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Abstract

Using a microfluidic-based core-shell nozzle, human umbilical vein 

endothelial cells (HUVECs) and human aortic smooth muscle cells (HASMCs) 

were coaxially and continuously printed without ultraviolet light. The core 

material was Type I collagen (3 mg/ml) including HUVECs and a crosslinking 

reagent (100 mM CaCl2). Simultaneously, a blend of 3 mg/ml type I collagen 

(25%) and 1.8 percent weight/volume sodium alginate (75%) was used as a shell 

material around the core. The HUVECs proliferated in the scaffold's core and 

reorganized themselves into a monolayer along the axial direction while the 

HASMCs showed more than 90% cell viability in the shell layer. Using an in-

house micro connector, fluorescent microparticles were fed through the inner 

channel of the scaffold with the HUVEC core and HASMC shell. In growth 

factor-free media, this double-layered scaffold demonstrated more angiogenesis 

than the scaffold with simply a HUVEC core. Angiogenesis, extracellular matrix 

secretion, and outer diameter were all altered by the HASMCs in the shell layer.

The developed method might be used to produce high-volume vascularized tissue 

using three-dimensional bioprinting.
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1.1 Human vascular system

In the human body, the circulatory system or known as the vascular system 

comprises vessels that circulate blood to almost entire organs and tissues (Figure 

1). Nutrients and oxygen are transported to living cells in order to feed the cells 

meanwhile metabolic wastes such as nitrogen compounds, carbon dioxide (CO2), 

phosphates are carried to the excretory system by the vascular system [1-3]. The 

vessels of the blood circulatory system have a tubular lumen structure and are 

categorized into three types [4]: (1) Arteries. Blood vessels contain a thick and 

strong, muscular middle layer of smooth muscle cells (SMCs) and an interior 

monolayer of endothelial cells (ECs). Arteries pump oxygenated blood from the 

heart to the organs and tissues. (2) Veins. Blood vessels are similar to arteries but 

have a thinner and weaker muscular layer. Veins carry blood from the organs and 

tissues back into the heart. Unlike arteries, veins contain one-way valves that 

ensure blood flows in only one direction (3) Capillaries. Permeable blood vessels 

between arteries and veins that made of a monolayer of endothelial cells that 

allows to diffusing oxygen, CO2, nutrients, and other molecular compounds.

Except capillaries, most blood vessels mainly contain three layers (Figure 2)

[5, 6]. The tunica intima is the vessel's innermost layer that directly touches the 

blood. This layer consists of a monolayer of ECs that forms the lumen of the 

vessel. The middle layer, the tunica media, is predominantly made up of 

extracellular matrix (ECM), mostly elastin and collagen, as well as circularly-

organized SMCs. The ECM permits the vessel to stretch and recoil while the 

SMCs govern contraction and relaxation. This layer has the ability to change the 

diameter of the vessel (known as vasodilation and vasoconstriction) [7]. The 

tunica externa is the outermost layer that mostly consists of ECMs, fibroblasts, 

loosely collagen fibres, connective components, autonomic nerves, vasa vasorum,

and lymphatic vessels. The other layers of the vessel are protected by this layer, 

which anchors them to the surrounding tissues. Indeed, Bergman et al. used 
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longitudinal and circumferential anatomical observations to empirically show the 

general structure of human arterioles with a diameter less than 500 micrometres 

(µm) with three distinct layers [8].

Figure 1: The conceptual scheme of human vascular system [9].
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1.2 Vascularization demand and current strategies

The need for organ transplants is rapidly increasing. In 2021, there are 

106,810 active patients on the waiting list for a solid organ transplant in the 

United States [10]. The gap between the number of patients waiting for organ 

transplantation and the number of donated organs available has considerably 

expanded in recent years, resulting in countless patient fatalities and increasing 

socioeconomic costs [11]. Biofabrication strategies that combine biocompatible 

materials, chemicals, and living cells have recently made noticeable development 

to solve this problem [12]. However, the necessity for vascularization is the most 

common challenge to clinical translation of three-dimensional (3D) tissue-

engineered structures. In order to sufficiently get oxygen, nutrients, and get rid of 

metabolic waste, living cells need to be within 200 micrometers of a blood supply

[13]. This ensures long-term survival and functionality [13, 14]. Hence, adequate 

integration of vasculature in 3D tissue-engineered constructs is the requisite 

objective to prevent hypoxia and cellular necrosis.

Figure 2: General structure of blood vessels.
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Many attempts to integrate vascular networks inside 3D artificial tissue 

constructions have been studied. One among them is the 3D bioprinting technique.

Biomaterials, cell sources, and angiogenic growth factors have been used to form 

vasculature using 3D bioprinters. This strategy may be classified as direct or 

indirect printing [15].

In the indirect strategy, to construct 3D vascular-like perfusable channels, 

fugitive hydrogels such as carbohydrate glass [16], gelatine [17], agarose [18], or 

Pluronic F127 [19] are printed and subsequently dissolved using chemical or heat 

stimulation. Once dissolved, ECs are gently spread entire the lumen channels for 

endothelialization. However, the dissolving process can affect to the proliferation 

and differentiation of the ECs [20-22]. 

In the direct strategy, specialized microfluidic nozzles are used to directly 

print microtubular cell-laden scaffold [15, 23]. The vascular cells may be seeded 

inside the printed structure, unlike the indirect strategy. The direct technique, 

which uses specialized microfluidic nozzles, may generate smaller scaffolds than 

the indirect method. This advantage could improve the 3D bioprinting resolution 

[24]. In 2018, Pi et al. published a technique for cannular tissue fabrication, such 

as micro-blood vessels and urothelial tissues, using a direct multilayer bioprinting 

approach [25]. To increase cellular proliferation and migration, they utilized a 

customized bioink comprised of alginate, gelatine methacryloyl (GelMA), and an 

eight-arm poly(ethylene glycol) acrylate with a tripentaerythritol core (PEGOA).

However, UV illumination was used to polymerise GelMA and PEGOA, which 

then interacted with mammalian cells in various ways, causing cell death, 

erythema, and cancer [26-28]. To create channels with an EC monolayer, Gao et 

al. proposed a tissue-specific alginate-based bioink and a 3D coaxial cell printing 

approach [29, 30]. By employing an ionic crosslinking approach, that group was 

able to avoid the constraints of UV photopolymerization. However, to re-

establish native blood vessels, an EC monoculture is inadequate [6, 31]. More 
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importantly, the hydrogels used in those current studies are not natural ECMs, 

they are inadequate to supply the best microenvironment for cell-cell connection 

and 3D cellular interactions. In consequence, those cells in such synthetic 

scaffolds have hardly demonstrated inherent morphologies and biological 

functions, which led to low mechanical properties [32, 33]. Recently, natural 

biomaterials such as type I collagen [33], and decellularized ECM (DECM) [25, 

30] have been used to address these limitations due to their high porosity and 

specific peptide sequences. These materials possess specific peptide sequences 

that can be recognized by cells’ surface receptors as a substrate for cell adhesion 

and migration. Especially, type-I collagen has been widely used as a powerful 

coating material for cell-culture applications [34, 35]. Furthermore, the stiffness 

of type-I collagen is higher compared with that of fibrin and Matrigel at the same 

concentration [36, 37].

1.3 Objectives

In this dissertation, the co-culture of human vascular smooth muscle cells 

and human endothelial cells was applied with the coaxial laminar flow extrusion 

technique to continuously print long human vascular tissues at the micro scale (<

1 mm diameter). Micro blood vessel-like structures were generated from 

collagen-based bioinks using a coaxial microfluidic nozzle without ultraviolet 

radiation. Human umbilical vein endothelial cells (HUVECs) and human aortic 

smooth muscle cells (HASMCs) were co-seeded within such tubular scaffolds to 

functionalize the structures. The printability, perfusability, and functional 

properties including angiogenesis, ECM secretion of the vessel were investigated.

1.4 Dissertation organization

The dissertation’s structure will be divided into 3 chapters as below:

Chapter 1 focuses on the literature overview including the general of the 

human vascular system, microscopic vascular tissues. Next, a review about 
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vascularization demand, current strategies and, their limitations. The final parts

describe the objectives and dissertation organization.

Chapter 2 describes the coaxial printing of double-layered and free-

standing blood vessel analogues without ultraviolet illumination for high-volume 

vascularised tissue.

Chapter 3 summarizes obtained achievements, limitations in this 

dissertation and gives out some feasible solutions and perspectives.
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Chapter 2: 

Coaxial printing of double-

layered and free-standing 

blood vessel analogues 

without ultraviolet 

illumination for high-volume 

vascularised tissue
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2.1 Background

In the direct strategy, to reconstruct microchannels with an EC monolayer, 

Gao et al. developed a tissue-specific alginate-based biomaterial and a 3D coaxial 

cell extrusion method [29, 30]. Using the ionic crosslinking approach, their 

technique avoided the constraints of UV photopolymerization. However, an EC 

monoculture alone is inadequate to reconstitute native blood vessels.

On a specialized in vitro co-culture plate, Liu et al. showed the impact of ECs 

on the morphology change, proliferation, and differentiation of SMCs [38]. 

However, the importance of co-culture in the field of 3D bioprinting remains not 

thoroughly understood. To reconstruct natural microscopic venous or arterial 

architecture, ECs and SMCs must be co-cultured on a tubular scaffold. By 

modulating vasoactivity through cellular relaxation and contraction [39], the co-

culture of ECs and SMCs plays an important role in vascular maintenance, 

development, and remodelling [40]. To compensate for degraded ECM, ECs and 

SMCs jointly produce new ECM [41] and angiogenic growth factors to stimulate 

tubulogenesis and vasculogenesis. Meanwhile, The luminal surface of the 

scaffold is covered with a monolayer of ECs. Both ECs and SMCs collaborate to 

create vasoactive molecules including platelet-derived growth factor (PDGF) and 

endothelin, which help SMCs proliferate, differentiate, migrate, and newly 

secrete ECM. [41-45]. 

In this chapter, we used a coaxial microfluid nozzle to print a coaxially 

layered blood-vessel-like scaffold comprising human umbilical vein endothelial 

cells (HUVECs) and human aortic smooth muscle cells (HASMCs) without UV 

illumination (Figure 3). The nozzle was created to extrude the coaxial scaffolds 

in a smooth and controlled manner at the microscale. To illustrate the benefits of 

our co-culture approach for ECM synthesis, cell differentiation, and angiogenic 

factor secretion, the transcriptional expressions of genes for collagens I, III, and 

IV, smoothelin, alpha-actin, and vascular endothelial growth factor (VEGF) were 
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examined. The scaffolds' perfusability was observed using a special connector. 

The scaffolds' mechanical characteristics, such as toughness and deformation 

response, were also assessed. The proposed method might be used to print a 

vascularized organ.

Figure 3: A schematic of the proposed method. Suspended HUVECs and type I 

collagen (3 mg/mL) containing CaCl2 (100 mM) were introduced as the core, and 

a mixture of HASMCs and a collagen-alginate hydrogel (25:75) was pumped as 

the shell layer.

2.2 Materials

In this chapter, we obtained calcium chloride anhydrous (CaCl2, 2507-1400, 

DEAJUNG, Republic of Korea), sodium alginate (13035S1201, JUNSEI, Japan), 

native type I collagen (IAC-50, KOKEN, Japan), silicone elastomer base, silicone 

elastomer curing agent (Sylgard, 184 silicone elastomer kit, Dow Corning 

Corporation, U.S.A.), food-dye (WILTON, Republic of Korea), red fluorescence 

beads (S-FluoRed-Fi198, microParticlesGmbH, Germany), green fluorescence 

beads (PS-FluoGreen-Fi199, microParticlesGmbH, Germany), blue fluorescence 

beads (S-FluoBlue-Fi165, microParticlesGmbH, Germany), HASMCs (PCS-

100-012, cryopreserved, ATCC, U.S.A.), HUVECs (PCS-100-010, 

cryopreserved, ATCC, U.S.A.), vascular smooth muscle cell growth kit (PCS-

100-042, ATCC, U.S.A.), vascular cell basal medium (PCS-100-030, ATCC, 

U.S.A.), endothelial cell growth kit-VEGF (PCS-100-041, ATCC, U.S.A.), high 
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glucose DMEM (11995073, Thermo Scientific, U.S.A.), LIVE/DEAD™ 

viability/cytotoxicity kit for mammalian cells (L3224, Thermo Scientific, U.S.A.), 

ZO-1 monoclonal antibody (ZO1-1A12, 33-9100, Thermo Scientific, U.S.A.), 

goat anti-mouse IgG (H+L) highly cross-adsorbed secondary antibody — Alexa 

Fluor plus 488 (A32723, Thermo Scientific, U.S.A.), cluster of differentiation 31 

(CD31) monoclonal antibody (MA5-13188, Thermo Scientific, U.S.A.), 

cytoplasmic probes — CellTracker™ red CMTPX (10 µM, C34552, Thermo 

Scientific, U.S.A.) and CellTracker™ green BODIPY™ dye (10 µM, C2102, 

Thermo Scientific, U.S.A.), 4′,6-diamidino-2-phenylindole (DAPI, NucBlue® 

Live ReadyProbes™ Reagent, Thermo Scientific, U.S.A.), paraformaldehyde 

(P6148, Sigma-Aldrich, U.S.A.), blocker bovine serum albumin (BSA) (37525, 

Thermo Scientific, U.S.A.), Triton-X100 (T8787, Sigma-Aldrich, U.S.A.), and 

gene-specific primers (Table 1, Bioneer, Republic of Korea).

Table 1: Gene-specific primers.

Gene name Forward primer sequence (5′-3′) References

Collagen I F: ATGTGGCCATCCAGCTGAC

R: TCTTGCAGTGGTAGGTGATGTTCT

[38, 46]

Collagen III F: CCCAGAACATCACATATCAC

R: CAAGAGGAACACATATGGAG

[47]

Collagen IV F: TGGTGACAAAGGACAAGCAG

R: TAAGCCGTCAACACCTTTGG

[48, 49]

Smoothelin F: CCCTGGCATCCAAGCGTTT

R: CTCCACATCGTTCATGGACTC

[38]

Alpha-actin F: CATCACCAACTGGGACGA [38]
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2.3 Methods and results

2.3.1 Hydrogel

One of the primary components of ECM is type I collagen [50]. type I 

collagen matrix allows cells to proliferate, migrate, and differentiate more 

effectively than alginate [33]. However, alginate’s gelation time is much more 

quickly than that of collagen. Herein, to create coaxial two-layered scaffolds, 

several collagen and alginate combinations were tested.

Sterile sodium alginate solution was prepared using a technique described by 

Ning et al. [51]. Briefly,  a 0.6% weight/volume (w/v) solution was prepared by 

dissolving sodium alginate powder in deionised water then carefully filtered 

using a 0.22 µm bottle-top filter (J1.F204.500, SCI-lab, Republic of Korea) under 

an uncontaminated condition. The filtered solution was frozen overnight at 80 

degrees Celsius (°C) and then lyophilised for at least 72 hours under a sterile 

condition. The dried alginate was redissolved in phosphate-buffered saline (PBS) 

at 1.8% (w/v) without calcium chloride (CaCl2) and magnesium chloride (MgCl2) 

then supplemented with 145 mM sodium chloride (NaCl).

We followed a video protocol published by AIM Biotech (Singapore) to 

prepare the type I collagen solution [52]. Briefly, Type I collagen (5 mg/mL) was 

supplemented with 10% 10X PBS and neutralized with 0.5 N sodium hydroxide 

R: GGTGGGATGCTCTTCAGG

VEGF F: GCACCCATGGCAGAAGGAGG

R: CCTTGGTGAGGTTTGATCCGCATA

[43]

Beta-actin F: TCCCCCAACTTGAGATGTATGAAG

R: TCCCCCAACTTGAGATGTATGAAG

[48]
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(NaOH). To create a 3 mg/mL type I collagen solution, deionized water was 

added to the solution. All procedures were performed at 2-10 °C to prevent the 

gelation of the collagen.

At varied volume ratios, type I collagen (3 mg/mL) and sodium alginate (1.8% 

w/v) were blended (100:0, 80:20, 25:75, 20:80, and 0:100). Scanning electron 

microscopy (SEM) was used to examine the microstructures of the alginate and 

collagen matrices. Firstly, the blended materials (1 mL) were pipetted into a 2-

mL tube then 500 µl of 100 mM CaCl2 were added and incubated at 37 °C for 12 

hours at least. The residual CaCl2 was removed entirely after gelation, and the 

gelated hydrogel was rinsed twice with PBS. The hydrogels were then immersed 

in liquid nitrogen for 3 minutes for the snap freezing process before being 

lyophilised. An Emitech K575X sputter coater was used to metal coat the 

dessiccate hydrogels (Quorum Technologies Ltd., United Kingdom). 

Micromagnifications were obtained using a SU8220 Cold FE-SEM (Hitachi High 

Technologies Korea Co., Ltd., Republic of Korea).

SEM magnifications of the blended collagen and alginate hydrogels are 

shown in Figure 4a. The fibrous structures indicated collagen matrices while 

alginate appeared in monolithic lumps. The hydrogels containing 80% and 100% 

collagen had a more linked network than the others.



14

Figure 4: The collagen-alginate hydrogel. (a) The microstructures of the 

collagen-alginate blends (scale bar: 1 µm). (b) HASMCs inside the collagen-

alginate scaffolds (scale bar: 200 µm).

Inside the collagen and alginate hydrogels, HASMCs were laden and then 

they proliferated. Their morphology and viability were observed and investigated 

to see whether they might be used as tunica intermedia. Frozen HASMCs were 

thawed and expanded in vascular cell basal medium supplemented with a vascular 

smooth muscle cell growth kit at 37 °C, 5% CO2. The cells were passaged with 

a 0.05% trypsin ethylenediaminetetraacetic acid (EDTA) before they reached 80% 

confluence. The HASMCs were harvested and suspended in the collagen–

alginate blends at a density of about 2 × 106 cells/mL after they achieved around 

80% confluence within 6 to 12 passages. To make a 3D scaffold, 800 µL of the 

cell suspension was pipetted uniformly onto a 35-mm cell culture dish and then 

gelled with 100 mM CaCl2. The gelated cell-laden hydrogels in the 35-mm dish 

were roughly 850 µm thick. The scaffolds were rinsed three times with PBS after 

the gelation. Following that, 1.5 mL of pre-warmed fresh HASMC media was 
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added to the cell-laden scaffold, which was subsequently incubated at 37 °C with 

5% CO2.

An IX53 inverted microscope (Olympus, Japan) was used to observe the cell

growing. Figure 4b shows images of the HASMCs’ morphology within the 

blended collagen and alginate hydrogels. Higher collagen ratios resulted in more 

elongated cells. The HASMCs unfurled their shape considerably more quickly in 

hydrogels containing 80% and 100% collagen than with those containing lower 

collagen ratios.

To show cell viability, the cell-laden scaffold was stained in PBS with 0.2% 

ethidium homodimer-1 (2 mM) in dimethyl sulfoxide (DMSO)/H2O at 1/4 (v/v) 

and 0.05% calcein-AM (4 mM) in anhydrous DMSO. The samples then were 

were treated with DAPI for 30 minutes at 37 °C and 5% CO2 for nucleus staining. 

The cell-laden scaffold was then rinsed five times in PBS before being observed 

with an Olympus BX53 digital upright microscope (Olympus, Japan) with a 4x 

objective lens. ImageJ software (Fiji, NIH Image, U.S.A., version 1.51h) was 

used to analyze ten pictures (5 per experiment). The fluorescent signal of the 

stained cells was divided into a red channel (dead cell signal) and a green channel 

(living cell signal) for the cell viability calculation, and the intensity of the two 

channels was evaluated using ImageJ. Using the ratio of green intensity to total 

intensity, the percent viability was estimated from the observed signal intensity:

100
  

green intensity
viability

green intensity red intensity
= ´

+
(Equation 1)

In all mixing conditions, more than 83% of the HASMCs inside the hydrogel 

were alive, with no significant differences (Figure 5). This results indicated that 

none of the collagen and alginate mixes were harmful to HASMCs.
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Figure 5: The HASMC viability in 3D flat scaffolds with different collagen rati

os over three days (sample size n = 10 from 2 experiments).

2.3.2 Cell-laden core-shell scaffold generation and printing

We developed and fabricated a coaxial laminar microfluid generator, as 

shown in Figure 6a–c, to create the layered tubular scaffold of HASMCs and 

HUVECs. The device comprised three micro-glass tubes (580 µm inner diameter 

(ID), 1B100-6, World Precision Instruments, U.S.A.): one vertical inlet for shell 

material pumping; one horizontal inlet for core material pumping; and one outlet.

A PC-10 puller  (NARISHIGE Group, U.S.A.) was used to thermally draw a glass 

capillary to a 220 µm ID for the horizontal inlet. As illustrated in Figure 6b, the 

horizontal inlet's tapered tip was partially inserted into the outlet. All three micro-

glass tubes were put together in a cuboid-shaped polydimethylsiloxane (PDMS) 

body.
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Figure 6: The proposed coaxial microfluid nozzle and experimental 

configuration. (a) Schematic of the proposed generator, which comprised three 

glass capillaries: a vertical inlet for pumping the shell-layer materials, a 

horizontal inlet for pumping the core materials, and an outlet. All three capillaries 

were assembled in a cuboid-shaped PDMS block. (b) Magnified view of the 

junction area. (c) The fabricated nozzle. (d) The scaffold formation with a CaCl2

dish. (e) The printability tests. (f) The printed “UoU” pattern.

As illustrated in Figure 6d–e, the proposed printing system was set up to test 

core-shell scaffold extrusion and printability. It comprised two syringe pumps for 

the core and shell materials that were connected to a fabricated coaxial laminar 

microfluid generator. The generator was fixed on a manual x-y stage controller 

(binocular microscope, ML5000, Meiji Techno, U.S.A.). To prevent the collagen 

from gelling before printing, two 5 mL syringes (Kovax, Republic of Korea) 

containing the core and shell materials were placed on ice (0 – 10 °C). The 

horizontal and vertical inlets were used to introduce the core and shell materials, 

respectively. As shown in Figure 6d–f, crosslinking interactions between Ca2+

ions and sodium alginate chains resulted in the formation of core-shell scaffolds. 

After alginate gelation, residual CaCl2 was rinsed off the gelated scaffold using 
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PBS. The scaffold was then incubated for at least 15 minutes at 37°C to allow 

collagen gelation.

Despite the fact that the laminar microfluid generator was well-designed, the 

viscosity of the fluid had an impact on the flow pattern. Indeed, the HASMCs 

were more compatible with a greater collagen ratio in the collagen and alginate 

blend; however, a high collagen ratio caused the mixture less viscous and 

prevented it from forming a laminar microflow. When evaluated across five trials, 

blends with a 30% collagen ratio failed half of the time while blends with a less 

than 25% collagen ratio succeeded in almost every trial (Figure 7). Because of its 

cell biocompatibility and ability to generate laminar microflow, a blend with a 

collagen-alginate ratio of 25:75 was chosen as the shell layer material.

Figure 7: The success rate of tubular scaffold formation with different collagen 

ratios (trial number n = 5).

The 25:75 blend of collagen and alginate was printed continuously in the 

layered core-shell structure (Figure 6d–e and Supplementary Movies S1 and S2).

Figure 6d and Supplementary Movie S1 show that the core-shell laminar flow 

was pumped out into a CaCl2 dish as an arbitrary structure. Meanwhile, Figure 6e 

and Supplementary Movie S2 illustrated a straight scaffold printing, Figure 6f 
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showed a “UoU” (University of Ulsan) pattern printing on a glass slide. Because 

of the rough stage and manual control, the patterns have a slight lack of accuracy. 

Nonetheless, these illustrations show that the suggested technology is capable of 

3D bioprinting.

2.3.3 HASMC shell layer scaffold

To examine the cellular interaction between HASMCs and HUVECs, three 

types of the scaffold were created and assessed: (1) a HASMC shell layer scaffold, 

(2) a HUVEC core scaffold, and (3) a co-culture scaffold made of a HUVEC core 

and HASMC shell layer (the HUVEC–HASMC scaffold). The HASMCs were 

harvested and suspended at about 2 × 106 cells/mL in a 25:75 collagen and 

alginate mixture. This mixture was introduced through the vertical inlet at a rate 

of 0.7 mL/min as the shell layer material while 300 mM CaCl2 was injected into 

the horizontal inlet at a rate of 0.1 mL/min as the core material. The scaffold was 

extruded into a 100 mM CaCl2 dish and rinsed in PBS after 5 minutes in the CaCl2

dish. After that, it was supplied with fresh media (vascular cell basal medium + 

10% fetal bovine serum (FBS) + 1% penicillin/streptomycin) and incubated at 

37 °C with 5% CO2. Due to the CaCl2 in the core and dish, the gelated scaffold 

formed a tubular shape. The HASMCs in the shell layer were assessed for 

viability, confluency, and contraction behavior. On days 10 and 20, the 

fluorescence intensities from the green (living) and red (dead) channels of 5 

samples from two experiments were quantified using ImageJ to determine 

viability. Using Wang's technique [53], the confluence was calculated as the ratio 

of green areas (living) over the total field of vision (Figure 8).
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Figure 8: The HASMC confluency in C25-A75 tubular scaffolds over 20 days 

(** 0.001 < p < 0.01, *** p < 0.001, compared with day 20, sample size n = 5 

from 2 experiments).

Figure 9: The HASMC shell layer scaffold. (a) Bright-field magnifications of the 
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HASMC scaffold. (b) 10X live/dead fluorescence magnifications of the HASMC 

scaffold (green, live cells; red, dead cells; blue, nuclei). (c) 4X live/dead 

fluorescence images of the HASMC scaffold on day 10 and day 20.

Figures 9a and 9c demonstrate the morphological changes of HASMCs in the 

HASMC scaffold over time. The HASMCs existed in spherical shapes until day 

3 (Figure 9b). They became longer and stuck together over 15 days. The viability 

of HASMCs was above 90% on day 10, with no significant change on day 20 (p

= 0.849, Figure 10).

Figure 10: The HASMC viability in tubular scaffolds with different collagen 

ratios on days 10 and 20 (NS: no significance, sample size n = 5 from 2 

experiments).

2.3.4 HUVEC core scaffold

Frozen HUVECs were thawed and expanded at 37 °C in a cell incubator 

containing 5% CO2. The HUVECs were grown in vascular cell basal media 

supplemented with an endothelial cell growth kit-VEGF throughout the 

expansion. The HUVECs were collected and dispersed at low and high densities 

of approximately 3.5 × 106 and 1.7 × 107 cells/mL in 3 mg/mL type I collagen.

At a rate of 0.1 mL/min, both suspensions were introduced into the horizontal 

inlet as the core material. Meanwhile, the shell material was a mixture of 25% 
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collagen and 75% alginate pumped at a rate of 0.7 mL/min through the vertical 

inlet. Once gelled, the HUVEC core scaffold was washed in PBS and supplied 

with fresh media and incubated at 37 °C, 5% CO2.

Figure 11: The HUVEC core scaffold. (a) Bright-field magnifications of HUVEC 

confluence at two different cell densities. (b) Live/dead fluorescence images of 

the HUVEC confluence at two different cell densities. (c) Confocal 

immunostained image of ZO1 signals.
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Figure 11a shows bright-field observations of the HUVEC core inside the 

gelated scaffold. The seeded HUVECs seemed to be non-uniformly settled for up 

to 4 hours after formation. We hypothesized that the seeded HUVECs shrunk due 

to the collagen's poor gelation rate. However, two days later, the HUVEC core 

seemed to have a higher cell density inside the live/dead fluorescence pictures, 

which was more densely or evenly packed (Figure 11b). More than 88% alive 

cells in the high-density HUVEC core, as well as more than 85% alive cells in 

the low-density HUVEC core (Figure 12).

Figure 12: HUVEC viability in C25-A75 tubular scaffolds with two HUVEC 

densities over 15 days (* 0.01 < p < 0.05, ** p < 0.01, between the low and high 

cell densities, n = 10 from 2 experiments).

Tight junctions were checked using ZO-1 immunofluorescence labeling. The 

HUVEC core scaffold was fixed for 30 minutes with 4% paraformaldehyde 

(P6148 Sigma-Aldrich, USA), permeabilized for 5 minutes with 0.5% Triton-

X100, and blocked for 15 minutes at room temperature (RT) with 3%  BSA. The 

scaffold was then treated with ZO1-1A12 monoclonal antibody overnight at 4 °C. 

The scaffold was then incubated for 90 minutes at RT with a goat anti-mouse IgG 

(H+L) highly cross-adsorbed secondary antibody, Alexa Fluor plus 488, at a 

dilution of 1:1000. For 10 minutes, the nuclei were counterstained with DAPI. 
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The primary and secondary antibody concentrations were chosen according to the 

manufacturer's recommendations. The stained scaffold's ZO-1 signals reveal tight 

junctions within the HUVEC core, as seen in Figure 11c.

Figure 13: The monolayer formation of the HUVEC core at two different cell 

densities. The lumen structure was observed in the high-density HUVEC core six 

hours after generation, and it became more visible on days 2 and 4, whereas it 

took longer than two days for the low-density core to form a hollow channel.

Confocal observations of the live/dead-stained HUVEC core scaffold are 

shown in Figure 13 and Supplementary Movie S3. Six hours after creation, a 

hollow channel was observed in the high-density HUVEC core. On days 4 and 5, 

cross-sectional images of the high- and low-density HUVEC cores indicate a cell 

monolayer and a secure channel structure.

2.3.5 HUVEC core and HASMC shell layer (HUVEC–HASMC) scaffold

The core material was a combination of about 1.7 × 107 HUVECs/mL and 3 

mg/mL type I collagen. Meanwhile, the shell material was given as a mixture of 

about 2 × 106 HASMCs/mL and a 25:75 collagen/alginate blend. The core and 
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shell materials had flow rates of 0.1 mL/min and 0.7 mL/min, respectively. After 

extrusion, the extruded scaffold was rinsed with PBS, supplied fresh media, and 

incubated at 37 °C, 5% CO2. To observe the stratification of the HUVECs and 

HASMCs, before creating the HUVEC–HASMC scaffold, the HASMCs and 

HUVECs were washed once with PBS, centrifuged, and incubated with a 

cytoplasmic probe and 10 M CellTrackerTM Red CMTPX and CellTrackerTM 

Green BODIPYTM dyes for 35 minutes according to the manufacturer's 

instructions.

The HUVEC–HASMC scaffold was photographed over time in Figure 14.

The HUVCEC core and HASMC shell layer were not visible under a bright field 

immediately after creation (Figure 14a), but their stratification became much 

more visible after five hours. The coaxially layered and visually distinct 

structures may be seen in the fluorescent pictures obtained on day 2 (Figure 14b) 

and bright-field images taken on day 15 (Figure 14a). The 3D structure of the 

HUVEC–HASMC scaffold was reconstructed from the images acquired using 

confocal microscopy, as shown in Figure 14c. At various view angles, a HUVEC 

lumen of roughly 230 µm in diameter was identified. Due to its approximate 

thickness of 890 µm, only half of the HASMC shell was observed and rendered.
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Figure 14: The HUVEC–HASMC scaffold. (a) Bright-field magnification of the 

co-culture scaffolds for up to 15 days. (b) Fluorescence images of the HUVEC–

HASMC scaffold with the cell trackers on day 2. (c) Confocal images of the co-

cultured scaffold with the cell trackers on day 2. The HASMC shell layer (yellow) 

surrounds the HUVEC core (red) with a clear lumen.

2.3.6 Perfusability

An in-house micro-connector was used to pump blue fluorescent beads 

solution (1:200 in deionised water)into to the tubular scaffolds. As illustrated in 

Figure 15, the connector comprised three major components: (1) a big glass tube, 

(2) a mid-sized glass tube, and (3) a small glass capillary. The big glass tube was 

made of a capillilary (1.15 mm ID and 1.55 mm outer diameter (OD)) (2940210, 
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MARIENFELD, Germany). It was constricted to an ID of 0.3 mm using a PC-10 

puller (Narishige International, U.S.A.). This step allowed to mount the scaffold 

by connecting the mid-sized glass tube and the small glass capillary together. The 

ID was 0.58 mm and the OD was 1.0 mm on the mid-sized glass tube (1B100-6, 

World Precision Instruments, USA). It was narrowed at one end and constricted 

in the center to accommodate the small glass capillary with an ID of 97.4 µm and 

an OD of 164.4 µm (1068150020, Polymicro Technologies, Republic of Korea). 

As illustrated in Figure 15b, two big tapered glass tubes were immobilized and 

attached as the inlet and outlet at the wall of the cell culture plate (35 mm 

diameter). The tubular scaffold was sucked into the big tapered glass tube for 

connection to a pumping system. The scaffold's elasticity allowed for a snug fit 

within the big tapered glass tube. The tubular scaffold's free end was sucked and 

secured into the big glass outler tube. The small glass capillary was gently put 

into the tubular scaffold through the mid-sized glass tube, which was carefully 

inserted such that the tiny glass capillary was centrally placed inside the tubular 

scaffold without causing any damage (Figure 15a and 15d). A plastic tube linked 

a syringe pump with the mid-sized glass tube. Once connected to the pumping 

system, the connected scaffold was buried in 1.5 mL of 3 mg/mL type I collagen 

hydrogel (Figure 15c). This step immobilized the scaffold and protected it from 

structural damage during pumping. On day 3, Figure 15f, 15g, and Supplementary 

Movie S4 show a constant flow of 0.05 mL/min of the blue beads inside the 

HUVEC core scaffold and the HUVEC–HASMC scaffold without any leakage.
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Figure 15: The perfusability test. (a) The proposed connector for the perfusability

test. The connector comprised a large glass tube, a mid-sized glass tube, and a 

small glass capillary. (b–c) The cell scaffold was sucked into the channels of the 

pumping device, and then 1.5 mL of 3 mg/mL type I collagen was used to bury 

the scaffold. (d) Bright-field magnifications of the HUVEC scaffold during 

pumping. (e–f) Fluorescence magnifications of the HUVEC scaffold during 

pumping. (g) Fluorescence magnifications of the HUVEC–HASMC scaffold 

during pumping.
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2.3.7 Statistical analysis

The mean ± standard deviation is presented as quantified results. The two-

tailed student's t-test in Prism 6.01 was used to make comparisons between two 

groups (GraphPad, U.S.A.). A value of p < 0.05 was considered statistically 

significant. Sample sizes are given in the figure captions.

2.3.8 Mechanical properties

The pumping flow rate was steadily raised in the perfusion test setup (Figure 

15) until leakage occurred to assess shear stress endurance. Equation 2 was used 

to calculate the shear stress as follows:

3

32 Q

D
t m

p

´
= ´

´
(Equation 2)

where Q, D, µ were the flow rate, the inner diameter of the scaffold, and the 

viscosity of water at 20 °C (µ = 1 cP), respectively. Figure 16d–e depicts the 

changes in ID and OD after 20 days. The shear breaking stress of the HUVEC–

HASMC scaffold and the HUVEC scaffold with respect to culture time is shown 

in Figure 16a. Over the time of 20 days, the shear breaking stress of the HUVEC–

HASMC scaffold gradually rose to around 103 dyne/cm2. The shear breaking 

stress on the HUVEC scaffold increased similarly until day 15, after which it 

dropped and by day 20 had achieved a value of around 50 dyne/cm2. The 

HUVEC–HASMC scaffold was therefore twice as tough as the HUVEC only 

scaffold on day 20.
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Figure 16: Mechanical strength testing. (a) The breaking shear-stress of the 

HUVEC–HASMC scaffold and the HUVEC core scaffold (*** p < 0.001, 

between the two type of scaffolds, n = 4), (## 0.001 < p < 0.01, ### p < 0.001 

compared with the previous day, n = 4). (b) The breaking force on day 1 (*** p < 

0.001, compared with C0-A100, n = 5), (### p < 0.001, comparing the HUVEC–

HASMC scaffold with the HASMC scaffold and the HUVEC scaffold, n = 5). (c) 

The breaking force with respect to the culture time (** 0.001 < p < 0.01, ***p < 

0.001, comparing the HUVEC–HASMC scaffold with the HASMC scaffold, the 
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HUVEC scaffold, and the cell-less scaffold, n = 5). (d) Changes in the outer 

diameter for up to 20 days. (e) Changes in the inner diameter for up to 20 days.

The axial breaking force of the collagen–alginate scaffolds was measured 

using a device that was designed based on [33]. Briefly, The measuring device 

comprised a moving part (a 5 cm long glass tube with a diameter of 1000 µm), 

and a sensing wire (a piano wire with a diameter of 500 µm or a 6 cm long glass 

capillary with a diameter of 164.4 µm). Glue was used to secure the scaffold 

sample between the sensing wire and the moving component. The entire system, 

including the scaffold sample, was soaked in deionized water for 10 minutes prior 

to pulling the moving part, and then measured in the deionized water. Equation 3 

was used to determine the applied force (F):

F k x= ´D (Equation 3)

where k was the spring constant (3.589754 N/m for the piano wire and 0.0065462 

N/m for the glass tube), and ∆x was the deformation of the sensing wire. Based 

on the vertical displacement (∆x’) caused by 10 different weights, the spring 

constants of the piano wire and the glass capillary were determined. The average 

spring constants were then determined using a modified version of equation 3 as 

follows:

'

g m
k

x

´
=

D (Equation 4)

where g, m, ∆x’ are gravitational acceleration, weight, and the vertical 

displacement, respectively.

On day 1, the breaking force of the cell-less scaffold and the cell-laden 

scaffold is compared in Figure 9b. The breaking point of the cell-less scaffold 

dropped as the collagen ratio rose. The HUVEC core scaffold and the cell-less 

scaffold had equivalent values when using the same hydrogel ratio 

(collagen:alginate at 25:75). The HUVEC–HASMC scaffold and the HASMC 
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scaffold, on the other hand, were only half as strong as the HUVEC core scaffold. 

CaCl2 was pumped in as the core material for the HASMC scaffold while the 

HUVEC core and HUVEC–HASMC scaffolds were made with a combination of 

HUVECs and collagen as the core material.

The cell-laden scaffold's breaking force varied over time (Figure 16c). The 

breaking force of the HUVEC core scaffold and the cell-free scaffold reduced by 

less than half on day 10 compared to day 1, and the results were statistically 

equivalent on day 20. The breaking force of the HASMC shell and the HUVEC–

HASMC scaffold was opposite, with no significant change between day 1 and 

day 10. Nevertheless, the breaking force of the HUVEC–HASMC scaffold had 

grown substantially by day 20. In comparison to a monoculture, the co-culture of 

HUVECs and HASMCs may generate a tougher ECM.

The ID and OD of the tubular scaffolds were measured using bright-field and 

fluorescent pictures throughout the culture period. The OD tendency of the 

HASMC shell layer scaffold and the HUVEC–HASMC scaffold was comparable 

(Figure 16d). They swelled on days 2 and 5, then started to contract drastically 

on day 10. However, the HUVEC core scaffold’s OD showed a small increase 

over that time. The OD change seemed to be caused by the HASMC in the shell 

layer, while the HUVEC core was apparently the key factor in the ID difference. 

On days 2 and 5, the ID of the HUVEC core scaffold and the HUVEC–HASMC

scaffold dropped faster than that of the HASMC shell layer scaffold (Figure 16e).

2.3.9 Angiogenesis

The HUVEC core and HUVEC–HASMC scaffolds were grown without 

growth factor (GF) supplement and buried within type I collagen matrices to 

evaluate the impact of HUVEC–HASMC co-culture on HUVEC angiogenesis. In 

a cell culture plate (35 mm diameter), a two-millilitre mixture of 3 mg/mL type I 

collagen and GF-free co-culture media (2:1 ratio) covered the cell-laden scaffolds. 

After that, for gelation  the collagen dish was incubated for 45 minutes at 37 °C 
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with 5% CO2. For up to 15 days, the scaffolds within the collagen dish were 

grown in 1.5 mL of fresh GR-free media, which was replaced every 24 hours. To 

check for CD31 protein expression, the sprouting scaffold was stained with CD31 

monoclonal antibody (JC/70A) using the same technique as ZO-1 staining.

Figure 17: Angiogenesis within the collagen matrices (yellow arrows indicate 

cell sprouts). (a) The angiogenesis from the HUVEC scaffold was hardly 

detectable to day 15. (b) Cell sprouting and angiogenesis from the HUVEC–

HASMC scaffold is clear. (c) Confocal immunostaining of the CD31 signal 
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showing the lumen structures of the HUVECs.

Sprouting from the core HUVECs was seen in both scaffolds, as illustrated in 

Figure 17. Until day 4, the HUVEC–HASMC scaffold had more fertile sprouting 

than the HUVEC core scaffold. Outside of the scaffold, the HUVEC–HASMC 

shell layer branched out to the collagen layer, but the HUVEC core scaffold did 

not appear to sprout into the cell-less shell layer. On day 10, a HUVEC (CD31) 

sprouting branch of the HUVEC–HASMC scaffold is shown in Figure 17c. The 

lumen of a 20-micrometer-diameter branch is visible in confocal microscope 

pictures (Figure 17c).

2.3.10 Gene expression

To investigate the effect of co-culture, gene expression was monitored for 

15 days. On days 5, 10, and 15, the alginate hydrogel and collagen matrix 

encapsulating the seeded cells were degraded using alginate lyase (50 ng/L) and 

0.05% trypsin EDTA, respectively. Total RNA was extracted according to the 

manufacturer's procedure using the Direct-zolTM RNA Mini-Prep Plus (Cat. 

number R2072, Zymo Research, USA). Then, using a High Capacity cDNA 

Reverse Transcription kit (Thermo Scientific, U.S.A.), cDNA was prepared. A 

real-time polymerase chain reaction (PCR) study using Luna Universal qPCR 

Master Mix (M3003, NEB, U.S.A.) was used to assess the gene expression level.

An ABI 7500 Fast Real-Time PCR System (Applied Biosystems, U.S.A.) was 

used to monitor the PCR of the samples. To guarantee the single amplification of 

each gene, a melt curve analysis was conducted. The delta–delta technique was 

used to analyze the measured mRNA expression data, with beta-actin gene 

expression as a reference [53-55]. The gene-specific primers of genes including 

HASMC contractile marker genes (alpha-actin [38, 56] and smoothelin [38, 57, 

58]), an angiogenic growth factor marker gene (VEGF) [59], and ECM protein 
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genes (collagen type I [38, 46], collagen type III [47], and collagen type IV [49]) 

are listed in Table 1. This experiment was carried out three times.

Figure 18: Gene expression. (a) Alpha-actin expression. (b) Smoothelin

expression. (c) VEGF expression. (d) Collagen I expression. (e) Collagen III 

expression. (f) Collagen IV expression (* 0.01 < p < 0.05, ** 0.001 < p < 0.01, 

*** p < 0.001, between the HASMC scaffold and the HUVEC–HASMC scaffold, 

n = 3), (# 0.01 < p < 0.05, ## 0.001 < p < 0.01, ### p < 0.001, between the 

HUVEC scaffold and the HUVEC–HASMC scaffold, n = 3), ($ 0.01 < p < 0.05, 

$$ 0.001 < p < 0.01, $$$ p < 0.001, compared with the previous day, n = 3).

Effects of co-culture on HASMC differentiation

To see how co-culture influenced HASMC development, we looked at the 

expression of two contractile apparatus genes, alpha-actin and smoothelin [38]. 

The relative alpha-actin mRNA expression level in the HASMC only scaffolds 

increased by 20% on day 10 compared to day 5, then dropped substantially by 

day 15. (Figure 18a). The alpha-actin level in the HUVEC–HASMC scaffold was 

considerably greater on day 10 than on day 5, although it changed only little from 

that on day 15. During those 15 days, the HUVEC only scaffold exhibited almost 
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no alpha-actin expression. On all three days (days 5, 10, and 15), the alpha-actin 

level in the co-cultured HUVEC–HASMC scaffold was greater than in the other 

two hydrogels (p 0.001). The smoothelin expression peaked on day 5 in the 

HASMC-only scaffolds before rapidly declining (Figure 18b). The HUVEC only 

scaffold's smoothelin level fluctuated insignificantly. The smoothelin level in the 

HUVEC–HASMC scaffold did not vary substantially at any time period. As a 

result, determining the effect of co-culture on smoothelin was a challenge.

Effects of co-culture on HUVEC angiogenesis

The angiogenic factor VEGF promotes the creation of new blood vessels 

[60]. Its normal purpose is to stimulate new blood vessel formation during 

embryonic development  (vasculogenesis) or new blood vessel growth from pre-

existing ones (angiogenesis) [61]. To assess the influence of co-culture on 

HUVEC angiogenesis, the amount of VEGF gene expression was evaluated. The 

VEGF level in the HASMC only scaffold peaked on day 10 and subsequently 

dropped considerably by day 15 (Figure 18c). During the 15-day period, the 

HUVEC only scaffold had the lowest amount of VEGF among the three scaffolds, 

with little oscillation. The VEGF level in the HUVEC–HASMC scaffold was 

greatest on day 10 and thereafter stayed constant. On day 15, the HUVEC–

HASMC scaffold had a significantly greater VEGF level than the monocellular 

scaffolds.

Effects of co-culture on ECM production

Three ECM genes: Collagen I, collagen III, and collagen IV were tested to 

see how co-culture influenced ECM synthesis. Such collagens can be found in 

the skin, lungs, intestinal wall, and blood vessel’s innermost membranes [46, 47, 

49]. The expression levels of these three collagen genes in the HUVEC–HASMC 

scaffold followed a similar tendency: they rose until day 10 and then stayed

constant (Figure 18d–f). The levels of collagen I and III in the HASMC only 

scaffold followed a similar pattern: they peaked on day 10 and then dropped 
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considerably on day 15. The collagen III expression had a greater peak value than 

that of collagen I in the HASMC only scaffold. The collagen I and II genes were 

not found in the HUVEC-only scaffold.

The expression of collagen IV gene exhibited a more complex pattern than 

the other collagens (Figure 18f). The collagen IV level in the HUVEC–HASMC 

scaffold peaked on day 10 and subsequently remained constant. Collagen IV 

peaked on day 5, dropped dramatically on day 10, and subsequently stayed 

unaltered in the HASMC only scaffold. On day 5, the collagen IV level in the 

HUVEC only scaffold followed the same tendency as the HUVEC–HASMC 

scaffold, but thereafter fluctuated insignificantly on days 10 and 15.

2.4 Discussion

We used a microfluidic-based nozzle and a combination of type I collagen 

and sodium alginate to print a free-standing HUVEC-HASMC coaxially layered 

scaffold without ultraviolet light illumination. Our printed structure comprised an 

endothelial lumen structure surrounded by elonging SMCs. This structure was 

similar to human native blood vessels. We also demonstrated and assessed its 

perfusability and angiogenesis.

Due to their tuneable biocompatibility and biodegradability, collagen-

alginate hydrogels have been widely utilized in wound healing [62, 63] and 

bioprinting [64]. Specific peptide sequences in type I collagen can be recognized 

by cell surface receptors as a substrate for cell adhesion. Despite the fact that the 

sodium alginate polymeric backbone lacks an intrinsic cell-binding component, 

it can be utilized to improve the mechanical characteristics of a gel. The ratio of 

type I collagen in the blended hydrogel had a significant impact on cell spread

over three days (Figure 4b). In addition, the inclusion of type I collagen in the 

sodium alginate improved cell adherence and cell culture media diffusion into the 

mixed hydrogel scaffold's deeper layers [65, 66]. The core-shell formation was 
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hampered when the collagen ratio in the mixed hydrogel was more than 40%. As 

a result, we used a 25:75 ratio for the collagen and alginate blend in this study.

Crosslinking cation diffusion from the interior of the shell layer to the outside 

was produced by the CaCl2 in the core material [67, 68]. During 3D macro-

scaffold bioprinting, this diffusion gradient facilitated fibre–fibre attachment [69].

The core-shell scaffold was produced uniformly and without clogging from the 

outlet (Figure 6d–e), allowing for meter-long scaffold formation. The core-shell 

scaffold was generated with variable wall thickness when the core flow rate was 

changed. At a core flow rate of 0.01 mL/min, the wall thickness was 

approximately 350 µm. When the shell flow rate was kept at 0.7 mL/min, the 

thickness was decreased to 190 µm at a core flow rate of 0.10 mL/min (Figure 

19). This control of wall thickness was used to simulate the varied wall 

thicknesses observed in human venous and arterial vessels  [70].

Figure 19: Inner and outer diameter changes when the shell’s flow rate was fixed 

at 0.7 mL/min and the core’s flow rate ranged from 0.01 mL/min to 0.3 mL/min 

(sample size n = 10 from 2 experiments).
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HUVECs were encapsulated in 3 mg/mL type I collagen as the core material, 

forming a perfusable channel along the axial direction of the scaffold (Figure 

11a–b). The original collagen matrix was replaced by newly secreted ECM [33]

as the cells developed, resulting in a lumen structure (Figure 13) and increased 

toughness (Figure 16a–c) [71]. The HUVECs migrated six hours after scaffold 

formation and self-organized into a lumen monolayer (Figure 11a–b, Figure 13), 

with a density of 1.7 × 107 cells/mL. The ZO-1 also exhibited tight cell–cell 

connections (Figure 11c). A coarse lumen shape was seen until day 5 with a 

reduced density (3.5 × 106 cells/mL) of HUVECs (Figure 11a–b, Figure 13). 

Given the structural and cell type similarities between the findings of L'Heureux 

et al. [72] and Gao et al. [30], our fabicated HUVEC–HASMC scaffold may be 

feasible to inhibit platelet adhesion and blood clotting as such results.

Various reported researches have looked at the impact of a diffusion-limited 

environment, which occurs when cells are seeded deeper than the normal 

diffusion distance of nutrients and oxygen [17, 32, 73]. The greatest natural 

diffusion distance is about 200 µm, thus perfusable networks are necessary to 

feed nutrients to every living cells  [13, 73]. Some endothelialized perfusable 

networks were developed on microfluidic chips to investigate physiological and 

biofunctional properties of microvascular tissues [17, 74-76]. Because these 

networks are securely connected as microscale patterns on a polymeric or glass 

substrate, they cannot be harvested for implantation or other free-standing tests.

Without the use of a microfluidic chip, our perfusable, cell-laden scaffold was 

extruded in a free-standing form (Figure 6d–f, Figure 20) and then mounted to a 

medium pumping system using an in-house designed connection (Figure 15).

During perfusion with flow rates less than 0.1 mL/min, the structural integrity of 

the continuous hollow cell scaffolds was preserved (Figure 15e–g). In our 

previous publication, mouse fibroblasts (NIH/3T3) inside an alginate scaffold 

increased their proliferation, confluence, and vitality when we applied a cell 

culture medium pumping condition [32]. With a flow rate of 0.02 mL/min and an 
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in-house connector, a secure connection was maintained for up to 14 days in the 

heartbeat mimicking pumping condition and for 12 days in the continuous 

pumping condition. Despite the tight connection between the medium pump and 

the 3T3-laden scaffold, the scaffold may be destroyed by an external shock during 

the handling procedure since the cell-laden scaffolds floated inside the cell media.

In this work, we placed a small glass capillary in the middle of the cell-laden 

scaffold (Figures 15a, d, and e), which decreased the impact of shear stress on the 

shell layer of the scaffold. As a result of this design, the medium pumping system 

has a stable and long-term link. During handling, the collagen matrix also kept 

the scaffold steady and shielded it from external disturbance (Figure 15b). This 

suggested technique might be used to further investigate physiological processes 

of human blood vessels including lumen morphogenesis [17, 77], angiogenesis 

[74], hemodynamic resistance, and immune responses.

Over time, the mechanical strenth of the cell scaffold was changed. In terms 

of shear stress resistance, the HUVEC core scaffold and the HUVEC–HASMC 

scaffold had opposing results (Figure 16a). The HUVEC–HASMC scaffold's 

shear stress resistance was initially lower than the HUVEC scaffold's, but by day

20, it had grown to 103 dyne/cm2. Indeed, actin filaments resist cell stretching 

and shortening, according to Nagayama's findings [78]. The greater alpha-actin 

level detected in the HUVEC–HASMC scaffold on day 20 (Figure 18a) appears 

to be involved in its high shear stress durability, given their involvement in 

muscle function (Figure 16a).
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Figure 20: Free-standing scaffolds (a) Co-culture scaffolds in PBS on day 3. (b) 

Co-culture scaffold on a glass slide on day 3.

Importantly, the HUVEC core scaffold showed comparable toughness over 

time to the cell-free scaffold (C25-A75) (Figure 16b–c). On the other hand, on 

day 1, the HASMC and HUVEC–HASMC scaffolds were much less tough than 

the HUVEC core scaffold. By day 20, the two HASMC-laden scaffolds had 

outperformed the HUVEC core scaffold in terms of toughness (Figure 16c). The 

scaffolds are assumed that their HASMC shell layer shrunk to cause the wall 

became denser and more durable.

HASMC and HUVEC–HASMC scaffold OD alterations followed a similar 

tendency (Figure 16d). On day 1, the OD was around 750 µm, peaked on day 5, 

and subsequently dropped below 750 µm on day 20. The OD of the HUVEC 

scaffold, on the other hand, did not alter much after day 1. We deduced that 

HASMCs played an important role in scaffold shrinking since no HASMCs were 

found in the shell layer of the HUVEC scaffold.

Similar tendencies were seen in the ID of HUVEC-laden scaffolds (the 

HUVEC core scaffold and the HUVEC–HASMC scaffold) (Figure 16e). When 

compared to the ID of the HUVEC-free scaffold, the ID was around 350 µm on 

day 1 and subsequently quickly dropped on days 2 and 5. (i.e., the HASMC shell 

layer scaffold). The ID difference between the HUVEC-laden and HUVEC-less 

scaffolds was about 100 µm on day 20. As a result, the ID changes looked to be 

caused by the HUVEC core.
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CD31 marker has been popularly used to show the stratification od  ECs and 

SMCs [79-81]. The presence of CD31 (green) revealed the formation of small 

neo-vessels under the confocal microscope, as shown in Figure 17c. Figure 17a–

b showed that the HUVEC–HASMC scaffold had much higher cell sprouting than 

the HUVEC core scaffold. Furthermore, the HUVEC core and HASMC shell 

layer sprang out of the scaffold and into the collagen matrix. The HUVEC core 

scaffold, on the other hand, did not sprout to the cell-less shell layer when it was 

far away from the buried collagen outside the scaffold. The VEGF level in the 

HUVEC–HASMC scaffold was greater than in the HUVEC scaffold, which 

might explain such discrepancy (Figure 18c). Growth factors including PDGF, 

VEGF, and TGF- were demonstrated to promote angiogenic morphogenesis of 

ECs, according to previous studies [74, 76, 82, 83]. Indeed, co-cultured SMCs 

and ECs secreted more PDGF-BB and TGF-1 than SMC monocultures, according 

to Liu et al. [38]. Our technique appears to have recapitulated the angiogenesis 

of native vasculature, as evidenced by these combined observations.

The contractile apparatus of SMCs is mostly composed of alpha-actin [84]. 

PDGF-BB, on the other hand, suppresses the expression of several CArG-

containing SMC marker genes, such as alpha-actin [85]. Because PDGF-BB 

secretion was observed as early as day 4 in Liu's co-culture experiments, the 

maximal alpha-actin level was measured on day 10, which is consistent with our 

findings (Figure 18a). Smoothelin's expression was unaffected by PDGF-BB 

because it lacks a myocardin-SRF-dependent regulatory mechanism (Figure 18b).

In a native blood vessel, SMCs are found in ECM components such as 

ollagens I, III, and V, elastin, and proteoglycans which are primary elements of 

tunica media. In the meanwhile, the innermost membrane is made up of an EC 

monolayer and a basal lamina made up of mesh-like type IV collagen and 

adhesion molecules [86]. We demonstrated that collagens I and II were not 

epressed in the HUVEC scaffold (Figure 18d–e). The difference in collagen type 
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I expression between the HUVEC–HASMC scaffold and the HASMC scaffold 

on day 10 was not significant, which is consistent with prior studies [38, 87]. In 

both scaffolds that containing HASMCs, collagen type III expression peaked on 

day 10 (Figure 18e). On day 10, the collagen type IV level in the HUVEC–

HASMC scaffold rose, but it began to drop in the HUVEC core scaffold on day 

5 (Figure 18f).
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Chapter 3: 

Conclusion
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The dissertation achieved remarkable results as the early objectives. We 

developed a microfluidic nozzle that was able to continuously print the structural 

and functional blood vessels at the microscopic scale. Layered co-culture of 

HUVECs and HASMCs within collagen-based hydrogels using our developed 

method enhanced cell differentiation, ECM secretion, angiogenesis, toughness, 

and durability. With potential printability, our technique could be further applied 

to the volumetric printing of vascularised tissues.

Besides obtained achievements, the dissertation still contains several 

limitations that need to be addressed. The double-layered blood vessel needs to 

be cultured under a physiological hemodynamic condition (cell culture medium 

pumping condition) for a long time (> 24 hours). This configuration would allow 

mimicking heart pressure pumping that is necessary to sufficiently supply 

nutrients to cells and form a smooth monolayer of endothelial cells. In addition, 

sodium alginate is not a component of ECM thus it is insufficient to reconstruct 

a 3D microenvironment for cellular growth. Hence, the sodium alginate ratio 

should be reduced in the bio-ink for the shell material to for the vessel.
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Appendix B: Mechanical strength measurement for Chapter Two

To investigate mechanical strength of tubular scaffolds at time points, we 

manually designed a device to estimate stress-strain curves, breaking points based 

on a method which was reported by Onoe, et al. [88]. Briefly, the device consisted 

of one stretchable wire (piano wire - 500 µm diameter or glass capillary – 120 

µm diameter, 5 cm length), a motile capillary (glass capillary, 1000 µm width, 5 

cm length) (Figure 21). The stretchable wire was fixed at the end by gluing to 

PDMS block while the motile capillary was connected to a syringe pump which 

allows to move regularly during the measuring. Prior to the measuring, a tubular 

scaffold was glued to two points nearby the end of the stretchable wire and the 

motile capillary.

The force applying to the scaffold (F) was calculated as F = k×∆x, where k

is the spring constant while ∆x is the deformation of the stretchable wire. The k 

was manually calculated to be 3.6 (N/m) for the piano wire or 0.006 (N/m) for 

the glass capillary according the deformation of the stretchable wire caused by 

the gravity force. The ∆x was obtained by analysing videos which were captured 

by a webcam (C920 HD PRO WEBCAM, Logitech, U.S.A). The change in the 

length of the scaffold (ΔL) was calculated by ΔL = l– ∆x, where the l was the 

traveling distance of the moving glass capillary.

We measured six different types of single-layered cell-laden tubular 

scaffolds: Cell-free-D1-DW (cell-free scaffold in DI water at day 1), Cell-free-

D2-DW (cell-free scaffold in DI water at day 2), Cell-free-D1-M (cell-free 

scaffold in cell culture media at day 1), Cell-free-D2-M (cell-free scaffold in cell 

culture media at day 2), Cell-D1-M (cell scaffold in cell culture media at day 1), 

Cell-D13-M (cell scaffold in cell culture media at day 13). Figure 21c shows 

typical stress-strain curves. Evidently, there is no significant difference in 

mechanical property between Cell-free-D1-DW and Cell-free-D2-DW (Figure 

21c-d). However, the Cell-free-D2-M became considerably weaker than Cell-
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free-D1-M when we compared the typical strain-stress curves and breaking points 

(*** p < 0.001). These results indicated that the cell culture media caused the 

scaffolds to be softer. In addition, the presence of NIH/3T3 at 0.8×106 cells/mL 

in the scaffolds reduced mechanical strength of the scaffold at even day 1 (*** p

< 0.001). At day 13, cell scaffolds were broken when applied a force of 0.0083 N 

as the stress this was significantly different to that of Cell-D1-M scaffold. These 

results indicated that the cell culture media and the cell proliferation reduced the 

durability of alginate scaffolds.

Figure 21: Mechanical strength measurement for microscopic tubular scaffolds. 

(a) The conceptual description of the mechanical strength measuring system. (b) 

The magnification of the sensing wire, the moving capillary, and the fixed 

scaffold. (c) The typical stress-strain curves. (d) The comparison of breaking 

points.
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