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Abstract 

The miniaturized fluid distribution network to transport nutrients and metabolic 

byproducts plays a significant role in the development of engineered tissues and organ-

on-a-chip systems for tissue regeneration, drug screening and other clinical applications. 

However, most of the existing microfluidic networks are designed with relatively 

simple architectural organizations or uniform vascular pathways, which fail to provide 

physiologically relevant levels of mechanical cues. Thus, considerable attention has 

been directed towards engineering microfluidic system inspired by the natural complex 

vascular networks, through which animals and plants efficiently distribute and collect 

fluids and cells. As a nature-optimized microfluidic system, leaf venation networks 

have been proven to obey Murray's law, the physiological law describing the 

hierarchical structures of blood vessels in human cardiovascular system. Thus, this 

thesis aims to propose fabrication strategies to develop a leaf-venation-inspired (LVI) 

microfluidic network for engineering perfusable tissue constructs and organ-on-a-chip 

systems. 

In the first study, three different approaches were developed to fabricate the LVI 

microfluidics system with multiscale channels ranging from 1 mm to 30 μm. While two 

of these approaches directly utilized the skeleton of leaf venation as the replicating mold 

or photomask for microfabrication, the third one involved acquiring photos of leaf 

venation to fabricate computer aided design (CAD) for microfabrication. This extra 

process enabled free editing of the biomimetic channels, which offered many 
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opportunities to create unique niches such as chambers and specialized channels for 

tissue engineering applications. 

In the second study, the fluid dynamics of LVI microfluidics network were studied to 

investigate the architecture-induced merits of leaf venation network. It was 

demonstrated that the fluid was transported in half-and-half mode symmetrically along 

the main vein in PDMS leaf chips and addition of chambers into the vascular network 

had no significant effect on flow velocity distribution within the system. Also, the fluids 

were able to transport throughout the whole LVI chips of hydrogel matrices without 

external pump-driven force, resulting in the design of a pump-free platform for tissue 

culture. 

In the third study, the architecture-induced merits of leaf venation network were utilized 

in three biological applications. Firstly, it was found that the LVI channels could 

function as convection pathways to perfuse culture medium for the long-term culture 

and endothelialization of the populated tissues in a pump-free bioreactor setup. 

Secondly, the dimension of microwells was optimized based on the statistics of veins 

and areoles to engineer microwell-integrated LVI microfluidic chips for culturing high-

throughput cell samples. Thirdly, a biomimetic vascular system integrated with 

chamber-specific vascularized organs was developed, which allows for conducting 

comparative and metastasis studies in a single chip. 

Thus, our work demonstrates the potential to engineer a biomimetic microfluidic 

network inspired by leaf venation into various biomaterials. The architectures-induced 



IV 

 

merits were illustrated and utilized for engineering perfusable tissue constructs and 

organ-on-a-chip system for high-throughput cell culture and integrated multiorgan 

culture. 
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Chapter 1 Introduction 

1.1 Blood vessels-the multiscale fluidic network in human body  

In the human or animal body, the native blood vessels, also called cardiovascular 

systems, are the components of the circulatory system that transport blood throughout 

the entire body [1]. This vascular network have evolved into highly branched fractal-

like architectures in order to elegantly provide the blood into the densely-populated 3D 

tissue/organs efficiently[2, 3]. This unique complex structure consists of vessels with 

different inner diameters, ranging from tens of millimeter to several micrometer. For 

example, the largest arteries, which are the vessels to transport blood away from the 

heart, has an inner diameter of about 25 mm. Their branches are arterioles in smaller 

size. As a counterpart, the venules in small branches collect the blood from the various 

organs and all gather to form veins, which are in tens of millimeter to carry the blood 

back into the heart. It is capillaries, the minute thin-walled vessels with inner diameter 

in several millimeter that connect the arterioles and venules. 

As a basic function, the native blood vessels play a principal role in the mass transfer 

in living tissues, as all metabolically active cells are in close proximity to such vascular 

beds where the delivery of oxygen and nutrient as well as removal of metabolic 

byproducts occurs [4]. It is the countless and interconnecting capillaries, through which 

the crossover of the nutrients and wastes between the flowing blood and body tissues 

occur. In most vital organs, the cells are often located no more than 300 µm away from 

a capillary bed, owing to their high resting metabolic rates. In addition to functioning 

https://en.wikipedia.org/wiki/Circulatory_system
https://en.wikipedia.org/wiki/Blood
https://en.wikipedia.org/wiki/Human_body
https://www.britannica.com/science/arteriole
https://www.britannica.com/science/venule
https://www.britannica.com/science/vein-blood-vessel
https://www.britannica.com/science/capillary
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as local nutrient and waste sinks, the vascular system also serves as a semi-permeable 

barrier to dynamically regulate the exchange of molecules and cells between the blood 

and surrounding tissue, closely related to some critical diseases such as metastasis and 

inflammatory diseases, and provides cues that help orchestrate the organization and 

differentiation of cells within the tissue structure [5, 6]. All these functions are achieved 

based on the complex hierarchical architectures and positioning of the blood vessel 

system in the body.  

The Endothelial cells (ECs) refers to cells that line the interior surface of blood vessels. 

They form a continuous monolayer called endothelium that lines all of our blood 

vessels including arteries, arterioles, venules, veins and capillaries. Smooth muscle 

cells also form the layers beneath the endothelial cells. The exception to this is the 

capillaries which are only made up by ECs. One of the most distinguishing 

characteristics of ECs is their wide range of strong cell-to-cell junctions [7].   

Barrier function is the primary function of the ECs. Since they form interface between 

the flowing blood and the rest cells of the vessel wall, ECs are in direct control of 

normal intracellular homeostasis, interaction with immune cells, and work as a semi-

selective barrier between the blood and the surrounding tissue to control the transmit of 

biological materials, molecules and cells. The blood-brain-barrier is a representative 

system that is broadly under investigation. Research is focused on better mimicking and 

understanding the function mechanism of blood-brain-barrier systems to increase the 

efficacy of drug development, since many chemicals are unable to cross the endothelial 

https://en.wikipedia.org/wiki/Blood_vessel
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barrier efficiently and safely.  Another important function of ECs is to regulate the 

blood flow, in case of blood clotting. ECs are able to generate a very smooth and anti-

thrombotic surface that benefits the transit of plasma and cellular constituents 

throughout the very complex vasculature even with countless bifurcation. Besides, the 

endothelium is responsible for angiogenesis, the process of the formation of new blood 

vessels. This a key step to repair the damaged or diseased tissues and organs. 

Angiogenesis also has key applications in cancer research, since tumor growth is 

supported by the formation of new blood vessels that provide nutrients for the cancer 

cells to expand quickly.   

The shear stress has significant effect on the structure and function of the 

endothelium.  In vivo, ECs react to shear stress by increasing their surface area through 

spreading and are elongated in the direction of the blood flow [8]. High shear stress in 

vitro would result in rapid cytoskeletal remodeling, activate signaling cascades in ECs 

and have a effect on their biological activities such as the rapid release of nitric oxide, 

as well as transcriptional activation of genes, including platelet-derived growth factor-

B, transforming growth factor-beta1 and endothelial nitric oxide synthase. On the 

contrary, ECs would remodel their structure and become flat to minimize shear stress 

in order to adapt to chronic shear stress. In this condition, the ECs would become very 

adherent to their substratum and show evidence of differentiation. 

1.2 The demands of engineering microfluidic network 

Although animal models have provided some significant insights into the physiological 

https://en.wikipedia.org/wiki/Coagulation
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activities and diseases, the relevant biological process and underlying mechanisms 

remain poorly investigated and understood, owing to the challenges of the impossibility 

to analyze highly specific biomolecular or cells interactions in the complex in-vivo 

environment and the species differences between animals and humans [9, 10]. On the 

other hand, common static platforms fail to recapitulate the 3D native 

microenvironment with physiological flow, which limits their application in many 

studies of vascular-related diseases [11]. To remedy these, recent efforts have been 

devoted to creating in-vitro vasculature models in the organ-on-chips system with the 

technical advances in microfluidic platforms[12-14]. Advantages of the vasculature-

on-chips system include the ability to build the 3D physiological microenvironments 

with controlled biochemical variables, interstitial flow and various mechanical 

stimuli[15], recreating multiple cell architecture [13] as well as high-resolution real-

time imaging [12, 16]. 

1.2.1 Tissue engineering 

At present, the physiological diseases of vital organs (e.g. liver, kidney) are severely 

threatening the lives of patients. As the most effective operation to restore the patients’ 

health, allogeneic organ transplantation is seriously limited by donor deficiency, 

immune rejection and expensive expenses [17]. Most of patients have lose their lives 

when waiting for suitable appropriate organ donors. The insistent needs for 

transplantable organs have breeds the current black market for organ sales, which has 

seriously threatened social stability and civilization. The contradiction between the 

supply and demand of organ transplantation are becoming increasingly serious 
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nowadays. Therefore, there is a urgent need to develop the biofabrication technology 

of vital human organs, which is expected to fundamentally solve the contradiction and 

save innumerable patients all over the world [18].  

Tissue engineering is an interdisciplinary field that employed engineering approaches 

to fabricate the biological substitutes of tissues and organs in vitro as the implantable 

organs or drug-testing tissue models [17, 19, 20]. The typical strategy of tissue 

engineering is seeding the cells into biomaterials for culturing under biomimetic 

physiological microenvironment, expecting to obtain functional organs in vitro, which 

can be then transplanted to restore the patients’ health. As the living rooms for the cells, 

the biomaterials play an important role in the development of organs, including the 

growth, proliferation, migration and differentiation of the cells [21].  

One crucial challenge in tissue engineering area is to build functional blood vessel 

system which is able to provide the nutrition and oxygen for the cells within the 

densely-populated tissues or organs and essential biomechanical stimulus, as well as to 

transfer the wastes [21]. Aside from a few exceptions of the thin tissues, such as 

cartilage and cornea, vascularization is the basis of generating the viable tissue-

engineered grafts, which usually possess a thickness more than hundreds of 

micrometers. In particular, sufficient vasculature system is required for regeneration of 

thick and metabolically active vital organs such as heart and liver [22, 23]. In these 

native tissues, most of the cells are in close proximity to the blood vessel network, 

which should also be a requirement to the cells in engineered tissues [24]. In addition, 
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the vascularized tissue can be employed as highly-producible engineered biomimetic 

systems for the study of vascular disease and drug screening, while common static 

culture models usually are unable to rebuild the essential bioactivities related to human 

vascular diseases, for the sake of the absence of the physiological fluid flow [25-27]. 

Traditional methods to fabricate blood vessel system, including angiogenic-growth-

factor induced neovascularization and self-organization of vascular cells into open 

tubes, have successfully lead to the growth of perfusable, functional vascular 

network in vitro and in vivo [28-31]. Nevertheless, these methods all require at least 

several days for the self-formation of a perfused vascular network, during which period 

the cells within the scaffolds might lose function or die, which problem is more serious 

within thicker engineered tissues. In addition, these methods can only produce small 

blood vessels and is unable to easily control the number and distribution of vessels 

within a scaffold. New strategies are needed to achieve rapid formation of blood vessel 

network with well spatial control in the 3D engineered tissues. 

The perfusable microfluidic network can be built within 3D biomaterials for rapid 

engineering of blood vessel system. While possessing a great geometric similarity with 

in-vivo vascular network, the microfluidic network is also able to support the rapid 

supply of flowing fluids within the 3D tissues. Through seeding ECs from the pre-

existing open channels, the microfluidic channels will provide a template that forces 

the growth of vascular cells into the desired open tubes and network along the inner 

surface of channels, which can potentially eliminate the need for self-organized 

https://www.sciencedirect.com/topics/chemical-engineering/microfluidics
https://www.sciencedirect.com/topics/chemical-engineering/microfluidics
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tubulogenesis and anastomosis. With a one-to-one scaling between the microfluidic 

channels and the subsequent formed blood vessels, it would be able to achieve the 

precise control over the architecture and distribution of perfusable vessels in 3D 

engineered tissues. 

1.2.2 Organ on a chip 

Organ-on-a-chip is empowers a newly developed multidisciplinary field, in which 

microfluidic channels and chambers at the micro-scale size are created for culturing 

living cells in dynamically perfused platform, with a similar aim of tissue engineering 

to recapitulate the cellular architectures, tissue physiology and physicochemical 

microenvironments in our human body [32, 33]. organ-on-a-chip is used to study the 

biological activities of organ development and disease, as well as the interactions 

between cells and external stimuli such as biomolecules, mechanical force and 

electricity. Although animal models have provided some significant insights into these 

physiological activities and diseases, the relevant biological process and underlying 

mechanisms remain poorly investigated and understood, owing to the challenges of the 

impossibility to analyze highly specific biomolecular or cells interactions in the 

complex in-vivo environment and the species differences between animals and humans 

[9, 10]. On the other hand, common static platforms fail to recapitulate the 3D native 

microenvironment with physiological flow, which limits their application in many 

studies of vascular-related diseases [11].  

To remedy these, recent efforts have been devoted to creating in-vitro vasculature 
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models in the organ-on-chips system with the technical advances in microfluidic 

platforms [12-14]. Advantages of the vasculature-on-chips system include the ability to 

build the 3D physiological microenvironments with controlled biochemical variables, 

interstitial flow and various mechanical stimuli[15], recreating multiple cell 

architecture[13] as well as high-resolution real-time imaging [12, 16]. Recently, various 

types of organs have been successfully modelled on chip, such as liver, bone, skin, and 

blood barrier [34-37]. These microdevices can be used to create in-vitro biological 

models of disease and further build vascularized tissue mass, which have shown their 

benefits to study the behavior of cells, test toxicity and efficacy of drugs [38, 39]. 

Usually, microfabrication methods, such as photolithography, soft lithography, film 

deposition and etching are used to generate the molds with predefined micropatterns, 

which involve many steps and need high-cost facilities. Polydimethylsiloxane (PDMS), 

the most-widely used polymer used in the microfluidic industry, would then be added 

onto the micropatterned molds to replicate the microstructures [40]. PDMS is 

biocompatible, transparent, nontoxic and permeable to gases. The sealing of PDMS 

layer with the predesigned micro/nanostructures with flat substrate would form a 

miniaturized platform with chambers for perfused cell culture. 3D printing technology, 

a more accessible, flexible and controllable approach, is gradually used for generating 

fabricate organ-on-a-chip systems with versatile and complex 3D design [41, 42]. 

However, most 3D printing approaches that used for generating microfluidic system or 

tissues are challenged by  the problems of low resolution, which make it difficult to 

fabricate small vessels, such as capillary vessels and arterioles whose diameters are 
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usually in the scale of several or tens of microns. 

The crucial merit of microfluidic chips is its flexible ability of changing many factors 

in order to rebuild the biomimetic in-vivo microenvironments. Designing geometry of 

microfluidic channel system is one of the crucial methods to control the flowing 

dynamics through the entire microfluidic chips, and consequently to regulate cells 

growth, proliferation, differentiation and function expression. In the chip system, the 

microfluidic channels can work as the pathways to provide physiologically relevant 

fluidic stimulus to the living cells in the chambers, which would have a significant 

effect on biological activities, physiological functions and organ development, just like 

the blood vessel system in human body [43, 44]. 

1.3 Current approaches to engineering perfusable microfluidic channels 

The incorporation of hollow, perfusable microchannels within 3D biomaterial (e.g. 

PDMS, hydrogel) to engineer vascular network on chip, has been extensively pursued 

over the past decade [45, 46]. Typically, these microfluidic channels are produced by 

the approaches of using simple needle templating[47], sacrificial molding[48] and 

microreplication-based layer-by-layer assembly [49]. As a typical example, the 

enclosed arrays of microchannels, produced by dissolving the patterned 3D lattice made 

of a biocompatible material carbohydrate glass, have been proven to sustain the 

metabolic function of cells in various kinds of densely-populated hydrogel constructs 

[50]. Bioprinting was also employed to produce 3D cell-laden, vascularized tissues 

embedded with perfusable channels, which could be perfused on chip for long time 
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periods of more than 6 weeks [51]. Typically, endothelial cells were usually seeded 

along the vascular wall, to produce functional perfusable vascular network on chip, 

which regulated mass-transport exchange [5]. These models demonstrated that they 

were valuable for the study of cancer metastasis dynamics involving invasion, 

circulation and extravasation of cancer cells through the blood vessel [52, 53], 

angiogenesis in healthy and pathological scenarios [54, 55], as well as thrombosis under 

quiescent and inflammatory conditions [14]. It was found that the vessel geometry and 

flow characteristics had a significant effect on the endothelium-related biological 

functions and activities [15, 56]. However, most of these microfluidic channels are only 

limited to straight channels and have a significant difference from the blood vessels 

found in mammalian cardiovascular and respiratory systems, which are usually 

arranged in hierarchical structures made of interconnections and bifurcations with 

vessels whose diameter varies dramatically.  

1.3.1 Needle-based molding method 

In some circumstances of studying the vascular functions or vascular-related diseases, 

a single microfluidic channel might be sufficient to engineer a simple perfusable blood 

vessel as the experimental model. Insertion of a needle or wire in a pre-polymer solution 

followed by removal of the cylindrical structure after gelling was usually used to 

produce the single straight channels in 3D hydrogel materials (Figure 1-1) [57]. 
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Figure 1-1 Fabrication of a single microfluidic channel using a needle. [57] 

Joe Tien et al. developed a subtractive approach by using a stainless steel needle to 

produce microfluidic channels within biomaterials [58]. Collagen type I solution was 

casted around a stainless steel needle and crosslinked within incubator. The needle was 

removed after gelling of collagen hydrogel, producing a perfusable cylindrical channel, 

whose inner surface was seeded with ECs to obtain a confluent EC monolayer 

exhibiting tight EC junctions. It was proven that the barrier function and vascular 

stability were dominantly regulated by the mechanical signals of shear stress and 

transmural pressure respectively, by conduct the studies on the engineered blood 

vessels with different architectures. 

Khademhosseini et al. also employed the needle-based approach to fabricate perfusable 

microchannels within cell-laden hydrogels, which were seeded with ECs to form lumen 

structures inside [59, 60]. Sadr et al. developed an approach by combing a self-

assembled-monolayer (SAM)-based cell transfer technique with the needle-based 

prevascularization method as as well as the needle-based prevascularization method as 

a platform for engineering hollow vascular structures with multilayers and controlled 

geometrical design [61]. They modified the 600 μm diameter gold sputtered rods with 
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SAM-oligopeptides, which enable the attachment and detachment of cells on their 

surface. Double-layer cell microvascular structures of human umbilical vein 

endothelial cells (HUVECs) and 3T3-fibroblast cells were obtained on these rods by 

dip-coating them in suspensions of 3T3 cells and HUVECs in gelatin methacrylate 

(GelMA) pre-polymer, followed by ultraviolet (UV)-cross-linking. The rods were then 

removed after transferring the double-layers of cells in a GelMA matrix by using an 

electrical stimulation, producing perfusable microvessels.  
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Figure 1-2 Cell transfer and vascular construct generation schematic. (a) The 

oligopeptide was chemically adsorbed onto a gold surface and seeded with HUVECs. 

(b) HUVECs seeded on gold substrates were transferred to the hydrogel with or without 

electrical potential. (c) A monolayer of endothelial cells was transferred into 

microfluidic GelMA hydrogel. (d) Double-layer cell microvascular structures were 

generated. [62] 
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Yoshida et al. employed a hierarchical cell manipulation technique in combination with 

a needle-based prevascularization method to engineer capillaries with a biomimetic 

bilayered structure consisting of a monolayer of ECs and SMCs, as shown in Figure 1-

2 [62]. They produced uniaxial microchannels within biodegradable hydrogels by 

extracting the silica capillary tubes. human umbilical artery smooth muscle cells 

(UASMCs) were firstly seeded onto the inner surface of the channels, which was then 

immersed within fibronectin‐gelatin solution to coat approximately 6‐nm‐thick FN‐G 

layer‐by‐layer films as a cell adhesive base. After that, a HUVEC suspension was 

injected into the channels and cultured to obtain the bilayer vascular structure of 

confluent HUVEC layer covering the UASMC layer. The size, length, and distance of 

the engineered vessels could be easily controlled by altering these parameters of the 

silica tubes. The penetration experiment of serum albumin suggested that the 

engineered multilayered blood capillary network exhibited similar barrier function 

similar to native blood capillaries. 

The needle-based method possesses many merits, such as ease of fabrication, low cost 

and availability to various biomaterials. However, this approach cannot be used to 

fabricate complex network of interconnected channels, which is usually needed to 

engineer vascularized large tissues and study the effect of architectures on vascular 

function. 

1.3.2 Sacrificial molding with hydrogel casting 

In the sacrificial molding method, a 2D or 3D network is usually fabricated as sacrificial 
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scaffold using an easily dissolvable gel or solid materials such as gelatin and sugar [50, 

63]. Biomaterial solution is then cast to enclose the scaffold and cross-linked to obtain 

the hydrogel, during which process the sacrificial scaffold will not dissolve. Finally, 

the sacrificial scaffold is dissolved or melted using some biological friendly method 

and flushed out from the hydrogel, leaving behind interconnected microfluidic channels. 

As a typical example, meshes of gelatin was fabricated by micromolding from PDMS 

mold, encapsulated in native in collagen and fibrin hydrogel and removed by heating 

and flushing to obtain the channels in the remaining hydrogel (Figure 1-3) [63]. 

Because of the high elasticity and mechanical characteristic at low temperature, gelatin 

can be manipulated well during the micromolding process, which make it possible to 

replicate the high-resolution microstructures from the PDMS mold as narrow as about 

6 μm. Macromolecules and particles could be perfused through the microfluidic 

network with about 50 μm wide in in collagen and fibrin hydrogel and the 

macromolecules can be diffused from the channels into the surrounding hydrogel 

materials to support the growth of enclosed cells.  
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Figure 1-3 Fabrication of microfluidic collagen hydrogel using sacrificial gelatin 

mold. (a) Schematic diagram of fabrication of microfluidic gels. (b) Phase-contrast 

image of gelatin meshes. (c)  Overlaid phase-contrast and fluorescence images of a 

hexagonal network in collagen perfused with 1 µm diameter fluorescent 

microspheres. [63] 

Complex microfluid channels in 3D constructes could also be engineered by dissolving 

the 3D sacrificial scaffolds, which are usually fabricated by 3D printing technology and 

then embedded into hydrogel materials solution. Chen et al. printed rigid 3D filament 

network of carbohydrate glass as a sacrificial scaffold, and cast biomaterial solution 

with encapsulated cells to enclose the scaffold (Figure 1-4) [50]. Once the biomaterial 

solution was gelled, the carbohydrate-glass scaffold was dissolved to produce complex 

microfluidic network in the 3D hydrogel matrix. This carbohydrate glass had sufficient 

mechanical stiffness to physically support its 3D structures before and after immersion 

within biomaterial solution, and could be dissolved rapidly and biocompatibly in the 
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presence of living cells. Since the filament network of carbohydrate glass could be 

printed in various complex 3D structures, this approach enabled to produce a perfusable, 

hollow, cylindrical channel network mimicking vascular-like structures and 

architecture of more complex tissues. HUVECs solution was then perfused and seeded 

throughout the microfluidic channels to obtain confluent endothelial layer inside. They 

indicated that the endothelialized interconnected channels were able to function as 

native microvessels to be perfused with blood under high-pressure pulsatile flow, 

induce spontaneous formation of HUVEC sprouts, as well as to facilitate nutrient 

delivery and waste removal, sustaining cell viability deep inside the 3D densely-

populated construct under dynamic culture.   

 

Figure 1-4 3D printing of sacrificial 3D filament network of carbohydrate glass for 

Rapid casting of patterned vascular network. (a) 3D printed multiscale carbohydrate-

glass lattice. (b) Schematic of fabrication process. (c)  Demonstration of vascularized 

tissue constructs with encapsulated green 10T1/2 cells in fibrin gel and red 
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endothelialized vascular network. (d) Endothelial cells formed single and multicellular 

sprouts (arrowheads) from patterned vasculature. [50] 

One advantage of the sacrificial molding method is its compatibility with a wide variety 

of cell types that can be encapsulated within a range of synthetic and natural 

extracellular matrices, owing to the easy and rapid casting process. Furthermore, this 

strategy allows to fabricate 2D microfluidic channels with high resolution when 

microfabrication and microreplication are involved, and to obtain 3D complex 

microfluidic channels with controlled architectures when 3D printing is involved.   

1.3.3 3D printing 

Rapid-prototyping-based 3D printed scaffold 

Rapid-prototyping is an advanced fabrication technology based on the idea of discrete 

stacking forming. It is directly driven by computer digital model and manufactured by 

layered superposition [64]. Its greatest advantage lies in the integrated fabrication of 

complex shape and controllable internal microstructures. At present, the fabrication 

methods of scaffolds for essential organs based on rapid prototyping include direct and 

indirect prototyping. The former is to directly process biomaterials into scaffolds that 

can be used for organ construction, while the latter is to fabricate negative molds for 

scaffolds by rapid prototyping, and then to obtain biomaterials scaffolds by casting or 

micro-replicating. Researchers at Harvard Medical College in the United States took 

the lead in applying three-dimensional printing to the direct manufacture of porous 

scaffolds for pipelined liver tissue engineering [46, 65]. Prefabricated microfluidic 
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channels can accelerate the transfer of nutrients, thus effectively improve the activity 

and function of liver cells [66, 67]. Researchers at Tokyo University in Japan have 

directly prepared a multi-branched and interconnected hepatic tissue scaffold system 

by combining laser sintering and particle leaching, which provides a structural support 

for the in vitro compounding and dynamic culture of cells and scaffolds [68]. However, 

the biomaterials suitable for rapid prototyping and direct scaffolding are extremely 

limited, and most of them are synthetic materials, which differ greatly from natural 

organ matrix materials, thus limiting their wide application. 

Direct bioprinting 

The term bioprinting can be defined as a typical additive biofabrication technique which 

applies cells and biomaterials to fabricate tissue or organs in layer-by-layer manner for 

various applications including tissue regeneration and drug testing [64, 69]. There are 

several approaches for bioprinting technique, including extrusion, ink-jet, and light-

induced principles [68]. Numerous works have been done to applying the bioprinting 

approach to engineer vascularized tissue constructs [70-72].  

As a typical strategy, bioprinting were usually combined with the subtractive removal 

of some printed sacrificial materials to produce fluidic vascular channels within 3D 

constructs. For example, collagen precursor and gelatin/HUVECs were printed within 

a flow chamber [48]. The collagen precursor was polymerized by NaHCO3 nebulization 

while the gelatin solidified within 1-2 min when it was exposed to room temperature, 

resulting channels within the collagen hydrogel. During this incubation process, 
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HUVECs encapsulated within the gelatin would sink down and attach to the inner 

surface of the channel. a functional in vitro vascular channel with perfused open lumen 

and a tight, confluent endothelium lining was finally achieved. Collagen precursor 

could also be pre-mixed with various kinds of cells for printing. Lewis et al. reported a 

multi-materials printing method for fabricate 3D cell-laden, vascularized tissues that 

exceed 1 cm in thickness and could be cultured by perfusion on chip for more than 6 

weeks [51]. Specifically, fugitive ink, which contains pluronic and thrombin, and cell-

laden inks, which contain gelatin, fibrinogen, and cells, are coprinted within a 3D 

perfusion chip. Extracellular matrix (ECM) material and cells, were then cast over the 

printed inks. After crosslinking of the printed cell ink and casted matrix, the fugitive 

ink would liquefy upon cooling, leaving behind a pervasive endothelialized vascular 

network (Figure 1- 5). These thick vascularized tissues are actively perfused with 

growth factors to differentiate the embedded human mesenchymal stem cells (hMSCs) 

toward an osteogenic lineage in situ. 

Bioprinting can be utilized for generating  scaffold-free small and intermediate 

diameter blood vessels by three-dimensional, automated, computer-aided deposition of 

deposition of bioinks (e.g. cells or multicellular spheroids) into a “biopaper” 

(biocompatible gel; e.g.collagen) [73, 74]. Norotte et al. utilized this strategy to 

engineer multilayer vessels with complex branching geometry [70]. They printed the 

multicellular spheroids layer-by-layer along the agarose rods with predesigned 

structure, which worked as a molding template (Figure 1-6). The discrete units of 

multicellular spheroids would then self-assemble and fuse together to form vascular 
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tubes [75].   

 

Figure 1- 5 Fabrication of 3D vascularized tissue by printing pluronic and thrombin, as 

fugitive ink, and cell-laden inks, which contain gelatin, fibrinogen, and cells within a 

3D perfusion chip. [51] 

 

Figure 1-6  Bioprinting of scaffold-free blood vessels. (a) Bioprinting tubular 
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structures with cellular cylinders. (b) Fusion patterns of multicellular spheroids 

assembled into tubular structures. [70] 

One important advantage of bioprinting approach is the flexibility of fabricating viable 

tissue with predefined architecture and good compatibility with various biomaterials 

and cells. Multiple cell types including native vascular cell and other functional 

parenchyma cells can be mix with biomaterials, to fabricate prevascularized tissue 

constructs with precisely controlled cells distribution and complex 

microarchitecture[46]. To a certain extent, cell printing technology solves the problem 

of uniform distribution of high density of hepatocytes in matrix materials and has the 

potential to control distribution of multi-cells, cell-cell interaction, cell-matrix 

interaction[76]. However, some challenges still remain to be solved by using this 

approach to engineer 3D vascular network. The complex construct can be printed, but 

the forming accuracy was usually low (>300 um). The printed cell/hydrogel construct 

is weak in intensity and has certain swelling properties [68], which make it difficult to 

sustain integrity in the dynamic culture and the long-term stability in the complex body 

environment.  

1.3.4 Micromolding 

The engineering of microfluidic channels with the biomimetic architectures and scales 

of the native blood vessels, ranging from tens of millimeters to several micrometers, is 

challenging for many methods. Photolithography, as one of the most important and 

easiest methods of microfabrication, has emerged as a valuable tool to enable 
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construction of microfluidic and microelectromechanical systems, owing its very high 

resolution [77]. These approaches have been utilized broadly in the area of organ-on-a-

chip and tissue engineering to fabricate the microfluidic network with complex 

hierarchic and multiscale geometries in planar substrates.[78] Typically, the network of 

microfluidic channels are etched in silicon wafer by soft lithography. The process 

involves the following basic series of procedures: (i) preparing a photomask with the 

pre-designed pattern of microfluidic channels; (ii) spin coating a photoresist, a light 

sensitive material that loses its resistance or susceptibility to attack by a solvent when 

exposed to light, onto the surface of clean silicon wafers, (iii) patterning the photoresist 

by selective exposure to UV light through a photomask, (iv) developing the pattern on 

silicon wafers by washing in a chemical solution which selectively removes or keeps 

the photoresist in areas exposed to the UV light, (v) etching the silicon substrate to 

obtain the desired pattern under the protection of the remaining photoresist, and (vi) 

removing the remaining photoresist by sonication in an organic solvent. Eventually, the 

resulting silicon wafer can be obtained containing the negative pattern of the desired 

network of microfluidic channels, which can then work as a replicating mold to 

fabricate microfluidic network into other soft materials (Figure 1-7). For example, 

liquid PDMS precursor, usually consisted of two-part mixture that contains a cross-

linker and monomers, is cast onto the silicon wafer mold with negative pattern of 

microfluidic channels, cured for more than 2 hours and peeled off to obtain the 

replicated microfluidic channels on PDMS layer. Since PDMS is soft and can be 

detached from the silicon wafer mold completely, the mold usually is able to withstand 
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the replication process and reused for many times [79].    

 

Figure 1-7 Fabrication process of PDMS devices by soft-lithography: (a) spin-coating 

of photoresist; (b) UV photolithography of the photoresist; (c) development of the 

photoresist; (d) PDMS casting over developed photoresist, followed by PDMS curing; 

and (e) PDMS bonding to a cap (microscope slides, coverslip, glass, etc.).[80] 

PDMS, as the most common material to fabricate microfluidic channels for organ-on-

a-chip system, process several pivotal merits: (i) biocompatible (cells can be cultured 

directly on its surface after biological coating); (ii) transparent (living cells can be 

observed directly by phase-contrast microscopy); (iii) applicable to replicate nanoscale 

features with high fidelity [81, 82]. Moreover, when treated with plasma, PDMS can be 

bonded to itself and glass, which makes it easy to fabricate sealed perfusable 
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microfluidic channels.  

Besides working as the microfluidic component of organ-on-a-chip system, the 

micropatterned PDMS is also broadly used as a mold to replicate its microfluidic 

channels into various kinds of biomaterials, such as poly(lactic-co-glycolic acid) 

(PLGA), collagen and gelatin. Vacanti et al. [79, 83] did the pioneering works by using 

the microreplication method to produce microfluidic channels within biodegradable 

polymers for tissue engineering. They utilized photolithography to etch predesigned 

pattern on silicon wafer, which was then utilized to create an inverse PDMS replica 

(Figure 1- 8). Biodegradable PLGA thermoplastic pellets was melt on the PDMS mold 

and cooled to obtain the microstructured PLGA layers. Using a pure thermal bonding 

process, microstructured PLGA layers can be bonded with high strength by layer-by-

layer, resulting in the stacked 3D devices with high-resolution, high-precision features 

of complex microfluidic network. The 2-μm wide microfluidic channels were 

successfully produced demonstrating that the PLGA micromolding approach was able 

to fabricate structures with subcellular spatial resolution. Using the same method, 

Fidkowski and his colleagues synthesized a rubber-like biodegradable polymer, 

poly(glycerol sebacate) (PGS), and applied it to microfabricate capillary network, 

which were endothelialized to produce microvasculature [84].  
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Figure 1- 8 Fabrication of microfluidic channels within various kinds of biomaterials 

using micromolding method. (a) Micropatterned PDMS layer. (b) Cells lining along the 

channels in PDMS layer. [81] (c) Micropatterned PLGA layer.[83] (d) Micropatterned 

PGS layer.[84] 

The micropatterned PDMS layer can also be utilized as the microreplication mold to 

fabricate microfluidic channels within hydrogel materials. Ling et al. used the standard 

soft lithographic techniques and microreplication methods to fabricate micropatterned 

agarose layer, which was then heated at 71 °C for 3 s and sealed to another surface-

heated slab of agarose to produce sealed perfusable microfluidic channels of agarose 

construct [85]. The channels were able to deliver nutrients and oxygen to maintain cell 

viability encapsulated in the agarose hydrogel. Gillette et al. produced microfluidic 
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collagen hydrogel and demonstrated that collagen fibers in one preformed ECM could 

act as nucleation sites for assembly of collagen fibers in an adjacent gelling ECM to 

integrate adjacent phases. This technique was applied to stably interface multiple 

microfabricated 3D natural matrices (containing collagen I, Matrigel, fibrin or alginate). 

Zheng et al. bonded a micropatterned hydrogel slab over a flat hydrogel layer to 

fabricate microfluidic vessels within a native collagen matrix, which were 

endothelialized resulting in stable endothelium with appropriate endothelial 

morphology and barrier function (Figure 1- 9a) [14]. Qiu et al. employed an agarose–

gelatin interpenetratingpolymer-network (IPN) hydrogel to develop an endothelialized 

microfluidic system using conventional microfabrication and top-down approach [5]. 

This IPN hydrogel was able to recapitulate the stiffness of blood vessel intima, and 

produce the in vivo diameter of post-capillary venules and the corresponding wall shear 

stress (Figure 1- 9b). 
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Figure 1- 9 Fabrication of microfluidic channels within hydrogel materials using 

micromolding method. (a) Z-stack projection of horizontal confocal sections of 

endothelialized microfluidic vessels in collagen. [14] (b) Endothelialized microfluidic 

system in a agarose–gelatin IPN hydrogel. [5] 

Generally, microfabrication technology based on photolithography and micro-

imprinting technology has been widely used to fabricate microfluidic system in recent 

years because of its low cost, high accuracy, a wide scale of structure formation (from 

millimeter to nanometer), and the ability to control the growth of cells in micron 

scale[86]. The common procedure is to obtain monolayer microfluidic structure by 
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replicating from micropatterned mold and the layers are bonded together irreversibly 

using partial melting or fusion at the interfaces to produce 2D or 3D tightly sealed 

interconnected perfusable network.  

1.3.5 Decellularized scaffolds 

Decellularized scaffolds refer to the removal of bioactive substances such as cells from 

natural organs by specific methods, only preserving natural matrix materials and 

internal micro-structural systems such as blood vessels. In 2008, researchers at Harvard 

Medical College successfully constructed a beating and pumping heart using 

decellularized cardiac scaffolds in mice for the first time, thus triggering a trend of vital 

organ reconstruction using decellularized scaffolds[87]. In 2010, it was reported that 

Yale University and Harvard Medical School scholars successfully constructed 

artificial lung with short-term function in animals using decellularized scaffolds[88]. 

Major breakthroughs have also been made in the manufacture of liver tissue. For 

example, researchers at Harvard Medical College implanted hepatic parenchymal cells 

and vascular endothelial cells into decellularized liver scaffolds, and cultured them 

dynamically in vitro by simulating blood flow in vivo to promote cell proliferation and 

growth. It was the first time in the world that implantable active artificial liver tissue 

was constructed [89]. In 2010, researchers at Wake Forest University successfully 

constructed vascularized artificial liver tissue in vitro using the same method (Figure 1-

10) [90].  
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Figure 1-10 Decellularized scaffolds preserving natural matrix materials and internal 

micro-structural systems such as blood vessels. (a) Representative images of ischemic 

rat livers during decellularization process. (b) Decellularized left lateral and median 

lobes of rat liver with the vascular tree visible and the vascular tree perfused with Allura 

Red AC dye. (c) Corrosion cast model of left lobe of normal and diseased livers with 

portal (red) and venous (blue) vasculature. (d) SEM images of a vessel. (e) 

Decellularized whole liver matrix  and same liver after recellularization with 

hepatocytes. [90]   

The advantages of decellularized scaffolds in the construction of vital organs are that 

the material properties of natural organs and the internal micro-structural systems such 

as blood vessels are preserved completely, which is of great significance to preserve 
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the activity, proliferation and functional expression of organ parenchymal cells. It is the 

first time to verify the active artificial organs by regulating the materials and structures 

of scaffolds[91]. The feasibility of reconstruction and the important role of the 

microstructural system of vital organs in the construction of artificial organs are 

demonstrated. However, these studies are only in the initial stage, and the long-term 

activity of the constructed bioactive artificial organs needs to be further studied. In 

decellularized scaffolds, there are still a small number of bioactive substances 

remaining. If the scaffolds remain in vivo for a long time, there is a risk of fibrous 

encapsulation caused by immune rejection. At the same time, the number of 

decellularized scaffolds from human organs is limited, which cannot fundamentally 

solve the contradiction between supply and demand of organ transplantation If using 

xenogeneic animals such as pig’s organ decellularized scaffolds, there is a potential 

danger of virus transmission and so on. Therefore, the use of decellularized scaffolds 

for the manufacture of vital organs still faces many difficulties. 

1.4 Biological applications of engineered microfluidic channels 

1.4.1 Tissue repair 

One of the goals of tissue engineering is to fabricate functional tissues that can be 

transplanted into human body for repairing or replacing damaged tissues or organs[18]. 

Engineered tissues need a vascular network to be connected to the vasculature of the 

patient in order to supply cells with nutrients and oxygen after implantation. To reduce 

the time that is needed to vascularize an engineered tissue, people have been exploring 

the possibility of fabricating vascular network in vitro before implantation. One strategy 
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of generating vascular structures is to fabricate hollow microfluidic channels within 

cell-seeded scaffolds or hydrogel, whose inner surface can be seeded with ECs to form 

the complex and interconnected endothelialized vascular structures along the 

predesigned pattern[45]. Perfusion of these microfluidic channels with culture medium 

would supply nutrients and oxygen within engineered tissues, resulting in high cell 

viability in vitro. Moreover, the friendly hydrogel matrices around the channels would 

facilitate the sprouting of ECs from the endothelialized channels and formation of new 

blood vessels[50].  

Mirabella et al. implanted a fibrin patch with endothelial-cell-lined patterned 

microfluidic channels into ischemic model, which was demonstrated to facilitate rapid 

invasion and integration of small collaterals from the host to generate perfused, 

functional vasculatures that guided the structure of the implanted constructs (Figure 1- 

11)[92]. Through the studies in rodent models of hind limb ischemia and myocardial 

infarction, they showed that the vascular patches containing long, centimeter-scale 

channels orientated in parallel rescued perfusion of distal tissues, preventing capillary 

loss, muscle atrophy and loss of function. By using constructs that possess long, 

centimeter-scale perfusable channels as a pathway to induce revascularization from 

well-perfused areas into surrounding ischemic tissues, they showed the potential 

applications of the approach in two relevant models of ischemic disease. As controls, 

inhibiting anastomoses between the endothelialized patches and the host’s local 

capillary beds, or implanting non- endothelialized patches would not rescue the 

perfusion of blood.  
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Figure 1- 11 Vascular network direct therapeutic angiogenesis in ischemia. (a) 

Fabrication of vascular patches with endothelial-cell-lined microfluidic channels and 

implantation. (b) Laser Doppler imaging of distal limbs over time (post-surgery, day 3 

and day 5) in the five groups showing the effect of geometric patterning within vascular 

patches on perfusion performance.[92] 
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Zhang et al. fabricated biodegradable scaffolds containing a perfusable, branched, 

three-dimensional microchannel network coated with endothelial cells and implant 

them into the hindlimbs of adult Lewis rats by connecting the femoral vessels in artery-

to-artery and artery-to-vein mode[49]. In both these configurations, blood perfusion 

was established immediately after surgical anastomosis and native angiogenesis took 

place around the implants after implantation of one week. These works indicate that the 

strategy based on microvascularized human tissue-engineered construct containing 

microfluidic channels has the potential to increase comprehension of angiogenesis’s 

roles in tissue repair processes for the treatment of ischemic diseases.  

1.4.2 Thrombosis 

Thrombosis refers to the formation of a blood clot inside a blood vessel, obstructing the 

flow of blood through the circulatory system. Recapitulation of perfused, functional 

microvascular structures in vitro could provide a platform for the study of those 

complex vascular pathology. Recently, Zheng et al. developed an in-vitro microvessels 

models made of microchannels endothelialized with HUVECs within matrices of type 

I collagen to study thrombosis[14]. With more than one week’s culture, appropriate 

endothelial morphology and barrier function were formed, which were then utilized to 

investigate angiogenic remodeling in vitro, interactions between ECs and perivascular 

cells, and interactions between blood components and endothelium with flow. Through 

perfusion of whole blood, they demonstrated the vast majority of platelets flowed past 

the endothelial surface without adhering as the same as in in-vivo normal condition, 

and localized, firm adhesion of platelets occurred only at some EC-EC junctions and at 

https://www.annualreviews.org/doi/full/10.1146/annurev-bioeng-071812-152428?url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub%3Dpubmed#dl1
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sites of defect in the endothelium. Similar to inflammatory reactions observed in native 

vessels, this quiescent state would transit into a prothrombotic state during an 

inflammatory response. The same group also use this in-vitro microvessel system that 

recapitulate the complex architectures and flow characteristics found in vivo, to 

investigate the effects of vessel architectures and haemodynamics on the formation of 

thin von Willebrand factor strands into thick bundles or complex meshes and on their 

interactions with platelets and other blood cells[15]. They found that the characteristics 

of thrombotic microangiopathies were well recapitulated in the microfluidic platform 

and flow-induced formation assembly of von Willebrand factor to thick and long fibers 

in small vessels play a pivotal role in the pathophysiology of these disorders. 

Qiu et al. employed an micropatterned agarose–gelatin IPN hydrogel to develop an 

endothelialized microvascular-sized fluidic system, which mimicked the in vivo sizes 

of capillary vessels and the wall shear stress, as well as the stiffness of the blood 

vessel[5]. They showed the application of the microvascular model for evaluating 

endothelial responses associated with haematological disorders by infusing red blood 

cells from patients with sickle-cell disease into the engineered vessels. The mechanism 

of how inflammatory mediators, hemolytic by-products and pathologically altered red 

blood cells influence the recovery of barrier function was illustrated. These studies have 

showed that the in-vitro vessels models, fabricated by endothelialized microfluidic 

channels, possess the potential to rebuild the in-vivo microenvironment and function 

for the study of inflammation and thrombosis.  
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1.4.4 Study of metastatic processes 

The progression and metastasis of a tumor usually occur through the blood vessels, 

where the functional blood barrier interact with the cancer cells and related 

biomolecular[93, 94]. Tissue-engineered constructs incorporating endothelialized 

microfluidic channels have been widely developed to study tumor angiogenesis and 

occupation. As a typical example, Kamm et al. developed a microfluidic-based platform 

to rebuild a confluent endothelium along the inner surface of the channels as the tumor-

vascular interface in three-dimensions, allowing for real-time imaging and 

quantification of cancer intravasation through the functional endothelial barrier (Figure 

1- 12a)[6]. They found that macrophages would secret the signaling such as tumor 

necrosis factor alpha that led to endothelial barrier impairment, where intravasation 

rates of cancer cells were increased. The same group then proposed a similar 

microfluidic models which provided a vascularized osteo-cell conditioned 

microenvironment by seeding human osteo-differentiated bone marrow-derived 

mesenchymal stem cells and endothelial cells into a microfluidic hydrogel chip and 

used it to study the specificity of human breast cancer metastases into the engineered 

bone microenvironment through the confluent endothelium[13].  
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Figure 1- 12 Study of metastasis on microfluidic chips. (a) Microfluidic tumor-vascular 

interface model with endothelial channel (green), tumor channel (red), and 3D ECM 

(dark gray) between the two channels. (b) intravasation of a single breast carcinoma 

cell (green) across the endothelium.[6] (c) Microvessel bed formation and tumor cell 

perfusion procedure. [12] 

Besides using the endothliaized microfluidic channel to build the functional 

endothelium as the tumor-vascular interface, Kamm et al. developed a novel in vitro 
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model of the human microcirculation by seeding ECs embeded hydrogel materials into 

the microchannels of PDMS chip, which formed into microvascular network over 4–5 

day in static culture (Figure 1- 12b)[12]. Physiological transmural flow could be 

recapitulated across the 3D microvasculature, enabling direct sampling of interstitial 

therapeutic molecule distribution[95]. These self-organized microvascular network 

could be perfused by the cancer cells during which process the extravasation events like 

the arrest, transendothelial migration and micrometastases formation can be easily 

observed for a long time. Primary human bone marrow-derived mesenchymal stem 

cells and myoblast cell line C2C12 were mixed with HUVECs respectively and seeded 

into the chips to build bone-mimicking and muscle-mimicking microenvironment, 

which were utilized to study the organ-specific human breast cancer cell extravasation 

through a microvascular network within these two models[13]. Monocytes can also be 

mixed with HUVEC to form the 3D microvasculature in order to investigate the 

characteristics and function of monocytes and monocyte-derived macrophages in the 

metastatic cascade[96]. The development of in vitro tissue-engineered construct 

containing a vascular network shows promise to help to observe the metastasis process 

and elucidate the molecular mechanisms and thus facilitate the screening of new 

antitumor drugs. 

1.4.3 Drug testing 

Mammalian cells cultured on 2D surfaces are usually used for drug testing and 

development for its simplicity and low cost. However, this 2D microenvironment is 

totally different from the in vivo 3D physiological microenvironment suffused with 
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flowing fluids and biomolecular, which would lead to inaccurate results. Recently, 

organ-on-a-chip system based on microfluidic channel were developed that allows cells 

to be cultured in 3D with flowing fluids and form adequate 3D cell–cell and cell–matrix 

interactions, possessing more biological or clinical relevance[26, 97].  It was found that 

the microfluidic chip was able to maintain the hepatocytes’ synthetic and metabolic 

functions while the multiplexed channels allowed for simultaneous administration of 

multiple drug doses to functional 3D primary hepatocytes[98]. full thickness human 

skin equivalents composed of both the epidermal and dermal compartments was 

fabricated within the microfluidic channels, which maintained the skin barrier function 

for three weeks and showed the potential for drug testing by examining the toxic effects 

of doxorubucin on skin cells and structure[99]. Actually, the microfluidic channels 

based models have been used in numerous studies to build various functional tissues 

such as lung, heart and kidney, as well as diseased tissues involving various kinds 

pathologies such as endothelial dysfunction and tumor angiogenesis[5, 57, 100]. All 

these models are increasingly used in biological research applications and 

drug development for treating the related diseases[101].  

1.5 Biomimetic fabrication of microfluidic channels 

Despite the enormous technological advances in the field of engineering microfluidic 

system for organ-on-a-chip and tissue engineering, one of the major challenges is the 

design and creation of miniaturized fluid distribution network to transport nutrients and 

waste products efficiently, in order to sustain the viability of the culture. Designing the 

architectures of the microfluidic channel system is one of the crucial way to modulate 
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the fluid dynamics within the whole chips, and consequently to regulate cells growth 

and differentiation. The microfluidic channels can work as the pathways to provide 

physiologically relevant fluidic stimulus to the living cells in the chambers, which 

would have a significant effect on biological activities, physiological functions and 

organ development, just like the blood vessel system in human body. [43, 44]. 

The geometrical configurations of vessels found in mammalian cardiovascular and 

respiratory systems, as well as plant have evolved, through natural selection, to an 

optimum architecture that minimizes energy required to maintain the fluid 

transportation within the 3D systems (Figure 1-13) [102]. In recent years, there has been 

considerable interest in the development of biomimetic microfluidic manifolds by 

learning the ‘‘natural’’ design strategies of hierarchical vascular and parenchymal 

network found in plants and animals. 

 

Figure 1-13 A plastic cast of the blood vessels of the rat brain (retrieved from 

https://wellcomecollection.org/works/dc3kgfm4; Credit: Dr. Phil Langton, University 

of Bristol.) and the venation network of a native leaf. 

https://wellcomecollection.org/works/dc3kgfm4
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1.5.1 Biomimetic optimized vascular design and Murry’s law 

Considerable attention thus has been directed towards engineering vascular system on 

chip by learning the natural complex microvascular network, through which humans, 

animals, and plants employed to transport fluids, cells and substances over a long 

distance.[103, 104] Progress has been made to establish a set of biomimetic design 

principles to achieve physiologic blood flow within an artificial vascular network, 

validated by conducting a comprehensive series of computational fluid dynamics 

simulations.[105] Murray’s law, originally obtained from a study of mammalian 

cardiovascular systems describing the optimum conditions of the branching 

hierarchical structures of blood vessels, has been broadly utilized to design artificial 

vascular microfluidic network.[106] 

Murray proposed the theory as the structural prerequisite for constant tangential shear 

stresses within the blood vessel systems, describing the relationship between the 

diameter of the parent and daughter vessels using the principle of minimum work.[28] 

Specifically, Murray’s law implies that the optimum relation between the diameter of 

the parent vessel (d0) and the two daughter branches (d1 and d2) can written as 

d0k=d1k+d2k, where a value of k=3 is predicted under ideal conditions (e.g., laminar 

and nonpulsatile flow). In physiological condition, values of the branching 

exponent k are generally between 2 and 3 depending on the location of the network 

within the cardiovascular system (e.g., data from porcine vasculature display scaling 

exponents of k=2.82 for d0≤40 µm, k=2.50 for 40 µm<d0≤200 µm, and k=2.35 

for d0>200 µm) [107-109]. It was also found that the component k is about 2.5 for 

https://www.sciencedirect.com/topics/engineering/physiological-system
https://www.sciencedirect.com/topics/engineering/scaling-exponent
https://www.sciencedirect.com/topics/engineering/scaling-exponent
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human pulmonary vasculature [110] while it is about 2.2 for the pig coronary arterial 

tree [111]. The reason why there exists deviations from the ideal k=3 scaling in part is 

because that pulsatile flow generally dominates in the larger diameter vessels (e.g., 

aorta and major arteries), where area preserving branching (k=2) helps to minimize 

wave reflections at the branching points [112]. On the other hand, smaller vessels would 

maintain exponents closer to k=3 because the expectation to cost the minimal energy 

consumption for blood flow with becomes a dominant consideration [3]. 

As an example, the Murray’s law has been used as the biomimetic design principles in 

many microfluidic systems generating constant linear concentration gradients[113]. 

Lim et al. compared the fluid behavior between the optimized channels using Murray’s 

law and the conventional channel. Their results indicated that the fluid flow could be 

well controlled within the microchannels fabricated obeying the biomimetic design 

principle, demonstrating that the fluid flow resistance in microchannels was reduced by 

a factor of over 30[114]. Murray’s law should also be followed during the biomimetic 

design, with the aim to achieve constant tangential shear stress at the wall of artificial 

bifurcating microfluidic systems. This principle was derived from the structure and 

function of native blood vessel system that are constrained in their multiscale geometry 

by the need to reduce the cost of pumping the blood through the whole dense body. 

However, the typical fabrication process is usually limited to fabricate channels with 

constant depth, which is totally different from the native blood vessels whose 

transversal sections are in circular shape with different diameter ranging from tens of 

millimeter to several micrometers.   

https://www.sciencedirect.com/topics/engineering/arterial-tree
https://www.sciencedirect.com/topics/engineering/arterial-tree
https://www.sciencedirect.com/topics/engineering/pulsatile-flow
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Emerson et al. [106, 115] then extended Murray’s law to the square, rectangular, and 

trapezoidal cross-sections of microfluidic channels with constant depth that were 

produced using standard microfabrication techniques. Lim et al further validated these 

results obeying the extended Murray’s law using the computational simulations of flow 

dynamics in the microfluidic channels[114].  As a result, general biomimetic design 

rules including the modified Murray’s law for microfluidic systems were derived 

independent of the geometry of the channels. These biomimetic microfluidic are 

utilized for the perfusable tissue culture applications where the effect of constant shear 

flow on the cellular behavior was investigated[116].  

1.5.2 Biomimetic microfluidic network inspired by leaf venation network   

Complex microvascular network exisited broadly in nature, such as plant leaf venation 

and animal blood vasculature, primarily serving as convective pathways to deliver fluid, 

soluble species and cells to satisfy specific metabolic demands for growth and healing. 

Various unique properties of the nature-inspired microvascular network have recently 

attracted increased attention in the emerging applications of efficient mixing,[117] self-

healing materials,[118] and tissue engineering[119]. In one representative example, 

decellularized organ matrix with the perfusable architectures of the native blood 

vasculatures were developed and successfully employed to engineer vital parenthymal 

organs like liver, heart and lung in vivo[90, 120]. Due to architectural complexity, it 

poses a significant challenge to directly fabricate such nature-inspired microfluidic 

network into synthetic biomaterials. Various techniques including omnidirectional or 

three-dimensional (3D) printing,[121] direct-write assembly,[122] electron beam 
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irradiation,[123] and soft lithography,[124] were therefore proposed to generate 

artificial microfluidic channel systems in biological materials to mimic the mass 

transport properties of natural vasculatures. However, most these microfluidic network 

were randomly designed with relatively simple architectural organizations or uniform 

vascular pathways. Although some synthetic microvascular network have shown 

similar fluid dynamic properties to natural vasculature, further exploration should be 

made to systematically understand the structure-function relationship of these 

simplified vascular systems[125].  

As commonly-known, the complex architectures of leaf venation network, composed 

of multiscale, bifurcating veins, is a nature-selected water transport system to achieve 

maximized hydraulic conductance throughout the whole leaf. Through computational 

simulations of the hydraulic conductance in the branched transport system, it has been 

found that the fluid transport in the leaf venation system obey Murray’s law, which has 

been described as the physiological principle to govern the multiscale and hierarchical 

architectures of blood vessels in human cardiovascular system [126]. Nowadays, it has 

been thought as a gold standard for biomimetic human-design of the complex 

microfluidic system with efficient fluid transport. Owing this these merits, the leaf 

venation, a nature-optimized multiscale channels in planar plane, might be an ideal 

pattern for the biomimetic design of microfluidic systems.  

Recently, with consideration of the remarkable similarities in the vascular structure and 

high-efficient transportation function of leaf venation and mammalian blood vessel, 
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researchers began to use the leaf venation network to engineer biomimetic vascular 

network on chips. Lewis’ group successfully fabricate varied biomimetic microvascular 

network including the leaf venation network with hierarchical architectures via direct-

write assembly and experimentally prove that fluid transport efficiency was maximized 

when the network architecture obeys Murray’s law[127]. Decellularized plant leaf has 

been used as perfusable tissue engineering scaffolds for regenerating large volume 

vascularized tissue mass. Human endothelial cells has been recellularized to colonize 

the inner surfaces of plant vasculature, while hMSCs and human pluripotent stem cell 

derived cardiomyocytes seeded onto the outer surfaces of plant scaffolds, which 

showed contractile function and calcium handling capabilities over the course of 21 

days (Figure 1-14)[91]. Using a natural leaf template as a replicating template directly, 

the 3D leaf vascular structure along with the surface topography of the leaves was 

transferred into a PDMS chip[128]. Recently, an authentically complex vascular 

network, replicated vein system of a hedera elix leaf in PDMS chip was demonstrated 

to follow energy minimization criteria by Murray’s law through geometrical 

characterization of the mother and daughter channels (Figure 1-15)[129]. The vascular 

network was then endothelialized, with a continuous endothelial layer covering the 

channel walls, demonstrating the potential to reproduce physiologically relevant 

transport processes including the vascular deposition of tumour cells and lysis of blood 

clots. A reverse mould with fractal vascular-branching patterns from the leaf venation 

was produced, which could be utilized to model the unique spatial arrangement of 

endothelial cells over several length scales that precisely mimic branching vasculature 
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via microcontact printing biomatrices[130].  

 

Figure 1-14 Using decellularized plants as perfusable tissue engineering scaffolds. (a) 

Decellularization process of spinach leaf. (b) HUVECs and hMSCs were used to 

recellularize the decellularized spinach leaves. (c) Human pluripotent stem cell-derived 

cardiomyocytes  adhere and function on the surface of a leaf scaffold for 21 days. [91] 
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Figure 1-15 Fabrication of the leaf-microfluidic chip by replicating leaf. (a) Fabrication 

process. (b) Endothelialized leaf-microfluidic chip. [129] 

1.6 Motivation and objective 

The core aim of this thesis is to fabricate a biomimetic microfluidic network inspired 

by the leaf venation network and study its properties of fluid transport for engineering 

perfusable tissue constructs and organ-on-a-chip system. In order to achieve this 

overarching target, the following concrete objectives are realized. 

Specific objectives of part I include: 

(1) To propose 3 different approaches to produce leaf-venation-inspired (LVI) 

microfluidic network within various biomaterials. 

(2) To assemble and characterize the PDMS and hydrogel chips with LVI 

microfluidic network.  
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Specific objectives of part II include: 

(1) To propose an approach of building the computational model of LVI 

microfluidic network and investigate the fluid transport inside the connecting 

channels. 

(2) To study the effect of chambers on fluid transport within leaf chip by 

computational simulation and inks perfusion experiments. 

(3) To investigate the pumpless flowing-based and diffusion-based fluid transport 

within the biomimetic microfluidic agarose hydrogel 

Specific objectives of part III include: 

(1) To ustilize LVI microfluidic network for engineering cell-laden hydrogels 

with perfusable endothelialized microvascular channels.  

(2) To propose a novel method of designing and fabricating leaf-templated, 

microwell-integrated microfluidic chip for high-throughput cell experiments.  

(3) To develop a biomimetic vascular system integrated with freely-designed 

chambers, which functioned as niches for the chamber-specific vascularized 

organs. 
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Chapter 2 Fabrication of leaf-venation-inspired 

microfluidic network 

2.1 Introduction 

Fabrication of biomimetic microfluidic network within various biomaterials are in great 

needs to provide fluid transport efficiently and physiological biomechanical signals, for 

the applications of organ-on-a-chip and tissue engineering. The network of leaf 

venation is a nature-selected microfluidic system to transport fluids and substances over 

a long distance efficiently, sharing a great similarity with mammalian vasculature-the 

other nature-selected microfluidic system. Thus, some works have been done to 

fabricate perfusable microfluidic network inspired by leaf-venation. For example, fresh 

leaf was used as a replicating template for PDMS casting to obtain the micropatterned 

PDSM layer with microstructures of the surface topography of the leaf. However, only 

large veins can be successfully replicated while detailed structures of the minor veins 

are usually lost. Therefore, engineering biomimetic microfluidic channels inspired by 

the leaf venation with detailed features is in great need, which would help us to study 

the principles of fluid transfer within the nature-selected network and help us to 

fabricate functional tissues with hierarchical multiscale blood vessels.   

2.2 Experimental 

2.2.1 Approach 1: using skeleton of leaf venation as photomask 

Preparation of leaf venation 

Fresh leaves were picked up from local mulberry trees. After thoroughly rinsed with 



50 

 

distilled water, the leaves were immersed into boiled aqueous solution containing 3.5 

wt% NaOH and 2.5 wt% Na2CO3 for 10-15 minutes. The treated leaves were carefully 

washed with distilled water and the soft tissues surrounding the leaves were gently 

removed to obtain the skeleton of leaf venation. The leaf venation was air-dried and 

visualized with an optical microscopy (Nikon Ti-5, Japan) and a laser confocal 

microscopy (Olympus OLS 4000, Japan). The leaf venation was coated with a thin layer 

of chrome (400nm in thickness) in an Explorer 14 Magnetron Sputtering System 

(Denton Vacuum, America). The chrome-coated leaf venation would be used as 

photomask for the subsequent photolithography. 

Replication of leaf venation in silicon wafer 

An adhesive polymer, hexamethyldisilazane (HMDS), was spin-coated onto silicon 

wafer at a speed of 1000 r/min for 10 seconds and solidified at 95 oC for 15 minutes. 

Photosensitive polymer (EPG533, Everlight chemical industrial Co., Taiwan) was then 

spin-coated on HMDS surface at a speed of 700 r/min and the coating thickness was 

controlled at 3-4μm. After solidification, the polymer-coated silicon wafer was exposed 

to UV for 12 seconds with chrome-coated leaf venation as photomask. The exposed 

polymer was decomposed into small molecules and would be dissolved into 0.5 wt% 

NaOH solution. The negative polymer pattern of leaf venation was created on the 

surface of silicon wafer when the exposed polymer was removed.  

A thin layer of chrome with a thickness of 150nm was uniformly sputtered onto surface-

patterned silicon wafer, which was subsequently immersed into acetone to dissolve the 
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polymer pattern. The underlying silicon wafer surface was exposed while other surface 

regions were coated with chrome as protection layer. The chrome-coated silicon wafer 

was dried-etched in an inductively coupled plasma (ICP) etching machine (Oxford, 

ICP180) to obtain a microfluidic channel network with a depth of 150μm. The 

microscopic profiles were observed with scanning electron microscopy (SEM, S-

3000N, Hitachi) and confocal microscopy. 

Replication of leaf venation in PDMS layer 

To replicate the microvascular network of leaf venation into PDMS mold, the silicon 

mold was pre-treated with Octafluorocyclobutane (C4F8) for 5 minutes to facilitate 

demolding. PDMS prepolymer solution was uniformly mixed with curing agents with 

a mass ratio of 10:1, degassed in vacuum chamber and finally cast onto pre-treated 

silicon mold. The PDMS mold with negative pattern of leaf venation was peeled off 

after solidification at 95 oC for 2 hours. 

2.2.2 Approach 2: using extracted AUTOCAD file of leaf venation to fabricate 

photomask 

High-quality photos of leaf venation with distinguishing details were taken using a 

consumer CCD camera (Cannon ED560 with micro-lens). The photo was then imported 

into software, Leaf Extraction and Analysis Framework Graphical User Interface 

(LEAF GUI), to obtain the binary image of leaf venation, where the framework of leaf 

venation was extracted from the blank background. LEAF GUI is a software to analyze 

the macroscopic structure of veins and areoles in leaves. It can be used to obtained the 
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descriptive information including the dimensions and position of all veins and areoles 

in the leaf venation network by following a series of thresholding, cleaning and 

calculating the high-resolution images of leaves. Afterward, we can obtain the binary 

image of leaf venation network and process it in the software of WinTopo to obtain the 

CAD file, which architectures can be modified freely using the software of AutoCAD. 

In our experiment, the inlet and the chambers with different diameters were added into 

leaf venation network. The edited CAD file can be used to fabricate a photo-mask for 

the subsequent photolithography. Silicon wafers with a 150 μm depth of leaf venation 

network integrated with chambers could be made via SU-8 micropatterning methods 

that were established and detailed in our previous works. 

2.2.3 Approach 3: using skeleton of leaf venation as template 

The skeleton of leaf venation network was fixed gently onto flat culture dish using 

double-sided tape, and then pre-treated with C4F8 in an ICP etching machine (Oxford, 

ICP180) for a minute, which then would help the subsequent release of the 

micropatterned PDMS layer from the skeleton of leaf venation network and culture dish. 

PDMS prepolymer solution and crosslinking agents (a mass ratio of 10:1) were 

uniformly mixed, added onto the culture dish with attached skeleton of leaf venation 

network, and then placed in a vacuum machine to remove all the air bubble inside. After 

solidification in an oven at 50 °C for more than one hour, the PDMS replica with the 

pattern of leaf venation could be successfully released from the culture dish. This peel-

off process should be carefully to maintain the integrity of the skeleton of leaf venation. 

After that, the PDMS replica was immersed in ethyl alcohol (75%) solution overnight 
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to clean the remaining C4F8 material, washed with water and trimmed to obtain the 

PDMS layer with the biomimetic microfluidic channels of leaf-venation network. 

2.2.4 Assembly of PDMS leaf chip 

The inlet holes and outlet holes were punched using a 23G needle. The upper 

Polymethyl methacrylate (PMMA) layers with a ∅1.5mm hole and bottom layers with 

no hole were machined as designed. Afterward, the PDMS layer was sandwiched by 

two PMMA slides and compressed together by ten screws and nuts. The inlet was 

connected to a 1mL plastic syringe with a 23G needle using tubing with an inner 

diameter of 0.6mm. The assembled leaf microfluidic chip was perfused with red dye 

solution and visualized with optical microscopy (Nikon, Ti-5) to characterize the 

connection of chambers and the biomimetic microfluidic network. A panoramic photo 

was captured using a consumer camera. 

2.2.5 Assembly of hydrogel leaf chip 

To generate agarose hydrogels with multiscale vascular network, 1wt% agarose 

aqueous solution was prepared in phosphate-buffered saline solution (PBS) and kept at 

60-80 oC to maintain its flowable property. PDMS mold was pre-treated with plasma 

(Harrick Scientific, PDC-32G-2) for 1 minute to improve its hydrophilicity. Agarose 

solution was immediately added onto the PDMS mold and rapidly formed hydrogel at 

4 oC. Agarose hydrogel with microvascular network was obtained after demolding. 

The microfluidic network on agarose hydrogel was tightly sealed to a flat agarose slab 

with no bubbles in the microchannels. An inlet as well as an outlet was cut out to expose 
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the stem channels of the microfluidic network. To facilitate visualization of the 

microfluidic channel inside the leaf chip, a red dye solution was perfused into the 

microfluidic channels from the inlet. 

To generate GelMA hydrogels with multiscale vascular network, 7.5% GelMA aqueous 

solution was prepared in PBS. 2.5 mg/ml IC2959 photo-initiator stock solution was 

prepared by dissolving IC2959 in PBS in a water bath heated to 70 oC for 5–10 min 

until it was fully dissolved. Before casing, the prepared IC2959 stock solution was 

added into the GelMA solution to a final concentration of 0.5% (wt/vol) and mixed 

uniformly. PDMS mold was pre-treated with plasma (Harrick Scientific, PDC-32G-2) 

for 1 minute to improve its hydrophilicity. The GelMA/IC2959 mixture was added onto 

the PDMS mold carefully, avoiding introducing air bubbles, and photo-cross-linked in 

a UV cross-linker at 365 nm for 1 min. GelMA hydrogel with microvascular network 

was obtained after demolding. Since the strength of GelMA hydrogel was lower than 

agarose hydrogel, the demolding should be conducted carefully. 

2.3 Result and discussion 

2.3.1 Fabrication and characterization of leaf-venation network within PDMS 

layer 

Leaf venation as photomask for microfabrication 

Here we describe a microreplication method to accurately recapitulate the 

microvascular network of natural leaf in various synthetic substrates including 

biomaterial hydrogel (Figure 2-1). The soft tissues of fresh mulberry leaf were digested 
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to expose venation network (Figure 2-2), which was air-dried and subsequently 

sputtered with a thin layer of chrome. Photosensitive polymer was spin-coated on a 

silicon wafer, solidified and exposed to UV with chrome-coated leaf venation as 

photomask. The polymer in UV-irradiated region could be dissolved in 0.5wt % NaOH 

solution and the negative pattern of leaf venation was created on silicon wafer (Figure 

2-3). Chrome was then uniformly sputtered on the surface-patterned silicon wafer. The 

polymer pattern of leaf venation was further dissolved in acetone to expose underlying 

silicon wafer surface, which was etched into microvascular channel network (Figure 2-

4(a-c)) while the chrome-coated silicon wafer was protected from corrosion in the 

subsequent dried etching process. PDMS mold with negative pattern of leaf venation 

(Figure 2-4(d-f)) was replicated from silicon mold and was further employed to 

fabricate biomaterial hydrogel with biomimetic microvascular network. The 3D profile 

of leaf venation was shown in Figure 2-3d. It comprises multiscale vascular channels 

with the diameters of vessels ranging from 1mm to 30μm. Figure 2-4c and Figure 2-4f 

show the microstructures of silicon mold and PDMS mold, which indicated that the 

presented microreplication method could accurately transfer leaf vascular network into 

silicon and PDMS molds. It is noticed, however, that the cross-section of replicated 

microfluidic channels is rectangle, which is different from the cylindrical shape of 

natural vascular vessels. The width of the engineered microfluidic channel is equal to 

the diameter of natural vessels while the depth could be flexibly modulated by adjusting 

etching time. In this study, the depth of microvascular channels was uniformly about 

150μm. Agarose hydrogel with biomimetic microvascular network could be easily 



56 

 

replicated from micropatterned PDMS mold. 

 

Figure 2-1 Schematic illustration of microreplication process from natural leaf to 

synthetic materials. 

 

Figure 2-2 Biomimetic fabrication of nature-inspired microvascular network. (a) 

skeleton of leaf venation, (b) chrome-coated skeleton of leaf venation, microscopical 

image (c) and 3D profile (d) of microvascular network in skeleton of leaf venation. 
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Figure 2-3 Microscopical images (a) and 3D profile showing a thin layer of negative 

leaf venation patterned on silicon wafer. The unit in the coordinate system is μm, and 

the thickness of coating layer was about 3-4μm. 

 

Figure 2-4 Biomimetic fabrication of nature-inspired microvascular network in PDMS 

layer. (a-c) Photo, SEM image, 3D profile of dried-etched microvascular network in 

silicon mold, (d-f) Photo, Microscopical image, 3D profile of negative pattern of 

microvascular network in PDMS mold. 

Using extracted AUTOCAD file to fabricate photomask  

Figure 2-5 shows the main procedures to fabricate the biomimetic vascular system 

integrated with freely-designed chambers. The CAD file of leaf venation network with 
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hierarchical bifurcating architectures was acquired from the high-quality photo of leaf 

venation skeleton via series of image processing steps. This file could be edited freely 

within the software of AutoCAD, where chambers and inlet/outlet were added. The 

edited pattern was then used to fabricate a photo-mask for etching the silicon wafer, 

which was further replicated to obtain the PDMS layer with the biomimetic vascular 

network connecting the integrated chambers (Figure 2-6). 

 

Figure 2-5 Fabrication process from leaf venation skeleton to biomimetic vascular 

network integrated with freely-designed chambers in PDMS layer. 
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Figure 2-6 3D profile of a chamber connected by the biomimetic vascular network in a 

PDMS layer. 

Many approaches have been proposed to fabricate microfluidic chips with the 

biomimetic vascular network of leaf venation, such as using leaf venation skeleton as a 

photo-mask for microfabrication[131] or direct replicating mold[132], as well as using 

decellularized leaf as cell seeding scaffolds[91], demonstrating the potential of leaf-

venation-inspired microfluidic network for engineering vascularized tissues. However, 

none of these approaches allow modifying the vascular network of leaf venation, which 

makes it impossible to integrate living niches for culturing various organs. To overcome 

this problem, our strategy here is employing the CAD file of leaf venation network, 

obtained by series of image processes, to fabricate a photo-mask for following mold-

etching, which supports the free addition of predesigned chambers with any size in any 

position.       

Leaf venation as replicating template  

As shown in Figure 2-7, the leaf-venation network can be easily transferred into PDMS 

layer through C4F8 coating and microreplication method. The obtained PDMS layer 

with leaf-venation network is intact, as shown in Figure 2-8. Figure 2-9 shows the 

microstructures of primary vein and branched smaller veins of leaf-venation network 

respectively, with multiscale vascular channels ranging from 1 mm to 30 μm. 
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Figure 2-7 Schematic diagram of microreplication process from native leaf venation 

into PDMS layer with leaf-venation network 

 

 

Figure 2-8 Photo of PDMS leaf-venation layer. 
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Figure 2-9 (a) 3D profile of main-vein and sub-vein network within the skeleton of leaf-

venation; (b) 3D profile of main-vein and sub-vein network within PDMS layer of leaf-

venation. 

Assembly of perfusable PDMS chips 

Figure 2-10a and Figure 2-10b show the schematic diagram and a photograph of the 

final assembled biomimetic vascular system. Red ink was perfused throughout the 

biomimetic vascular system, demonstrating the interconnection of the biomimetic 

vascular network and the integrated chambers (Figure 2-10c). Representative 

microscopical image shows that the red dye only exists in the biomimetic vascular 
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network and the integrated chambers, indicating that no leakage occurs between the 

PDMS layer and the PMMA sheet. 

 

Figure 2-10 Fabrication and assembly of biomimetic vascular system. (a) Schematic 

diagram of the biomimetic vascular system, consisting of two PMMA sheets and a 

PDMS layer with the biomimetic vascular network. (b) Photograph of the assembled 

biomimetic vascular system. (c) Interconnected biomimetic vascular network and 

chambers suffused with red ink. 

2.3.2 Fabrication and characterization of leaf-venation network within hydrogel 

layer 

Replication of leaf-venation network from PDMS mold into hydrogel materials 

In this part, we intend to use hydrogel materials, such as agarose and GelMA, to 

engineer 3D hierarchical perfusable vasculatures by replicating the LVI microfluidic 
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network, which has potential to be used as in-vitro tissue models or therapeutic tissue 

replacements.  

Agarose was biocompatible and could easily form mechanically robust hydrogel in a 

cell-friendly condition. This is the reason why agarose hydrogel was often used to 

fabricate perfusable microfluidic cell-laden constructs in tissue engineering [50, 85]. In 

this study, we replicate nature-inspired microfluidic network into agarose hydrogel to 

verify the feasibility of engineering perfusable tissue constructs. However, due to the 

lack of cell adhesion peptide, pure agarose hydrogel was not favorable to cell growth 

and needs to be modified with ECM components like collagen to improve their 

biological performance.  

The approach of using photocrosslinkable methacrylamide groups to modify gelatin is 

able to maintain the unique properties of gelatin, such as biocompatibility and 

biodegradability, but also endows the biomaterial to form hydrogel from liquid 

permanently via chemical crosslinking.[133] The hydrogel prepolymer solution can be 

cast into the PDMS mold with different micropatterned and rapidly crosslinked in situ 

by exposure of UV light. By selecting proper photoinitiators (PIs, e.g., Irgacure 2959), 

high crosslinking degree of polymer can be achieved within minutes or even seconds 

at low concentration of PIs, minimizing cytotoxicity. In addition, the crosslinked 

GelMA hydrogel is transparent which make researchers to observe the conditions of 

living cells encapsulated within or seeded onto the hydrogel. Furthermore, the 

mechanical, degradation, and biological properties of crosslinked GelMA hydrogel can 
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be easily controlled by modulating the methacrylamide modification degree, GelMA 

concentration, or photopolymerization time (i.e., to change the polymer crosslinking 

density for controlling the hydrogel network structure).[133, 134] Therefore, the well-

modulation of the hydrogel network structure endows the final constructs with the 

predesigned physical and biological properties. 

Figure 2-11a shows the demolded LVI microfluidic network within GelMA hydrogel, 

indicating that the entire LVI microfluidic network was well kept. The hydrogel layer 

was then freeze-dried and observed using SEM imaging. Figure 2-11(b, c) show the 

vascular architectures in the main-vein area and sub-vein area, further confirming that 

the branched vascular network were well replicated from PDMS mold into hydrogel 

materials. 

 

Figure 2-11 Nature-inspired microvascular network in hydrogel layer. (a) Photo of 
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replicated nature-inspired microvascular network in hydrogel layer from PDMS mold. 

Nature-inspired microvascular network in freeze-dried hydrogel layer: main-vein area 

(b) and sub-vein area (c). 

Assembly of perfusable hydrogel chips 

Agarose hydrogel layer with LVI microfluidic network was replicated from PDMS 

mold and tightly sealed to a flat agarose slab. An inlet as well as an outlet was cut out 

to expose the stem channels of the microfluidic network (Figure 2-12). A red dye 

solution was perfused into the microfluidic channels from the inlet to facilitate 

visualization of the microfluidic channel inside the leaf chip. It was interesting to 

observe that red dye solution could flow along the microfluidic network autonomously. 

As shown in Figure 2-13, the red dye could perfuse throughout the whole LVI 

microfluidic network rapidly, indicating that the leaf venation was accurately replicated 

onto the leaf chip and kept fully interconnected, indicating the potential to provide 

sufficient medium for the cells enclosed in the hydrogel of the chip through microfluidic 

channels. 
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Figure 2-12 Schematic of leaf chip with “V” inlet for perfusion 

 

Figure 2-13 (a) Agarose hydrogel leaf chip with biomimetic network prefilled with red 

dye solution; (b) microstructures of microfluidic network in leaf chip. 

2.4 Summary  

Numerous efforts have been devoted to fabricating microfluidic channels inspired by 

leaf-venation network into various biomaterials in order to engineer microfluidic chips 

or artificial tissues with optimized properties of mass transfer. The typical approaches 

are summarized as Table 2- 1. Decellularized scaffolds refer to the removal of bioactive 
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substances such as cells from natural organs by specific methods, only preserving 

natural matrix materials and internal micro-structural systems such as blood vessels. 

This method has been applied to various vital organs, such as liver, heart and lung. 

Inspired by these works, Gershlak and the colleagues developed decellularized leaves 

as a prevascularized scaffold for engineering perfusable scaffolds, which was 

recellularized with human endothelial cells within the inner surfaces of leaf venation 

and hMSCs/human pluripotent stem cell derived cardiomyocytes adhered onto the outer 

surfaces of plant scaffolds.[91] The details of the interconnected vein could be well 

kept and the cost of engineer one decellularized leaf scaffolds is quite low. However, 

each decellularized leaf scaffolds can only be utilized to engineer one tissue and the 

remaining components of decellularized leaf is unable to provide the biomimetic 3D 

hydrogel microenvironment. Using a naive leaf as a replicating template directly, the 

3D leaf vascular structure along with the surface topography of the leaves was 

transferred into a PDMS chip.[128, 129] This approach is so simple that people just 

need to cast the PDMS solution onto the leaf and then peel off the obtain the 

micropatterned PDSM layer. However, one leaf can only be used as the replicating 

template for several times even the peeling process is conducted carefully. Also, 

because the soft tissues of the leaf are not removed, only large veins can be successfully 

replicated into the PDMS materials and the minor veins are usually lost.  

We then proposed three different approaches to fabricate LVI microfluidic channels 

with high resolution. In all these three approaches, we utilized the skeleton of leaf 

venation as the replicating mold or photomask for microfabrication. Therefore, all the 
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veins can be well replicated into the PDMS layer with detailed features. Because the 

photomask can be repeatedly utilized during the microfabrication process, there is no 

limit of using our approach 1 and 2 to fabricate LVI microfluidic channels with the 

same pattern. Moreover, since the CAD file of leaf venation network with hierarchical 

bifurcating architectures, acquired from the high-quality photo of leaf venation skeleton 

via series of image processing steps, could be edited freely within the software of 

AutoCAD, our approach 2 supports the free predesign of the leaf pattern, including the 

addition of predesigned chambers with any size in any position. 

 
Cost Resolution Modifiability of 

leaf pattern 

Time of 

template use 

Decellularized leaf Low High No 1 

Native leaf as replicating 

template 

Low Low No Several 

Leaf venation as photomask  

(Approach 1) 

High High No Unlimited 

Using extracted AUTOCAD 

file to fabricate photomask 

(Approach 2) 

High High Yes Unlimited 

Leaf venation as replicating 

template 

(Approach 3) 

Low High No Several 

Table 2- 2 The typical approaches of engineering leaf-venation-inspired microfluidic 

channels. 
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Chapter 3 Study of fluid transport within leaf-

venation-inspired microfluidic network 

3.1 Introduction 

As a nature-selected microfluidic network, leaf venation is able to transport the fluids 

over a long distance efficiently. It can be found in nature that the existence of damages 

within leaf will not affect its growth and function. Some researchers have conducted 

studies by using native fresh leaf showing that the fluid can reach all parts of a damaged 

leaf the leaf venation network in that they are composed of hierarchically nested loops. 

Also, the architecture of leaf venation can be considered bilaterally symmetrical along 

the main channels, which provides us with more inspiration for biomimetic designs and 

applications. There is a demand for studying the fluid transport within the engineered 

LVI microfluidic network to investigate whether the merits of native leaf venation 

would be kept, which can be used for further biological applications.  

3.2 Experimental 

3.2.1 Modeling and flow analysis of fluid transport within biomimetic vascular 

systems  

To obtain the leaf venation network, fresh Osmanthus Fragrans leaves were boiled in 

sodium hydroxide solution (10 wt. %) for one hour, and the soft tissues of leaves were 

carefully removed. After thoroughly washed with distilled water, the skeleton of leaf 

venation network was air-dried and maintained flat. High-quality photos of leaf 

venation with distinguishing details were taken using a consumer CCD camera (Cannon 
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ED560 with micro-lens). The photo was then processed within the software of LEAF 

GUI to get the binary image of leaf venation, where the architecture of leaf venation 

network was extracted from the blank background. Then, the binary image was 

imported into the softwares of WinTopo, AutoCAD and Gambit successively to get the 

MESH file of leaf venation network, which could be finally studied in the software of 

ANSYS Fluent for computational simulation of the fluid dynamics inside the LVI 

microfluidic network. 

3.2.2 Modeling and flow analysis of fluid transport within biomimetic vascular 

systems with chambers 

Since the chambers will be added with 3D hydrogel for the perfusion experiments, the 

chambers are considered as the porous zones to simulate the 3D hydrogel material. The 

CaseMapDiff Calculator is a function of the software Ansys Ensight, to compare a 

variable across different cases. The cases of fluid dynamics analysis within biomimetic 

vascular systems with 0 and 6 chambers processed by ANSYS Fluent were imported 

into Ansys Ensight and processed using the CasemapDiff Calculator function to 

generate the velocity difference between them. 

3.2.3 Ink perfusion  

Before ink perfusion, a single hole was produced at the beginning and and another hole 

at the ending of the main vein in the PDMS layer working as inlet and outlet 

respectively. After assembly of the chips, red ink was then added to investigate the flow 

transport in the LVI microfluidic chips.  
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To characterize the half-and-half perfusion within the biomimetic vascular system,  

water, blue dye and red dye were perfused, which process was recorded using a 

consumer camera. To fabricate the LVI chip with two inlets, a ‘V’ shaped channel was 

produced during the fabrication of the LVI microfluidic network and two holes were 

produced as the inlets to connect two tubes. Before the dye perfusion experiments, the 

chips were immersed in water and then vacuumed to remove all the bubbles in seconds. 

Firstly, water and blue dye were perfused in the chip with no chamber through the two 

inlets respectively. When the blue dye suffused the half of the chip, the water was 

replaced by red dye for perfusion. The representative images of dye perfusion were 

extracted every 3 seconds, which were imported into the ImageJ software 

(http://rsbweb.nih.gov/ij/) to calculate the perfused area. To study the fluid transport 

within the chips with integrated chambers, 1.5mL 3 mg/mL fibrin hydrogel was filled 

in the chambers of the PDMS layer, which was then sandwiched by two PMMA slides 

and assembled. The biomimetic vascular system filled with fibrin hydrogel could also 

be vacuumed to suffuse water and perfused with dyes as previously. 

3.2.4 Pumpless fluid transport within leaf-venation-inspired microfluidic chip of 

agarose matrices 

To investigate the pumpless fluid transport within LVI microfluidic chip of agarose 

matrices, the chips were placed at different inclination angles of 90°, 60°, 30°, 0°, -30°, 

-60° and -90°. The red dye solution was introduced into the microfluidic network from 

the inlet. The fluid flow inside the microfluidic network was recorded using a Sony 
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camcorder. To quantitatively characterize the fluid flow, the perfused images were 

extracted from the flow video every 4 seconds and the perfusion area was measured in 

ImageJ software. The perfusion ratio was finally calculated as the ratio of perfusion 

area to the area of leaf chip. 

To further investigate the pumpless transport of microparticles within the microfluidic 

channels, the leaf chip was placed horizontally. 2μm diameter fluorescent microbeads 

(Thermo Scientific) was diluted by 10 times and pipetted into the inlet of the leaf chip. 

The movement of fluorescent microbeads inside the microfluidic network was recorded 

with fluorescent microscope (Nikon Ti-5, Japan). To characterize the flow velocity 

inside the microfluidic network of the leaf chip without inclination, Micro-particle 

image velocimetry (Micro-PIV, FlowMaster, LaVision) was used to trace the 

movement of fluorescent microbeads. 

3.2.5 Diffusion-based mass transport within agarose leaf chip 

Besides convection-dominated flow inside the microfluidic network, diffusion-based 

mass transport is also important to produce relatively complex microfluidic systems 

such as organ-on-a-chip system. To investigate mass transport property around the 

multiscale microchannels, 3mmol/L fluorescein isothiocyanate conjugated bovine 

serum albumin (FITC-BSA, Zhongke Chenyu, MW=66,000) solution was pipetted into 

the inlet and then rapidly flow throughout the whole leaf chip. The fluid flow was 

maintained by periodically adding FITC-BAS solution to the inlet in a drop-by-drop 

manner. The convection as well as diffusion process of FITC-BSA inside the leaf chip 
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was recorded using fluorescent microscope. 

3.3 Result and discussion 

3.3.1 Computational study of fluid transport within leaf-venation-inspired 

microfluidic system  

As a typical naturally-evolved hierarchical network, Leaf venation is able to ensure 

fluent and efficient transfer throughout whole leaf. However, the flow dynamics of leaf 

venation network, working as microfluidic channels, has not been studied before. To 

engineer LVI microfluidic chip, the fluid transport throughout the leaf venation network 

should be investigated. However, since the leaf venation network is composed of 

hierarchical, multiscale veins with different shapes and sizes of transverse cross 

sections, it is very difficult to acquire the computational model of 3D structures of leaf 

venation network with details veins for simulation, which needs a quite huge 

computational works. Hence, the fluid dynamics within the LVI microfluidic network 

in this study was studied in 2D for similarity. Actually, unlike the complex mammal 

blood vessel in 3D, leaf venation is much similar to 2D network and it is quite common 

to do the simplified study in 2D for in the area of microfluidics for computational fluid 

dynamics analysis [104].  
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Figure 3-1 Modelling and fluid dynamics analysis of leaf-venation network. 

We firstly developed an approach and procedures of generating the computational 

model of leaf venation network and utilize the simulation method to investigate the 

fluid transport inside the connecting channels. As shown in Figure 3-1, the digital image 

of leaf venation skeleton with distinguishing details was acquired through processing 

the high-quality photos of skeleton of leaf venation. Complex multiscale network of the 

leaf venation network, consisting of primary vein and a number of smaller secondary 

veins, tertiary veins and minor vein endings, were successfully obtained, indicating that 

the minimal sub-microfluidic channels of 30 μm could be successfully scanned and 

extracted (Figure 3-2).  
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Figure 3-2 Photo and binary image of local leaf venation skeleton with distinguishing 

details. 

 

 

Figure 3-3 The whole structure grid of leaf venation. 

Finite element method was then applied to the computational fluid analysis of LVI 
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microfluidic network. After series of image processing, the whole structure grid of leaf 

venation network (Figure 3-3) was obtained, which could be calculated directly within 

the software of ANSYS Fluent. In the computational fluid dynamic analysis, the fluid 

zone was set to be water-liquid. The flow in the fluid zone was considered as steady, 

incompressible and laminar flow. The Navier-Stokes equation is usually used to 

describe the dynamic characteristics of the fluid velocity and pressure of incompressible 

fluid flow. It can be expressed as follows: 

 

where u is velocity vector, ρ is the fluid density, t is the time, η is the dynamic viscosity 

and p is the pressure. 

The material parameters of water-liquid were set as follows: 

• Coefficient of dynamic viscosity: 0.70×10-3 Pa∙s.  

• Density: 1000 kg/m3. 

The boundary conditions of the structure were set as follows: 

• Inlet: Velocity inlet, the velocity was the constant 0.001 m/s. 

• Outlet: Pressure outlet, the value of the gauge pressure was set to be 0. 

• Interface: Wall, a conjugate interface between channels and outer walls was 

chosen. 

• Continuity: 10-4. 
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Figure 3-4 Computational fluid dynamics of whole leaf venation and representative 

regions. 

Figure 3-4 is the finite element analysis result of distribution of flow velocity within 

the leaf venation network. It is interesting to find that the flowing fluid is able to reach 

almost all the primary veins, secondary veins, and tertiary veins, which form convective 

leaf-venation network. The fluid velocity in them is about 0.8 mm/s, 0.3 mm/s and 0.1 

mm/s respectively. The flow velocity in the primary veins is about 2.6 times faster than 

that in the secondary veins. This result is generally in agreement with the work of Wu 

et al., who has measured the average flow velocity within three biomimetic PDMS 

leaves [128].  

However, the fluid velocity within minor vein endings is nearly zero (as pointed by the 

red arrows in the Figure 3-4), indicating that little fluid can reach into the inner area of 

areoles by convention even there are many minor vein endings inside. In a natural leaf, 
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these minor veins functioned as the places of interchange between leave’s vascular 

system and the surrounding leaf cells, which was important to collect the byproducts of 

photosynthesis from the cells and transport water. However, their role as microfluidic 

channels in our leaf chip are limited, due to little perfused fluid within them according 

to the computational results of the fluid dynamic analysis. This result indicates that the 

liquid can reach to all the convective network rapidly except minor vein endings. The 

areole, which is the smallest unit enclosed by a convective network, would surely be 

perfused by flowing medium. 

Figure 3-5 shows the distribution of static pressure within the whole leaf venation 

network of 4 samples. It is demonstrated that the static pressure in the vein network is 

approximately symmetrical along the main vein, with gradual decrease from the inlet 

to outlet. This result implies that the flowing fluid might be unable to transport from 

one half into the other half across the main vein, since these is no pressure-driven flow 

between them.  

 

Figure 3-5 Contours of static pressure in four different leaf venation network(Pa). 
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3.3.2 Computational study of fluid transport within leaf-venation-inspired 

microfluidic system with chamber 

To further investigate the effect of chambers on fluid transport within the biomimetic 

vascular network theoretically, we performed a numerical finite-element simulation 

model based on ANSYS Fluent. The chambers were considered as porous zones to 

simulate the seeded 3D hydrogel in chambers for 3D cell culture, while the 

biomimetic vascular network was set to be the fluid zone. The flow inside the 

microfluidic channels was assumed as a steady, incompressible laminar flow. The 

same boundary conditions used in the experiments are applied, and the simulation 

parameters are shown as follows: The dynamic viscosity and density of flow medium 

are 1.005×10-3 Pa‧s and 1000 kg/m3 respectively; The porosity and viscous resistance 

of the porous zone were 0.99 and 6.667×1012 m-2; The velocity of inlet and the gauge 

pressure of outlet was set as 9.024 mm/s and 0.  

 

Figure 3- 6 Computational study of the change of flow velocity within LVI microfluidic 
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network caused by a single chamber. Computational simulation of flow velocity vectors 

in the LVI microfluidic system with no chamber (a) and single chamber (b). (c) The 

contours show the difference of flow velocity within the LVI microfluidic network 

beyond the chambers between (a) and (b). 

Figure 3-6a and Figure 3-6b show the distribution of flow velocity within the LVI 

microfluidic system with 0 and a single chamber with diameter of 2mm in the left 

half respectively, indicating no significant difference between them. To clearly show 

the change of flow velocity field within the biomimetic vascular system induced by 

the introduction of chamber, these two cases processed by ANSYS Fluent were then 

imported into the software Ansys Ensight and processed using the CasemapDiff 

Calculator function, which was able to compare a variable across cases. After 

calculation, we could obtain the contours showing the difference of flow velocity 

within the biomimetic vascular network between Figure 3-6a and Figure 3-6b (Figure 

3-6c). It can be found that the change of flow velocity only exists within the channels 

in a small zone near the chambers, suggesting that the introduction of 2mm-diameter 

chamber has little effect on flow velocity within the biomimetic vascular system.  
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Figure 3-7 Computational study of the change of flow velocity within the biomimetic 

vascular network caused by the chambers with different diameter. 

We then studied the effect of diameter of chambers on the change of flow velocity 

within the whole system by comparing the integrated chambers with the diameter of 

1 mm, 2 mm, 4 mm and 6 mm. It can be found that the existence of 4 mm-diameter 

chamber would result in notable change of flow velocity in a large area (Figure 3-7). 

Especially, these even existed great change of flow velocity in the main vein area 

when the diameter of chamber is 6 mm. Here, we chose 2 mm as the diameter of 

chamber for the following works. Figure 3-8 shows that there was no significant 

difference for the change of flow velocity within the LVI microfluidic system when 

the 2 mm-chambers were located in the different regions.  
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Figure 3-8 Computational study of the change of flow velocity within the biomimetic 

vascular network caused by the chambers in the different position.  

These results indicated that the chambers might have an insignificant effect on 

perfusion time and independent flow within the two halves along the main vein within 

the biomimetic vascular system, when fluid was perfused. This interesting 

characteristic of the biomimetic vascular network might be owing to its hierarchic 

network with a large number of closed loops, which was found in previous research 

work that the vascular redundancy in the leaf venation system contributes strongly to 

the tolerance of vein damage for transporting fluid [135, 136].  

3.3.3 Experimental perfusion to study flow transport within leaf-venation-inspired 

microfluidic chip  

Red ink was then added to investigate the flow transport in the LVI microfluidic chips 

with a inlet and a ouelet produced the beginning and ending of the main vein 

respectively. It was demonstrated that the red ink was able to perfuse throughout the 

whole chips, in all the cases that there existed no chamber and a single chamber in the 

main-vein area or sub-vein area, as well as 6 chambers within the two halves of the 

system (Figure 3-9). It might be owing to the architecture of leaf venation network with 
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hierarchical microfluidic channels and interconnected loops that conferred the 

existence of defects, which was also supported by the fact that the defects in the native 

leaves would not affect their growth. 

 

Figure 3-9 Red ink perfusion with in the LVI microfluidic systems with different 

number of chambers. 

Since the architecture of leaf venation can be considered as bilaterally symmetrical 

along the main channels roughly, inks perfusion was conducted to investigate whether 

the fluid transport would also have the corresponding symmetry. After completely 

suffused with pure water, the biomimetic vascular system was perfused with water and 

blue ink through the two inlets independently at the same speed of 50ul/min. The blue 

ink took approximately 30s to fully perfuse a half of the biomimetic vascular system, 

during which process the water and blue ink were flowing totally independently along 

the main channels, indicating there might be a laminar flow inside (Figure 3-10a). 
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Afterward, the inlet perfused by water was changed to be perfused by red ink, which 

also took approximately 30s to suffuse the other half, further confirming the interesting 

phenomenon of perfusion in half-and-half mode within the biomimetic vascular system. 

The perfused areas by the blue and red ink each 3s were calculated and normalized by 

the corresponding half of the biomimetic vascular system. The curve of perfusion ratio 

was nearly symmetrical, demonstrating that the velocity of the fluid transport might be 

identical within both halves of the biomimetic vascular system (Figure 3-10b).  

 

Figure 3-10 Fluid transport in half-and-half mode within the biomimetic vascular 

system. (a)Representative images of the ink-perfused biomimetic vascular system with 

no chamber at different time points, showing half-and-half perfusion along the main 

http://www.baidu.com/link?url=dgA3HaG0glbEZRkGaIYWiK3F8a3Ncbsj70W7eeVMTDbkxH-sBq41VILFW3ejPxUDxpxRkMOFikojz8WYXSybVcKW8FQbjrLv0bg27gOXi-3
http://www.baidu.com/link?url=dgA3HaG0glbEZRkGaIYWiK3F8a3Ncbsj70W7eeVMTDbkxH-sBq41VILFW3ejPxUDxpxRkMOFikojz8WYXSybVcKW8FQbjrLv0bg27gOXi-3
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vein. (b) The ratio of the perfused area by blue dye and red dye at different time points. 

A single chamber was then produced in the sub-vein area of the LVI microfluidic chip 

and red and blue inks were perfused into the LVI chip through the two inlets 

independently at the same speed of 50ul/min. It was interesting to found that the 

existence of a single chamber would not have effect on the fluid transport in half-and-

half mode along the main vein (Figure 3-11). 

 

Figure 3-11 Fluid transport in half-and-half mode within the biomimetic vascular 

system with one chamber filled with fibrin hydrogel. 

3.3.4 Pumpless fluid transport within leaf-venation-inspired microfluidic chip of 

agarose matrices 

To investigate the pumpless fluid transport within the biomimetic microfluidic network, 

the leaf chips were placed at different inclination angles of 90°, 60°, 30°, 0°, -30°, -60° 

and -90°. The red dye solution was introduced into the microfluidic network from the 

inlet (Figure 3-12a). The fluid flow inside the microfluidic network was recorded using 

a Sony camcorder. To quantitatively characterize the fluid flow, the perfused images 

were extracted from the flow video every 4 seconds and the perfusion area was 

measured in ImageJ software. The perfusion ratio was finally calculated as the ratio of 
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perfusion area to the area of leaf chip. 

 

Figure 3-12 Characterization of pumpless fluid transport inside leaf chips with different 

inclination angle. (a) Schematic arrangements of leaf chips with inclination angles of 

90°, 60°, 30°, 0°, -30°, -60° and -90° for flow experiments, (b) representative images 

of leaf chips perfused for 20 seconds, (c) ratio of perfused area at different time points 

inside leaf chips with different inclination angles. 

Figure 3-12b shows the representative images of leaf chips perfused for 20 seconds 
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under different inclination angles. It was interesting to find that the red dye solution 

could automatically flow into the microfluidic network of the leaf chip without external 

pump-driven force even when the leaf chip was placed at the inclination angle of -90°. 

As shown in Figure 3-13c, it only took 4-5 seconds to perfuse half of the microfluidic 

areas in all cases, which might be attributed to the unique properties of biomimetic 

microfluidic network. However, the ratio of perfusion area for the rest microfluidic area 

slightly decreased with the inclination angle changed from 90° to -90°, which might be 

due to the existence of gravity. To perfuse the whole area of the leaf chips, it would 

respectively take 28, 32, 48, 52, 68, 92 and 108 seconds for the leaf chips with the 

inclination angles of 90°, 60°, 30°, 0°, -30°, -60° and -90°. We thought the pumpless 

perfusion in the agarose hydrogel chip was dominantly driven by the capillary force, 

since the red ink could perfuse throughout the whole chip even when the inclination 

angle was 90°. Meanwhile, it might be the gravity that induce the decrease of flow 

velocity when the inclination angle changed from 90° to -90°. 

To further investigate the pumpless transport of microparticles within the microfluidic 

channels, the leaf chip was placed horizontally. 2μm diameter fluorescent microbeads 

(Thermo Scientific) was diluted by 10 times and pipetted into the inlet of the leaf chip. 

The movement of fluorescent microbeads inside the microfluidic network was recorded 

with fluorescent microscope (Nikon Ti-5, Japan). Figure 3-14a illustrated the 

representative images of microbead-filled regions corresponding to the perfusion time 

of 3, 12 and 30 seconds. It was clearly observed that the green microbeads could first 

flow into the larger microfluidic channels at a higher speed and then gradually reached 
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to the smaller terminals of leaf chip with a lower flow rate. The result demonstrated that 

the replicated microfluidic network was fully interconnected and microparticles along 

with the fluid could convectively reach every corner of the leaf chip.  

To characterize the flow velocity inside the microfluidic network of the leaf chip 

without inclination, Micro-PIV was used to trace the movement of fluorescent 

microbeads. As shown in Figure 3-14b, the interesting microfluidic region was 

highlighted and the flow velocity was analyzed using FlowMaster software. Figure 3-

14c showed the velocity profile inside the interesting channel region when the leaf chip 

were perfused with microbeads solution for about 25 seconds. The mean flow velocity 

was variable within different size of microfluidic channels mainly ranging from 0.4 

mm/s to 1.8 mm/s. However, it was noticed that 2μm diameter microbeads could settle 

down and entrap smaller microfluidic terminals when the leaf chip was perfused for 

more than 40 seconds, which made it difficult to accurately measure the mean flow 

velocity within the multiscale microfluidic network. 
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Figure 3-14 Pumpless transport of microparticles inside the microfluidic network of the 

leaf chip. (a) Representative images of microbeads inside the microfluidic channels 

with different perfusion time, (b) interesting microfluidic channel region used for 

velocity characterization using Micro-PIV, (c) flow velocity profile inside the 

interesting channel region. 

3.3.5 Diffusion-based mass transport from the microfluidic channels to the 

surrounding hydrogel within agarose leaf chip 

Figure 3-15a showed the representative images of FITC-BSA distributed in the same 

region of leaf chip with different perfusion time. It was found that with the increase of 

perfusion time, FITC-BSA could gradually diffuse from the microfluidic channels to 

the surrounding hydrogel and finally filled in the whole leaf chip. 

To quantitatively characterize the diffusion property of FITC-BSA inside the leaf chip, 

the fluorescent images at different time points were loaded into ImageJ software and a 
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straight line was drawn at the same position as the measured baseline. Through 

subtracting the fluorescence of the dark background, the fluorescent intensity along the 

measured baseline could be analyzed and calculated. Figure 3-15b showed the temporal 

diffusion profile of FITC-BSA along the measured baseline inside the leaf chip. With 

the increase of perfusion time, more and more FITC-BSA diffused into surrounding 

agarose hydrogel and fluorescent intensity along the measured baseline significantly 

increased. In addition, the difference between the maximum and minimum fluorescent 

intensities at the specific time point was found to gradually decrease. This diffusion 

process in most of the microfluidic regions could rapidly reach a relatively stable state 

after 6 minutes. The rapid diffusion process inside the leaf chip might be attributed to 

the microfluidic network with naturally optimized channel distance. However, more 

time was needed for some regions with the channel distance larger than 400μm, which 

might be due to the damage of smaller vasculature during the preparation of leaf 

venation.  
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Figure 3-15 Diffusion-based transport of FITC-BSA within the microfluidic leaf chip. 

(a) Fluorescent images of FITC-BAS inside the leaf chip with different perfusion time 

of 0, 1, 3 and 6 minutes, (b) temporal diffusion profile of FITC-BSA along the measured 

baseline inside the leaf chip. 

3.4 summary 

We firstly proposed an approach to build the numerical finite-element simulation model 

of leaf venation network for theoretical study of fluid dynamics inside the connecting 

channels, including the biomimetic microfluidic network with chambers. It can be 

found that the change of flow velocity only exists within the channels in a small zone 

near the chambers, suggesting that the introduction of chambers has little effect on flow 
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velocity within the biomimetic vascular system. Blue and red inks were perfused into 

the two inlets of the leaf chips and a clear boundary was formed between them within 

the main vein, indicating an interesting phenomenon of fluid transport in half-and-half 

mode within the LVI microfluidic chip. Moreover, the existence of a single chamber 

on one side or six chambers within two side of the LVI microfluidic chip would not 

affect the half-and-half perfusion and perfusion velocity. These experimental results 

can be validated by the results of the computational study that the chambers have an 

insignificant effect on flow velocity within the biomimetic vascular system. 

We further found that the fluid was able to transport throughout the whole LVI 

microfluidic chip by perfusing the channels autonomously and the biomimetics of 

nutrition was able to diffuse through the channels into the hydrogel quickly. These 

results suggested a potential to use this LVI microfluidic hydrogel system as a pumpless 

platform to culture populated tissue.  
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Chapter 4 Biological applications of leaf-venation-

inspired microfluidic network 

Based on the studies in chapter 2 and chapter 3 that LVI microfluidic network have 

been successfully fabricated within various biomaterials and the fluid dynamics within 

the biomimetic microfluidic systems have been investigated, showing the architecture-

induced characteristics of leaf venation network, three biological applications of LVI 

microfluidic network are presented in this chapter, including utilizing LVI microfluidic 

network to engineer vascularized tissue constructs, microwell-integrated LVI 

microfluidic chip for high-throughput cell culture and a biomimetic vascular system 

integrated with chamber-specific organs as human-on-leaf-chip. 

4.1 Engineering vascularized tissue constructs using leaf-venation-inspired 

microfluidic network 

4.1.1 Introduction 

The venation of a plant leaf is an evolutionarily optimized hierarchical vascular network 

that is typically responsible for the delivery of water and nutrients to photosynthetic 

cells. The skeleton of leaf venation can be obtained by digesting surrounding soft 

tissues, which have been previously utilized as biotemplates for metal carbide 

synthesis.[21] Recent advances indicated that fluid transport in leaf venation obeys the 

same Murry’s law as the blood vasculature in animals.[22] Wu et al employed direct-

write assembly technique to create leaf vascular network into resin matrix for efficient 

fluid transport.[23]  To date, however, few attentions were paid to replicate leaf 
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vascular network into biomaterial scaffolds or cell-laden hydrogels to fabricate vascular 

tissues or organs, which might generate new insights for tissue engineering and 

regenerative medicine. In chapter 2, we have shown that the LVI microfluidic chip of 

agarose hydrogel could be successfully fabricated for flow transport. Therefore, in this 

part, we aim to use this strategy for engineer perfusable tissue constructs. 

4.1.2 Experimental 

Preparation of leaf venation 

Fresh leaves were picked up from local mulberry trees. After thoroughly rinsed with 

distilled water, the leaves were immersed into boiled aqueous solution containing 3.5 

wt% NaOH and 2.5 wt% Na2CO2 for 10-15 minutes. The treated leaves were carefully 

washed with distilled water and the soft tissues surrounding the leaves were gently 

removed to obtain the skeleton of leaf venation. The leaf venation was air-dried and 

visualized with an optical microscopy (Nikon Ti-5, Japan) and a laser confocal 

microscopy (Olympus OLS 4000, Japan). The leaf venation was coated with a thin layer 

of chrome (400nm in thickness) in an Explorer 14 Magnetron Sputtering System 

(Denton Vacuum, America). The chrome-coated leaf venation would be used as 

photomask for the subsequent photolithography. 

Replication of leaf venation in silicon wafer 

An adhesive polymer, HMDS, was spin-coated onto silicon wafer at a speed of 1000 

r/min for 10 seconds and solidified at 95 oC for 15 minutes. Photosensitive polymer 

(EPG533, Everlight chemical industrial Co., Taiwan) was then spin-coated on HMDS 
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surface at a speed of 700 r/min and the coating thickness was controlled at 3-4μm. After 

solidification, the polymer-coated silicon wafer was exposed to UV for 12 seconds with 

chrome-coated leaf venation as photomask. The exposed polymer was decomposed into 

small molecules and would be dissolved into 0.5 wt% NaOH solution. The negative 

polymer pattern of leaf venation was created on the surface of silicon wafer when the 

exposed polymer was removed.  

A thin layer of chrome with a thickness of 150nm was uniformly sputtered onto surface-

patterned silicon wafer, which was subsequently immersed into acetone to dissolve the 

polymer pattern. The underlying silicon wafer surface was exposed while other surface 

regions were coated with chrome as protection layer. The chrome-coated silicon wafer 

was dried-etched in an ICP etching machine (Oxford, ICP180) to obtain a microfluidic 

channel network with a depth of 150μm. The microscopic profiles were observed with 

SEM (S-3000N, Hitachi) and confocal microscopy. 

Replication of leaf venation in PDMS mold and biomaterial hydrogel 

To replicate the microvascular network of leaf venation into PDMS mold, the silicon 

mold was pre-treated with C4F8 for 5 minutes to facilitate demolding. PDMS 

prepolymer solution was uniformly mixed with curing agents with a mass ratio of 10:1, 

degassed in vacuum chamber and finally cast onto pre-treated silicon mold. The PDMS 

mold with negative pattern of leaf venation was peeled off after solidification at 95 oC 

for 2 hours. To generate agarose hydrogels with multiscale vascular network, 1wt% 

agarose aqueous solution was prepared in PBS and kept at 60-80 oC to maintain its 
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flowable property. PDMS mold was pre-treated with plasma (Harrick Scientific, PDC-

32G-2) for 1 minute to improve its hydrophilicity. Agarose solution was immediately 

added onto the PDMS mold and rapidly formed hydrogel at 4 oC. Agarose hydrogel 

with microvascular network was obtained after demolding. 

Endothelialization of multiscale vascular network in agarose hydrogel:  

Type I collagen derived from rat tail was prepared as previously described protocols 

[26], and stored at 4oC. Endothelial cells were maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM). Upon trypsinization, endothelial cells were added into 

neutralized collagen solution to make a cell-collagen suspension with a collagen 

concentration of 3mg/ml and a cell density of 1.2×106cell/ml. To endothelialize the 

multiscale vascular network of agarose hydrogel, cell-collagen suspension was added 

into microfluidic agarose hydrogel and an agarose slab was immediately used to remove 

extensive cell-collagen solution out of the channel. After placed at 37oC for 15 minutes, 

collagen solution formed gels and the agarose slab was gently removed. The 

endothelialized microfluidic hydrogels were statically cultured in a CO2 incubator. Cell 

distribution as well as cell morphology was characterized with fluorescent microscopy 

on day 1 and 3. Live/dead assay (Invitrogen Corporation, Carlsbad, CA) was performed 

according to the manufacturer’s protocol to facilitate visualization of living cells. 

To investigate the effect of the presented procedures on initial cell seeding, 9.9μm 

diameter fluorescent microbeads (Green fluorescent polymer microsphere, Thermo 

Scientific) were added into collagen solution with 10 times dilution. After collagen 
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formed gels in microvascular network, phase and fluorescent microscopic images from 

the same regions were respectively captured before and after the agarose slab was 

removed. The corresponding phase and fluorescent images were overlapped in ImageJ 

software to evaluate whether the operation of removing agarose slab alters the initial 

position of microbeads. 

Perfusion of microvascular network in agarose hydrogel:  

To investigate the effect of collagen incorporation on flow property of biomimetic 

microvascular network, flow experiments were performed in collagen-free and 

collagen-filled microfluidic agarose hydrogels. Flat agarose slabs were used to seal the 

open microchannels of agarose hydrogels. An inlet with “V” shape as well as an outlet 

was created to expose the central stem channel. The obtained hydrogels were mounted 

on an inclinate plate (inclinate angle = 60o) and a red dye solution (Marie’s water color, 

Shanghai, China) with a concentration of 0.33 wt% was introduced from the inlet in a 

drop-by-drop manner. When the red dye solution perfused the whole microfluidic area, 

a blue dye solution with the same concentration was added in the inlet area. The whole 

flow process was recorded using a Sony camera. The microscopic images of the 

microchannels filled with red dye solution as well as blue dye solution were observed 

using optical microscopy. The transient images of dye perfused regions at specific time 

were extracted from flow video, which were used to calculate the ratio of perfusion area. 

Meanwhile, fluorescent microbeads were introduced into the microvascular network 

along with collagen. Phase and fluorescent images were taken from the same regions 

before and after perfusion for 1 day, which aimed to demonstrate whether the fluid 



98 

 

would flow away the microparticles pre-encapsulated inside collagen gel. 

Perfused co-culture of endothelial cells and HepG2 cells in microfluidic agarose 

hydrogel 

To demonstrate the feasibility of using the presented strategies to engineer perfusable 

prevascularized tissues, 1 wt% agarose solution were prepared using DMEM and kept 

at 60oC. HepG2 cells was trypsinized and resuspended into agarose solution to have a 

final concentration of 3×106cell/ml. The agarose solution was cast onto plasma-treated 

PDMS mold and the cell-laden hydrogel was obtained after demolding. Endothelial 

cells along with collagen were incorporated into the microvascular network and 

subsequently perfused using above-mentioned procedures. Static culture was also 

performed as control. The viability of encapsulated cells within microfluidic agarose 

hydrogels were evaluated using Live/dead assay. The number of dead cells was counted 

from 10× live/dead images in ImageJ software. 

4.1.3 Results and Discussion 

Since agarose hydrogel with LVI microfluidic network could be successfully  

replicated from micropatterned PDMS mold, we next sought to endothelialize the 

microfluidic network of agarose hydrogel to engineer vascularized tissues. However, it 

was found that when ECs were seeded into the microchannels of pure agarose hydrogel, 

they did not grow into their normal spreading shape and were prone to form cellular 

aggregates, which will result in death of the cells (Figure 4-1). To address this issue, 

we proposed to incorporate cell-collagen hydrogel into the microfluidic channels for 
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endothelialization, expecting that coolagen would provide friendly microenviroment 

for cell growth. In our strategy (Figure 4-2a), a suspension of ECs in 3mg/ml collagen 

solution was poured onto microfluidic agarose hydrogel, and an flat agarose slab was 

covered to push the extensive cell-collagen solution located outside of the channels. 

The slab was peel away when collagen formed hydrogel at 37oC. To verify its feasibility 

of seeding cells into the channels, fluorescent microbeads were encapsulated into 

collagen solution to facilitate visualization. Figure 4-2(b-c) show the distribution of 

microbeads in channels of the microfluidic agarose hydrogels before and after the slab 

were removed, which indicated that the presented method could be utlized to uniformly 

and accurately seed cells into the microchannels (Figure 4-2(d-e)). More importantly, 

it was found that from day 1 to day 3, ECs could gradually spread, grow along the 

multiscale vascular channels and finally form endothelialized network in agarose 

hydrogel as shown in Figure 4-2(f-m).  

 

Figure 4-1 Microscopic images of ECs statically cultured on pure agarose microfluidic 

hydrogel for 1 day. The cells did not spread and were prone to form aggregates. 



100 

 

 

Figure 4-2 Endothelialization of nature-inspired microvascular network in agarose 

hydrogel. (a) Schematic of incorporation of microparticles or cells in microvascular 

network of agarose hydrogel, (b) distribution of fluorescent microbeads before agarose 

slab was removed, (c) distribution of fluorescent microbeads after agarose slab was 

removed, (d-e) orderly seeding of endothelial cells in collagen-filled microvascular 

network, (f-i) microscopic morphology of live/dead stained endothelial cells statically 

cultured for 1 day, (j-m) microscopic morphology of live/dead stained endothelial cells  

after statically cultured for 3 days. 

Microfluidic network in biomaterial scaffold or hydrogel plays important roles in 

transporting fluid for nutrient supply and functioning as precurcers for 

endothelialization and vascularization. To investigate the flow property of these 

replicated LVI microfluidic network, flat agarose slabs were used to seal the open 
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microchannels of agarose hydrogel, producing perfsuable channels. An inlet with “V” 

shape as well as an outlet were cut out to expose the central main channel. The obtained 

hydrogels were mounted on an inclinate plate and the fluid was introduced from the 

inlet in a drop-by-drop manner (Figure 4-3). It was interesting to find that when a 

droplet of red dye solution was added into the inlet, it could automatically and rapidly 

flow through the microvascular network and finally perfuse the whole microfluidic 

region in a minute (Figure 4-4a). This pump-free flow might be attributed to the unique 

property of LVI microfluidic network.  

Even when the microchannels were pre-filled with 3mg/ml collagen gel, they could still 

function as convective pathways to transport fluid throughout the whole system with a 

slower flow speed (Figure 4-4b). It would take about 100 seconds to perfuse the whole 

microfluidic area (Figure 4-4c). The microchannels with or without collagen gel could 

further change from red to blue when another blue dye solution was added into the inlet. 

Figure 4-4(d-g) showed the microscopic images of microfluidic channels filled with red 

dye solution and subsequently replaced with blue dye solution, which indicated that the 

fluid could reach each microchannel terminal and uniformly distributed in the 

multiscale vascular network. Together these results confirmed that the incorporation of 

collagen gel into the microchannels did not hinder fluid flow in microfluidic agarose 

hydrogel. In addition, the biomimetic vascular network could be further used as 

pathways to deliver microscale particles into agarose hydrogels (Figure 4-4h), which 

holds the potential to seed endothelial cells into specific regions. However, these 

microparticles were not stable in the microfluidic channels of pure agarose hydrogel 
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and were likely to flow away along the fluid (Figure 4-4i). In comparison, the 

fluorescent microbeads encapsulated in collagen-filled microchannels were stably 

maintained at the right place even when the microcahnnels were continuously perfused 

with distilled water for 1 day (Figure 4-4(j-k)).  

 

Figure 4-3 Schematic illustration of the specific-designed perfusion setup for flow and 

dynamic cell culture experiments.  
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Figure 4-4 Effect of collagen incorporation on fluid flow and stability of microparticles 

in microvascular network of agarose hydrogel. (a) Images of dye solutions perfused 

collagen-free microvascular network at specific time points, (b) images of dye solutions 

perfused collagen-filled microvascular network at specific time points, (c) ratio of 

perfused area at different time points in collagen-free and collagen-filled microvascular 

network, (d-e) microscopic images of red dye and further replaced with blue dye in 

collagen-free microchannels, (f-g) microscopic images of red dye and further replaced 

with blue dye in collagen-filled microchannels, (h) delivery of fluorescent microbeads 

into microvascular network using passive flow, (i) movement of microbeads in collage-

free microchannels, (j) distribution of microbeads in collagen-filled microchannels 

before perfusion, (k) distribution of microbeads in collagen-filled microchannels after 

perfusion for 1 day. 

One of major challenges in engineering large vital organs is to fabricate a perfusable 
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vascular network to meet the needs of dense populated and highly metabolic 

parenchymal cells for nutrients and oxygen. To demonstrate the feasibility of our 

strategy in engineering perfusable vascularized tissue constructs, HepG2 cells were 

encapsulated into agarose hydrogel and ECs were introduced into the microfluidic 

network along with collagen(Figure 4-5a). Figure 4-5b shows the distribution of living 

cells in the engineered microfluidic hydrogels, demonstrating that ECs were accurately 

located into microvascular network with a relatively lower cell concentration (1.2×106 

cell/ml), while HepG2 cells mainly encapsulated in bulk agarose hydrogel with a higher 

cell concentration (3×106 cell/ml). To create an in vivo-like growth environment, the 

engineered cell-laden constructs were dynamically perfused with culture medium. 

Since the fluid could automatically flow through the biomimetic microvascular network, 

a pumpless perfusion bioreactor platform, as shown in Figure 4-5c, was simply 

designed to intervally supply fresh culture medium to the inlet of the cell-laden 

hydrogel, which is different from conventional pump-driven bioreactor platform. The 

medium was dynamicaly added to the inlet with the speed of a droplet per 8-10 seconds 

based on the principle of intravenous drip, which could ensure enough liquid in the inlet 

area for continuous perfusion.  
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Figure 4-5 Perfused coculture of endothelial cells and HepG2 cells in agarose hydrogels 

with nature-inspired microvascular network. (a) Schematic illustration of orderly 

seeding of endothelial cells and HepG2 cells in microfluidic agarose hydrogel, (b) 

Microscopic image of endothelial cells in collagen-filled microvascular network with a 

lower concentration and HepG2 cells encapsulated in agarose hydrogel with a higher 

concentration, (c) a pump-free bioreactor setup for the perfusion of cell-laden 

microfluidic agarose hydrogels, (d) quantification of dead cells in staticaly and 

dynamically cultured hydrogels, (e-f) micromorphology and viability of encapsulated 

cells under static culture condition for 1 day, (g-h) micromorphology and viability of 

encapsulated cells under dynamic culture condition  for 1 day, (i-j) micromorphology 

and viability of encapsulated cells under static culture conditions for 3 days, (k-l) 

micromorphology and viability of encapsulated cells under dynamic culture condition  

for 3 days. Arrows indicate spreading endothelial cells. Dead cells were shown in red 
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while living cells were shown in green. 

 

Figure 4-6 Micromorphologies of endothelial cells in collagen-filled microchannels of 

agarose hydrogels cultured for 3 days. (a) Static and (b) dynamic culture conditions. 

Arrows indicate spreading endothelial cells in microvascular network. 

Perfusable microfluidic network were extremely important to maintain long-term 

viability of cells encapsulated in biomaterial hydrogels. As shown in Figure 4-5(e-h), 

when the engineered cell-laden constructs were under statical or dynamical culture for 

1 day, HepG2 cells encapsulated within agarose hydrogels maintained in round shape 

while ECs encapsulated within collagen gel begun to spread within the microfluidic 

network. Live/dead assay indicated that there were few dead cells (shown in red) 

detected in both culture conditions. However, it is noticed that there were more ECs 

spreading in perfused hydrogels in comparison to that of staticaly cultured hydrogels, 

which might be attributed to rich nutrient delivery and flow-induced shear stress. When 

the constructs were cultured for 3 days, the number of dead cells significantly increased 

and endothelial cells were not found further spreading to form endothelialized network 
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in staticaly cultured hydrogels (Figure 4-5(i-j) and Figure Figure 4-6a). In comparison, 

negligible drop in cell viability were found in perfused hydrogels and the ECs could 

keep their spreading shape and align along the microfluidic channel walls (Figure 4-

5(k-l) and Figure 4-6b). These results suggest that the LVI microfluidic network could 

be potentially used to engineer perfusable vascularized solid tissues in a pump-free 

bioreactor setup. In order the fabricate 3D thick tissues, the cell laden agarose hydrogels 

with the LVI microfluidic channels could be stacked up, and liquid agarose solution 

could be added around the assembled construct to seal the layers. After that, the sealed 

constructs could be used for dyanmic perfuson culture for engineering vascularized 

thick tissues.  

4.1.4 Summary 

In summary, we introduced a novel method to use the LVI microfluidic network to 

engineer cell-laden microfluidic hydrogels with multiscale channels. It was interesting 

to find that the incorporation of ECs with collagen gel into microfluidic channels could 

facilitate the formation of endothelialized network and simultaneously maintain their 

unique properties in transporting fluid in a pump-free bioreactor setup. These strategies 

were further used to engineer pre-vascularized tissue constructs with dense populated 

cells. The biomimetic microvascular network successfully functioned as convection 

pathways to perfuse culture medium, which is critical for the long-term viability and 

endothelialization of the encapsulated cells. We envision that these biomimetic 

strategies could be further utilized to engineer 3D perfusable tissues by stacking 

multilayer of cell-laden microfluidic constructs for potential use as in-vitro tissue 
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models or therapeutic tissue replacements. 

4.2 Microwell-integrated leaf-venation-inspired microfluidic chips for high-

throughput cell culture 

4.2.1 Introduction 

Organ-on-a-chip is based microfluidic device for culturing living cells or tissues in 

dynamically perfused microenviroment, to recapitulate the multicellular architectures, 

tissue physiology and physicochemical microenvironments of human body [32, 33]. 

Recently, various types of organs have been successfully modelled on chip, such as 

liver, bone, skin, and blood-brain barrier [34-37]. These in-vitro microdevices are 

expected to better understand the behavior of cells, test toxicity and efficacy of drugs, 

create in-vitro biological models of disease and further build vascularized tissue mass 

[38, 39].  

The crucial merit of microfluidic chips is its flexible ability of changing many factors 

in order to rebuild the biomimetic in-vivo microenvironments. Designing geometry of 

microfluidic channel system is one of the crucial methods to control the flowing 

dynamics through the entire microfluidic chips, and consequently to regulate cells 

growth, proliferation, differentiation and function expression. In the chip system, the 

microfluidic channels can work as the pathways to provide physiologically relevant 

fluidic stimulus to the living cells in the chambers, which would have a significant 

effect on biological activities, physiological functions and organ development, just like 

the blood vessel system in human body. [43, 44]. Natural multiscale microvascular 
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network of mamamal blood vessel and leaf venation network, which transport fluids 

and substances throughout the whole tissues with high efficiency and low energy 

consumption, has given us inspirations to optimal design of lab-on-a-chip system with 

[137]. Physiological features of human microvasculature was analysed and applied to 

build fluid-mechanical computational models, which guided the optimization of 

microfluidic channels. These biomimetic designed system could induced optimized 

flow behavior within them, benefiting efficient benefit mass transfer for cell culture and 

biomimetic perfused microenvironment [138].  

In this part, we developed a new method to design and generate a microwell-integrated 

LVI microfluidic chip for high-throughput cell experiments, which employed the LVI 

microfluidic network to cover the microwell arrays. The microwell arrays were 

produced by replicating PDMS using a 3D printed resin mold and worked as living 

room for the seeded cells. The LVI microfluidic channels were produced by replicating 

PDMS using a skeleton leaf venation and worked as the convection pathways to supply 

perfused culture medium for the cells in the microwell arrays. Computational 

stimulation was carried out to study the fluid dynamics within the LVI microfluidic 

network, which results was further employed to calculated the optimized diameter of 

microwells. furthermore, the perfusion experiments of red dye and red fluorescent 

nanobeads solution, as well as preliminary dynamic cell culture were carried out, to 

verify the feasibility of the microwell-integrated LVI microfluidic chip for high-

throughput cell culture.  
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4.2.2 Experimental 

Design of microwell-integrated LVI microfluidic chips 

We expect to design and fabricate a leaf-templated, microwell-integrated microfluidic 

chip to enable the high-throughput dynamic cell experiments. Figure 4-7 shows the 

schematic of the leaf chip used in this system. Core Components of the leaf chip are 

two PDMS layers: one with leaf-templated microfluidic channels and one with 

microwell arrays. These two layers, when assembled and fixed together, are able to 

become interconnected and closed network which functioned as the vascular system 

and cells living chambers respectively. It was expected that all the microwells should 

be covered by LVI microfluidic channels so that all the cells within the microwells are 

able to be perfused by the flowing medium in the channels for mass transfer. The PDMS 

layers are sandwiched by Two layers of PMMA sheets were then used to sandwich 

these two layers and six screws and nuts were used to fix them in case of the leakage 

of fluid. This design of the microwell-integrated microfluidic chip makes it possible to 

be disassembled while the chip using plasma-bonded PDMS method was unable to be 

disassembled. Two holes are produced on LVI PDMS layer and top-covered PMMA 

sheet, one in the inlet and the other one in the outlet of the central primary channel. 

Two tube are then inserted into these two holes and sealed using epoxy resin, working 

as inlet and outlet of the microwell-integrated LVI microfluidic chip respectively. 
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Figure 4-7 Schematic diagram of a microwell-integrated LVI microfluidic chip. (a) 

Leaf chip, consisting of two PMMA sheets (1) and (4); a PDMS layer with leaf-

templated microfluidic channels (2); a PDMS layer with microwell arrays (3); (b) 3D 

view of assembled leaf chip. 

Determination of the diameter of microwells  

Leaf venation network consists of multiscale, hierarchical veins with different 

diameters. The biggest vein entering the leaf is called primary vein. This primary vein 

then branched to a number of smaller secondary veins and tertiary veins. Routes of the 

veins formed zones that interconnect or intersect to generate enclosed areas called 

areoles (Figure 4-8). There are many small veins that have their endings in the areoles, 

are called minor vein endings. Single and double red arrows indicate primary vein and 

branched of veins and areoles in leaves. It can be used to obtained the descriptive 

information including the dimensions, and position of all veins and areoles in the leaf 

venation network by following a series of thresholding, cleaning and calculating the 

high-resolution given images of leaves. 
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Figure 4-8 Leaf venation network. Single and double red arrows indicate primary vein 

and branched veins respectively; blue arrows indicate minor vein endings; white frames 

indicate areoles with minor vein ending inside. 

To conduct statistical metering on dimensions of the areoles, five native leaves were 

processed to produce the skeleton of leaf venations, which were processed in LEAF 

GUI software. The areas of areoles were statistically analyzed in Excel. The areas of 

irregularly shaped areoles were then calculated and then characterized using equivalent 

diameter, defined by the diameter of circles which share the same area of the irregularly 

shaped areoles. The number of areoles with different area was summed up.   

Fabrication of leaf-templated microfluidic chip 

Microreplication method was utilized to transfer the microvascular network of leaf 

venation to PDMS-based chips. The skeleton of leaf venation network was fixed 

gently onto flat culture dish using double-sided tape, and then pre-treated with C4F8 

in an ICP etching machine (Oxford, ICP180) for a minute, which then would help the 



113 

 

subsequent release of the micropatterned PDMS layer from the skeleton of leaf 

venation network and culture dish. PDMS prepolymer solution and crosslinking 

agents (a mass ratio of 10:1) were uniformly mixed, added onto the culture dish with 

attached skeleton of leaf venation network, and then placed in a vacuum machine to 

remove all the air bubble inside. After solidification in an oven at 50 °C for more than 

one hour, the PDMS replica with the pattern of leaf venation could be successfully 

released from the culture dish. This peel-off process should be carefully to maintain 

the integrity of the skeleton of leaf venation. After that, the PDMS replica was 

immersed in ethyl alcohol (75%) solution overnight to clean the remaining C4F8 

material, washed with water and trimmed to obtain the PDMS layer with the 

biomimetic microfluidic channels of leaf-venation network In order to fabricate the 

PDMS layer with microwell array, a resin mold with the negative architectures of the 

microwell array were produced in a stereolithography (SLA) 3D printer (Shaanxi 

Hengtong Intelligent Machine Co., Ltd, SPS600B). PDMS casting and replication 

method was also conducted here to produce the PDMS replica with microwell arrays. 

This PDMS layer with microwell array was then released from the mold and trimmed 

to obtain the microwell-arrays layer of the chip. The microscopic profiles of both 

leaf-venation layer and microwell-arrays layer of the chip were observed with 

confocal microscopy (Olympus, OLS4000). 

The PDMS layer with LVI microfluidic channels was punched with a 23G needle to 

produce the inlet and outlet. Tubes were then inserted into the inlet and outlet through 

the ∅1.5 mm holes in upper PMMA layer . Subsequently, a 1 ml plastic syringe with 
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a 23G needle was connected to the tube in the inlet. Afterwards, plasma treating 

(Harrick Scientific, PDC-32G-2) was conducted on the leaf-venation and microwell-

arrays PDMS layers  for 1 minute to improve their hydrophilicity. Ultra-pure water 

was then added on each surface of two PDMS layers. Due to hydrophilicity, the added 

water was able to occupy the microwells and microfluidic channels rapidly without 

bubbles. The two layers were then sandwiched by two PMMA slides and compressed 

together by six screws and nuts. The assembled microwell-integrated LVI 

microfluidic chip was characterized with optical microscopy (Nikon, Ti-5) to check 

whether all the microwells were covered by microfluidic network. Each local region 

of the whole chip was captured and the images were stitched together to obtain 

panoramic image. 

red painting dye solution (Marie’s water color, Shanghai, China) with a concentration 

of 0.33 wt% was introduced through the inlet for evaluation of the flow property of 

leaf chip,. The whole perfusion process was recorded using a Sony camera, and the 

microscopic images were taken by optical microscopy (Nikon, Ti-5). The solution of 

fluorescent beads in the diameter of 0.05 nm (Red fluorescent polymer microsphere, 

Thermo Scientific) with 0.1% solid was also perfused to study the supply of nutrition 

and oxygen with the chips.  Fluorescent microscopic images were captured after 

perfusion and stitched together to obtain the panoramic image of leaf chip. To 

quantitatively evaluate the uniformity of mass transport from the multiscale LVI 

microfluidic network into the microwell arrays, the panoramic fluorescent image of 

microwell arrays was loaded into ImageJ software and straight lines were drawn at 
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the different position as the measurement baselines. The fluorescent intensity along 

the measurement baseline was analyzed and calculated by subtracting the fluorescent 

intensity of the dark background.  

Cell seeding and dynamic culture 

To investigate the feasibility of using the produced microwell-integrated LVI 

microfluidic chip for high-throughput cells culture, cells are seeded into the 

microwell arrayand dynamic perfusion culture were conducted. HepG2 cells are 

mixed with the neutralized collagen solution to obtain the cell-collagen solution with 

collagen concentration of 3 mg/ml and cell density of 1.5 × 106 cell/ml. 0.5 ml cell-

collagen solution was then carefully added on the hydrophilic-modified PDMS layer 

with microwells and gently scraped using a glass sheet in order to remove extensive 

cell-collagen solution out of the microwell arrays. collagen solution was then 

crosslinked to become hydrogel when placed at 37 °C for half an hour. Hydrophilic-

modified PDMS layer with LVI microfluidic channels was covered on top and 

assembled to obtain LVI microfluidic chip with seeded cells. The chip then was 

perfused by the culture medium in the velocity of 2 mL/h driven by a high-resolution 

syringe pump. All the cell-seeded microwells within in the chip were captured and 

the images were stitched together to obtain panoramic image of the whole chip. Phase 

and fluorescent microscopic images were captured during the dynamic culture 

process. The viability of agglomerated cells within leaf chip was evaluated using 

live/dead staining.  
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4.2.3 Results and Discussion 

Determination of the diameter of microwells 

 

Figure 4-9 Design and optimization of microwell arrays within leaf chip. (a) 9 typical 

circular areas within leaf-templated microfluidic network; (b) irregularly shaped 

areoles within whole leaf labelled by multicolour; (c) amount distribution of areoles 

according to different range of equivalent diameter; (d) estimated rate of microwells 

covered by convective leaf venation network according to diameter of microwells. 

The biomimetic chips were successfully fabricated as designed, with LVI 

microfluidic channels of the supply of the flowing medium and microwells for cell 

living. Since both layers of the biomimetic chip are made of PDMS materials, they 

cannot support diffusion-based transport of culture medium at all. Hence, it is 

expected that all microwell arrays within the LVI microfluidic chip should be covered 
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by LVI microfluidic network on top, which is thought to be able to work as a 

convection way to supply flowing culture medium for the cells living in microwells 

directly. Figure 4-9a shows 9 representative circular areas within LVI microfluidic 

network. According to the result of computational simulation of fluid dynamics in 

the LVI microfluidic network, it can be found that the area 1, 3, 4, 5, 6, 7, 8 and 9 are 

perfused by the flowing liquid directly. However, little flowing fluid flowing can be 

found in the area 2, which is only covered by the minor vein endings of LVI channels. 

Hence, we should carefully design the microwell arrays to make sure that all the 

microwells could be perfused by the culture medium through the LVI channels.  

When the microwell is too small, there would be a high possibility that the microwell 

arrays were not perfused by the convective LVI microfluidic channels. However, 

when the microwell is too large, the chip will not satisfy the requirement of high-

throughput culture. Therefore, the diameter of the microwell is a vital factor to decide 

whether the microwells of the chip can be perfused or not and needs further 

investigation. 
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Figure 4-10 The number of areoles according to different range of equivalent 

diameters within 4 leaf venation samples. 

According to the result of fluid dynamics analysis, there existed flowing fluids in all 

the convective veins and the velocity of flow in the ending vein is nearly zero. 

Therefore, the areoles encircled by convective leaf veins should be the smallest units 

that are surely perfused by flowing medium within the LVI microfluidic network. 

Hence, we designed and optimized the dimensions of microwells based on the 

descriptive statistics on the areoles of leaf. When the images of skeleton of leaf 

venation network were imported and processed in the software of LEAF GUI, the 

areoles, separated by the connective veins, could be then randomly labelled with 

different colours. As shown in Figure 4-9b, all areoles were labelled with different 
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colours and their area sizes were measured and statistically analysed through LEAF 

GUI. The areas of the areoles with irregular shape were converted into circles with 

equivalent diameter for further calculation of the diameter of the designed microwells. 

Five leaf venation samples were studied. Figure 4-9c is a representative statistic result 

of one leaf and other 4 are shown in Figure 4-10, indicating that most of areoles have 

equivalent diameter smaller than 0.6mm. 

Calculation of estimated rate of microwells covered by convective leaf-venation 

network:  

In order to facilitate further calculation, the areas of irregularly shaped areoles are 

characterized by the circles with equivalent area. If iD
(the equivalent diameter of 

number i areole)≤ wellD
(the diameter of designed microwell), microwell will surely 

be covered by the periphery of the areole. If iD
＞ wellD

, there is a possibility that 

microwell will be covered by the periphery of the areole. 

As shown in Figure 4-11, the green circle and areole are concentric and i greenD − = iD

- wellD
, where i greenD −  is the diameter of green circle, i greenA −  is the area of green 

circle. That means, if the circle center of microwell is within the green circle, the 

microwell will surely be within the areole; if the circle center of microwell is without 

the green circle, the microwell will intersect with the periphery of areole. Hence, the 

estimated rate of microwell intersect with the periphery of all areoles within the leaf 

is calculated as: 
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Where iA
 is the area of number i areole, sA

 is the area of whole leaf venation. If 

i≤n, iD
≤ wellD

; if n+1≤i≤N, iD
＞ wellD

. N is the total number of areoles within leaf 

venation, and n is the total number of areoles not bigger than the area of designed 

microwell. All the information about iA
, sA

, n, N can be obtained from LEAF GUI 

software.  

 

Figure 4-11 Schematic diagram of microwell and areole. 

Figure 4-9d shows the estimated possibility that the microwells with four different 

diameters (0.3 mm, 0.4 mm, 0.5 mm, and 0.6 mm) were in the chip covered by 

convective LVI microfluidic network. It can be find that the estimated rate of 

microwells with 0.3 mm diameter covered by the connective LVI microfluidic 

network is only 87.6%. When the diameter is set as 0.4 mm and 0.5 mm, the 

corresponding estimated rate will increase obviously to about 95.3% and 98.4% 

respectively. However, when the diameter is set as 0.6mm, the corresponding 
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estimated rate is 99.5%, which increase is relatively small compared with the 

condition of the microwell with 0.5 mm diameter. Hence, we here set the diameter of 

microwells as 500 μm for the further study, which would lead to a balance between 

high perfusion possibility and more amount of microwells. 

Characterization of LVI microfluidic chip with microwell arrays 

Along with the increasing complexity of microfluidic architectures, the flow velocity 

distribution is a key element to be controlled. Many researchers were seeking to 

design the biomimetic microfluidic channels and achieve optimal flow within the 

chip. [104]. The PDMS layer with LVI microfluidic channels is designed here to 

deliver water and nutrients to the cells in the microwell arrays efficiently. As shown 

in Figure 4-12a, the LVI microfluidic network can be successfully replicated into the 

PDMS layer. Figure 4-12b and Figure 4-12c show the microstructures of primary 

vein and branched smaller veins of leaf-venation network respectively, with 

multiscale vascular channels ranging from 1 mm to 30 μm. Figure 4-12d shows the 

3D printed resin mold with negative pattern of microwell arrays, while Figure 4-12e 

shows the corresponding PDMS layer with microwell arrays replicated from the 3D 

printed resin mold. The 3D confocal structures of microwell arrays is shown in Figure 

4-12f.   
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Figure 4-12 Fabrication and characterization of leaf-venation layer and microwell-

arrays layer. (a) photo of PDMS leaf-venation layer; (b) 3D profile of primary vein 

within leaf-venation layer; (c) 3D profile of branched smaller vein area within leaf-

venation layer; (d) photo of 3D printed resin mold with negative pattern of microwell 

arrays; (e) photo of PDMS microwell-arrays layer; (f) 3D profile of microwells 

within microwell-arrays layer. 

Before cell seeding, the chips needs to be assembled and perfused with dye to check 

the tightness in advance to assess the flow property. Figure 4-13a shows the final 

assembled leaf chip. Figure 4-13b shows the panoramic image of whole leaf chip  

stitched by plenty of local microscopic capture, while Figure 4-13c shows the 

partially enlarged view of the microwells covered by the leaf-venation network. The 

assembled biomimetic chip is then perfused with red dye, which representative 

perfusion process is shown in Figure 4-13 (e-j). It can be found that the red dye is 

able to perfuse throughout the channels of LVI microfluidic network and fill with 

each microwell rapidly. Figure 4-13d is a representative microscopical image of LVI 
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microfluidic network after perfusion of red dye. It can be found that red dye only 

exists in the areas of microfluidic channels and microwells, suggesting that the layers 

are not leaking at the interface and the perfusion medium can only reach into the 

microwells through microfluidic channels. As shown in Figure 4-14, a single 

microwell in the total 182 microwells within the LVI microfluidic chip was not 

perfused by red dye solution. It can be calculated that the ratio of the microwells 

perfused in this chip is about 99.5%, which is a little higher than the estimated rate 

of 98.4% for the microwell with 500 μm diameter covered by the LVI microfluidic 

network as calculated above. Therefore, both the macroscopic and microscopic 

perfusion results strongly indicate that the LVI microfluidic network can successfully 

function as vascular system to provide new flowing medium for the cells in the high-

throughput microwells.  
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Figure 4-13 Characterization of the assembled LVI microfluidic chips with integrated 

microwells. (a) Photo of an assembled leaf-inspired microfluidic chip; (b) panoramic 

image of whole leaf chip stitched by plenty of local microscopic image; (c) 

representative local microscopic image of microwells covered by leaf-venation 

network; (d) microscopic distribution of red dye within the microfluidic channels and 

microwells; (e-j) red dye perfusion at different times. 
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Figure 4-14 Local area within leaf chip 

Because the amount of cells seeded into each microwell is very small, it is difficult 

to investigate their growth individually and directly. Therefore, we infused 

nanobeads solution to study whether the flowing medium is able to perfuse into each 

microwells, in order to speculate about the mass trabnsfer among them indirectly. 

Since the LVI microfluidic chip can be thought generally symmetrical along the 

primary-vein channel, a half of the whole chip was studied to investigate the fluid 

flowing and distribution throughout the whole chip. Figure 4-15a shows the 

panoramic fluorescent image of microwell arrays within a half of the chip that are 

filled with the red nanobeads solution, while Figure 4-15b shows the fluorescent 

intensity along the measurement baselines within the representative regions after 4 

minutes in perfusion. In the beginning, not all the microwells were filled with 

perfused red nanobeads at the same time. However, the fluorescent intensity within 

all the microwells was nearly similar after 4 minutes in perfusion, whenever it is 

along the same or different measurement baselines. This indicates that the added 

culture medium from the inlet can perfuse throughout the LVI microfluidic network 

and is able to provide sufficient nutrition and oxygen to the cells in the microwells 
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rapidly. Because the pattern of the channels above each microwell is different and 

the flow velocity within each vein of different order also varies, the perfusion speed 

of culture medium within each microwell should be different. However, this initial 

difference might not have influence on the cell culture which need long-term 

perfusion more than 4 minutes. Our microwell-integrated LVI microfluidic chips 

might be not applicable to some specific cell-culture applications requiring short 

perfusion time, but shows potential in processes of tissue growth involving long-time 

perfusion.  

 

Figure 4-15 Characterization of mass transport within leaf chip. (a) Fluorescent 

images of red nanobeads throughout microwell arrays after 4 minutes' perfusion; (b) 

fluorescent intensity along the measurement baselines within the representative 
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regions. 

The biomimetic chip developed in this part may have several merits. First, this is a 

quite simple and low-cost method to engineer the LVI microfluidic network in high 

resolution, with smallest veins of about 30 μm width, and there is no expensive 

equipment involved which is usually utilized in previous microfabrication methods, 

like ICP etching machine [139]. Second, although most of the existing human-

designed microfluidic network for high-throughput chips are able to have a coverage 

of 100% on the integrated microwells, their structures are relatively simple, which 

share great differences with the multiscale hierarchical human blood vessel system. 

On the contrary, our approach here is able to acquire the multiscale LVI microfluidic 

network optimized by nature, with great similarity with human blood vessel systems, 

which is difficult to be achieved by human design. The LVI microfluidic chip may 

obtain the maximized coverage of fluid distribution with high-efficiency and a low 

energy consumption, owing to from the biomimetic optimized hierarchical network.  

Preliminary experiment for high-throughput cell culture 

HepG2 cells were seeded into the microwell arrays and cultured in a perfused 

condition after assembly of the chip, in order to demonstrate the feasibility of the 

microwell-integrated LVI microfluidic chips for high-throughput cells culture. 

Figure 4-16a shows the panoramic image of whole biomimetic chip with microwells 

seeded with cells stitched by many local microscopic images (Figure 4-16b), 

indicating that the microwells arrays could be uniformly and accurately seeded with 
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cells. Figure 4-16c and Figure 4-16d are the phase and 3D fluorescent microscopic 

images of seeded cells within one microwell. The cells-seeded chip was then 

connected with a syringe pump and medium reservoir for perfused culture. Figure 4-

16f and Figure 4-16g are phase microscopic images to show the cell growth after one 

and two days in perfused culture respectively. It indicated that the cells are living in 

a good condition and tend to form cellular aggregates. Figure 4-16h is the live/dead 

staining of the cells in the microwells after two days in perfused culture, showing that 

the cells are in high viability and clustered together. All the cell culture results suggest 

that the LVI microfluidic network could function as a pathway to provide sufficient 

flowing culture medium to the cells within microwell arrays and the microwell-

integrated LVI chip could be potentially used for high-throughput cell culture. 

 

Figure 4-16 Cell seeding and dynamic culture within leaf-templated microfluidic 

chips. (a) Panoramic image of whole cell-seeded leaf chip stitched by plenty of local 

microscopic image; (b) local microscopic image of microwell arrays seed with cells; 

(c) phase image of seeded cells within single microwell; (d) 3D fluorescent 
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microscopic image of cells within microwell; (e) perfusion platform with leaf chip; 

(f, g) phase microscopic images of cell growth after one and two days’ dynamic 

culture respectively; (h) fluorescent microscopic image of cells stained with live/dead 

assay after two days’ dynamic culture. 

In our experiment, the cells were seeded into the microwells by adding cell-collagen 

solution onto the hydrophilic-modified PDMS layer and subsequent scraping to 

remove the extensive cell solution out of the microarrays. Actually, we believe there 

are more convenient ways to seed different types of cell within one leaf chip for 

multi-organ culture. For example, 3D bioprinting technology evolving multi-nozzle 

may be able to precisely seed different types of cells into the microwells in the 

predefined regions [41, 140]. Each microwell can work as an individual chamber to 

culture one type of cell for generating specific organ. The microwells with various 

types of cells (e.g., liver, bone and pancreas) would be connected by the LVI 

microfluidic network, to mimic the physiological coupling of various types of organs 

in vivo. 

There might be several benefits for the LVI microfluidic channels for the high-

throughput cell culture. Despite the coverage rate within the human-designed 

microfluidic system might be 100%, most of them for high-throughput chips are 

relatively simple, which are totally different from the complex and hierarchical 

human blood vasculature system. The LVI microfluidic chip may obtain the 

maximized coverage of fluid distribution with high-efficiency and a low energy 
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consumption, owing to from the biomimetic optimized hierarchical network It has 

been found that the microfluidic channels obeying Murray’s law would have a two-

fold enhancement in hydraulic conductance [127]. 

4.2.4 Summary 

In this article, we developed a method to design and fabricate a microwell-integrated 

LVI microfluidic chip for high-throughput cell culture. In order to mimic the complex 

perfused vascular conditions in vivo and meet the requirement of high-throughput 

cell experiments in vitro, leaf-venation layer and microwell-array layer were 

successfully fabricated and assembled which functioned as a convection pathway to 

provide flowing culture medium and living chambers for cells respectively. 

Computational stimulation was carried out to study the fluid dynamics within the 

biomimetic LVI microfluidic channels. These results were further employed to 

optimze the size of microwells so that the most microwells were covered by the 

connective LVI microfluidic channels in a high possibility. Perfusion red dye solution 

and  nanobeads solution were carried out to studied the mass transfer within the chip 

macroscopically and microscopically. Perfused cell culture further indicated that the 

LVI microfluidic network was able to effectively provide flowing culture medium 

for the cells in the high-throughput microwells. Our work offers a novel approach for 

the biomimetic design and fabrication of microwell-integrated LVI microfluidic 

chips for high-through cell culture, which may find extensive applications in such 

fields as drug testing and biological studies. 



131 

 

4.3 Human-on-leaf-chip: A biomimetic vascular system integrated with chamber-

specific organs 

4.3.1 Introduction 

Organ systems in the human body communicate by secreting soluble factors and 

extracellular vesicles that transported mainly by the vascular system[101]. Multiorgan 

systems are designed for the biomimetic integration of individual organs to emulate 

human physiological organ-organ crosstalk and response to drugs[97, 141, 142]. To 

mimic the in-vivo conditions of the vital organs connected by the hierarchic 

cardiovascular system while capturing the advantage of innate leaf symmetry and 

allowing for flexible modifications, we propose here a novel biomimetic vascular 

system integrated with freely-designed chambers, which function as niches for the 

chamber-specific vascularized organs (Figure 4-17a). Inspired by previous microfluidic 

studies of leaf venation resemblance to human vasculature systems and to achieve 

perfused co-culture of various organs for research and screening purposes, we 

digitalized leaf venation design of Osmanthus Fragrans as CAD file to accommodate 

chambers for multi-organ culture, and transferred said design to PDMS for a high-

throughput, one-way and modifiable human-on-leaf-chip. Experimental perfusion 

study demonstrated independent fluid flowing in half-and-half mode along the main 

vein within our biomimetic vascular system and the existence of organs has an 

insignificant effect on flow velocity distribution within the microfluidic channels, 

which was further supported by the result of computational fluid dynamics analysis. As 

proof of concept study, the biomimetic vascular channels were endothelialized to 
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connect the self-assembled 3D vasculature within the chambers, showing the potential 

to fabricate a human-on-leaf-chip with vascularized organs, mimicking the complex 

architectures of the human cardiovascular system that connected the organs (Figure 4-

17b(i)). Besides, vascularized liver and bone organs representing soft and hard tissues 

respectively were fabricated within the biomimetic vascular system to verify its 

feasibility for organ-specific metastasis study (Figure 4-17b(ii)).  

 

Figure 4-17 Biomimetic design of a vascular system integrated with chamber-specific 

organs. (a) Schematic diagram of a leaf-venation-based biomimetic vascular system 

integrated with organs. Credit: The Ready Campaign, Community Emergency 

Response Team. (b) As proof-of-concept studies, the system can be employed to build 

human-on-leaf-chip (i) and to study organ-specific metastasis (ii). 



133 

 

4.3.2 Experimental 

Fabrication of biomimetic vascular network in in silicon wafer 

The high-quality photo of the leaf venation skeleton with hierarchical bifurcating veins 

was acquired using a consumer CCD camera (Cannon ED560 with micro-lens), as 

previously described.[35] Briefly, fresh Osmanthus Fragrans leaves were boiled in 

sodium hydroxide solution (10 wt.%) to remove the soft tissue, washed with distilled 

water and air-dried to acquire the flat leaf venation skeleton. The photo was then 

imported into software, LEAF GUI, to extract the framework of the leaf venation and 

obtain the binary image. Afterward, the binary image was processed in the software of 

WinTopo to obtain the CAD file of leaf venation network, which could be edited freely 

within the software of AutoCAD. In our experiment, the inlet and the chambers with 

different diameters were added into leaf venation network. The edited CAD file can be 

used to fabricate a photo-mask for the subsequent photolithography. Silicon wafers with 

a 150 μm depth of leaf venation network integrated with chambers could be made via 

SU-8 micropatterning methods that were established and detailed in our previous works. 

The microscopic profile of the chamber with the connected leaf venation network was 

observed with confocal microscopy. 

Assembly of the biomimetic vascular system with integrated chambers 

To replicate the microvascular network of leaf venation into PDMS layer, the silicon 

wafer was pre-treated with C4F8 in an ICP etching machine (Oxford, ICP180) for 5 

minutes to facilitate subsequent demolding. PDMS prepolymer solution(Sylgard 

184; Dow Corning, MI, USA) was uniformly mixed with curing agents with a mass 

https://www.sciencedirect.com/topics/engineering/dow-corning
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ratio of 10:1, degassed in a vacuum chamber and finally cast onto pre-treated silicon 

mold. The PDMS layer with a negative pattern of leaf venation was peeled off after 

solidification at 95 ℃ for 2 hours, soaked in ethyl alcohol (75%) for twelve hours to 

clean the remaining C4F8, washed with ultrapure water and trimmed to obtain the finial 

PDMS layer with the biomimetic vascular network. The inlet holes and outlet holes 

were punched using a 23G needle. The upper PMMA layers with a ∅1.5mm hole and 

bottom layers with no hole were machined as designed. Afterward, the PDMS layer 

was sandwiched by two PMMA slides and compressed together by ten screws and nuts. 

The inlet was connected to a 1mL plastic syringe with a 23G needle using tubing with 

an inner diameter of 0.6mm. The assembled leaf microfluidic chip was perfused with 

red dye solution and visualized with optical microscopy (Nikon, Ti-5) to characterize 

the connection of chambers and the biomimetic microfluidic network. A panoramic 

photo was captured using a consumer camera. 

Perfusion experiment within biomimetic vascular systems 

To characterize the half-and-half perfusion within the biomimetic vascular system, 

water, blue dye and red dye were perfused, which process was recorded using a 

consumer camera. Before the dye perfusion experiments, the chips were immersed in 

water and then vacuumed to remove all the bubbles in seconds. Firstly, water and blue 

dye were perfused in the chip with no chamber through the two inlets respectively. 

When the blue dye suffused the half of the chip, the water was replaced by red dye for 

perfusion. The representative images of dye perfusion were extracted every 3 seconds, 

which were imported into the ImageJ software (http://rsbweb.nih.gov/ij/) to calculate 
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the perfused area. To study the fluid transport within the chips with integrated chambers, 

1.5mL 3 mg/mL fibrin hydrogel was filled in the chambers of the PDMS layer, which 

was then sandwiched by two PMMA slides and assembled. The biomimetic vascular 

system filled with fibrin hydrogel could also be vacuumed to suffuse water and perfused 

with dyes as previously.  

Modeling and flow analysis of fluid transport within biomimetic vascular systems 

Modeling and fluid dynamics analysis within biomimetic vascular systems was carried 

out as previously described in detail.[132] Briefly, the photo of leaf venation network 

was processed by the software of LEAF GUI, WinTopo, AutoCAD and Gambit 

successively to obtain MESH file of leaf venation, which was finally imported into the 

ANSYS Fluent software to simulate the fluid flow inside the microfluidic channels and 

chambers of biomimetic vascular systems. Since the chambers will be added with 3D 

hydrogel for the perfusion experiments, the chambers are considered as the porous 

zones to simulate the 3D hydrogel material.  

The CaseMapDiff Calculator is a function of the software Ansys Ensight, to compare a 

variable across different cases. The cases of fluid dynamics analysis within biomimetic 

vascular systems with 0 and 6 chambers processed by ANSYS Fluent were imported 

into Ansys Ensight and processed using the CasemapDiff Calculator function to 

generate the velocity difference between them.  
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Fluorescein Isothiocyanate-dextran (FITC-dextran) diffusion study within biomimetic 

vascular systems 

To assess nutrition supply within the chamber filled with 3D fibrin hydrogel, solutions 

containing 200mg/mL FITC-dextran (70 kDa, Sigma-Aldrich) were introduced, and 

fluorescent images were captured using a fluorescent microscope (Nikon, TI-E 

ECLIPSE) after 20 min, 40 min and 60 min of perfusion. To quantitatively characterize 

the mass transport within the chambers, the fluorescent image was loaded into ImageJ 

software and straight lines were drawn as the measurement baselines. The fluorescent 

intensity along the measurement baseline was analyzed and calculated by subtracting 

the fluorescent intensity of the dark background. Finally, we quantified the average 

fluorescent intensity of the chambers in the different positions using ImageJ software.  

Cell culture  

Primary HUVECs (Angio-Proteomie) were cultured in endothelial growth medium 

(EGM-2MV; Lonza). Mouse bone marrow mesenchymal stem cells (mBMSCs, 

Cyagen) were cultured in Minimum Essential Medium α (MEM α, Thermo Fisher) 

supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% 

penicillin/streptomycin (Life Technologies). The human liver cancer cell line HepG2, 

a gift of Dr. Youhua Tan (The Hong Kong Polytechnic University, Hong Kong, China) 

and the human pancreatic cancer cell line PANC-1, kindly provided by Stem Cell Bank, 

Chinese Academy of Sciences were maintained in DMEM, Thermo Fisher) 

supplemented with 10% FBS (Gibco) and 1% penicillin/streptomycin (Life 

Technologies). All the experiments were conducted using HUVECs of passage 6 or 
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lower and mBMSCs of passage 10 or lower. The cells are labeled by green, red and 

violet color using Cell Tracker Green CMFDA Dye (C7025, Thermo Fisher), Red 

CMTPX Dye (C34552, Thermo Fisher) and CellTracker™ Violet BMQC Dye (C10094, 

Thermo Fisher) respectively. 

Formation of 3D branched microvascular network within chambers  

Before cell seeding, fibrinogen (6 mg/mL and 1mg/mL) from bovine plasma (Sigma-

Aldrich)and thrombin (100 U/mL) from bovine plasma (Sigma-Aldrich) were 

separately dissolved in PBS. 100 U/mL thrombin was mixed with EGM-2 MV (Lonza) 

to obtain a 6 U/mL thrombin solution for crosslinking fibrinogen. To enhance the 

attachment of HUVECs within the channels, the autoclaved PDMS layer with 

biomimetic vascular network was covered by 1 mg/mL fibrinogen solution for 1 hour 

in an incubator. Afterward, the remaining fibrinogen solution was removed clearly and 

the PDMS layer was placed in an incubator overnight to restore its hydrophobicity.  

Primary HUVECs were detached and spun down at 200g for 5 min and the cell pellet 

was resuspended in the prepared thrombin solution at 1×107/mL. The cell 

suspension was mixed with 6 mg/mL fibrinogen at a 1:1 vol ratio, quickly pipetted into 

the PDMS layer with 1.5 μL in each chamber and then placed in an incubator to 

polymerize for 10 min. The final concentration of HUVECs was 0.5×107/mL in 

3 mg/mL fibrin gel. Two PMMA sheets, sterilized using UV light, were then used to 

sandwich the PDMS layer and assemble into the final chip. EGM-2 medium was then 

introduced by a syringe for subsequent dynamic culture at 20 μL/min. Cell viability of 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fibrinogen
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/thrombin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bovine
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fibrinogen
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-suspension
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-suspension
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the self-assembled 3D branched microvascular network was characterized with a 

live/dead viability kit (L3224, Invitrogen). The living cells were stained with green 

color while dead cells were stained with red color. F-actin/nuclei staining was further 

performed for the constructs cultured for 3 days. To characterize the growth of 

microvasculature within different chambers, confocal images of F-acting staining were 

analyzed using ImageJ software. Briefly, raw images were prepared by enhancing 

contrast and removing noise. An automatic threshold was used to produce binarized 

images. From 2D projections, the vessel area within each chamber was computed by 

ImageJ.  

Endothelialization of the biomimetic vascular network to connect the self-assembled 

3D vasculature in the chambers 

Primary HUVECs, labeled with green cell tracker, were encapsulated in 3 mg/mL fibrin 

gel and seeded into the chambers according to the procedure above. The assembled ship 

was then fully perfused by the fresh medium for half an hour to avoid any bubble inside 

the microfluidic channels. 2×107/mL HUVEC suspension, labeled with red cell tracker, 

was injected into the empty microfluidic channels and incubated for 1 h. Afterward, we 

flipped over the chips and introduced the HUVECs suspension at 2×107/mL again in 

order to seed cells to all the inner surfaces of the empty channels. EGM-2 medium was 

then continuously perfused at 20 μL/min to favor cell adhesion and spreading. The 

fluorescence images were taken by using the laser confocal microscopy at 10x and 

invert microscopy (Nikon, Ti-5) at 4x. The 4x images were stitched together to obtain 

a panoramic image of green self-assembled vasculature in chambers which were 
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connected by the red endotheliazed biomimetic vascular network. 

Organ-specific pancreatic metastasis study within biomimetic vascular systems 

To differentiate the various types of cells for studying pancreatic metastasis into the 

vascularized organs in the biomimetic vascular system, primary HUVECs were labeled 

with green cell tracker, HepG2 cells and MSCs were labeled with violet cell tracker, 

and PANC-1 cells were labeled with red cell tracker. A cell suspension of HUVECs of 

0.5×107/mL and HepG2 cells of 2.5×106/mL in 3mg/mL fibrin gel was seeded into the 

chambers (1.5 μL cell suspension in each chamber) within half of the biomimetic 

vascular system to generate vascularized liver organs, while a cell suspension of 

HUVECs of 0.5×107/mL and MSCs of 1.25×106/mL in 3mg/mL fibrin gel was seeded 

into the chambers (1.5 μL cell suspension in each chamber) within another half of the 

biomimetic vascular system to generate vascularized bone organs. MSCs were seeded 

at half of the cell density applied for HepG2 cells because of their higher proliferation 

rate, which could lead to overpopulation and microvasculature disruption. The mixed 

medium of 50% EGM-2 medium and 50% DMEM was used to perfuse the liver organs, 

while the mixed medium of 50% EGM-2 medium and 50% MEM α was used to perfuse 

the bone organs at 20 μL/min. 

After 4 days in perfusion culture, PANC-1 cancer cell was seeded by infusing 0.5mL 

of 2 × 106 cell suspension into the chip. The occupation of PANC-1 cancer cells within 

vascularized organs was observed using a confocal fluorescence microscope (Leica 

6000) after 6 days in perfusion culture. The red cancer cell number was counted from 
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confocal imaging. 

4.3.3 Results and Discussion 

Design and fabrication of the biomimetic vascular system with integrated chambers 

 

Figure 4-18 Schematic diagram of the biomimetic vascular system, consisting of two 

PMMA sheets and a PDMS layer with the biomimetic vascular network. Chambers are 

seeded with cells/hydrogel before assembling.  

The aim of this work is to develop a biomimetic vascular system to support the perfused 

culture of vascularized organs. The biomimetic vascular system is mainly composed of 

a PDMS layer with biomimetic vascular network and integrated chambers sandwiched 

by two PMMA sheets to create a sealed perfusable microenvironment (Figure 4-18). 

Holes were produced in the PDMS layer and PMMA sheets to work as inlet and outlet, 

which were connected by Teflon tubes to a syringe driven by a syringe pump. Before 

assembly of the chip, cells/hydrogel would be seeded into the chambers, which 

functioned as living niches for the organs. Flowing medium was expected to perfuse 

through the entire biomimetic vascular network and thence diffuse throughout the 3D 

hydrogel to maintain the mass transport of encapsulated cells. In our experience, the 
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crosslinked fibrin hydrogel can be well maintained within the chambers and would not 

be squeezed into the channels during the assembly process. It can be found from the 

image of ink-perfused biomimetic vascular system that the flowing ink is able to perfuse 

through all the channels around the chamber that is filled with fibrin hydrogel (Figure 

4-19). This result indicates that the channels are empty after assembly of the chip, thus 

proving that the hydrogel pre-filled into the chambers was not squeezed into the 

channels during the assembly process. 

 

Figure 4-19. Microscopical image of the biomimetic vascular system with chambers 

filled with fibrin hydrogel after 30 s of blue ink perfusion. 

Many approaches have been proposed to fabricate microfluidic chips with the 

biomimetic vascular network of leaf venation, such as using leaf venation skeleton as a 

photo-mask for microfabrication[131] or direct replicating mold[132], as well as using 

decellularized leaf as cell seeding scaffolds[91], demonstrating the potential of leaf-

venation-inspired microfluidic network for engineering vascularized tissues. However, 

none of these approaches allow modifying the vascular network of leaf venation, which 

makes it impossible to integrate living niches for culturing various organs. To overcome 
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this problem, our strategy here is employing the CAD file of leaf venation network, 

obtained by series of image processes, to fabricate a photo-mask for following mold-

etching, which supports the free addition of predesigned chambers with any size in any 

position.        

Fluid transport in half-and-half mode within the biomimetic vascular system 

One basic function of leaf venation is to transport water for the surrounding tissues in 

leaf, which is thought to undergo a process of gradual optimization through 

evolution.[143] Enormous works thus have been done to investigate the fluid transfer 

within the leaf venation network, showing its merits like maximizing the water flow 

rate and minimizing water pressure drops caused by the water flow, which culminated 

in governing architectural principles such as Murray's law.[102, 144] It was also found 

that the multiscale microfluidic network within the agarose matrix was capable of 

transporting fluid sufficiently and rapidly without the assistance of external pumps, 

regardless of whether the microfluidic chip was placed at any positive or negative 

inclination angles.[139] More investigations were deserved to discover the architecture-

endowed characteristics of the leaf venation, which might give us the inspiration to 

design network-matrix architectures for a variety of practical applications. 

Since the architecture of leaf venation can be considered as bilaterally symmetrical 

along the main channels roughly, inks perfusion was conducted to investigate whether 

the fluid transport would also have the corresponding symmetry within our system. 

After completely suffused with pure water, the biomimetic vascular system was 
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perfused with water and blue ink through the two inlets independently at the same speed 

of 50ul/min. The blue ink took approximately 30s to fully perfuse a half of the 

biomimetic vascular system, during which process there was a clear boundary between 

the flowing water and blue ink, indicating they were in a stable laminar flow along the 

main channels (Figure 4-20a). Afterward, the inlet perfused by water was changed to 

be perfused by red ink, which also took approximately 30s to suffuse the other half, 

further confirming the interesting phenomenon of perfusion in half-and-half mode 

within the biomimetic vascular system. The perfused areas by the blue and red ink each 

3s were calculated and normalized by the corresponding half of the biomimetic vascular 

system. The curve of the perfusion ratio was nearly symmetrical, demonstrating that 

the velocity of the fluid transport might be identical within both halves of the 

biomimetic vascular system (Figure 4-20b). Figure 4-20c shows that the inks could also 

perfuse throughout the whole biomimetic vascular system with six chambers using 

approximately 30s, which were pre-filled with fibrin hydrogel to mimic the subsequent 

cell culture condition. The microscopical image clearly indicated that the existence of 

chambers had no effect on the half-and-half perfusion along the main vein (Figure 4-

20d). In short, two independent flowing fluids in half-and-half mode could be achieved 

within our biomimetic vascular system, regardless of whether there are integrated 

chambers, indicating the possibility to conduct comparative experiments by culturing 

two independent troops of organs in the chambers along the two sides. 

http://www.baidu.com/link?url=dgA3HaG0glbEZRkGaIYWiK3F8a3Ncbsj70W7eeVMTDbkxH-sBq41VILFW3ejPxUDxpxRkMOFikojz8WYXSybVcKW8FQbjrLv0bg27gOXi-3
http://www.baidu.com/link?url=dgA3HaG0glbEZRkGaIYWiK3F8a3Ncbsj70W7eeVMTDbkxH-sBq41VILFW3ejPxUDxpxRkMOFikojz8WYXSybVcKW8FQbjrLv0bg27gOXi-3
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Figure 4-20 Fluid transport within the biomimetic vascular system. (a) Representative 

images of the ink-perfused biomimetic vascular system with no chamber at different 

time points, showing half-and-half perfusion along the main vein. (b) The ratio of the 

perfused area by blue dye and red dye at different time points. (c) Representative images 

of ink-perfused biomimetic vascular system integrated with six chambers filled with 

fibrin hydrogel at different time points, showing half-and-half perfusion along the main 

vein. (d) Microscopical image showing half-red and half-blue within the main vein. 

Computational simulation of flow velocity vectors in the biomimetic vascular system 

with no chamber (e) and six chambers (f). (g) Computational study of the change of 
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flow velocity within the biomimetic vascular network caused by the six chambers. The 

contours show the difference of flow velocity within the biomimetic vascular network 

beyond the chambers between (e) and (f). 

 

Figure 4- 21 Representative phase-contrast and corresponding fluorescence images in 

the different regions of the biomimetic vascular system, perfused by FITC-dextran/pure 

water from two inlets, demonstrate the half-and-half flow along the main vein. 

To further investigate the effect of chambers on fluid transport within the biomimetic 

vascular network theoretically, we perform a numerical finite-element simulation 

model based on ANSYS Fluent. The chambers are considered as porous zones to 

simulate the seeded hydrogel in chambers for 3D cell culture, while the biomimetic 

vascular network is set to be the fluid zone. The flow inside the microfluidic channels 

is assumed as a steady, incompressible laminar flow. The simulation parameters are 

shown as follows: The dynamic viscosity and density of flow medium are 1.005×10-3 

Pa‧s and 1000 kg/m3 respectively; The porosity and viscous resistance of the porous 

zone are 0.99 and 6.667×1012 m-2; The velocity of inlet and the gauge pressure of outlet 

are set as 9.024 mm/s and 0. Figure 4-20e and Figure 4-20f show the distribution of 
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flow velocity within the biomimetic vascular system with 0 and 6 chambers 

respectively, indicating no significant difference between them. To more clearly show 

the change of flow velocity field within the biomimetic vascular system induced by the 

introduction of 6 chambers, these two cases processed by ANSYS Fluent were then 

imported into the software Ansys Ensight and processed using the CasemapDiff 

Calculator function, which was able to compare a variable across cases. After 

calculation, we could obtain the contours showing the difference of flow velocity within 

the biomimetic vascular network between Figure 4-20e and Figure 4-20f (Figure 4-20h). 

It can be found that the change of flow velocity only exists within the channels in a 

small zone near the chambers, suggesting that the introduction of chambers has little 

effect on flow velocity within the biomimetic vascular system. Furthermore, the 

pressure distribution within the biomimetic vascular systems are perfectly symmetrical 

in both 0 and 6 integrated chambers, suggesting that there is no pressure difference 

between each side of the biomimetic vascular systems, which allows it to maintain a 

stable laminar flow and a clear boundary of two fluids in the main vein (Figure 4- 

22).This result could help to validate the result of perfusion experiments that the 

chambers have an insignificant effect on perfusion time and half-and-half perfusion 

within the biomimetic vascular system. This interesting characteristic of the biomimetic 

vascular network might be owing to its hierarchic network with a large number of 

closed loops, which was found in previous research work that the vascular redundancy 

in the leaf venation system contributes strongly to the tolerance of vein damage for 

transporting fluid.[135, 136] 
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Figure 4-22 Pressure distribution within our biomimetic microfluidic system with no 

chamber (a) and 6 chambers (b). 

Characterization of FITC-dextran diffusion within the chambers pre-seeded with fibrin 

hydrogel 

To evaluate the nutrition supply within the chambers pre-seeded with fibrin hydrogel 

through the biomimetic vascular network, FITC-dextran solution was perfused and its 

diffusion within the chambers was quantified. Figure 4-23a shows the representative 

images of FITC-dextran distributed in a chamber at different perfusion times and the 

corresponding fluorescent intensity along the measured baseline. It was found that 

FITC-dextran could gradually diffuse from the empty microfluidic channels into the 

hydrogel within the chambers with the increase of perfusion time. The fluorescent 

intensity decreased along the direction of flow during the perfusion process, 

demonstrating that the flow from the channels might produce pressure-driven 

convection which would benefit the rapid diffusion of FITC-dextran in the permeable 
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fibrin hydrogel within the chambers, besides the concentration gradient-driven 

diffusion. After one hour’s perfusion, there was no statistically significant difference in 

the average fluorescence intensity among the different chambers, indicating that the 

biomimetic vascular network were able to provide sufficient nutrition to the cells 

encapsulated in 3D hydrogel within all the six chambers (Figure 4-23b).  

 

Figure 4-23 Characterization of FITC-dextran diffusion within the chambers pre-

seeded with fibrin hydrogel. (a) Representative fluorescent images of diffused FITC-

dextran from empty channels into a fibrin-hydrogel-filled chamber at different time 

points and the corresponding temporal diffusion profile of FITC-dextran along the 

measured baseline. (b) The average fluorescence intensity in the different chambers 

after one hour’s perfusion (statistical significance<0.01). 
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A proof-of-concept human-on-a-chip system with biomimetic vasculature connecting 

vascularized organs 

We next sought to use the biomimetic vascular system to build 3D vascularized organs 

within chambers. Fibrin hydrogel encapsulated with HUVECs was seeded into the 

chambers for perfused culture. At the beginning of 2 days in culture, the HUVECs 

began to elongate and connect with each other. After 4 days in culture, the endothelial 

cells eventually self-assembled into a 3D branched microvascular network enclosed in 

the fibrin hydrogel (Figure 4-24a). Fluorescent live/dead assay showed high viability 

of HUVECs within the chambers, indicating sufficient mass transfer provided by the 

biomimetic vascular channels (Figure 4-24b). F-actin staining was further conducted to 

clearly show the 3D capillary bed morphology and calculate the sizes of the vasculature 

within the chambers (Figure 4-24 (c, d)). The cross-sectional view showed the 

formation of lumen structures. Quantitative results indicated that there was no 

statistically significant difference in the projected microvasculature area among the six 

chambers, demonstrating that the biomimetic vascular system was able to provide 

comparable 3D living microenvironments for the cells/hydrogel in the integrated 

chambers (Figure 4-24f). 
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Figure 4-24 Characterization of the endothelial cells forming 3D self-assembled 

vasculature in chambers and lining along the channel wall. (a) Phase-contrast images 

of HUVECs forming microvasculature in a chamber over 4 days in culture. (b) Viability 

of the self-assembled microvasculature in a chamber. (c) F-actin staining showing the 

morphology of the self-assembled microvasculature in a chamber. (d) Cross-sectional 

view demonstrating hollow lumen of the vessels. (e) F-actin staining showing the 3D 

morphology of vessels within the chamber. (f) Quantification of microvasculature area 

in different chambers (statistical significance<0.01).  

Inspired by the vital organs in the human body connected by the hierarchic 

cardiovascular system to provide perfused blood, we attempt to build a human-on-chip 
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system by endothelializing the biomimetic vascular network to connect the self-

assembled 3D vasculature in the chambers. In order to distinguish the HUVECs within 

different locations of the chips, we labeled the HUVECs with green and red cell trackers 

respectively before cell seeding. The chip was assembled after seeding green HUVECs/ 

fibrin hydrogel into the chambers. Red HUVECs suspension in culture medium was 

then seeded into the biomimetic vascular network by multiple perfusion-seeding, which 

finally lined the entire network including the junctions between vessels of differing 

diameters and small ending channels. Under the constant flowing condition, HUVECs 

oriented along the direction of flow in the channels (Figure 4-25). Figure 4-26a is the 

stitched image indicating that the green self-assembled vasculatures within the 

integrated chambers were well connected with the red endothelialized biomimetic 

vascular network with complex hierarchical architectures. Figure 4-26b and Figure 4-

26c are the 3D view and cross-sectional view of the regional endothelialized 

biomimetic vascular network, demonstrating that the endothelial cells reached 

confluence and covered the 3D inner surface of the channels under perfusion conditions, 

while Figure 4-26d and Figure 4-26e show the integration of red endothelialized 

biomimetic vascular network and the green 3D self-assembled vasculatures. These 

results illustrate the potential of our strategy to fabricate a human-on-a-chip system with 

a biomimetic perfusable vasculature system connecting the integrated vascularized 

organs, mimicking the in-vivo complex architectures of the human cardiovascular 

system connecting the vascularized organs. 
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Figure 4-25 Oriented cell nucleus showing the aligned cells along the microfluidic 

channel. 

 

Figure 4-26 Endothelialization of biomimetic vascular network to connect vascularized 

organs. (a) The stitched fluorescent image of the endothelialized biomimetic vascular 

network (red) connecting the self-assembled microvasculatures (green) in chambers. (b, 

c) 3D view and cross-sectional view demonstrating hollow lumen of the endothelialized 

microfluidic channels. (d, e) The conjunction of endothelialized microfluidic channels 

(red) and the self-assembled microvasculature (green). 
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The biomimetic vascular system with various types of vascularized organs for organ-

specific pancreatic metastasis study. 

As an illustrative demonstration, we further build two types of vascularized organs 

within our biomimetic vascular system and did a comparative experiment for organ-

specific metastasis study. Metastasis, involving in the cancer cells disseminated from 

the primary tumor site and initiated new tumors at distant organ sites by circulating and 

repeatedly crossing through the blood vessel system, is the main cause of cancer-related 

deaths.[94] It has been found that the primary cancer cells usually intend to spread to 

other specific organs more predominately (e.g., colorectal cancer usually to liver).[145, 

146] Organ-on-chip technology, allowing for spatial and temporal control of cell 

growth and stimuli with microfluidic channels, create new opportunities for the study 

of metastasis with biomimetic complex biochemistries and geometries of the 

extracellular matrix.[147]  

Since it has been found before that our biomimetic vascular system support two 

independent flowing fluids in half-and-half mode along the main channels and the 

formation of 3D vasculature in the chambers, we then sought to culture two independent 

troops of organs, including the vascularized bone organs and liver organs in the 

chambers along the two sides of the biomimetic vascular system for studying the organ-

specific metastasis of pancreatic cancer (Figure 4-27a). The mixture of primary 

HUVECs labeled with green cell tracker and HepG2 cells labeled with violet cell 

tracker or primary MSCs labeled with violet cell tracker were embedded in fibrin 

hydrogel and seeded into the chambers within the two sides of the biomimetic vascular 
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system respectively, to generate vascularized liver organs and bone organs. After 4 days 

in dynamic culture, functional vascularized organs were formed within the chambers, 

and the pancreatic cancer cells (PANC-1) labeled with red cell tracker were introduced 

and cultured for another 2 days. Afterward, the metastatic colonization of the red cancer 

cells could be found within both organs (Figure 4-27b and c). The extravasated number 

of the cancer cells in the bone organs was significantly higher compared with the liver 

organs (Figure 4-27d). This result indicated that the vascularized MSC-

microenvironment might provide a preferable platform for the growth of pancreatic 

cancer cells. This is in accordance with previous studies which reported that MSCs 

were preferentially accumulated to pancreatic cancers in-vivo to promote tumor growth, 

metastasis and angiogenesis[148, 149]. We also observed a very interesting 

phenomenon that some of the red PANC-1 cancer cells were encircled by the violet 

MSC cells which situation did not occur between PANC-1 cancer cells and HepG2 cells 

in the liver organs (Figure 4-27e and f). Figure 4-27g is a schematic to clearly show the 

spatial position relationship of the cells within the organs. To quantitatively evaluate 

the percentage of red PANC-1 cancer cells that were encircled by the violet MSCs, we 

counted the total red PANC-1 cancer cell number in each bone organ and the number 

of red PANC-1 cancer cells that were encircled by the violet MSCs from confocal 

images. It was found that approximately 24% of PANC-1 cells were encircled by MSCs 

in bone organ. Pancreatic cancer is among the most lethal cancers in part owing to its 

aggressive metastatic nature. The development of 3D organotypic in-vitro microfluidic 

models to study the specificity of pancreatic cancer cells is important to improve the 
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understanding of the mechanistic determinants of metastatic colonization underlying 

the metastatic process for better prevention and treatment of metastatic cancer. 

Although previous 2D cell culture and in-vivo studies have indicated that there might 

be a specific cellular interaction between the pancreatic cancer cells and the MSCs, it 

is difficult to observe the 3D cellular interaction process using these models.[148] Our 

biomimetic vascular system with chamber-specific vascularized organs might provide 

new insight for further investigation on pancreatic cancer and the treatment.To the best 

of our knowledge, this is the first time to observe the spatial position relationship within 

3D hydrogel between extravasated PANC-1 cancer cells and MSCs, suggesting some 

biological mutual cellular interaction which still needs further investigation. Besides 

morphological observation, it is also feasible to take the cell samples out of our 

biomimetic chip for further biological analysis. After the removal of PMMA sheets, the 

cell samples in each chamber could be acquired by punching the PDMS layer with a 

biopsy punch and further transferred into other containers gently [150].  
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Figure 4-27 Perfused culture of vascularized organs in the biomimetic vascular system 

for studying organ-specific pancreatic metastasis. (a) Schematic diagram of 

vascularized liver organs and vascularized bone organs in the biomimetic vascular 

system, metastasized by PANC-1 cancer cells. Representative confocal images (b,c) 

and quantitative statistics analysis (d) of PANC-1 cancer cells (red) in vascularized liver 
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organ and vascularized bone organ exposed to perfused flow at days 6. (e,f) Projected 

overall view of the entire chambers and cross-sectional view demonstrating the position 

relationship between HepG2 cells (violet) and PANC-1 cancer cells (red), as well as 

MSCs (violet) and PANC-1 cancer cells (red). (g) Schematic diagram demonstrating 

the position relationship between HepG2 cells and PANC-1 cancer cells, as well as 

MSCs and PANC-1 cancer cells. 

4.3.4 Summary 

In summary, a novel strategy was proposed to fabricate a biomimetic vascular system 

integrated with chamber-specific vascularized organs. Through series of image 

processes, the CAD file of the leaf venation network was obtained, which enabled the 

predesigned addition of chambers with any size in any position and could be employed 

to fabricate the photo-mask for the following mold-etching. It was found that the final 

assembled chip could be perfused by two independent flowing fluids in half-and-half 

mode along the main vein no matter there existed chambers or not and the existence of 

organs had an insignificant effect on flow velocity distribution within our system. These 

characteristics might be owing to the bilaterally symmetrical and reticulate, hierarchical 

architectures of leaf venation network. As an illustrative demonstration, two types of 

vascularized organs were built within the chambers located in two halves of the 

biomimetic vascular system respectively, which were then proven to enable the 

comparative experiment on a single chip for organ-specific metastasis study. The 

system also allows for the confluent endothelialization of the inner surface of channels 

to build biomimetic perfusable vasculature system connecting the self-assembled 3D 
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vasculature in the chambers, giving us new insights into engineering a human-on-a-

chip system, which mimics the in-vivo complex architectures of the human 

cardiovascular system connecting the vascularized organs.  
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Chapter 5 Conclusions and Recommendations for 

Future Work 

The principal focus of this work was to engineer a nature-inspired microfluidic network 

for the applications of tissue engineering and organ-on-a-chip. To this end, three 

different approaches were proposed to fabricate biomimetic microfluidic network 

inspired by leaf venation with detailed vein channels using various biomaterials; fluid 

transport within the biomimetic microfluidic network was studied through 

computational simulation and perfusion experiments; For three biological applications, 

the biomimetic microfluidic network was then utilized to engineer vascularized tissue 

constructs, microwell-integrated LVI microfluidic chip for high-throughput cell culture 

and a biomimetic vascular system integrated with chamber-specific organs as human-

on-leaf-chip. 

This research was necessary to acquire the method to fabricate the biomimetic 

microfluidic system inspired by leaf venation network and a better understanding of its 

merits of in fluid transport and biological applications. This chapter presents a summary 

of the major findings, interpretation of the findings, and presents recommendations for 

future research. 

5.1 Major findings and conclusion 

In the first study, three different approaches were developed in this study, offering an 

excellent opportunity to fabricate the biomimetic microfluidic system inspired by leaf 
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venation network with high resolution and low cost. It showed that the chrome-coated 

skeleton of leaf venation could be utilized as photomask for soft-lithography and further 

ICP etching to obtain a microfluidic channel network within the silicon wafer. 

Furthermore, this approach could be improved by using the CAD file of leaf venation 

network to fabricate the photomask for microfabrication, during which process the 

CAD file was acquired by series of imaging processing of binary image of all veins in 

the network extracting from the high-quality photos of leaf venation. One of most 

important advantages of this approach is that the CAD file of leaf venation network 

could be freely edited, which implied that the network of leaf venation could be 

modified, such as addition of predesigned chambers with any size in any position. In 

addition, the skeleton of leaf venation pre-treated with octafluorocyclobutane could be 

used as replicating template for mold casting to obtain the micropatterned PDMS layer. 

These results indicated that all these three approaches enabled successful fabrication of 

LVI microfluidic channels in high resolution, with multiscale channels ranging from 1 

mm to 30 μm. By using the micropatterned PDMS layer as replicating template, the 

LVI microfluidic channels could be successfully transferred into hydrogel materials, 

such as agarose and GelMA, to engineer 3D hierarchical perfusable vasculatures, which 

has potential to be used as in-vitro tissue models or therapeutic tissue replacements.  

In the second study, the fluid dynamics of leaf venation network, working as 

microfluidic channels, have been studied through numerical finite-element simulation 

and dye perfusion, to investigate the architecture-induced merits of leaf venation 

network, which might be utilized in biological applications. The results of contours of 
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static pressure in LVI microfluidic chips indicated that the pressure distribution was 

roughly symmetrical along the main vein, which resulted in the interesting phenomenon 

of fluid transport in half-and-half mode validated by the perfusion of blue and red inks. 

The studies of fluid dynamics in the LVI microfluidic channels with chambers indicated 

that the change of flow velocity only existed within the channels in a small zone near 

the chambers, suggesting that the introduction of chambers had little effect on flow 

velocity within the biomimetic microfluidic system. This result could help validate the 

result of perfusion experiments that the chambers had an insignificant effect on 

perfusion time and half-and-half perfusion within the biomimetic vascular system. This 

interesting characteristic of the biomimetic vascular network might be owing to the 

hierarchic network with a large number of closed loops within the leaf venation network. 

All these results provided evident that the computational methods and LVI chips 

proposed in this study could help explore the principles of efficient transfer in leaf 

venation network, which would inspire us for biomimetic design. Dye perfusion in the 

LVI chips of hydrogel matrices suggested that the fluids were able to transport 

throughout the whole system automatically without external pump-driven force even 

when the leaf chip was placed at the inclination angle of -90°. Taking several minutes, 

the flowing nutrients could gradually diffuse from the microfluidic channels to the 

surrounding hydrogel and finally filled in the whole leaf chip. These findings implied 

that the LVI chips of hydrogel matrices might be a platform for pump-free culture of 

densely-populated constructs.    

In the last study, the architecture-induced merits of leaf venation network found in this 
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study were then utilized in the fabrication of vascularized tissue constructs and organ-

on-a-chip systems. Firstly, it was found that the incorporation of ECs/collagen gel into 

biomimetic vascular network could facilitate the formation of endothelialized network 

and simultaneously maintain their unique properties in transporting fluid in a pump-

free bioreactor setup. These strategies were further used to engineer pre-vascularized 

tissue constructs with densely populated cells, suggesting that the biomimetic 

microvascular network successfully functioned as convection pathways to perfuse 

culture medium for the long-term viability and endothelialization of the encapsulated 

cells. It was envisioned that these biomimetic strategies could be further utilized to 

engineer 3D perfusable tissues by stacking multilayer of cell-laden microfluidic 

constructs for potential use as in-vitro tissue models or therapeutic tissue replacements. 

Secondly, the descriptive statistics on the dimensions, position, and connectivity of all 

veins in the network, and the dimensions, shapes, and positions of the areoles were 

successfully extracted, which enabled optimization of the diameter of microwells for 

engineering microwell-integrated LVI microfluidic chips to culture high-throughput 

cell samples. Thirdly, based on the findings that the LVI microfluidic network 

possessed the merits of independent fluids transport in half-and-half mode along the 

main vein no matter there existed chambers or not, a novel strategy was proposed to 

fabricate a biomimetic vascular system integrated with chamber-specific vascularized 

organs. Two types of vascularized organs were built within the chambers located in two 

halves of the biomimetic vascular system respectively, which were then proven to 

enable the comparative experiment on a single chip for organ-specific metastasis study. 
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An interesting phenomenon was observed that some of the PANC-1 cancer cells were 

encircled by the MSCs. To the best of our knowledge, this is the first time to observe 

the spatial position relationship within 3D hydrogel between extravasated pancreatic 

cancer cells and MSCs, suggesting some biological mutual cellular interaction which 

still needs further investigation. Besides, the system also allowed for the confluent 

endothelialization of the inner surface of channels to build biomimetic perfusable 

vasculature system connecting the self-assembled 3D vasculature in the chambers, 

giving us new insights into engineering a human-on-leaf-chip system, mimicking the 

in-vivo complex architectures of the human cardiovascular system connecting the 

vascularized organs.   

Taken together, a biomimetic microfluidic network inspired by leaf venation was 

successfully introduced into various biomaterials, and its merits induced by the 

architectures were illustrated and utilized for engineering perfusable tissue constructs 

and organ-on-a-chip system for high-throughput cell culture and integrated multiorgan 

culture. 

5.2 Recommendations for Future Work 

More experiments regarding using micro-PIV to characterize the distribution of flow 

velocity and shear stress within the biomimetic system are suggested. These 

architecture-induced configurations of flow dynamics might have some relationship 

with the biological activities such as the growth of ECs or preferred metastasis in some 

specific region of the biomimetic microfluidic channels. These results might help us to 
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acquire and accumulate the principles of biomimetic design. Moreover, the 3D 

computational model of leaf venation network should be developed in future work for 

simulate the fluid dynamics in the biomimetic system, whose results might be more 

accurate and closer to the perfusion experiments. This will help to reduce the gap 

between computational simulations and experimental data.  

The alternative hydrogel material combing excellent mechanical properties and 

compatibility should be developed to replace agarose hydrogel, which was used in this 

study to engineer perfusable microfluidic cell-laden constructs. Although agarose was 

broadly used in previous research works for engineering cell-laden constructs in tissue 

engineering owing to its robust mechanical properties and relatively friendly 

microenvironment, pure agarose hydrogel was not favorable to the spreading and 

growth of encapsulated cells. That is why the HepG2 cells encapsulated in agarose 

hydrogel were alive but round all the time, and the HUVECs seeded into the 

microfluidic channels were unable to attach the inner surface and form confluent 

endothelial layer for engineering functional blood vessel. Other ECM components like 

collagen might be mixed with agarose materials to improve their biological 

performance. High-concentration GelMA also has the potential to bear the operation 

process of microreplication and support the cells’ growth. However, more efforts 

should be devoted to develop the suitable hydrogel materials, with the consideration of 

high strength, formability and maintenance of microfluidic architectures and excellent 

biological properties.   
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In conclusion, there are still plenty of open questions which remain in the field of 

biomimetic microfluidic system for engineering tissue constructs and organ-on-a-chip. 

Sophisticated computational methods, innovative new test apparatus, and novel 

hydrogel biomaterials will enable further insight in the bright future of this exciting 

field. 
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