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Abstract 

The development of functional and perfusable micro-vascular networks stands 

as a crucial role in the regeneration of tissues, particularly for the creation of 

large-scale, three-dimensional tissues. In recent years, the fabrication of micro-

vascular networks has been a complicated multitask involving several different 

factors, such as time-consuming processes, cell survival, micro-diameter 

vasculature, and strict alignment requirements. In response to these challenges, 

an innovative approach that integrates multi-material extrusion with ultrasound 

standing wave forces to create a network structure of human umbilical vein 

endothelial cells within a composite matrix of calcium alginate and 

decellularized extracellular matrix was proposed. Through the improvement of 

cell-cell adhesion, the angiogenesis process, and perfusion tests using 

microparticles, FITC-dextran, and whole mouse blood, the functioning of the 

matured microvasculature networks was proven. Furthermore, animal 

experiments were conducted to assess the implantability and integration of the 

pre-formed vascular networks. The results showed that the pre-existing blood 

vessels of the host sprout towards the preformed vessels of the scaffold over 

time, and the micro-vessels inside the implanted scaffold matured from empty 

tubular structures to functional blood-carrying micro-vessels within two weeks. 

This approach was also employed for generating artificial liver scaffolds, which 

are the fundamental building blocks of liver tissue. Liver function and 

vascularization were both improved by the co-cultivation of two cell types. 

These findings highlight the potential of the proposed technique for the 

fabrication of large and complex tissue constructs with functional micro-

vascular networks.   
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1.1 Vascularization in tissue engineering 

In recent years, a large number of patients have died because of a significant 

increase in the gap between the number of patients waiting for organ 

transplantation and the available donor organs [1]. To tackle this challenge, 

recent advancements in bio-fabrication techniques have demonstrated 

considerable potential by amalgamating live cells, biocompatible materials, and 

chemicals. However, the failure to develop a dense microvascular network 

inside the artificial organs makes it difficult to fabricate full-sized, sustainable, 

and functional three-dimensional (3D) organs [2]. The vascular network is 

critical for the distribution of nutrients, oxygen, and the removal of metabolic 

waste products to sustain tissue metabolism and growth; it is the complex 

network of arteries, veins, and capillaries found in real organs [3-5]. Without 

this vital network, artificial organs risk succumbing to tissue necrosis and 

ischemic diseases, rendering them nonviable for transplantation. The greatest 

distance between a vessel and cells is limited to less than 200 μm, which is a 

key threshold determined by the principles of diffusion limitation [6-8]. Hence, 

rapid revascularization and the generation of a functional, dense microvascular 

network are crucial for the successful engineering of large and complex tissue 

constructs. 

Capillaries are the smallest blood vessels in the vascular network, and they 

link the arterioles with the venules. Its features include fenestration at the 

junctions between endothelial cells, which varies in size depending on the 

vascularized organ, and a mean diameter of about 10 µm [9, 10]. Despite their 

tiny appearance, these micro-vascular structures play indispensable roles in vital 

physiological processes such as circulation, gaseous exchange, nutrient transfer, 

and various other components which are exchanged between the bloodstream 

and surrounding cells or tissues. The structure of a capillary wall is 

characterized by an endothelial layer enveloped by a basement membrane, 
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occasionally interspersed with smooth muscle fibers. In a large capillary, the 

lumen (inner space) is lined by multiple endothelial cells that border and align 

with each other. In contrast, a small capillary typically has a single layer of 

endothelial cells that wraps around to form a continuous tube, with the cell layer 

in direct contact with itself. The level of "leakiness" in capillaries may be 

classified into three main categories: sinusoid, fenestrated, and continuous 

capillaries (Figure 1). Nearly all vascularized tissues contain the continuous 

capillary, which is the most common type of capillary [11-13]. 

 

Figure 1. The structure of three types of capillary [11] 

There have been many attempts to embed vascular networks into three-

dimensional (3D) artificial tissue structures; the use of 3D bioprinting 

techniques is one of the most well-known approaches. This approach uses 

specialized 3D bioprinters to create vascular structure by combining cells, 

biomaterials, and biologically active ingredients.  

Endothelial cells (EC) serve as a crucial cornerstone in the process of 

revascularization. These cells, which line the inner walls of blood vessels, are 

instrumental in angiogenesis—the physiological mechanism underlying the 

formation of new blood vessels [14-16]. The formation of a vascular network 

can occur through two primary mechanisms: vasculogenesis and angiogenesis. 
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Vasculogenesis involves the de novo creation of blood vessels, while 

angiogenesis extends existing vascular structures by fostering the growth of new 

vessels from pre-existing ones [17-20].  

Biomaterials can be produced synthetically or from natural sources and 

utilized to replace tissue, either completely or partially. They must be 

biocompatible and biodegradable or avoid the activation of immune reaction 

and bioactive to stimulate tissue response [21, 22]. Natural materials such as 

chitosan, gelatin, collagen, cellulose, alginates, extracellular matrix (ECM), 

etc., are more suggested than synthetic materials (polylactide-co-glycolide 

(PLGA), polycaprolactone (PCL), polylactic acid (PLA), fibronectin, 

polyurethane, etc.) because they have good biocompatibility, excellent 

biodegradability, and minimal toxicity [23-25]. Among them, ECM – which is 

an isolated extracellular matrix from native tissue – has been used widely in 

tissue engineering due to its high porosity and specific peptide sequences. It can 

supply both physical and mechanical microenvironments for cells to survive and 

proliferate during the vascular network formation process [26-29]. 

1.2 Ultrasound standing wave  

Ultrasound standing wave (USW) can be employed to manipulate 

particles within fluids. It has been reported as a simple, fast, and non-invasive 

way for rapid patterning of microparticles and cells within 3D hydrogels. 

Acoustic waves are the transmission of perturbation through a medium. It 

travels lengthwise across the medium at the speed of sound, with the pressure 

vibration's direction matching the wave's propagation direction [30, 31]. USW 

can be created by the superposition of the incident and reflected waves when 

ultrasonic waves are transmitted through a fluid within a chamber and the 

chamber walls function as reflectors. The regions where the superposition is 

destructive are called nodes whereas the regions where the superposition is 
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constructive are called antinodes [32-34]. USW induces an acoustic radiation 

force, Frad. This force acts to relocate particles and droplets towards either the 

node or antinode of the standing wave (Figure 2) depending on the sign of the 

acoustic contrast factor 𝜙 . This factor, determined by the density and 

compressibility of the particles as well as the properties of the surrounding 

medium, dictates the direction of movement within the acoustic field [35, 36].  

 

Figure 2. Particle movement inside an ultrasonic standing wave (USW) [36] 

The radiation force is derived as follows, when considering a one-dimensional 

standing wave:  

               𝐹𝑟𝑎𝑑  = 4𝜋𝑘𝜀𝛼3 𝜙(𝛽, 𝜌) sin(2𝑘𝑥)                            (1) 

The term of the acoustic contrast factor 𝜙 (𝛽, 𝜌), is given by: 

         𝜙 (𝛽, 𝜌) =  
2

3
(𝜌𝑝− 𝜌𝑓)

2𝜌𝑝 + 𝜌𝑓
 −  

𝛽𝑝

3𝛽𝑓
                                       (2) 

where 𝛼 is radius of a spherical particle at a position 𝑥 within a one-dimensional 

standing wave of acoustic energy density 𝜀. 𝛽 and 𝜌 are the compressibility and 

the mass density of the fluid ( 𝑓 ) and the particle ( 𝑝 ), respectively. The 

compressibility connected with the speed of sound, 𝑐  by 𝛽 =
1

𝜌𝑐2
. The wave 

number, 𝑘 =  2π/λ where λ is the wavelength [36, 37].  
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1.3 Objectives 

In this dissertation, an ultrasound standing wave was used for patterning 

endothelial cells inside the dECM-based hydrogel. The combination of the 

continuous extrusion method and ultrasound cell manipulation resulted in cells 

arranged as branched structures. Culturing the branching-structured scaffold 

with alginate lyase enabled the entrapped HUVECs to form a microvasculature 

network structure. The functional properties including cell-cell adhesion, 

angiogenesis, and perfusability with microparticles, FITC-dextran, and whole 

mouse blood were observed. Furthermore, the implantability was also 

demonstrated. 

1.4 Dissertation arrangements 

The dissertation’s structure will be organized into four chapters as below: 

Chapter 1 describes the literature introduction to vascularization in three-

dimensional engineered tissue. After that, a review of the principle of 

ultrasound standing wave. The final parts report the targets and dissertation 

organization. 

Chapter 2 and Chapter 3 present the pattering of endothelial cells for 3D 

micro-vascular network formation by using ultrasound standing wave. 

Chapter 4 summarizes the obtained achievements and limitations in this 

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

patterning by ultrasound 

standing wave for micro-

vascular network generation 

in 3D engineered tissue  
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2.1 Background 

In the native tissue structure, the microvascular networks are organized as 

a hierarchical distribution of progressive branching vessels, which is how blood 

is distributed throughout the tissues [38]. Therefore, branching is an essential 

procedure that is vital to the structure and operation of the vessel network The 

vascular networks must fulfill certain conditions in order for the designed tissue 

to survive over time and operate properly; (1) a 3D dense network to surpass the 

200 µm diffusion limit of oxygen and nutrients, (2) branching connections to 

cover the maximum tissue volume, (3) functions of angiogenesis and perfusion, 

(4) implantability to target host [39-42].  

Pre-vascularized tissue constructions have been the subject of 

investigation for several research groups in the past few years. Despite the 

remarkable outcomes, a few limitations still exist. In bio-printing, techniques 

the alignment of cell-laden layers is strictly required [43, 44] or only individual 

channels without any branching were made [45, 46]. An alternative strategy 

uses the drop-on-demand technique and is based on the ability of ECs to self-

assemble [47]. Droplets containing ECs are printed onto a gel substrate. This 

approach does not facilitate the generation of smaller vessels than the printed 

droplet and is time-consuming to formulate the cell-spheroid. 

USW has the potential for various applications in bio-fabrication and 

biomaterial fields such as vascular morphogenesis [34], myotubes organization 

[48], separation [49-51], and enrichment [52-54]. Acoustic standing waves 

generate regions of pressure nodes and pressure anti-nodes and based on the 

cell’s size, density, and compressibility; they can be acoustically moved toward 

the pressure nodes [31, 32].  

In this chapter, the combination of a multi-material extrusion technique 

and USW to generate ECs in a network structure within a mixture of calcium 
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alginate and decellularized extracellular matrix (dECM) from pig was 

investigated. Culturing the branching-structured scaffold with alginate lyase 

enabled the entrapped ECs to form a microvasculature network structure. 

Functionality and implantability of the matured microvasculature network were 

demonstrated. It served as a testament to the ingenuity of scientific 

methodology, showcasing the potential for engineered constructs to mimic and 

even enhance biological processes. 

2.2 Theory and concept 

The method generated acoustic nodes inside the pre-hydrogel material to 

obtain a branched EC structure and extruded three hydrogel layers for HUVECs’ 

migration and maturing to vessels, as shown in Figure 3. The USW at frequency 

2 MHz in two types of square glass capillaries (400 µm and 800 µm) could 

generate a transition from one focused cell stream to four cell streams of 

HUVECs and vice versa.  

 



10 

 

Figure 3. Schematic of the HUVECs patterning in hydrogel using ultrasound 

and the following in vivo study. (a) The HUVEC scaffold fabrication using 

ultrasound standing waves. (b) The HUVEC scaffold culturing with alginate 

lyase. (c) The implantation of the matured HUVEC scaffold. 

When applying 2 MHz ultrasound in a 400 µm square-shaped glass 

capillary, a half-wavelength standing wave was formed in both the x- and the y-

direction with the pressure node in the channel center (Figure 4(a)), which was 

described and demonstrated in our previous report [37]. When the capillary was 

doubled to 800 µm, the square capillary supported a full wavelength resonance 

in both the x- and y-directions, and hence four pressure nodes were generated in 

the capillary cross-section, located λ/4 from the channel side walls (Figure 4(b)). 

 

Figure 4. Schematic of the standing wave pattern in the capillary cross-section 

when actuated (a) at 2 MHz in 400 µm square-shaped glass capillary, yielding a 

single pressure node in the center for microparticle or cell focusing, and (b) at 2 

MHz in the 800 µm square-shaped glass capillary, providing four pressure 

nodes, one in each cross-section quadrant for microparticle or cell focusing. The 

transducer dimensions are not to scale in the drawing. 

Using red polystyrene microparticles, Figure 5 demonstrates the principle of 

focusing particles or cells in the acoustic standing wave field. The acoustic 
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radiation force of the 2 MHz actuation in the 400 µm square capillary focused 

the microparticles into one stream at the center of the capillary (Figure 5(b)). In 

the case of the 800 µm square capillary, four parallel lines of microparticles 

were generated in the sodium alginate. Due to their alignment at the regular 

quadrilateral points, some of the lines were obscured by the others when viewed 

under a two-dimensional microscope, as shown in Figure 5(c). Based on this 

concept, alternating on and off 2 MHz ultrasound in the 400 µm and 800 µm 

square capillary patterned one line and four lines in a continuous linear structure, 

resulting in the branched and merged structure (Figures 5(d)–(f)), and with ECs 

as shown in Figure 3. 

 

Figure 5. The polystyrene microparticle (red) in the mixture of the sodium 

alginate and the dECM. (a) The microparticles unexposed to ultrasound. (b) The 

aligned microparticles as one stream by the ultrasound. (c) The aligned 

microparticles as four streams by ultrasound. (d) The patterned microparticles in 

transition from one stream to four streams. (e) The aligned microparticles as 

four streams. (f) The patterned microparticles in transition from four streams to 

one stream. The top view obscures the two underlying particle lines. 
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2.3 Materials and methods 

2.3.1 Hydrogel preparation 

Three hundred fifty milligram dECM powder and 200 mg pepsin (Sigma-

Aldrich, St. Louis, MO, U.S.A.) dissolved in 1 mL acetic acid (Sigma-Aldrich, 

St. Louis, MO, U.S.A.) and DI water to make 35 mg/mL concentration dECM 

of 100 mL total volume solution. The solution was stirred for 72 – 96 hours at 

room temperature (RT). After that, the dissolved dECM was centrifuged at 3000 

rpm for 15 min. The supernatant was carefully transferred into other conical 

tubes, and then the remaining non-dissolved components were discarded. The 

tubes containing dissolved dECM was kept in storage at 2 – 8 ℃. 

For dECM neutralization and dilution, the 35 mg/mL dECM was mixed 

with 10 M and 1M NaOH (Sigma-Aldrich, St. Louis, MO, U.S.A.) and 10X 

PBS (10% of the total volume) to adjust pH range from 7.2 to 7.5 and 25 

mg/mL dECM concentration (Figure 6). Final hydrogel for acoustic pattering 

was a mixture of sodium alginate (MERCK, Madison, NJ, U.S.A.) (0.5% w/v) 

and dECM (25 mg/mL) at ratio 1:9. All these steps were processed on ice to 

avoid gelation. 

 

Figure 6. The dECM hydrogel preparation. (a) The dECM powder. (b) The 

dECM powder is dissolved and neutralized to 7.2 – 7.5 pH. (c) The neutralized 

dECM was gellated in 37 ˚C for 10 minutes. 
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2.3.2 Cell culture 

Human umbilical vein endothelial cells (HUVEC) were purchased from 

ATCC (PCS-100-010, cryopreserved, ATCC, U.S.A.) and RFP Expressing 

Human Umbilical Vein Endothelial Cells (RFP-HUVEC) were purchased from 

Angio-Proteome (cAP-0001RFP, Angio-Proteome, U.S.A). Cell culture 

medium included EGMt-2 Endothelial Cell Growth Medium-2 Bullet Kit 

(Lonza, Basel, Switzerland) and 1% penicillin/streptomycin (Sigma-Aldrich, St. 

Louis, MO, U.S.A.). The HUVECs were seeded on cell culture polystyrene 

dishes and incubated at 37 ℃ and 5% CO2. The cells within passages 6 – 10 

were used in experiments. 

2.3.3 Multi-line patterning using ultrasound standing wave 

As shown in Figure 3, 1 mm thick ultrasound transducers (MEGITT A/S, 

Kvistgaard, Denmark) glued to a 400 µm and an 800 µm square-shaped glass 

capillaries (VitroCom, NJ, U.S.A.) respectively. The device has three inlets. 

The mixture of sodium alginate and dECM was mixed with 60 µL of 10-

micrometer (diameter) polystyrene microparticles (MERCK, Madison, NJ, 

U.S.A.) and was pumped into the inlet 1. The same ratio of dECM and alginate 

without any microparticles was supplied into inlet 2. Sodium alginate (1% w/v) 

was only injected into the inlet 3. The flow rate for the inlet 1 is 30 µL/min, the 

inlet 2 is 30 µL/min and the inlet 3 is 150 µL/min. For cell experiments, 100 µL 

of HUVECs used instead of the microparticles. The outlet was immersed into a 

beaker of 300 mM CaCl2 (MERCK, Madison, NJ, U.S.A.) for cross-linking. 

After that, the scaffold was incubated at 37°C for at least ten minutes to enable 

dECM gelation. 



14 

 

2.3.4 Microvascular network formation 

The extruded cell-laden scaffolds were cultured in conventional HUVEC 

media described previously for one day at 37 °C and 5% CO2 to maintain the 

extruded three-layered structures intact. After one day of the conventional 

culturing, alginate lyase enzyme (MERCK, Madison, NJ, U.S.A.) was added 

into the conventional HUVEC media at a final concentration of 0.1 unit/mL to 

dissolve calcium alginate ingredients in the layered scaffolds for HUVEC 

migration. The alginate-degrading media was replaced every day. 

2.3.5 Mice 

The C57BL/6 mice (3-8 weeks old, 15–35 g) were purchased from 

KOATECH (Pyeongtaek, Republic of Korea). The mice were kept in a facility 

with 60% humidity at 24 °C, a 12-hour light/dark cycle, and free access to 

drinks and food. Animal studies were performed in line with the principles and 

guidelines of laboratory animal care and ethics, with permission from the 

University of Ulsan's Institutional Animal Care and Use Committee (GIG-22-

030 and GIG-22-040, University of Ulsan, Ulsan, Republic of Korea). The 

experiment was conducted three times using a total of nine mice. 

2.5.6 Whole blood collection and labelling (cell tracker) 

Mouse whole blood was collected using tail vein collection technique 

[55]. One milliliter of whole blood was collected from a 20 – 30 g mouse. The 

gathered whole blood was mixed with heparin (Sigma, U.S.A.) at 30 USP 

units/mL as the final concentration. The heparinated whole blood was incubated 

with a cytoplasmic probe and 10 µM Cell Tracker™ Green BODIPY™ dyes 

(C2102, Thermo Scientific, U.S.A.) for 35 minutes following manufacturer’s 

instructions before perfusing. 
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2.5.7 Perfusablility assay 

A lab-made connector (Fig. 7a) holds the matured scaffold using 

additional calcium alginate hydrogel. To secure pumping, a glass capillary (ID: 

50 µm, OD: 80 µm, VitroCom, NJ, U.S.A.), the red one in Fig. 7a, was inserted 

into a vessel of the matured scaffold. The big glass tube (the black one) was 

made of a capillilary (1.15 mm inner diameter and 1.55 mm outer diameter) 

(Marienfeld, Germany). It was restricted with a PC-10 puller (Narishige 

International, U.S.A.). Solutions such as 5 µm fluorescent microparticles, whole 

blood of mouse, or fluorescein isothiocyanate dextran (FITC-dextran) 70 kDa 

was injected at a constant flow of 15 µL/min. After perfusing for 5 minutes, the 

HUVEC scaffold was washed with 1X PBS buffer for microscope observation. 

 

Figure 7. (a) The illustration about the perfusability experiment. The 

connecting area (b) before and (c) after pumping the food dye. The HUVEC 

scaffold was fixed by additional alginate at to the lab-made connector and then 

a glass capillary (the red one tube in (a) secured connection from the left guide 

glass tube (the black tapered one in (a) to the one-line region of the HUVEC 

scaffold. 
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2.3.8 Implant surgery 

A mouse (6-8 weeks and 20-30 g) was anesthetized using 2,2,2-

Tribromoethanol (~240 mg/kg) (Sigma-Aldrich, St. Louis, MO, U.S.A.). The 

hair was removed by Nair gel (Church& Dwight UK Ltd., Kent, U.K.) and 

povidone-iodine 10% (Forson, Chungcheongnam, Republic ok Korea) applied 

for disinfection before surgery. The skin on the back of the mouse opened about 

~ 30 mm in length and ~ 20 mm in wide using scissors and fine forceps. The 

matured scaffold (~ 2 cm in length) placed under the skin. After that, the open 

skin was closed using black silk suture 4-0 (Ailee, Busan, Republic of Korea). 

The implanted mouse was kept warm for 3-4 hours to recover. The mouse 

recovered separately and its inflammation after the surgery was monitored 

visually during the recovery time. For harvesting the implanted scaffold, the 

operated mouse was anesthetized one more time on day 3, 7 and 14. After 

harvesting, the anesthetized mouse was performed cervical dislocation until 

respiration stopped for euthanasia. All surgical instruments were autoclaved 

before the experiments. 

2.3.9 Immunofluorescent staining 

The HUVECs scaffold were fixed in 4% paraformaldehyde (Sigma-

Aldrich, St. Louis, MO, U.S.A.) for 25 minutes at RT, permeabilized with 0.5% 

Triton-X100 (Sigma-Aldrich, St. Louis, MO, U.S.A.) for 5 minutes, and then 

treated with 5% bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO, 

U.S.A.) as blocking solution for 20 min at RT. The primary antibody CD31 

(1:50) (Thermo Scientific, Waltham, Massachusetts, U.S.A.), ZO-1 (1:100) 

(Thermo Scientific, Waltham, Massachusetts, U.S.A.), VE-cadherin (1:100) was 

incubated with the treated scaffolds at 4 ℃ overnight. Subsequently, the 

scaffolds were incubated with a goat anti-mouse IgG (H + L) highly cross 

adsorbed secondary antibody, Alexa Fluor plus 488 (1:1000) (Thermo Scientific, 

Waltham, Massachusetts, U.S.A.) for 120 minutes at RT. The nuclei were 
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stained with 4′,6-diamidino2-phenylindole (DAPI) (NucBlue®  Live 

ReadyProbes™ Reagent, Thermo Scientific, Waltham, Massachusetts, U.S.A.) 

for 15 minutes before imaging. The scaffolds were washed with 1X PBS buffer 

(3 time/5 min) between steps. 

2.3.10 Imaging and Statistical analyses 

The cell-stained scaffolds were observed with an IX53 inverted 

fluorescent microscope (Olympus, Tokyo, Japan), and pictures were taken with 

CellSens software (Olympus, Tokyo, Japan). A laser scanning confocal 

microscope (FLUOVIEW FV1200, Olympus, Tokyo, Japan) was used for three-

dimensional imaging. All data were shown as the mean ± standard deviation 

(SD). ImageJ (NIH, Washington, U.S.A.) was used for image preparation and 

analysis. 

Cell viability was determined using a ratio calculation between the mean 

grey value (gv) of 2 color channels (green for live cells and red for dead cells) 

on a black background. The grey values were obtained from 4X confocal 

images, which were split into 2 separate color channels using ImageJ. The 

calculation was carried out according to the following equation [56]: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑔𝑟𝑒𝑒𝑛 𝑔𝑣

𝑔𝑟𝑒𝑒𝑛 𝑔𝑣 + 𝑟𝑒𝑑 𝑔𝑣
 × 100% 

2.4 Results and discussion 

2.4.1 Mixture of calcium alginate and dECM as a scaffold material 

Via ionic crosslinking with calcium (Ca2+) sodium alginate can form 

calcium alginate hydrogel rapidly [57, 58]. To preserve the branched cell 

structure inside the hydrogel, the pre-hydrogel material should be gellated as 

soon as possible right after the acoustic patterning. However, as shown in our 
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earlier study  the animal cells could not migrate and proliferate well in calcium 

alginate because it cannot synthesize endogenous alginase for alginate 

degradation [37, 59]. 

Therefore, a mixture of dECM from pig (Fig. 6) and sodium alginate at 

9:1 of ratio was utilized as pre-hydrogel in this study. The dECM hydrogel has 

both characteristics of holding cells as scaffolds and working as functional 

extracellular matrix. It contains functional components of native tissue 

including collagen fibers, glycosaminoglycans (GAGs), growth factors, and 

more. Therefore, it provides an excellent extracellular microenvironment for 

cells adhesion, differentiation, proliferation, and functional expression [60-62]. 

Fig. 8 a – c shows the microstructure of dECM, calcium alginate, the 

mixture of calcium alginate and dECM, the mixture of the calcium alginate and 

the dECM after alginate lyase, respectively. The dECM presented more fibrous 

structure and higher porosity compared to calcium alginate only. These 

characteristics provided a better microenvironment for cell adhesion and 

migration. In the mixture of dECM and calcium alginate, fiber diameter and 

pore size increased. This change might be due to the cross-liking reaction 

between CaCl2 and dECM molecules [63].  

The experimental outcomes further reveal that calcium alginate scaffold 

exhibits the most favorable mechanical properties, marked by the highest 

breaking force results, but the lowest diffusibility. On the other hand, the dECM 

scaffold showed the best diffusibility, it presented challenges in terms of 

handling. Meanwhile, the scaffold with mixture of calcium alginate and dECM 

can be easy to handle while maintaining adequate diffusibility. After removing 

the calcium alginate from the mixture scaffold, it showed the fibrous structure 

but also had difficulties when handling like dECM scaffold (Fig. 8 d – g). 
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Figure 8. The scanning electron microscopy (SEM) images of (a) the dECM 

hydrogel, (b) the calcium alginate hydrogel, and (c) the mixture of the calcium 

alginate and the dECM, (d) the mixture of the calcium alginate and the dECM 

after alginate lyase. (e) The time-lapse fluorescent images of FITC-Dextran 

diffusion of the dECM, the calcium alginate, and the mixture of the calcium 

alginate and dECM, the lysed-calcium alginate hydrogel scaffold from 0 min to 

10 min. (f) The fluorescent intensity was analyzed with respect to the time (n=3). 

(g) The breaking force of the hydrogel scaffold (*** p < 0.001, n = 5). 
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2.4.2 Branched structure with ECs 

For three-dimensional vascular network formation, HUVECs were 

patterned alternating in a single line and in four lines. From the cross-section 

image (Fig. 9a and b), four groups of manipulated cells were distinguishable 

corresponding to the acoustic nodal positions. The extraction of beam intensity 

from cross-sectional confocal images also showed that particles were 

concentrated at specific locations corresponding to the acoustic nodes (Fig. 9c).  

 

Figure 9. (a) Top view of the RFP-HUVECs aligned as four lines. (b) Confocal 

cross-section (z-stack) of the of the four focused cell regions. The red is RFP-

HUVEC. The blue is DAPI. (c) Spatial distribution of the fluorescence intensity 

in (a). 

It is well known that cell concentration and acoustic power significantly 

influenced the patterned structures [64, 65]. In our hydrogel mixture, 1 × 106, 5 

× 106 and 8 × 106 cells/mL of HUVECs were patterned using an actuation 

voltage of 20 VPP and 33 VPP, as shown in Fig. 10. As the cell concentration 

and the acoustic power increased, the width of the grouped cells and inter-

distance between the groups also increased.  
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Figure 10. The relationship between the ultrasonic power and the HUVEC 

density.  (a- c) The bright-field microscope images of (a - c) 1×106 cells/mL, (d 

- f) 5×106 cells/mL, (g - i) 5×106 cells/mL, and (j - l) 8×106 cell/mL. (m) The 

width changes of the one line region. (n) The distance change between the 

aligned HUVECs in the four lines region. 
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Temperature measurement on the backside of the transducers after ten-

minute operating at 33 VPP saturated under 40 ℃ (Fig. 11), which is the upper 

limit temperature condition of the hydrogel for the cell viability [66]. Live and 

dead cell fluorescent images of the 33 VPP scaffold were not easy to 

discriminate from those of the 20 VPP scaffold (Fig. 12). Cell viability of 

scaffolds made at both actuation voltages was found to be about 90% (Fig. 13). 

 

Figure 11. The temperature of the transducers with respect to time at 33 Vpp 

and 2 MHz. 
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Figure 12. The live and dead fluorescent images of the HUVECs in the scaffold 

12 hours after exposed 2 MHz ultrasound (20 Vpp and 33 Vpp). The green is a 

live cell. The red is a dead cell. The blue is DAPI. 

 

Figure 13. The cell viability with respect to the transducer-driving voltages (20 

Vpp and 33 Vpp). The repetition number is 5. 

2.4.3. Enhanced HUVEC proliferation by alginate enzyme 

It is known that animal cells have no receptors to recognize alginate 

which is required for signaling production between cells and external matrix 

interaction [67, 68]. This results in limited animal cell proliferation in an 

alginate scaffold. Therefore, in this manuscript, HUVECs scaffolds were 

cultured together with alginate lyase which degrades alginate through breaking 

glycosidic bond [69]. The microstructure of the mixture of dECM and calcium 

alginate scaffold after the degradation of calcium alginate showed the fibrous 

structure which can serve as a supportive extracellular matrix for cell growth 

(Fig. 8d). 

The HUVEC scaffold cultured with alginate lyase exhibited more cell-

cell adhesion and better lumen formation than the non-lyase scaffold in the one-
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line region (Fig. 14 e and f). In the four-line region, the HUVEC scaffold with 

lyase appear to show a more lumen like formation than the non-lyase scaffold. 

(Fig.  6 g and h). This trend is presented in the cell-occupying ratio graph and 

the cell perimeter graph (Fig. 14 i – j and Fig. 15) as well. The cell-occupancy 

of the lyase-culturing scaffold increased from 60.4 ± 6.8% at day 1 to 91.6 ± 4.7% 

at day 7, as compared to the non-lyase scaffold, 24.9 ± 4.9% at day 1 to % 45.8 

± 4.2 % at day 7. In case of the cell perimeter, the difference with and without 

the lyase was about two times at day 7. 
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Figure 14. The HUVECs scaffold culturing without and with the alginate lyase. 

The bright-field images (a - b) without and (c - d) with the alginate lyase. (e) No 

hollow formation in one line region in case of no alginate lyase at day 3. (f) The 

hollow channel in one line region after 3 days culturing with the alginate lyase. 

The four lines region (g) without the alginate lyase and (h) with the alginate 

lyase (green: F-actin, blue: DAPI). (i) The area coverage according to the 

culturing time in both cases (* p < 0.05, ** p < 0.01, *** p < 0.001 comparing 

between with lyase and without lyase, n = 3). (j) The cell perimeter according to 

the culturing time in both cases, (** p < 0.01, *** p < 0.001 comparing between 

with lyase and without lyase, n = 100). 

 

Figure 15. The HUVEC perimeter distribution. The HUVEC perimeter 

distribution without any alginate lysis for (a) 1 day, (b) 3 days, and (c) 7 days, 

respectively. The HUVEC perimeter distribution with the alginate lysis for (d) 1 

day, (e) 3 days, and (f) 7 days, respectively. The number of samples is 100. 
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2.4.4 Microvascular network formation 

Endothelial cells constitute the inner side of all vessel types as a 

monolayer, named as endothelium [70-73]. Adjacent endothelial cells link each 

other through inter-endothelial junctions, which are categorized as adherens 

junctions, tight junctions and gap junctions. These junctions play an essential 

role in tissue integrity, barrier function and cell–cell communication, 

respectively. The HUVEC scaffold cultured with alginate lyase expressed CD31 

(a biomarker of platelet endothelial cell adhesion), ZO-1 (a biomarker of the 

tight junction), and VE-cadherin (a biomarker of the adherens junction) as 

shown in Fig. 16 a – c, respectively. The presence of these markers indicated 

the junctions among adjacent cells and the maturity of endothelial cells to form 

the vascular network [74, 75]. 

 

Figure 16. The immunofluorescent staining with (a) CD31 (green) - a 

biomarker of platelet endothelial cell adhesion, (b) ZO-1 (green) – a biomarker 

of the tight junction, and (c) VE-cadherin (green) - a biomarker of the adherens 

junction, in the HUVECs scaffold after 3 days culturing with the alginate lyase. 

The blue is DAPI. 

The lyase-culturing HUVEC scaffold with high cell density (8 × 106 

cells/mL) showed much more angiogenic sprouting in the one-line region and 

more cell-cell network formation in the four-line region than the non-lyase 

scaffold (Fig. 17). Angiogenic sprouting number in the lyase culturing increased 

from about 10.4 ± 1.7 at day 3 to 16.2 ± 1.9 at day 9. Its sprout length increased 
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from 80.8 ± 11.1 µm at day 3 to 191.0 ± 25.8 µm at day 9 as well.  Furthermore, 

the distance between vessels were almost less than 100 µm (Fig. 18) The 

formation of the dense microvascular networks demonstrates a potential for 

volumetric artificial tissue to overcome the maximum diffusion distance from 

micro-vessels, 200 µm. In contrast, in the lyase-less HUVEC scaffold cells were 

disconnected and presented no angiogenic sprouting. In case of the cell density 

is lower (1 × 106 cells/mL), the cells create sparse networks and do not exhibit 

any angiogenic sprouting (Fig. 19). 

 

Figure 17. The fluorescent images of the RFP-HUVEC (a and d) in the one-line 

region and (b and e) in the four-line region after 3 days of culturing with the 

alginate lyase. (c and f) The fluorescent images of the RFP-HUVEC after 3 days 

culturing without any alginate lyase in the one-line and four-line region, 

respectively. The red is RFP-HUVEC. (g) The sprout number and (h) the sprout 
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length according to the culturing time with the alginate lyase, (* p < 0.05, 

compared with day 3, n = 5). 

 

Figure 18. (a) The fluorescent image of the RFP-HUVEC microvasculature 

network. (b) The black-white image of image (a) was converted by ImageJ 

software. (c) The distribution of the distance between the vessels in the 

vasculature network on day 3. The results were conducted by ImageJ software 

(n = 100). 
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Figure 19. The growth of HUVECs scaffold in the one-line region (a) and in 

the four-line region (b) at the cell’s density is 1 × 106 cells/mL, respectively. 

The growth of HUVECs scaffold in the one-line region (a) and in the four-line 

region (b) at the cell’s density is 8 × 106 cells/mL, respectively. 

2.4.5 Perfusability 

Perfusion is one of the crucial properties in vasculature to induce a stable 

circulatory system or lymphatic system to an organ or tissue [76, 77]. To 

evaluate the perfusability of the fabricated microvascular networks different 

fluids, such as food dye, fluorescent microparticles, FITC-dextran, and whole 

mouse blood were pumped into the lyase-cultured HUVEC scaffold using a lab-

made connector (Fig. 7a). As shown in Fig. 7b and c, food dye could 

successfully be perfused inside the HUVEC scaffold. After perfusing with red 5 

um microparticles some of the microparticles, Fig. 20b, could be found adhering 

to the inside of the one-line region. Likewise, FITC-dextran 70 kDa was 

perfused through the fabricated vasculature network and out of the HUVEC 

scaffold without leakage. In the four-line region, some FITC-Dextran (the green 

one in Fig. 21 b – d) were found after pumping. After pumping whole mouse 

blood, some red blood cells (the pink arrows in Fig. 22c), analogous to the 

microparticle perfusion, were found on the inside of the lumen in the network 

region. The perfusion experiments demonstrate that the achieved vasculature 

network demonstrated an intact endothelium with considering the expressed 

biomarkers and its ability to confine the perfused fluids inside the lumen. 
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Figure 20. The confocal microscope images of the one-line region (a) before 

and (b) after pumping the fluorescent microparticles. The red, green, and blue 

are fluorescent microparticles, F-actin, and DAPI, respectively. 

 

Figure 21. The confocal images in the microvascular network (a) before and (b) 

after pumping the FITC-Dextran 70 kDa. (c and d) The remaining FITC-

Dextran inside the capillary. The green, red, and blue are FITC-Dextran, RFP-

HUVEC, and DAPI, respectively. 
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Figure 22. The perfusability test of the HUVECs microvascular network with 

mouse blood. (a) The fluorescent images of the RFP-HUVEC microvascular 

network scaffold (light red) before pumping. (b - c) The fluorescent images in 

the network region after pumping mouse blood. The pink arrows point the red 

blood cells of the mouse blood. The dark red is a red blood cell. The green is 

cell tracker dye. 

2.4.6. 14 days Subcutaneous Implantation 

To estimate implantablity of the HUVEC network scaffold, it was grafted 

under mouse dorsal skin as shown in Fig. 23 a – e. After surgery, the 

transplanted region recovered quickly with neither swelling nor inflammation. 

The operated skin was mostly recovered after 7 days, and hair regrew after 14 

days. Under bright field microscopy, blood vessels in the extracted tissue were 

observed as well (Fig. 23 f – h). 
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Figure 23. The implantation of the cultured HUVEC scaffold into the mouse. (a) 

The scaffold was placed under the skin on the back of the mouse during the 

surgery. (b) The skin was sutured after the implantation. The implanted areas 

for (c) 3 days, (d) 7 days, and (e) 14 days after the surgery. The bright-field 

images of the tissues extracted from the mouse at (f) day 3, (g) day 7 and (h) 

day 14 from the surgery, respectively. The grown hair was removed before 

extracting the tissue to observe under a microscope at day 14. 

Histological analysis with hematoxylin and eosin (H&E) staining (Fig. 24) 

and Masson’s trichrome staining (Fig. 25) further showed efficient 

incorporation of the implanted scaffold into the host tissue. As time went from 

the implanting surgery, red blood cells were observed in smaller lumens (Fig. 

24 d – f). At day 3, the smallest lumen having red blood cell is 12.1 µm in 

diameter. The smallest lumen decreased as 8.1 µm at day 14. These findings 

supposed that the plural microvessels inside the implanted scaffold evolved 

from empty tubular structures to functional blood-carrying microvessels and the 

implanted scaffold formulated with human endothelial cells anastomosed with 

the existing vasculature of the host. Furthermore, Masson’s trichrome staining 

showed that the collagen fibers - as the representative of the extracellular matrix 

surrounding the cells site - considerably increased within the grafted tissue after 

14 days implantation (Fig. 25). These results were an indicator of a good 

incorporation to the host tissue. 
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Figure 24. The hematoxylin and eosin (HE) staining images of the scaffold 

implanted in the mouse dorsal for (a, d) 3 days, (b, e) 7 days, and (c, f) 14 days, 

respectively. The yellow arrow points micro-vessel carrying red blood cells. 

The numbers are diameters of the lumens. The green arrow indicates the empty 

lumens. The pink is an extracellular matrix. The purple is nuclei. The bright red 

is red blood cell. 

 

Figure 25. The Masson’s trichrome staining images of the scaffold implanted in 

the mouse dorsal for (a, d) 3 days, (b, e) 7 days, and (c, f) 14 days, respectively. 
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The micro-vessels can be recognized as lumen structures carrying red blood 

cells. The pink is cytoplasm. The black is nuclei. The blue is collagen fibers and 

extracellular matrix. The black arrowhead points to collagen fibers. The red is 

red blood cell. 
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3.1. Background 

The liver is the largest internal organ, which plays a vital role in different 

physiological and metabolic functions. In recent years, the demand for liver 

transplantation far exceeds the limited supply of donor organs, leading to long 

waiting times and high mortality rates for patients with end-stage liver disease 

[78, 79]. The development of 3D-engineered liver tissue could potentially 

provide an unlimited source of functional hepatic tissue, alleviating the shortage 

of donor organs. 

The assembly of 3D structures allows for mimicking the native structure 

of the liver within a biocompatible material. Different manufacturing techniques 

have been used to 3D print hepatic‐like structures, including biomimicry and 

mini-tissue building blocks.  For example, cells of the hepatic cell line (HepG2) 

were printed as multilayered with sodium alginate. However, using a high 

extrusion pressure from the printing device decreased cell viability [80]. 

Another widely utilized approach in developing 3D platforms for in vitro 

culture involves seeding cells into 3D scaffolds. 3D scaffolds can be developed 

by using biological ECM derived from the decellularization of tissues and 

organs. Decellularized liver hydrogel can improve hepatocyte survival and 

higher metabolic activity because it is capable of providing a more appropriate 

microenvironment should be developed for the use of hepatocytes in liver tissue 

engineering, and liver transplantation [81, 82].  

Recent research has shown that co-culturing fibroblasts, human umbilical 

vein endothelial cells (HUVECs), and hepatocytes can improve the functioning 

of hepatocytes and the use of two-dimensional (2D) patterning to induce 

interaction among cells [83, 84], but these studies were limited to the 2D 

environment. To address this limitation, other approaches have been explored. 

One such approach involves the encapsulation of hepatocytes using a heparin-
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based hydrogel and 3D cell culture with hepatic cell sheets [85, 86]. However, 

these techniques cannot be used to efficiently mimic 3D constructs of native 

livers. Also, Mao et. al applied digital light processing (DLP) bioprinting with 

GelMA/dECM cell-laden bio inks for the fabrication of liver microtissue [87]. 

Nevertheless, the UV light during the printing process will affect cell viability.  

In this chapter, applying the properties of USW, the scaffold with a basic 

unit structure of liver tissue was generated. This structure includes branched 

blood vessels surrounded by hepatocyte clusters. Culturing the fabricated 

scaffold with alginate lyase enabled the ECs to form a microvasculature 

network and the functionality of hepatocyte cells was demonstrated. The co-

culture of hepatocytes and endothelial cells enhanced the function of liver cells. 

It demonstrated the potential for implantation, improving biological processes, 

and even manufacturing full-size artificial liver tissue. 

3.2. Theory and concept 

The USW at frequency 2 MHz in two types of square glass capillaries 

(400 µm and 800 µm) could generate a transition from one focused cell stream 

to four cell streams of HUVECs and vice versa. Same as Chapter 2 (section 2.2), 

When applying 2 MHz ultrasound in a 400 µm square-shaped glass capillary, a 

half-wavelength standing wave was generated. When the capillary was doubled 

to 800 µm, the square capillary supported a full wavelength resonance in both 

the x- and y-directions and hence four pressure nodes were generated in the 

capillary cross-section, located λ/4 from the channel side walls. 

When HUVECs were mixed with HepG2 aggregates, based on the 

difference of the acoustic contrast factor (ϕ), these two cell types will move in 

two different directions. The HUVECs with a positive contrast factor will move 

toward the nodes. Meanwhile, HepG2 aggregates with a negative contrast factor 
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will move toward the position of the antinode (on both sides of the tube wall) 

[88] (Figure 26). 

 

Figure 26. Schematic of the standing wave pattern in the capillary cross-section 

when actuated (a) at 2 MHz in 400 µm square-shaped glass capillary, (b) at 2 

MHz in the 800 µm square-shaped glass capillary with the single cells move 

forward to the nodes position, and the cell aggregates move forward to the 

antinode position. 

This will result in HUVEC cells being patterned into a branched structure, 

and HepG2 aggregates will surround this branched structure (Fig. 27). After 

fabrication, the scaffolds will be cultured with alginate lyase enzyme for micro-

vascular network formation and to improve liver cell function. 
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Figure 27. Schematic of the artificial liver scaffold fabrication with HUVECs 

patterning in hydrogel using ultrasound. 

3.3. Materials and methods 

3.3.1 Hydrogel preparation 

350 milligram liver dECM (L-dECM) powder and 200 mg pepsin 

(Sigma-Aldrich, St. Louis, MO, U.S.A.) dissolved in 5 mL acetic acid (Sigma-

Aldrich, St. Louis, MO, U.S.A.) and DI water to make 35 mg/mL concentration 

L-dECM of 100 mL total volume solution. The solution was stirred for 72 – 96 

hours at room temperature (RT). After that, the dissolved L-dECM was 

centrifuged at 3000 rpm for 15 min. The supernatant was carefully transferred 

into other conical tubes, and then the remaining non-dissolved components were 

discarded. The tubes containing dissolved L-dECM were kept in storage at 2 – 

8 ℃. 
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For L-dECM neutralization and dilution, the 35 mg/mL L-dECM was 

mixed with 10 M and 1M NaOH (Sigma-Aldrich, St. Louis, MO, U.S.A.) and 

10X PBS (10% of the total volume) to adjust pH range from 7.2 to 7.5 and 25 

mg/mL L-dECM concentration. The final hydrogel for acoustic pattering was a 

mixture of sodium alginate (MERCK, Madison, NJ, U.S.A.) (0.5% w/v) and L-

dECM (25 mg/mL) at a ratio of 1:9. All these steps were processed on ice to 

avoid gelation. 

3.3.2 Cell culture 

HepG2 and human umbilical vein cell line (EA.hy926) were purchased 

from ATCC (ATCC, U.S.A.). Cell culture medium included Dulbecco's 

Modified Eagle Medium (DMEM, Gibco, U.S.A.), 10% Fetal Bovine Serum 

(FBS, Gibco, U.S.A.) and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, 

MO, U.S.A.). Both cells were seeded on cell culture polystyrene dishes and 

incubated at 37 ℃ and 5% CO2. An IX53 inverted microscope (Olympus, Japan) 

was used to observe the cell growing.  

3.3.3 HepG2 aggregates fabrication 

HepG2 cells were mixed with a mixture of L-dECM and sodium alginate 

(ratio – 9:1). This specific ratio was chosen to optimize the supportive 

environment provided by the L-dECM while maintaining the structural integrity 

conferred by the sodium alginate. Then the cell-hydrogel mixture was extruded 

through a nozzle with a size of 75 ± 3 µm and the flow rate was 20 µL/min. The 

HepG2-hydrogel droplets were pumped into a baker of 0.1M CaCl2 (MERCK, 

Madison, NJ, U.S.A.) for cross-linking. Following the cross-linking, the 

fabricated HepG2-hydrogel droplets were cultured in a suitable culture medium 

over a period of four days. This culture period was critical for the formation of 

HepG2 aggregates within the hydrogel droplets (Fig. 28). 
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Figure 28. Schematic of the HepG2 aggregates formation by encapsulating 

HepG2 cells inside hydrogel droplets. 

3.3.4 Artificial liver scaffold fabrication using ultrasound standing wave 

As shown in Figure 27, 1 mm thick ultrasound transducers (MEGITT A/S, 

Kvistgaard, Denmark) glued to a 400 µm and 800 µm square-shaped glass 

capillaries (VitroCom, NJ, U.S.A.), respectively. The device has three inlets. 

The mixture of sodium alginate and L-dECM was mixed with HUVECs and 

was pumped into inlet 1. The same ratio of L-dECM and alginate was mixed 

with HepG2 aggregates and was supplied into inlet 2. Sodium alginate (1% w/v) 

was only injected into the inlet 3. The flow rate for inlet 1 was 30 µL/min, inlet 

2 was 30 µL/min and inlet 3 was 300 µL/min. The outlet was immersed into a 

beaker of 300 mM CaCl2 for cross-linking. The scaffold was then incubated for 

at least 10 minutes at 37°C to allow dECM gelation. 
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3.3.5 Microvascular network in artificial liver scaffold formation 

The extruded artificial liver scaffolds were cultured in the conventional 

culture medium described previously for one day at 37 °C and 5% CO2 to 

maintain the extruded three-layered structures intact. After one day of the 

conventional culturing, alginate lyase enzyme (MERCK, Madison, NJ, U.S.A.) 

was added into the culture media at a final concentration of 0.1 unit/mL. The 

role of this enzyme is to selectively degrade the calcium alginate components of 

the scaffolds, which is essential for creating pathways that allow the HUVECs 

to migrate and integrate into the scaffold structure. To ensure the continuous 

and effective degradation of alginate, the alginate-degrading media was 

replaced every two days. This regular replacement is crucial to maintain the 

enzymatic activity and to prevent the accumulation of degradation byproducts, 

which could potentially inhibit cell migration or affect scaffold integrity.  

3.3.6 Cell staining 

After scaffold fabrication, at 6 hours and 24 hours, the cell scaffolds were 

stained with LIVE/DEAD staining solution. The staining solution was 

composed of 0.2% ethidium homodimer-1 (EthD-1 2 mM) in dimethyl 

sulfoxide (DMSO)/H2O 1:4 (v/v); 0.05% calcein-acetoxymethyl (calcein-AM 4 

mM) in anhydrous DMSO (LIVE/DEAD Viability/Cytotoxicity Kit, for 

mammalian cells, Molecular Probes, Eugene, OR, USA), and was diluted in 1X 

phosphate-buffered saline (PBS) (D8662-500ML, MERCK, Madison, NJ, USA). 

Before and after staining, the cell scaffolds were lightly washed with 1X PBS 

buffer (3 times, 1–3 min per time) to remove media and staining solution prior 

to being examined with a 4X objective lens on an Olympus BX53 digital 

upright microscope (Olympus, Japan). Five images were analyzed using ImageJ 

software (Fiji, NIH Image, U.S.A.). For the purpose of calculating cell viability, 

the fluorescent signal of the labeled cells was separated into two channels: a red 

channel representing dead cell signal and a green channel representing living 
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cell signal. ImageJ was used to assess the strength of each channel. The 

percentage viability was calculated from the measured signal intensity using the 

green intensity to total intensity ratio: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑔𝑟𝑒𝑒𝑛 𝑔𝑣

𝑔𝑟𝑒𝑒𝑛 𝑔𝑣 + 𝑟𝑒𝑑 𝑔𝑣
 × 100% 

3.3.7 Proliferation assay 

During culturing, after 24 hours of conventional culturing, on day 3 and 

day 7 after adding alginate lyase enzyme, the liver scaffolds were plated in a 96-

well plate with 100 μL of medium per well. Then, 20 μL of CellTiter 96 

AQueous One Solution Cell Proliferation Assay solution (Promega, Madison, 

WI, USA) containing a tetrazolium compound (3-[4,5-dimethylthiazol-2-yl]-5-

[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazolium; MTS) and an 

electron coupling reagent (phenazine ethosulfate; PES) was added, after which 

the scaffolds were incubated at 37 °C for 4 hours. The absorbance was 

quantified at 490 nm using a SpectraMax iD3 reader (Molecular Devices, San 

Jose, CA, USA). The experiment was repeated 6 times under the same 

conditions. 

3.3.8 Albumin secretion and urea production 

To assess albumin secretion, media samples were collected at different 

time points. The quantity of secreted albumin and produced urea were measured 

using a human albumin ELISA kit (Abcam, Cambridge, UK) and urea assay kit 

(ab83362, Abcam, Cambridge, UK), respectively. The results were determined 

at 450 nm and 570 nm, respectively, using a SpectraMax iD3 reader (Molecular 

Devices, San Jose, CA, USA). 
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3.3.9 Immunofluorescent staining 

The artificial liver scaffold was fixed in 4% paraformaldehyde (Sigma-

Aldrich, St. Louis, MO, U.S.A.) for 25 minutes at RT, permeabilized with 0.5% 

Triton-X100 (Sigma-Aldrich, St. Louis, MO, U.S.A.) for 5 minutes, and then 

treated with 5% bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO, 

U.S.A.) as blocking solution for 20 min at RT. The primary antibody CD31 

(1:500) (ab9498, Abcam, Cambridge, UK), albumin (ab207327, Abcam, 

Cambridge, UK) were incubated with the treated scaffolds at 4 ℃ overnight. 

Subsequently, the scaffolds were incubated with a goat anti-mouse IgG (H + L) 

highly cross adsorbed secondary antibody, Alexa Fluor plus 488 (1:1000) 

(Thermo Scientific, Waltham, Massachusetts, U.S.A.) and Alexa Fluor®  594 

(1:1000) (ab150080, Abcam, Cambridge, UK) for 120 minutes at RT. The 

nuclei were stained with 4′,6-diamidino2-phenylindole (DAPI) (NucBlue®  Live 

ReadyProbes™ Reagent, Thermo Scientific, Waltham, Massachusetts, U.S.A.) 

for 15 minutes before imaging. The scaffolds were washed with 1X PBS buffer 

(3 time/5 min) between steps. 

3.3.10 Imaging and Statistical analyses 

The imaging and analysis methods were similar to chapter 2, section 

2.2.10. 

3.4. Results and discussion 

3.4.1 HepG2 aggregates culturing 

The cultivation of hepatocytes as aggregates could potentially improve 

hepatocytes’ performance, allowing enhanced cell-cell contacts in a three-

dimensional context. Compared to traditional two-dimensional cell cultures, cell 

aggregates are more typical of liver tissue and can be thought of as micro-

tissues. Furthermore, hepatocytes assembled into three-dimensional cell 
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aggregates may be used as functional building blocks to assemble bigger 

structures [89, 90].  

The aggregation procedure was observed at different cell numbers as 1 × 

106 (group 1), 3 × 106 (group 2), and 5 × 106 (group 3) cells/mL of HepG2. 

Despite this hepatocellular carcinoma cell line is less suggestive of the in vivo 

experiment, but this cell is user-friendly, robust, and aggregates easily while 

maintaining some hepatocyte-specific functions. As shown in Fig. 28, for both 

cases, aggregate formation started from day 1. In addition, the aggregate 

diameters were measured. After 4 days after culturing, aggregate diameters 

increased from 23.3 ± 6.2 µm to 41.1 ± 11.7 µm for 1 × 106 cells/mL, from 23.4 

± 7.1 µm to 50.3 ± 16.5 µm for 3 × 106 cells/mL, and from 28.9 ± 6.6 µm to 

77.5 ± 19.1 µm for 5 × 106 cells/mL.  

Figure 29 also showed that the diameter distribution in the three groups 

was significantly different. On day 1, while group 1 and group 2 had a diameter 

of aggregates were distributed mainly in the range of 15 - 25 µm, in group 3, the 

aggregates were distributed in the range of 20 - 35 µm. By the fourth day, this 

distribution was clearer, and group 3 had the best results with the size 

distribution in the range of 70 - 90 µm. The results proved that, as the cell 

concentration increased, the number and diameter of aggregates also increased. 

Furthermore, live/dead staining of the different aggregates indicated excellent 

cell viability in the aggregates with cell viability of HepG2 aggregates found to 

be over 90% (Fig. 30) at day 4 of culturing with the structure of a solid 

spherical aggregate of HepG2 cells (Fig. 31).  
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Figure 29. The relationship between the HepG2 cells number and the aggregate 

diameter after 4 days of culturing, n = 100 (# p < 0.05, ****, #### p < 0.0001). 

 

Figure 30. The HepG2 aggregate diameter distribution. The HepG2 aggregate 

diameter distribution at day 1 of culturing for (a) 1 × 106 cells/mL, (b) 3 × 106 

cells/mL, (c) 5 × 106 cells/mL, respectively. The HepG2 aggregate diameter 
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distribution at day 4 of culturing for (a) 1 × 106 cells/mL, (b) 3 × 106 cells/mL, 

(c) 5 × 106 cells/mL, respectively. The number of samples is 100. 

 

Figure 31. The live and dead fluorescent images of the HepG2 aggregates after 

6 hours and after 4 days of culturing. The green is a live cell. The red is a dead 

cell. The blue is DAPI. 
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Figure 32. The confocal immunofluorescent staining image of HepG2 

aggregate. 

3.4.2 Artificial liver scaffolds formation with branched structures of HUVECs 

For three-dimensional vascularized liver scaffold formation, the cultured 

HepG2 aggregates were mixed with HUVECs for ultrasonic patterning. 

HUVECs with positive contrast factor were patterned alternating in a single line 

and in four lines (Fig. 32) to form branched structures within the hydrogel, 

whereas HepG2 aggregates with negative contrast factor moved towards the 

position of the antinode, where are both sides of the tube wall. The results 

indicated that this technique has the potential to fabricate the basic unit structure 

of liver tissue, which includes branched blood vessels surrounded by hepatocyte 

clusters. 

 

Figure 33. Artificial liver scaffolds formation with branched structures of 

HUVECs. (a) The bright-field microscope images of one line region. (b) The 

bright-field microscope images of four lines region. (c) The bright-field 

microscope images of ultrasound off region.  

3.4.3 Microvascular network formation in the artificial liver scaffolds 

Based on the results shown in Figure 33, the cell viability of both groups 

was increased and reached a value of about 90% after 1 day of fabrication (Fig. 

33 a-d). In addition, the proliferation of fabricated scaffolds in 7 days was 
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shown in Fig. 33e. It can be seen that the scaffold with HepG2 aggregates and 

HUVECs proliferated more rapidly than others, almost 2-folds time when 

compared to only HepG2 cells group. 

HUVECS spreading in the artificial liver scaffolds was visualized using 

immunofluorescent staining of CD31 (green), which is a biomarker of platelet 

endothelial cell adhesion, and the maker of HepG2 is albumin (red) (Fig. 34). 

On day 1, some of the HUVECs retained their original round shape inside the 

hydrogel. After 3 days of culturing with alginate lyase enzyme, the scaffold 

with HepG2 aggregates, HUVECs exhibited robust growth compared to the 

group of single HepG2 cells.  

CD31 and albumin staining were also performed under a confocal 

fluorescence microscope, which showed the lumen formation of HUVECs in 

one line region (Fig. 35a), and the mature to form the vascular networks in the 

four-line region (Fig. 35c). The HUVECs migrated and spread into HepG2 

aggregates (Fig. 35b, d). These outcomes demonstrate that in the printed 

scaffolds, HUVECs have the potential to support and enhance the growth of 

liver cells in artificial liver tissue. 
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Figure 34. Evaluation of cell viability and cell proliferation of the fabricated 

scaffolds. The live and dead fluorescent images of scaffolds with (a) only 

HepG2 cells, (b) HepG2 cells + HUVECs, and (c) HepG2 aggregates + 

HUVECs after 24 hours of fabrication. (d) The cell viability (** p < 0.01). (e). 

Cell proliferation determined via CellTiter 96 AQueous one solution cell 

proliferation assay analysis after 7 days of culture (# p < 0.05, ****, #### p < 

0.0001). The green is a live cell. The red is a dead cell. The blue is DAPI, n = 6. 
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Figure 35. The immunofluorescent staining image of the fabricated scaffolds. (a 

- c) The images of HepG2 cells and HUVECs group; one line region of Hep2 

aggregates and HUVECs group; four-line region of Hep2 aggregates and 

HUVECs group, respectively at day 1. (d - f) The images of HepG2 cells and 

HUVECs group; one line region of Hep2 aggregates and HUVECs group; four-

line region of Hep2 aggregates and HUVECs group, respectively at day 3. The 

green is CD31. The red is albumin. The blue is DAPI.  
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Figure 36. The confocal immunofluorescent staining image of the artificial 

liver scaffold. The hollow channel in one line region (a) and the four-line region 

(b) after 3 days culturing. The green is CD31. White arrows indicate the 

HUVECs spread into the HepG2 aggregate. The red is albumin. The blue is 

DAPI. 

3.4.4 HepG2 aggregates with vascularized networks enhanced liver-specific 

functional expression of scaffolds  

The liver provides various essential functions, including protein synthesis 

and metabolism.  The secretion of albumin, which is a representative protein 

synthesized by hepatocytes and the synthesis of urea, which is indicative of the 

metabolism from hepatocytes are helpful markers of typical liver function [91, 

92].  
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The culture medium was harvested at 1 day after scaffold fabrication 

(pre-culture), day 3 and day 7 during culturing with alginate lyase for analysis 

(Fig. 36). For albumin secretion, in the group of only HepG2 cells (group 1) 

reached 4.94 ± 0.4 µg/mL, when the group with HepG2 aggregates and 

HUVECs (group 2) reached 6.61 ± 0.3 µg/mL after 7 days of culturing. 

The urea concentration changed over time and varied among the two 

groups. On day 7, in group 1 the amount of synthesized urea increased 

gradually from 2.50 ± 0.2 µg/mL to 6.25 ± 1.0 µg/mL, but remained lower than 

that of group 3 with 10.96 ± 1.4 µg/mL (1.7-fold time). These results showed 

that HepG2 aggregates with vascularized networks in the artificial liver 

scaffolds can express higher liver cell activity. 

 

Figure 37. Time courses of albumin secretion (a) and urea synthesis (b) as 

markers of liver activity from HepG2 cells. Experiments were performed with n 

= 6 and the values are reported as means ± SD (* p < 0.05; ** p < 0.01; ***, 

### p < 0.001; ****, #### p < 0.0001). 
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Chapter 4: Conclusion 
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The dissertation achieved remarkable results and the objectives of this 

research were demonstrated. We developed a vasculature network using the 

combination of acoustic standing wave forces and multi-hydrogel extrusion. 

This experimental model can be used to rapidly extrusion the endothelial cell 

networks inside the hydrogel. The amplifier circuit has no significant impact on 

the cell survival and the cell viability was reported to be 90% after 12 hours of 

scaffold fabrication and culturing. Furthermore, the selected cell density (8 × 

106) approximated the report by other authors for tubular formation and may 

overcome one main disadvantage of scaffold-based tissue engineering is low 

seeding density, as well. The fabricated structures were cultured for assessing 

cell proliferation, cell-cell intercellular communication, and vascular network 

formation with the distance between vessels being almost less than 100 µm. The 

patterned endothelial cells matured as functional vessel networks such as 

angiogenesis, perfusability, and implantability.  

In animal studies, the process of subcutaneous implantation revealed 

fascinating insights into tissue integration and vascularization. Following the 

subcutaneous implantation of the scaffold, within a period of three to fourteen 

days, researchers observed a significant interaction between the host's 

preexisting blood vessels and the preformed vessels within the scaffold. This 

interaction was marked by the host's blood vessels sprouting towards and 

integrating with the preformed vessels of the scaffold over time, a process that 

was meticulously visualized through advanced imaging techniques. 

Interestingly, the majority of the microvessels within the implant scaffolds 

demonstrated a remarkable maturation process. Initially presenting as empty 

tubular structures, these microvessels gradually evolved into functional blood-

carrying vessels. This capability is crucial for the scaffold’s successful 

integration and functionality within the host tissue. These findings collectively 

underscore the successful incorporation of the scaffold into the host tissue. The 
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ability of the scaffold to not only support the formation of functional blood 

vessels but also to enhance the ECM composition is a promising indicator of its 

potential for therapeutic applications. The improved vascularization ensures an 

adequate blood supply, which is vital for the delivery of nutrients and oxygen to 

the implanted tissue, while the enriched ECM provides the necessary support 

for cellular activities and tissue maintenance. The observed vascularization and 

ECM enhancement following the implantation of the scaffold in animal models 

demonstrate its potential effectiveness in tissue engineering applications. These 

results pave the way for further research and development of scaffold-based 

therapies for tissue repair and regeneration, offering hope for improved 

outcomes in clinical settings. 

In addition, this innovative approach was also applied to the fabrication 

of artificial liver scaffolds, which serve as the basic structural units of liver 

tissue. The methodology involved patterning endothelial cells into branched 

structures, which were then strategically surrounded by aggregates of HepG2 

cells, a line of human liver cancer cells often used in research as a model for 

hepatocytes, the main functional cells of the liver. The co-culture of endothelial 

cells and HepG2 cells resulted in enhanced vascularization within the artificial 

liver scaffold. This improved vascularization is crucial for the functionality of 

the scaffold, as it ensures an adequate supply of oxygen and nutrients while 

facilitating the removal of metabolic waste products. Moreover, the presence of 

a robust vascular network supports the proliferation and survival of hepatocytes, 

thereby enhancing overall liver function.  The enhanced liver function observed 

in these studies is indicative of the scaffold's potential to replicate the complex 

physiological activities of natural liver tissue. Functions such as albumin 

production, urea synthesis, and detoxification processes are essential for 

maintaining metabolic homeostasis, and their enhancement in the artificial liver 

scaffold suggests a promising route for therapeutic applications. Consequently, 
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this approach holds the potential to pave the way for the generation of fully 

vascularized artificial livers. Such advancements are not merely academic; they 

have profound implications for regenerative medicine and liver transplantation. 

The ability to create a fully functional, vascularized artificial liver could address 

the critical shortage of donor organs and provide new treatment options for 

patients with liver diseases. 
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Appendices 

Credits & Copyright Permissions 

Notes on Copyright Licenses for Reproduction of Text and Figures in this 

Dissertation 

Chapter 1: 

For reproducing those figures that appeared in the following publication with 

credit to other sources, permission has also been sought from the respective 

sources. 

Chapter 2  

The text excerpts and the figures presented in chapter 2 are reproduced with 

permission from the following articles: 

Huong Thi Le, Huu Lam Phan, Andreas Lenshof, Cholong Choi, Chaenyung 

Cha, Thomas Laurell, Kyo-in Koo, “Ultrasound standing wave spatial 

patterning of human umbilical vein endothelial cells for 3D micro-vascular 

networks formation”, Biofabrication, 2023, DOI: 10.1088/1758-5090/ad03be. 
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