of 
ECs was further explored. Specifically, biomimetic 3D printed BV 
models including disturbed and unidirectional laminar flow regions 
with a monolayer vascular bed were created. In order to select an ideal 
3D printing PLA filament for the vessel fabrication, low crystalline (LC) 
and high crystalline (HC) PLA filaments, which possess the lowest and 
highest material crystallinities (0.93 ± 0.06% and 5.05 ± 0.18%, 
respectively), were chosen for physical characterization [37]. Then, 3D 
printed small-diameter BV implants with three different geometrical 
characteristics that recapitulate the longitudinal geometric elements in 
the native BVs were fabricated to visually characterize and quantify EC 
activities in a physiologically dynamic flow environment. Also, the 
spatial wall shear stress (WSS) distributions of different BV geometries 
were calculated using computational fluid dynamics (CFD) for poten
tially predicting their behavior in vivo. 

2. Materials and methods 

All solvents and reagents were purchased from Sigma-Aldrich (St. 
Louis, MO), unless otherwise specified. 

2.1. Optimization of 3D printable filament materials 

2.1.1. 3D printing of samples 
All 3D models were created with the Autodesk 123D (Autodesk, Inc., 

San Rafael, CA) computer-aided design (CAD) software and exported to 
an FDM 3D printer (MakerBot, Brooklyn, NY) in the form of an STL file 
to extrude LC and HC PLA filaments (FilamentDirect, Nashville, TN) at 
215 ◦C (Fig. 1). The PLA filaments used in this study possessed the 
average molecular weights (Mw) and dispersity (Đ) around 70 kDa and 
1.38 for LC and around 85 kDa and 1.5 for HC. Discs (8 mm × 1 mm) (D 
× H) or straight (ST) BV implants with a dimension of 2 mm in inner 
diameter and 10 mm in length were first evaluated to investigate the 
physical properties and cytocompatibility of the materials. 

2.1.2. In vitro enzymatic (EZ) and non-enzymatic (NE) biodegradation 
quantification 

To test the biodegradability of both LC and HC PLA filaments, 3D 
printed PLA discs were prepared. For an EZ biodegradation test, a lipase 
(isolated from porcine pancreas, EC 3.1.1.3) phosphate buffer saline 
(PBS) solution at a concentration of 75 mg/mL was used, while NE 
biodegradation was performed in pure PBS, as lipase is known to be the 
most compatible degrading enzyme for PLA [39–41]. The completely 
sealed solutions with the samples were left in a water bath at 37 ◦C for up 
to 20 days. The buffer solutions were changed every other day to 
maintain freshness. The samples of the four groups were dried in an oven 
at 80 ◦C for 90 min and cooled at room temperature for 60 min prior to 

Fig. 1. A schematic illustration of the overall BV fabrication process.  

S.Y. Hann et al.                                                                                                                                                                                                                                 



Biomaterials Advances 137 (2022) 212832

3

the measurement. Weight loss of each group was evaluated on days 1, 5, 
10, and 20 and calculated using the following equation [39,41]. 

Weight loss (%) =
wi − wf

wi
× 100 (%)

2.1.3. Mechanical property quantification and surface characterization 
To compare the mechanical properties of samples before and after 

degradation, four major experimental groups of 3D printed PLA BV 
samples, including LC-EZ, LC-NE, HC-EZ, and HC-NE, were prepared. In 
each group, compression and tension tests were conducted for all the 
samples that were biodegraded in the same setup described above for 0, 
10, and 20 days using an MTS Criterion universal testing system with a 
100 N load cell equipped (MTS Systems Corp, Eden Prairie, MN). For the 
tension test, the BV samples were mounted on the clamps and pulled at a 
rate of 2 mm/min until failure. Young's modulus was calculated from the 
linear portion of the tensile stress-strain curve. For the compression test, 
the BV samples were compressed at a strain rate of 10 mm/min with a 
preload of 0.01 N to provide initial contact between the loading plate 
and the scaffolds. The compressive modulus of each sample was ob
tained from the slope of the linear elastic region between 0 and 10% of 
the stress-strain curve. 

The surface topography comparisons of the samples before and after 
degradation were evaluated by an FEI Teneo LV Scanning electron mi
croscope (SEM) (Thermo Fisher Scientific, Waltham, MA). Prior to the 
exposure to a 5 kV potential difference with a 0.2 nA–13 pA electron 
beam for imaging, each sample was coated with a 3 nm thick layer of 
argon [23]. 

2.1.4. Cell culture 
Human umbilical vein endothelial cells (ECs) obtained from Thermo 

Fisher Scientific (Waltham, MA) were used in this study. ECs were 
cultured in endothelial growth media (EGM) (Cell Applications, Inc., 
San Diego, CA). All experiments were performed with ECs of a single- 
digit passage number, and EGM was changed every day. 

2.1.5. In vitro cytocompatibility quantification 
To quantify the cell proliferation on both LC and HC PLA, the ECs 

were seeded at a density of 1000 cells/mm2 on LC and HC PLA discs and 
cultured in 48-well plates (VWR International, Randor, PA) in a cell 
culture incubator at 37 ◦C with 5% CO2 concentration. Blank poly
styrene 48-well plates without a PLA disc served as a control, and EGM 
was replaced every day. The cell proliferation was quantified after 1, 4, 
and 7 days of culture using a cell counting kit (CCK-8, Dojindo Molecular 
Technologies, Japan). The cell counting solution consisted of 10% (v/v) 
CCK-8 reagent and 90% (v/v) EGM. 400 μL of the cell counting solution 
was added to each well, and then incubated at 37 ◦C with 5% CO2 
concentration for 3 h prior to the quantification. 200 μL of supernatants 
from each well were transferred into a 96-well plate, and the absorbance 
of the solution was assessed at 450 nm using a Multiskan GO Spectro
photometer (Thermo Fisher Scientific, Waltham, MA) [23]. 

2.2. Evaluation of cellular behavior in 3D printed BV implants 

2.2.1. Designing and printing of 3D small diameter BV implants 
To recapitulate the longitudinal geometric elements in the native 

BVs, an intact small-diameter artificial BV implant (2 mm inner diameter 
with 0.5 mm wall thickness) with three different geometrical charac
teristics, including straight (ST), 45-degree curved arc (CV), and Y-shape 
(YS), was designed, and then FDM 3D printed with LC PLA filament. To 
investigate the effects of geometry-induced flows on EC behavior, the 
same three different types (ST, CV, and YS) of BV implants were also 
designed and printed. 

2.2.2. In vitro hemodynamic flow system 
Similar to our previously performed study [23], a customized 

bioreactor system was developed to establish a dynamic cell culture 
environment, which resembles an in vivo microcirculation. EGM was 
supplied by a fluid reservoir and perfused by a digital peristaltic pump 
(Cole-Parmer, Vernon Hills, IL) to continuously pass through the 3D BV 
channels at a flow rate of 2 mL/min. The entire setup was then trans
ferred in a cell culture incubator at 37 ◦C and 5% CO2 concentration. 
Also, 300 mL of the EGM was completely changed to a fresh one every 3 
days. 

2.2.3. F-actin and immunofluorescence staining 
The morphology and alignment of ECs were visually evaluated after 

1, 4, and 7 days of dynamic culture using F-actin staining, and images 
were obtained with a Zeiss LSM 710 confocal microscope (Carl Zeiss AG, 
Oberkochen, Germany). Also, the ImageJ software was used to analyze 
and to calculate cell alignment angles with respect to the flow direction. 
ECs at a density of 1000 ECs / mm2 were seeded on LC PLA discs. Each 
BV implant was rinsed three times with PBS, and the adhered ECs were 
fixed and permeabilized for 15 min using 10% formalin and 0.1% Triton 
X-100 solutions, respectively. After the samples were washed three 
times once again, the cytoskeleton of the ECs was stained with Texas 
red™-X phalloidin fluorescent dye (Invitrogen, Carlsbad, CA) in red for 
1 h, and the nuclei of the ECs were stained with 4′,6-diamidino-2-phe
nylindole dihydrochloride (DAPI) (Invitrogen, Carlsbad, CA) in blue for 
15 min. 

Furthermore, immunostaining was performed after 1 and 2 weeks of 
dynamic cell culture to investigate the expression of specific proteins of 
ECs in the 3D printed BV implants. The same protocol for our previous 
vascularization study was used to fix and to permeabilize the adhered 
cells and to block non-specific antibody binding [23]. Upon the removal 
of the blocking solution and PBS washing, the scaffolds were incubated 
overnight at 4 ◦C with the primary antibody, including anti- a cluster of 
differentiation 31 (CD31) (Abcam, Cambridge, UK) and anti-VE cad
herin (CD 144) (Thermo Fisher Scientific, Waltham, MA). Following 
that, the thoroughly rinsed scaffolds were incubated for 1 h at room 
temperature in goat anti-rabbit IgG H&L (Alexa Fluor® 488) (Abcam, 
Cambridge, UK). Then, the immunofluorescence-stained samples were 
imaged using the confocal microscope. 

2.2.4. Computational simulation to determine BV lumen WSS 
The BVs with three geometries were designed using ANSYS® Design 

Modeler (ANSYS, Inc., Canonsburg, PA). According to the physical 
properties of PLA, they were assumed to have rigid walls with no-slip 
boundary conditions, and the same dimensions and flow rate were 
applied as in the experimental study described above. The inlet condi
tion was modeled by a fully developed parabolic velocity profile, 
whereas the outlet was prescribed as a zero-pressure outlet. ANSYS® 
FLUENT Academic Research Mechanical Release 2021 R1 was used to 
solve the Navier-Strokes equations employing a finite volume method. 
To model the flow through the different vessel geometries, a pressure- 
based solver under steady laminar flow conditions was utilized. 
ANSYS® meshing tool and ANSYS® FLUENT were used to discretize the 
domain and post result processing, respectively. The rheological prop
erties of the model fluid (EGM) were approximated by those of water at 
37 ◦C having Newtonian fluid behavior, where density and dynamic 
viscosity were prescribed accordingly [42–44]. The accuracy of wall 
shear stress (WSS) calculations, as well as the discretization indepen
dence of the results were validated for the ST BV implants using the 
theoretical Hagen-Poiseuille law: 

WSStheory =
4μQ
πR3  

where Q, μ, and R are the volumetric flow rate, the dynamic viscosity, 
and the BV radius, respectively. Computational results show a very high 
accuracy as they are within 0.1% of the analytical ones. For the CV and 
YS BVs, the results were validated via a mesh independence study. The 
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CFD investigation was used to analyze and quantify the effect of BV 
geometries on the spatial distribution and average WSS. Flow charac
teristics were prescribed by the Reynolds number: 

Re =
uDρ

η  

where u, D, ρ, and η indicate the flow velocity, vessel diameter, fluid 
density, and dynamic viscosity, respectively. Based on our model, a fixed 
Reynolds number of 30.6 was used for both experimental and numerical 
setups. 

2.3. Statistical analysis 

All quantitative data are presented as the mean ± standard deviation 
(n = 9). Data were analyzed by one-way analysis of variance (ANOVA) 
method to verify statistically significant differences among experimental 
groups. A p-value < 0.05 was taken to be statistically significant. 

3. Results and discussion 

3.1. Biodegradability and mechanical properties 

To select an optimal PLA filament for the artificial vessel printing, 
the excellent mechanical tolerance and proper biodegradation rate of 
materials were primarily considered. The biodegradability of LC and HC 
PLA discs was evaluated in EZ and NE solutions for up to 20 days. Among 
various degradation mechanisms, the biodegradation of PLA is associ
ated with the reorganization of polymers into water and carbon dioxide, 
triggered by enzymes or microorganisms in the body [41,45]. Addi
tionally, there are several physical properties significantly affecting the 
biodegradability of polymers, including crystallinity, molecular 
conformation, and molecular weight [46]. It was found that LC PLA 

filament presented a higher degree of weight loss compared to the HC 
PLA group in both EN and NE conditions (Fig. 2a). The weight loss 
became more pronounced as time passed in four different groups. Spe
cifically, the LC group exhibited 1.26% and 0.46% weight loss over 20 
days. Considering the polar opposite crystallinities of the LC and HC PLA 
filaments, the experimental results demonstrated that both the presence 
of enzyme and crystallinity were apparently responsible for PLA 
biodegradation in our study. Considering EN environment in the human 
body, use of LC PLA for artificial BV is advantageous, as it appeared to 
possess relatively rapid degradation rate, then it can be promptly 
replaced with regenerated vessels. 

The mechanical tolerance of systemic arterial pressures is crucial for 
the clinical application of artificial vessels in a long-term dynamic flow 
environment. To further compare the mechanical properties of LC and 
HC PLAs during the biodegradation process, compressive and tensile 
moduli of the samples were evaluated. For the modulus tests, BV im
plants (2 mm × 1 mm × 10 mm) (Diameter × Wall thickness × Length) 
were 3D printed and immersed in the EN and NE solutions for the same 
period. It was found that both (EN and NE) groups of the LC PLA BV 
implants possessed higher compressive moduli than the HC PLA samples 
at every time point (Fig. 2b). Specifically, the difference in compressive 
modulus between LC and HC PLAs in the EN condition was around 156 
MPa (initial), 103 MPa (10 days), and 90 MPa (20 days). The tensile 
moduli of the BV implants exhibited a similar but slightly different 
pattern (Fig. 2c). The general tendency was consistent with the results of 
compressive modulus testing, where LC PLA BV implants maintained a 
higher mechanical durability over time. However, the discrepancy in 
values of tensile modulus between LC and HC samples became much 
smaller, approximately 7.2 MPa (initial), 9.7 MPa (10 days), and 1.4 
MPa (20 days) for the EN condition. The explanation is that the existence 
of enzymes affects the duration of biodegradation for PLA and is more 
significant to the PLA samples with higher crystallinity [41]. Prior to the 

Fig. 2. (a) Quantification results of biodegradability for LC and HC PLA discs in lipase-enzymatic (EZ) and non-enzymatic (NE) solutions up to 20 days. HC-EN, LC- 
EN, HC-NE, and LC-NE PLA samples in a clockwise rotation. (b) Compressive and (c) tensile modulus of HC-EN, LC-EN, HC-NE, and LC-NE PLA samples on initial, 10, 
and 20 days. *p < 0.05 and **p < 0.01. 
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biodegradation process, PLA with higher crystallinity (HC samples in 
our study) first experiences a bio-deterioration step, which is the 
consequence of the microorganism spearing throughout the samples 
[41,47,48], leading to slower biodegradation than the LC samples. This 
experimental result shows that the innate durability of the LC PLA 
samples was greater than that of the HC PLA samples, which is similar to 
the previously reported study [37]. However, the discrepancy between 
LC and HC PLA groups tended to gradually decline with the progression 
of the biodegradation, as expected. The results indicate that there is a 
clear advantage to using LC PLA filament rather than HC PLA to ensure 
mechanical tolerance of artificial vessels, especially in complex in vivo 
environments. 

3.2. Surface morphology and cell proliferation 

The surface morphology of 3D printed LC and HC PLA samples after 

10 and 20 days of biodegradation was characterized (Fig. 3). It was 
observed that the natural surface of the HC PLA samples was rougher 
than that of the LC PLA samples. Also, the visual difference between 10 
and 20 days within the same group was more evident in the EN envi
ronment due to the presence of lipase, which accelerates enzymatic 
hydrolysis of PLA [41]. In addition, cell proliferation of ECs on the 3D 
printed LC and HC PLA scaffolds were quantified on 1, 4, and 7 days 
(Fig. 4a), where a polystyrene 48-well plate served as a control. The 
results showed that LC PLA implants have higher cell proliferation than 
the HC PLA samples, although the well plate exhibited the highest cell 
proliferation. However, the cells seeded on the LC PLA samples 
possessed the most accelerated proliferation rate across all the experi
mental and control groups. This is because the surfaces of 3D printed 
scaffolds yield a larger surface area due to the presence of microgrooves, 
whereas the well-plate has a perfect 2D surface. Generally, our results 
suggested that the physical and biological properties of 3D printing PLA 

Fig. 3. SEM images of LC and HC PLA BV samples after 10 (left column) and 20 days (right column) of the EN and NE biodegradation. Due to the presence of lipase, 
hydrolysis appeared to be accelerated in the EN group. Scale bars, 100 μm. 
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Fig. 4. (a) Quantification of cell proliferation of ECs on the fabricated HC and LC PLA BV implants with a well plate as control after 1, 4, and 7 days. **p < 0.01. (b–d) 
Confocal microscopic images of ECs seeded on the printed LC PLA BV implants after 1, 4, and 7 days, respectively. Scale bars, 200 μm. (e) A confocal cross-sectional 
microscopic image of EC distribution in the printed BV implants after 4 days of cell culture. Scale bar, 100 μm. 

Fig. 5. (a) A photo image of the in vitro hemodynamic flow study using a custom-designed bioreactor system. (b) A schematic illustration of the magnified inner view 
of BV implants with different geometries (ST, CV, and YS) for the dynamic cell culture. The 3D printed LC PLA BV implants (c) before and (d) after red dye injection to 
mimic the blood perfusion in vivo. Scale bars, 1 cm. (e) An SEM cross-sectional image of the 3D printed BV implant. Scale bar, 500 μm. SEM images of the lumen of the 
3D printed BV implant at high magnifications, such as (f) × 2000 (scale bar, 50 μm) and (g) × 10,000 (scale bar, 10 μm). (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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filaments are crystallinity-dependent, and LC PLA filament is an optimal 
selection to fabricate the artificial BV implants. Therefore, the cell 
morphology was also visually evaluated to observe the EC adhesion and 
growth on the LC PLA for 7 days. As shown in Fig. 4b–d, the separated 
ECs proliferated to reach an optimal confluence and gradually assem
bled into a monolayered endothelium, which also demonstrated the 
cytocompatibility of the LC PLA scaffolds. In addition, successful lumen 
formation, which is an essential process to create a functional BV was 
observed after 4 days (Fig. 4e). 

3.3. Geometry-induced flow effects on cell alignment and morphology 

It is known that significant changes in phenotype and function of 
native endothelium are caused by the mechanical forces of blood flow 
[49,50], particularly by the WSS; therefore, it is crucial to systematically 
explore the role of geometry-induced flows on endothelial cell responses 
in the 3D artificial vessel models. After the selection of optimal PLA 
filaments, LC BV implants with different geometries (including ST, CV, 
and YS, which are representative of universal BV shapes in the human 
body) were 3D printed to further investigate cell behavior in a dynamic 
flow condition using a custom-designed bioreactor system (Fig. 5a–d). 
The continuous flow rate was set at 2 mL/min throughout the entire 
culturing period to mimic the native condition in the human body, and 
SEM images showed the cross-sectional architecture of the vessel and the 
micro-structure of the lumen (Fig. 5e–g). According to a previously re
ported study, the blood flow rate with a BV channel diameter of around 
2 mm is within the range of 1.2–4.8 mL/min in BVs of the human body 
[51]. Meanwhile, ECs seeded in a set of ST-LC BV implants in a static 
culture condition served as a control. As shown in Fig. 6a, F-actin cell 
staining images monitored for 1, 4, and 7 days indicated that the cell 
culture environment, i.e., shear stress, significantly affected cytoskel
eton characteristics of the ECs, including structure and organization. 
The cell alignment and orientation of the characteristic region in each 
cell staining image were analyzed using the ImageJ software. Interest
ingly, there were slight changes in cell alignment angles and morphol
ogies for the three different dynamic groups (ST, CV, and YS) until day 4. 
The distinctive alignment changes became apparent on day 7, on which 
the adhered ECs appeared to be elongated and aligned parallel to the 
flow direction (Fig. 6b), whereas the cells cultured in the static condition 
did not exhibit regularly aligned morphologies over the same time in
tervals. Based on the analysis of 10 randomly selected regions in each 
group, it was noticed that the angles between the cells and the flow 

direction decreased from around 45◦ (1 day) to 15◦ (7 days) after the 
exposure to the EGM perfusion (Fig. 6c). This result demonstrated that 
the adhered healthy cells were elongated along the flow direction, 
suggesting that the development of a mature endothelium would be 
enhanced in the in vivo resembling environment. Moreover, it was 
established that micropatterning of the cytoskeletal axis of ECs in a 
laminar flow was also dependent on the BV implant's geometry and flow 
direction. The results demonstrated that the existence of the bifurcation 
region causing a disturbed flow could be thrombogenic. It is reported 
that the ECs were considerably more sensitive to relatively low shear 
stresses in disturbed flow [52], which was induced by geometry 
(bifurcation) in our study. Therefore, we observed that ECs were unable 
to be well attached or aligned at high angles to the flow direction at the 
bifurcated region, leading to the low multi-directional shear stress- 
induced cell retraction (morphology change, loss of contact inhibition 
of growth, and even detachment of cells) compared to the BV implants 
with a unidirectional laminar flow [52,53]. The resultant endothelial 
dysfunction could result in various non-adaptive alterations in func
tional phenotype, which plays an important role in the regulation of 
hemostasis and thrombosis, local vascular tone and redox balance, and 
the orchestration of acute and chronic inflammatory reactions [54]. 

3.4. Computational investigation of BV geometry-dependent flow field 
and WSS 

As the flow field within the vessel is fundamentally determined by its 
geometry, a velocity magnitude contour plot along the BV diameter 
center plane was created (Fig. 7a–c). In all three geometries (ST, CV, and 
YS), the flows at the inlets were equal with the highest velocity mag
nitudes at the BV centerline and zero velocity at the vessel wall. WSS 
spatial distributions for the same geometries were also analyzed 
(Fig. 7d–f). In agreement with the analytical value for this canonical 
case, the ST BVs exhibited a constant WSS value of 0.29 dyn/cm2 

(Table 1). In the CV BVs, the velocity profile deformed due to the vessel 
curvature and the corresponding radial pressure gradients, which 
resulted in higher (and lower WSSs) in the inner (and outer) walls, as 
expected (Fig. 7g) [55,56]. The low Reynolds number and the large BV 
curvature radius explained the very narrow range of WSS values present 
in the CV BVs. This phenomenon was further supported by a very similar 
velocity vector field and magnitudes for both ST and CV BVs. Likewise, 
computed average WSSs for the ST and CV BVs were found to be 
approximately equal, only varying by a relative difference of 0.1%. The 

Fig. 6. (a) Confocal microscopic images of F-actin staining of ECs cultured in printed ST vessels in the static and dynamic culture conditions after 1, 4, and 7 days. 
Scale bars, 1 mm. (b) Confocal microscopic images of F-actin staining of ECs cultured in CV and YS vessels in the dynamic culture condition after 1, 4, and 7 days. 
Scale bars, 1 mm. (c) An analysis of cell alignment angles in each group after 1, 4, and 7 days. 
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computed flow in the YS BVs exhibited higher local deviations in WSS 
than the CV BVs, caused by the low velocity of flow separation zones at 
the bifurcation onset. The volumetric flow rate was halved in each of the 
YS BVs branches so that the inlet and the bifurcated vessel branches 
experienced a higher and a lower WSS respectively, leading to a 35% 
difference in average WSS between the YS BV and the ST and CV BVs. 
These results demonstrated that vessel bending and curvature, or an 
abrupt shape modification induced substantial changes in WSS in the 
BVs. Furthermore, this computational simulation helps to explain the 
cell experiment results that exhibited the lack of adhesion and 

Fig. 7. A velocity magnitude contour plot for the BVs with three different geometries, including (a) ST, (b) CV, and (c) YS. All the groups exhibited zero and max 
velocities at the wall and the center, respectively. The black arrows indicate velocity direction, and their lengths are scaled to magnitude. The wall shear stress (WSS) 
distribution for (d) ST, (e) CV, and (f) YS BVs. (g) The WSS distribution along the lumens in the CV BVs. The bifurcation in the YS BVs exhibited a halved volume flow 
through each branch and lower velocity flow separation zones at the outer walls. 

Table 1 
Area-averaged WSSs along the BV lumen and the relative difference among the 
three geometries.  

Geometry Area-weighted 
average WSS (dyn/ 
cm2) 

Comparison 
between BVs 

Relative difference of 
weighted average WSS 
(%) 

ST  0.294 ST vs. CV  0.11 
CV  0.295 CV vs. YS  34.6 
YS  0.193 ST vs. YS  34.5  
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cytoskeleton microfilament arrangement, especially in the bifurcated 
region caused by disturbed flow. 

3.5. Effect of geometry-induced flows on vasculogenesis in the 3D printed 
BV implants 

To further evaluate the maturation of endothelial function, the 
immunocytochemistry of the formed endothelium in the 3D printed BV 
implants was visually evaluated with the staining of EC-specific bio
markers, including CD31 and CD144 antibodies, after two weeks of the 
dynamic culture. It has been known that CD31 and CD144 play signif
icant roles in the adhesion during angiogenesis, the control of EC con
tacts, proliferation, and growth factor reception [57–59]. After two 
weeks, it was apparent that the engagements of the biomarkers to ECs 
were significantly promoted over time in the three different groups, as 
shown in Fig. 8. However, the bifurcation point in the YS group (the 
presence of the junction with a steep angle) exhibited a relatively 
weaker engagement than the other areas and groups due to the low 
spatially alternating shear stress-induced cell retraction [52]. Along 
with the CFD simulation data, the lack of biomarker engagement and a 
low volumetric flow rate and WSS could explain the following: 1) 
Disturbed flow occurring in curvature and bifurcated regions affects the 
adhesion and microfilament arrangement changes of the ECs and 
endothelial permeability. 2) The bifurcated regions support less vascular 
maturation than the unidirectional laminar WSS in an ST vessel, which 
helps explain the localized occurrence of vascular diseases in these re
gions of the human body, such as vein thrombosis. Generally, our results 
demonstrate that the region of flow disturbances near bifurcations re
sults in complex flow and spatiotemporally-varying shear stresses, and 
the variation of shear stress can regulate the vascular remodeling pro
cess, which would contribute to the pathobiology of vascular diseases 
and predict their susceptibility [60,61]. 

4. Conclusion 

In this study, two 3D printed PLA filaments with polar opposite 
crystallinities were used to study their physical properties and biological 
activities in 3D printing artificial small-diameter BV implants for clinical 
use. Compared to high crystalline PLA, low crystalline PLA exhibited a 
superior mechanical tolerance with gradual biodegradation and favorite 
adhesion and growth of ECs. Then three fundamental luminal 

geometries of BV implants were 3D printed using LC PLA and cultured in 
a physiologically-relevant dynamic flow condition. Our results demon
strated that the presence of the dynamic flows was beneficial for the 
formation of endothelium with an aligned EC arrangement. Moreover, 
the results of immunostaining and computational modeling illustrated 
that the geometry-induced flows in the BVs significantly affected 
cellular behaviors, including cell adhesion, maturation, and function, 
which is crucial for exploring the pathobiology of vascular diseases. Our 
study employs 3D printed small-diameter PLA BV implants not only to 
explore the crystallinity-dependent material characteristics for optimal 
BV manufacturing, but also to improve our fundamental understanding 
of geometry-induced BV intimal mechanotransduction. 
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figure legend, the reader is referred to the web version of this article.) 
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