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ABSTRACT 

Tissue engineering is relatively new interdisciplinary application of the biological and 

biomedical sciences. A deeper understanding of the relationships between structure and 

function of healthy and pathological tissues is necessary in order to develop substitutes 

to restore or improve organ function. A fundamental idea of tissue engineering is cell 

growth and proliferation in three-dimensional (3D) matrix materials to mimic their 

natural environment. The classic approach of cell culture bases on flat surfaces, like 

multi-well plates, unrepresentative of most tissues in a human body. Therefore, 

controlled cell-matrix microenvironments that enable healthy cell-cell interactions are 

critical for understanding tissue formation. This research focuses on the development of 

simulated 3D printable extracellular matrix materials and perfusion devices needed to 

create functional organ-on-chip pancreas systems. Due to the limited supply of organs 

for transplantation, successfully engineered and fully functional human organoid will be 

a milestone in tissue engineering and regenerative medicine. Novel approaches have 

been investigated for vascularization of 3D soft tissues, highly essential for successful 

fabrication of physiologically-relevant tissue models. Here, the focus is on creating 

vascularized pancreatic islets, which brings new perspectives in the treatment for 

patients with type I diabetes. It is urgent, since diabetes type I will double over the next 

decade if current rates of increase continue. The pancreatic spheroids were formed by ɓ-

cells and endothelial cells co-cultured together, which maintained over 80% viability 

and at least twice higher insulin secretion as compared to non-vascularized ɓ-cell-only 

spheroids. In the co-cultured spheroids, angiogenesis provided a network within the 

scaffold that supplied nutrients to cells and drained metabolites, including insulin. The 

spheroids were cultured in fibrin-only scaffold with a high level of cellular performance; 

however, due the ultimate goal of creating pancreas-on-a-chip model, the mechanical 
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properties of fibrin were insufficient. Also, fibrin is characterized by rapid degradation 

and non-shear thinning nature, preventing extrusion-based bioprinting. Therefore, an 

ionically crosslinking and bioprintable hydrogel was developed based on functionalized 

bacterial cellulose, where its charge ratio influenced stiffness, morphology, and pore 

size. The new hydrogel and fibrin were combined with MatrigelÈ, collagen, and 

hyaluronic acid as a series of engineered hydrogel scaffolds that simulated the natural 

pancreas environment to provide an improved local microenvironment for sprouting 

spheroids. The tissue model was examined for at least a seven-day culture to provide 

data of cellular and molecular changes accompanying the tissue formation. It resulted in 

elevated gene expression of endothelial cell-related genes as VEGF-A, endothelin1, and 

NOS3 as well as twice higher insulin secretion on the 4th and 7th day of culture compared 

to the control. Later, the pancreatic tissue spheroids were deposited into a perfusable, 

hydrogel-based device under dynamic culture conditions. The perfused tissue model 

responded to glucose by insulin secretion that was detectable in real-time at the outlet of 

the device. Also, perfusion with a Sunitinib pharmaceutical stopped the growth of the 

vascularization over a 7-day dynamic culture by the inhibition of VEGFRs [1]. In 

conclusion, the pancreas-on-a-chip device fabricated based on vascularized engineered 

islets combined with the pancreas simulated ECM scaffold can be used for both insulin 

detection as well as for drug testing. This approach preserved the functionality of the 

pancreatic islets and is potentially useful for type I diabetes research as well as drug 

testing therapy for cancer models.  
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Chapter 1 Literature review  

1.1 Introduction 

Medicine has evolved in the last decade faster than ever before, increasing the demand 

for interdisciplinary discoveries. Material science has been adapted for interaction with 

biological systems, creating a new field called biomaterials. Tissue engineering 

combines natural or artificial biomaterials on which cells are grown to mimic the natural 

environment of tissues inside or outside the body. The aim of tissue engineering is to 

combine scaffolds and cells to assemble constructs that heal damaged tissues and restore 

their functionality. The next step for tissue engineering is regenerative medicine, where 

resources for organ repair or even substitution are directly transferred into the human 

body. The main prospective advantage of this approach is that a patient can be a donor 

of cells that will be engineered to tissues and then transplanted back as an autologous 

organ, without risk of immunological rejection.  

Currently, laboratory-grown tissues cannot exceed more than 400 Õm in diameter [2], 

because nutrient and oxygen will not penetrate to the core and subsequently cells 

undergoes apoptosis. Another challenge is formation of functional tissues that mimic 

the native form and function. In the traditional approach, cell behavior is evaluated in a 

2-dimentional space, such as tissue culture plates. This type of surrounding does not 

imitate a natural environment for cells and does not provide appropriate stimulus to 

create adequate responses, cell signaling, and extracellular matrix. For this reason, 3D 

printing is a powerful solution that allows automated processes that build 3D cellular 

constructs without harm. The deposited matrix is composed of bioinks that are made of 

natural or synthetic hydrogels that mimic 3D cell environments. Automation in tissue-

creating processes is a key for large-scale production. In addition to the challenge of 
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forming functional tissues, there are several aspects that must be validated: the process 

of communication between the cells and tissue as well as control of its behavior, 

progress of stem cell research to yield a stable induced pluripotent stem cells (iPSCs) 

without genetic mutation, and the hydrogels that will be superior in terms of degradation 

rate, stiffness, bioprintability, biomimicry, resolution, and application areas. This 

technology is crucial for the future of medicine and, in particular, in diabetes research. 

Currently, about 9.3% of the United States population has diabetes (nearly 30 million 

people), and this rate still grows [3]. It is necessary to better understand the tissue 

formation from a long-time perspective and potentially lower the cost of treatment, since 

estimated expenses on diabetic treatment are approximately 245 billion dollars yearly 

or roughly $8000 per patient [3].  

1.2 Function and properties of the human pancreas 

The pancreas is an internal organ that lies in the upper left part of abdomen and has a 

common bile duct with the gallbladder. The pancreas is both an endocrine and exocrine 

organ. The exocrine role is related to the secretion of digesting enzymes and proenzymes 

to the stomach. The endocrine cells are responsible for sugar control and metabolism in 

the pancreas. Four cell types secrete different hormone class: 

- alpha (Ŭ) cells secrete glucagon, which increases glucose level in blood; 

- beta (ɓ) cells secrete insulin, which decrease glucose level in blood; 

- delta (ŭ) cells secrete somatostatin, which regulates alpha and beta cells response; 

- gamma (ɔ) cells secretes polypeptides, which regulates endo- and exocrine responses. 

The islets of Langerhans are the regions that contain endocrine cells and are less than 

1% of the pancreas mass, comprised in clusters of 100-1000 cells [4]. Although the 
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endocrine cells represent less than 1% of the pancreatic mass, they receive as much as 

15-20% of total blood flow in an organ [5]. The explanation of this phenomena is 

production of a vascular endothelial growth factor (VEGF) by pancreatic islets [6] that 

induces vascularization and provide sugar homeostasis in the blood.  

 

Figure 1.1 Endocrine cells distribution in (A) mouse and (B) human Langerhans islet 

(reproduced with permission from Ref. [7]).  

The human pancreas has different cytoarchitecture than animals and the contrast is 

critical between human and rodents [7]. Human pancreas seems to be formed by random 

distribution of Ŭ, ɓ, and ŭ-cells, while in mouse pancreas ɓ-cells are located in the core 

and the peripheral layer is dominated by Ŭ and ŭ-cells (see Fig. 1.1). Also, the human 

pancreas has a lower ratio between Ŭ and ɓ-cells than mouse [7]. Hypotheses explaining 

these changes include evolutionary adaptations and different dietary habits. 

The majority of the pancreas extracellular matrix (ECM) consists of laminin and non-

fibrillar  collagen (type IV) along with fibronectin, collagen type I, II, V, and VI [5]. The 

function of laminins is to bind to integrins and mediate ECM effects on islet function, 

survival, and spread [8]. Integrins are a family of receptors that are responsible for cell 
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adhesion and intracellular cascades. However, the distribution of proteins is different in 

developmental and mature pancreas. Addition of fibronectin to islet cultures impacts 

protection of integrin expression and cell survival. Wang et al. [9] reported that 

fibronectin-treated pancreatic islet cultures produce twice the insulin compared to 

unsupplemented suspensions. 

The measurement of the mechanical properties of soft tissues is difficult  and influenced 

by post mortem time, age, and health conditions. Also, results are characterized by high 

standard deviation typical for soft tissues. Pancreas shear stiffness measured in vivo by 

magnetic resonance elastography (MRE) technique is in the range of 2 Ñ 0.4 kPa, as 

shown in Fig. 1.2 [10]. In vitro testing was conducted by Wex et al. [11], who 

determined pancreas properties by testing thin slices of the porcine and human native 

tissue. Reported work confirmed results in vivo, and indicated that the pancreas has a 

non-linear viscoelastic nature and mechanical properties between healthy and 

pathological pancreas differ. Moreover, there is no difference in moduli between thinner 

and thicker tissue samples [12].  

 

 

Figure 1.2 Mechanical properties of pancreas. (A) Shear deformation dependents of Gô 

(storage modulus) and Gôô (loss modulus) and (B) frequency dependents of those 

(reproduced with permission from Ref. [11]). 
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1.3 Biomaterial composition 

Hydrogels are a class of crosslinked polymeric substances capable of absorbing and 

retaining large quantities of water. Hydrogels in tissue engineering are classified into 

two groups: naturally-derived hydrogels such as gelatin, fibrin, collagen, cellulose, 

chitosan, and alginate and synthetically-derived hydrogels such as PluronicÈ or 

polyethylene glycol (PEG). They are used in biofabrication and tissue engineering for a 

wide array of applications such as drug delivery [13], contact lenses [14] and wound 

dressings [15]. Some of them are able to mimic the native tissue environment as they 

possess several essential features of the native ECM components [16]. These ECM-like 

properties allow cell encapsulation in a highly hydrated, mechanically strong 3D 

environment; however, both natural and synthetic hydrogels have some limitations. 

Natural hydrogels generally have weak mechanical properties while the synthetic 

counterparts lack major components such as bioactive molecules for cell adhesion or 

migration [17]. The biocompatibility of hydrogels is defined by their hydrophilicity. 

Hydrogels can absorb up to 1,000 times their original weight in aqueous medium 

without dissolving [18], making them ideal for cell encapsulation. Because they are 

highly permeable to oxygen, nutrients and other water-soluble compounds, hydrogels 

are attractive materials for fabrication of tissue constructs [17,19]. Finally, hydrogels 

provide 3D niches for embedded cells which mimic their native tissue environment [20ï

23]. Among hydrogels, fibrin has distinctive features in promoting cell invasion in a 3D 

structure [24], angiogenesis [25], and supports extensive cell growth and proliferation 

[26]. Moreover, fibrin has a significant role in wound healing and has been used in 

fabrication of skin grafts [27,28] and can bind growth factors like VEGFs [29]. Bacterial 

nanocellulose (BC) can be modified and applied in tissue engineering due to good 

biocompatibility, high water retention, and superior mechanical properties. Distinct 
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features of natural and synthetic hydrogels cannot be clearly stated; however, most of 

natural hydrogels are more biocompatible. 

1.4 Perfusable devices 

Several perfusable, hydrogel-based devices have been reported. Kolesky et al. [30] 

developed a cell-laden construct with an active perfusion over 45 days period (see Fig. 

1.3A). The relatively thick (>1 cm) tissue was comprised of collagen type I, fibrin, and 

Pluronic F127 that served as a sacrificial material. Hydrogels were deposited by 3D 

bioprinting process in a complex geometry by extrusion-based 3D printing (see Section 

2.5). Cells within a construct remained viable; however, they did not spread inside the 

hydrogel, which may indicate that the stiffness was too high.  

 

Figure 1.3 3D printed perfusable devices. (A) schematic geometry of perfusion chip 

(reproduced with permission from Ref. [30]), (B) sprouting of cells from a channel to 

the hydrogel matrix (reproduced with permission from Ref. [31]). 
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Another report was published by Kageyama et al. [31] and is an interesting approach of 

seeding cells onto a gold wire, while hydrogel surrounds it, shown in Fig. 1.3B. The 

electric shock detaches cells from the rode to a hydrogel made of 

carboxymethylcellulose (CMC) and gelatin. When wire was removed from the 

construct, it created the channel through which media was perfused up to 14 days. So 

far, there is no report about perfusable, hydrogel-based device containing complex tissue 

spheroids serving for drug screening. 

1.5 3D bioprinting 

Over the past few decades, numerous hydrogels have been prepared by altering the 

chemical backbone of polymers for tissue engineering applications. However, not all 

hydrogels can be considered ñbioprintable.ò Bioprintability of hydrogels are governed 

by their rheological properties and the target bioprinting modality. According to their 

bioprinting mechanisms, bioprinting processes can be classified under three major 

modalities: extrusion-based bioprinting (EBB), droplet-based bioprinting (DBB), and 

laser-based bioprinting (LBB) [32ï34]. Each bioprinting modality has different bioink 

requirements according to the bioprinting mechanism employed. 

1.5.1 3D bioprinter types 

Extrusion-based bioprinting employs pneumatic-, mechanical- or solenoid-driven 

micro-extrusion along with a computer-controlled writing process (see Fig. 1.4A). 

Hydrogels used in EBB broadly fall under the category of non-Newtonian fluids, where 

viscosity is strongly dependent upon shear rate [35]. Hydrogels with shear thinning and 

thixotropic behavior are well suited for EBB processes. In shear thinning hydrogels, 

shear forces align the random polymer chains in a favorable direction making them 

extrudable. Thixotropy, a time-dependent shear thinning behavior, enables the bioink to 
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assume a stable form at rest in the barrel, exhibit low viscosity inside the nozzle tip 

during extrusion, and regain its stability post-bioprinting. In addition, the bioink should 

possess low adhesion and surface tension properties to eliminate its attachment on the 

surface of the nozzle tip, and easily overcome the surface tension-driven droplet 

formation enabling successful filament extrusion. In addition, the bioink should have 

rapid gelation characteristics so that it can retain its shape without spreading. Moreover, 

appropriate substrate (with high surface roughness and low wettability) should be in 

place so that the bioink can stick to the substrate and retain its shape.  

Droplet-based bioprinting utilizes various energy sources such as electric, sound and 

heat to generate droplets of bioink in a high-throughput manner (see Fig. 1.4B). 

According to their droplet generation mechanisms, DBB processes can be classified 

under four groups: inkjet (thermal, piezoelectric or electrostatic) bioprinting, electro-

hydrodynamic jetting, acoustic droplet election and micro-valve bioprinting. In general, 

the bioink used in DBB should have low viscosity and a non-fibrous nature so that it can 

easily flow through the tubing system and nozzle without clogging problems. In 

addition, the bioink needs to possess a rheopectic behavior, which is a time-dependent 

dilatant behavior resulting in increased viscosity as shear is applied triggering droplet 

formation due to an increase in viscosity following ejection. The bioink should also have 

appropriate surface tension. It should have sufficient wettability to travel through the 

cartridge correctly but not leak out, flooding the print head and wetting the exterior of 

the nozzle tip. In addition, the droplets should solidify immediately after landing. 

Droplet-substrate interactions are also important as appropriate substrate surface 

properties are needed to prevent spreading, splashing or rebounding of droplets.    
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Figure 1.4 Schematic models of 3D printers. (A) extrusion-based bioprinting, (B) 

droplet-based bioprinting, (C) laser-based bioprinting (reproduced with permission from 

Ref. [32]).  

Laser-based bioprinting utilizes laser energy for fabrication of tissue constructs or high-

precision patterning of biologics (see Fig. 1.4C). This bioprinting method can be 

classified under two groups: processes based on cell transfer (i.e., laser-guided direct 

writing (LGDW) [36], matrix-assisted pulsed laser evaporation-direct write (MAPLE-

DW) [37] or laser-induced forward transfer (LIFT) [38]) and processes involving 

photopolymerization (i.e., stereolithography (SLA) [39], dynamic optical projection 

stereolithography (DOPsL) [40] or two-photon polymerization (2PP) [41]). In the 

former approach, the bioink is transferred from a cartridge to a substrate by laser-

induced jet formation; however, in the latter approach, the laser beam selectively 

solidifies a photocurable bioink material through polymerization [42]. The bioink used 

for cell transfer processes should possess sufficient adhesion and low surface tension 

characteristics so that it can uniformly spread on the intermediate layer and adhere to it 

without dripping. The bioink should easily transfer thermal energy into kinetic energy 

and exhibit high viscoelasticity so that well-defined jets can be formed with rest of the 

bioink maintained in the cartridge [43]. The bioink needs to have a rapid gelation 

capability so jets can solidify without spreading. Moreover, jet-substrate interactions are 

also important (similar to DBB); therefore, an appropriate substrate should be selected 
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to prevent spreading and splashing of the jets. For bioink in processes involving 

photopolymerization, the photopolymerizable hydrogels should be used. The bioink 

should be further reinforced with non-toxic water-soluble photo-initiators and light 

absorbers to initiate photopolymerization and enable fabrication of tissue constructs 

with uniform layer thickness [44]. Stability and high-mechanical strength as well as the 

ability to retain cells uniformly distributed in the pre-cursor solution are other important 

requirements of such bioink selection.      

1.5.2 Advantages of 3D bioprinting 

Three-dimensional (3D) bioprinting has recently gained enormous momentum in 

regenerative medicine as a stand-alone technology for fabrication of living tissues and 

organs, which holds great promise for future organ transplantation [45]. Bioprinting 

technology offers greater advantages in fabrication of living tissues due to its ability to 

pattern biologics (i.e., living cells, proteins, DNA and drugs) in order to facilitate 

appropriate cell-cell and cell-matrix interactions in 3D constructs with similar 

anatomical shapes, while generating samples in a high-throughput manner [46]. In 

addition, its ability to integrate a vascular network or porous architecture within 

fabricated tissues and organs facilitates continuous perfusion and oxygenation for long-

term cultivation. 

Bioprinting technology has been used in various venues including tissue engineering 

and regenerative medicine, pharmaceutics and drug screening, and cancer research. 

Various tissue types have been bioprinted including but not limited to bone, cartilage, 

liver, muscle, skin, vascular and composite tissues; however, the majority of these 

tissues are limited to thin, hollow or avascular tissues [47]. With recent achievements in 

vascular network bioprinting integration into larger scale tissue constructs, scientific 

barriers towards larger scale organs has been diminished [34]. Despite the great progress 
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in bioprinting research of living tissues and organs through the invention of various 

bioprinting techniques, bioprinters, and bioink materials; limited consideration has been 

given to their clinical translation.    

1.6 Drug screening devices 

One of the products of tissue engineering is drug screening devices based on cells that 

mimic anatomy and physiology of particular tissue. These devices are called organ-on-

a-chip models and usually are based on polydimethylsiloxane (PDMS) polymer that 

contains microfluidic channels, which represent blood vessels. PDMS is stiff, 

hydrophilic material and requires coating for cell attachment, usually by proteins, i.e. 

silk [48] or collagen as shown in Fig. 1.5 [49]. Cells adhere to the coated surface and 

grow in monolayer and are exposed to the media flow that runs through the channel. 

While perfusing drugs dissolved in media, it is possible to observe an impact on cells in 

a real time under a microscope. 

 

Figure 1.5 Drug screening devices. (A) PDMS chip model with silk lining (reproduced 

with permission from Ref. [48]), (B) TEMS chip model with collagen lining (reproduced 

with permission from Ref. [49]). 
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Disadvantage of PDMS models involve lack of adjustment and response for growing 

tissues. Also, larger and more complex structures cannot be tested. Thus, demand on 

tissue-relevant hydrogel matrix has raised and it is a promising approach for scale-up 

organ models. This is particularly important since more than 30% of medication fails 

human clinical trials, bearing high costs. Therefore, chip tissue models may enable 

researchers to predict how effective therapeutics will be in clinical studies.  

1.7 Future perspectives: Bioengineered tissues and bioinks 

The vast majority of efforts have been devoted to engineering cells; however, 

engineering ECM produced by cells will have great benefits such as improving 

mechanical properties of ECM and controlling its micro-architecture (i.e., orientation, 

thickness and porosity of protein fibers and composition). For example, successful tissue 

regeneration for articular cartilage or muscle requires mechanically improved tissue 

constructs rather than simply implanting freshly bioprinted tissue constructs into lesion 

sites [50]. New bioink materials can be developed in such a way that the ECM of native 

tissue can be recapitulated within these bioink materials prior to bioprinting. 

Despite the great progress in biomaterial development for tissue engineering and 

regenerative medicine, relatively few research endeavors have been devoted to the 

development of new biomaterials for bioprinting processes; the majority of biomaterials 

researchers do not consider refinement of their biomaterials for use in the domain of 

bioprinting. Therefore, further effort should be devoted to engineering new bioprintable 

materials. A new field of study in the design and development of novel bioink materials 

is likely to emerge in the near future. In order to develop such bioink materials, 

compatible bioprinting processes should be first identified as each bioprinting modality 

possesses different requirements for the bioink materials.    
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1.8 Summary  

Engineered human vascularized tissues are the future of medicine. Appropriate 

functionality will be required for organ replacement and in vitro disease models. The 

pancreas is just one of the organs, where repair of function would significantly raise 

quality of patientsô life. Vascularization of the tissue model plays important role, as 

endothelial cells release molecular mediators that affect other cells phenotypes and 

function. A successful combination of vascularized beta-cell islets and supportive 

hydrogel that mimics natural pancreas environment would provide a tissue model. 

However, to achieve this goal, scaffolds must be accurately printable in 3D, allow cells 

to proliferate according to the tissue model type, and maintain their function over a long 

period of time.   

The first research aim of this dissertation is presented in Chapter 2. The development of 

neovascularized ɓ-cell spheroids that facilitates over 80% viability within 10-day cell 

culture without necrotic core is critical as a first step to explore the impact of blood 

vessel formation on prosperity of pancreatic model. The ultimate goal of this research 

is creation of multiscale neovascularization to increase insulin production by at least 

50% compared to the control group. The second goal, described in Chapter 3, is to 

functionalize bacterial cellulose in order to implement the large-pore, mechanically 

reinforcing backbone hydrogel within the fibrin scaffold from Chapter 2. Bacterial 

cellulose has been functionalized as two distinct, oppositely-charged materials that 

ionically crosslinks once merged. This new hydrogel was characterized to determine the 

strength of functionalization in three different material ratios in terms of mechanical 

properties, porosity, and biocompatibility. The third goal, described in Chapter 4, was 

focused on fibrin-CMBCs scaffold with addition of soft tissue ECM components in 
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order to maintain high viability, functionality, and neovascularization potential of ɓ-cell 

spheroids. Here, the best results from Chapters 2 and 3 are incorporated to form a 

perfusable, pancreas-on-a-chip device that served for both real-time insulin secretion 

detection as well as the drug testing.  
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Chapter 2 Sprouting Angiogenesis in Engineered Spheroids 

Note: Madhuri Dey* aided in sprouting quantification and some immunostaining images; Bugra Ayan**  performed surface tension 
measurements; Kazim K. Moncal***  designed and 3D printed molds; and Donna Sosnoski for RHMVEC transduction. 

This work has been published as Hospodiuk M, Dey M, Ayan B, Sosnoski D, Moncal KK, Wu Y, et al. Sprouting Angiogenesis in 
Engineered Pseudo Islets. Biofabrication 2018:1ï41. doi:https://doi.org/10.1088/1758-5090/aab002. 

 

2.1 Abstract 

Despite the recent achievements in cell-based therapies for curing type-1 diabetes 

(T1D), vascularization of beta (ɓ)-cell clusters is still a major roadblock as it is essential 

for long-term viability and function of ɓ-cells in vivo. Here is reported sprouting 

angiogenesis in engineered spheroids made of mouse insulinoma ɓTC3 cells and rat 

heart microvascular endothelial cells (RHMVECs). Upon culturing in three-dimensional 

(3D) constructs under angiogenic conditions, spheroids sprouted extensive capillaries 

into the surrounding matrix. Ultra-morphological analysis through histological sections 

also revealed duct-like lumens and presence of capillarization within spheroids. 

Spheroids cultured in 3D constructs maintained their viability and functionality over 

time while non-vascularized spheroids, without the presence of RHMVECs, could not 

retain their viability or functionality. Here, the demonstrated angiogenesis in engineered 

islets may be used with patient specific stem cell-derived human beta cells and can be 

combined with micro-vascular endothelial cells in the near future for long-term graft 

survival in T1D patients. 

2.2 Introduction 

Type-1 diabetes (T1D) is a devastating disease caused by malfunction or complete loss 

of insulin production by beta (ɓ)-cells in islets of Langerhans in pancreas [51,52]. As a 

result, insulin is produced minimally or not at all. In most cases, T1D is caused by an 
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autoimmune response, whereby the immune system attacks ɓ-cells and destroys them 

[51]. It is a chronic disease that often leads to severe complications including blindness, 

limb amputations, kidney failure, neuropathy, and cardiovascular diseases [53ï55]. 

Until now, T1D has been managed by subcutaneous insulin injections and cure has been 

attempted by the transplantation of cadaveric pancreases or islets [56]. The crucial 

aspect of the successful islet transplantation is vascularization [57,58]. The islets are not 

directly connected to the blood supply, contrary to transplanted solid organs [59]. 

Revascularization depends upon local recruitment of endothelial cells (ECs) of the 

recipient and donor islet-derived ECs within the transplant. Revascularization within the 

first few days is critical for islets to regain function [57].  

Cells in islets are arranged in clusters of 100-1,000 cells representing less than 1% of 

the pancreatic mass. They receive as much as 15-20% of total blood flow to pancreas to 

regulate homeostasis in the organism [4,5]. ɓ-cells are the only cell type in the organism 

capable of insulin production; therefore, they must maintain a delicate balance between 

function and self-regeneration. Evidence suggests that ECs directly impact ɓ-cell 

survival as well as insulin gene expression [60]. Insulin secreted by ɓ-cells up-regulates 

synthesis of endothelial nitric oxide, which promotes intra-islet blood flow [60,61]. 

Also, ɓ-cells secrete endothelial growth factor-A (VEGF-A), which is crucial for ɓ-cells 

development, intra-islet vascularization, and maintenance of ɓ-cell mass [62]. 

Moreover, VEGF-A induces proliferation and migration of ECs in the developing 

pancreas, and is strictly controlled to maintain appropriate intra-islet vasculature and 

functional architecture [62]. The extracellular matrix (ECM) of islets includes laminin, 

collagen type IV, and perlecan, and serves as a physical barrier for infiltration of 

immune cells. The intra-islet ECs contribute to the ECM directly by synthesizing the 

basement membrane [63].  
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The current research has focused on engineering pancreatic ɓ-cells with ability to secrete 

insulin [64,65]. The monolayer co-culture of human embryonic stem cells (hESC) and 

ECs resulted in specific differentiation to pancreatic ɓ-cells, even without additional 

chemical factors [66]. It allowed for recapitulating interactions between cells in the 

developmental niche that is closely aligned with islet organogenesis. Also, a study by 

Johannson et al. [67] on rat islets indicated that ECs could affect ɓ-cell function and in 

vitro studies showed that human umbilical vein endothelial cells (HUVECs) co-cultured 

with rat insulinoma cells (INS-1) enhanced insulin secretion compared to the INS-1-

alone culture [68]. Also, rotational co-culture of human ɓ-cells and EC demonstrated 

increased insulin secretion [69]. Researchers have already shown pancreatic pseudo 

islets using induced pluripotent stem cells [65], b-cells from rodent islets co-cultured 

with endothelial progenitor cells [70], and b-cells from rodent cell line co-cultured with 

islet-derived endothelial cells [71]. According to our best knowledge, no study has 

demonstrated the angiogenic potential of pseudo islets and impact of capillarization on 

islet viability and function. 

Here is reported the sprouting angiogenesis in ɓ-cell clusters in a three-dimensional (3D) 

hydrogel culture. The murine pancreatic beta cell line (ɓ-TC3 cells) and rat heart 

microvessel endothelial cells (RHMVECs) were grown in clusters similar to the islet 

structure recreating a native-like environment. These clusters, henceforth referred as 

engineered spheroids, sprouted capillaries into the hydrogel as well as facilitated 

neovascularization, which, in turn, increased the viability and function of ɓ-cell clusters 

over time. 
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2.3 Materials and Methods 

2.3.1 Cell culture 

Mouse insulinoma beta (ɓ) TC3 cells (ɓTC3s), a kind gift from Dr. Nicolas Zavazavaôs 

laboratory (The University of Iowa, Iowa City, IA), were cultured in Dulbeccoôs 

Modified Eagleôs Medium (DMEM; Corning Cellgro, Manassas, VA) supplemented 

with 20% fetal bovine serum (Life Technologies, Grand Island, NY), 1 mM sodium 

pyruvate (Life Technologies), 2 mM Glutamax (Life Technologies), and 100 U/mL 

penicillin G, 100 ɛg/mL streptomycin (Life Technologies). Rat heart microvessel 

endothelial cells (RHMVECs) (VEC Technologies, Rensselaer, NY) were cultured in 

MCDB 131 medium (Corning Cellgro) supplemented with 5% fetal bovine serum, 2 

mM Glutamax, 1 ɛg/mL hydrocortisone (Sigma-Aldrich, St. Louis, MO), 1 ɛg/mL 

human epidermal growth factor (Sigma-Aldrich), 12 Õg/mL bovine brain extract 

(Lonza, Walkersville, MD), 100 U/mL penicillin G, and 100 ɛg/mL streptomycin. Cells 

were maintained at 37 ÁC in a 5% CO2 humidified atmosphere. Cell culture medium was 

changed every 2-3 days. Subconfluent cultures were detached from the flasks using a 

0.25% trypsin-0.1% EDTA solution (Life Technologies) and split to maintain cell 

growth. Passages 9 through 15 and 10 through 22 were used for ɓTC3 cells and 

RHMVECs, respectively.  

2.3.2 Mold fabrication for 3D culture 

 Negative patterns were designed with cylindrical micro-pillars of different 

diameters on top of the mold surface. PTC Creo software (Parametric Technology 

Corporation, Exton, PA) was used to create a three-dimensional (3D) computer aided 

design (CAD) model. The CAD model was then converted to a stereolithography (STL) 

file to fabricate the mold using a PerfactoryÈ Micro Hi-Res 3D printer (EnvisionTec, 
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Detroit, MI). A high-resolution material, HTM140M, (EnvisionTec) was used to 3D 

print the mold (Fig. 2.1A). The cylindrical micro-pillars were 300 Õm in diameter with 

a total number of 124 wells. After 3D printing the HTM140M negative mold, it was 

detached from the base, washed with detergent, then with 70% ethanol, and sterilized 

under ultraviolet (UV) light for 15 min. To cast the mold, 1.5% (w/v) agarose (RPI 

Corp., Mt. Prospect, IL) was dissolved in MilliQ water, then autoclaved. Liquefied 

agarose was poured carefully into the negative mold and left to solidify for 1 h at room 

temperature; agarose molds were then detached from the wall of 3D printed form with 

needle, and removed by strong concussion into 100 mm Petri dishes. Prepared agarose 

molds were incubated for 10 min in two changes of appropriate culture medium and 

then stored under sterile conditions at 4 ÁC. 

2.3.3 Fabrication of engineered spheroids 

On reaching 70% confluence, ɓTC3 cells and RHMVECs were detached from cell 

culture flasks using trypsin; cell media was added to deactivate trypsin and suspension 

was centrifuged for 5 min at 1,600 rpm. Cells were counted using a hemocytometer. 

ɓTC3 and RHMVECs were combined in ratios of 2:1 or 1:1, respectively. Also a third 

ratio was created by ɓTC3 cells only as a control group. A total of 2Ĭ106 cells were 

suspended in 100 ÕL of medium and carefully pipetted on the top chamber of the agarose 

mold. Gravity acted to pull cells down into the agarose wells and cells then aggregated 

as explained previously [72] (Fig. 2.1B). Over the next 9 h, at 3 h intervals, a small 

amount (~150ÕL) of fresh medium was gently added to the top of the mold to provide 

nutrition for the developing spheroids. The Petri dish containing the molds was also 

filled with cell culture media to ensure proper hydration of agarose molds. After 12 h, 

spheroids compacted and media was changed every 24 h. 
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2.3.4 Morphological analysis  

The ɓTC3-only, 2:1, and 1:1 group spheroids were assayed for size and proliferation at 

three time points: 1, 5, and 10 days. At each time point, the size of 15 random spheroids 

for three cell ratios in concentrations of 1, 2, and 3Ĭ106 cells/mold was measured using 

an EVOS FL Auto inverted microscope (ThermoFisher, Pittsburgh, PA) and software in 

bright field mode. The relative difference in average diameter between the 1st (V1) and 

10th (V2) day was determined by the equation: . The morphology of 

spheroids was determined by razor cutting of the agarose mold containing spheroids. 

Spheroids were observed and imaged on the EVOS FL Auto inverted light microscope 

to visualize mold characteristics and spheroidsô morphology vertically dimension. 

2.3.5 Surface tension measurement 

In order to measure the surface tension of spheroids, a micropipette aspiration technique 

was performed according to a previous study [73]. The customized straight micropipette 

was fabricated from a borosilicate glass Pasteur pipet (VWR, 14673-043, Radnor, PA) 

using a P97 Flaming/Brown micropipette puller (Sutter Instrument, Novato, CA). 

Aspirated spheroids were monitored via STC-MC33USB monochromatic camera 

(Sentech, Japan) equipped with 1-61448 and 1-61449 adaptor tubes (Navitar, Rochester, 

NY). Surface tension of the ɓTC3-only, 2:1, and 1:1 groups were measured at Days 1, 

5, and 10.  

2.3.6  Scanning electron microscopy (SEM) imaging 

Field emission scanning electron microscopy (SEM) (Zeiss SIGMA VP-FESEM) was 

used to investigate the surface topography of spheroids. Spheroids were harvested after 

three days of culture in the agarose mold and fixed in 4% paraformaldehyde (Sigma-
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Aldrich) overnight. Spheroids were then carefully washed in PBS and dehydrated using 

graded ethanol solutions (25 to 100%). To ensure complete removal of water, spheroids 

were then further dried in a critical point dryer (CPD300, Leica EM, Wetzlar, Germany). 

On complete dehydration, spheroids were sputter coated with gold using the Bal-tec 

SCD-050 Sputter Coater (Leica) and observed at an accelerating voltage of 3 kV.  

2.3.7 Flow Cytometry 

Flow cytometry was performed in order to quantify the ratio of ɓTC3 cells to 

RHMVECs of cultured free-standing spheroids. Prior to analysis, RHMVEC were 

transduced with EF1 tdTomato lentivector (Vectalys, Toulouse, France) by 5 h 

incubation at 37ÁC in a 6-well plate. The fluorescence-positive cells were sorted using 

a MoFlo Astrios sorter (Brckman Coulter, Pasadena, CA). The brightest cells were gated 

(52.1%, shown in Appendix A:  Supplementary Fig. S2.1), and collected for further cell 

culture. Spheroids in 2:1 and 1:1 ratios after 1, 5, and 10 day culture were collected in 

1.5 mL tubes and trypsinized for approximately 30 minutes until segregated to single-

cell suspension. Cells were then collected through centrifugation at 1,500 rpm for 5 min 

and fixed overnight with 4% formaldehyde solution (Sigma-Aldrich). Suspension of 

cells at each ratio and time point were stained with guinea pig anti-insulin antibody 

(Ab7842, Abcam) followed by the goat anti-guinea pig secondary antibody (Alexa Fluor 

488, Life Technologies) to label ɓTC3 cells. Sample analysis was carried out using a 

LSR Fortessa Flow Cytometer (BD, San Jose, CA) by acquiring at least 30,000 cells.  

2.3.8  Transmission electron microscopy (TEM) imaging 

 Transmission electron microscopy (TEM) was performed using a Tecnai G2 20 

microscope (FEI Company, Hillsboro, OR). Spheroids were fixed in 4% 

paraformaldehyde (Sigma-Aldrich) for 30 min and then centrifuged shortly to form cell 
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pellet and quickly washed in 0.1 M cacodylate buffer. The pellet was then subjected to 

1% OsO4 treatment for 60 min. After the OsO4 treatment, the pellet was carefully 

washed in the cacodylate buffer again for 10 min. Next, En Bloc staining was carried 

out using 2% uranyl acetate diluted in 50% ethanol for 30 min. Samples were then 

dehydrated using graded ethanol solutions (50- 95%) on ice and in propylene oxide 

before finally embedding them in epoxy resin. Following the epoxy embedding, 70 nm 

sections of the specimen were obtained by ultramicrotomy (UC6, Leica EM) followed 

by mounting them on TEM grids. The grids were stained post-sectioning with uranyl 

acetate and lead citrate to increase the contrast and observe cellular level details.  

The TEM images of free-standing spheroids were used to quantify insulin granules in 

ɓTC3-only, 2:1, and 1:1 spheroids. The images were processed on ImageJ software 

(NIH) using the Multipoint Tool plugin to enumerate the insulin granule content. 

2.3.9 Culturing spheroids in fibrin hydrogel constructs 

Fibrin hydrogel was prepared by blending fibrinogen protein isolated from bovine 

plasma (Sigma-Aldrich) and bovine thrombin from plasma (Sigma-Aldrich). Both 

solutions were dissolved separately in DPBS in the following concentration: 10 mg/mL 

fibrinogen and 3 U/mL thrombin at 37 ÁC. Both components were combined in equal 

amounts yielding a final concentration of 5 mg/mL fibrinogen and 1.5 U/mL thrombin. 

Spheroids were gently suspended in thrombin, which was blended with fibrinogen. After 

gentle, thorough pipetting, the pre-crosslinked suspension was deposited on 12 mm 

round cover slips placed in a 24-well plate. After 15 min of crosslinking in the incubator, 

cell media was deposited on top of fibrin. The culture medium was formulated in 1:1 

ratio of ɓTC3 media and EGM-2V media (Lonza) as it yielded the maximum viability 

for both cells (data not shown here). Fabricated fibrin constructs were installed into a 
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live cell imaging chamber and observed using a Keyence BZ-9000E microscope 

(Keyence Corp, Boston, MA). Images were captured every hour for a 64 h period. 

2.3.10 Cell viability and proliferation 

Three ratios of spheroids, alone and embedded in fibrin, were stained to determine the 

viability at three time points, 1, 5, and 10 days. Spheroids were removed from the 

agarose well and rinsed three times with DPBS (Life Technologies). A 300 ÕL solution 

of Dulbeccoôs phosphate buffered saline (DPBS; Life Technologies) containing 2 ÕM 

calcein-AM (Invitrogen, Carlsbad, CA) and 4 ÕM ethidium homodimer (Life 

Technologies) was added to the spheroids or fibrin constructs. Plates were protected 

from light and incubated at 37 ÁC in 5% CO2 for up to 3 h followed by rinsing with 

DBPS three times. Free-standing spheroids and those embedded in fibrin were 

transferred to the glass-bottom dishes for imaging on confocal laser scanning 

microscopy (Olympus FV10i, Olympus, America Inc., Center Valley, PA) to detect 

calcein (excitation 499, emission 520) and ethidium homodimer (excitation 577, 

emission 603). Ten representative areas of each sample type, ratio, and time point were 

randomly selected for imaging. Viability was quantified using ImageJ (National 

Institutes of Health (NIH)). In total, a minimum of 180 spheroids from three separate 

runs were quantified. 

Cell apoptosis was determined by caspase-3/7 activity assay at three time points (Day 

1, 5, and 10). Spheroids were transferred from the agarose well to a tube, and incubated 

in 1 mL fresh cell culture media with 10 ÕL CellEventÊ caspase-3/7 green 

ReadyProbesÊ reagent (Thermofisher) for 2 h at 37ÁC in the dark. Stained spheroids 

were observed using laser scanning microscopy (Olympus FV10i). 



24 

 

Cell proliferation was determined by a 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) assay (Life Technologies). Spheroids from one 

complete mold were used per each time point for each cell ratio. An equivalent number 

of cells not cultured in the molds was used as a reference control. Spheroids were flushed 

from agarose wells, washed twice with DPBS (Life Technologies), and suspended in 

100 ÕL of the media without phenol red. To each sample, 10 ÕL of 12 mM MTT solution 

was added; an assay blank consisted of cell medium without cells. All samples and 

controls were incubated at 37ÁC for 4 h. All but 50 ÕL of the reaction solution was 

removed and 100 ÕL of dimethylosulfoxide (DMSO; Sigma-Aldrich) was added, 

thoroughly mixed with and incubated at 37ÁC for 10 min. Samples were mixed again 

and the absorbance was read immediately at 540 nm on a Powerwave X-340 

spectrophotometer (BioTek, Winooski, VT) and the data was generated by KCjunior 

software (Biotek). 

2.3.11 Immunostaining imaging  

 To determine the cell distribution and demonstrate endothelial sprouting and 

angiogenesis, immunostaining was performed using a rabbit anti-platelet endothelial 

cell adhesion molecule (PECAM-1) antibody (Ab28364, Abcam, Cambridge, MA) to 

label RHMVECs and guinea pig anti-insulin antibody (Ab7842, Abcam) for ɓTC3 cells. 

Nuclei were stained with Hoechst 33258 (ThermoFisher).  

The spheroids embedded within the fibrin constructs were cultured in a 24-well plate 

for 1 and 3 days, and then fixed overnight with 4% paraformaldehyde (Sigma-Aldrich) 

at 4 ÁC. Constructs were then washed 3 times per 10 min in DPBS at the room 

temperature. Permeabilization was performed with 0.25% Triton X-100 (Sigma-

Aldrich) and 5% normal goat serum (Abcam) diluted in DPBS and incubated for 1 h. 
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Primary antibodies were diluted in blocking solution (1:50 for PECAM-1 and 1:200 for 

insulin) applied to constructs. After overnight incubation at 4 ÁC, samples were washed 

3 times (10 min each in DPBS). PECAM secondary goat anti-rabbit antibody (Alexa 

Fluor 647, Life Technologies) diluted 1:500, was incubated within the constructs for 1 

h at room temperature in dark and then washed for 10 min in DPBS. Then, insulin goat 

anti-guinea pig secondary antibody (Alexa Fluor 568, Life Technologies), diluted 1:500, 

was incubated within the constructs for 1 h at room temperature in dark. Staining was 

followed by 10 min DPBS wash and incubated for 30 min in 5 Õg/mL Hoechst. Samples 

were washed three times per 10 min in DPBS, followed by quick rinse in distilled water 

and then placed on a droplet of Vectashield (Vector Laboratories) on glass-bottom dishes 

for imaging on a confocal laser scanning microscope (Olympus FV10i) by lasers Alexa 

Fluor 568 (excitation 577, emission 603) and Alexa Fluor 647 (excitation 653, emission 

668). Images were pseudo-colored, green for PECAM and red for insulin. 

2.3.12 Insulin secretion analysis 

The insulin secretion analysis was conducted at 3 time points (1, 5, and 10 days) of 

ɓTC3-only, 2:1, and 1:1 of ɓTC3 and RHMVEC, respectively. 1xKrebs buffer was 

freshly prepared (25 mM HEPES, 115 mM NaCl, 24 mM NaHCO3, 5 mM KCl, 1 mM 

MgCl2, 0.2g 0.1% BSA dissolved MQ H2O). To the final solution was added 2.5 mM 

CaCl2 and the pH was adjusted to 7.4 with 1 M NaOH. This solution was filtered through 

0.22 Õm filter and stored at 4 ÁC.  

Only a single glucose stimulation was performed due to unresponsive character of ɓTC3 

cells on elevated glucose levels [74]. Therefore, 28 mM glucose solution was prepared 

in the 1x Krebs buffer. All of the spheroids (ɓTC3-only, 2:1, and 1:1 groups), were 

shortly rinsed in a glucose solution and then incubated in a 500 ÕL of fresh solution for 
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1 h in 37 ÁC and 5% CO2. After incubation, samples were centrifuged at 2,000 rpm for 

5 min, the supernatant was extracted and kept in -20 ÁC for the insulin enzyme-linked 

immunosorbent assay (ELISA) analysis and the remaining cell debris was kept 

separately in -20 ÁC for DNA quantification. Mouse ultrasensitive insulin ELISA kit 

(Alpco, Salem, NH) was used to detect insulin secretion of spheroids and 2D cultures 

after glucose simulation test at the 1st, 5th, and 10th day of experiments. ELISA protocol 

was performed according to manufacturerôs instruction. Briefly, 5 ÕL of standard 

solution or sample was applied in duplicate wells of the pre-coated ELISA microplate 

and then, 75 ÕL of HRP conjugate was added. Plate was incubated for 2 h on a shaker 

(300 rpm) and then rinsed thoroughly six times with wash buffer. After careful removal 

of the final wash, 100 ÕL of TMB substrate was pipetted into each well; the plate was 

incubated for 30 min on a platform shaker protected from light. Afterward, 100 ÕL of 

stop solution was added into each well. Absorbance readings were performed at 450 nm 

on a Powerwave X-340 spectrophotometer (BioTek) and insulin concentrations were 

calculated by KCjunior software. The DNA content from the cell pellet of each group 

and time point was detected by CyQUANT Cell Proliferation Assay Kit (ThermoFisher) 

and the DNA content of ɓTC3 cells were obtained by multiplying the total DNA content 

with the percentage of ɓTC3 cells in spheroids at different ratios and time points. The 

obtained DNA content for ɓTC3 cells was used to normalize the insulin quantity per 105 

ɓTC3 cells. 

2.3.13 Quantification of endothelial sprouting 

Images of spheroids encapsulated in fibrin were taken at Day 1, 3 and 5 on the EVOS 

FL Auto. These images were then processed on ImageJ software (NIH) using the 

Angiogenesis Analyzer plugin [75] to generate a skeleton of the sprouts. The generated 

skeleton was further analyzed using the Analyze Skeleton plugin to quantify the sprout 
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length and number.  The average sprouting length and the average sprout number was 

calculated for a set of 10 spheroids for each group (2:1 and 1:1) at each time point (Day 

1, 3 and 5).  

2.3.14  Histology study 

 Spheroids in three groups (ɓTC3-only, 2:1, and 1:1) embedded in fibrin on 12 

mm cover slips were cultured for five days in a 24-well plate. The spheroids-laden 

constructs were stabilized by overlaying with 300 ÕL of 1.5% agarose (RPI Corp.), prior 

to fixation in 4% (v/v) paraformaldehyde (Sigma-Aldrich) at 4 oC overnight. The 

constructs were embedded in paraffin using an automatic tissue processor (Leica TP 

1020). The constructs were gradually dehydrated in alcohol and sectioned cut into 8 Õm 

sections and placed onto charged slides. Sections were stained with hematoxylin and 

eosin (H&E) using Leica Autostainer XL (Leica). After H&E staining, coverslips were 

mounted to the slides with Xylene Substitute Mountant (Thermofisher). The slides were 

viewed under the Olympus BX51 (Olympus), and images were captured with the 

manufacturerôs software.  

2.3.15  Statistical Analysis  

Due to the large number of data points analyzed, the average diameter of spheroids is 

shown as the mean, and error bars represent the standard deviation from the mean. All 

other data are reported as the mean with error bars indicating the standard error of the 

mean. Statistical significance was determined using one-way analysis of variance 

(ANOVA) on MINITAB 17.3 (Minitab Inc., State College, PA). Posthoc Turkeyôs 

multiple comparison test was used to determine the individual differences among the 

groups. Results were considered significant with a confidence level of 95%, where p < 

0.05 (*), p < 0.01 (**), and p < 0.001 (***). 
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2.3.  Results  

2.3.1.  Spheroid fabrication and characterization 

In this investigation, ɓTC3 cells and RHMVECs were co-cultured for spheroids 

formation in three ratios, ɓTC3-only, 2:1 and 1:1, for ɓTC3 cells and RHMVECs, 

respectively. In spheroids, ɓTC3 cells provided the insulin-secreting component and 

RHMVECs served to strengthen spheroid formation and facilitate angiogenic sprouting. 

 

Figure 2.1 Spheroid fabrication and morphology. (A) 3D printed negative mold for 

agarose casting*** . (B) Agarose mold in a Petri dish surrounded by the cell culture media 

(top), an spheroid on the top view (bottom, left), the cutaway view of an agarose mold 

showing spheroid at the bottom of a micro-well on Day 3 (bottom, right). (C) Surface 

tension of ɓTC3-only, 2:1, and 1:1 groups spheroids measured at Day 1, 5, and 10 (n=3)  

** .  
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Agarose has been extensively used for molds that facilitate cell fusion in 3D [76]. The 

printed plastic mold (Fig. 2.1A) is characterized by high resolution of fine details and a 

superior surface finish. When filled with liquefied agarose, the mold formed 

reproducible uniform hydrogel with 124 micro-wells with a 300 Õm diameter, as shown 

in Fig. 2.1B (top). After 24 h of incubation in a biocompatible, non-toxic, mechanically 

stable, and non-adhesive agarose mold, spheroids had a compact and rigid morphology 

(Fig. 2.1B, bottom left and right) that allowed to be flushed out of the mold with a gentle 

pipetting. Surface tension for each spheroid group was measured at Days 1 and 5. On 

Day 1, surface tensions of ɓTC3-only, 2:1, and 1:1 groups were measured at 2.16 Ñ 0.56, 

5.99 Ñ 2.09, and 19.99 Ñ 4.79 mN/m, respectively. The surface tension of 1:1 group 

spheroid was found to be significantly greater than either ɓTC3-only or 2:1 ratio 

spheroid at Day 1. However, there was no noteworthy difference between ɓTC3-only 

and 2:1 ratio. On Day 5, the surface tension of 2:1 and 1:1 spheroids were determined 

to be 12.08 Ñ 6.65 and 17.08 Ñ 3.83 mN/m.  At Day 10, the surface tension of 2:1 and 

1:1 groups were 3.84 Ñ 2.06 and 13.25 Ñ 6.47 mN/m, respectively. The surface tension 

of spheroid in 1:1 group was significantly greater than that in 2:1 group. The surface 

tension of ɓTC3-only group was not able to be measured at Day 5 and 10, due to their 

weak mechanical properties. 
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Figure 2.2 (A) Spheroid diameter changed over time for three different groups (n=15). 

(B) SEM images of three-day cultured spheroids with a high-magnification view of their 

surface morphology. 

Spheroid diameters were measured at 1, 5, and 10 days (Fig. 2.2A). The average 

diameter of ɓTC3-only group seeded at concentration 1Ĭ106 cells/mold increased over 

33% over a 10-day period. A similar trend was observed when ɓTC3 were seeded at 

2Ĭ106 cells/mold and increased over 24%. The average diameter of ɓTC3-only 

spheroids seeded at 3Ĭ106 cells/mold increased only by 16% over the 10-day period 

suggesting that the micro-well size limits the maximum diameter of the spheroids. 
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Similar results were seen in spheroids formed by 2:1 and 1:1 ratio. When 1Ĭ106 

cells/mold were seeded, the average diameter in 2:1 and 1:1 group increased by 25% 

and 15%, respectively. Using 2Ĭ106 cells/mold, the average spheroid diameter increased 

by 15% for both 2:1 and 1:1 groups over the 10-day period. Finally, cell seeded at the 

density of 3Ĭ106 cells/mold increased by 12% (2:1) and 9% (1:1) over the 10-day period. 

Based on growth rate and the necessity to maintain an average diameter below 300 Õm, 

2Ĭ106 cells/mold was used for the rest of the study. 

SEM images on three days-cultured spheroids demonstrated solid, compact and 

spherical-shaped structure (Fig. 2.2B). The ECM was deposited by cells and presented 

as slightly irregular crown on the surface, which is magnified in the bottom row of Fig. 

2.2B.  RHMVECs contributed directly to synthesizing the ECM, which includes 

collagen type IV and laminin [77] and serves as physical barrier for immune system 

cells. Therefore, in 2:1 and 1:1 groups, higher amount of ECM was deposited and 

spheroid in these groups were characterized by smoother surface topology and round 

morphology.  
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Figure 2.3 Flow cytometry based on segregated spheroids made of tdTomato+ 

RHMVECs and ɓTC3 cells stained with insulin. The analysis was performed at Days 1, 

5, and 10 for both groups, 2:1 and 1:1. 

The flow cytometry results show two distinguish populations of tdTomato+ RHMVECs 

and ɓTC3 at every time point with some unstained cell debris (Fig. 2.3). At Day 1, the 

detected ratio was consistent with the experimental setup, where 2:1 group contained 

twice more ɓTC3 cells than RHMVECs and in 1:1 ratio the proportion was equal. The 

ɓTC3 ratio in spheroids diminished from 54 to 23% and 37 to 11% between Day 1 and 

10 for 2:1 and 1:1 group, respectively. On the other hand, RMHVEC ratio increased 

from 26 to 46% and 38 to 66% between Day 1 and 10 for 2:1 and 1:1 group, respectively. 

2.3.2.  Cell viability and proliferation 

Cell viability in spheroids was detected over a 10-day culture, for both free-standing 

spheroids and spheroids embedded in fibrin hydrogel (with sprouting angiogenesis). The 

average viability of free-standing ɓTC3-only spheroids was 87.41 Ñ 4.24% at Day 1, 

73.25 Ñ 1.02% at Day 5, and 56.44 Ñ 5.09% at Day 10 (Fig. 2.4A). The average viability 

decreased significantly (by over 35%) over the 10-day period. This trend was not 

observed for the 2:1 and 1:1 groups, where cell viability was maintained from 83 to 91% 

for 2:1 group and 88 to 92% for 1:1 group during the 10-day culture. The viability rate 

did not change significantly neither for 2:1 nor 1:1 group over the 10-day period. 

Strongly decreasing tendency in viability in ɓTC3-only group suggest that the presence 

of RHMVECs increased the viability of spheroids.  
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Figure 2.4 (A) Quantification of cell viability on free-standing spheroids (left) and 

spheroids embedded in fibrin (right) over 1, 5, and, 10 days (n=10). (B) Proliferation 

rate conducted on MTT assay over the same time points (n=4). (C) Representative 

pictures of live/dead staining at Day 1 (top row), 5 (middle row), and 10 (bottom row) 

for free-standing (left panel) and fibrin-embedded (right panel) culture for ɓTC3-only 

(left), 2:1 (middle), and 1:1 (right) group of spheroids. 

The viability study revealed similar tendencies for spheroids embedded in fibrin (Fig. 

2.4A, right), where similar tendencies were noted. The average viability of ɓTC3-only 

group was 86.09 Ñ 4.38% at Day 1, 75.58 Ñ 7.14% at Day 5, and 58.19 Ñ 4.81% at Day 

10. The average viability decreased by 32.41% over the 10-day period. Such trend was 

not observed for other groups, where the average viability was remained ~85% for 2:1 
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group and ~90% for 1:1 group over time. The MTT results (Fig. 2.4B) show that 

proliferation of ɓTC3-only spheroids significantly decreased over time by more than 

60% from Day 1 to 10. The 2:1 and 1:1 ratio spheroids had a stable proliferation rate 

(which did not differ significantly over time) indicating that 3D co-culture of ɓTC3 and 

RMHVEC supported cell proliferation and confirms the live/dead staining results. The 

representative pictures from live/dead staining are presented in Fig. 2.4C, for both free-

standing (left panel) and fibrin-embedded spheroids (right panel), where ɓTC3-only 

group exhibited significant cell death. Based on the results of caspase-3 assay, more 

apoptosis presented in ɓTC3-only spheroid in both free-standing and fibrin-embedding 

groups. These results were in line with the viability study performed in Fig. 2.5. 

 

Figure 2.5 Representative pictures of caspase-activated apoptosis at 1 (top row), 5 

(middle row), and 10 (bottom row) days of free-standing (left panel) and fibrin-

embedded (right panel) culture for ɓTC3-only (left), 2:1 (middle), and 1:1 (right) ratio 

of spheroids. 
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2.3.3.  Functional analysis of spheroids 

In TEM images, insulin granules were visible in 70 nm thick sections of spheroids. 

These unique ɓ-cell granules were visible in different stages of maturation and were 

surrounded by characteristic halo and membrane [78]. The granules were present in each 

group (Fig. 2.6A) in both early and late culture stages. Early insulin granules had larger, 

sparse granules with faded membrane (Fig. 2.6A, red arrows); mature granules had a 

dense core and clearly defined membrane (Fig. 2.6A, blue arrows). The insulin granules 

of ɓTC3 cells, which is a mouse insulinoma cell line, had a diameter not exceeding 250 

nm that corresponds to the size of rat insulin granules (243 nm) reported by Fava et al. 

[78]. The number of insulin granules in free-standing 2:1 and 1:1 ratio spheroids after 

three days of culture was slightly higher than ɓTC3-only group, but not statistically 

significant (Fig. 2.6B).  

Free-standing spheroids in two ratios, 2:1 and 1:1, were immunostained for insulin to 

label the ɓTC3 cells, and platelet endothelial cell adhesion molecule (PECAM-1) to 

identify the endothelial cells. The confocal images, shown in Fig. 2.6C, indicate uniform 

distribution of each cell type and strong expression of insulin in spheroids. Angiogenesis 

was not observed within free-standing spheroids.  
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Figure 2.6 (A) Ultra-morphology of spheroid showing the vesicles containing insulin 

granules in each group: ɓTC3-only (left), 2:1 (middle), and 1:1 (right). The arrows 

indicate immature (red) and mature (blue) insulin granules. (B) Number of insulin 

granules per cell in ɓTC3-only, 2:1, and 1:1 groups (n=15). (C) Immunocytochemistry 

of spheroids with RHMVECs stained for PECAM (green), ɓTC3 insulin (red), and 

nuclei (blue). (D) Insulin secretion in picograms normalized per 105 ɓTC3s in ɓTC3-

only, 2:1, and 1:1 groups in respect to 1, 5, and 10 days of culture (n=6). 

The insulin secretion in ɓTC3-only spheroids was maintained at the same level over 10 

days, around 3.6 pg insulin/105 cells, while the 2:1 and 1:1 spheroids represent 

statistically significant, four-fold higher insulin secretion per cell at Day 1, 14.4 and 15.3 

pg insulin/105 cells, respectively. On Day 5, higher levels of insulin were detected in 2:1 

and 1:1 groups compared to the ɓTC3-only group, with 16.4 and 7.8 versus 3.6 pg 

insulin per 105 cells, respectively. On Day 10, ɓTC3-only group secreted 3.9 pg 

insulin/105 cells, significantly lower than 2:1 (with 11.1 pg/105 cells) and 1:1 (18.5 

pg/105 cells) groups.  
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2.3.4.  Sprouting Angiogenesis 

In this work, spheroids were embedded in fibrin hydrogel to induce angiogenesis. Over 

the 64 h culture, spheroids were observed to form extensive capillarization (Fig. 2.7A). 

Endothelial sprouts developed approximately 20 h after seeding and formed a more 

complex vasculature over time. When placed close to each other, spheroids were able to 

fuse, contract and create a void space in fibrin matrix as shown in Fig. 2.7A (red arrows). 

Fibrin microstructure allowed migration of RHMVECs, while ɓTC3 cells maintained 

their position within the spheroids. 
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Figure 2.7 Spheroids seeded within fibrin hydrogel. (A) Time lapse images of 2:1 (top) 

and 1:1 (bottom) groups over a 64 h period (Note: the tear caused by spheroid 

contraction is shown by red arrows). (B) Immunocytochemistry images illustrating 

endothelial cells sprouting. Sprouting between two spheroids in 2:1 group (top) and in 

the core and outside of the spheroid in 1:1 group (middle and bottom). Immunostaining 

with PECAM (CD31) stains RHMVECs in green, insulin stains ɓTC3 in red, and nuclei 

are shown in blue.  

 

Immunocytochemistry was performed on spheroids to understand the sprouting 

behavior of RHMVECs. RHMVECs exhibited typical endothelial sprouting into the 

fibrin matrix, while ɓTC3 cells (stained with insulin) were maintained within the 

spheroid over the culture period. When spheroids were placed close together, sprouts 

between them tended to merge as what appears to be a nascent vascular network (Fig. 

2.7B, top). Also, RHMVECs started to form capillaries after two days in culture (Fig. 

2.7B (middle)) and created angiogenic sprouts over a five-day time period (Fig. 2.7B, 

bottom).  

Due to lack of supportive cells (such as fibroblasts, smooth muscle cells or pericytes 

[79]) in fibrin matrix, intensive capillarization was formed around spheroids at Day 10 

disabling the quantification in ImageJ. Moreover, observation at a mid-time-point was 

essential to understand the sprouting mechanism.  Therefore, Days 1, 3 were selected 

and 5 as time points instead of Days 1, 5 and 10. Average sprouting length and the 

number of sprouts were determined for 2:1 and 1:1 groups at three time points (1, 3, and 

5 days) as shown in Fig. 2.8A. For 2:1 group, sprouting length increased by 28% by Day 

3 and 64% by Day 5. The number of sprouts increased by 75% from Day 1 to Day 3, 
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but no significant increase was observed from Day 3 to Day 5. A similar increase in the 

average sprout length was also observed for 1:1 group, which was increased by 65% 

from Day 1 to Day 3 and 83% from Day 1 to Day 5.   

 

Figure 2.8 (A) Average sprouting length (left) and the number of sprouts (right) over a 

period of five days (n=5) *. (B) H&E staining of spheroids; ɓTC3-only (left), 2:1 

(middle), and 1:1 (right) cultured in fibrin and imaged at 20X and 40X. The blue arrows 

indicate the void space caused by contraction of spheroids and the red arrows indicate 

the endothelial sprouting.   

In order to investigate the micro-architecture for capillarization, spheroids of each ratio 

were processed for histological sectioning and H&E staining. The morphology in both 

2:1 and 1:1 groups showed the presence of duct-like structures within the spheroid. In 

2:1 group, where there were more ɓTC3 cells than RHMVECs, the morphology was 

more compact, with smaller sprouts (Fig. 2.8B, middle red arrows). However, the duct-
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like lumens were still present. The 1:1 group is characterized by looser arrangement 

with larger channel-like structures. More pronounced contraction of spheroid at the 1:1 

ratio caused a tear in the fibrin hydrogel, as shown in Fig. 2.8B (right, blue arrows).  

2.4.  Discussions 

Formation of  tissue spheroids in molds made of agarose [72,80,81], polyethylene glycol  

[82] and polydimethylsiloxane [83] has been previously discussed elsewhere. This 

affordable technique offers the ability to fabricate a large number of spheroids (in this 

case, 124) at one time. The shortcomings of this technique are random distribution of 

cells, especially for co-cultured cells, a variation in the exact cell number per spheroid, 

and the necessity to flush out cells where the physical force can trigger off 

disaggregation. The size of wells affected the spheroids formation. In our preliminary 

study, molds with well sizes of 500 and 800 Õm were tested (Appendix A: 

Supplementary Fig. S2.2), where spheroids overgrew and large deviations in their 

diameters were observed whereas molds with 300 Õm well diameter yielded spheroids 

with tight control on their dimensions. Free-standing ɓTC3-only spheroids were very 

fragile after a few days in culture. They disaggregated easily, particularly during the 

extraction from the mold. ɓTC3 cells were unable to maintain a ~300 Õm diameter due 

to minimal ECM deposition [63]. These observations were validated by surface tension 

measurements, where ɓTC3-only spheroid demonstrated low surface tension on Day 1, 

which was not even detectable by Day 5. This can be attributed to limited ECM 

deposition by ɓTC3 cells as well as the hypoxia-induced cell death as presented in the 

viability study. The 2:1 and 1:1 groups demonstrated significantly higher surface 

tensions with better structural integrity that did not change from Day 1 to 5. This is likely 

due to the deposition of ECM proteins by endothelial cells [63], and can readily be seen 
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in the SEM images presented in Fig. 2.2B. In spheroids, intercellular adhesion forces 

determined the final configuration of the spheroid by minimizing the total surface free 

energy. As a result, spheroids with RHMVECs became more spherical in shape [84]. 

The increased mechanical properties and higher amount of deposited and remodeled 

ECM in 2:1 and 1:1 groups led to a negative effect on sprouting angiogenesis as robust 

capillary formation did not take place in mature spheroids during the experiments (data 

not shown) confirming on earlier study [85]. Therefore, spheroids were embedded in 

fibrin after the overnight culture in molds.  

The size of spheroids in each group increased over time, even as the viability decreased. 

It is assumed that this behavior was caused by proliferation zone in which the outside 

layer thickness increased despite the necrotic core in the ɓTC3-only group [2]. The 

growth rate was stable as the spheroids were maintained in micro-wells, which 

restrained their proliferation. In the literature, it was reported that necrosis of spheroids 

in the core begins to occur when the diameter of the structure exceeds 150 Õm [2]. 

Necrosis is caused by the limited micro-well volume and therefore the lack of nutrient 

penetration to the spheroid core. In 2:1 and 1:1 groups, the strong adhesion exhibited by 

RHMVECs and the ECM components produced by them could contribute to the limited 

expansion of the spheroids. However, spheroids exhibited an increase in their diameter 

under all seeding conditions, suggesting cell proliferation, proper growth conditions and 

a synergistic relationship between the pancreatic and vascular cells.  

The flow cytometry was performed to detect the population of ɓTC3 cells and 

RHMVECs over the 10-day culture for both ratios (Fig. 2.3). Results confirmed the 

original seeding ratios at Day 1; however, at the later time points, RHMVECs presented 

a tendency to proliferate in a higher rate than ɓTC3 cells, causing outgrowth over the 
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10-day culture for both ratios (Fig. 2.3). Thus, further research is needed to investigate 

a gold ratio between ɓ-cells and endothelial cells to maintain high viability, but avoiding 

overgrow of endothelial cells among spheroids in a long-term culture. 

During culture, spheroids were constantly surrounded with fresh media. Viability of 

ɓTC3-only group decreased significantly over 10 days, while the 2:1 and 1:1 ratio 

spheroids maintained their viability (~85%) in same conditions. While it was expected 

that 2:1 and 1:1 groups would be denser than ɓTC3-only one, no significant decrease in 

their viability was not observed. Since free-standing spheroids did not exhibit 

angiogenesis, the phenomena on sustained viability could be explained by the research 

of Korff and Augustin [86], which suggests that while the single suspended cells cannot 

survive, the aggregated endothelial cells mediate intercellular contact and contribute the 

cell survival. The external layer of endothelial cells expresses polarized surface 

molecules that lead to contact development between cells. In the core, RHMVECs were 

exposed to necessary survival factors, which prevented apoptosis. Additionally, it is 

proved that ɓTC3 cells secrete nitric oxide and VEGF that additionally supported 

endothelial cells survival and RHMVECs increased the mechanical properties of the 

spheroids giving the proper matrix to grow for ɓTC3 cells [60].  

For spheroids embedded in fibrin, the media was added on the top of constructs and 

therefore cells had limited exposure to media. The decrease in the viability of ɓTC3-

only group within 10 days (Figs. 2.4-5) was similar when they were cultured in free-

standing form. The 3D matrix formed by fibrin mechanically supported ɓTC3 cells to 

maintain their viability with limited supplementation of media compared to the free-

standing group. Spheroids in 2:1 and 1:1 ratio embedded in fibrin maintained a high 

viability, similar to the free-standing ones. The viability in fibrin was maintained at a 
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high level due to the expansive growth of RHMVECs and capillarization. It is suspected 

that micro-capillaries could be instrumental in delivering nutrients to the core of the 

spheroid, enhancing the viability of ɓTC3. A dead core in observed spheroids was barely 

observed. Since live/dead staining is not specific for the cell lines, it is not 

distinguishable if the death occurred in ɓTC3 cells or RHMVECs; however, weak 

fluorescence signal from insulin in the core indicates that more death ɓTC3 cells were 

present in the core compared to the outer regions. Such weak fluorescence signal from 

insulin did not appear in spheroids with smaller diameter even in longer incubation 

periods as shown in Appendix A: Supplementary Fig. S2.3.    

The immature and mature granules differ in internal composition and organization. The 

immature insulin granules, visible in the TEM images (Fig. 2.6A), underwent a 

maturation process, where proteolytic conversion began from proinsulin to insulin in the 

granule core. The process is called a passive condensation [87], where insulin is 

crystallized in the form of granules with zinc and calcium elements in a dense core. 

Additionally, the uncondensed proteins are removed outside the membrane [88]. Also, 

the membrane undergoes selective trafficking to one of two pathways, secretion or 

degradation. Both maturation states were present for each spheroid group indicating the 

natural process of insulin production. The free-standing spheroids were processed for 

TEM imagining on Day 3 of culture. Slightly higher insulin granule content was 

detected for 2:1 and 1:1 groups compared to ɓTC3-only; however, no significant 

difference was found. The immunostaining on the 2nd day (Fig. 2.6C) presented a 

uniform distribution of both cell types with strong expression of insulin within the 

spheroids.  
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The normalized results of insulin secretion over time in both 2:1 and 1:1 groups indicates 

increased insulin secretion by ɓTC3 cells significantly after 10 days of culture compared 

to the ɓTC3-only group as shown in Fig. 2.6D. The ɓTC3-only group continued to secrete 

the same amount of insulin calculated per 100k live cells, even if the average viability 

decreased. This indicates that the presence of RHMVECs improved the amount of insulin 

produced by ɓTC3 cells and favored the functionality of spheroids.  

Spheroids in 2:1 and 1:1 groups started to form capillaries within several hours after 

embedding in fibrin. If they were placed close to one another, a significant contraction 

was observed. The reason behind the cellular contraction plays significant role in the 

assembly process as explained elsewhere [89ï92]. Kinetics increases by changes in 

morphology and tissue stability during self-assembly [89]. Since the surface tension and 

the mechanical contraction of fusing spheroids was stronger than the stiffness of 

surrounding fibrin, it might cause damage in fibrin matrix as shown in Fig. 2.7A (pointed 

by red arrows). The fibrin hydrogel particularly serve capillarization and has been 

documented by a wide range of in vitro models of both angio- and vasculogenesis [93ï

95]. Fibrin is naturally angiogenic, promotes cellular production of ECM proteins for 

achieving stable microvascular network for creation of angiogenic models [25]. 

Capillarization was observed within the bodies of spheroid, and also was directed to 

surrounding (Fig. 2.7B). Endothelial cells associated into capillaries were interconnected 

with one another forming a branched structure. This behavior has been observed in a 

number of studies [94,96ï98]. The RHMVEC sprouting length for both ratios, 2:1 and 

1:1, showed similar increasing tendency over five days (Fig. 2.8A, left). The higher 

number of sprouts at Day 1 in 2:1 group compared to 1:1 group might be caused by 

significantly higher surface tension or the VEGF production by ɓTC3 cells; however, on 

Day 3, both ratios present similar average sprouting length. The number of sprouts did 
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not differ significantly between 2:1 and 1:1 groups (Fig. 2.8A, right). The results indicate 

that spheroids sprouting length was similar for 2:1 and 1:1 groups at Days 3 and 5. Since 

the 1:1 group was loaded with more RHMVECs, it is assumed that endothelial cells 

attained maximum sprouting length capabilities in both ratios regardless of the 

endothelial cell population. Due to RHMVECs crowding around the spheroids at Day 5, 

most of the sprouts seemed to fuse and form thicker capillaries. Therefore, the quantified 

number of sprouts was similar as compared to Day 3. As the number of sprouts increased, 

the growth of new sprouts was likely limited by steric hindrance and the availability of 

fibrin matrix for tube formation. The VEGF factor, contained in the media and secreted 

by ɓTC3 cells, promoted endothelial cells motility, proliferation, and filopodia extension. 

Together with the Notch signaling, the capillary lead tips were recruited and controlled 

[99], as present in Fig. 2.7A. Also, local suppression of endothelial cells motility and 

formation of new intra-cell junctions resulted in connections into tube-like capillary 

sprouts (Fig. 2.8B). The histology images revealed the formation of duct-like lumens that 

commonly occur in the native human and rodent pancreas [100]. RHMVECs are 

suspected to provide an enhanced flow of nutrients to the core of spheroids as well as 

increased mechanical strength to the structure via the deposition of ECM.  

A critical step in successful clinical transplantation of the pancreas is the re-

vascularization of the organ [57,101]. The interaction between endothelial cells and 

pancreatic islet cells is crucial to initiate growth, maturation and function to the 

endocrine system. It has been reported that vascularization is critical issue after 

transplantation as it usually diminishes over time [58,102,103]. As demonstrated in this 

investigation, it is possible to recapitulate the synergistic relationship between 

endothelial cells and pancreatic ɓ-cells to create a functional 3D in vitro model of 

pancreatic endocrine tissue.  
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2.5.  Conclusions 

Engineering pseudo islets with capillarization is critical, since the in-and-out flow of 

intra-islet nutrients as well as maintenance of the crosstalk between b-cells and 

endothelial cell is necessary for proper islet function in vivo. Here, sprouting endothelial 

cellôs angiogenesis is combined with b-cells in 3D clusters (spheroids) and 

demonstrated its role in improving the viability and functionality of clusters over time. 

Functional spheroids can act as building blocks to form larger, viable tissue constructs 

for various purposes such as organs for transplantation or disease models for early phase 

pharmaceutical testing or research investigations for complex, multi-scale 

vascularization and multicellular interactions. As a future work, spheroids generated in 

this study will be bioprinted into a perfusable vascular bed in a larger scale for 

fabrication of pancreas-on-a-chip devices for pharmaceutical testing of T1D-related 

drugs.    
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Chapter 3 Dual-charge carboxymethylated bacterial cellulose as a potential 3D 

printable material for soft tissue engineering 

Note: Sayed M.Q. Bokhari* contributed in 3D printing system development and printability study; Kai Chi**  aided in taking 
rheology data; Kazim K. Moncal***  performed mechanical testing;  

 

3.1 Abstract 

The surface charge of anionic carboxymethylated bacterial cellulose (CMBC) was 

tailored using chitosan, a widely studied biologically derived cationic polysaccharide. 

The chitosan was ionically bonded to the carboxyl groups on the surface of the CMBC. 

This cationic surface functionalization significantly affected the physical properties and 

overall net charge of the resulting material. Both the negatively and positively charged 

BC were characterized, then combined and formed into composites in three separate 

ratios, as well as extruded by a 3D printing system equipped with a co-axial nozzle. The 

chitosan functionalized CMBC (CMBC (+)) demonstrated light refraction capabilities, 

larger particle size and positive charge, in contrast to the unfunctionalized negatively 

charged CMBC (CMBC (ï)). The thick consistency of the CMBC material had a direct 

effect on the alignment and crosslinking behavior of fibers formed during 3D printing. 

This material system can also be potentially combined with other materials to create 3D 

printable composites with tailored crosslinking rates and mechanical properties. 

3.2. Introduction 

Cellulose, as the most abundant and renewable biopolymer produced in the biosphere, 

has been extensively exploited by our society for centuries in diverse applications such 

as biofuels, papermaking, textiles, construction, food and healthcare [1]. Cellulose is a 

linear, polydisperse and syndiotactic biomacromolecule, consisting of numerous 

glycosidically linked glucose molecules and can be derived from a wide range of natural 
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resources including higher plants, marine animals (e.g., tunicates), bacteria, algae and 

fungi. Bacterial cellulose (BC) is a water-insoluble exopolysaccharide biosynthesized 

by certain bacteria such as the genera Komagataeibacter hansenii, Rhizobium and 

Rhodobacter. Here described is product of Komagataeibacter hansenii, strain 53582, 

which besides cellulose also produces other extrapolysacchirdes such as soluble 

mannose, and generates the highest yield among other strains [104,105]. Bacterial and 

plant-based cellulose have different nanoscale and molecular characteristics, although 

share the same chemical formula [106]. Cellulose from plants is characterized by a lower 

degree of polymerization, lower surface area and denser packing. In plant cellulose 

water retention reaches 60%, while bacteria-sourced has much higher water retention 

value, up to 1000% [107]. This results from the highly swollen, high surface area fiber 

network consisting of tunnels and pore structures within the wet BC pellicle [106]. BC 

typically has a higher purity as it is free of hemicellulose, pectin, and lignin, yet some 

bacteria strains can produce certain amounts of water-soluble exopolysaccharides [105]. 

In addition, BC is characterized by robust mechanical properties due to its higher degree 

of polymerization (up to 8000), higher crystallinity (70-85%) and ultra-fine network 

structure [105]. Therefore, BC has a unique combination of mechanical support, 

flexibility, and chemical resilience [108]. The formation of the BC pellicles occurs at 

the air/cellulose pellicle interface, and forms a characteristic supernatant film. 

Therefore, culture configurations that provide a larger air/liquid surface area provide 

improved BC growth. The BC mechanical properties can also be tailored by co-culture 

with another bacteria strain [109]. The affordability and simplicity of BC production in 

combination with porosity, high water holding capacity and biocompatibility make BC 

a great material candidate for tissue engineering [107,110ï112]. 
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Due its high water retention capacity, biocompatibility, and excellent mechanical 

properties, BC has been used as a wound dressing [113,114]. These properties were also 

applied in the tissue engineering of cartilage, where unmodified BC supports 

chondrocyte proliferation, causes a 50% increase of collagen type II deposition as well 

as provides significant advantages in terms of mechanical properties [112]. Also, 

modified BC and HA composites have been analyzed for bone tissue engineering [115] 

and demonstrated good compatibility with mouse and human osteoblasts [116,117]. BC 

called BASYCÈ has been tubularly shaped during cultivation for artificial blood vessel 

and applications in micronerve surgery [107]. BC has been also evaluated in in vivo 

studies, by subcutaneous implantation in rats for up to 12 weeks, without macro- and 

microscopic signs of inflammation. However, since BC has a similar chemical structure 

to the plant celluloses, it is not enzymatically degradable in the human or animal body. 

Therefore, the biodegradability has become an essential limiting factor in BC's 

applications as a scaffold material in in vitro and in vivo tissue engineering [118,119].  

To further expand the scope of BC applications, many in-situ [109,120,121] and ex-situ 

[122,123] approaches has been exploited, leading to the emergence of novel BC-derived 

materials with exceptional new features. Indeed, with abundant and chemically active 

hydroxyl groups on the surface, BC represents a unique platform for versatile surface 

functionalization. One of these approaches is carboxymethylation, an essentially 

etherification process which substitutes hydroxyl group on carbon atoms C2, C3 or C6 

with carboxymethyl group under an alcoholic, strongly basic environment [124]. The 

negative charges imparted from carboxymethyl groups induced electrostatic 

stabilization and the degree of substitution (corresponds to the average number of 

carboxymethyl groups per anhydroglucose units) strongly determines the solubility of 

the resulting material (DS<0.2, insoluble; DS>0.6, completely soluble). As one of the 
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most widely used cellulose derivatives, carboxymethyl cellulose (CMC) has found 

applications in a wide array of areas including foods, pharmaceuticals, detergents, 

coatings, textiles and paper, where CMC mainly functions as thickener, binder, 

stabilizer, water retention agent or rheology modifier [125]. The properties of CMC 

largely rely on molecular weight, degree of substitution as well as the chain length and 

how the chains cluster. This technique has been described in carboxymethylation of BC 

pellets (CMBC) with a tailored degree of substitution [126,127]. 

Chitosan is the N-deacetylated derivative of chitin, the most abundant amino-

polysaccharide [128,129]. Chitosan has similar structure to cellulose; however, it gained 

commercial interest due to the almost 7% of nitrogen, contrary to substituted cellulose 

(1.25) [129]. Through enzymatic or chemical deacetylation, chitin is converted to 

positively-charged chitosan used in cosmetic industry as i.e. an additive to hair 

conditioner, as it tightly binds to negatively charged surfaces [130]. Chitosan is poorly 

soluble, except under acidic conditions, where amine groups become protonated and 

thus make chitosan a cationic, water-soluble polyelectrolyte [131]. Once in dilute acidic 

solutions below pH 6, chitosan reacts readily with negatively charged substances [132], 

a property used in this research. Moreover, chitosan has antifungal properties due to 

several possible reasons. Chitosan may inhibit bacterial growth by acting as chelating 

agent, which render metals or other nutrients from being consumed by microorganisms 

[132]. In spite of this, chitosan is still a suitable material for eukaryote cell culture for 

biomedical purposes [131]. Both cellulose and chitosan are non-toxic, biocompatible, 

biodegradable and are successfully used in tissue engineering [107,133ï135]. However, 

since the pore size of BC is not large enough for cell ingrowth [136], unless pore size is 

engineered [137]. Bacterial cellulose was used as a potential scaffold for tissue 

engineering of cartilage and bone regeneration [112,138]. 
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Cellulose has been already used in the 3D printing for advanced functional applications 

in the fields of medical biomaterials, electronics and smart textiles, where the 

functionality of 3D printing cellulose materials were achieved by cellulose surface 

modification or the incorporation of functional materials [139]. Moreover, 

nanocellulose has been already used in the 3D bioprinting of chondrocytes for cartilage 

tissue engineering, due to its fibrils of a 20 nm width, similar to collagen fibrils, which 

also improves the rheological behavior of the bioink [140,141]. 

In this work, anionic carboxymethylated bacterial cellulose (CMBC (-)) and cationic 

carboxymethylated bacterial cellulose (CMBC (+)), that is made cationic by coating it 

with chitosan, are examined for use as bioinks for 3D printing. When combined, these 

materials rapidly crosslink via ionic interactions making them useful for printing. A co-

axial nozzle containing two nested cylindrical bioink feeding lines was used for testing. 

Such a nozzle has been used previously for printing tubes for tissue strands [34]. The 

goal of this research is to create a new printable scaffold architecture that exhibits 

controllable porosity and mechanical properties based on the composition and 

concentrations of the modified BC bioinks. The effects of weight ratios (1:1, 2:1, and 

3:1) of CMBC (-) and CMBC (+) on the mechanical properties, viability and printability 

of the final composite materials were studied.  

3.3 Materials and methods 

3.3.1 Material preparation 

3.3.1.1 Preparation of bacterial cellulose 

Komagataeibacter hansenii (ATCC 53582) purchased from the American Type Culture 

Collection (Rockville, MD) was used as a bacterial cellulose producer. Cells were 
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cultured in static conditions at 30 ÁC in a Pyrex glass dishes with a standard Hestrin-

Schramm (HS) medium containing 2% (w/v) glucose, 0.5% (w/v) yeast extract, 0.5% 

(w/v) peptone, 0.27% (w/v) Na2HPO4 and 0.12% (w/v) citric acid. The media was 

adjusted to pH of 5 by 4 mg/mL HCl. After a three-day cultivation, bacterial cellulose 

(BC) pellet was removed, washed with deionized (DI) water, cut into smaller cubes, and 

purified in 0.1M NaOH at 80 ÁC for 1h to remove bacteria and followed by DI water 

rinsing until pH was neutral. The as-obtained BC was stored at 4 ÁC in DI water up to 6 

months. 

3.3.1.2 Carboxymethylation of bacterial cellulose [CMBC (-)] 

Prior to the carboxymethylation reaction, the harvested and cut BC cubes were weighted 

(dry weight of 20 mg) and solvent exchanged from water to ethanol by immersing in 

100% ethanol solution overnight under magnetic stirring at room temperature. 

Generally, the carboxymethylation of BC is a two-step process, i.e. alkalization and 

etherification. In the first step, solvent exchanged BC was alkalized by immersion in 25 

mL ethanol containing 2.5 mL of 30% (w/v) sodium hydroxide solution. The system 

was kept at 30 oC under 300 rpm magnetic stirring for 40 min. Subsequently, 

etherification was initiated by addition of 1.5 mL (w/v) of 50% sodium hydroxide, 

heating at 40 ÁC on a hot plate, and followed by addition of 2 mL of 0.879 g/mL 

chloroacetic acid dissolved in ethanol. The etherification reaction was conducted at 50 

oC on a hot plate and with continuous magnetic agitation (300 rpm) for 30 min. Finally, 

functionalized BC (CMBC (-)) was rinsed with deionized water thoroughly until neutral 

pH was achieved and the material was then homogenized using a T-25 Ultra-TurraxÈ 

(IKA, Germany) at 15k rpm for 10 min. After preparation of each batch of material, 1 

mL of suspension was oven-dried and weighted. The final concentration was fixed at 3 

mg/mL throughout the entire study. 
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 3.3.1.3 Cationization of bacterial cellulose [CMBC (+)] 

Medium molecular weight (MMW) chitosan (Sigma, St. Louis, MO) exhibiting a 

molecular weight of 190-310 kDa and 75 to 85% deacetylation was used to prepare the 

CMBC (+). The chitosan solution was prepared by dissolving chitosan powder in DI 

water and the pH was adjusted to 3 by adding formic acid dropwise. The chitosan 

solution was allowed to stir at 80 oC overnight to ensure complete dissolution. 

Afterwards, chitosan solution was cooled to room temperature and used as a pool for 

the CMBC (+) preparation. Homogenized CMBC (ï) was diluted 5x from its original 

concentration with DI water and filtrated through a 70 Õm cell-strainer filter (VWR, 

Radnor, PA). The dispersion was placed in 60 mL syringe with a 27.5-gauge needle (BD 

PrecisionGlide, ThermoFisher, Pittsburgh, PA) and dispensed by a syringe pump (New 

Era Pump Systems, Farmingdale, NY) at 12 mL/min into the pool of chitosan solution, 

while homogenizing at 12 x106 rpm/min by a T-25 Ultra-TurraxÈ homogenizer (IKA). 

The as-obtained mixture was pipetted into the round-bottom conical tubes and 

centrifuged at 14 x103 rpm for 40 min in an Avanti J-26 XPI centrifuge (Beckman 

Coulter, Fullerton, CA). Supernatant was discarded and the sedimentary pellet was 

collected, resuspended in a DI water and centrifuged again at the same parameters. The 

final pellet was collected, and 1 mL of it was dried in order to determine its 

concentration. At each experiment, the final concentration was fixed at 3 mg/mL. 

3.3.2 Particle size measurements 

Particle sizes of both CMBCs ((-) and (+) charged) were measured with a laser 

diffractometer (Mastersizer 2000, Malvern Instruments Inc., Westborough, MA). Since 

both samples were cellulose based, the refractive index used for the measurements was 
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1.47. During each measurement, laser obscuration was reached to at least 1%. More than 

15 runs per each material type were performed. 

3.3.3 Fourier transform infrared spectroscopy (FTIR) 

All materials including CMBC (-), 1% CMC (Sigma), CMBC (+), and 1% MMW 

chitosan (Sigma) were prepared at distinct pH value pH 3 and 7, and placed on a glass 

slide to dry. Later, they were peeled off and used as films on a FTIR spectrophotometer 

(Bruker Vertex V70, Billerica, MA). The FTIR spectra were recorded in absorbance 

mode using an attenuated total reflection (ATR) diamond sensor. Spectra were collected 

from an accumulation of 200 scans at a resolution of 5 cm-1 over 4000 to 600 cm-1 

regions. 

3.3.4 Zeta potential 

The pH of solutions (1:1, 2:1, and 3:1, v/v CMBC (-):CMBC (+)) were measured on a 

Mettler Toledo SevenExcellence pH meter (Mettler Toledo, Columbus, OH) in order to 

determine the acidity level. Each CMBC suspension, (-) and (+), were adjusted to an 

appropriate pH equivalent prior to Zeta-potential measurements on a Nano ZS Zetasizer 

(Malvern Instruments). Both CMBCs suspensions were prepared in 3 mg/mL 

concentration and measured at 25 ÁC. Total of 15 runs were performed for each sample 

and data were ýtted by the Smoluchowski model. The Zeta-potential results were plotted 

as well as the absolute charge value against the pH level of the solution. The negatively-

charged solution values were multiplied according to the ratio to reflect their 

increasingly higher content. 

3.3.5 Field emission scanning electron microscopy (FESEM) 

Field emission scanning electron microscopy (SEM) (Zeiss SIGMA VP-FESEM, 

Thornwood, NY) was used to investigate the surface topography of controls, CMBC (-), 
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CMBC (+), and control groups. Samples were frozen at -80 ÁC overnight and then 

immersed in liquid nitrogen for a minute. Once fully frozen, samples were broken into 

small pieces, freeze-dried and placed on carbon tape. All samples were sputter coated 

with a thin layer (10 nm) of iridium using a Leica EM ACE600 sputter coater (Leica, 

Wetzlar, Germany) and observed at an accelerating voltage of 5 kV.  

3.3.6 Energy-dispersive X-Ray Spectroscopy SEM (EDS SEM) 

EDS Element analysis was performed on the surface of film samples using a 

spectrometer (Oxford Instruments X-Max, Concord, MA) attached to the FE-SEM. The 

measurements were obtained using AZtec software with at least 10% dead time, which 

refers to processing time while gathering more X-ray counts. Random regions were 

chosen in order to determine the percentages of carbon, nitrogen, and oxygen content. 

3.3.7 Mechanical testing 

Mechanical properties of CMBC (-) and CMBC (+) hydrogel were determined via 

compression testing based on different mixing ratios of 1:1, 2:1, 3:1 and 4:1 (v/v CMBC 

(-):CMBC (+)) at a concentration of 3 mg/mL. In order to examine their mechanical 

properties, suspensions were directly pipetted manually onto the ElectroForce 

Mechanical Tester (The ElectroForceÈ 3220 Series III, TA Instruments, New Castle, 

Delaware) platform at room temperature. Thereafter, samples were kept about a minute 

until the instant ionic crosslinking occurred between the positive and negatively charged 

hydrogels. Then, diameter and height information of constructs were recorded. Samples 

were compressed at a zero-frequency up to 50% of their sample height with a 

compression speed of 0.05 mm/sec. Youngôs modulus was calculated as the regression 

coefficient from the regenerated data based on the best linear regression fit on the stress-
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strain curve from 40 to 50% of the compression rate. Data was exported from an average 

of five samples per each group.  

3.3.8 Cell culture 

Rat heart microvessel endothelial cells (RHMVECs) (VEC Technologies, Rensselaer, 

NY) were cultured in MCDB 131 medium (Corning Cellgro, Manassas, VA) 

supplemented with 5% fetal bovine serum, 2 mM Glutamax, 1 ɛg/mL hydrocortisone 

(Sigma-Aldrich, St. Louis, MO), 1 ɛg/mL human epidermal growth factor (Sigma-

Aldrich), 12 Õg/mL bovine brain extract (Lonza, Walkersville, MD), 100 U/mL 

penicillin G, and 100 ɛg/mL streptomycin. Cells were maintained at 37 ÁC in a 5% CO2 

humidified atmosphere. Cell culture medium was changed every 2-3 days. Subconfluent 

cultures were detached from the flasks using a 0.25% trypsin-0.1% EDTA solution (Life 

Technologies, Grand Island, NY) and split to maintain cell growth. Passages used in this 

study were 10 through 25. 

3.3.9 Cell viability 

CMBC (-) and (+) were prepared respectively at pH 7 and 3 with added 10x concentrated 

DPBS (Life Technologies) to a final concentration of 1%. RHMVECs cells were 

detached from the flask and prepared for a final density of 1x106 cells/mL and pipetted 

with CMBC (-). Then CMBC (+) was added and pipetted into the glass slide. CMBCs 

constructs were stained to determine the viability at three time points, 1, 4, and 7 days. 

Constructs were then three times rinsed in a 24-well plate with DPBS (Life 

Technologies). 2 mL solution of Dulbeccoôs phosphate buffered saline (DPBS; Life 

Technologies) containing 2 ÕM Calcein-AM (Invitrogen, Carlsbad, CA) and 4 ÕM 

ethidium homodimer (Life Technologies) was added to the constructs. Plates were 

protected from light and incubated at 37 ÁC in 5% CO2 for up to 1 h followed by rinsing 
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with DBPS three times. Scaffolds were imaged on an EVOS FL Auto inverted 

microscope (ThermoFisher, Pittsburgh, PA) to detect Calcein (excitation 499, emission 

520) and ethidium homodimer (excitation 577, emission 603). Five representative areas 

on each construct at each time point were randomly selected for imaging. Viability was 

quantified using ImageJ (National Institutes of Health (NIH), Bethesda, MD). 

3.3.10 Rheology 

The rheology property was accessed using a strain-controlled rheometer (ARES, TA 

Instrument, New Castle, DE) in a cone-plate geometry. The diameters of cone and plate 

were 50 mm while the gap was set at 0.043 mm. The cone angle was 0.04 radians. 

Viscosity and shear stress measurements were carried out in the shear rate range from 

0.1 to 1000 s-1 at 20 oC. All experiments were performed at least in duplicate to ensure 

reproducibility and the representative data was shown here.  

3.3.11 Printability 

CMBC (-) and (+) suspensions were loaded into two separate 3cc syringe barrels 

(Nordson EFD, Fluid Dispensing system, West- lake, OH) at room temperature and 

centrifuged in Sorvall Legend X1R Centrifuge (Thermo Fisher Scientific, Waltham, 

MA) at 1,600 rpm for 5 min to remove air bubbles. Both barrels were connected to a 

custom-made co-axial nozzle (described in our earlier work [142]) and loaded on an 

INKREDIBLE 3D bioprinter (Cellink, Sweden). Printing speed and path plan was 

controlled by programmed G-code. CMBC constructs were printed in three different 

ratios of CMBC (-) to CMBC (+), 1:1, 2:1 and 3:1 respectively, at a printing speed of 

1500 mm/min. For CMBC (-), an extrusion pressure of 10, 14, and 17 kPa were used 

for 1:1, 2:1, and 3:1 suspension, respectively. For CMBC (+), the extrusion pressure was 

maintained at 6 kPa. The internal squares of printed two-layer grids were measured by 
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area and perimeter using the EVOS FL (Thermo Fisher) at 4x magnification. Circularity 

(C) of the internal grid shape was quantified in order to determine the printability (Pr) 

according to our previous work [143]: 

 

ὅ             (1) 

Where L and A are the perimeter and area of the pores, respectively. The shape of the 

enclosed area is closest to a circle when C is equal to 1. The square shape is equal to 

/́4; therefore, the printability of the material is defined as follows:  

 

ὖὶ          (2) 

 

An ideal 3D printed hydrogel exhibits squared shape grid, which has a Pr value of 1. 

3.3.12 Statistical analysis 

Due to the large number of data points analyzed, the average diameter of scaffolds is 

shown as the mean and error bars represent the standard deviation from the mean. All 

other data are reported as the mean with error bars indicating the standard error of the 

mean. Post hoc Tukeyôs multiple comparison test was used to determine the individual 

differences among the groups. All statistical analyses were performed by MINITAB 

18.0 (Minitab Inc., State College, PA). Results were considered significant with a 

confidence level of 95%, where p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). 

3.4 Results and discussion 

Bacterial cellulose (BC), the first compound of material system, is an extensive, linear-

chain biopolymer with a large number of chemically-active hydroxyl groups (three on 

carbon atoms C2, C3, and C6 per anhydroglucose unit). The carboxymethylation 
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process, an essentially etherification reaction that substitutes the surface hydroxyl 

groups with carboxymethyl groups, is schematically illustrated in Fig. 3.1A (top). Due 

to the difference in reactivity of their hydroxyl groups, (OH-C6 >> OH-C2 > OH-C3), 

the primary hydroxyl groups on C6 were first substituted by carboxymethyl groups 

during the etherification process, leading to the negative charges on the surface of the 

resulting material.  

The second compound of this system is chitosan, a linear biodegradable polysaccharide, 

composed by series of the copolymers of ɓ-(1Ÿ4)-linked D-glucosamines (deacetylated 

unit) and N-acetylglucoamine (acetylated unit), as shown in Fig. 3.1B (bottom). In dilute 

acidic solutions below its pKa value (pKa ~6.0-6.3), chitosan is cationic due to the 

protonated amine groups, and has the unique advantage to bind tightly to negatively 

charged compounds such as proteins and anionic polysaccharides. Each molecule, BC, 

CMBC (-), and chitosan, can interact through hydrogen bonding and London dispersion 

forces, which is a temporary attractive force [144]. CMBC (-) and chitosan attract each 

other through electrostatic interaction and form stabile, positively-charged 

macromolecules.  

Once CMBC (-) was added to chitosan in a static condition, both compounds ionically 

crosslinked strongly in the form of a compact cluster. To create suspended cationic 

fibers, CMBC (-) was added to chitosan in a dynamic environment, i.e. during the 

homogenization process. The CMBC (-) needed to be diluted in order to decrease 

ultimate particle size and prevent aggregation. Consequently, the most optimum method 

of CMBC (+) preparation was the injection of diluted CMBC (-) into a solution of 1% 

chitosan accompanied by high-shear homogenization (Fig. 3.1B). In this process, the 

CMBC (-) was instantly and substantially coated with chitosan preventing the formation 
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of large CMBC (-)-chitosan aggregates. Importantly, the homogenization time was 

optimized so as to create a uniform suspension but not to disintegrate the fibrous BC 

architecture completely. The long BC fibers were preserved to enable the subsequent 

formation of a fibrous matrix.  

 

 

Figure 3.1 (A) Preparation of material. Native BC was surface functionalized via a 

carboxymethylation process to form carboxymethylated BC (CMBC -). CMBC (-) was 

added into chitosan solution (only deacetylated part is presented) under dynamic, high 
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shear homogenization condition. As an effect, it creates positive overall net charge 

(bottom). (B) Simplified scheme of CMBC (+) preparation by homogenization of 

injected CMBC (-) in the pool of chitosan. 

The prepared CMBC (-) consists of fibrous polymers and shows polydisperse particle 

size distributions. The microscopic image of CMBC (-) shows opaque structure of 

fibrillar cellulose, which does not bend the light (Fig. 3.2A left). In Fig. 3.2A right, 

CMBC (+) structure is more distinguishable and organized, caused by different angles 

of light reflection by the chitosan molecules attached to CMBC (-). The particle sizes, 

shown in Fig. 3.2B, represent three peaks of CMBC (-) which are generated by 

homogenization process. CMBC (-) was presented in three size classes, from 20, 

through 90, up to 800 Õm lengths. The result may be also affected by measurement 

specificity, where the laser hits the object and the shadow of particle is quantified. The 

CMBC (+) represents larger size, up to 1 mm, related to chitosan adhesion to multiple 

CMBC (-). Also, it is characterized by one main peak, suggesting that smaller CMBC (-

) particles are ionically bound by the strongly positive charge of chitosan. 

 

Figure 3.2 (A) Microscopic images of CMBC (-) (left) and (+) (right) particles. (B) The 

particle size measurements indicate more homogeneous and larger size of CMBC (+) 

(right). 
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FTIR spectra, shown in Fig. 3.3, were collected for both main materials CMBC (-) and 

(+) as well as controls described in the literature: CMC [145ï147] and chitosan [148]. 

The FTIR analyses were performed to confirm the successful carboxymethylation of 

bacterial cellulose and coating of chitosan on CMBC (-) backbone through ionic 

complexation. In addition, all materials were prepared at pH 3 and 7, to detect the 

difference in degree of ionization of surface functional groups (amine and carboxyl) in 

these conditions. The similar backbone structure is present in the negatively-charged 

materials, where the vibration bands at 1055 (C-O stretching vibration), 1157 

(asymmetrical stretching of C-O-C glycoside bonds), 1314 (CH2 symmetric bending), 

1426 (CH2 symmetric bending), 2900 (C-H stretching), and 3315 cm-1 (O-H stretching) 

were observed [148]. At pH 3, CMBC (-) represented the same prominent peak at 1730 

cm-1, assigned to the C=O stretching frequency of carboxylic acid groups ïCOOH, as 

commercial CMC, implying successful carboxymethylation of native bacterial 

cellulose. The carboxyl group on polysaccharide backbone has a pKa of ~4.5-5 and is 

deprotonated at base condition [28]. As a result, the peak at 1585 cm-1 (asymmetric C=O 

stretching vibration of carboxylate groups -COO-) became more obvious at pH 7, 

indicating a high degree of deprotonation for CMBC (-) and CMC. On the other hand, 

the characteristic peaks of 1568 (NH bending) and 1650 cm-1 (carbonyl stretching) are 

clearly shown at pH 3 for both chitosan and CMBC (+), indicating the attachment of 

chitosan on CMBC (-). In addition, as compared to CMBC (-), CMBC (+) at pH 3 and 

7 exhibited new carbonyl stretching band of amide I but shifted to lower wave numbers 

(~1620 at pH 3 and ~1592 at pH 7) when compared to pure chitosan, suggesting the 

ionic complexation between the positive amine groups in chitosan and the negative 

carboxylate groups in CMBC (-). As expected, both chitosan and CMBC (+) at pH of 7 

became clustery with high turbidity level caused by the amine group deprotonation, 
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which induces material inhomogeneity [148]. There is no such a behavior in negatively-

charged material. It remains homogeneous among all of the pH levels examined. This 

behavior is an effect of the lack of a positive functional group, where the material is 

sufficiently negative for fibers to repel each other.  

 

Figure 3.3 FTIR measurements at pH 3 and pH 7 of CMBC (-) and control CMC (left) 

with a table of specific functional group peaks (left bottom) as well as FTIR 

measurements of CMBC (+) and chitosan control (right) with a table of specific 

functional group peaks (right bottom). The table of typical cellulose peaks is at bottom 

middle. 

The zeta potential for the CMBC (-) and (+) was detected based on scaffold acidity. In 

all three weight ratios, 1:1, 2:1, and 3:1, pH was at 3.72, 3.94, and 4.45, respectively. 

Both CMBC (-) and (+) suspensions were brought to the according pH prior to the zeta-

potential measurements. The results in Fig. 3.4A show that the charge on CMBC (-) is 

pH dependent and decreased from the -26.2, through -34.4 to -43.3 mV at the pH of 

3.72, 3.94, and 4.45 accordingly. Similar behavior was observed in CMBC (+), where 
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zeta potential decreased with increasing pH (Fig. 3.4A). From 69.4 mV at a pH of 3.72, 

the charge decreased to 67.2 at a pH of 3.94, and down to 53.7 at a pH of 4.45, which 

has been reported previously [149]. Data suggest that the pH impacts the charge by high 

degree of protonation for carboxyl groups on CMBC (-) and amine groups on CMBC 

(+) at low pH and deprotonation with increasing pH value.  

To determine the charge saturation for CMBC (-) and (+) among the three ratios tested, 

the absolute value of negative charge was multiplied by factor of two in 2:1 ratio and 

three in 3:1 ratio. The result was plotted against the pH values specific for each ratio 

(Fig. 3.4B). Ultimately, the 2:1 ratio at the pH of 3.92 reached the equal charge ratio and 

had the most optimal crosslinking performance.  

 

Figure 3.4 (A) The zeta potential measurements on CMBC (-) and (+) at the three pH 

levels relevant to the 1:1, 2:1, and 3:1 ratio (top) with the values (bottom). (B) The 

absolute zeta potential values plotted against pH (top) with values (bottom). 

To further understand the properties of the functionalized bacterial cellulose and its 

ratios, the morphology of bacterial cellulose, chitosan, CMBC (-), CMBC (+) and 

mixtures with different ratios were studied with FESEM, as shown in Fig. 3.5. The 
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native BC exhibited a intertwined, randomly oriented and highly porous cellulose 

network with pore size of 1-10 Õm, too small for cell ingrowth [136]. Chitosan was 

characterized by very smooth surface of the material, with characteristic rod-like 

elements. The CMBC (ï) topology was homogeneous, but uneven, with flaky surface. 

CMBC (+) was more heterogeneous with visible pores and small particles arising from 

the addition of the chitosan. The 1:1, 2:1, and 3:1 ratio had the morphology similar to 

both, CMBC (ï) and CMBC (+). The thin chitosan particles are present in all ratios, also 

larger amount of porosity from CMBC (+) was visible.  

Since chitosan is a deacetylated form of chitin, it has amine group on the second carbon, 

which is not present in BC or CMBC (-). The nitrogen content was quantified by EDS 

SEM on the chitosan, where it reached 5.48 %, which is lower than 6.89% reported 

elsewhere [129,150]. BC and CMBC (-), expectedly had no nitrogen content within the 

scaffolds. CMBC (+) shown 1.47%, while 1:1 and 2:1 weight ratio 0.68 and 0.29%, 

respectively. There was no nitrogen content detected in 3:1 ratio, which might be caused 

by the equipment sensitivity. The results of EDS analysis were reasonable based on 

diminishing content of chitosan on CMBC (+) surface and on its ratios with CMBC(-). 
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Figure 3.5 SEM images, from left to right, of BC, CMBC (-) and (+), and three ratios 

1:1, 2:1, and 3:1 (top). Each row represents different magnification: 100, 500, and 

5000x, with the scale bars of 1 mm, 200 Õm, and 20 Õm, respectively.  The table with 

results from EDS SEM, presenting carbon, nitrogen, and oxygen content (bottom). 

The porosity measurements were performed on the crushed frozen samples to preserve 

their native porosity. The pieces of constructs were freeze-dried, placed on carbon tape 

and imaged by FESEM. The results, shown in Fig. 3.6, represent a significant difference 

between non-functionalized BC and rest of the samples: chitosan, CMBCs (-) and (+), 

and all ratios 1:1, 2:1, and 3:1 in both, percentage and size of the pores. BC had a very 

small pore size, with an average of 10 Õm in diameter (Fig. 3.6A). The similar porosity 

percentage had chitosan, 1:1, and 3:1 ratio. The 2:1 ratio had a significantly smaller 

porosity than 1:1 and 3:1 constructs, which can be ascribed to the strongest crosslinking 

rate; however, the pore size was significantly greater than 1:1 constructs (Fig. 3.6B). 

Interestingly, chitosan presented higher porosity percentage than CMBC (-) and (+); 

however, pore size of these groups did not differ. The large standard deviations were 

caused due to uneven and 3D sample surface, which produced shadow, and sometimes, 

caused difficulties in proper thresholding.  
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Figure 3.6 Porosity measurements on bacterial cellulose, chitosan, CMBCs and its 

ratios based on SEM images: (A) percent porosity and (B) pore size (n = 10). 

Due to its high water retention capacity, biocompatibility and excellent mechanical 

properties, BC has been used as a wound dressing [113,114]. BC has been modified to 

create a porous internal structure and was studied with human mesenchymal stem cells 

[136] and smooth muscle cells to analyze contraction strength while stimulated by 

pharmaceuticals [151]. Therefore, cell viability study was performed on BC and three 

CMBCs ratios (1:1, 2:1, and 3:1) at three time points (1, 4, and 7 days) in order to 

understand their biocompatibility. Results among every group at different time points 

ranged from 80 to 90%, without significant difference (Fig. 3.7 A) via live/dead staining, 

show in Fig. 3.7 B. It is hypothesized that the overall charge of material has an influence 

on cell viability; however, even cells cultured in CMBC (ï) and CMBC (+) materials 

separately maintained over 80% viability.  

 

Figure 3.7 (A) Viability of RHMVECs in BC and manually blended CMBCs at 1:1, 

2:1, and 3:1 ratios and (B) representative images. 
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For mechanical testing, the ratios of 1:1, 2:1, 3:1, and 4:1 ratio were tested under static 

compression. The CMBCs used in this experiment had origin from multiple 

functionalization batches due to large quantities of needed material. Later, the 4:1 ratio 

was added to identify if increasing content of the negatively charged CMBC (-) impacts 

overall mechanical properties of the construct. At the beginning of the compression, 

syneresis was observed in all groups meaning that the liquid part (non-crosslinked 

region) separated from the crosslinked gel, which generated error during data collection. 

The final results indicated that 1:1, 2:1, and 3:1 ratio did not differ significantly, contrary 

to 4:1, possessing that an excess amount of the negatively-charged CMBC (-) material 

ultimately decreased the Youngôs modulus significantly due to oversaturation of 

positively-charged material (Fig. 3.8A). Visually, there was a noticeable difference 

between crosslinking rates, where 2:1 ratio exhibited the strongest crosslinking forming 

a whitish appearance and had an average Youngôs modulus of 8.9 kPa (Fig. 3.8B). 

Within a couple minutes, some liquid was released from the constructs due to a strong 

crosslinking force. In 1:1 ratio, where Youngôs modulus reached 6.9 kPa, there was no 

such a strong crosslinking phenomenon suggesting that the excess of one charge 

remained in the constructs. In 3:1 ratio (~11 kPa), the saturation of positively-charged 

material is reached; however, the constructs were stable, with a visually slower 

crosslinking rate. The values for 4:1 ratio was gathered only above 40% of strain due to 

non-homogenous constructs, which presented significantly lower properties than 2:1 

and 3:1 ratio, with an average of 1.88 kPa. Since the 4:1 ratio weakly crosslinked, it was 

not analyzed any further thorough the study. Stress-strain relations of each group 

between 30 to 50% of strain are demonstrated in Fig. 3.8A with corresponding values 

listed in Fig. 3.8C. Based on the best linear fit on the stress-strain curve, correlation 

coefficient R value determined to be higher than an average of 0.94 for 1:1, 2:1, and 3:1 
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groups. On the other hand, R value of 4:1 group measured in an average higher than 0.5, 

which resulted a weak linear relationship between the stress-strain curves. 

 

Figure 3.8 ***  The mechanical properties of the CMBCs material. The additional tests 

on the 4:1 ratio, from a separate batch, were added to define the effect of charge 

saturation. (A) Strain values of the CMBCs material in 1:1, 2:1, 3:1, and 4:1 ratio under 

the stress. (B) Static compression test based on 4 ratios (1:1 to 4:1), negative to positive 

charge, respectively, representing the Youngôs modulus values. (C) Table for strain 

values. 

The flow characteristics of CMBC (-) and CMBC (+) at a constant concentration of 3 

mg/mL are shown in Fig. 3.9. During the test, while the shear rate increased, the 

viscosity of both CMBC (-) and CMBC (+) decreased. This trends indicates shear-

thinning behavior, critical for extrusion-based bioprinting [34]. This pseudoplastic 

behavior is commonly seen for the water solutions or suspensions of various cellulose 
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derivatives (carboxymethyl cellulose, hydroxyethyl cellulose, hydroxyethylmethyl 

cellulose, etc.), nanocellulose (cellulose nanocrystals and nanofibrillated cellulose) and 

other polysaccharides (chitosan, alginate, etc.) [152,153]. At low shear rates, the higher 

viscosity results from the intermolecular interactions or entanglements between the 

stretched polymer coils [35]. When shear stress is applied, the decrease in apparent 

viscosities is caused by the disruption of intermolecular association or increased 

orientation of polymer segments along the flow direction [154]. 

 

Figure 3.9 Rheology measurements of CMBC (-) and CMBC (+) **  (A) Viscosity (PaĿs) 

and (B) shear stress (Pa) as a function of shear rate (s -1). 

The variation in flow characteristics of CMBC (-) and CMBC (+) could be explained by 

their differences in molecular structural parameters (particle size, shape and particle size 

distribution) and chemical structure (surface charge and substituent distribution), as 

evidenced by particle size (Fig. 3.2B), zeta potential (Fig. 3.4), and SEM morphology 

(Fig. 3.5) results. As noted by Clasen and Kulicke [153], both molecular structural 

parameters (molecular weight, particle size and shape, etc.) and parameters associated 

with the chemical structure (degree of substitution, molar degree of substitution, 

substituent distribution, etc.) play a significant role in the flow behavior of cellulose 

derivatives in aqueous solutions. To meet the characteristics of an ideal ink for hydrogel 
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printing, i.e. extrudability via small sized nozzles and high shape fidelity after printing, 

the potential bioink candidate should show shear thinning behavior in aqueous solution 

and possess sufficient zero-shear viscosity. The non-Newtonian pseudoplastic CMBC 

materials might be considered as extrudable precursors for 3D bioprinting. Commonly, 

solutions with viscosity ranging from 30 mPa/s to 0.6 MPa/s in viscosity are desirable 

for extrusion-based bioprinting [154,155]. In our system, barrels with CMBC (-) and (+) 

were connected to a co-axial nozzle developed for extrusion-based printing [156], 

shown in Fig. 3.10. The co-axial nozzle (Fig. 3.10B) was used for printing both CMBC 

solutions at the same time; however, from the different compartments of the concentric 

nozzle. Once the pressure was applied, the two oppositely charged suspensions ionically 

crosslinked at the end of the nozzle tip, as they contacted, and created a fibrous network 

hydrogel, which was deposited layer-by-layer on a glass slide. 

 

Figure 3.10 (A) Inkredible+ bioprinter used for CMBCs hydrogel printing and (B) the 

co-axial nozzle apparatus used for 3D printing of CMBCs. 

CMBC (-) was more viscous compared to CMBC (+) (Fig. 3.9A); therefore, it was 

extruded through the core with a 0.1 mm2 cross-sectional area, while the CMBC (+) was 

extruded through the sheath section with a cross-sectional area of 0.491 mm2. Our 



72 

 

suspicion was that less viscous CMBC (+) could wrap around the more viscous CMBC 

(-) and diffuse into it thus yielding homogenously crosslinked hydrogel. A relatively 

small volumes of CMBCs were extruded through the tip of the nozzle causing high 

contact area between oppositely-charged materials with satisfactory crosslinking rate. 

The volumetric flow rate of CMBCs suspensions increased within increasing pressure 

for both materials due nozzle size and viscosity. Extrusion of CMBC (-) required more 

pressure due to its higher viscosity; at 50 kPa, CMBC (-) flow rate was 83 mm3/s while 

CMBC (+) was extruded at 250 mm3/s (Fig. 3.11A). Therefore, this preliminary data 

was important to maintain for the fixes CMBC (-):CMBC (+) ratios.  

 

Figure 3.11 Printability study*: (A) Volumetric flow rate plotted against extrusion 

pressure in coaxial nozzle flow. (B) Circularity of printed CMBCs construct in three 

ratios. 

The printed hydrogel was relatively homogenous and the results were more repeatable 

compared to manual deposition. Therefore, to define the quality of the printed hydrogels 

and analyse the potential differences between the groups the material printability was 

determined by the gapsô area and perimeter measuring inside of a 4x5 grid structure. 
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This data was implemented in the circularity equation, where printability equal to one 

(Pr = 1) regards to square shape and characterized the best printability outcome. Above 

this value the gap is round and below has irregular, undefined shape [143]. 1:1, 2:1, and 

3:1 ratio generated printability value of 1.02, 1.05, and 0.91 respectively (Fig. 3.11B). 

Therefore, the 1:1 ratio was the closest to the ideal printability value of 1; however, the 

statistical significance was observed only between 2:1 and 3:1 ratio. Among all of the 

ratios, the 3:1 ratio was the most difficult to print, due the depleted volume of CMBC 

(+) deposited along the CMBC (-) [143]. From the experience the 3:1 ratio was the most 

difficult to print, due the much smaller volume of CMBC (+) deposited along the 

negative charge. The representative images of printed CMBCs in each ratio is shown in 

Fig. 3.12A. Even though the material is not suitable for the 3D printing of complex, tall 

constructs, it was possible to deposit 3D pillow-shaped scaffold in 2:1 ratio, shown in 

Fig. 3.12B. 
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Figure 3.12 * (A) Representative images of printed grid for printability study. (B) 3D 

printed pillow-shaped scaffold in the 2:1 ratio. 

3.5 Conclusions  

The effects of the bacterial cellulose functionalization on the crosslinking mechanism 

and scaffold properties were systematically studied. Two materials based on bacterial 

cellulose, CMBC (-) and CMBC (+), were characterized and later combined in three 

different ratios: 1:1, 2:1, and 3:1 (CMBC (-):CMBC (+)) through the 3D printerô co-

axial nozzle. The particle size of the CMBC (+) was larger than its precursor, due to 

additional polysaccharides on the surface; however, both materials had the characteristic 

peaks of functional groups detected by FTIR. The pH and stoichiometry affected 

crosslinking rate and as result, formed hydrogels altered in terms of crosslinking speed 

and strength due to charge imbalance, followed by discrepancy in percent porosity and 

pore size. Therefore, the new material can be tailored to particular needs and used for 

the tissue engineering especially due to its potential for 3D bioprinting and high viability 

rate over a week of culture. The future work will be dedicated to explore CMBCs utility 

in mimicking the natural extracellular matrix of human organs.  
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Chapter 4 Improved vascularized pancreatic islets in printable simulated 

extracellular matrix materials  

Note: Kai Chi* aided in taking rheology data. 

4.1 Abstract 

The extracellular matrix (ECM) influences cellular behavior, function, and fate. The 

ECM surrounding Langerhans islets has not been investigated in detail to explain its 

role in the development and maturation of pancreatic ɓ-cells. Herein, a complex 

combination of the simulated ECM (sECM) has been examined with a comprehensive 

analysis of cell response and a variety of controls. The most promising results were 

obtained from group containing fibrin, collagen type I, MatrigelÈ, hyaluronic acid, 

methylcellulose, and two compounds of functionalized, ionically crosslinking bacterial 

cellulose (sECMbc) described in the Chapter 3. Even though the cell viability was not 

significantly impacted, the performance of group of sECMbc showed 2 to 4x higher 

sprouting number and length, 2 to 4x higher insulin secretion in static conditions, and 2 

to 10x higher gene expression of VEGF-A, Endothelin-1, and NOS3 than the control 

group of fibrin matrix (sECMf). Each material was tested in a hydrogel-based, 

perfusable device and the best, group of sECMbc has been tested with the drug 

Sunitinib, which proved it to be functional over 7 days in dynamic culture and suitable 

as a physiological tissue model. Moreover, the device with the pancreatic-like spheroids 

was 3D bioprintable and perfusable. 

4.2 Introduction 

The extracellular matrix (ECM) plays a fundamental role in the functionality of cells, 

tissues, and organs. The physical properties of the ECM provide physical cues to the 

cells through its rigidity, porosity, insolubility, density, and topography, in addition to 

its orientation and spatial arrangement [157]. Integrins connect ECM to the actin in the 
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cell cytoskeleton and essentially sense the mechanical properties of matrix. Stiff 

matrices induce integrin clustering, robust focal adhesions and kinase activation, and 

lead to increased proliferation and contractility. Differentiation of cells is also regulated 

by matrix rigidity, i.e., on soft matrices, mesenchymal stem cells favor a neurogenic 

path instead of osteogenic one, which is favored on a stiff matrix. In the pancreas, the 

topographical arrangement affects endocrine cells by influencing islet secretory activity 

[158] and survival [159]. The composition and topography mediation are alternated in 

a two-way relationship. Cells produce, secrete, deposit, and remodel their surrounding 

matrix, and the ECM transmits signals through the receptors and impacts cell 

characteristics and activities. This feedback mechanism is crucial for rapid cell response 

to surrounding environmental changes.   

The role of the ECM extends far beyond architecture and mechanical support, 

influencing cell adhesion, molecular composition, and signaling [8,160]. Additionally, 

the mechanical stiffness and deformability of the ECM contribute significantly to cell 

survival [9,161], migration [162,163], proliferation [164,165], differentiation 

[158,166,167], gene expression [168], polarity [169], and, for pancreatic cells, insulin 

secretion [161ï163,170]. Moreover, the ECM of the pancreatic islets serves as a 

physical barrier for infiltration of immune system cells [63]. The ECM composition 

includes collagen type IV [77,171] located in the basement membrane synthesized by 

endothelial cells cohabitating with ɓ-cells [172] and laminins [77,171] including 

perlecan that plays a key role in endocrine function, enhances islet survival, and insulin 

release in vitro [159]. Moreover, the ECM elements such as glycoproteins, fibrinogen, 

fibronectin, collagen type I, and proteoglycans such as heparan sulfate, chondroitin 

sulfate, keratan sulfate (lumican) are capable of preventing ɓ-cell apoptosis induced by 

loss of cellular adhesion [9,158,161,170].  Even though the molecular basis of these 
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prosurvival signals has not been not fully characterized, the ECM components seem to 

enhance insulin secretion, even in the absence of glucose [159]. Also, the ECM signaling 

regulates cellular dynamics in pancreatic epithelial buds branching morphogenesis 

[173]. The cellular events underlying these events remain unknown. It has been 

suggested that regulation of cell motility and adhesion by local niche cues initiates 

pancreas branching morphogenesis [173]. The tissue morphogenesis driven by cellular 

behaviors requires the actomyosin network to change cell shape and cell contacts 

[174,175]. Coupling to the plasma membrane by E-cadherin complexes or the basement 

membrane by integrins requires cross-regulation of cell-cell and cell-ECM contacts and 

has been demonstrated in tumor cells [176,177]. Deregulation of these ECM-growth 

factor interactions can underlie a variety of pathologies, including pancreatic fibrosis 

[178], pancreatitis [179], and adenocarcinoma [180].  

Currently, the investigations of pancreatic scaffolds are focused on components similar 

to the native ECM environment [169,181]. Multiple scaffold types have been developed 

using various synthetic biomaterials, but none of them accurately mimicked the 

complexity of the actual pancreatic ECM composition and ultrastructure [159,182]. To 

recapture the changes occurring in the native pancreas, except the three-dimensional 

surrounding, the pancreas model also requires spatial organization. Scientists are 

focusing on developing pancreatic ɓ-cells able to secrete insulin [64,65] as well as 

developing co-cultured models as an attempt to mimic the interactions between cells in 

the islet organogenesis [66,68,69] and with endothelial cells to investigate the influence 

of vascularization [65,70,71,183].  

In addition to scaffold composition, scaffold spatial architecture is also being examined 

to enable dynamic culture conditions. For example, organ-on-a-chip models are being 

explored that involve perfusion-based devices capable of active culture of 2D and 3D 
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cells clusters needed to simulate the activities and physiological responses of organ 

systems. Several groups have reported pancreas-on-a-chip devices based on a PDMS 

material [184,185]. Dishinger, et al. [184] investigated the functionality of mice islets 

for transplantation. Also, another platform has been developed allowing real-time 

imaging of pancreatic islets culture encapsulated in alginate microbeads [185]. The 

system induced a hypoxia environment to observe changes in signalization pathways of 

islets. Another pancreas-on-a-chip model interconnected pancreatic islets and gut cells 

with possibilities to measure the insulin secretion of ɓ islets in both healthy and diabetes-

like conditions, which can be used in the drug development processes [186]. Similar 

research has been performed on hepatocytes as a functional coupling with pancreatic 

cells to investigate cross-talk between insulin production and promotion of glucose 

uptake by the liver [187]. Jun et al. examined a co-cultured model of islets and adipose-

derived stem cells spheroids that showed increased survivability of islets and the higher 

potential success rate in transplantation [188]. However, none of these PDMS-based 

devices have recaptured the complexity of the pancreatic ECM environment important 

in providing essential physical scaffolding for cells and also initiating crucial 

biochemical and biomechanical cues that are required for tissue morphogenesis, 

differentiation, and homeostasis. Researchers have examined both natural and synthetic 

ECM components that can serve as stand-alone or composite scaffolds for tissue 

engineering [154]. Fibrin, Matrigel, collagen, and hyaluronic acid have been 

investigated and are built of the structural proteins in the matrix that are crucial 

regulators of key signaling pathways. However, these natural hydrogels generally 

exhibit weak mechanical properties especially important for both the health and 

functioning of cells as well as the ability to develop hydrogel-based organ-on-a-chip 

devices.  
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In order to create scaffold with improved spatial structure, porosity, and the ability to be 

3D bioprintable, a novel ionically crosslinked hydrogel composed of carboxymethyl 

bacterial cellulose (CMBC (-)) and chitosan functionalized CMBC (CMBC (+)) has 

been demonstrated in Chapter 3. This material represents a new scaffold architecture as 

it consists of BC nanofibrils measuring 10ôs to 100ôs of microns in length. Additionally, 

the pH, charge and stoichiometry of both components alters crosslinking rate and pore 

size, which as a result can be tailored to the particular needs of tissue engineering. Also, 

the rapid crosslinking of these oppositely charged fibers enabled 3D bioprinting. 

To achieve a simulated pancreas ECM (sECM), a series of complex hydrogels was 

created that consists of a combination of fibrin (sECMf), collagen, MatrigelÈ, and 

hyaluronic acid (sECMcmh), methylcellulose (MC as sECMm) and functionalized BC 

(sECMbc). These complex matrixes were created to model a native pancreatic ECM 

and, specifically, to develop an architecture with two distinct crosslinking mechanisms: 

fibrin and BC. The fibrin provides an angiogenic, nano-scaled base that supports 

extensive cell growth and proliferation, while BC provides micro-environmental 

biomimetic reinforcement. Additionally, MC was added to mediate the rapid 

crosslinking reaction between oppositely charged CMBCs. sECMcmh components 

provided additional proteins and glycosaminoglycans for structural and biochemical 

support of surrounding cells.  

Here, the first aim was to optimize the stoichiometry of four scaffold groups (sECMf, 

sECMcmh, sECMm, and sECMbc) based on mechanical properties, transparency, 

stiffness, and water holding. The best performing compositions were evaluated based 

on pancreatic spheroids performance tested by viability, endothelial- and ɓ-cells related 

gene expression, neovascularization capabilities as well as the insulin secretion. The 

second goal of this research was to hire the best performing scaffold as printable 
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complex matrix to create a perfusable device useful for both, real-time insulin detection 

and Sunitinib drug testing in potential anti-cancer treatment. 

4.3 Materials and methods 

4.3.1 Material prep 

The four groups (sECMf, sECMcmh, sECMm, and sECMbc) were investigated to 

determine the impact of additives on mechanical properties, porosity, and bioprintability 

of scaffolds as well as to verify if these complex matrixes improved viability, insulin 

secretion, and long-time vascularization potential of pancreatic spheroids.  

4.3.1.1 Fibrin 

Fibrin hydrogel was prepared by blending fibrinogen protein isolated from bovine 

plasma (Sigma-Aldrich, St. Louis, MO) and bovine thrombin from plasma (Sigma-

Aldrich). Both solutions were dissolved separately in Dulbeccoôs phosphate-buffered 

saline (DPBS) at 37 ÁC. Both components were combined in equal amounts yielding a 

final fibrinogen concentration of 10.61 mg/mL and thrombin of 5.28 U/mL, as shown 

in Fig. 4.2D. To avoid crosslinking, both suspensions were kept separately. Fibrinogen 

is a negatively charged protein and thrombin is a positively-charged protein [29]. Both 

suspensions forming fibrin (sECMf), a naturally angiogenic hydrogel, were used as a 

base for the more complex bioinks that were formulated based on their negative or 

positive net charge. 

4.3.1.2 Collagen, MatrigelÈ, and hyaluronic acid components 

Collagen type I, responsible for adhesion and promoting islet survival, was extracted 

from the rat tail tendons following Rajan et al. protocol [20]. In short, tendons were 

solubilized in 0.02 N acetic acid, then frozen at -80ÁC and lyophilized (0.01 mbar, -49 
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oC). The obtained collagen sponge was dissolved in the acetic acid at a concentration of 

6 mg/mL and sterilized. The final concentration of collagen type I was 0.32 and 0.12 

mg/mL in negatively- and positively-charged solutions, respectively as addition to the 

fibrinogen and thrombin-based materials. MatrigelÈ (Corning, Manassas, VA), 

promoting formation islet-like clusters, was kept on ice and used in the final 

concentration of 0.53 mg/mL. The hyaluronic acid (HA) stock solution (5 mg/mL) was 

prepared by dissolving hyaluronic acid sodium salt powder (Sigma-Aldrich) in DI water, 

and a final concentration of 0.27 mg/mL was used to improve cell proliferation and 

migration. Both MatrigelÈ and HA were added to fibrinogen-based solutions due to the 

negative charge of these hydrogels. 

4.3.1.3 Methylcellulose  

Methylcellulose (MC) (Sigma-Aldrich) was dissolved in DI water at 80 oC and then with 

ice cold water to form a 1% (w/v) solution followed by a magnetic stirrer mixing for 1 

h to yield a viscous fluid. After complete dissolution, methylcellulose was autoclaved 

to ensure aseptic conditions. MC is used as a semi-solid cell medium, here served as 

agent improving rheology and dispersing cellulose particles. Due to neutral charge, MC 

was added to both negatively- and positively-charged solution in a final concentration 

of 1.33 and 0.5 mg/mL, respectively. 

4.3.1.4 Carboxymethyl bacterial celluloses (CMBCs) 

The surface charge of anionic carboxymethylated bacterial cellulose (CMBC) was 

tailored using chitosan, a cationic polysaccharide, described in Chapter 3. In short, the 

Komagataeibacter hansenii (ATCC 53582) was used as bacterial cellulose producer and 

after a three-day cultivation, bacterial cellulose (BC) pellet was removed and purified in 

0.1M NaOH at 80 ÁC, followed by DI water rinsing until pH was neutral.  
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The BC was alkalized by immersion in ethanol containing 3% (w/v) sodium hydroxide 

solution at 30 oC under 300 rpm magnetic stirring for 40 min. Subsequently, 

etherification was initiated by addition of sodium hydroxide, and followed by addition 

of chloroacetic acid dissolved in ethanol at 50 oC with continuous magnetic agitation 

(300 rpm) for 30 min. Functionalized BC (CMBC (-)) was rinsed with DI thoroughly 

until neutral pH and the material was then homogenized using a T-25 Ultra-TurraxÈ 

(IKA, Germany). After each batch, 1 mL of suspension was oven-dried and weighted. 

CMBC (-) was added to negatively-charged solution containing fibrinogen, collagen, 

MatrigelÈ, HA, and MC at the final concentrations of 1.07 mg/mL. 

The cationization of bacterial cellulose (CMBC (+)) was prepared with medium 

molecular weight (MMW) chitosan (Sigma, St. Louis, MO). The chitosan powder was 

dissolved in DI water with the pH adjusted to 3 by adding formic acid. Afterwards, 

homogenized CMBC (ï) was diluted and filtrated through a 70 Õm cell-strainer filter 

(VWR, Radnor, PA). The dispersion was dispensed by a syringe pump (New Era Pump 

Systems, Farmingdale, NY) into the pool of chitosan solution, while homogenizing by 

a T-25 homogenizer (IKA). The obtained mixture was centrifuged at 14 x106 rpm for 

40 min in an Avanti J-26 XPI centrifuge (Beckman Coulter, Fullerton, CA). The 

sedimentary pellet was collected was collected, and 1 mL of it was oven-dried in order 

to determine its concentration. CMBC (+) was set at the final concentrations of 0.65 

mg/mL in positively-charged solution containing thrombin, collagen, and MC. The last 

group were all of the aforementioned hydrogels with addition of CMBCs in order 

investigate impact of its properties to engineered the microarchitecture. 
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4.3.2 Rheology 

The rheological properties were studied using a strain-controlled rheometer (ARES, TA 

Instrument, New Castle, DE) in a cone-plate geometry. The diameters of cone and plate 

were 50 mm with the gap set at 0.043 mm with the cone angle at 0.04 radians. The 

properties of each scaffold (sECMf, sECMcmh, sECMm, and sECMbc) were measured 

by deposition of 0.65 mL of both negatively- and positively-charged material. Each 

scaffold type was crosslinked for 3 min at 37 oC plate prior analysis. Two steps of 

rheological measurements were carried out: (1) amplitude sweeps at a constant 

frequency (10 rad/s) and strain range from 0.001 to 10% to determine the maximum 

deformation attainable by a sample in the linear viscoelastic region; and (2) oscillatory 

frequency sweeps at a constant strain (0.5%), which was confirmed to be within the 

linear viscoelastic region, and frequency range from 0.1 to 100 rad/s at 20 oC. All 

experiments were performed at least in duplicate to ensure reproducibility and the 

representative data was shown here. Comparison of storage (Gô) and loss (Gôô) moduli 

were done by reporting Gô and Gôô values at the specific angular frequency of 10 rad/s.   

4.3.3 Dehydration analysis 

To determine the water loss and dry content of scaffolds, a 100 ÕL total volume of each 

scaffold (sECMf, sECMcmh, sECMm, and sECMbc) was deposited on the 12 mm round 

glass slides in four repetitions and weighted. The scaffolds were dehydrated at 40 ÁC for 

24 h and weighted again. Water loss by weight (SRW) and dry weight (DW) was 

calculated using the following equations:  

ὛὙὡ ρ Ø ρππϷ     (3) 

Ὀὡ Ø ρππϷ      (4) 
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where Wo is the original sample weight after fabrication and Wd is the dehydrated 

sample weight. 

4.3.4 FESEM and porosity measurements 

Field emission scanning electron microscopy (FESEM) (Zeiss SIGMA VP-FESEM, 

Thornwood, NY) was used to investigate the surface topography of cell-free 

experimental groups: Fibrin, sECMcmh, sECMm, and sECMbc. Constructs were 

dehydrated using graded ethanol solutions (25 to 100%). To ensure complete removal 

of water, spheroids were then further dried in a critical point dryer (CPD300, Leica EM, 

Wetzlar, Germany). After drying, each scaffold type was manually cut by a razor to 

reveal the internal morphology. sECMbc samples were sputter-coated with a thin layer 

(10 nm) of iridium using a Leica EM ACE600 (Leica, Wetzlar, Germany) and observed 

at an accelerating voltage of 3.5 kV. Porosity was analyzed and quantified using ImageJ 

software (NIH) to determine the pore percentage (%) and pore area (Õm2). For 

representative images of spheroids vascularization, spheroids were seeded on the top 

and within the scaffold. After a day of culture, constructs were fixed using 4% 

paraformaldehyde (Sigma-Aldrich) as described in the following sections. 

4.3.5 Cell culture 

Rat heart microvessel endothelial cells (RHMVECs) (VEC Technologies, Rensselaer, 

NY) were cultured in MCDB 131 medium (Corning Cellgro) supplemented with 5% 

fetal bovine serum (Life Technologies, Grand Island, NY), 2 mM Glutamax (Life 

Technologies), 1 ɛg/mL hydrocortisone (Sigma-Aldrich), 1 ɛg/mL human epidermal 

growth factor (Sigma-Aldrich), 12 Õg/mL bovine brain extract (Lonza, Walkersville, 

MD), 100 U/mL penicillin G, and 100 ɛg/mL streptomycin. Mouse insulinoma beta 

(ɓ)TC3 cells (ɓTC3s), a kind gift from Dr. Nicolas Zavazavaôs laboratory (The 
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University of Iowa, Iowa City, IA), were cultured in Dulbeccoôs Modified Eagleôs 

Medium (DMEM; Corning Cellgro) supplemented with 20% fetal bovine serum (Life 

Technologies), 1 mM sodium pyruvate (Life Technologies), 2 mM Glutamax (Life 

Technologies), and 100 U/mL penicillin G, 100 Õg/mL streptomycin (Life 

Technologies). Cells were maintained at 37 ÁC in a 5% CO2 humidified atmosphere. 

Cell culture medium was changed every 2-3 days. Subconfluent cultures were detached 

from the flasks using a 0.25% trypsin-0.1% EDTA solution (Life Technologies, Grand 

Island, NY) and split to maintain cell growth. Passages 9 through 15 and 10 through 22 

were used for ɓTC3 cells and RHMVECs, respectively. 

4.3.6 Spheroids fabrication 

On reaching 70% confluence, ɓTC3 cells and RHMVECs were detached from cell 

culture flasks using trypsin; cell media was added to deactivate trypsin and suspension 

was centrifuged for 5 min at 1,600 rpm. Cells were counted using a hemocytometer. 

ɓTC3 and RHMVECs were combined in ratios of 1:1. A total of 1x106 cells were 

suspended in 100 ÕL of medium and pipetted on the AggreWell plates (STEMCELL 

Technologies, Cambridge, MA). After 24h the spheroids were harvested. 

4.3.7 Spheroid culture in the scaffolds 

Spheroids were gently suspended in the negatively-charged suspension prior to 

crosslinking with the positively-charged material. After quick, but gentle pipetting, the 

pre-crosslinked suspensions were deposited in the cell-repellent 24-well plate. After 30 

min of crosslinking in the incubator, cell media was deposited on top of scaffolds. The 

constructs culture medium was formulated in 1:1 ratio of ɓTC3 media and EGM-2V 

media (Lonza) based on previous study [183].  
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4.3.8 Immunocytochemistry analysis 

To determine the cell distribution within sprouted spheroids, immunostaining was 

performed using a rabbit anti-platelet endothelial cell adhesion molecule (PECAM-1) 

antibody (Ab28364, Abcam, Cambridge, MA) to label RHMVECs and guinea pig anti-

insulin antibody (Ab7842, Abcam) for ɓTC3 cells. Nuclei were stained with Hoechst 

33258 (ThermoFisher).  

The spheroids embedded within the constructs were cultured in a cell-repellent, 24-well 

plate for 7 days as well as cultured in the perfusable devices (see section 3.14) in the 

dynamic condition, and then fixed overnight with 4% paraformaldehyde at 4 ÁC. 

Constructs were then washed 3 times per 10 min in DPBS at the room temperature. 

Permeabilization was performed with 0.25% Triton X-100 (Sigma-Aldrich) and 10% 

normal goat serum (Abcam) diluted in DPBS and incubated for 1 h. Primary antibodies 

were diluted in blocking solution (1:50 for PECAM-1 and 1:200 for insulin) applied to 

constructs. After overnight incubation at 4 ÁC, samples were washed 3 times (10 min 

each in DPBS). PECAM secondary goat anti-rabbit antibody (Alexa Fluor 488, Life 

Technologies) diluted 1:500, was incubated within the constructs for 2 h at room 

temperature in dark and then washed for 10 min in DPBS. Then, insulin goat anti-guinea 

pig secondary antibody (Alexa Fluor 568, Life Technologies), diluted 1:500, was 

incubated within the constructs for 2 h at room temperature in dark. Staining was 

followed by 10 min DPBS wash and incubated for 30 min in 5 Õg/mL Hoechst. Samples 

were washed three times per 10 min in DPBS, followed by quick rinse in distilled water 

and then placed on a glass-bottom dishes for imaging on a confocal laser scanning 

microscope (Olympus FV10i) by lasers Alexa Fluor 488 (excitation 499 nm, emission 

520 nm) and Alexa Fluor 568 (excitation 577 nm, emission 603 nm).  
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4.3.9 Sprouting quantification 

Images of spheroids encapsulated in scaffolds and in the perfusable devices were taken 

at 1, 4 and 7 days on the EVOS FL Auto (Thermofisher). These images were then 

processed in the ImageJ software using the Angiogenesis Analyzer plugin to generate a 

skeleton of the sprouts. The generated skeleton was further analyzed using the Analyze 

Skeleton plugin to quantify the sprout length and number. The average sprouting length 

and the average sprout number was calculated for a set of spheroids in each material 

(sECMf, sECMcmh, sECMm, and sECMbc) at each time point (Day 1, 4 and 7).  

4.3.10 Histological analysis 

Spheroids in each material (sECMf, sECMcmh, sECMm, and sECMbc) were cultured 

for seven days in Petri dishes. The constructs fixed in 4% (v/v) paraformaldehyde 

(Sigma-Aldrich) at 4 oC overnight. The constructs were embedded in paraffin using an 

automatic tissue processor (Leica TP 1020). The embedded constructs were cut into 8 

Õm sections and placed onto charged slides. Sections were then stained with 

hematoxylin and eosin (H&E) stain using Leica Autostainer XL (Leica). Coverslips 

were mounted to the slides with Xylene Substitute Mountant (ThermoFisher, Pittsburgh, 

PA). The slides were viewed under the Olympus BX51 (Olympus), and images were 

captured with the manufacturerôs software. The same procedure was done on the 

perfusable devices. 

4.3.11 Cell viability 

The constructs cultured in a static condition were stained to determine the viability at 

three time points, 1, 4, and 7 days. Constructs were then three times rinsed in a 24-well 

plate with DPBS (Life Technologies). 2 mL solution of Dulbeccoôs phosphate buffered 

saline (DPBS; Life Technologies) containing 2 ÕM Calcein-AM (Invitrogen, Carlsbad, 
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CA) and 4 ÕM ethidium homodimer (Life Technologies) was added to the constructs. 

Plates were protected from light and incubated at 37 ÁC in 5% CO2 for 3 h followed by 

rinsing with DBPS three times. Scaffolds were imaged on an EVOS FL Auto inverted 

microscope (ThermoFisher) to detect Calcein (excitation 499, emission 520) and 

ethidium homodimer (excitation 577, emission 603). Five representative areas on each 

construct at each time point were randomly selected for imaging. Viability was 

quantified using ImageJ (National Institutes of Health (NIH), Bethesda, MD). 

4.3.12 Enzyme-linked immunosorbent assay (ELISA) 

The insulin secretion analysis was conducted at 3 time points (1, 4, and 7ays) on each 

scaffold (sECMf, sECMcmh, sECMm, and sECMbc) consisting spheroids made of 

1x106 ɓTC3s and RHMVEC cells in 1:1 ratio. For the analysis, 1xKrebs buffer was 

freshly prepared (25 mM HEPES, 115 mM NaCl, 24 mM NaHCO3, 5 mM KCl, 1 mM 

MgCl2, 0.2g 0.1% BSA dissolved MQ H2O). To the final solution was added 2.5 mM 

CaCl2 and the pH was adjusted to 7.4 with 1 M NaOH following by filtration through 

0.22 Õm filter and stored at 4 ÁC.  

The glucose stimulation was performed only in one concentration due to unresponsive 

character of ɓTC3 cells on elevated glucose levels [74]. Therefore, 28 mM glucose 

solution was prepared in the 1x Krebs buffer. Each scaffold was rinsed in a glucose 

solution for 5 min and then incubated in a 500 ÕL of fresh solution for 1 h in 37 ÁC and 

5% CO2. After incubation, the supernatant was extracted and kept in -20 ÁC for the 

insulin enzyme-linked immunosorbent assay (ELISA).  

The same approach was used in the perfusable device, where the spheroids were 

stimulated through the perfusion with the velocity of a 1.5 ÕL/min at 1st, 4th, and 7th day. 
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The liquid from devices outlets were collected in the Petri dishes for an hour and then 

was collected and frozen for ELISA analysis. 

Mouse ultrasensitive insulin ELISA kit (Alpco, Salem, NH) was used to detect insulin 

secretion of spheroid-laden constructs after glucose simulation test at the 1st, 4th, and 7th 

day of experiments. ELISA protocol was performed according to the manufacturerôs 

instructions. Briefly, 5 ÕL of standard solution or sample was applied in duplicate wells 

of the pre-coated ELISA microplate and then, 75 ÕL of HRP conjugate was added. Plate 

was incubated for 2 h on a shaker (300 rpm) and then rinsed thoroughly six times with 

wash buffer. After careful removal of the final wash, 100 ÕL of TMB substrate was 

pipetted into each well; plate was incubated for 30 min on a platform shaker protected 

from light. Afterward, 100 ÕL of stop solution was added into each well. Absorbance 

readings were performed at 450 nm on a Powerwave X-340 spectrophotometer (BioTek) 

and insulin concentrations were calculated by KCjunior software. 

4.3.13 Gene expression using quantitative real-time polymerase chain reaction (qRT-

PCR) 

In order to evaluate the ɓ-cell- and endothelial-specific gene expression levels, each 

scaffold type (sECMf, sECMcmh, sECMm, and sECMbc) at 1st, 4th, and 7th day of 

culture. Spheroids were made of 1x106 ɓTC3s and RHMVEC cells in 1:1 ratio were 

homogenized in TRIzol reagent (Life Technologies, Carlsbad, CA), followed by adding 

0.2 ml chloroform per 1ml TRIzol reagent and centrifuging the mixture at 12,000 g for 

15 min at 4 ÁC. The upper aqueous phase with RNA was transferred, and the RNA was 

then precipitated by adding 0.5 ml isopropyl alcohol per 1ml TRIzol reagent, followed 

by centrifuging at 12,000 g for 10 min at 4 ÁC. Subsequently, the precipitated RNA was 

rinsed twice by 75% ethanol, air-dried for 10 min and dissolved in 50 ɛl diethyl 
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pyrocarbonate (DEPC)-treated water. RNA concentration was measured using a 

Nanodrop (Thermo Fisher Scientific, PA). Reverse transcription was performed using 

AccuPowerÈ CycleScript RT PreMix (BIONEER, Korea) following the manufacturerôs 

instructions. Gene expression was analyzed quantitatively with SYBR Green (Thermo 

Fisher Scientific, PA) using a 7500 Real-Time PCR system (Applied BiosystemsÈ, Life 

Technologies, USA). ɓ-cell-specific genes included Ins1, Ins2, and PDX1. Endothelial-

specific genes included VEGF-A, Endothelin, NOS2 and NOS3. The gene sequences 

are listed in Table 1. Expression levels for each gene were normalized to glyceraldehyde 

3-phosphate dehydrogenase (GAPDH). 

Table 4.1.  Primer information for qRT-PCR 

Gene   Primer     

Ins1 Forward 5'-TCCAGCGACTTTAGGGAGAA-3' 

 Reverse 5'-GGGACCACAAAGATGCTGTT-3' 

Ins2 Forward 5'-GGGGTTAAGGGGCGAGAAAA-3' 

 Reverse 5'-GGTAGTGGTGGGTCTAGTTGC-3' 

PDX1 Forward 5'-AACACTCTTCCCTCCTTGCG-3' 

 Reverse 5'-ACCCTTCAAACACGTTGGGT-3' 

VEGF1 Forward 5'-GAGGTTGCTCCTTCACTCCCT-3' 

 Reverse 5'-GTACGACGACAGAGGGGGA-3' 

Endothelin Forward 5'-TGGCAGGTTTTTGGCATCCT-3' 

 Reverse 5'-AGAAAATGCCTGGACACCGA-3' 

NOS2 Forward 5'-AAAGGTGTGGGAAGAGCGAC-3' 

 Reverse 5'-AAACACCCAAAAGCCCCCTT-3' 

NOS3 Forward 5'-AAGGGGTGGTATGGAGGACT-3' 

  Reverse 5'-ATATGTCACCACGCTGGCTC-3' 

 

4.3.14 The perfusable device 

The external cast of the perfusable device was designed using Solidworks (Solidworks 

Corp., Concord, MA) and 3D printed using Ultimaker 3 (Ultimaker LTD, Cambridge, 

MA) and polylactic acid (PLA) as the printing material. The material was formed in a 



91 

 

rectangular shape measuring 1 x 0.8 mm with two round 500 Õm diameter openings. 

After 3D printing, the device was detached from the base, washed, and glued to the glass 

coverslip. The channel was formed by the 450 Õm metal wire placed through openings 

and the hydrogel matrix with pancreatic spheroids was manually deposited or 3D 

bioprinted inside of the devices. Devices were placed in the incubator to crosslink for 

30 min prior to manual removal of the wire. Devices were immediately connected to a 

peristaltic pump Ismatec REGLO ICC (Cole-Parmer, Vernon Hills, IL) operating at 1.5 

ÕL/min through 500 Õm tubing (Cole-Parmer). 

 

4.3.15 Perfusion with fluorescently labeled dextran 

To determine the permeabilization of the four scaffold groups (sECMf, sECMcmh, 

sECMm, and sECMbc) with and without the RHMVECs lined along the channel, the 25 

ÕM FITC-dextran (70 kDa, Sigma) in cell culture media was perfused for 24 h at a speed 

of 1.5 ÕL/min. Devices were imaged on the EVOS FL (ThermoFisher) at the same 

software parameters after 0.5, 1, 2, 3, 6, and 24 h. The intensity per pixel was quantified 

using ImageJ (NIH). 

4.3.16 Drug testing 

Sunitinib malate (Sigma-Aldrich) was diluted in the cell culture medium to a 

concentration of 200 mM. The matrix of the device consisted the group of sECMbc and 

was cultured under perfusion for a day before Sunitinib was introduced. The images 

were taken on an EVOS FL (ThermoFisher) at 1st, 4th, and 7th day since the beginning 

of the drug testing for quantifying sprouting number and length. At these time points the 

fluorescent images were taken to detect the transduced RHMVECs with tdTomato, a 
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fluorescent protein (excitation 577, emission 603) as well as the Sunitinib (excitation 

499, emission 520). 

4.3.17 3D bioprinting 

The most complex group, sECMbc, was 3D bioptinted by loading negative- and 

positive-charged suspensions into two separate 3cc syringe barrels (Nordson EFD, Fluid 

Dispensing system, West- lake, OH) and kept in ice prior to bioprinting. Both barrels 

were connected to a custom-made co-axial nozzle (described in [142]) and loaded on an 

INKREDIBLE 3D bioprinter (Cellink, Sweden). Printing speed and path plan was 

controlled by programmed G-code. Constructs were deposited at a printing speed of 

1500 mm/min. For sECMbc (-), an extrusion pressure of 14 kPa was used. For sECMbc 

(+), the extrusion pressure was maintained at 11 kPa. The internal squares of printed 

two-layer grids were measured by area and perimeter using the EVOS FL 

(ThermoFisher) at 4x magnification. Circularity (C) of the internal grid shape was 

quantified in order to determine the printability (Pr) according to our previous work 

[143]:       

ὅ         (1) 

Where L and A are the perimeter and area of the pores, respectively. The shape of the 

enclosed area is closest to a circle when C is equal to 1. The square shape is equal to 

/́4; therefore, the printability of the material is defined as follows:  

ὖὶ         (2) 

An ideal 3D printed hydrogel exhibits squared shape grid, which has a Pr value of 1. 
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4.3.18 Statistical analysis 

All results are expressed as Mean Ñ SD. Post hoc Tukeyôs multiple comparison test was 

used to determine the individual differences among the groups. All statistical analyses 

were performed by MINITAB  18.0 (Minitab Inc., State College, PA). Results were 

considered significant with a confidence level of 95%, where p < 0.05 (*), p < 0.01 (**), 

and p < 0.001 (***). 

 

4.4 Results and discussion 

The native pancreas includes a complex extracellular matrix (ECM) consisting of a 

connective fibrous network of macromolecules, including but not limited to collagen 

type IV, elastin, laminins, collagen type I, proteoglycans, and hyaluronic acid [8]. In this 

study, the aim was to understand the role of increasing simulated matrix complexity on 

the mechanical properties and cell behavior of the simulated ECM. Therefore, the first 

group was a simple fibrin hydrogel, sECMf (see scheme in Fig. 4.1A) with a 

concentration that was increased by a factor of two over that shown in our previous work 

[183]. The increase in concentration aided in stiffening the final matrix, creating a more 

stable perfusable device. Fibrin gels have been used to maintain the 3D configuration of 

human islets and enhance the effects of added growth factors, which were necessary to 

increase the insulin content [189]. As shown in Fig. 4.1B, fibrin hydrogel was enriched 

with additional components: collagen type I, MatrigelÈ, and hyaluronic acid salt, later 

referred as sECMcmh. In the ECM, collagen fibers are responsible for the structural 

strength and for biological response including cellular adhesion and morphogenesis. 

Collagen type I molecules promote islets survival, however only in the presence of the 

integrins [190]. MatrigelÈ is extracted from the Englebreth-Holm-Swarm carcinoma 
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and is ubiquitous source of the laminin, collagen IV, perlecan, and growth factors. Also, 

MatrigelÈ have abilities to promote the differentiation and formation of islet-like 

clusters from adult ductal epithelial cell and adult human pancreatic progenitor cells 

[191,192]. Hyaluronic acid (HA) is a representative of proteoglycans involved with the 

structural reinforcement and conserving the specific growth factors and cytokines [193]. 

This matrix was additionally enriched with the carboxymethyl bacterial cellulose, 

CMBC (-), with anionic charge and chitosan-coated derivative of it, CMBC (+), with a 

cationic charge on the surface. Both of them are referred as CMBCs and have been 

described in Chapter 3. The crosslinking of CMBCs was rapid and disproportional to 

the reaction rate of remaining components of the group sECMbc. Therefore, 

methylcellulose (MC) was introduced as an uncharged, dispersive reagent to slow the 

crosslinking of the CMBCs and prevent forming inhomogeneous scaffolds. As control 

groups, fibrin, collagen, MatrigelÈ, HA, and MC (sECMm, see Fig. 4.1C) were 

introduced to distinguish the role of MC and CMBCs on the material and cell behavior. 

The last group was the group of sECMbc, where fibrin, collagen, MatrigelÈ, HA, MC, 

and CMBCs are all present in one scaffold, as shown in Fig. 4.1D.  
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Figure 4.1 Graphic scheme of the material interaction: A) sECMf mesh, (B) sECMcmh 

group, (C) sECMm, and (D) the group of sECMbc. 

The viscoelastic properties of various crosslinked hydrogels were revealed by 

rheological data as shown in Fig. 4.2A. In the linear viscoelastic region (strain at 0.5%), 

the frequency dependence of elastic (Gô) and viscous (Gôô) moduli indicate important 

characteristics of gel structure and mechanical properties, such as degree of 

crosslinking, entanglement, and some details of chain structure. As seen from Fig. 4.2A, 

Gô and Gôô showed some variation among different hydrogels. For all samples, the 

magnitude of Gô was higher than those of Gôô over a range of oscillatory frequencies 

(0.1 ï 100 rad/s), indicating a gelation behavior. Among these various hydrogels, sECMf 

sample exhibited the highest Gô, implying the highest degree of crosslinking and thus 

the strongest network, as suggested by Winter and Chambon [194]. The sECMf 

hydrogel in our study was prepared by crosslinking fibrinogen with enzyme thrombin. 

The gel feature of sECMf has been known to induced by the lateral association and 
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branching of fibrin protofibrils. The mechanical properties of the sECMf gel can be 

influenced by various parameters, such as pH, ionic strength, fibrin and thrombin 

concentration, etc. Variations in these parameters induce changes in fibrin fiber 

thickness and entanglement, thus resulting in changes in mechanical strength. The 

hypothesis stated that the crosslinking sites existed within pristine fibrin hydrogels were 

interrupted by the other components (collagen, MatrigelÈ, HA, MC, and CMBCs). It 

seems that there was lack of interaction or entanglement between added components 

and the fibrin matrix, as seen from the decrease in Gô in the following order: sECMf > 

sECMcmh > sECMm > sECMbc. The hypothetical relation within the scaffold was 

recaptured in Fig. 4.1, where sECMf was a concise matrix (Fig. 4.1A) or was disturbed 

by the sECMcmh components (Fig. 4.1B). Both MatrigelÈ and hyaluronic acid are 

negatively charged and may react with thrombin, weakening its enzymatic strength in 

fibrinogen crosslinking. Even though both collagen and MatrigelÈ solidify at 37 ęC, the 

mechanical properties of sECMf scaffold were not restored. The sECMm group 

established another control to the group of sECMbc. In this group, MC was successfully 

used as a dispersive agent to slow crosslinking rate between CMBC (-) and (+). 

Therefore, MC was not crosslinked, which explains lower mechanical properties of its 

group, shown in Fig. 4.1C. The group of sECMbc consisted of charged fibrils of CMBCs 

and was the most complex group. As a result, the four experimental groups were 

necessary to determine underlying causes of potentially changed cell behavior from the 

mechanical point of view. Additionally, as seen from Fig. 4.2A, two regions can be 

observed for all hydrogel samples, which are characteristics in an oscillatory frequency 

sweep of a polymer material, according to [195]. At frequency ranging from 0.1 to 40 

rad/s, a plateau region indicates the domination of elastic behavior (Gô > Gôô). At higher 
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frequency region (40 - 100 rad/s), Gǌ increases faster than Gǋ, suggesting a leathery 

region ascribed to the high-frequency relaxation and dissipation mechanisms [195].  

The bulk water loss was not significant between the groups with sECMf value at 97.78 

Ñ 0.2%, sECMcmh 97.76 Ñ 0.4%, sECMm 97.63 Ñ 0.5%, and sECMbc 97.27 Ñ 0.3%, 

shown in Fig. 4.2B. These data correlate with the dry content percentage of 2.22 Ñ 0.2% 

for sECMf, 2.24 Ñ 0.4% for sECMcmh, 2.37 Ñ 0.5% for sECMm, and 2.73 Ñ 0.3% for 

the group of sECMbc. The dry content percentage (Fig. 4.2C) does not statistically differ 

between the groups and the final concentrations among the groups were constant 

through all experiments, shown in Fig. 4.2D. The additional materials such as collagen, 

MatrigelÈ, HA, MC, or CMBCs were substituted with PBS in the less complex groups. 

The final concentrations were experimentally derived from preliminary studies (not 

shown) regarding to hydrogel homogeneity, transparency, stiffness and water holding 

capacity. It was critical to establish optimized properties for durable and stable scaffolds 

that are transparent and homogenous enough for the imaging of spheroids.  
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Figure 4.2 Material properties based on: (A) rheology with plotted storage modulus (Gô, 

filled) and loss modulus (Gôô, open) versus angular frequency (w, rad/s) *, (B) water 

loss, (C) dry weight content, and (D) the final concentrations. 

FESEM imaging was performed on the top of the constructs as well as at the cross-

section area throughout the scaffold. The top view, shown in Fig. 4.3A, presents three 

magnifications of each scaffold type. The sECMf surface was the smoothest among all 

groups, while the group of sECMbc had an inhomogeneous surface with small 

protruding particles of cellulose. The quantification of the sECMf porosity percentage 

at the surface was significantly smaller comparing to other groups, with the result of 

46.21 Ñ 6.4% (Fig. 4.3B left) as well as the smallest area of pores with 347.62 Ñ 47.9 

Õm2 (Fig. 4.3B right). The group of sECMcmh had higher porosity percentage (70.62 Ñ 

7.35%) than sECMm with 63.79 Ñ 2.9%; however, substantially smaller area of pores 

(531.92 Ñ 55.7 Õm2 vs. 659.63 Ñ 30 Õm2), similar to the group of sECMbc (513.09 Ñ 

25.5 Õm2). This behavior was caused by the viscosity-enhancing properties of MC [196]. 

The fiber distribution morphology of the material cross-section differs from the top 

view, which affects the porosity percentage and area. sECMf remained the smoothest 

material, similar to the group of sECMcmh, with comparable porosity percentage (58.93 

Ñ 4.64% and 57.82 Ñ 4.8%) and porosity area (608.69 Ñ 46.9 Õm2 and 595.64 Ñ 47.9 

Õm2, respectively). The group of sECMm had slightly more irregular morphology, 

however the measurements are almost identical to sECMf with 609.67 Ñ 54.9% porosity 

and 59.48 Ñ 5.3 Õm2 area. The group of sECMbc had significantly lower porosity 

percentage and area comparing to the sECMf and sECMm, which was 53.67 Ñ 2.9% and 

553.34 Ñ 29.9 Õm2. Since the porosity measurements were done at 10,000x 

magnification, it did not capture the influence of large-pore CMBCs that was partially 

visible at the right site of the images (Fig. 4.3C, far right). It was suspected that the 
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cellulose fibers from CMBCs are creating a microenvironment that locally rearrange the 

other protein in the matrix resulting in overall smaller pores count.  

 

Figure 4.3 FESEM and the porosity characterization from the top (A and B), and cross-

sections (C and D). 

The sECMf scaffolds with the pancreatic-like spheroids forming extensive 

vascularization were described in our previous study [183]. In this research, the 1:1 ratio 

of ɓTC3 and RHMVECs was used in the four scaffold types on non-treated 24-well 

plates, which prevented endothelial cells from attaching and spreading along the bottom 

of the dish. This arrangement forced spheroids to form vasculature only inside of the 

scaffold and served as a preliminary data for the perfusable device setting, where 

spheroids had to perform well close to the channel as well as throughout the matrix. 

Spheroids in the sECMf scaffold did not form an extensive vascularization once there 

was no glass cover slip underneath as shown in the immunocytochemical analysis in 

Fig. 4.4A. The sprouting quantification indicated the level of angiogenesis expansion in 
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each material. The group of sECMbc showed significantly higher sprouting density at 

the 1st and 4th day, reaching up to three folds higher than sECMf control group, as 

reported in Fig. 4.4B. It is worth noting that at the 4th day the group of sECMbc had 43 

branches in average; however, the vascular network started to merge and the overall 

number of branches decreased. At this point the sprouting density quantification was not 

an accurate representation of the extent of positive improvement in endothelial cell 

performance, since vasculature fusion is natural and desirable phenomena [197]. The 

group of sECMbc had significantly more branches in the 1st and 4th day than the controls. 

The tremendous difference in the sprouting length was seen between the groups, shown 

in Fig. 4.4C. The sECMf group had not progressed within the 7 days of culture and its 

sprouting length average ranged between 158 and 177 Õm. The length of sprouts in the 

sECMcmh and sECMm groups increased from 185 and 146 Õm at the 1st day to 552 and 

647 Õm in the 7th, respectively. The largest increase over 7 days was noted in the group 

of sECMbc, which started at 390 and grew up to 886 Õm. The large standard deviation 

was caused by the new sprouts forming at the surface of spheroids, while the already 

elongated sprouts tended to create vascular anastomosis and lengthen even further. The 

process of endothelial cellsô self-fusion into thicker branches is regulated on the physical 

and molecular level. Notch signaling leads capillary tips into further expansion, while 

motility of the remining endothelial cells is locally suppressed and results in forming 

the tube-like sprouts [99]. The mechanical forces, i.e. blood pressure within the vessels 

may cause exponential growth or regression of formed branches due to change in 

endothelial cell polarity and migration [197].  
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Figure 4.4 Vascularization analysis: (A) immunocytochemical staining of the scaffolds 

with PECAM-1 for RHMVECs, insulin for ɓTC3, and DAPI for nuclei; (B) 

quantification of sprouting density and (C) length over a 7-day culture. 

The behavior within the scaffold was also analyzed based on the H&E staining on 

histological samples, shown in Fig. 4.5A. Each scaffold was cultured for 7 days prior to 

fixation, and the difference in the vascularization was visible. The spheroids in the 

sECMf scaffold vascularized with short sprouts, while the sECMcmh and sECMm 

groups had wider, more complex vascular arrangements; however, not all spheroids 

sprouted, as shown at the 4x magnification in Fig. 4.5A. The group of sECMbc in this 

representative image had some of the longer and denser sprouts than the other groups. 

Additionally, in the H&E staining of the group of sECMbc was visible fibrillar matrix 

made of crosslinked CMBCs, contrary to homogeneous scaffold in control groups. 

Pancreatic spheroids are located within the cellulose, suggesting that the 

microenvironment might have impact on the endothelial cells sprouting. To visualized 
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the vascularization formation within the scaffold and on the top of the construct, an 

additional FESEM was performed, shown in the Appendix B: supplementary Fig. S4.1A 

and S4.1B. Results suggested that CMBCs presence improved angiogenesis, perhaps by 

microenvironment modulation. However, just a few cellulose-based hydrogels were 

presented in the tissue engineering literature. Despite the successfully cultured human 

and murine cells in the cellulose-based gel [198] and the perfusable device consisting of 

plant-derived carboxymethylcellulose (CMC) and gelatin [31], few insights were shown 

regarding the interaction between cellulose structure and cell.  

The pancreatic spheroids viability was maintained above 80% and results did not differ 

between the groups at each time point, 1st, 4th, and 7th day, as shown in Fig. 4.5B. It is 

hypothesized that over the 7-day culture, some cells underwent apoptosis process while 

immobilized in the spheroids and scaffold. However, the proliferation might cause 

increased overall cell number. This process did not affect the functional analysis of the 

pancreatic-like spheroids determined based on the insulin secretion in each of the 

scaffolds at the 1, 4, and 7-day time points. The difference between the groups were 

insignificant at 1st day; however, at 4th day groups of sECMm and sECMbc (0.84 and 

1.03 pg/106 cells) had significantly higher insulin secretion than sECMf and sECMcmh 

(0.4 and 0.44 pg/106 cells). At 7th day, the advantage of the group of sECMbc 

significantly increased comparing to other groups, and yielded with 0.85 pg/106 cells, 

while the sECMf group produced 0.29, sECMcmh 0.3, and sECMm 0.56 pg of insulin 

per 106 cells. It is challenging to compare these results with existing literature due to the 

wide range of nomenclature, i.e. p/mol/mg protein [199], pg/ATP [200] or ÕU/100 

islets/h. Here, the insulin concentration was chosen in the picograms per one million 

cells, since an exact number of 106 cells was used to form spheroids per each 
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experimental group and also the cell lysis for the protein content quantification was 

impossible since they were seeded in the scaffolds. 

 

Figure 4.5 (A) H&E staining of the scaffolds, (B) cell viability quantification, and (C) 

insulin secretion based on the scaffolds 

To identify the gene expression of ɓ-cell related genes, qRT-PCR was performed at 1st, 

4th, and 7th day of the static culture, as shown in Fig. 4.6A. The chosen genes included: 

Ins1 responsible for encoding insulin, a hormone that plays a role in the regulation lipid 

and carbohydrate metabolism; Ins2, encoding preproinsulin that is later processed to 

insulin; and PDX1, the transcription factor necessary for pancreatic development. All of 

the results were normalized by the results from the 1st day sECMf group. At day 4 and 

7, group of sECMbc had significantly higher expression of Ins1 than sECMcmh and 

sECMm, respectively; however, Ins2 expression was comparable between the groups 

throughout a week culture with a significant drop in expression on 4th and 7th day. Higher 

Ins1 gene expression than Ins2 in the INS832/13 cell line has been reported elsewhere 

[201]. Interestingly, in the another mutant ɓ-cell line, the insulin was exclusively derived 
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from Ins2 with very diminished expression from Ins1 [202]. The PDX1, significantly 

higher at the 7th day in the group of sECMbc versus controls, could have been triggered 

to upregulate gene expression, which is followed by higher insulin secretion within 

several hours [203]. Since the rodent pancreatic cell lines used in those studies are 

continuously growing transformed insulinoma cells, functional, insulin-secreting 

tumors [204], the obtained results most likely do not fully correspond to the human 

healthy pancreatic islets and might differ between species.  

Cells in the pancreatic islets are arranged in 102-3-cell clusters, which represent less than 

1% of the pancreatic mass. However, these clusters receive as much as 20% of total 

pancreatic blood flow for the organismsô homeostasis [4,5]. Therefore, the endothelial 

cell-related genes expression was analyzed based on VEGF-A, a growth factor inducing 

proliferation and migration of vascular endothelial cells, essential for both physiological 

and pathological angiogenesis; Endothelin-1, encoding a potent vasoconstrictor protein; 

NOS2, encoding nitric oxide synthase, which regulates vasodilation; and NOS3, known 

as eNOS, primarily responsible for the generation of NO in the vascular endothelium. 

Nitric oxide synthase produced by NOS3 in the vascular endothelium regulates vascular 

tone, cellular proliferation and is essential for a healthy cardiovascular system [103]. 

Even though the group of sECMbc did not dramatically stand out from controls in the 

ɓ-cell-related gene expression, the difference was visible especially at the 7th day in the 

VEGF-A, Endothelin-1, and NOS3 genes with significantly higher expression in 

comparison to other groups (Fig. 4.6B).  Endothelin-1 constricts the blood vessels, while 

NOS3 is especially important in maintaining the high basal islet blood flow in the 

transplanted pancreatic islets [103]. Moreover, the whole islet vasculature is more 

sensitive to regulatory influences of nitric oxide than the remaining parts of the pancreas 

[101].  
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Figure 4.6 qRT-PCR results of (A) pancreas-related genes: Ins1, Ins2, and PDX1, and 

(B) endothelial cells-related genes: VEGF-A, Endothelin, NOS2, and NOS3. 

Microfluidic perfusable devices are being investigated by number of scientists with an 

emphasis on using PDMS material [205ï208]. The hydrogel-based perfusable devices 

were described in a smaller scale, mostly based on collagen [209,210] or gelatin that 

was able to maintain the viability up to 45 days in dynamic cell culture [30]. According 

to our best knowledge, no study has demonstrated 3D vascularized spheroid culture 

within the perfusable device with documented impact of the matrix composition on the 

cell function. 

The perfusable device was designed to have one straight channel through the hydrogel 

matrix, where pancreatic-like spheroids were randomly distributed, as shown in Fig. 

4.7A. The example of the device is shown in Fig. 4.7B, where visible, small, white 

pancreatic spheroids are distributed in the 3D matrix. The perfusion in a range of 1.5 

ÕL/min supplied cells with the fresh media, since the beginning of culture. The behavior 

of spheroids was similar to the constructs grown in static conditions reported above, 
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where spheroids in the sECMf device had limited sprouting capabilities, contrary to the 

groups of sECMcmh, sECMm, and sECMbc (see Fig. 4.7C). However, every group 

performed well under the dynamic condition in a week perfusion. After 7 days of 

culture, the devices underwent histological analysis by H&E staining. The hydrogel 

scaffolds were cut vertically and revealed the spheroid behavior in the matrix 

surrounding the channel, shown in the Appendix B: supplementary Fig. S4.2. In the 

group of sECMbc, multiple sprouting spheroids were visible in various parts of the 

hydrogel, suggesting that the media was able to permeate through the matrix and nurture 

the cells. 

 

Figure 4.7 The perfusable device: (A) design scheme, (B) manufactured device, and (C) 

the immunocytochemistry on the pancreatic-like spheroids after 7 days in active culture. 

To identify functional performance of the pancreatic-like spheroids in the perfusable 

devices, cells were stimulated with glucose solution at 1, 4, and 7 days of dynamic 
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culture. The amount of produced insulin by each group differed from the static culture 

by significantly lower secretion of insulin in the group of sECMbc (0.44 Ñ 0.6 pg/106 

cells) than sECMcmh with the result of 0.86 Ñ 0.11 pg/106 cells at the 1st day (Fig. 4.8A). 

At the 4th day, insulin content lowered and did not exceed 0.25 pg/106 cells for any of 

the groups and dropped even more at the 7th day and ranged between 0.02 pg/106 cells 

in the group of sECMbc to 0.08 pg/106 cells in sECMm. In both 4th and 7th day the 

differences between groups were not statistically significant. The ability of detecting the 

insulin content in the real-time perfusion is an exciting opportunity, which can bring 

promising benefits for the pharmaceutical industry; however, this tissue model may 

require further development. 

The permeability of the perfusable deviceôs matrix compositions was tested in a one-

time trial experiment with the fluorescently-labeled dextran, as shown in Fig. 4.8B. The 

lowest value was detected in the sECMf group, while the largest in the sECMcmh. Once 

the RHMVECs were introduced to the internal channel of the device and spread along 

in more complex groups. The cell attachment differed depending on the group, barely 

holding the walls of the sECMf group while forming endothelial lining in the other, 

more complex groups, shown in the Appendix B: supplementary Fig. S4.3A. In the 

group of sECMbc the spheroids close to the channel merged with the endothelial cells 

in the channel, creating a thick wall. The fluorescently-labeled dextran was introduced 

to the devices lined with endothelial cells as well. The intensity quantification 

(Appendix B: supplementary Fig. S4.3 B) was inconclusive towards defining the impact 

of endothelial cells on prevention the dextran diffusion into the hydrogel, as reported in 

the Appendix B: supplementary Fig. S4.3 C. 

Since ɓTC3 has been previously used as a cell line for the pancreas models [204], it was 

chosen for this organ model as well. These cells origin in the pancreatic insulinoma, one 
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of the insulin-secreting functional tumors, but unresponsive on elevated glucose levels 

[74]. Based on cancerous source, the aim of this particular experiment was to define if 

the pancreas-on-a-chip model may serve for the anti-tumor drug testing. The Sunitinib 

pharmaceutical was introduced to perfusion in order to prevent further tumor 

vascularization. The cancer cells uptake the drug that triggers apoptosis by inhibition of 

VEGF receptors [1,211]. The drug was introduced to perfusion after a day of spheroid 

culture in the matrix made by the group of sECMbc. Sunitinib became fluorescent once 

it reached the cells and, as shown in Fig. 4.8 C, spheroids were able to uptake the drug 

(green color) within the 7 days, while decreased brightness of the red endothelial cells 

(RHMVEC tdTomato) suggesting the slow apoptosis of the pancreatic model and 

immediate discontinuing its vascularization potential. The sprouting density and length 

were quantified similarly to the static condition and the result remained at the same level 

over 7 days contrary to the control group (Fig. 4.8 D). Therefore, the pharmaceutical 

fulfilled its role in the vascularization prevention and proved the device to be functional 

in both insulin detection and drug testing. 
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Figure 4.8 Functionality of the perfusable device based on ELISA for the insulin content 

(A). Fluorescently-labeled dextran perfusion based on the devices without cells in the 

channel (B). Images of phase images of spheroids sprouting in sECMbc scaffold (top) 

and with introduced the Sunitinib pharmaceutical (brightfield (middle) and fluorescent 
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(bottom)) over 7 days active perfusion (C) with the quantification of the sprouting 

density and length compared to non-treated sECMbc scaffold (D). 

To define if the group of sECMbc was bioprintable, extrusion-based bioprinting of the 

matrix in the devices was performed by a co-axial nozzle previously described [156]. 

The negatively- and positively-charged components (as distinguished in Fig. 4.2D) were 

printed simultaneously; however, through the separate nozzles within the co-axial set 

up. This arrangement was developed due to the materials immediate crosslinking and in 

order to prevent clogging of the nozzle. Once the pressure was applied, as the two 

oppositely charged suspensions came in contact, the ionic and enzymatic crosslinking 

started to occur creating a fibrous network hydrogel, which was deposited layer-by-layer 

on a glass slide. The deposition through both external and internal nozzles had similar 

volumetric properties (see Fig. 4.9B), due to viscosity-enhancing properties of MC 

[196]. The flow characteristics of both negatively- and positively-charged compounds 

of group sECMbc are represented in Fig. 4.9C. Their apparent viscosities decreased with 

increasing shear rates, thus implying shear-thinning behavior. At low shear rate, the 

higher viscosity results from the intermolecular interactions or entanglements between 

the stretched polymer coils. When shear stress is applied, the decrease in apparent 

viscosities is caused by disruption of intermolecular association or increased orientation 

of polymer segments along the flow direction [153]. The variation in flow characteristics 

of sECMbc (+) and sECMbc (-) could be explained by their differences in composition, 

structure and internal molecular interaction. The steady rate sweep method was adopted 

to calculate the yield stress. When performing this test, the shear rate was controlled 

during the test, and was stepped down logarithmically from high (1000 1/s) to low (e.g., 

0.1 1/s) values. The stress on the sample reached to a plateau region and became 

independent of rate, indicating the occurrence of the yield point. Yield stresses of 
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sECMbc (+) and sECMbc (-) were determined to be 0.551 and 0.337 Pa, respectively. 

Below these values no significant change of the internal structure occurs, and the 

material is showing reversible viscoelastic behavior. Since sECMbc (+) has larger yield 

stress, it has a more stable structure, higher layer thickness, and more gel-like character. 

To meet the characteristics of an ideal ink for hydrogel printing, i.e. good extrudability 

via small sized nozzles and good shape fidelity after printing, the potential bioink 

candidate should show shear thinning behavior in aqueous solution and possess 

sufficient zero shear viscosity. As a conclusion, the non-Newtonian pseudoplastic 

sECMbc materials might be considered as extrudable precursors for 3D bioprinting.   

 

Figure 4.9 Bioprinting characterization: (A) scheme of the 3D bioprinting of the 

scaffold in the device; (B) co-axial nozzle parameters of the negatively- and positively-

charged suspensions of the group of sECMbc; (C) Flow characteristics based on the 

negatively- and positively-charged group suspensions of the group of sECMbc *; (D) 

Printability measurements of the sECMm and sECMbc groups. 

The 4x5 grid structure printed by two layers were measured by area and perimeter to 

determine the circularity based on equation, where square shape is represented by value 

of 1 and characterizes the best printability outcome. Value above 1 means round shape 

of the gap, while value below has irregular, undefined shape [143]. The printability of 

the sECMm and sECMbc groups represented almost perfect squares (value of 1) with 
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0.933 Ñ 0.06 and 0.967 Ñ 0.002, respectively (Fig 4.9D). The representative printing 

videos and images of two layers of materials on the glass slide are shown in the 

Appendix B: supplementary Fig. S4.4. 

4.5 Conclusions 

The development of simulated ECM materials is crucial for both exploring fundamental 

biological processes involved in the tissue formation and for in situ organ model 

development. The goals of this research were to develop an architecture simulating 

native pancreas environment by multiple hydrogels and use this complex matrix to 

create a functional, perfusable pancreas-on-a-chip device. 

The engineered ECM was a unique attempt the recreate the natural pancreatic 

environment by two distinct crosslinking mechanisms, enzymatic and ionic, as well as 

two sizes of pore architecture, nano- and micro-scale, formed by fibrin and 

functionalized BC. Additionally, the formed hydrogel was enriched with functional 

components, such as collagen, MatrigelÈ, and HA for increased cellular performance. 

A sECMm matrix consisting dispersive MC and functionalized BC particles was called 

the group of sECMbc and its stiffness parameters, transparency, and water-holding were 

optimized. The group of sECMbc was characterized by lower bulk mechanical 

properties and porosity than control groups due to lack of interaction or entanglement 

between added components sECMbc Also, it is suspected that the cellulose fibers 

created a microenvironment within the scaffolds that locally rearranged the other 

proteins in the matrix resulting in overall smaller pore density. These larger, stiffer fibers 

may also alter the local mechanical environment where even though the bulk modulus 

decreased, growing cells interacting with the fibers may experience a stiffer local matrix. 

These properties affected the ɓ-cell and endothelial cell co-culture within the pancreatic 
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spheroids. Cells cultured in the matrix including the CMBCs experienced a significant 

increase in sprouting length and two to four times higher insulin secretion comparing to 

the sECMf scaffold. Additionally, the group of sECMbc caused a significant increase in 

the endothelial-cell related gene expression such as VEGF-A, Endothelin1, and NOS3 

in comparison to control groups.  

The developed sECMbc matrix, along with controls, was used in the perfusable 

pancreas-on-a-chip model within the successful 7-day perfusion. The insulin response 

was detectable in a real-time in every group; however, with a diminishing concentration 

in later time points. The Sunitinib, anti-cancerous drug, was tested in over a week 

perfusion and showed successful results in vascularization inhibition. Moreover, the 

group of sECMbc with pancreatic spheroids was 3D bioprintable and in the future could 

be used in the scaled-up fabrication of the devices.  

In summary, the developed fibrin-collage-MatrigelÈ-HA-MC-CMBCs material, called 

the group of sECMbc, served as a comprehensive extracellular matrix model for 

mimicking that native pancreatic ECM and promoting the biological processes of 

crosstalk between b-cells and endothelial cells necessary for proper pancreatic islet 

function in situ. Also, the developed device rich in the ECM compounds can serve as 

potential models for multiple human organs as well as in cancer research. 
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Chapter 5 Conclusions and future work 

5.1 Conclusions 

The overall objective of this dissertation was to investigate angiogenesis in engineered 

pancreatic-like islets as well as to create a perfusable hydrogel-based device that 

improves the cell performance for a broadened scope of applications in pharmaceutical 

use. First, vascularization in pancreatic-like spheroids was shown to strengthen the 

mechanical properties, maintain high cell viability as well as increase insulin secretion 

(Chapter 2). Here, two ratios of ɓ-cells to microvascular endothelial cells were 

examined, 2:1 and 1:1, respectively, in 3D cell culture. Both groups had similar 

sprouting length and density as well as elevated insulin levels as compared to the ɓ-cell-

only control group. These results indicated that there is a relation between the synergistic 

cross-talk between these two cell lines and its performance. In addition, improvement 

in ɓ-cell viability, while cultured with the endothelial cells, was also observed 

potentially due to better mechanical support. This work was performed in fibrin 

hydrogel, a natural angiogenic material. This work has many implications for the 

development of engineering vascularized tissue models for both healthy and cancerous 

environments as well as for our fundamental understanding of cell-cell interactions and 

new tissue formation. However, fibrin does not exhibit the mechanical properties needed 

for a hydrogel-based perfusable device.  

In the chapter 3, bacterial cellulose was functionalized to be both positively or 

negatively charged in order to form a new material system for 3D printing and further 

improvement of cell-laden fibrin scaffolds. The carboxymethylation of bacterial 

cellulose delivered an anionic charge on the 6th carbon producing a structural anionic 

polymer (CMBC (-)). The surface of CMBC (-) was then coated with chitosan forming 
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a cationic polymer complex (CMBC (+)). This electrostatically cross-linkable 

polymeric system was then systematically examined. The results suggested that the 

degree of substitutions of negative charges on the CMBC (-) and the presence of positive 

charges on CMBC (+) were sufficient to strongly crosslink these two materials. 

Although, the binding strength was impacted by two crucial factors: pH and charge ratio. 

The CMBC (+) material was characterized by larger size particles due to additional 

polysaccharides on the surface. CMBC (+) along with CMBC (-) presented 

characteristic peaks of the key functional groups detected by FTIR. The crosslinked 

CMBCsô porosity varied depending on the ratio between the materials, suggesting the 

possibility of controlling porosity in the future studies. 

Inspired by the results from Chapter 3, the functionalized bacterial cellulose was used 

to enhance the fibrin-based biomaterial examined in Chapter 2. The formed matrix was 

additionally enriched with other ECM-based additives, including MatrigelÈ, hyaluronic 

acid, and collagen type I, described in Chapter 4. The ionic bonding of CMBCs was 

coupled with the temperature-sensitive hydrogels (MatrigelÈ and collagen) and the 

enzymatically crosslinkable fibrin. As a result, prevascularized pancreatic spheroids 

seeded in the fibrin group with ECM-related additives and CMBCs positively affected 

the sprouting length and density, insulin secretion, and endothelial cell-related gene 

expression, even though the bulk mechanical properties were lower than the fibrin-only 

group. It is suspected that the local mechanical environment may be quite different 

where cells interact directly with the stiffer CMBC fibers. This research suggests the 

importance of maintaining the delicate balance between the mechanical support and the 

spatial matrix of macromolecules simulating the native tissue. This scaffold was either 

manually deposited or bioprinted by a co-axial nozzle and used in fabrication of a 

perfusable pancreas-on-a-chip device that supported dynamic culture conditions for 
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over a week. The device was successfully adapted to detect insulin secretion in real-time 

during perfusion as well as in testing the Sunitinib drug, which accumulated in 

pancreatic-like spheroids inhibiting vascularization.  

Besides forming a new simulated ECM, the complex hydrogel is an alternative for 

widely used monocomponent hydrogels. The pilot assessment of the device brings the 

possibility of pharmaceutical testing on both healthy or cancerous tissues a step closer. 

Also, the prevascularized tissues grown de novo have the potential to be 

immunologically tolerant and provide a permanent solution to damaged organs that will 

be cost-effective and will allow long-term therapy without need of supplementary 

treatment. 

5.2 Future work 

On the basis of the results from the studies conducted in this dissertation, the following 

recommendations are proposed for the future studies: 

1. Continuing to work on development ɓ-cell models that are closer to the native 

human tissue. The pancreatic cell line used in this dissertation was ɓTC3, a 

mouse insulinoma that does not react to elevated glucose concentrations by 

higher insulin secretion; therefore, it is far from the ideal cell model. Current 

studies are either based on imperfect, but available cell lines or are focused on 

creating new pancreatic cells based on induced pluripotent stem cells (iPSCs), 

which have relatively low successful differentiation rate [213]. Investigation of 

the closer-to-native cells would bring to the table one of the most exciting visions 

- creating patient-own organoids that would serve for personalized medicine 

purposes. 
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2. Investigation of more appropriate endothelial cells for neovascularization 

models. A large portion of currently published work is based on the HUVEC, 

the endothelial cell layer lining the umbilical cord, which are larger in size than 

the understudied microvasculature cells responsible for oxygen and nutrients 

transport into the organs. It is crucial to have a well performing 

microvascularization in order to aim for the scalable in vitro grown tissues. 

 

3. Deeper understanding of the characteristics of ECM components in each organ 

and their influence on cellular behavior at the cell level. The further development 

of suitable substrates with physiologically relevant properties is critical for the 

future of tissue engineering. One of the attempts of retrieving the ECM 

components is decellularization, which requires removal of cellular material 

using chemical, physical or enzymatic processes. As a result, it is unlikely to 

retain the microarchitecture and all of the ECM components, especially those in 

small quantities. Therefore, an approach worthy of careful study would be 

holistic investigation of ECM composition, i.e. local mechanical properties and 

spatial arrangement with relationship to the cellular function. Also, it is 

important to assess the dynamical changes within the tissues as well as 

investigate biomaterials that have potential to mechanically deviate across their 

gradient.  

 

4. Improvement of microfluidic devices is a must before pharmaceuticals could be 

tested in a large scale, becoming a new standard and replacing animal models. 

Since this dissertation consist a pilot study, more work is needed to explore 
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further the hydrogel-based matrix materials that adapts to maturating spheroids. 

Also, more emphasis should be placed into the development of scalable multiple-

channel devices with precise islet deposition, most likely by 3D bioprinters.  
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Appendix A: Supplementary Data for Chapter 2 

 

Appendix A: Figure S2.1 Flow cytometry result of RHMVEC gated for the 

tdTomato+ signal. 

 

 

Appendix A: Figure S2.2 Spheroid diameter changes over time for three different 

cell concentrations in molds with 500 and 800 Õm well diameter. 
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Appendix A: Figure S2.3 Immuno-images of a near 100 Õm spheroid of 1:1 ratio 

on Day 14 with RHMVECs, ɓTC3 cells, and nuclei stained for PECAM (green), 

insulin (red), and DAPI (blue), respectively.  
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Appendix B: Supplementary Data for Chapter 4 

 

Appendix B: Figure S4.1 FESEM of the scaffolds with vascularized pancreatic-

like spheroids: (A) cross-section of the scaffolds with the spheroids pointed by 

black arrow and sprouts pointed by red arrow; (B) pancreatic-like spheroids 

seeded at the top of the scaffolds and cultured over 24h. 

 

 

Appendix B: Figure S4.2 Histology of the perfusable devices with four scaffold 

types. Sections were made vertically and the channel is pointed by the black arrow. 
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Appendix B: Figure S4.3 Light microscopy images of the RHMVECs-lined 

channel (A). Quantified dextran intensity with RHMVEC lined along the channel 

(B) and table with the highest intensity/pixel results (C).   

 

 

Appendix B: Figure S4.4 Representative video (top left) and images (bottom left) 

of the 3D printed grid of the sECMm and sECMbc for the printability 

measurements and 3D bioprinting of hydrogel in the device (right). 
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