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3D bioprinting is emerging as a promising tool in the tissue engineering field, 

providing bioengineering researchers with the unprecedented capability to engineer 

complex 3D biological architectures. However, there are still significant technological 

challenges for the existing bioprinting platforms to meet the various requirements of    
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bioprinting functional tissue constructs and biomedical devices, from the aspects of 

resolution, speed, flexibility and scalability.  In this dissertation, we develop and explore 

the applications of an advanced rapid bioprinting platform based on digital light 

projection technology – microscale continuous optical bioprinting (µCOB). First of all, 

we utilize the µCOB system to generate simple physical patterns to investigate the 

relative impact of cell alignment and form-induced stress on the differentiation of 

adipose derived stem cells (ADSCs). Secondly, we move towards the printing of more 

complex biomimetic scaffolds for the treatment of spinal cord injury. We show that 

patient specific scaffolds can be printed for precision medicine. The bioprinted scaffolds 

can also be loaded with neural stem cells to guide and promote the regeneration of spinal 

cord.  Then we incorporated live cell encapsulation in the bioprinting process to build 

prevascularized tissues. We show the survival and progressive formation of the 

endothelial network both in vitro and in vivo. Next we further examine the possibility 

of 3D printing homogeneous hydrogel nanocomposites with functional nanoparticles. 

A liver-inspired 3D detoxification device is created with nanoparticles that can attract, 

capture and sense toxins. Lastly, we explore the printing of multiple types of 

nanoparticles with heterogeneous distribution to create artificial microfish. With the 

functional nanoparticles, the printed microfish can be chemically driven and 

magnetically guided for detoxification applications. Overall, this work presents an 

advanced rapid bioprinting platform, capable of fabricating various intricate biomimetic 

structures with a variety of biomaterials, cells, and functional nanoparticles for tissue 

engineering and biomedical research.
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Chapter 1 

Introduction to Tissue Engineering and Biofabrication 

Techniques 

 

1.1 Introduction 

Three-dimensional (3D) printing has led to significant advancements in many 

areas in the past two decades, including aerospace, consumer products, arts, food 

industry and manufacturing.[1] With the recent advances of 3D printing technologies, a 

growing number of researchers in the biomedical engineering field are employing 3D 

printing as a transformative tool for biomedical applications, especially for tissue 

engineering and regenerative medicine. Tissue engineering is an emerging field that 

aims to develop biological substitutes of native human tissues or organs for in vitro drug 

screening to decrease the use of animals and increase the reliability of testing results, or 

for in vivo transplantation to mitigate the organ shortage and transplantation need. 

Recent research has greatly increased awareness of the dramatic differences in cell 

behavior between 2D and 3D culture systems. Culturing cells in 3D provides a more 

physiologically relevant environment to guide cell behaviors and enhance their 

functions.[2–5] Therefore, great efforts have been made to develop 3D biofabrication 

techniques that can generate complex, functional 3D architectures with appropriate 
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biomaterials and cell types to mimic the native microenvironment and biological 

components.  

1.2 Tissue engineering 

Tissue loss or organ failure remains one of the most devastating and costly 

human health threats. In the past two decades, tissue engineering has emerged as a novel 

interdisciplinary field that aims at addressing the limitations of the conventional 

treatment modalities, such as the chronic lack of available donor organs for 

transplantation and the species-specific variations in animal models for preclinical drug 

study. Tissue engineering is viewed as “an interdisciplinary field that applies the 

principles of engineering and life sciences toward the development of biological 

substitutes that restore, maintain, or improve tissue function or a whole organ”.[6] A 

typical tissue engineering strategy involves the following steps:  

1) the acquisition of cells: cells can be isolated from mature organs or 

differentiated from stem cells, such as embryonic stem cells (ESCs) and induced 

pluripotent stem cells (iPSCs); 

2) the expansion of cells in vitro; 

3) the incorporation of cells into matrix materials or 3D scaffolds to form tissues; 

4) the development of the engineered tissues under physical or biochemical 

stimuli; 

5) the use of the matured tissues for drug screening or transplantation. 

As indicated by the above tissue engineering process, there are three key 

elements in tissue engineering. First of all, we need the right cell source with the desired 
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functions, which should also be clinically ready and easily accessible. Secondly, we 

need appropriate matrix or scaffolding materials with the desired mechanical, biological 

and chemical properties for cell encapsulation and guidance. For the purpose of 

transplantation, both the cells and the scaffolding materials are expected to be 

biocompatible in vivo, eliciting limited immune response and desirable degradation rate. 

Last but not least, we need advanced biofabrication techniques that can organize the 

cells and materials into the right form to promote the development of the engineered 

tissue. To achieve the goal of engineering tissues with the desired functions, the 

resolution of the biofabrication technique should be comparable to the feature size of 

cells and biomolecules, which is micro/nanometer scale. The fabrication process should 

also be flexible for the engineering of various tissue types and be able to scale up from 

micro tissue patches to a functional organ. Moreover, to maintain high cell viability, the 

fabrication speed is desired to be fast enough so as to minimize the cells’ exposure to 

the biofabrication process and maintain high cell viability. 

1.3 Biofabrication techniques 

A majority of the traditional methods for creating 3D scaffolds – including 

electrospinning,[7] freeze-drying,[8] gas foaming,[9,10] particle or porogen leaching[11,12] – 

have control only on the bulk properties of the scaffolds and do not allow precise control 

of the internal architecture and topology.[13] There are mainly three categories of 

biofabrication techniques that have been used to build 3D structures with local 

microarchitectures for tissue engineering: 1) photomask-assisted method, 2) 

micromold-assisted method, and 3) rapid prototyping method.  
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1.3.1 Photomask-assisted biofabricaion 

Inspired by photolithography in electronics manufacturing, photomasks were 

used to dictate the polymerization of photosensitive biomaterials to create 3D cell-laden 

hydrogel scaffolds.[14,15] In the photomask-assisted method, a physical photomask is 

used to restrict the light exposure to certain regions of the photopolymerizable solution. 

Only the exposed region will be polymerized by the UV light. Figure 1.1 demonstrated 

the layer-by-layer fabrication of a 3D hepatic tissue with cells using photomasks. In this 

method, if there is a need to change the design, a new photomask needs to be 

manufactured, which is costly and time-consuming, especially when trying out multiple 

designs or parameters. 

 

Figure 1.1: Photomask-assisted method for the fabrication of hepatic tissue.[16] Copyright 
the FASEB Journal 2007. 
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1.3.2 Micromold-assisted biofabrication 

In the micromold-assisted method (Figure 1.2), a mold is used to restrict the 

distribution of the prepolymer for further polymerization.[17] Figure 1.2 demonstrates 

the use of a polydimethylsiloxane (PDMS) mold to fabricate microstructures with 

hyaluronic acid (HA). Figure 1.2A shows the molding of a thin HA film without cells, 

which is subsequently crosslinked by UV light. In Figure 1.2B, a solution of HA mixed 

with cells were transferred by the mold to the substrate and subsequently molded by UV 

light. Similar to the photomask-assisted method, a new mold needs to be manufactured 

for a second design, which is laborious and costly. 

 

Figure 1.2: Mold-assisted method for fabrication of HA microstructures with or without 
cells.[17] Copyright Advanced Materials 2012. 

 
1.3.3 Rapid prototyping biofabrication 

With the proven flexibility and versatility, rapid prototyping methods have 

emerged as a new generation of biofabrication techniques. Assisted by 3D computer 

aided design (CAD), rapid prototyping methods do not require the use of physical masks 

or molds to fabricate 3D structures, which greatly reduces the turnover time and the cost 
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for the fabrication. Figure 1.3 demonstrates two most conventional rapid prototyping 

techniques, both of which use micro-nozzles to deliver the material to the targeted 

region.[1] The nozzels are automatically controlled by the computer and motors to move 

in three dimensions according to the CAD design.  

The inkjet bioprinter shown in Figure 1.3A delivers materials drop by drop with 

the nozzels. The early development of this type of bioprinting systems to print cellular 

assemblies that mimic their respective architecture in organs originated from modifying 

commercially available inkjet printers.[18] Instead of dispensing ink, these inkjet printers 

were modified to dispense protein or cell solutions.[18] Although this printing system is 

automated for the high-throughput manufacture of cell arrays, it is still limited to 2D 

tissue constructs. By using thermosensitive gels in the same system, one could print 

successive layers of cellular aggregates followed by fusion of the aggregates, to generate 

3D cell-laden constructs.[19] Further advancement of inkjet printing systems over the 

decade allowed the biofabrication of complex and heterogeneous 3D tissue constructs 

consisting of multiple cell types.[20] The thermal inkjet printers are widely available at 

relatively low cost, but low droplet directionality, nozzle clogging and the risk of 

exposing cells to thermal and mechanical stress pose considerable concerns to the use 

of these printers in 3D bioprinting. 

Following the first use of inkjet printing systems for cell applications, a robotic 

solid freeform fabrication platform with a gel extrusion tool (Figure 1.3B), was 

developed to deposit pre-seeded alginate hydrogel line by line to produce 3D pre-seeded 

living implants of arbitrary geometries.[21] The successful application of the technology 
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in printing cell-laden construct further leads to future organ printing applications.[22,23] 

Multicellular spheroids were used as a building block for such applications, which 

eventually lead to a layer-by-layer robotic biofabrication of 3D functional living macro-

tissues and organ constructs.[22] In addition to spheroid and organoid printing, extrusion-

based bioprinting systems have also been used in recent years in combination with novel 

biomaterials to create liver, cartilage and neural tissue construct.[24–26] Recent 

demonstrations of nozzle-based bioprinting technology in patterning de-cellularized 

extracellular matrix (dECM) further highlight the future potential of this bioprinting 

technology in manipulating biomimetic materials with complex composition.[27] 

 

Figure 1.3: Schematic diagram of the inkjet bioprinter (A) and the microextrusion 
bioprinter (B).[1] Copyright Nature Biotechnology 2014. 

 
Inkjet and extrusion bioprinters have unique advantages in terms of simplicity, 

flexibility and low cost. However, these two methods have limitations as well. First of 

all, cell damage and death as well as cell sedimentation and aggregation exist in both 

methods due to the shear stress and the small orifice diameter of the nozzles used to 

deliver the bio-ink. Also, the printing resolution is limited by the physical confinement 

of the nozzles, usually above 50 µm. Moreover, the structural integrity of the printed 
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structures is another concern, especially at the interfaces of droplets (in the case of inkjet 

printing) and lines (in the case of extrusion printing). 

1.3.4 Microscale continuous optical bioprinting 

 In addition to inkjet bioprinting and extrusion bioprinting technologies, light-

assisted bioprinting platforms are increasingly being used for cell printing and tissue 

engineering applications. These systems mostly involve the photo-polymerization of 

biomaterials and can print a variety of cell types with good cell viability.[5,28] One 

representative type of the light-assisted rapid bioprinters is the digital light processing 

(DLP) – based printer. 

The DLP based printer developed by Lu et al. utilizes a digital micromirror 

device (DMD) chip, composed of approximately one million micromirrors, to modulate 

the UV light and project an optical pattern–dictated by the custom-designed CAD 

model–onto the photopolymer solution.[29] Based on this work, we have further 

developed a microscale continuous optical bioprinting (µCOB) platform, which enables 

us print biological structures in a layerless fashion by continuously modulating the 

optical pattern on the DMD chip and moving the sample stage simultaneously (Figure 

1.4).[30] The resolution of this bioprinter is dictated by the focal size of the light beam 

from each micromirror, which is at micron scale.[28,31] Compared to the serial printing 

process (drop-by-drop or line-by-line) of the inkjet or extrusion printers, the µCOB 

printer prints in parallel by projecting the entire plane of optical pattern onto the 

photopolymer solution, which significantly reduces the time required for the 

fabrication.[30] By continuously refreshing the projected optical patterns and moving the 
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stage with the printed object, smooth 3D objects can be printed with no artificial 

interfaces which occur between the droplets (in the inkjet printing) or the lines (in the 

extrusion printing).[30,32] By eliminating the interfacial artifacts, the mechanical integrity 

of  the printed 3D objects can be greatly improved. Due to these advantages, the µCOB 

system has been employed to create a variety of complex 3D structures such as domes, 

vasculature network, and neuronal conduits, with different biomaterials including 

polyethylene glycol diacrylate (PEGDA), glycidyl methacrylate-modified hyaluraunic 

acid (GM-HA), gelatin methacrylate (GelMa) as well as cells.[5,28,30,33,34] 

 

Figure 1.4: Schematic diagram of the µCOB bioprinting system. 
 

 
1.4 Scope of dissertation 

There is still an unmet need of a biofabrication technique featuring the desired 

resolution, speed, flexibility and versatility for the tissue engineering field. This 

dissertation presents the development of a novel rapid bioprinting platform based on 

DLP technology and its applications in tissue modeling. 
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Chapter 1 gives an overview of tissue engineering and the current biofabrication 

techniques used to build 3D architectures for tissue models. A newly developed 

bioprinting platform based on DLP technology (µCOB) is introduced. 

Chapter 2 presents the development of the µCOB system and its application to 

stem cell studies. Designer geometric cues were fabricated by the µCOB system and 

used to modulate the cellular alignment and stress distribution of adipose-derived stem 

cells (ADSCs). The relative impact of cellular alignment versus form-induced stress on 

the differentiation of ADSCs is studied. 

Chapter 3 moves forward to develop the µCOB system for the fabrication of 

more complex 3D biomimetic scaffolds for spinal cord injury (SCI) treatment. It 

demonstrates the use of the fabrication of patient-specific spinal cord scaffolds with the 

µCOB system. The foreign body response of the implants is significantly reduced with 

new biofabrication technique and the biomaterials used. The scaffolds are also 

incorporated with stem cells to further improve the regeneration of the axons. 

Chapter 4 further develops the µCOB system for live cell encapsulation in the 

bioprinting process. Prevascularized tissue constructs are printed with endothelial cells 

and supportive cells. The survival and progressive formation of endothelial networks 

are presented by both in vitro culture and in vivo implantation. The grafted 

prevascularized tissue constructs also anastomosed with the host circulation in vivo. 

Chapter 5 explores the incorporation of functional nanoparticles to 3D print 

biomedical devices with the µCOB system. As a proof of concept, a biomimetic 
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detoxification device was bioprinted by incorporating a type of detoxifying nanoparticle 

homogeneously in the hydrogel matrix featuring liver lobule design. 

Chapter 6 further explores the capability of bioprinting devices with multiple 

types of functional nanoparticles in heterogeneous distribution. Different nanoparticles 

are precisely localized in different body parts of the microfish. The 3D printed microfish 

are able to swim with chemical fuel and the movement can be guided by magnetic field. 

Another detoxifying nanoparticle is embedded in the fish body to demonstrate a 

potential application of the microfish for efficient detoxification. 

Chapter 7 summarizes the work of this dissertation and discusses the future 

directions of developing the biofabrication techniques for tissue engineering. 

 

Chapter 1, in part, is a reprint of the material as it appears in: W. Zhu, X. Ma, 

M. Gou, D. Mei, K. Zhang, S. Chen (2016), “3D Printing of Functional Biomaterials 

for Tissue Engineering”, Current Opinion in Biotechnology, 40, 103-112. The 

dissertation author was the primary author. 
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Chapter 2 

3D Printing of Simple Designer Patterns for Cell Guidance 

 

2.1 Introduction 

As mentioned in Chapter 1, cell sourcing is one key element in tissue 

engineering. The use of stem cells has become a cornerstone in myriad tissue 

engineering applications, and the rapid development of methods for sourcing stem cells 

has largely aided this progress.  In particular, ADSCs, due to their differentiation 

potential and the relative ease and abundance with which they can be sourced, have 

attracted much attention within the field. ADSCs can differentiate into a variety of cell 

lineages, such as smooth muscle cells, chondrocytes, osteoblasts, and neurons.[35–42] 

Given the powerful utility of ADSCs, the development of methods for appropriately 

manipulating these cells in vitro – and eventually in vivo – is pivotal to their adoption 

in tissue engineering applications. 

Most studies investigating the cellular response of ADSCs to external cues have 

focused on the use of biochemical signals. However, mechanotransduction events 

involving cell-cell and cell-material interactions can play a significant role in directing 

cell activity and fate.[43,44] For instance, Engler et al. used polyacrylamide gels to show 

that variations in substrate stiffness can induce MSC differentiation towards 

corresponding cell lineages.[45] The C. S. Chen group demonstrated that endothelial cells 

can form proliferation patterns that correspond to the internal stresses provided by 
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various geometries designed to direct cell adhesion.[46] They also showed that – in 

comparison to MSCs that exhibit spheroid morphology – MSCs with a confined cell 

growth area up-regulate the expression of chondrogenic markers, whereas myogenesis 

was enhanced with normally spread morphology.[47] Furthermore, independent of 

soluble factors, osteogenesis was promoted in MSCs cultured on substrates with 

geometric cues designed to enhance cellular contractility.[48] Others have demonstrated 

that the expression of muscle-specific genes can be induced in stem cells by 

multicellular forms that promote uniaxial cell alignment.[49] Interestingly, a recent study 

by Munoz-Pinto et al. suggested that uniaxial alignment can induce more myogenesis 

in multipotent mouse stem cells than those with increased cell-substrate stress.[50] 

However, despite the demonstrated influence that mechanical and geometric cues can 

have on directing cell fate, to the best of our knowledge the number of studies that have 

translated these findings to ADSCs has been limited. 

In this work, we utilized the µCOB platform to create three designed 

multicellular forms and further studied the early stage differentiation of ADSCs on these 

microfabricated surfaces featuring various geometric cues to determine the relative 

impact of uniaxial cell alignment versus form-induced stress.  

2.2 Methods 

2.2.1 Scaffold fabrication  

Poly (ethylene glycol) diacrylate (PEGDA, Mn = 700), 2,2,6,6-

tetramethylpiperidine 1-oxyl (TEMPO, free-radical quencher) and 2-Hydroxy-4-

methoxy-benzophenon-5-sulfonic acid (HMBS) were purchased from Sigma-Aldrich.  
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Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator was 

prepared as previously described.[51] Briefly, 3.2g (0.018mol) of 2,4,6-trimethylbenzoyl 

chloride (Sigma–Aldrich) was added dropwise to an equal molar amount of dimethyl 

phenylphosphonite (3g, Acros Organics) with continuous stirring at room temperature 

under argon. After 18 hours, 6.1g lithium bromide (Sigma–Aldrich) dissolved in 100ml 

of 2-butanone (Sigma–Aldrich) was added into the previous mixture at 4-fold excess. 

The reaction was then heated to 50 °C and a solid precipitate was formed after 10 min. 

The mixture was allowed to cool down to room temperature and rest for overnight 

before filtration. 2-butanone was used to wash the filtrate and remove the unreacted 

lithium bromide. After 3 times of wash and filtration, the excess solvent was removed 

by vacuum, leaving LAP in a white solid chunk state which was pestled into powder. 

LAP was stored at – 80 °C under argon for future use. 

Pre-polymer solution was prepared as follows. PEGDA (20 wt% Mn 700, 

Sigma-Aldrich) was mixed with Dulbecco's phosphate-buffered saline (DPBS), LAP (1 

wt%) and Tempo (0.01 wt%). The mixture was vortexed (5 min) and sterilized by using 

a 0.22-µm pore size syringe filter. The PEGDA solution was sandwiched between a 

methacrylated coverslip and a glass slide holder with a PDMS spacer (50µm height). 

Samples were fabricated by 4 seconds of UV-light (365nm) exposure using the µCOB 

biofabrication system (Figure 1.4).[30] 

2.2.2 Cell Cultures  

ADSCs were purchased from Lonza and cultured according to the protocol 

provided by the vendor using ADSC™ Growth Media BulletKit™ (Lonza). All 
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experiments were carried out using ADSCs from passages 2 to 5. The cells were 

harvested and counted based on the general protocol and then seeded onto the scaffold 

with growth media. Media were initially changed one day after seeding and then 

refreshed every other day. To assess cell differentiation, the cultures were maintained 

for 7 days in a 37°C incubator with 5% CO2. 

2.2.3 Immunofluorescent staining  

Cells were fixed after 7 days of culture and stained for differentiation markers 

and nuclei. 4% paraformaldehyde (Electron Microscopy Sciences) was used to fix the 

cells on the scaffold for 30 minutes at room temperature, and followed by 

permeabilization with 0.1% Triton X-100 (Sigma Aldrich) in DPBS with 2% bovine 

serum album (BSA, Fisher Scientific) for 60 minutes. The cells were then exposed to 

1:100 diluted primary antibodies (smooth muscle a-actin, Novus Bio; SM22α, Santa 

Cruz; Runx2, Abnova, Sox9, Sigma; PPARγ, Cell Signaling) at 4°C overnight.  

Secondary antibodies with fluorescent labels (goat anti mouse-DyLight 488, 

JacksonImmuno; goat anti rabbit IgG-CF594, Biotium) were applied to samples for 1 

hour at room temperature. Nuclei were counterstained with Horchest 33258 DNA dye 

(Invitrogen). Fluorescent images were taken on Leica DMI 6000-B Microscope.  

2.2.4 Finite element modeling of form-induced stress  

The cell-substrate stress distributions induced by the three different patterns 

were modeled using COMSOL Multiphysics according to previously reported 

model.[46,50] In brief, a 3D finite-element model of the cell-substrate interaction was 

constructed with a contractile layer and a passive layer using previously reported 
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physical parameters. The cell layer was represented by the contractile layer with a height 

of 20µm, a Young’s modulus of 500Pa, a Poisson’s ratio of 0.499, a thermal 

conductivity of 10 Wm-1K-1 and a coefficient of expansion of 0.05 K-1. The passive layer 

was intended to represent the pendant protein chains adsorbed onto the substrate with a 

height of 4 µm, a Young’s modulus of 100 Pa, and a Poisson’s ratio of 0.499.[46,50] Since 

the surface of the substrate is very rigid, the bottom of the passive layer was treated as 

fixed constraint. In all simulations, a mesh of free tetrahedral was built with element 

sizes of 2-5 µm. To simulate the monolayer cell contraction, a thermal strain was 

induced by a temperature drop of 5 K. The maximum principal stress at the fixed bottom 

surface was determined. Convergence of results was confirmed by varying the element 

sizes of the mesh and physical parameters. 

2.2.5 qRT-PCR  

ADSCs were seeded onto the patterned surfaces at 20,000/cm2 and maintained 

for 7 days in normal growth media before RNA extraction. Total RNA was isolated 

using TRIzol® (Invitrogen) with a manufacturer-suggested protocol. The concentration 

and quality of RNA were examined by using a Nanodrop spectrophotometer (Thermo). 

Reverse transcription of mRNA was carried out with 1 µg of total RNA using the MLV 

reverse transcriptase (Invitrogen) and oligo-dT primer at 42°C for 1 h. The synthesized 

cDNA was then used to perform quantitative real-time PCR (qRT-PCR) with the iQ 

SYBR Green supermix (Bio-Rad) on the iCycler real-time PCR detection system (Bio-

Rad). The primer sequences will be provided upon request. 

2.2.6 Statistical Analysis 
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Data are reported as mean ± standard deviation. Comparison of sample means 

was performed by ANOVA followed by Tukey’s post-hoc test (SPSS software), p < 

0.05 was considered statistically significant. 

2.3 Results 

2.3.1 Scaffold design and characterization 

In the present study, three distinct patterns were designed and fabricated using 

the µCOB platform, namely the stripe pattern (ST, Figure 2.1A), symmetric fork pattern 

(SF, Figure 2.1B) and asymmetric fork pattern (AF, Figure 2.1C). Due to the high 

flexibility and the “mask-less” feature of the µCOB system, several different parameters 

can be tested and optimized in an efficient manner. For instance, the pixel numbers of 

patterned area and gaps in the digital masks were optimized to form designed pattern 

without disrupting the gaps due to bleeding. All scaffolds were fabricated using 20% 

PEGDA without any cell adhesion ligand. Therefore, the fabricated wall-like structures 

were resistant to cell adhesion and could simply serve as obstructions to block cell 

spreading and migration. The height of the scaffold was controlled by the spacers, and 

all scaffolds had a height of approximately 50µm, which was sufficient to prevent cells 

from climbing over the walls. The gaps between the parallel walls were consistent across 

different scaffolds, being 177.4±2.9, 174.0±2.3, and 175.8±2.0µm in the ST, SF, and 

AF patterns, respectively (Figure 2.1). The gap between the spikes of the SF pattern was 

105.6±4.0µm, and the gaps between the spikes of the AF pattern were 169.2±5.9 and 

39.2±5.7µm. The gaps between the spikes and parallel wall were 57.4±4.0µm in the SF 

pattern, and 53.6±3.3µm in the AF pattern. The average widths of the walls were 
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comparable across the patterns, being 21.1±0.7, 23.0±0.9, and 22.1±0.9µm for ST, SF, 

and AF patterns, respectively (Figure 2.1). With a single UV exposure, a typical 

patterned area in the µCOB system is about 2mm by 3.5mm. However, this size is 

scalable for larger patterns through the precise motion of the sample stage and control 

of the µCOB software. Due to the usage of highly efficient photoinitiator LAP, 4 

seconds of UV exposure was sufficient for one single patterning.  

 

Figure 2.1: Designer geometric cues fabricated by the µCOB system. (A) Stripes pattern 
(ST), (B) symmetric fork pattern (SF), (C) asymmetric fork pattern (AF). Scale bars:100 µm. 
 

 

Figure 2.2: Quantification of the cellular alignment induced by the patterns. (A) Histogram 
showing alignment distribution of cells in stripes (ST), symmetric fork (SF), and asymmetric 
fork (AF) patterns. (B) Representative binarized images of nuclear staining of cells in three 
patterns for alignment analysis. (C) Representative fluorescent images of F-actin staining of 
cells in three multi-cellular forms. Scale bars: 100 µm. 
 
2.3.2 Assessment of cell alignment 
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Human adipose-derived stem cells were cultured and seeded onto the patterned 

surfaces, and the cell alignment was monitored. Hoechst staining was used to stain the 

nuclei and later used for quantitative analysis of cell alignment. The fluorescent images 

of F-actin showed that the cells followed the walls created in the device and formed 

multicellular forms by design (Figure 2.2C). In order to further quantify the cell 

alignment, the nuclear staining was subjected to an automated image analysis method 

[22] (Figure 2.2B). In brief, the nuclear staining images were binarized and imported 

into MATLAB, and the orientations of the nuclei were profiled using an in-house 

developed algorithm. All readings from multiple independent pictures (n > 10) were 

pooled to generate the histogram in Figure 2.2A. The cells in the ST pattern showed one 

strong peak around zero degree (Figure 2.2A, black curve), indicating that cell 

alignment is primarily along the same direction as the PEG walls. In the SF and AF 

patterns, the spikes between the stripes were designed to interrupt cell alignment. The 

cells in the SF pattern showed a significantly depressed peak at zero degree and two 

symmetric peaks on the shoulders (Figure 2.2A, red curve). In the AF pattern, the main 

peak at zero degree remained similar to that in SF, but there is also a very wide peak 

next to it (Figure 2.2A blue curve), indicating a more random cellular directionality. The 

nuclear staining is a good approach to assess the cell alignment since it is a convenient 

mark to isolate individual cells, although it may slightly increase the noise because the 

shape of the nuclei is less asymmetrical than the cell. Although cytoskeletal staining 

(e.g., F-actin) could be another option,[52] the overlapping of actin filaments due to the 

high cell density in our experiments (Figure 2.2C) made it very challenging to isolate 
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individual cells for the analysis of cell directionality. The alignment histogram 

demonstrates that our microfabricated surfaces could guide ADSCs to form 

multicellular forms by design and that the cellular alignment was interrupted in the SF 

pattern and further impaired in the AF pattern. 

2.3.3 Evaluation of relative stresses within the patterns 

Finite element simulation was performed to evaluate the relative stresses within 

the multicellular forms. In all three patterns, the contraction of the cellular sheet induced 

a higher traction stress on the edges than the interior part, and a maximum stress was 

observed in AF and SF at the corners where spikes and parallel walls joined (Figure 

2.3A). The AF and SF designs changed the distribution of the relative stresses compared 

to those in the ST design, and the results showed that SF and AF patterns experienced a 

higher traction stresses along the patterned spikes. To further elucidate the difference of 

relative stresses in the three patterns, a distribution histogram was generated using the 

data across the patterns horizontally in the center (Figure 2.3B). The maximum relative 

stress at the spike edges of the AF and SF patterns can be nearly 3 times as high as the 

stress in the interior part of all three patterns. The closer to the edge, the higher was the 

relative stress. For the ST pattern, since there are no interior edges, the stress is evenly 

distributed (Figure 2.3B, black line). To further validate the relative stress pattern, heat 

maps were generated as previously described using F-actin staining [13]. As shown in 

Figure 2.3C, cell distribution was homogenous in the ST pattern, whereas in the AF and 

SF patterns, more cells were localized towards the center of the pattern and away from 

the edges. Due to the resistance of cell adhesion to the PEGDA walls, the cells near the 
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edge could be potentially pulled by cells located in the center of the patterns and thus 

formed the final multicellular forms. This is consistent with the simulation results, in 

which higher relative stress emerges towards the edges, and more cellular deformation 

is to be expected [23].  

 
Figure 2.3: Evaluation of relative cell-substrate stresses within the patterns. (A) Finite 
element modeling results of the stress distributions within the three patterns. (B) Plot of relative 
stress across the center of the patterns calculated in the FEM analysis. (C) Heat map generated 
in FIJI software using stacks of F-actin staining images to show cellular distribution. Scale bars: 
100 µm. 

 
2.3.4 Expression of lineage markers 

ADSCs have been demonstrated to differentiate into multiple lineages, such as 

smooth muscle cells, chondrocytes, osteoblasts, and adipocytes.[36–39] To assess cell 

differentiation, qRT-PCR was conducted to compare the expression of differentiation 

markers, namely, SM22α for smooth muscle cells, Sox9 for chondrocytes, Runx2 for 

osteoblasts, and PPARγ for adipocytes. The result of each experiment was determined 
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by the normalization to its internal control (GAPDH), followed by the normalization to 

the corresponding ST experiment. As shown in Figure 2.4, no significant difference in 

the adipocyte lineage marker PPARγ was detected across the 3 patterns. This may be 

due to the high stiffness of glass surface not being suitable for adipogenesis. As 

demonstrated in previous reports, higher cellular stress induced by ECM stiffness and 

cell-cell interactions could induce chondrogenesis and osteogenesis.[45,53] Therefore, we 

assessed the progression towards these two lineages for ADSCs in different patterns, 

which led to different relative stresses. As shown in Figure 2.4, the chondrogenic marker 

Sox9 was significantly up-regulated in the SF pattern relative to the ST pattern. Sox9 

expression in the AF pattern also showed a higher value, but it had limited statistical 

significance. The osteogenic marker Runx2 expression was significantly elevated in the 

SF pattern relative to both AF and ST patterns. Again, the slightly higher expression of 

Runx2 in AF pattern than ST pattern lacks statistical significance. Assessment of 

myogenesis using the marker SM22α showed a different trend (Figure 2.4). The SM22α 

expression in ST pattern was significantly elevated compared to AF pattern, however, 

the difference between SF and ST patterns was not significant. Given the fact that 

different levels of cellular alignment were seen in the three patterns, this trend may 

indicate a significant role of uniaxial alignment in myogenesis. The perfect uniaxial 

alignment in ST pattern may promote myogenic marker expression. When we compared 

AF and SF patterns, which shared similar levels of overall relative stress, the further 

disruption of cellular alignment in AF patterns seemed to reduce significantly the 

myogenic marker expression. 
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Figure 2.4: qRT-PCR for quantification of ADSC differentiation within different 
multicellular forms. Relative expression of differentiation markers in asymmetric (AF) and 
symmetric fork (SF) was compared relative to stripes pattern (ST). #indicates significant 
difference between AF and SF patterns, p < 0.05. *indicates significant difference between AF 
or SF and ST patterns, p < 0.05. A) SM22α expression, B) Chondrogenic marker Sox9 
expression. C) Osteogenic marker Runx2 expression. D) Adipose lineage marker PPARγ 
expression. 

 
To further investigate ADSC differentiation, immunofluorescent staining was 

performed to verify the lineage markers expression at the protein level. The acquisition 

parameters were held constant during imaging to enable comparisons between 

immunostaining images. Representative images of corresponding differentiation 

markers from each pattern group were listed in Figure 2.5, except PPARγ due to the 

extremely low expression below the detection limit. To further verify the interesting 

trend in myogenesis, another early-stage myogenic marker αSMA was also used. In 

good agreement with the qRT-PCR results, SM22α immunostaining appeared to be 

more intense, on average, in the ST and SF patterns vs. the AF pattern. Interestingly, 

the αSMA staining showed relatively higher intensity in ST pattern compared to AF 

pattern and even SF pattern; this may further support the preference of uniaxial 
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alignment in myogenesis. In Runx2 and Sox9 stainings, the immunostaining results 

agreed with the qRT-PCR results, with staining being more intense in SF pattern 

compared to AF and ST patterns. Combining both the qRT-PCR and the 

immunostaining results, it appears that the increased relative stress induced by 

geometric cues could facilitate chondrogenic and osteogenic lineage progression. In 

contrast, the uniaxial cell alignment can promote expression of myogenic markers, and 

the alignment might be a more important factor for myogenesis than high peak stress. 

This finding is consistent with the observation in mouse multipotent cells.[50] 

 
Figure 2.5: Immunofluorescent staining of differentiation markers in three patterns 
showed trends consistent with qRT-PCR results. The images show higher expressions of 
aSMA and SM22α in ST pattern relative to SF and AF patterns, and higher levels of Runx2 and 
Sox9 in SF pattern compared to the other two patterns. Scale bar: 200 µm. 
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2.4 Discussion 

In this study, we used a µCOB biofabrication system to create multicellular 

forms to study the ADSC differentiation. The biological blank-slate property of PEGDA 

was utilized to create walls to confine the cells to form multicellular forms. Compared 

to normal patterning methods, such as micro-contact printing, which created cell 

adhesion islands, our wall design can prevent cell migration between patterns and thus 

facilitate the maintenance of the cell patterns with small gaps between patterns (e.g. 

<20µm). This compact pattern can accommodate large number of cells in a small area 

to achieve highly efficient, cost-effective, and user-friendly operation to perform 

quantitative analyses, such as qRT-PCR and western blot. In addition, it is also feasible 

to study the cross-talk between patterns, such as paracrine signals, between the small 

gaps.  

Our approach allows the studies of the roles of uniaxial alignment and form-

induced stress on ADSCs differentiation. Under our experimental conditions, increased 

cell-substrate stress tended to promote early-stage chondrogenic and osteogenic markers 

expression, and uniaxial alignment appeared to be more inductive of myogenic lineage 

progression in comparison to the patterns with higher stress but randomized cellular 

directionality. All the differentiation studies were performed in normal growth media 

without addition of extra growth factors. These findings could potentially contribute to 

the rational design of scaffolds for tissue engineering applications.  
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Chapter 2, in part, is a reprint of the material: X. Qu, W. Zhu, S. Huang, J. Y. 

Li, S. Chien, K. Zhang, S. Chen (2013), “Relative Impact of Uniaxial Alignment vs. 

Form-induced Stress on Differentiation of Human Adipose Derived Stem Cells”, 

Biomaterials, 34 (38), 9812-9818. The dissertation author was the primary investigator 

and author of this paper. 
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Chapter 3 

3D Printing of Biomimetic Scaffolds for Spinal Cord 

Repair 

 

3.1 Introduction 

 Chapter 2 described the utilization of the µCOB system for simple geometric 

cue fabrication to study stem cell differentiation. In this chapter, we move towards the 

printing of more complex 3D structures – biomimetic scaffolds for the treatment of 

spinal cord injury (SCI). 

 According to the recent report released by the National Spinal Cord Injury 

Statistical Center (NSCISC) in 2016, there are approximately 282,000 SCI patients in 

the U.S. with 17,000 new cases each year, resulting in substantial psychological and 

economic costs to both patients and caregivers. Due to the hostile microenvironment 

created by SCI, spontaneous regeneration of axons in the injured adults is lacking.[54] 

To the best of our knowledge, currently there are no clinically approved therapies to 

promote axonal regeneration and recovery of function after SCI.  

 Tissue engineering methods have emerged as promising treatment strategies for 

SCI. A variety of cells have been grafted with matrix materials to the lesion sites to 

provide a more favorable environment for axonal regeneration.[54–57] However, these 

cellular grafts do not provide any guidance for the directional axonal growth, resulting 
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in random axon orientations that reduces the probability for optimal functional recovery. 

Templated scaffolds with linear channels have also been developed to precisely guide 

the axons to grow linearly across the lesion sites.[58–61] Although the number of axons 

reaching across the lesion to the appropriate distal targets increased significantly with 

the guidance of the linear channels, there existed reactive cell layer (RCL) and 

extracellular matrix (ECM) containing collagen that encapsulated the scaffolds 

preventing the regenerating axons form exiting the scaffold channels and reaching the 

distal host spinal cord. This is a common issue with in vivo implants due to the poor 

biocompatibility of the scaffolding materials.[62]  

 In this work, we further developed the µCOB bioprinting system and combined 

it with stem cell biology to solve the biocompatibility issue with the spinal cord 

implants. We demonstrated the design and fabrication of patient-specific biomimetic 

scaffolds for SCI. With the newly bioprinted scaffolds, we showed that the thickness of 

RCL was significantly reduced and the regeneration of the axons was greatly improved 

with a significantly higher amount of long tract serotonergic axons. 

3.2 Methods 

3.2.1 Scaffold Materials 

 PEGDA (Mn = 700 Da) was purchased from Sigma-Aldrich (USA).  

Gelatin methacrylate (GelMa) was synthesized as described in previous 

reports.[63] Briefly, 10% (w/v) porcine skin gelatin (Sigma–Aldrich) was dissolved into 

DPBS by stirring at 60 °C. Methacrylate anhydride (Sigma–Aldrich) was added to the 

solution at a rate of 0.5 ml/min until the final concentration of 8% (v/v) MA was 
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reached. The reaction continued for 3 hours at 60 °C with constant stirring. After 3 

hours, the resulted solution was diluted twice with warm DPBS and dialyzed against DI 

water with 13.5 kDa tubing for 1 week at 40 °C. The dialyzed solution was then frozen 

at – 80 °C and lyophilized for 1 week. The lyophilized GelMa was store at – 80 °C for 

future use. 

Photoinitiator LAP was synthesized according to previously published work.[51] 

Briefly, 3.2g (0.018mol) of 2,4,6-trimethylbenzoyl chloride (Sigma–Aldrich) was added 

dropwise to an equal molar amount of dimethyl phenylphosphonite (3g, Acros 

Organics) with continuous stirring at room temperature under argon. After 18 hours, 

6.1g lithium bromide (Sigma–Aldrich) dissolved in 100ml of 2-butanone (Sigma–

Aldrich) was added into the previous mixture at 4-fold excess. The reaction was then 

heated to 50 °C and a solid precipitate was formed after 10 min. The mixture was 

allowed to cool down to room temperature and rest for overnight before filtration. 2-

butanone was used to wash the filtrate and remove the unreacted lithium bromide. After 

3 times of wash and filtration, the excess solvent was removed by vacuum, leaving LAP 

in a white solid chunk state which was pestled into powder. LAP was stored at – 80 °C 

under argon for future use.  

The matrix material used for printing the scaffolds was made by mixing 7.5% 

(w/v) GelMa, 25% (v/v) PEGDA and 0.225% (w/v) LAP in DPBS solution. 

3.2.2 3D bioprinting of the spinal cord scaffold 

 The 3D bioprinter consists of the following six components: (1) UV LED light 

source (365nm) for photopolymerization; (2) a digital micromirror array device (DMD) 
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chip (Texas Instruments) consisting of 1920x1080 micromirrors for optical pattern 

generation; (3) projection optics for imaging the optical pattern on the DMD chip to the 

fabrication plane on the stage; (4) an automatic stage holding the monomer solution for 

fabrication; (5) a digital camera for real-time monitoring and imaging of the fabrication 

process; (6) a computer coordinating the UV light source, the DMD chip, the stage and 

the camera for the 3D printing process.  Digital images of gray and white matter were 

generated by processing the cross-section image of the T3 spinal rat spinal cord, which 

were later imported into the DMD chip to control the micromirrors during the printing 

process. Channels (200 µm in diameter) were incorporated to the white matter to provide 

linear guidance for the axonal regeneration. The gray matter was designed as a solid 

block to enhance the mechanical strength of the printed scaffold. The monomer solution 

of the matrix material was loaded into a reservoir with 2mm PDMS spacer to control 

the z-axis height of the printed scaffolds. A continuous printing process was initiated 

using in-house developed software for controlling the 3D printer. The scaffold was 

printed in two steps, 0.8 seconds long each, one for the white matter image and the next 

for the gray matter image. The printed scaffold was then removed from the reservoir 

and rinsed three times with sterile DPBS and antibiotics (1% Pen Strep). 

For the 3D printing of the patient specific spinal cord scaffold, a 3D model of 

the scaffold to be printed was first built from the MRI image of the injury site. The 3D 

model was then sliced into a series of digital masks along the longitudinal direction of 

the spinal cord, which were imported into the DMD chip sequentially. By dynamically 

changing the digital mask with the movement of the stage, the patient specific spinal 
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cord scaffold was printed via the same approach as discussed above for the regular 

scaffolds. 

3.2.3 Fabrication of templated agarose scaffolds 

Agarose scaffolds were fabricated as previously described.[64]  Multi-component 

fiber bundle (MCFB) templates were fabricated from 200 µm diameter polystyrene 

fibers (Paradigm Optics, Vancouver, WA) arranged in a hexagonal close-packed array 

separated by a continuous matrix of poly (methyl methacrylate) (PMMA), as previously 

described. They were arranged with 66 µm interval spacing in a honeycomb array to 

generate final scaffolds with wall sizes of 66 µm and channel diameters of 200 µm. 

Bundles were simultaneously extruded and fused such that polystyrene fibers were 

oriented parallel to the longitudinal axis of the bundles. The multi-component fiber 

bundle templates were trimmed to a length of 2 mm and a cross-sectional width and 

depth of 1.5 mm. Polystyrene end caps 1.5 mm in length were bonded to fiber bundle 

terminals using cyclohexane to anchor polystyrene fibers and form an external, rigid 

multi-component fiber bundle template. Six such multi-component fiber bundle units 

were then aligned in-series with 2 polystyrene side caps agglutinating into a linear 

template array. The PMMA matrix was then selectively removed by immersion in 

99.7% propylene carbonate (Sigma–Aldrich) three times, followed by 95% ethanol 

rinse and distilled water rinse. 

Ultrapure agarose (30 mg/ml, Sigma–Aldrich) was dissolved in distilled water 

at 100 °C and then cooled to 65 °C. Multi-component fiber bundle templates were 

submerged into the agarose solution and centrifuged (300 rpm for 30 s) to permeate 
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agarose through the packed polystyrene fiber array. The agarose cast was then allowed 

to gel at room temperature, trimmed, and immersed in 99% tetrahydrofuran (Sigma–

Aldrich) at room temperature for 24 h. This was repeated twice to remove the 

polystyrene mold, resulting in individual free-floating agarose scaffolds. The scaffolds 

were collected and washed sequentially in acetone, 95% ethanol, and three cycles of 

sterile water. They were stored in sterile water at room temperature until use.  

3.2.4 Preparation of E14 neural stem cells 

Cells were prepared as described previously.[57] Briefly, spinal cords from GFP-

expressing E14 F344 embryos were dissected and the meninges removed. The tissue 

was trypsinized for 15 minutes followed by centrifugation at 2,500 rpm at room 

temperature. Tissue was resuspended in NeuroBasal medium (Gibco) containing 2% 

B27 (Gibco), and triturate the spinal cord tissue using progressively smaller fire-

polished Pasteur pipets. Cells were then centrifuged at 2,500 rpm for 2 min, resuspended 

in NeuroBasal medium containing B27, and filtered using 40 µm cell filter strainer.  

3.2.5 Surgical procedures  

NIH guidelines for laboratory animal care and safety were strictly followed. 

Scaffold implant into a complete transection at T3 spinal cord level was performed as 

described before.[65] Briefly, Animals were deeply anesthetized, a T3 laminectomy was 

performed followed by a transection of the spinal cord using a combination of 

microscissors and microaspiration. A block of 1.8mm was removed and a 2mm long 

scaffold was implanted, thus the scaffold was retained securely between the transected 

segments of the spinal cord. Group 1 (n=14) received empty agarose scaffolds, group 2 
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(n=14) received empty 3D printed scaffolds, group 3 (n=9) received 3D printed 

scaffolds loaded with E14 neural stem cells suspended in fibrin matrix containing 4 

growth factor cocktail: BDNF 50 ng/µl (Peprotech) to support neural stem cells survival, 

VEGF 10ng/µl (Peprotech) and bFGF 10ng/µl (Peprotech) bFGF to promote 

angiogenesis, and MDL28170 50µM (Sigma), a calpain inhibitor for 

neuroprotection.[57,66] Group 4 (n=8) had a sham surgery where the injury was made but 

no scaffold was implanted. Following the implant, the dorsal muscles and skin were 

sutured and antibiotics and analgesia were administered.  

3.2.6 Immunohistochemistry  

Immunolabeling was performed as described previously.[64] Spinal cords were 

sectioned on a cryostat set at 20 µm intervals and processed for: 1) GFP labeling, to 

assess grafted cell survival, differentiation and processes outgrowth (GFP rabbit 

polyclonal, Invitrogen @ 1: 500); 2) neural cell markers, including neurofilament 200 

to label axons (mouse monoclonal, Millipore @ 1:500), serotonin for mature 

raphespinal neurons and axons (5HT, Goat polyclonal, ImmunoStar, @ 1:500). 3) S100 

to label Schwann cells (Rabbit polyclonal, Dako, @ 1:500). Sections were incubated 

overnight at room temperature for primary antibodies, followed by incubation in Alexa 

488, 594 or 647 conjugated goat or donkey secondary antibodies (1:250, Invitrogen) for 

3 hours at room temperature. Thickness of the reactive cell layer was measured in Nissl 

stained sections under 200x total magnification. Biocompatibility was also assessed 

using routine H&E stains. 8 sections per animal were quantified, with results are 

expressed as mean ± SEM. Quantification was done using ImageJ.  
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3.2.7 Statistical analysis  

Two-group comparisons were tested by two-tailed Student’s t-test (JMP 

software) at a designated significance level of p < 0.05, followed by post-hoc analysis 

using Tukey’s test. Multiple group comparisons were tested by ANOVA (JMP 

software) at a designated significance level of p < 0.05, followed by post-hoc analysis 

using Tukey’s test. 

3.2.8 Scanning electron microscopy imaging 

Scanning electron microscopy (SEM, Zeiss Sigma 500) was used to image the 

patient specific spinal cord scaffolds. The scaffolds were first dehydrated in a series of 

ethanol baths and dried with a supercritical point dryer (Tousimis AutoSamdri 815A). 

The scaffolds were then sputter-coated with Iridium using Emitech K575X for 7 seconds 

at a deposition current of 85 mA. After sputter-coating, the scaffolds were imaged using 

the Zeiss Sigma 500 SEM at 5 kV. 

3.3 Results 

3.3.1 Scaffold design and fabrication 

We used rat spinal cord as a template to design the spinal cord scaffold (Figure 

3.1A). 200 µm diameter microchannels were designed to guide and align axons from 

their point of transection above the injury to their correct point of re-entry into the intact 

spinal cord below the injury (Figure 3.1B&C). The inner “gray matter” area is normally 

free of axons projecting below the injury site, thus we designed this component of the 

scaffold as a solid region that enhanced structural support of the scaffold (Figure 3.1B). 

We used a combination of two biocompatible materials, polyethylene glycol diacrylate 
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(PEGDA) and gelatin methacrylate (GelMa), as the scaffolding material. PEGDA is 

non-adhesive for cells.[67] therefore we added GelMa which is a photopolymerizable 

denatured collagen that retains cell binding ligands and matrix metalloproteinase 

(MMP) degradation sites, potentially providing binding sites for the regenerating axons 

and tuning the degradability of the scaffolds.[63] The concentrations of each material and 

the crosslinking density of printed scaffolds were designed to mimic mechanical 

properties of the native spinal cord tissue, since a mismatch of mechanical properties 

between an implant and host could lead to compression or laceration at spinal cord 

interfaces, causing a failure in integration.[68–70] Dynamic Mechanical Analysis (DMA) 

was used to measure the elastic modulus of the 3D printed PEGDA/GelMa scaffolds. 

The elastic modulus of the bioprinted scaffolds used for implantation was within a range 

of 260 kPa – 300 kPa (Figure 3.1D), in accordance with the native spinal cord elastic 

modulus of 200 – 600 kPa.[70–73] 

One of the main advantages of 3D bioprinting is the ability to rapidly print 

scaffolds of different sizes and unusual shapes to conform to individual patient lesion 

sites, as identified pre-operatively on MRI scans. For proof of concept, we printed 

scaffolds with different channel designs to fill the axon tracts (Figure 3.2A-C) and 

scaffolds of different lengths (Figure 3.2D&E). We also printed a scaffold to conform 

to the concise shape and size of a patient chronic lesion cavity (Figure 3.3). 

3.3.2 Implantation of empty scaffolds in vivo 

 We implanted the empty bioprinted scaffolds in rat spinal cord complete T3 

transection sites. This is the most severe model of SCI and perhaps the most challenging 
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Figure 3.1: Fabrication and characterization of the biomimetic spinal cord scaffold. (A) 
Projections of different axon tracts (fascicles) in the dorso-lateral quadrant of the T3 rat spinal 
cord. (B) 3D printing of the spinal cord scaffold with 200 µm microchannels. (C) Guidance is 
achieved in the rostro-caudal axis, thereby guiding regenerating axons (green line) to their 
proper tract on the distant side of the lesion. (D) Mechanical measurement of scaffold elastic 
modulus using DMA.  
 

 
 

Figure 3.2: 3D bioprinting of spinal cord scaffolds with different channel designs (A-C) 
and sizes (D, E). 
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Figure 3.3: 3D bioprinting of patient specific spinal cord scaffolds based on MRI scan. (A) 
Sagittal mid-cervical T1-weighted MR image of human clinically complete (ASIA A) spinal 
cord injury. (B) Traced outline of cystic lesion cavity from panel (A). (C) CAD 3D model of 
scaffold to be 3D printed, corresponding to precise lesion shape. (D) Printed scaffold. (E) 
Hypothetical fit of printed 3D scaffold in human contusion cavity. 
 
model for the study of spinal cord regeneration.[74] 19 Fischer 344 rats underwent T3 

complete spinal cord transections and immediate placement of a 2mm-long scaffold into 

the lesion site. Eight control animals had the lesion only. Four weeks later, spinal cords 

were removed and scaffold structure, biocompatibility and axonal 

regeneration/remyelination were assessed. Findings were compared to animals that 

previously received templated agarose scaffolds with the same lesion and survival time 

[58]. 

Four weeks after implantation, 3D printed PEGDA/GelMa scaffolds maintained 

structural integrity: the channels and solid core of the scaffold retained their pre-

implantation structure without breakage or deformation in all animals (Figure 3.4B, 

Figure 3.5A). Scaffold biodegradation was not yet evident at this four-week time point. 

Earlier efforts using other scaffold materials such as hyaluronic acid resulted in more 

rapid scaffold degradation and collapse of the structure (Figure 3.5C). Maintenance of 

scaffold structure over four weeks is considered essential to retain physical support 

across a lesion site and to support, organize and align the growth of regenerating axons. 
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Figure 3.4: Nissl staining of implanted scaffolds 4 weeks after implantation and 
characterization of RCL thickness. (A) Agarose scaffold implanted in vivo for 4 weeks. (B) 
PEGDA/GelMa scaffold implanted in vivo for 4 weeks. (C) GM-HA scaffold implanted in vivo 
for 4 weeks. (D) Thickness of RCL is significantly reduced in PEGDA/GelMa scaffolds, p < 
0.05. Scale bars: 250 µm. 

 

 

Figure 3.5: Immunofluorescence staining of PEGDA/GelMa scaffolds 4 weeks after 
implantation. (A) Cross-section view through scaffold in lesion site labeled for NF200 (green, 
axons) shows that overall scaffold structure remains intact 4 weeks after implantation. (B) 
Channels are vascularized (asterisk) and contain neurofilament-labeled axons (green). (C) 
Axons (green) are myelinated by S100 (red and white arrow) labeled Schwann cells. (D, E) Side 
view showing axons (green) penetrate directly into the channels from intact spinal cord without 
RCL. (F) Penetrating axons (green) are myelinated by labeled Schwann cells (red). Scale bars: 
(A) 500 µm, (B) 20 µm, (C) 2 µm, (D-F) 100 µm. 
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There was a significant attenuation of the RCL among animals that received 3D 

printed scaffolds compared to templated agarose scaffolds, characterized by reduced 

granularized tissue (Figure 3.4). The reactive cell layer was 340 ± 52 µm thick, a 

significant reduction of 35% compared to agarose scaffolds (p < 0.05; Figure 3.4D). 

In accordance with the the reduction in RCL thickness, host axons approaching 

the 3D printed scaffold were aligned along the rostral-caudal axis of the spinal cord, and 

readily penetrated the channels of the scaffold without deflection (Figure 3.5). Host 

Schwann cells from the peripheral nervous system migrated into the scaffolds and 

ensheathed or remyelinated regenerating host axons (Figure 3.5C&F). Notably, 

vascularization was also observed in association with the regenerating axons within the 

scaffold channels (Figure 3.5B). 

3.3.3 Implantation of scaffolds loaded with neural stem cells 

 A desirable property of scaffolds for spinal cord repair is the ability to load them 

with cells that might enhance regeneration or remyelination.[57,75] Thus, we loaded 3D 

printed scaffolds with GFP-expressing rat neural stem cells (NSCs) taken from 

embryonic day 14 spinal cords of Fischer 344 rats.[56,57] A total of 3x106 cells were 

loaded into scaffolds in a volume of 8 µl by direct injection (Figure 3.6A-C). A total of 

14 rats underwent T3 spinal cord complete transection, removing a 1.8 mm-long spinal 

cord segment and implanting a 2mm-long 3D printed scaffold loaded with NSCs. 

Animals survived four weeks and were sacrificed to assess scaffold integrity, cell 

survival and host axon regeneration and remyelination. 
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Figure 3.6: Implantation of 3D printed scaffolds loaded with NSCs. (A) Bright field top 
view of the 3D printed scaffold loaded with NSCs. (B, C) Fluorescence images of the 3D printed 
scaffold loaded with GFP labeled NSCs. (B) top view, (C) side view. (D) Channels filled with 
GFP labeled NSCs 4 weeks after implantation. (E) 5HT-labeled host serotonergic axons 
regenerate to the caudal end of a scaffold containing stem cells, respecting the linear boundaries 
created by scaffold architecture. In contrast, (F) channels lacking a stem cell fill or (G) stem cell 
grafts without a scaffold, contain substantially fewer 5HT-labeled axons. (H) 5HT-labeled 
motor axons exit the caudal aspect of the channel to regenerate into the host spinal cord distal 
to the lesion (arrow). (I) Quantification of 5HT axons reaching the caudal part of the scaffold. 
* p < 0.05. Scale bars: (A-D) 200 µm, (E-H) 50 µm. 

 
Notably, stem cells survived in every grafted animal and completely filled the 

scaffold channels. Many host serotonergic axons readily penetrated 3D printed scaffolds 

loaded with stem cells and continued to regenerate to the caudal ends of the scaffolds 

(Figure 3.6E). In contrast, few serotonergic axons reached the caudal end of empty 

scaffolds (lacking stem cell fills; Figure 3.6F). A mean of 85 ± 21 serotonergic axons 

were quantified within the caudal 400µm of stem-cell loaded channels per scaffold per 

animal, compared to 11± 5 axons in empty 3D printed scaffolds (p < 0.05). We then 

determined whether scaffolds loaded with neural stem cells enhance the number of host 

axons regenerating to the caudal end of the lesion cavity compared to dissociated neural 
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stem cell grafts placed in the lesion cavity without a scaffold: a mean of 8 ± 4 axons 

serotonergic axons reached the end of the lesion site in animals with stem cell grafts 

lacking scaffolds, a 10-fold reduction in the number of axons compared to scaffolds 

containing stem cell grafts (p < 0.05, Figure 3.6G). Thus, 3D printed scaffolds 

containing neural stem cells significantly and substantially enhance host axon 

regeneration to the caudal end of a lesion site. 

3.4 Discussion 

This study demonstrates for the first time the feasibility of using rapid 3D 

printing to print biomimetic central nervous system structures. These scaffolds can be 

readily individualized to specific lesion shapes and lengths. 3D printed PEGDA/GelMa 

scaffolds maintain their structure over four weeks in vivo, and support engraftment of 

neural stem cells. Scaffolds became well vascularized, providing adequate availability 

of blood, oxygen and nutrients to support consistent cell and axon survival. This is also 

the first report of host motor axons regenerating and bridging beyond a complete spinal 

cord lesion site into the distal spinal cord through a biomimetic scaffold. Thus the 

convergence of these two cutting edge technologies, rapid 3D printing and stem cell 

biology, offers a unique opportunity for spinal cord treatment by providing patient-

specific regenerative therapy. An important property of the multi-channel architecture 

of scaffolds is that axons can be linearly guided across lesion sites to their appropriate 

white matter tracts below the injury. This can potentially optimize the shaping and 

functional benefits of scaffolds, possibilities that should be explored in future studies. 
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Chapter 3, in part, is currently being prepared for submission for publication of 

the material: J. Koffler, W. Zhu, X. Qu, G. Lori, P. Lu, S. Chen, M. Tuszynski (2016), 

“3D Printed Biomimetic Scaffolds for Spinal Cord Repair”. The dissertation author was 

the primary investigator and author of this paper.  
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Chapter 4 

3D Printing of Prevascularized Tissue Constructs with 

Live Cell Encapsulation 

 

4.1 Introduction 

In Chapter 2 and 3, no cells were involved in the printing process. In this chapter, 

we will further develop the µCOB system for live cell encapsulation in the biomaterials. 

To prove the concept, we will print prevascularized tissue constructs with endothelial 

cells and other supportive cells. 

One of the most fundamental challenges in the tissue engineering arena is to 

create functional vasculature that provides vital nutrition, oxygen and waste transport to 

the cells within the engineered tissue.[76–78] Without proximity (~150-200 µm) to 

capillary network, cellular viability and function will be compromised within a very 

short time, especially in highly metabolic and large-scale tissue constructs.[77,78] To 

induce vascularization in implanted tissue substitutes, one strategy is to recruit the host 

vasculature by incorporating pro-angiogenic growth factors.[79–81] However, the use of 

growth factor in large scale is cost-prohibitive and not efficacious in vivo due to the 

relatively slow ingrowth process, which is unfavorable to cell viability during the first 

days post implantation.[82,83] Prevascularization of the engineered tissues, by 

encapsulation of endothelial cells and supportive mural cells or undifferentiated 
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mesenchymal cells in vitro before implantation, has showed promising results in 

enhancing the vascularization, blood perfusion and cellular activity of the tissue graft in 

vivo.[82,84–86] Further studies have demonstrated that compared to a randomly seeded 

endothelial network, spatially defined endothelial cords prepatterned with a PDMS 

mold can significantly improve the speed and extent of the vascularization of the 

engineered tissue after implantation.[77] The PDMS molding approach employed the 

self-assembly of the cells in collagen followed by the encasement of two fibrin layers, 

which is relatively time-consuming (over 4 hours) and is limited to simple geometric 

designs of the vascular network. Recently, 3D stamping based on PDMS molding was 

used to build 3D scaffolds with different sizes of branched channels and micro-holes.[87] 

These scaffolds can be further perfused with endothelial cells to form hierarchical 

vasculature networks. Compared to the traditional PDMS molding technique, 3D 

stamping greatly improved the capability of engineering complex vasculature tissues. 

However,  multiple molding and transferring steps as well as accurate alignment of the 

parts were required for making the complex scaffolds, which is labor-intensive and not 

suitable for live cell encapsulation in the fabrication process. Moreover, both PDMS 

molding and 3D stamping require the manufacturing of new physical molds for the 

design changes, which is cost-prohibitive and laborious. Thus, more sophisticated 

fabrication approaches featuring excellent flexibility, speed and versatility are still of 

great interest to the field of vasculature tissue engineering.  

With proven flexibility and versatility, nozzle-based 3D printers have also been 

adopted to build perfusable 3D tissues with sacrificial inks, involving the extra process 
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of dissolving the sacrificial network and perfusing the endothelial cells.[76,78,88] 

Challenges, such as clogging and bursting might occur to the perfusion when this 

approach is used to engineer large-scale tissues with intricate vascular network featuring 

small vessel branches. With the nozzle printing line by line, printing large-scale tissues 

is presumably time-consuming and the integrity of the tissue is also a concern especially 

at the interfaces of the lines.  

In this work, we address the above caveats by developing the µCOB system to 

create prevascularized tissue constructs directly with unprecedented speed and 

resolution. The 3D-printed prevascularized tissues have complex microarchitecture and 

precisely controlled distribution of multiple cell types and biomaterial compositions. 

One significant distinction between our approach and previous work of bioprinting 

prevascularized tissues is that endothelial cells and mesenchymal cells were printed 

directly into the designed vascular channels without the use of sacrificial material or 

perfusion. These cells formed lumen-like structures and functional endothelial network 

spontaneously both in vitro and in vivo, which provides a much simpler and more 

efficient platform for engineering tissues with complex structures and functions.  

4.2 Methods 

4.2.1 Polymer and photoinitiator synthesis  

Glycidal methacrylate-hyaluronic acid (GM-HA) was synthesized according to 

a protocol modified from previous work.[89] Briefly, 1g of hyaluronic acid was first 

dissolved in 100ml of acetone/water (50/50) solution at room temperature overnight. 

7.2ml tri-ethylamine (Sigma–Aldrich) and 7.2ml glycidyl methacrylate (Sigma–
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Aldrich) were added dropwise both at 20-fold excess in succession until thoroughly 

mixed. The solution was covered with aluminum foil and stirred overnight at room 

temperature. The resulting solution was then dialyzed against DI water with 3.5 kDa 

tubing (Spectrum Labs) at room temperature. The DI water was changed after 2 hours, 

4 hours and 24 hours. The dialyzed solution was frozen overnight at -80 °C and then 

lyophilized for 48 hours at 0.040 mbar and -50 °C. The lyophilized GM-HA was stored 

at -80 °C for future use. 

GelMa was synthesized according to a protocol adapted from previous work.[63] 

Briefly, 10% (w/v) porcine skin gelatin (Sigma–Aldrich) was dissolved into DPBS by 

stirring at 60 °C. Methacrylate anhydride (Sigma–Aldrich) was added to the solution at 

a rate of 0.5 ml/min until the final concentration of 8% (v/v) MA was reached. The 

reaction continued for 3 hours at 60 °C with constant stirring. After 3 hours, the resulted 

solution was diluted twice with warm DPBS and dialyzed against DI water with 13.5 

kDa tubing for 1 week at 40 °C. The dialyzed solution was then frozen at – 80 °C and 

lyophilized for 1 week. The lyophilized GelMa was store at – 80 °C for future use. 

Photoinitiator LAP was synthesized according to previously published work.[51] 

Briefly, 3.2g (0.018mol) of 2,4,6-trimethylbenzoyl chloride (Sigma–Aldrich) was added 

dropwise to an equal molar amount of dimethyl phenylphosphonite (3g, Acros 

Organics) with continuous stirring at room temperature under argon. After 18 hours, 

6.1g lithium bromide (Sigma–Aldrich) dissolved in 100ml of 2-butanone (Sigma–

Aldrich) was added into the previous mixture at 4-fold excess. The reaction was then 

heated to 50 °C and a solid precipitate was formed after 10 min. The mixture was 
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allowed to cool down to room temperature and rest for overnight before filtration. 2-

butanone was used to wash the filtrate and remove the unreacted lithium bromide. After 

3 times of wash and filtration, the excess solvent was removed by vacuum, leaving LAP 

in a white solid chunk state which was pestled into powder. LAP was stored at – 80 °C 

under argon for future use. 

4.2.2 Cell and tissue cultures 

Human umbilical vein endothelial cells (HUVECs, Lonza) were maintained in 

endothelial cell growth medium (EGM-2, Lonza) and C3H/10T1/2 cells (10T1/2s, 

ATCC) were maintained in Dulbecco's modified eagle medium (DMEM, Gibco) 

supplemented with 10% fetal bovine serum. All cell cultures were passaged per the 

protocol from the respective vendors. HUVECs from passage 3-6 were used for the 

bioprinting experiments. The bioprinted tissue constructs were cultured in EGM-2 

medium and the medium was changed every other day. 

4.2.3 3D bioprinting of tissues 

Before bioprinting, HUVECs and 10T1/2 cells were digested by 0.05% trypsin-

EDTA and 0.25% trypsin-EDTA, respectively, and they were mixed at a ratio of 50:1 

(40 million/ml HUVECs and 800,000/ml 10T1/2s) suggested by previous work.[90] 

Prepolymer A was prepared with 5 wt% GelMa and 0.15 wt% LAP. Prepolymer B was 

prepared with 5 wt% GelMa, 2 wt% HA and 0.3 wt% LAP. Prepolymer A was first used 

to print the isolated hexagonal regions with the first mask on the left in Figure 4.1A. 

After 15 seconds of UV exposure (88 mW/cm2), the unpolymerized part of prepolymer 

A was removed and washed off with DPBS. For the prevascularized tissue constructs, 
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prepolymer B was mixed at a ratio of 1:1 with the prepared cell suspension of HUVECs 

and 10T1/2, giving a final composition of 2.5 wt% GelMa, 1 wt% HA, 0.15 wt% LAP, 

20 million/ml HUVECs and 40,000/ml 10T1/2s. The cell-laden prepolymer solution 

was loaded to the fabrication stage and exposed to the UV pattern (15 seconds) with the 

vascular channel mask in the middle in Figure 4.1A. The unpolymerized part of the cell-

laden prepolymer solution was then washed off. Prepolymer A was loaded to the 

fabrication stage and exposed to the UV pattern with the slab mask on the right in Figure 

4.1A to enclose the vascular network. The bioprinted tissue construct was then 

transferred to a well plate for culturing. For the non-prevascularized tissue construct, 

the same fabrication process was performed except that prepolymer B was mixed with 

an equal volume of cell culture medium instead of cells suspensions for the fabrication 

of the vascular network. 

4.2.4 Mechanical measurement 

Mechanical properties of the two compositions of hydrogels were investigated 

by dynamic mechanical analysis (DMA 8000, Perkin Elmer, USA). The samples (n=3 

for each composition) for testing were made into a cuboid with dimensions of 1 mm x 

10 mm x 11 mm using the same UV exposure parameters. Compression test with 

frequency scan measurement mode was used to determine the compressional elastic 

modulus of the hydrogels. The test was conducted at 23 ˚C with loading rates from 0.1 

Hz to 3Hz. The strain rate of the tests was kept constant at 10%. Data were reported as 

mean ± standard deviation.   

4.2.5 Cell viability assay 
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Cell viability assay (LIVE/DEAD® Viability/Cytotoxicity Kit, Invitrogen) was 

performed on day 1, day 3 and day 7 after the tissue constructs were printed. The tissue 

constructs (n=3 for each time points) were washed with DPBS three times after 

removing the culture medium. The tissue constructs were then stained with 2µM calcein 

AM (live cell stain) and 4µM ethidium homodimer-1 (dead cell stain) solution at room 

temperature for 30 minutes. After the incubation, live/dead assay was removed and the 

samples were washed with DPBS. Fluorescence images of the samples were taken by a 

Leica DMI 6000B microscope (10X objective, Leica Microsystems) immediately after 

the wash for quantification. Live and dead cells were counted manually for each sample. 

Data were reported as mean ± standard deviation.   

4.2.6 In vivo implantation of tissue constructs 

Severe combined immunodeficiency (SCID) mice were used for the in vivo 

experiments. The bioprinted tissue constructs were cultured in vitro for 1 day to stabilize 

before implantation. For the subcutaneous implantation, a dorsal skin incision (1 cm) 

was created on each side of the back of the SCID mice and a subcutaneous pocket was 

built by blunt preparation. The prevascularized and non-prevascularized tissue 

constructs were inserted into the left pocket and the right pocket respectively. 

Afterwards, the wounds were thoroughly closed with 3-0 polypropylene sutures. The 

tissue constructs were harvested 2 weeks after implantation. 

4.2.7. Immunofluorescence staining and image acquisition of the in vitro 

cultured tissues 
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To investigate the endothelial network formation in vitro, the tissue constructs 

were cultured for a week and then fixed with 4% paraformaldehyde phosphate buffer 

solution (PFA, Wako) for 30 minutes at room temperature. The fixed samples were 

blocked and permeabilized by 2% bovine serum albumin (BSA, Gemini Bio-Products) 

solution with 0.1% Triton X-100 (Promega) for 1 hour at room temperature and then 

immunostained using primary antibodies against human CD31 (1:100, Thermo 

Scientific) and alpha-smooth muscle actin (α-SMA, 1:100, Abcam). The samples were 

then imaged by a Leica SP5 confocal microscope (Leica microsystems) with the z-stack 

function. The 3D view was reconstructed by Imaris software (Bitplane).  

4.2.8 Immunofluorescence, histology staining and image acquisition of the 

in vivo grafted tissues 

Two weeks after implantation, the tissue constructs were harvested from in vivo. 

The tissue constructs were fixed with 4% PFA immediately for 30 minutes at room 

temperature and then dehydrated in 30% sucrose solution at 4 °C overnight. The 

dehydrated samples were embedded in the optimal cutting temperature (OCT) 

compound and frozen at -80 °C overnight. The frozen samples were then cryosectioned 

at a thickness of 20 µm. To identify the implanted endothelial network, the sections 

were stained with nuclei stain and primary antibodies against human-specific Von 

Willebrand Factor (hVWF, 1:100, Santa Cruz Biotechnology) and human CD31 (1:100, 

Thermo Scientific). The fluorescent images were taken by a Leica DMI 6000-B 

microscope. 



	

	

51 

To investigate the anastomosis between the grafted tissue construct and host 

circulation, sections were stained with hematoxylin and eosin (H&E) for the 

identification of red blood cells and blood vessels. Histology images were taken by a 

Keyence BZ-9000 microscope with multicolor CCD camera. 

4.2.9 Perfusion of mouse and human specific lectins 

To distinguish the mouse and human endothelial networks at the interface of the 

host and grafted tissues, mouse and human specific lectins were injected in vivo two 

weeks after the implantation according to the previous work.[90] In brief, 200 µl of 500 

µg/ml lectin from helix pomatia agglutinin (HPA) FITC conjugate (Sigma–Aldrich), 

and 100 µg/ml lectin from Ulex europaeus agglutinin-Atto (UEA) 594 conjugate 

(Sigma-Aldrich) in DPBS was injected via the tail vein of the SCID mice. The grafted 

tissue constructs were subsequently harvested from the mice and fixed with 4% PFA 

immediately for 30 minutes at room temperature. The fixed tissue constructs were then 

dehydrated in 30% sucrose solution at 4 °C overnight. The dehydrated samples were 

embedded in the OCT compound and frozen at -80 °C overnight. The frozen samples 

were cryosectioned at a thickness of 20 µm. The sections were imaged by a Leica DMI 

6000-B microscope. 

4.2.10 Statistical analysis and quantification of vascularization parameters 

The vascularization parameters were quantified on the imaged H&E sections 

using FIJI open source software.[77,85,91] Vessel area density was quantified by adding 

up the area of the individual vessels in a section and normalized to the area of the grafted 

tissue in the section. Vessel number was quantified by counting individual disconnected 
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vessels within a section and then normalized to the area of grafted tissue in the section. 

Data were reported as mean values with error bars representing the standard deviations. 

Comparisons of sample means were performed by t test using Origin software 

(OriginLab). p < 0.05 was considered statistically significant. 

4.3 Results 

4.3.1 3D bioprinting of prevascularized tissues 

The schematic of the bioprinter is shown in Figure 4.1A. The digital micromirror 

array device (DMD) features an array of approximately two million micromirrors which 

can be controlled individually to dictate the optical pattern that is projected to the 

monomer solution on the fabrication stage. A UV LED (365 nm) was used to induce the 

photopolymerization of the photosensitive biomaterials. A motorized syringe pump 

system was used to add and remove the prepolymer solution. The continuous 3D 

printing process is realized by continuously feeding a series of digital masks to the DMD 

chip and simultaneously moving the stage. The digital masks can be sliced from 3D 

models built in CAD software or CT and MRI scans of the native organs. The entire 3D 

printing process is digitalized and controlled by a computer, which offers the great 

reproducibility and flexibility to modify the design and optimize the design parameters.  

To 3D print the tissue constructs, we have chosen two biocompatible and 

photopolymerizable hydrogels as the matrix material: GM-HA and GelMa. Hyaluronic 

acid (HA) is an immunoneutral biocompatible material that can be found ubiquitously 

in native tissues and it has important roles in many cellular responses, such as cell 

signaling, wound healing, and angiogenesis.[92] The addition of methacrylate groups to 
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HA makes it photopolymerizable, while retaining the biological activity of HA to 

promote endothelial cell proliferation.[5,93,94] GelMa is also a photopolymerizable 

hydrogel modified from denatured collagen that retains natural cell binding motifs.[63] 

Besides supporting good cell viability following encapsulation and mediated cell-

biomaterial interaction, GelMa has also been used to create perfusable microchannels 

seeded with endothelial cells for the engineering of microvascular network.[63] 

Furthermore, both GM-HA and GelMa offer tunable mechanical properties by varying 

the methacrylation ratio and material concentration.[63,93] 

For this particular study, we have designed three digital masks (Figure 4.1A) to 

fabricate tissues with gradient channel widths (ranging from 50 µm to 250 µm), 

mimicking the branching of the vasculature network. A non-prevascularized tissue 

(Figure 4.1B) and a prevascularized tissue (Figure 4.1C) were fabricated with the same 

design. With the high efficiency of the µCOB platform, the printing process for each 

tissue construct was completed within 1 minute. For both types of tissues, we used a 

mixture of 1% GM-HA and 2.5% GelMa for the fabrication of the channel region. 5% 

GelMa was used to fabricate the surrounding region. For the prevascularized tissue, 

HUVECs and 10T1/2 cells were encapsulated in the same mixture of GM-HA and 

GelMa at a cell density ratio of 50:1 suggested by previous work.[90] To demonstrate the 

versatility of 3D printing tissues with complex microarchitecture and controlled cell 

distribution, we fabricated tissue constructs with uniform channels (Figure 4.1D–F) as 

well as gradient channels (Figure 4.1G–I). For both tissue constructs, we encapsulated 

HUVECs (CellTracker™ red labeled) in the channels and liver hepatocellular HepG2 
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cells (CellTracker™ green labeled) in the surrounding region. Both types of cells were 

precisely localized to the designated region, which is a key feature for engineering tissue 

with complex microarchitecture and multiple material compositions.  

 

Figure 4.1: 3D bioprinting of the prevasularized tissue constructs. (A) Schematic of the 
bioprinting platform. (B) Bioprinted acellular construct featuring channels with gradient widths. 
(C) Bioprinted cellular construct with HUVECs and 10T1/2 (50:1) encapsulated in the channels. 
(D-F) Fluorescent images demonstrating the bioprinting of heterogeneous cell-laden tissue 
constructs with uniform channel width. HUVECs (red) are encapsulated in the channels and 
HepG2 (green) are encapsulated in the surrounding area. (G-I) Fluorescent images 
demonstrating the bioprinting of heterogeneous cell-laden tissue constructs with gradient 
channel widths.  Scale bars, 250 µm. 
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The mechanical property of the two compositions of hydrogels was measured 

by dynamic mechanical analysis (DMA, Figure 4.2A). As shown in Figure 4.2A, the 

hydrogel used for the channel region (2.5% GelMa + 1% GM-HA) has a much lower 

elastic modulus than the hydrogel used for the surrounding region (5% GelMa). We 

hypothesize that the difference in mechanical stiffness would induce the lining of the 

cells to the walls of the channels, which is the interface between the two hydrogels based 

on previous studies.[95–98] Notably, the mechanical property of the two hydrogels 

remained stable over different frequencies (from 0.1 to 2.5 Hz), which suggests the 

mechanical stability needed for the pulsatile flow environment of blood vessels.[76]  

 

Figure 4.2: In vitro characterization of the bioprinted tissue. (A) Elastic modulus of the 
biomaterials used to encapsulate cells measured by DMA: 2.5% GelMa with 1% HA for the 
channel region and 5% GelMa for the surrounding region. (B) Results of cell-viability assay for 
the bioprinted tissue constructs encapsulated with HUVECs demonstrating over 85% cell 
viability. Error bars represent SEM, n=3 for all data points. 
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4.3.2 In vitro culture of the prevascularized tissues 

The 3D bioprinted prevascularized tissues with gradient channel design were 

first cultured in vitro to investigate the viability of the encapsulated cells and the 

formation of the endothelial network. We performed a cell viability assay on day 1, day 

3, and day 7 respectfully after printing the tissue constructs (Figure 4.2B). It was found 

that over 85% viability was achieved, which is higher than that of the tissues printed by 

nozzle-based 3D bioprinters.[1,78] This can be partly explained by the high efficiency of 

the µCOB method that cells are exposed to the printing process for very short time (less 

than 1 min). Also, in µCOB printing, there is no shear stress or dispensing pressure 

caused by the cell delivery through the nozzle in the conventional 3D bioprinters which 

is reported to have negative influence on cell viability.[99–101] This highlights the 

biocompatibility of the µCOB printing process. And optimization of cell handling 

before and during the printing process can be performed to further increase the cell 

viability. 

 To investigate the formation of the endothelial network, we performed 

immunofluorescence staining on the prevascularized tissues after 1-week culture in 

vitro. Human-specific CD31 staining (green) shows the conjunctive network formation 

of HUVECs at different patterned channel widths (ranging from ~50 µm to ~250 µm, 

Figure 4.3A–C). Alpha-smooth muscle actin (α-SMA) positive cells (purple) were 

observed lining along the channel wall in tight conjunction with the HUVECs, which 

suggests that 10T1/2 cells were induced into a pericyte phenotype supporting the vessel 

formation (Figure 4.3A–C).[77] Cross-section view and 3D reconstruction view from 
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confocal microscopy revealed the formation of lumen-like structures by the CD31-

positive HUVECs lining along the channels after 1-week culture in vitro (Figure 

4.3D&E). 

 

Figure 4.3: Endothelial network formation after 1-week culture of the prevascularized 
tissue construct in vitro. (A-C) Confocal microscopy images show HUVECs (Green, CD31-
positive) and supportive mesenchymal cells (10T1/2, Purple, alpha-smooth muscle actin (α-
SMA)-positive) aligned within the patterned gradient channel regions with different vessel 
sizes. (D) Cross-section view shows the endothelial cells (CD31-positive) form lumens 
(highlighted by arrows) along the bioprinted channels. (E) 3D view of the endothelial cells 
lining along the printed microchannel walls by confocal microscopy. Endothelial cells were 
labeled by fluorescent cell tracker (red) and stained by CD31 (green). Scale bars: 100 µm. 
 

4.3.3 Endothelial network formation in vivo 

To investigate the formation of the endothelial network in vivo, we implanted 

both the prevascularized tissues and the non-prevascularized tissues (control group) 

under the dorsal skin of SCID mice. In the prevascularized tissues, a mixture of 
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HUVECs and supportive 10T1/2 cells (50:1) were printed into the gradient channels 

(Figure 4.1C presents the prevascularized tissue before implantation). In the non-

prevascularized tissues, no cells were printed into the samples, only hydrogels with 

same compositions were used (Figure 4.1B presents the non-prevascularized tissue 

before implantation). 

After 2 weeks of subcutaneous implantation, the grafted tissues were harvested 

and cryosectioned for immunofluorescence staining. To inspect the interconnection of 

the endothelial network, each group of tissues was sectioned in two directions: 

longitudinally (xy-plane, denoted in Figure 4.1A) and transversely (xz-plane, denoted 

in Figure 4.1A). hVWF staining revealed the survival and progressive formation of the 

endothelial network in the group of prevascularized tissues, while no positive staining 

of hVWF was found in the control group (Figure 4.4). Similarly, staining of human-

specific CD31 confirmed the survival and dense formation of the endothelial network 

in the prevascularized tissues (Figure 4.5). Notably, from Figure 4.4C and Figure 4.5C, 

we could observe that the printed patterns were well preserved in the non-

prevascularized tissues after 2 weeks of in vivo implantation. In the prevascularized 

tissues, however, the hydrogels were observed to have lost the printed patterns, 

presumably due to the higher degradation rate induced by the presence of the 

progressive endothelial network. These results suggested that the prevascularized 

tissues could survive and form progressive endothelial network in vivo over the 2-week 

period.  
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Figure 4.4: Endothelial network formation in the prevascularized tissues (A, B) and non-
prevascularized tissues (C, D) after 2-week subcutaneous implantation shown by hVWF 
staining. DAPI was used to stain the nuclei (blue) and hVWF was used to stain the endothelial 
network (green). Scale bars, 100 µm. 

 

Figure 4.5: Endothelial network formation in the prevascularized tissues (A, B) and non-
prevascularized tissues (C, D) after 2-week subcutaneous implantation shown by CD31 
staining. DAPI was used to stain the nuclei (blue) and CD31 was used to stain the endothelial 
network (red). Scale bars, 100 µm. 
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4.3.4 Anastomosis of the prevascularized tissue with the host circulation  

To investigate the anastomosis of the implanted tissue construct with the host 

vasculature, we performed H&E staining to the tissue grafts harvested from the 2-week 

subcutaneous implantation (Figure 4.6). In the prevascularized tissues, significant 

amount of endothelial vessels with red blood cells were found, indicating successful 

anastomosis of the preformed vasculature with the host blood vessels (Figure 4.6A). In 

the non-prevascularized tissues, very limited endothelial networks were found only near 

the periphery of the implanted tissue construct, and a majority of the imaged graft area 

remained as the biomaterial matrix without cells (Figure 4.6B). To better assess the 

benefits of prevascularization, we quantified the vascular area density and the average 

vessel counts per area on the H&E sections (Figure 4.6C&D). The quantifications 

suggested that compared to the non-prevascularized tissues, the prevascularized tissues 

were characterized by significantly increased vascular area density and a significantly 

higher number of vessels per area.  

To further investigate the origins of the vasculature at the interface between the 

host and the grafted tissue, we injected the mice with mouse-specific lectin (HPA) and 

human-specific lectin (UEA) via tail vein after two weeks post-implantation based on 

previous work.[77] Previous studies have demonstrated that these lectins bind 

specifically to mouse or human endothelial cells respectively.[77,102,103] Fluorescent 

images showed that in the prevascularized tissues, large numbers of the endothelial 

networks in the graft area were colabeled with both HPA and UEA, suggesting the 
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chimeric compositions  of host and grafted cells in these vessels (Figure 4.7A). In the 

non-prevascularized tissues, only the mouse-specific HPA stained the host tissue and 

minor region of the graft area (Figure 4.7B). Notably, the host tissues in both 

prevascularized and non-prevascularized groups were only stained with HPA and no 

UEA staining was observed in the graft area of the non-prevascularized group, which 

confirms the binding specificity of the two lectins. Further staining of hVWF confirms 

the contribution of the human-origin HUVECs to the endothelial networks in the graft 

of prevascularized tissues (Figure 4.7A). 

 
Figure 4.6: H&E staining of the grafted tissues after 2-week subcutaneous implantation 
and quantification of vasculature parameters. (A) Representative H&E stained images of the 
prevascularized tissues showing significant amount of endothelial vessels with red blood cells 
were found. Yellow dash line marks the interface between the graft and host tissue. (B) 
Representative H&E stained images of the non-prevascularized tissues, showing limited 
endothelial vessels. Yellow dash line marks the interface between the graft and host tissue. (C) 
Quantification of vascular area density in the grafted tissues. (D) Quantification of average 
vessel counts per area in the grafted tissue. Error bars represent SEM, n=6 for all data points. * 
indicates significant difference between the prevascularized group and the nonprevascularized 
group, p < 0.05. Scale bars: (A) 500 µm (left), 100 µm (middle), 25 µm (right); (B) 500 µm 
(left), 100 µm (middle), 25 µm (right). 
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Figure 4.7: Perfusion of mouse and human specific lectins after two-week subcutaneous 
implantation. (A) In the prevascularized tissue, mouse-specific lectin (HPA) and human-
specific lectin (UEA) are chimeric in the graft area, and the host tissue is only stained with 
mouse-specific lectin. Further staining of hVWF confirms the endothelial network formed by 
human-origin HUVECs. (B) In the nonprevascularized tissue, HPA stains the host tissue and 
minor regions of the graft area, no UEA or hVWF staining is observed. Scale bars: 100 µm. 

 

4.4 Discussion 

Vascularization has been the bottleneck for engineering large-scale or highly 

metabolic tissues for decades.[104–106] While considerable amount of work has been 

carried out in the tissue engineering field, there remains an urgent need for a versatile 

and efficient approach that simultaneously offers speed, resolution, flexibility, and 

scalability to build complex tissues integrated with functional vascular network.[76–78,105] 

We have presented a new platform for engineering vascularized tissues with naturally 

derived biomaterials based on our rapid 3D bioprinting platform. This computer-aided 

photopolymerization-based 3D bioprinting system offers superior speed, resolution, 

flexibility and scalability over the conventional bioprinters. Its digital nature also 

provides the flexibility to easily investigate different designs, which is a key to studying 

the architectural features of the vasculature network. The bioprinted prevascularized 

tissues demonstrated high cell viability and successful endothelial network formation 
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both in vitro and in vivo. Anastomosis between the grafted prevascularized tissues and 

the host vasculature was observed indicating the formation of functional vasculature in 

engineered tissues. This platform can be further extended to engineer other tissues that 

feature complex microarchitectures, such as liver, heart and nerve tissues. By 

incorporating the prevascularization technique with other primary or stem cells we can 

potentially engineer functional large-scale tissues for drug testing or even organs for 

transplantations. Although we used two types of hydrogels (GM-HA and GelMa), a 

variety of other biomaterials can also be modified and incorporated into the bioprinted 

tissue constructs to promote tissue maturation and functions, including growth factors, 

nanoparticles and other biomolecules. With its versatility and biocompatibility, the 

presented engineering strategy of building vascularized 3D tissues can be broadly 

applied to promote the development and translation of tissue engineering and 

regenerative medicine. 

 

Chapter 4, in part, is currently being prepared for submission for publication of 

the material: W. Zhu, X. Qu, J. Zhu, X. Ma, S. Patel, J. Liu, P. Wang, C. Lai, Y. Xu, K. 

Zhang, S. Chen (2016), “Direct 3D Bioprinting of Prevascularized Tissue Constructs 

with Complex Microarchitecture”. The dissertation author was the primary investigator 

and author of this paper.  

 

 

  



	

	 64 

Chapter 5 

3D Printing of Liver-mimetic Detoxifier with Hydrogel 

Nanocomposites 

 

5.1 Introduction 

Chapter 4 demonstrates the utilization of the µCOB system for live cell 

encapsulation. In this chapter, we will explore the incorporation of functional 

nanoparticles via bioprinting to create biomedical devices. As a proof of concept, we 

will print liver-mimetic detoxifier using hydrogel nanocomposites. 

Owing to their inherent small size and flexibility in rational design and 

preparation, functional nanoparticles have shown potential applications in effective 

detoxification.[107–112] Pore-forming toxins (PFTs) that can damage cellular membrane 

are key virulence factors of pathologies resulting from animal bites/stings and bacterial 

infections.[113–115] Conventional detoxification platforms such as antisera,[116] 

monoclonal antibodies[117] and small-molecule inhibitors[118] are hard to completely 

neutralize toxins because of their limited capability of blocking the whole PFTs’ 

molecule. Meanwhile, over 80 PFTs have been identified, displaying diverse molecular 

structures and distinctive epitopic targets.[119] The commonly used antidotes target the 

specific molecular structures of PFTs; thus, customized treatments are required for 

different toxins. Recent advancements in the field have spurred the development of 
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nanoparticles that can efficiently bind PFTs and neutralize their toxicity in vivo 

[107,109,110]. Although poisoned patients may benefit from these strategies, intravenous 

administration of nanoparticles causes nanoparticle-toxin accumulation in the liver,[107] 

thus leading to the risk of secondary poisoning especially in liver-failure patients.[120] 

Despite these challenges, cleaning blood by adsorption of toxins to retrievable 

nanoparticles provides an alternative strategy for detoxification. Meanwhile, similar to 

injection of antidotes, it is clinically approved to remove toxins by in vitro devices.[121] 

In this work, we demonstrate that polydiacetylene (PDA) nanoparticles can 

attract, capture and sense PFTs. Taking advantages of 3D biomimetic structure in 

enrichment, separation and detection,[122–124] we develop a bioinspired 3D detoxification 

device by installing PDA nanoparticles in a precise 3D matrix with modified liver lobule 

configuration via the advanced 3D printing technology – µCOB. As schematically 

presented in Figure 5.1, this bio-inspired 3D device is designed to efficiently collect and 

sense PFTs for future detoxification applications. 

 

Figure 5.1: Bio-inspired 3D detoxification device. PDA nanoparticles (green) are installed in 
PEGDA hydrogel matrix (grey) with liver-mimetic 3D structure fabricated by 3D printing. The 
nanoparticles attract, capture and sense toxins (red), while the 3D matrix with modified liver 
lobule structure allows toxins to be trapped efficiently. This biomimetic 3D detoxifier has 
promising clinical application for detoxification by collecting and removing toxins. 
 
5.2 Methods 

5.2.1 Materials 
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PEGDA (Mw=700 Da), melittin and PCDA were purchased from Sigma (USA). 

PCDA was further purified by dissolving in dichloromethane and then filtered to remove 

polymerized monomers before use. Photoinitiator LAP was synthesized according to 

the previous work.[125]   

5.2.2 Synthesis and identification of PCDA-A 5 

The synthesis scheme of PCDA-A 5 has been presented in Figure 5.2. In a 50 

ml flask with a stir bar, compound 1 (PCDA, 374 mg, 1.0 mmol) was dissolved in dry 

CH2Cl2 (10 ml) followed by addition of triethylamine (101 mg, 1.0 mmol) and N, N’-

disuccinimidyl carbonate (256 mg, 1.0 mmol). The reaction solution was stirred at room 

temperature for 1 h to activate compound 1, creating active ester 2. Then, acid 3 (74 mg, 

1.0 mmol) was dissolved in dry CH2Cl2 (10 ml), followed by adding triethylamine (101 

mg, 1.0 mmol) and N, N’-disuccinimidyl carbonate (256 mg, 1.0 mmol). The resulting 

solution was stirred at room temperature for 1 h, and then amine 4 was added. The 

reaction solution was monitored by liquid chromatography–mass spectrometry. Four 

hours later, ester 2 was added. The reaction was stirred at room temperature for 4 h, 

product 5 (PCDA-A 5) was found by liquid chromatography–mass spectrometry 

analysis. The reaction solution was evaporated and the residue was purified by flash 

column chromatography to produce 84 mg compound 5 as white solid. The yield was 

15%.  

5.2.3 Preparation of PDA nanoparticles  

To prepare the PDA nanoparticles, 40 mg of PCDA was added into 8ml of 

distilled water, followed by probe sonication for 5min at ~75 ˚C. Then, the solution was 
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stored overnight at 4 ˚C. At last, the solution was irradiated with ultraviolet for 5min in 

ice bath, creating blue and nonfluorescent PDA nanoparticles.[126] PCDA-A 5 and 

PCDA mixed nanoparticles were prepared by sonication of the mixed PCDA-A 5 and 

PCDA (mass ratio 1:19) in hot water (at about 75 ˚C). 

 

Figure 5.2: Preparation scheme of PCDA-A 5. 
 
5.2.4 3D printing via µCOB 

The µCOB system was used to fabricate the 3D structures using 

photopolymerizable polymers. The sliced images of the 3D model were loaded to the 

DMD chip that can continuously generate optical patterns and expose the 

photopolymerizable material in a layer-by-layer manner. PEGDA (20 wt%) in H2O with 

1% LAP was mixed with PDA particles suspension (5 mg ml-1) in an equal volume ratio. 

The mixture was then loaded to the sample stage of µCOB and polymerized via 

patterned ultraviolet exposure to fabricate corresponding 3D structures. The DMD chip 

used in the set-up is DLP-07 XGA from DLP Technology of Texas Instruments. After 

the PDA nanoparticles were immobilized, the 3D structure was incubated in PBS for 2h 

at 37 ˚C, and then irradiated by ultraviolet for 5min to allow the polymerization of 
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PDAs. 

5.2.5 Efficiency of detoxification 

Neutralization of the haemolytic activity of melittin by PDA nanoparticles was 

assayed by a modified standard haemolytic assay procedure.[107,109] Melittin (final 

concentration in RBC suspension was 5 µg ml-1) was pre-incubated with the same 

volume of PDA nanoparticles for 30 min at 37 ˚C in DPBS. The melittin/NP mixture 

(100 ml) was then added to the RBC solution (2% v/v, 100 ml), followed by incubation 

at 37 ˚C for 30 min. Samples were then centrifuged at 800g for 5min. The release of 

haemoglobin was measured by bicinchoninic acid kit. Controls for 0 and 100% 

neutralization of haemolytic activity consisted of RBCs incubated with 5 mgml- melittin 

(A0%) and a RBC suspension with normal saline (A100%), respectively. The percentage 

of neutralization was calculated according to equation (1): 

Neutralization (%) = 100 – (Asample – A0%) × (A100% – A0%)-1×100                    (1) 

To study the neutralization efficacy of our 3D PDA nanoparticle-enabled 

detoxifier, 50 ml of melittin (50 µg ml-1) was pre-incubated in the device for 60 min at 

37 ˚C. Then, the melittin solution was carefully collected by directly pipetting the 

melittin solution and washing the device with 200 ml PBS. The resulting 250 ml solution 

was then added to a 250-ml RBC solution (4% v/v), followed by incubation at 37 ˚C for 

30 min. Finally, the percentage of neutralization was calculated. In addition, the 

neutralization efficiency of the 3D detoxifier was compared with that of the equivalent 

amount of PDA nanoparticles or PEGDA hydrogel. 

Moreover, the dynamic test was performed on the neutralization efficiency with 
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comparison between the liver-mimetic structure (3D structure) and slab control (that is, 

with the same total volume). After the incubation of melittin solution with detoxifier for 

different times, the neutralization efficiency was tested by the haemolytic assay. 

5.3 Results 

5.3.1 Neutralizing toxin using PDA nanoparticles 

To develop functional nanoparticles for constructing a 3D detoxification device, 

we used PDA nanoparticles derived from self-assembly of 10, 12-pentacosadiynoic acid 

(PCDA). Specifically, blue and colourless PDA nanoparticles with vesicle structure 

were prepared by ultraviolet irradiation of self-assembled colourless PCDA 

nanovesicles.[126,127] The nanoparticle surface is made of a π-conjugated polymer with 

alternating double- and triple-bond groups in the main polymer chain. The cell 

membrane-mimicking surface functions to attract, capture and neutralize toxins owing 

to the interactions between PDA and toxins. Binding toxins to PDA nanoparticles 

disrupts the extensively delocalized enyne backbones of molecularly ordered PDA side 

chains, thus inducing a fluorescence enhancement (none-to-fluorescence) as well as 

colour change (blue-to-red), as schematically illustrated in Figure 5.3A. 

We evaluated the ability of PDA nanoparticles to capture and neutralize toxins 

by a red blood cell (RBCs) lysis test. A widely studied PFT, melittin, was chosen and 

mixed with PDA nanoparticles and then added to murine RBCs. The centrifuged RBCs 

solution was incubated with normal saline (as a control) or melittin mixed with PDA 

nanoparticles at different concentrations, as shown in Figure 5.3B. Qualitatively, 

melittin mixed with more PDA nanoparticles produced a clearer supernatant, indicating 
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that less RBCs were damaged.  

 

Figure 5.3: PDA nanoparticles as “nanotraps” to attract, capture, and sense toxins. (A) 
Schematic presentation of the interaction between PDA nanoparticles and toxins. PDA 
nanoparticles with cellular membrane-mimetic surface can attract and capture PFTs, 
accompanied with fluorescence change (none-to-fluorescent). (B) Centrifuged RBCs after 
incubation with normal saline (control) or melittin (5 µg/mL) mixed with different 
concentrations of PDA nanoparticles. (C) Quantified efficiency of neutralizing the hemolytic 
activity of melittin (5 µg/mL) by PDA nanoparticles. (D) Intensity of red fluorescence (550 nm) 
of PDA nanoparticles (20 µg/mL) that were exposed to melittin with different concentrations at 
37 ˚C for 30 min. 
 

The neutralization efficiency was quantified via colorimetric readings and is 

presented in Figure 5.3C. The results show that PDA nanoparticles can capture and 

neutralize melittin in vitro. The melittin-binding capacity of PDA nanoparticles is 

higher than 1 mmol•g−1. This capacity is greater than that of previously reported protein 

adsorbing films,[124] nano-fibers[17] and nanoparticles.[108] The neutralization efficiency 

of PDA nanoparticles is approximately 92%. We also studied the ability of PDA 
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nanoparticles to sense toxins. As shown in Figure 5.3D, the interaction between melittin 

and PDA significantly enhanced the red fluorescence of PDA nanoparticles. The red 

fluorescence intensity of PDA increased with the concentration of melittin. 

5.3.2 Capturing toxin in the 3D-printed hydrogel nanocomposites 

After confirming the PDA nanoparticles’ ability to attract and capture melittin 

in solution, we designed a 3D device consisting of a biomaterial hydrogel scaffold to 

make the nanoparticles retrievable. We used PEGDA hydrogel as a 3D matrix. PEGDA 

is often used in biomedical applications because it is nontoxic, non-immunogenic, 

favorable to nutrient and oxygen transport, and tunable in its mechanical properties. To 

chemically link PDA nanoparticles into the networks of PEGDA hydrogel, we 

synthesized a diacetylene derivative called PCDA–acrylamide. It is based on the 

diacetylene moiety of PCDA with an extended ethylene oxide spacer arm and an 

acrylamide functional head group. By mixing PCDA and PCDA–A, the resulting 

nanoparticles possess acrylamide group on its surface, and can be chemically tethered 

to the PEGDA hydrogel through addition polymerization (Figure 5.5A). The particles 

distribution was determined by dynamic light scattering (DLS), as shown in Figure 5.4 

A. The nanoparticles have a mean particle size of 110 nm with polydispersity index of 

0.23. Meanwhile, the nanoparticles have a zeta potential of -25 mV (Figure 5.4B).  
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Figure 5.4: The particle size and zeta potential of PCDA-A and PCDA composite 
nanoparticles. (A) The particle size distribution spectrum. (B) The zeta potential distribution 
spectrum. These data were determined by Malvern Nano-ZS Instrument. The test temperature 
is 25 ˚C. 

Taking advantages of the photocrosslinkable hydrogel, µCOB technology, 

which employs a digital mask and UV light source for layer-by-layer 

photopolymerization, was utilized to fabricate 3D PEGDA hydrogels with precise 

microstructures, as shown in Figure 5.5B. As a proof of concept, PEGDA hydrogels 

with and without PDA nanoparticles were fabricated into simple 3D cylinders and 

subsequently incubated with melittin solution (50 µg/mL). As shown in Figure 5.5C, 

initially the control PEGDA hydrogel (without nanoparticles) was transparent and non-

fluorescent. No color or fluorescent changes were detected after incubation with 

melittin. In comparison, PDA nanoparticles incorporated hydrogel appeared opaque (the 
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color is blue due to the PDA) without fluorescence initially. After incubation with 

melittin solution (50 µg/mL), however, the composite hydrogel cylinder emanated red 

fluorescence which gradually diffused from the surface to the inner part in a time-

dependent manner, indicating successful binding of melittin to PDA.  

 

Figure 5.5: Immobilization of PDA nanoparticles in 3D-structured PEGDA hydrogel. (A) 
Schematic presentation of installing PDA nanoparticles in the network of PEGDA hydrogel. 
PDA nanoparticles can be chemically linked to the network of PEGDA hydrogel by 
photocrosslinking PEGDA monomer and acrylamide modified PDA nanoparticles via addition 
polymerization. (B) Schematic drawing of the µCOB method to fabricate 3D structured PEGDA 
hydrogel. By rationally designing the masks, PEGDA hydrogel with precise 3D structure can 
be created. (C) The fluorescence of PEGDA hydrogel of cylindrical shape with or without PDA 
nanoparticles after incubation with a melittin solution (50 µg/mL). The fluorescence indicates 
that melittin is captured by PDA nanoparticles. The scale bar is 50 µm. 
 

Next, we studied the effect of the hydrogel’s specific surface area on the 

efficiency of capturing toxins. We designed and fabricated three types of 3D posts with 

the same flower-like projection and length but different diameters, where the thinner 

post displayed higher specific surface area. As shown in Figure 5.6, melittin can 
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gradually diffuse into all types of post. In the same period, red fluorescence can only be 

detected on the outer area of the thicker posts while in the thinner posts, the fluorescent 

signals were also observed in the inner region. Based on the previous data that the 

fluorescent signals correspond to PDA-PFT interaction, the fluorescent signal trends we 

observed here could imply a modulation of PDA-PFT interactions due to the specific 

surface area. Thus, PDA nanoparticles contained 3D structure with a higher specific 

surface area may be more efficient in enriching toxins. 

 

Figure 5.6: The effect of different surface patterns on capturing toxins by the 3D-patterned 
PEG hydrogel encapsulated with PDA nanoparticles. Three types of 3D structural posts with 
the same flower-like shape but different diameters are incubated with melittin solution (50 
µg/mL) for 30 min at 37 ˚C. The red fluorescence implies the PDA and melittin interactions, 
indicating the site that toxins reach at. The scale bar is 200 µm. 
 
5.3.3 Designing the bio-inspired detoxification device 
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To move this surface-area-dependent detoxification material to a 

physiologically relevant design, we integrated the structure of the liver, given its utility 

in the body’s detoxification. The liver has a hexagonal lobule structure centered around 

the terminal hepatic vein, which helps to efficiently remove wastes and xenobiotics from 

the system. We therefore designed a liver-mimetic structure with modified liver lobule 

topology that allows the toxin to reach the center of the matrix quickly, as shown in 

Figure 5.7A. Our modified structure has a higher specific surface area than the typical 

liver lobule structure, which is beneficial for toxins to enter the 3D device effectively. 

Two types of mask patterns (Figure 5.7B) were designed and alternatively printed by 

the µCOB method layer-by-layer, and finally a liver-mimetic 3D detoxifier was 

fabricated. After incubated with melittin (50 µg/mL), the 3D microstructure of this 

detoxifier was observed under a confocal microscope. From the red fluorescence of 

toxins-bound PDA nanoparticles, the structure of this detoxifier was reconstructed and 

the results are presented in Figure 5.7C. A scanning electron microscope (SEM) image 

revealed the multi-layer microstructure with modified liver lobule topology (Figure 

5.7D). Finally, we tested the capability of this detoxifier to capture toxins. Compared 

with the slab, the liver-mimetic structure makes the detoxifier to neutralize toxins faster, 

due to the faster diffusion of toxins into the inner structure (Figure 5.7E). In Figure 5.7F, 

the RBCs solution incubated with melittin treated by our biomimetic detoxifier has a 

clear supernatant as the same as the saline control. The red color of the supernatant in 

PDA nanoparticles treated group is more significant than that in the biomimetic 

detoxifier treated group. Colormetric readings of the supernatants were used to quantify  
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Figure 5.7: The bio-inspired 3D detoxifier. (A) Rational design of the liver-mimetic 3D 
structure. (B) The masks that are used for printing liver-mimetic 3D structure. (C) The 3D 
structure of the detoxifier measured by laser confocal microscopy. Incubated with melittin (50 
µg ml-1, 300 µl), the red fluorescence of PDA allows the reconstruction of the microstructure of 
the detoxifier in 3D. (D) Scanning electron microscope image of this detoxifier. Scale bar, 50 
µm. (E) Dynamic test on the neutralization efficiency with comparison between the liver-
mimetic structure (3D structure) and slab control (that is, with the same total volume). (F) 
Centrifuged RBCs after incubation with normal saline (control), melittin (5 µg ml-1), detoxifier-
treated melittin or PDA nanoparticles-treated melittin. The red color indicates the cytolysis of 
RBCs. (G) Neutralization efficiency of the 3D detoxifier. Equivalent amount of PDA 
nanoparticles is used for comparison. 
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the neutralization of toxins. Our 3D biomimetic detoxifier achieved 100% neutralization 

of toxins while the equivalent amount of free PDA nanoparticles neutralizes only 91% 

toxins, and the PEGDA hydrogel matrix alone has little capacity in neutralizing toxins 

(shown in Figure 5.7G). Therefore, this biomimetic detoxifier can effectively neutralize 

toxins, serving as a new technology platform for detoxification. 

5.4 Discussion 

In this work, PDA nanoparticles are chemically immobilized in a 3D PEGDA 

hydrogel and used for collecting and sensing toxins. This idea of incorporating particles 

into hydrogel for detoxification purposes has been demonstrated by early studies.[128–

130] We propose to shape the PEG matrix encapsulated with PDA nanoparticles into a  

designer structure using 3D-printing, a disruptive technology that is finding promising 

applications in creating unique 3D devices and tissue constructs.[131,132] Inspired by the 

liver structure that contributes to fast substances exchange between blood stream and 

hepatic cells, we fabricated PEG hydrogels into a liver-mimetic structure with modified 

liver lobule configuration, producing a higher specific surface area than the original 

liver lobule. This bio-inspired designer 3D structure allows toxins to enter the PEG 

matrix effectively and interact with these nanoparticles with toxins affinity, providing 

new insight for rationally designing a 3D detoxifier for potential clinical applications in 

detoxification ex vivo. 

PFTs are one of the most common peptide toxins. Recently, based on the 

functional similarity among different PFTs in perforating cellular membranes, an action 

mechanism-targeted detoxification concept was illustrated,[109] suggesting that cellular 
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membrane mimetic matrix can be used to capture and neutralize a variety of PFTs. In 

our work, PDA nanoparticles with a cellular membrane-mimetic surface are developed 

to attract, capture and sense toxins, followed by immobilization within a liver-mimetic 

3D PEG hydrogel matrix, creating a 3D biomimetic detoxifier. Our data shows that the 

toxins solution completely lost its virulence in damaging cellular membrane after 

treatment with the 3D detoxifier. Our 3D detoxifier can separate the toxin/PDA complex 

from cells so that the RBCs are limited to interact with the melittin on the surface of 

PDA nanoparticles, resulting in an enhanced detoxification efficiency compared to free 

PDA nanoparticles. In addition, conventional detoxification in intravenous application 

of nanoparticles shows risk of causing secondary poisoning especially in liver-failure 

patients, due to their accumulation in the liver.[108,109] Here, inspired by the liver 

microstructure, we demonstrate a liver-mimetic 3D detoxification device that can 

collect and remove toxins, providing a novel strategy for designing nano-enabled 

detoxification treatments. Moreover, the cell-free nature of our detoxifier allows 

integration of a variety of functionalities and nano-elements in rationally designed 

micro-architectures. This could lead to many breakthroughs in the development of 

future detoxification platforms.  

 
Chapter 5, in part, is a reprint of the material as it appears in: M. Gou, X. Qu, 

W. Zhu, M. Xiang, J. Yang, K. Zhang, Y. Wei, S. Chen (2014), “Bio-inspired Three-

dimensional Detoxification using 3D-printed Hydrogel Nanocomposite”, Nature 

Communications, 5, 3774. The dissertation author was the primary investigator and 

author of this paper.  
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Chapter 6 

3D Printing of Artificial Microfish with Functional 

Nanoparticles 

 

6.1 Introduction 

In Chapter 5, we utilized the µCOB system to embed PDA nanoparticles 

homogeneously in a biomimetic detoxifier. In this chapter, we will further explore the 

possibility of incorporating multiple types of nanoparticles at different locations of a 

biomedical device (with heterogeneous distribution). As a proof of concept, we will 

print artificial microfish which can be driven by chemical fuel and guided by magnetic 

field.  

With recent advances in nanoscience and nanomanufacturing technologies, the 

areas of biomimetic micro-robotics and nanomotors have seen rapid development in 

realizing functionalities mimicking natural organisms with self-propulsion.[133–138] 

Significant progress has been made over the past decade towards the design and 

fabrication of micro-/nanoswimmers with various locomotion mechanisms.[139–142] For 

instance, techniques for creating rolled-up nanostructures have led to the fabrication of 

tubular microjet engines and microdrillers.[143–146] Template-assisted electrochemical 

deposition has also been used to synthesize high-performance tubular micro-rockets and 

nanowire motors.[147,148] These microswimmers feature relatively simple spherical or 
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cylindrical geometries, indicating the limitation of these techniques in creating complex 

3D designs to mimic the sophisticated structure and function of their biological 

counterparts. Moreover, most microswimmers are composed of homogeneous inorganic 

materials and thus lack the capability of multiplexing sophisticated functionalities. 

While laser direct-writing enables the fabrication of microswimmers with more 

sophisticated 3D designs, such as helical structures used for targeted cargo transport,[149] 

the technique offers limited scalability due to the serial nature of its raster-scanning 

process, which is prohibitively time-consuming for large batch fabrication. Molding 

approaches have been used to create biomimetic polydimethylsiloxane (PDMS) 

microswimmers, propelled by either external magnetic fields or contractile 

cardiomyocytes.[150–154] However, the ferromagnetic materials or contractile cells must 

be post-deposited or seeded after the PDMS molding process, preventing more complex 

functionalization of the microswimmers. In addition, the near-millimeter size of these 

PDMS swimmers limits their applicability in micro- or nano-motion studies. In light of 

these challenges, rapid 3D optical printing offers a promising alternative for efficiently 

manufacturing controllable microswimmers with complex 3D microscale structures 

composed of patterned heterogeneous materials as well as different functional 

components.[30,155,156]  

In this work, we explore the utilization of the µCOB system to engineer 

functionalized artificial microfish with diverse biomimetic structures and locomotive 

capabilities. The µCOB system offers efficient fabrication speeds, provides improved 

feature resolution, and requires no harsh chemicals for fabrication. To 3D print artificial 
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microfish with high-fidelity shapes and structures in an economical and scalable 

manner, we optimized this µCOB system to construct freely swimming microfish 

composed of PEGDA-based hydrogels and functional nanoparticles as a proof of 

concept. By extending the µCOB technology to print advanced materials that 

incorporate three different types of functional nanoparticles – platinum (Pt) 

nanoparticles for chemically-mediated propulsion, iron oxide (Fe3O4) nanoparticles for 

magnetic guidance, and polydiacetylene (PDA) nanoparticles for toxin neutralization – 

we can create highly functionalized microfish using an approach that can be more 

broadly applied to engineering complex biomimetic micromotors with diverse custom-

designed functions.  

6.2 Methods 

6.2.1 3D printing of microfish  

PEGDA (MW = 700 Da) was purchased from Sigma (USA). Photoinitiator LAP 

was synthesized according to the previous work.[125] 40 wt% PEGDA in H2O with 1 

wt% lithium phenyl-2,4,6-trimethylbenzoylphosphinate was used as the matrix 

material. For the head of the microfish, magnetic Fe3O4 nanoparticles were diluted in 

the same matrix material with a concentration of 5 mg/ml; for the tail, catalytic Pt 

nanoparticles were diluted in the same matrix material with two different concentrations 

of 8.0×108 Pt particles per ml and 4.0×108 Pt particles per ml to evaluate the effect of 

Pt concentration on the swimming speed. For detoxification, 3 mg/ml PDA 

nanoparticles were loaded to the matrix material for the body of the microfish. The 

DMD chip used in the set-up is DLP-07 XGA from Texas Instruments.  
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6.2.2 Preparation of PDA nanoparticles 

Polydiacetylene (PDA) nanoparticles were prepared according to previous 

work.[155] 10,12-pentacosadiynoic acid (PCDA) was purchased from Sigma (USA). 

PCDA was dissolved in dichloromethane and then filtered for purifying purpose. 

Dichloromethane was evaporated by heating after the filtration. 6 ml distilled water was 

added to 36mg purified PCDA, followed by probe sonication for 5 mins at ~80 oC. Then 

the self-assembled PDA nanoparticle solution was refrigerated at 4 oC overnight for 

stabilization. Finally, before 3D printing, the PDA nanoparticle solution was irradiated 

with 285 nm ultraviolet light for 10 mins.  

6.2.3 Characterization and propulsion experiments 

The 3D microscopy images with height profile were obtained on microscope 

Keyence VHX1000. High resolution electroscope microscopy images and EDX 

spectroscopy images were obtained on Phillips XL30 ESEM. In order to get self-

propelled microfish, aqueous H2O2 solutions with concentrations ranging from 5% to 

15% were used as chemical fuels. Videos were captured by an inverted optical 

microscope (Nikon Instrument Inc. Ti-S/L100), coupled with 10× and 4× objectives and 

a Hamamatsu digital camera C11440, using the NIS Elements AR 3.2 software. The 

speed of the microfish was obtained by tracking and analyzing their motion with the 

NIS Elements AR 3.2 software. 

6.2.4 Detoxification experiments 

Detoxification of melittin by the microfish was performed by loading the 

microfish to melittin 100 µl of different solutions at 37 ˚C for 10 mins. For Figure 6.5A, 
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the solution was 5% H2O2 without melittin toxin; for Figure 6.5B and 6.5C, the solution 

was the same with 2.5 mg/ml melittin in 5% H2O2. The microfish in Figure 6.5B were 

not encapsulated with Pt nanoparticles to keep them stationary (i.e., no movement). The 

detoxification efficiency was evaluated by fluorescence microscopy imaging of the 

microfish after the neutralization process. ImageJ (developed by National Institute of 

Health) was used to measure the relative fluorescence intensity according to the 

previous work.[157] The relative fluorescence intensity is calculated according to 

equation (1). Both the integrated density and area can be measured directly with ImageJ 

from the fluorescence microscopy images. Data are reported as mean ± standard 

deviation. Comparison of sample means was performed by ANOVA followed by 

Tukey’s post-hoc test (Origin software), p < 0.05 was considered statistically 

significant. 

Relative	fluorescence	intensity	of	fish = 345678956:	;4564<;5=	>?	?;<@
A869	>?	?;<@

− 345678956:	;4564<;5=	>?	C9DE78>F4:
A869	>?	C9DE78>F4:

             

(1) 

6.3 Results 

6.3.1 3D printing of microfish.  

The setup of the µCOB platform for printing the microfish is schematically 

illustrated in Figure 6.1A. The key component is the digital micromirror device (DMD) 

chip composed of approximately two million micromirrors for continuous optical 

pattern generation. The DMD chip modulates the UV light and projects the optical 

pattern – dictated by the custom CAD model – onto the photopolymer solution. The 3D 

model can be defined using commercially available CAD software and sliced into a 
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series of digital images. Through a computer interface coupled with in-house developed 

software, these images are automatically and continuously loaded one-by-one onto the 

DMD chip and then projected onto the photopolymerizable materials, which are loaded 

on a motorized stage. Areas illuminated by UV light crosslink within seconds, while 

leaving the dark regions uncrosslinked, forming a patterned layer in a specific 

polymerization plane. By iterating through the sequence of optical patterns in 

continuous synchrony with the movement of the sample stage during the required UV 

exposure time, we can construct polymer scaffolds with complex structures and 

submicron feature resolutions. PEGDA, a biocompatible hydrogel that has been widely 

used in medical implants, drug delivery devices, and tissue culture, was chosen as the 

photopolymerizable matrix material for the fabrication of the fish body and the 

encapsulation of functional nanoparticles.  

 

Figure 6.1: 3D printing of the microfish by the µCOB system. (A) Schematic illustration of 
the µCOB method to fabricate microfish. (B) 3D microscopy image of an array of printed 
microfish. Scale bar, 100 µm. 

 
Optimizing the swimming performance of microswimmers requires precise control 

over their shape and size. Our µCOB platform is capable of building a wide array of 
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complex 3D geometries, allowing for efficient iteration through various microswimmer 

designs. Here we chose to print microfish of multiple biomimetic forms to demonstrate 

the potential for using this approach to systematically refine the microswimmer design 

to optimize its swimming performance. With this digitized and continuous optical 

printing technique, we are able to fabricate a large array of 3D microfish within mere 

seconds. In order to characterize the 3D morphology of the printed microfish, a 3D 

observation digital microscope (Keyence VHX1000) is used to capture the images of 

the microfish array from bottom to top at a step-size of 1 µm and to subsequently 

construct a 3D microscopy image that represents the height profile (Figure 6.1B). The 

thickness of the microfish is approximately 30 µm and the length of the microfish is 120 

µm. These parameters can be readily varied during the 3D fabrication process by 

changing the digital masks and layer settings. 

The digitized nature of the µCOB technique enables us to modulate the 

parameters as well as the designs of the microfish conveniently (Figure 6.2). Figure 

6.2A illustrates that large arrays of microfish can be printed with excellent uniformity 

and precision. Multiple sizes (Figure 6.2B) and shapes (Figure 6.2C-H) of microfish can 

be produced on the same substrate, with the size of the microfish tunable from 

micrometer to nearly centimeter scale. Furthermore, the PEGDA material comprising 

the microfish bodies can be substituted for other photopolymerizable polymers as 

appropriate for different functions and applications. Importantly, the flexibility of this 

technique enables us to pattern or embed different materials at specific locations for 

custom-designed functions. For example, we are able to fabricate a microfish with 
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magnetic Fe3O4 nanoparticles at the head and catalytic Pt nanoparticles at the tail 

(Figure 6.3). With these two types of functional nanoparticles, the swimming direction 

and speed of the microfish can be controlled readily.  

 
Figure 6.2: Assorted SEM images of the microfish. (A) A uniform array of microfish. (B) 
Microfish of various sizes and (C-H) fabricated fish of different designs: fish, shark, and manta 
ray, respectively. Scale bars, 50 µm. 
 

 
Figure 6.3: Heterogeneous embedding of nanoparticles. (A) Schematic illustration of the 
process of functionalizing a microfish for guided catalytic propulsion. Pt nanoparticles are first 
loaded into the tail of the fish for propulsion via catalytic decomposition of H2O2. Secondly, 
Fe3O4 nanoparticles are loaded into the head of the fish for magnetic control. (B) EDX 
spectroscopy images illustrating the iron-oxide head and platinum tail with respect to the 
PEGDA microfish body. Scale bar, 50 µm. 
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6.3.2 Functionalizing the microfish for chemically-powered and 

magnetically-guided propulsion 

For chemically-powered propulsion of the microfish, hydrogen peroxide was 

used as the fuel source. After the hydrogel bodies of the fish are fabricated with 

photopolymerizable solutions such as PEGDA, catalytic Pt nanoparticles are 

encapsulated into the tail of the microfish to enable efficient self-propulsion via 

decomposition of the peroxide fuel. In order to guide the motion of the microfish, 

magnetic Fe3O4 nanoparticles are encapsulated in the PEGDA for the fish head. Figure 

6.3A illustrates the fabrication process functionalizing the microfish with Pt and Fe3O4 

nanoparticles. Energy-dispersive X-ray (EDX) spectroscopy images show the 

successful functionalization of the microswimmers with the magnetic control and 

catalytic patch segments at different regions (Figure 6.3B), demonstrating the capability 

of the µCOP system to localize different functional nanoparticles at specific positions 

with high accuracy. Other nanoparticles can be further patterned on the microfish to 

achieve greater multiplexing and more complex functionalities.   

Pt nanoparticle encapsulation allows for efficient propulsion of the microfish, as 

illustrated in Figure 6.4. The track lines of microfish motion, shown in Figures 4a and 

4b, illustrate the thrust created by bubbles generated during peroxide decomposition at 

the tail ends of the fish, demonstrating the efficacy of the site-specific catalytic 

nanoparticle loading. The microfish are able to achieve a speed of 780 µm/s in a 15 % 

peroxide solution. Different fish geometries result in different speeds under identical 

fuel concentrations, owing to different Stokes’ drag at such small scales. In Figure 6.4C, 
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Fish 1 and Fish 2 are both loaded with the same concentration of Pt nanoparticles, while 

Fish 1 has a shape of common fish and Fish 2 has shape of manta ray. The average speed 

of Fish 1 is 1.5 times higher than that of Fish 2, indicating that the shape of the microfish 

can be optimized to achieve higher speeds (Figure 6.4C). The speed can also be readily 

tuned by tailoring the loaded concentration of the catalytic Pt nanoparticles. In Figure 

6.4C, Fish 1 and Fish 3 have the same shape of common fish, yet Fish 1 is loaded with 

twice the amount of Pt nanoparticles than that of Fish 3, yielding a higher speed under 

the same fuel concentrations.  

 

Figure 6.4: Swimming performance of the microfish. Track lines of motion of (A) a microfish 
and (B) a micro manta ray, over 3 seconds in the presence of 10 % hydrogen peroxide. (C) 
Speed profiles of microfish with different shape designs and different Pt nanoparticle 
concentrations at 5, 10, and 15% H2O2. Fish 1: common fish with 8.0×108 Pt particles per ml; 
Fish 2: manta ray with 8.0×108 Pt particles per ml; Fish 3: common fish with 4.0×108 Pt particles 
per ml.  (D-F) Time-lapse images of the microfish movement in 15% H2O2, performing sharp 
turns with magnetic guidance. Scale bar: 100 µm. 
 

 The encapsulation of Fe3O4 nanoparticles also allows for magnetic guidance. 

The time-lapse images in Figures 6.4D-F, illustrate remote guidance of the microfish 

achieved by rotating a nearby magnet. The swimming microfish exhibits rapid 

alignment to the external magnetic field. Combined, the nanoparticle encapsulation 
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methods can readily convert these polymeric microfish into efficient and controllable 

microswimmers for diverse applications. 

6.3.3 Integrating the microfish with PDA nanoparticles for detoxification 

To explore a potential application of the 3D printed microfish, we further 

incorporated functional toxin-neutralizing nanoparticles into the hydrogel matrix of the 

fish body as a proof-of-concept demonstration of its use in a detoxification context. 

Specifically, we used PDA nanoparticles, made from the self-assembly of 10,12-

pentacosadiynoic acid (PCDA), for the detoxification of melittin.[155] The PDA 

nanoparticles have the structure of nanovesicles, with the surface made of a π-

conjugated polymer. This unique surface structure can be used to mimic the biological 

membrane of a cell to effectively capture and neutralize pore-forming toxins via binding 

interactions between the nanoparticles and the toxins. The bound toxins will disrupt the 

ordered π-conjugated chain structure of the PDA nanoparticle surface, leading to 

fluorescence emission, which enables us to use these particles as toxin sensors as well. 

Change of the fluorescence intensity can serve as a good indicator of the detoxification 

efficiency during the experiment. 

To evaluate the detoxification capability of the PDA nanoparticle enhanced 

microfish, we designed three test groups. In the control group, we incubated these 

functionalized microfish with 5% H2O2 solution at 37 oC for 10 mins, and no visible 

fluorescence was detected (Figure 6.5A). In the second group, we incubated the 

microfish in a 5% H2O2 solution containing 2.5 mg/ml melittin at 37 oC for 10 mins. No 

Pt nanoparticles were incorporated into this group, so the microfish were stationary 
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during the incubation period. As shown in Figure 6.5B, a low intensity of fluorescence 

was observed. Comparing these two groups, we confirmed that the interaction between 

the melittin toxin and the PDA nanoparticles led to the red fluorescence emission. In the 

third group, Pt nanoparticles were incorporated within the tails of the functionalized 

microfish to make them mobile when exposed to the peroxide solution. These microfish 

were also incubated in a 5% H2O2 solution containing 2.5 mg/ml melittin at 37 oC for 

10 mins. Figure 6.5C indicates that the motion of the microfish significantly enhanced 

the interaction between the melittin toxin and the PDA nanoparticles encapsulated in 

the microfish.  

 

Figure 6.5: Fluorescent images demonstrating the detoxification capability of the 
microfish containing encapsulated PDA nanoparticles. (A) Control group of microfish 
incubated in 5% H2O2 without melittin toxin. (B) Stationary microfish incubated in 2.5 mg/ml 
melittin solution (5% H2O2). (C) Mobile microfish incubated in 2.5 mg/ml melittin solution (5% 
H2O2). (D) Relative fluorescence intensity measurements indicating the amount of melittin 
absorbed by the microfish. Statistical analysis indicates that there is significant difference 
between any two conditions among control, stationary or mobile, p < 0.05.  
 

The fluorescence intensity was further quantified to compare the detoxification 

efficacy (Figure 6.5D) using ImageJ, as previously described.[157] These data indicate 
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that there is a significant difference between the mobile and stationary microfish, 

highlighting the importance of the microswimmer movement for enhancing 

detoxification process. 

6.4 Discussion 

The natural locomotion of aquatic and airborne species within fluids has 

motivated scientists and engineers who aim to develop devices and robotics with 

efficient locomotive properties for use in transportation, delivery and other 

applications26. Engineering nature-inspired structures and functionalities requires 

hierarchical design over several orders of magnitude, both in spatial and temporal 

domains. Biomimetic microswimmers have emerged over the past decade with the 

potential to be useful in biomedical applications or as rheological probes in vivo. 

Manufacturing such microswimmers with optimal design and swimming capacity is a 

critical step towards achieving these goals. We have demonstrated as proof of concept 

that functional microfish can be created by patterning biocompatible hydrogels with 

functionalized nanoparticles using our advanced 3D printing technology. With the 

µCOP system, diverse and complex 3D microswimmer designs can be rapidly 

fabricated in large, uniform arrays, demonstrating the enhanced scalability and high-

throughput capacity of our approach when compared to conventional strategies. 

Biocompatible hydrogels are specifically chosen as the matrix material to 

encapsulate functional nanoparticles due to their wide use in medical implants, drug 

delivery devices, and tissue culture. PEG-based hydrogels, in particular, have proven 

extremely versatile for tissue engineering applications since they exhibit high 
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biocompatibility and little or no immunogenicity. In addition, PEG-based hydrogels 

display tunable mechanical properties over a wide range for various tissues/organs. 

Importantly for patterning applications, PEG-based hydrogels are intrinsically resistant 

to protein adsorption and cell adhesion, thus providing biological “blank slates” upon 

which desired biofunctionality can be built.[125,158]  

The systematic engineering method reported here provides a general strategy for 

designing nature-inspired swimmers in fluidic environments. Beyond the example of 

microfish shown here, the digitized nature of the 3D µCOB system can be applied to 

fabricate virtually any other designs to optimize the locomotive performance of the 

microswimmers. We integrated platinum and iron oxide nanoparticles for guided 

chemical propulsion in hydrogen peroxide fuel, but other nanoparticles can be 

integrated as well for use with different chemical fuels. Furthermore, as a proof-of-

concept, we integrated PDA nanoparticles into the microfish and realized an improved 

detoxification platform as well as a real-time sensing tool. This strategy can be readily 

extended to incorporate multiple other functional nanoparticles into a fully-integrated 

microswimmer system as a powerful platform for applications including but not limited 

to drug delivery, personal therapeutics, and environmental conservation.  

 

Chapter 6, in part, is a reprint of the material as it appears in: W. Zhu, J. Li, Y. 

Leong, I. Rozen, X. Qu, R. Dong, Z. Wu, W. Gao, P. H. Chung, J. Wang, and S. Chen 

(2015), “3D Printed Artificial Micro-Fish”, Advanced Materials, 27 (30), 4411-4417. 

The dissertation author was the primary investigator and author of this paper.  
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Chapter 7 

Conclusion and Future Directions of 3D Bioprinting 

7.1 Summary of dissertation 

Throughout this dissertation, we have developed and explored the applications 

of an advanced bioprinting platform (µCOB) in building various tissue models and 

biomedical devices. From the aspect of structural complexity, we demonstrated the 

rapid fabrication of simple geometric patterns as well as complex biomimetic scaffolds. 

From the aspect of material utilization, we covered a variety of biomaterials and the 

further incorporation of live cells as well as functional nanoparticles in the bioprinting 

process.  

We started with the fabrication of simple geometric cues to investigate the 

relative impact of cell alignment versus form-induced stress on the differentiation of 

ADSCs. Three distinct multicellular patterns, namely stripes (ST), symmetric fork (SF), 

and asymmetric fork (AF), were fabricated with the µCOB platform. The ST pattern 

was designed for uniaxial cell alignment while the SF and AF pattern were designed 

with altered cell directionality to different extents. The SF and AF patterns generated 

similar levels of regional peak stress, which were both significantly higher than those 

within the ST pattern. In comparison to the ST pattern, higher peak stress levels of the 

SF and AF patterns were associated with up-regulation of the chondrogenic and 

osteogenic markers. In contrast, uniaxial cell alignment in the ST pattern seemed to 

increase the expression myogenic markers. The use of these patterned geometric cues 
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for modulating cell alignment and form-induced stress can serve as a powerful and 

versatile technique towards controlling differentiation in ADSCs. 

 Then we moved on to demonstrate the printing of more complex biomimetic 

scaffolds for spinal cord injury repair. We printed scaffolds biomimicking the complex 

fascicular architecture of the spinal cord. We showed that scaffolds of different sizes 

and with various channel designs can be fabricated with the µCOB system. Patient 

specific scaffolds could also be printed according to the MRI scan of the injury. The 

printed scaffolds were simply and rapidly produced, reduced foreign body responses, 

and supported linear, aligned host axonal regeneration across a lesion site. Moreover, 

the scaffold can be loaded with regeneration-enhancing elements such as neural stem 

cells that further help the regeneration of axons. 

 Next we incorporated live cells into the printing process to engineer 

prevascularized tissues. Multiple cell types mimicking the native vascular cell 

composition were encapsulated directly into hydrogels with precisely controlled 

distribution without the need of sacrificial materials or perfusion. With regionally 

controlled biomaterial properties the endothelial cells formed lumen-like structures 

spontaneously in vitro. In vivo implantation demonstrated the survival and progressive 

formation of the endothelial network in the prevascularized tissue. Anastomosis 

between the bioprinted endothelial network and host circulation was observed with 

functional blood vessels featuring red blood cells. With the superior bioprinting speed, 

flexibility and scalability, this new prevascularization approach can be broadly 

applicable to the engineering and translation of various functional tissues. 
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 Besides cells, we also explored the possibility of embedding functional 

nanoparticles into hydrogels to build biomedical devices. We printed a liver-inspired 

3D detoxifier with one type of detoxifying nanoparticles (PDA nanoparticles). The 

nanoparticles can attract, capture and sense toxins, while the 3D matrix with a modified 

liver lobule microstructure allowed toxins to be trapped efficiently. Our results showed 

that the toxin solution completely loses its virulence after treatment using this 

biomimetic detoxification device. 

 The liver-mimetic detoxifier was printed by a homogeneous hydrogel 

nanocomposite. We moved one step further to demonstrate the capability of embedding 

multiple types of nanoparticles in a heterogeneous fashion. Artificial microfish were 

printed with three types of nanoparticles at different locations of the fish body. Platinum 

nanoparticles were printed in the fish tail for chemical propulsion, iron oxide 

nanoparticles were printed in the fish head for magnetic guidance, and PDA 

nanoparticles were printed in the fish body for toxin neutralization. The multiple 

capabilities integrated within these proof-of-concept microfish highlight the technical 

flexibility and broad applicability of our approach in engineering advanced functional 

biorobotics for actuation, sensing, and detoxification. 

7.2 Future directions 

While the µCOB system we developed possesses numerous advantages, such as 

good biocompatibility, high resolution and great efficiency, there still remain some 

challenges to be addressed. First of all, the material choice for the light-assisted printing 

is limited to the photosensitive polymers, which prevents the use of many biomaterials 
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and requires additional chemical modifications to make the materials 

photopolymerizable. Also, with no nozzles (used in the inkjet and extrusion printers) to 

deliver the material to the desired region for fabrication, the photopolymers are usually 

filled within the entire reservoir where 3D objects are printed including the space not 

intended for polymerization, which raises the concern of wasting materials and 

increasing the cost. 

Looking into the broader field of bioprinting for tissue engineering, there are 

also significant technological challenges for the successful development of functional 

tissue or organ substitutes. To better control the physical guidance provided by the 

microarchitecture and the heterogeneous distribution of functional biomolecules-- such 

as growth factors, peptide ligands and so on – resolution needs to be improved to the 

subcellular or molecular level (nanometer scale) for most of the existing bioprinters. 

Additionally, to provide the essential physical, chemical and biological cues to the 

printed cells, the biocompatibility of the bioprinter to a variety of biomaterials needs to 

be extended, since the biomaterials act as the direct interface with the cells.[159] 

Combinational use of bioprinters with different working principles can be a viable 

solution. A majority of the current bioprinters are developed for lab research use and 

the printed tissues are much smaller than clinically relevant sizes. Further improvements 

to the printing capability and speed are in great need for large scale tissue production 

for clinical uses. As the size of the printed tissue increases, nutrition and oxygen 

transportation will become more of a concern to maintain the viability of the cells and 

promote the maturation of the tissue, thus requiring successful vascularization of the 
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tissue. Although significant progress has been made to bioprint vasculature network, the 

maturation and integration of such vasculature network throughout the entire tissue 

remains a challenge. Dynamic culture using bioreactors could be a solution to promote 

the maturation and prolong the viability of the vascularized tissue. For in vivo 

transplantation, the tissue should also have the appropriate interface with sufficient 

mechanical properties to suture to the host circulation and withstand the pulsatile 

pressure of the blood flow.[160] In summary, bioprinting functional tissues requires 

efforts from multiple fields, including manufacturing, material science, biology and 

medicine. Interdisciplinary collaborations from these fields are needed to address the 

challenges. 

 

Chapter 7, in part, is a reprint of the material as it appears in: W. Zhu, X. Ma, 

M. Gou, D. Mei, K. Zhang, S. Chen (2016), “3D Printing of Functional Biomaterials 

for Tissue Engineering”, Current Opinion in Biotechnology, 40, 103-112. The 

dissertation author was the primary author. 
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