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ABSTRACT 

 

APPLICATION OF TISSUE ENGINEERING TECHNIQUES FOR 

TREATING CARTILAGE INJURY AND DIAGNOSING CANCER 

METASTASIS 

Amirhossein Hakamivala, PhD 

The University of Texas at Arlington, 2019 

 

Supervising Professor: Liping Tang, Ph.D. 

This study focuses on the application of tissue engineering techniques for the diagnosis of cancer 

metastasis, cartilage regeneration, and modeling of lymph node metastasis.  

Chapter 1 is an overview of tissue engineering strategies, and it describes how each chapter relates 

to the central theme. 

Chapter 2 describes the development of 3D lymph node (LN) mimetic for studying prostate cancer 

metastasis. The overall objective of this chapter was to develop a biosystem with the ability to 

mimic metastatic LN condition. Studies were first designed to uncover the critical cells types and 

chemokines responsible for cancer metastasis to the LNs. An LN cell-seeded (also called as LN 

mimetic) device was developed and tested on its ability to mimic real metastatic lymph node. The 

results show that it can simulate the metastatic LN microenvironment. The device can be used to 

distinguish the highly metastatic cancer cells from low metastatic ones and can also provide a 

powerful tool to investigate the processes governing LN metastasis. 

Chapter 3 illustrates our work on the establishment of a metastatic LN construct. While LN 

mimetic was designed for in vitro studies, it cannot be used for studying LN metastasis in vivo.  
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LN construct was fabricated for in vivo study by encapsulating combination T cells and cancer 

cells in alginate microbeads. The physical, chemical and biological properties of the microbeads 

were determined. The ability of these microbeads to induce PCa metastasis was first evaluated in 

vitro. Finally, the ability of metastatic LN construct to promote tumor cell recruitment and to 

reduce LN metastasis was assessed in vivo. Our results confirmed that the LN construct could 

create microenvironment resembling metastatic LNs. Such a device can be used as a unique tool 

to investigate how cancer:LN cells interaction lead to cancer LN metastasis. 

Chapter 4 depicts the establishment of a new treatment for cartilage injury by applying an in situ 

tissue engineering approach. The goal was to develop a platform technology for regenerating 

injured cartilage by restoring its intrinsic chondrogenic capacity via directed endogenous 

progenitor cells responses following simple intra-articular injection. Using a rabbit model of full-

thickness cartilage-defect, we found that erythropoietin (Epo)-loaded-hyaluronic acid (HA) 

microscaffolds were able to trigger endogenous progenitor cells recruitment, reduce inflammatory 

responses in the synovial space and facilitate cartilage defect repair.   

In conclusion, these studies explore the potential of using various tissue engineering techniques on 

the development of various diagnosis and treatment devices for different life-treating pathological 

events.   
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Figure 4-1 Physical and biological characterization of HA microscaffolds loaded with EPO. (a) 

Fluorescence imaging (100x) of the FITC-conjugated microscaffolds; (b) size distribution 
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calculated and compared. n=4 for all groups. (f) The fluorescent intensity associated to HA 
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1.1.Introduction 

The human body is comprised of many cells, each with its specific role and function. Whether it 

is their ability to proliferate and differentiate, phagocytose as macrophages, or even migrate and 

metastasize as cancer cells, with years of research, many facets of diverse cell populations are still being 

uncovered. One of the very interesting abilities of cells is their propensity to migrate in response to 

various stimuli. Cell migration is usually induced by an extracellular signal, which can be a result of a 

biochemical or mechanical process [1]. Even during embryonic development, tissue formation is solely 

due to cell migration processes, which allow cells to localize at specific areas and develop into specialized 

tissues and organs. Cell migration also plays a critical role in wound healing and immune response. For 

example, whenever there is an injury in the body, the lymphocytes are targeted towards the damage as a 

counter-response, and the migration of fibroblasts helps in healing the wound and reducing inflammation. 

Stem cells, that have the ability to proliferate and differentiate to mature cells of a specific organ [2], 

participate in the healing and regenerative process. Unfortunately, often, this process does not progress 

normally or in some cases never commences. Such circumstances warrant interventions which have 

traditionally been in the form of tissue and organ transplant. However, due to the disadvantages like the 

limited availability of stem cell sources, technical complexity with high medical costs, and the ethical and 

safety concerns of clinical translation, tissue engineering has emerged as a panacea.  

Tissue engineering has presented new approaches to the reconstruction and regeneration of 

damaged or lost tissue. The design, manufacture or repair of tissue involves utilization of natural 

or synthetic materials. Recent advances have sought to address the challenges posed by the 

limitations of classical methods, such as the lack of resources, invasiveness of the host tissue 

harvesting procedure, risk of disease transmission, stimulation of the immune system, and the 

possibility of rejection of transplanted tissue [3]. Tissue engineering strategies can be classified 
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into three categories: (i) injection of bolus cells into tissue of interest, (ii) implantation of cell-

seeded construct often precultured in a bioreactor and (iii) delivery of signaling factor often in the 

form of cytokines via cytokine/growth factor-loaded scaffolds to stimulate cell migration, growth, 

and differentiation [3, 4]. 

Cytokines are vital modulators for cell migration. Cytokines are small secreted proteins produced 

by cells and have a specific effect on the interactions and communications between cells [5]. Many 

cytokines are involved in different cell migration processes [6]. For example, various cytokines 

such as erythropoietin (EPO) and stromal cell-derived factor 1 (SDF-1α) upregulate the migration 

of stem cells at the site of injury and speed up the process of wound healing [7]. Furthermore, 

under the influence of SDF-1α, CXCR4 positive macrophages have been seen to migrate to the 

damaged sites following a spinal cord injury [8].  

Interestingly, cytokines play a role not only in tissue regenerating processes but also in case of 

cancer cell metastasis, which involves colonizing at sites far away from the primary tumor. As tumor 

cells obtain the ability to infiltrate to the surrounding tissues, the process of invasion is initiated. 

The tumor cells migrate through the basement membrane and extracellular matrix. Eventually, 

they penetrate into the lymphatic or vascular circulation and metastasize to distant organs [9]. 

Lymph nodes are often the first sites to which the cancer cells metastasize. Hence, understanding 

the factors that contribute to this phenomenon could unravel the process of cancer metastasis. 

Understanding this could hold the key to developing better diagnostic and therapeutic strategies 

for a wide range of cancers.  

Cell migration is now being widely used as a powerful tool for the diagnosis of metastasis in many 

different cancers. Certain markers, which have been seen to promote metastatic cancer migration, 

have recently been discovered [10]. In metastatic colorectal cancer, for example, the tumor cells 
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produce CD44v6, which further promotes migration of the cancer cells and induces metastasis 

[11]. Detection of different chemotaxis, such as hepatocyte growth factor (HGF), osteopontin 

(OPN), and SDF-1α, that play a major role in cancer cell migration, can be critical in determining 

the stage of the malignant tumors [12]. Furthermore, in an attempt to treat triple-negative breast 

cancer, a combination of Interleukin-6 and Interleukin-8 helped in blocking the migration of breast 

cancer cells [12]. Many such attempts have shown positive outcomes in the treatment of various 

diseases. Using a combination of these cytokines and biomaterials one can use tissue engineering 

principles to create a system that can mimic the process of metastasis.  

In this study, tissue engineering techniques have been used for cancer diagnosis, and cartilage 

injury repair, while its principles have been explored in an underexplored area of modeling cancer 

metastasis to lymph nodes.  

1.2.Overview of the Chapters 

Chapter 1 is an overview of tissue engineering techniques and the importance of cell migration. It 

describes how cell migration plays major roles in homeostasis and life-threatening pathological 

conditions. 

Chapter 2 is devoted to the development of a 3D lymph node (LN) mimetic for studying prostate 

cancer metastasis. The overall objective of this chapter is to develop a LN mimetic biosystem to 

improve our understanding of prostate cancer (PCa) metastasis to LNs. We first identify the critical 

cell types and cellular products that are responsible for PCa cell metastasis. We then explore the 

possibility of engineering a 3D cell culture biosystem to mimic metastatic PCa responses in LNs. 

Finally, the 3D culture biosystem is used to determine the lymphatic cellular responses to high and 

low-metastatic cancer cells.   
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Chapter 3 is describing cell encapsulated alginate beads for simulating metastatic lymph node. 

Alginate is used to encapsulate the combination of T cells and PCa cells to mimic a metastatic 

lymph node (m-LN) condition. The physical, chemical and biological properties of the beads are 

determined. Also, the effect of the encapsulation on T cell behavior and ability to induce PCa 

metastasis is assessed. Subsequently, the ability of the encapsulated cells to recruit PCa cells is 

studied in vivo. 

Chapter 4 focuses on the recruitment of endogenous progenitor cells by EPO loaded particles for 

in situ cartilage regeneration. EPO loaded hyaluronic acid (HA) microscaffolds are developed with 

the ability to target and reduce the inflammatory response as well as recruit endogenous progenitor 

cells for cartilage defect regeneration. HA microscaffolds are fabricated and characterized in term 

of size, EPO loading capacity, cell compatibility, and targeting ability. The ability of HA+EPO 

microscaffolds to slowly release EPO is also assessed. Finally, the ability of HA+EPO 

microscaffolds to repair cartilage defects is evaluated using a rabbit model of full-thickness 

cartilage defect. 

Each chapter is formatted and structured according to their respective target journals. Chapter 2 

was accepted for publication in Advanced Biosystem. Chapter 3 will be submitted to a peer-

reviewed journal. A target journal will be determined at a later time.  Chapter 4 has been submitted 

to Advanced Healthcare materials.   
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Chapter 2  

2.1.DEVELOPMENT of 3D LYMPH NODE MIMETIC FOR STUDYING PROSTATE 

CANCER METASTASIS 

Keywords: Prostate cancer, metastases, lymph nodes, T lymphocytes, chemokines, Lymph node 

bioreactor 

 

This article has been accepted to be published in the Journal of Advanced Biosystems. 
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2.2.Abstract 

Lymph node (LN) metastasis contributes to poor prognosis for patients with prostate cancer (PCa). 

While there is abundant evidence to support the pivotal role of LN cells and cellular responses in 

cancer metastasis, the interplay between LN cells and PCa cells is mostly undetermined due to the 

extremely small size and wide-spread distribution of LNs. To identify factors responsible for 

cancer LN metastasis, a 3D cell culture biosystem was fabricated to simulate LN responses during 

cancer metastasis. We first determined that LN explants previously exposed to high metastatic PCa 

release substantially more chemotactic factors to promote metastatic PCa migration than those 

exposed to low-metastatic PCa. Further studies revealed that T lymphocytes (T-cells) were the key 

cells responsible for the production of chemotactic factors in LNs. Among all chemotactic factors 

released by LNs, CXCL12, CCL21, and IL-10 were identified to be the most potent chemokines 

for PCa cell migration. To mimic LN microenvironment, Cytodex® microcarrier beads were 

seeded with T-cells to produce LN-mimetic biosystem in both static and flow conditions. As 

expected, such biosystems permitted prolonged cellular responses in flow condition than in a static 

environment. Interestingly, the biosystems could distinguish between PCa cells with different 

metastatic potentials by producing PCa-specific chemokines only when highly metastatic PCa cells 

were introduced into the system. Such differential responses may have been caused by the strong 

cell:cell interactions between highly metastatic PCa cells and T-cells. Coincidentally, the LN 

mimetic biosystem could also trigger strong chemotactic responses to highly metastatic esophageal 

cancer cells as compared with control cells. These results support that the LN mimetic biosystem 

may serve as a unique tool for studying the processes underlying cancer metastasized LNs and for 

testing various treatments to reduce cancer LN metastasis. 
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2.3.Introduction 

Prostate cancer (PCa) will account for 1 in 5 new cancer diagnoses in 2018 [13]. The metastatic 

disease with castration-resistant phenotypes of PCa contributes to the major mortality of PCa 

patients [14], which appears in both lymph nodes (LNs) and bone [15, 16]. Among these two 

organs, LNs are often the first metastatic site [17] before spreading to other organs [18]. Therefore, 

histological examination of PCa metastasis in the LNs around tumors is often used to determine 

disease progress, prognosis and choice of the therapy. In fact, increasing evidence supports that 

reduction of LN metastasis may extend the survival of patients [19]. Despite of increasing research 

efforts, the investigation of LN metastasis faces serious technical challenges due to the fact that 

there are almost 400 bean-shaped LNs throughout the human body [20] In addition, their extremely 

small size (1-4 mm diameter in mice; up to 1 cm in humans) [21], makes it difficult to decipher 

the cellular responses inside them. Consequently, there is limited knowledge on the interaction of 

cancer cells with LN cells and on the reduction of cancer metastasis to LN.   

Many recent studies have uncovered the pivotal role of LNs in cancer metastasis. It is well 

established that LNs are the initial sites for metastasis of many solid tumors [22, 23]. 

Mounting evidence supports the active role of lymphatic vessels in tumor metastasis through 

lymphangiogenesis and lymphatic cellular products [24]. In addition, lymphangiogenic responses 

[25, 26], high endothelial venules (HEVs) [27], and the production of immunosuppressive products 

[28] make LN a favorable ground for tumor cells then facilitate distant metastasis. The overall 

cascade of responses can be summarized as follows: First, tissue fluid around tumors (along with 

tumor cells and cytokines) drain into the permeable lymphatic collector vessels that are connected 

to the extracellular membrane around a tumor through anchoring filaments [29]. Shortly after LN 

infiltration, a few tumor cells induce changes in the LN architecture, which favor the proliferation 
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of cancer cells [24]. Finally, some cancer cells are then disseminated from the lymphatic 

circulation to distant organs through the venous circulation [30]. Among all LN cells, T 

lymphocytes (T-cells) are likely to play an important role in PCa LN metastasis based on the 

following evidence. For example, blocking cytotoxic T-cell-associated antigen 4 was found to 

reduce LN metastasis in spontaneous transgenic models of PCa [31]. A recent study has shown 

that infiltrated CD4+ T-cells could promote PCa metastasis [32]. Furthermore, IL-4-expressing 

CD4+ T-cells  regulate tumor-associated macrophages facilitating the invasion and subsequent 

metastasis of mammary adenocarcinomas [33]. Despite the fact that T-cells, one of the main cell 

types in LNs, play an important role in cancer metastasis, the potential role of T-cells in PCa LN 

metastasis is not totally understood.   

Significant research efforts thus far have been placed on uncovering the “machinery” inside the 

LNs. Histology studies have revealed that naïve LNs are characterized by the presence of B 

lymphocytes (B-cells) zones or follicles in the outer cortex, T-cells zones in the middle paracortex, 

and macrophages distributed along the medulla along with afferent and efferent lymphatic vessels 

(Figure 2-1) [34]. Several in vitro and in vivo models have been established to produce LN mimetic 

for studying LN-associated secondary immune responses [35-38].  Progress on tissue-engineered 

LN systems has been limited to understanding the effect of 3D culture on cell networks [39].  

Despite significant progress made on LNs fabrication to simulate immune reactions, to the best of 

our knowledge, there is no system which has been developed to mimic cancer LN metastasis. 

Studying this system could provide a better understanding of the complexities of LN and its impact 

on PCa metastasis. 



  

9 
  

Our group recently established the functional role of DAB2IP gene in rendering aggressiveness to 

PCa cells. It is known that PCa cells acquire invasive abilities by undergoing phenotypical changes 

like epithelial to mesenchymal transition (EMT)[40].   

The overall objective of this work was to develop an LN mimetic biosystem to improve our 

understanding of PCa metastasis to LNs. For that, using in vitro and in vivo models, we first 

identified the critical cell types and cellular products which are responsible for PCa cell metastasis. 

We then explored the possibility of engineering a 3D cell culture biosystem which can be 

Figure 2-1 structure of a lymph node. B lymphocytes are in follicles in the cortex where they interact 

with follicular dendritic cells. T lymphocytes home to the paracortex where they interact with 

dendritic cells. The medulla contains mostly macrophages. 
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fabricated to mimic metastatic PCa responses in LNs. Finally, the 3D culture biosystem was used 

to determine the cellular responses governing lymphatic cellular responses to high and low-

metastatic cancer cells in vitro.   

2.4.Results & Discussion 

Increasing evidence supports that LNs play an important role in cancer metastasis. In fact, they are 

often the first step in cancer metastasis. However, the processes governing this phenomenon are 

not totally understood due to the small sizes and random distribution of LNs throughout the body. 

To overcome this limitation, it is critical to develop an in vitro model which can simulate the 

interaction between cancer cells and LNs. Several in vitro models have been established over the 

last few years to mimic the human immune system [35, 36, 38, 41, 42]. For example, LN mimetic 

responses were achieved by the transplantation of stromal cells in collagen sponge in renal 

subcapsular space in mice. This organoid construction was found to facilitate the development of 

the adaptive immune response and as a treatment of immune deficiency [35, 43]. In addition, to 

mimic T-cell activation in LN in vitro, a human LN was fabricated by seeding dendritic cells 

incubated peripheral blood mononuclear cells and lymphocytes on polyamide fiber scaffolds [37]. 

More recently, using an RGD-Dextran hydrogel (Cellendes) co-culture system, studies have shown 

that co-culture of stimulated multipotent stem cells with immune cells in hydrogel may promote 

antigen-specific antibody responses in immunodeficient mice [38]. In addition, tissue-engineered 

LN systems composed of immortalized follicular reticular cells were fabricated to demonstrate the 

effect of 3D culture and flow rate on 3D cell network morphology and cellular product 

(chemokine) productions [39]. However, these models cannot be used to evaluate the role of 

immune cell in cancer metastasis[38] which is the major focus of this investigation.  
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2.4.1. Exposure to metastatic PCa changes LN morphology 

To simulate LN responses in vitro, the LN responses to PCa in vivo were investigated. The 

morphologies of LNs from animals implanted with PC3 and DAB2IP-KD cells for two weeks 

were compared. Histological results indicated that the size of mesenteric LNs exposed to highly 

metastatic PCa (DAB2IP-KD cells) cells is significantly larger (~2X) than those exposed to low 

metastatic PC3 cells and naïve LNs (Figure 2-2 a). The lymphadenopathy was mostly found in 

the Mesenteric LNs of DAB2IP-KD injected animal (Figure 2-2 b). It is in agreement with an 

earlier observation that the aggressive lymphatic metastasis and mesenteric nodes enlargement was 

observed in the orthotopic metastatic prostate cancer model [44]. The evaluation of LN tissue 

histology suggests that brief exposure to DAB2IP-KD cells was sufficient to induce the 

hypertrophic responses of LNs that resembled lymphadenopathy typically found in cancer 

metastasized LNs and antigen-stimulated LNs as compared with LNs exposed to PC3 cells and 

naïve LNs (Figure 2-2 c). In fact, LN enlargement, or tumor-reactive lymphadenopathy, is often 

associated with LN cell activation and cytokine production/release, which are critical for lymph-

angiogenesis, invasion and metastasis [45, 46]. These signs of morphological changes support that 

LN cells may undergo active cell responses upon interactions with implanted DAB2IP-KD cells. 

However, it was still unknown about the cause of this phenomenon. Was there a downstream 

response to LNs’ exposure to the highly metastatic DAB2IP-KD cells? 

2.4.2. Chemotactic agents are released by LNs exposed to DAB2IP-KD cells 

Since DAB2IP-KD cells have been shown to have a high tendency for LN spreading, we 

hypothesized that the cancer cells‘ ability to trigger the release of chemotactic agents from LNs is 

an indicator of their metastatic potential [47, 48]. To test this hypothesis, the CM of LNs isolated 

from animals implanted with either DAB2IP-KD cells or PC3 cells were tested for their ability to  
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Figure 2-2 LN responses following 2-week implantation of different PCa cells (PC3 

(non-metastatic) and DAB2IP-KD (metastatic)) or saline (as control). All the LNs 

were evaluated for (A) morphology (mesenteric LNs) (B) different LNs size, and (C) 

histological changes (Scale bar indicates 100 µm) (*** P-value<0.001). 
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promote the migration of either DAB2IP-KD cells or PC3 cells using a Transwell system. As 

expected, data showed that CM from naïve LNs prompted little chemotactic activities to either 

DAB2IP-KD cells or PC3 cells (Figure 2-3 a). The representative images of the migrated cells on 

Transwell membranes can be found in Figure 2-4). Similarly, CM from LNs exposed to PC3 cells 

(abbreviated as PC3-LNs) prompted low chemotactic activities to either DAB2IP-KD cells or PC3 

cells. Interestingly, data showed that CM from LNs exposed to DAB2IP-KD cells (abbreviated as 

DAB2IP-KD-LN) have significantly high chemotactic activities to DAB2IP-KD cells, but not PC3 

cells. The DAB2IP-KD cell chemotactic activity of DAB2IP-KD-LNs CM is ~5X higher than 

those of PC3-LN and naïve LN CMs (Figure 2-3 a). The higher in vitro migration of DAB2IP-

KD cells toward the DAB2IP-KD-LN CM compared to PC3-LN CM and Naïve-LN (N-LN) CM, 

confirmed higher chemokine production in DAB2IP-KD-LN than those in PC3-LN.  To further 

unveil this phenomenon, the gene profiles of tumor metastasis in variously treated LN tissue were 

compared using mouse tumor metastasis RT² Profiler™ PCR Array (see Table 2-1 and Table 2-2). 

It is worth noting that some of the upregulated genes such as CXCL12 and VEGF-A have been 

implicated in tumor metastasis. Recent studies have also suggested that CXCL12, CCL21, IL-10, 

CCL20, CLL19 and IL-8 participate in cancer cell metastasis and migration [49-53]. In fact, 

CXCL12 and CCL21 are expressed highly in LNs [54-56] and their importance in migration and 

invasion of PCa has been  



  

14 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3 Migration of PCa cells in responding to LN CM or various chemokines was 

determined using Transwell cell migration assay in vitro. (a) The ability of various LNs’ 

CM to promote PC3 and DAB2IP-KD cells in- vitro migration was determined. (b) The 

ability of various neutralizing antibodies to reduce the chemotactic ability of DAB2IP-

KD-LN CM was assessed. Data are mean ± standard deviation (Std), (*** P-

value<0.001).    
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established previously [56-58]. It has been shown that the upregulation of IL-10, an 

immunosuppressive cytokine, may promote tumor growth and turn on an angiogenic switch that 

leads to directly promoting tumorigenesis in PCa [59]. However, to determine the most important 

cytokines/chemokines for DAB2IP-KD cell migration in LNs relevant to our LN mimicking 

biosystem, we evaluated the chemotactic potential of DAB2IP-KD-LN CM neutralized with 

different and specific cytokines/chemokines using a Transwell migration assay. Our studies have 

demonstrated a significant reduction of chemotaxis such as CXCL12 (>89% blocking) in DAB2IP-

KD cells compared with no treatment control (Figure 2-3 b - The representative images of the 

cells on Transwell membranes can be found in Figure 2-5). The concentration of CXCL12 was 

estimated to be 55 ng/ml based on the standard curve (Figure 2-6). In addition, we found that 

neutralizing antibodies against CCL21 and IL-10 produced 52% and 44% reduction in cancer cell 

migration with the estimated concentrations of 783 and 2 ng/ml, respectively. CCL20 antibody 

treatment only yielded ~19% blocking on cell migration. On the other hand, neutralizing antibodies 

against CCL19 and IL-8 exerted minimal or no effect on the reduction of DAB2IP-KD cells 

migration. These results suggest that CXCL12, CCL21, and IL-10 play important roles in LN 

metastasis of PCa. This finding is supported by previous observations. For example, it has been 

shown that several PCa cells lines express CXCL12 [60] and its autocrine effect may facilitate 

PCa invasion [61]. In addition, the critical role of the CCL21 and IL-10in recruiting DAB2IP-KD 

cells to the metastatic LN has been reported in previous studies [62-64]. 
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Figure 2-4 Representative images of migrated PC3 cells and DAB2IP-KD cells on membranes with 

conditioned media of Naïve LN (Naïve-LN), PC3 cells exposed LN (PC3-LN), or DAB2IP-KD cells 

exposed LN (KD-LN) in the outer reservoir chamber. 
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Figure 2-5 Representative images of migrated PC3 cells and DAB2IP-KD cells on membranes with 

conditioned media of DAB2IP-KD cells exposed LN (KD-LN) in the outer reservoir chamber with the 

presence of neutralizing antibodies against CXCL12, CCL21, IL-10, CCL20, CCL19, IL-8 or control 

media. 
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Figure 2-6 The linear relationship between the numbers of migrated 

cells and the concentrations of (a) CXCL12 and (b) CCL21. 
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Table 2-1 The list of elevated expression of genes with associated functional group 

in DAB2IP-KD cells compared to PC3 cells from  LN mimetic 
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Table 2-2 The list of reduced expression of genes with associated functional group 

in DAB2IP-KD cells compared to PC3 cells from  LN mimetic. 
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2.4.3. T cells are critical to LN metastasis of PCa 

There is plenty of evidence supporting the role played by T lymphocytes in promoting PCa 

metastasis to the LNs upon activation by different cytokines [65-67]. To investigate the effect of 

T-cells on LN metastasis of DAB2IP-KD cells, we isolated T lymphocytes and non-T lymphocytes 

from the DAB2IP-KD LNs. The isolated cells were then cultured to produce the CM for 

chemotaxis assays. Our result showed that T-cells CM induce more DAB2IP-KD cell migration 

than non-T cells conditioned media (Figure 2-7 a and b) (The representative images of migrated 

cells on Transwell membranes can be found in Figure 2-8). 

A subsequent study was carried out to determine whether T-cells respond differently to PC3 and 

DAB2IP-KD cells. For that, isolated T-cells were incubated with PCa CM or PCa cells for 48 

hours. They were then incubated for 2 more days in serum-free RPMI to produce the CM for 

chemotaxis measurement. Our studies have revealed that the culture of T-cells with DAB2IP-KD 

CM and DAB2IP-KD cells induced significantly more DAB2IP-KD cells migration than those 

incubated with PC3 CM and PC3 cells.  Interestingly, we also found that the T-cells released more 

chemotactic factors when co-cultured with DAB2IP-KD cells than those cultured with DAB2IP-

KD CM (Figure 2-9 a) (The representative images of migrated cells on Transwell membranes can 

be found in Figure 2-10). Studies were carried out to determine the types of chemokines/cytokines 

released by DAB2IP-KD cells-incubated T-cells using various neutralizing antibodies. In 

agreement with our previous observation, blocking of CXCL12, CCL21 or IL-10 significantly 

reduced 63.9±9.0, 52.8±3.1 and 64.4±3.0% of the DAB2IP-KD migration, respectively (Figure 

2-9 b) (The representative images of migrated cells on Transwell membranes can be found in 

Figure 2-11). Based on the standard curve of their individual chemotactic potentials, the 

concentration of CXCL12, CCL21 or IL-10 were calculated to be 25 ng/ml, 799 ng/ml and 3 ng/ml 
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Figure 2-7 Effect of various activated LN cells (T-cells vs. non-T cells) on the migration of 

DAB2IP-KD was evaluated using CM of cells isolated from DAB2IP-KD-LN in vitro. (a) 

The ability of T lymphocyte CM and non-T cells CM to promote the migration of DAB2IP-

KD cells was quantified. (b) The extent of DAB2IP-KD cancer cell migration was performed 

based on the same cell number (106 cells/CM). Data are mean ± Std, (*** P-value<0.001).   
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, respectively. These results indicate that CXCL12, CCL21 and IL-10 participate in T-cells 

mediated LN metastasis of DAB2IP-KD cells. These observations are supported by many recent 

investigations in which T-cells are found to participate in cancer cell proliferation, migration and 

metastasis [31-33, 68]. Specifically, T regulatory cells promote tumor growth by blocking the anti-

tumor activity of cytotoxic T cells [69] Furthermore, it has been shown that T helper cells may 

promote tumor progression by the production of IL-17 that can induce IL-6 [70-72].  

Although we garnered evidence of T-cells involvement in metastasis, it was important to simulate 

the LN environment as a step towards developing the LN mimetic. Many recent studies have 

shown that 3D culture provides better microenvironment and induces better cellular responses than 

2D culture [73, 74]. For example, it has been shown that seeding cells on beads results in a 

homogeneous culture system and allow cells to grow at high densities in three dimensions which 

not only stabilizes the cells and improves the longevity of the culture but also decreases the need 

for external growth factors [75, 76]. 

 

 

 

 

 

 

 

Figure 2-8 Representative images of migrated DAB2IP-KD 

cells on membranes with conditioned media of T-cells and 

non-T-cells isolated from cancer metastasized LN.   
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Figure 2-9 Activation of naïve T-cells after incubation with PCa cells or their CM was 

quantified using cell migration assay and DAB2IP-KD cells in vitro. (a) The extent of 

chemokine release by variously treated T-cells was assessed. (b) The effect of 

neutralizing antibodies on the reduction of chemotactic activities of T-cells co-cultured 

with DAB2IP-KD cells was determined. Data are mean ± Std, (*** P-value<0.001).   
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Figure 2-10 Representative images of migrated DAB2IP-KD cells on membranes 

with conditioned media of T-cells incubated with either cancer cells or cell 

condition media in the outer reservoir chamber. 
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2.4.4. A 3D culture system for studying cancer LN metastasis 

To establish a 3D LN biosystem, model T-cells (Jurkat cells) were seeded on Cytodex® I beads 

which have been used as T-cells carriers in the past. It has been reported that while Cytodex® 

beads alone have no mitogenic effect on lymphocytes, it increases stimulation in the presence of 

immunogens [77, 78]. Additionally, because of their large surface area to volume ratio (e.g. 5 mg 

of Cytodex® in 1 ml media provides 30 cm2), the beads have been used as microcarriers to enhance 

cell growth and nutrient/waste exchange [79-81].  

Remodeling of this cellular interaction in a dynamic tissue like LN needs controlled perfusion and 

mixing mobile and matrix-bound immobile cells [82]. To mimic LN environment and also to 

Figure 2-11 Representative images of migrated DAB2IP-KD cells on membranes with conditioned 

media of T-cells incubated with DAB2IP-KD cells in the presence of neutralizing antibodies against 

CXCL12, CCL21, or IL-10.  
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provide optimal growth condition for the T-cells seeded on Cytodex® beads, a bioreactor system 

was engineered to apply flow rate similar to the LNs. 

We found that T-cells could easily adhere and grow onto beads (Figure 2-12 a) and maintain its 

biomarker (CD3) (Figure 2-13). By quantifying the number of T-cells on Cytodex® beads at 

different times, we found that both initial cell seeding density of 100 and 500 cells/bead were 

suitable with similar cell attachment (167 ± 20 and 178 ± 24 Cells/bead) on Day 1 (Figure 2-12 

b). With an initial cell density of 500 cells/bead, we found that the number of adherent cells on 

beads increased with time and reached a maximal number of 560 ± 40 cells/bead on Day 3. 

However, the number of adherent cells decreased sharply (~47%) on Day 4. On the beads seeded 

with initial 100 cells/bead, the number of adherent cells plateaued at 498 ± 17 and 443 ± 36 

cells/bead on Day 3 and 4, respectively. Finally, on the beads seeded with an initial cell density of 

20 cells/bead, the numbers of adherent cells increased with time and plateaued on Day 3 and 4 at 

~400±28 and 425±52 cells/bead, respectively.  

We then compared the cellular responses of T cells seeded on 3D (Cytodex® beads) and 2D (cell 

culture plates) culture. For that, both 3D and 2D T cells were incubated with DAB2IP-KD cells 

CM for 48 hours and then placed in regular media for 2 days to collect the CM for chemotaxis 

measurements. As expected, we found that T cells on Cytodex® beads (3D culture) triggered 3X 

more DAB2IP-KD cell migration than those on culture plates (2D culture) (Figure 2-12 c) (The 

representative images of migrated cells on Transwell membranes can be found in Figure 2-14). 

These results support better mimicking of T cells by 3D cultures compared to 2D cultures.  

Subsequent studies were carried out to assess the direct interactions between PCa cells and 

adherent T-cells on Cytodex® beads. For this investigation, T cells-seeded Cytodex® beads were  
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Figure 2-12 Characterization of the responses of T cells seeded on Cytodex® beads. (A) The morphology 

of T cells seeded on the beads was examined using SEM and confocal microscopy. (B) The influence T-

cell seeding densities on cell growth at different time points was determined. (C) The pro-chemotactic 

responses of 2D vs 3D cultured T-cells with DAB2IP-KD CM were compared. Data are mean ± Std, (*** 

P-value<0.001).   
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incubated with PC3 cells and DAB2IP-KD cells with 5:1 ratio of T lymphocyte to PCa cell. The 

CM was collected every 24 hours for 4 days for chemotactic potential measurements and some of 

the Cytodex® beads were recovered for confocal imaging. Confocal images reveal that there were 

a few PC3 cells (pink colored) on the T-cells (green colored) seeded Cytodex® beads (Figure 2-15 

T cells on 
Cytodex®  

CD3 

Merged 

 Plane I  Plane II  

 

Figure 2-13 Fluorescence microscopy images of T-cells on Cytodex® bead and their corresponding CD3 

expression at different Planes. 
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a) (The fluorescent microscopy images of T-cells on Cytodex® bead and their corresponding CD3 

expression at different Planes can be found in Figure 2-13). On the other hand, significantly more 

DAB2IP-KD cells than PC3 cells were found to accumulate on T cell-seeded Cytodex® beads 

(estimated 75 DAB2IP-KD/Bead vs 7 PC3/Bead).   

 

 

 

 

Our early results showed that LNs trigger stronger chemokine/cytokines production to DAB2IP-

KD cells than PC3 cells. To assess whether 3D cultured T-cells would prompt similar responses, 

we measured the chemotactic potential of CM isolated from T cell-seeded Cytodex® beads 

incubated with either PC3 or DAB2IP-KD cells for 4 days (Figure 2-15 b) (The images of 

migrated cells on Transwell membranes can be found in Figure 2-16). Our results show T-cells 

seeded Cytodex® beads exposed to DAB2IP-KD cells released more chemotactic factors (~3X) 

than those exposed to PC3 cells.   However, such differential responses only last for 3 days. The 

short life of the differential responses could be attributed to the high consumption of media 

Figure 2-14 Representative images of migrated DAB2IP-KD cells on membranes with conditioned media 

from T-cells incubated with DAB2IP-KD CM either (1) in a well plate or (2) seeded on Cytodex® beads. 
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nutrients and accumulation of toxic waste. The results suggest that a flow system is required to 

prolong the life span of the biosystem.  

Figure 2-15 Interactions between PCa cells and T-cells seeded on Cytodex® beads were characterized 

using (a) confocal microscopy and (b) in vitro chemotaxis assay of CM collected at different time 

points. (** P-value<0.01, *** P-value<0.001).  
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2.4.5. LN mimetic flow biosystem 

LN responses are complex processes with many biomolecules and cells participating in the 

reactions at different times. In an attempt to decipher such responses and reduce the effect of high 

consumption of media nutrients and accumulation of toxic waste, we built an LN mimetic flow 

Figure 2-16 Representative images of migrated DAB2IP-KD cells on Transwell membranes with media 

collected from the static culture of T-cells seeded Cytodex® beads in interaction with PCa cells (PC3 and 

DAB2IP-KD cells) at different time points (24, 48 and 72 hours) 
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system (Figure 2-17 a). This system was designed to mimic the dynamic condition of the real LN. 

To engineer such device, T-cells were seeded on Cytodex® beads, for two days. The seeding 

process was performed in modified Transwell to mimic the fibrosis capsule around the LN and 

keeps the beads in the bioreactor. Then the modified Transwell contains T-cells seeded Cytodex® 

were placed in the bioreactor where the media flow with the rate of 100 µl/hour was applied to 

that. The cell viability result showed that after 5 days 78.34±0.71 % of the T-cells were alive in 

the bioreactor (Figure 2-17 b). To evaluate the biological activities of the LN mimetic system, 

different PCa cells were added on top of the flow chambers containing T cell-seeded Cytodex®.  

CM was collected from the bottom of the flow chambers at different time points and analyzed for 

their chemotactic activities. Our results show that the introduction of DAB2IP-KD cells to T-cells 

seeded Cytodex® significantly increase the cancer cell chemotactic factors by compared to PC3 

incubation with T cell-seeded Cytodex® beads (Figure 2-17 c)( The representative images of the 

migrated cells on Transwell membranes are shown in Figure 2-18). In addition, the ability of LN 

mimetic system to simulate metastatic esophageal cancer LN responses was investigated. As 

expected, our results show that, LN mimetic biosystem induces  more  cancer cell chemotaxis 

factors with the introduction of highly metastatic esophageal cancer cells (KYSE-30 cells) than 

with the introduction of esophageal epithelial cells (Het-1A cells) (Figure 2-17 d) (The 

representative images of migrated cells on Transwell membranes are shown in Figure 2-19). The 

results demonstrate that LN mimetic biosystem can simulate LN responses to cancer cells.  

These results show that the LN mimetic biosystem release more chemotactic factors in the presence 

of metastatic PCa cells (DAB2IP-KD cells) and esophageal cancer cells (KYSE-30 cells) than 

those of low metastatic PCa cells (PC3 cells) and esophageal epithelial cells (Het-1A cells),  
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Figure 2-17 LN mimetic flow biosystem was built and functional characterized in vitro. (a) Schematic 

of LN flow biosystem design show various component of the system. (b) The influence of flow 

biosystem on the viability of the T-cells seeded on Cytodex® beads was assessed at different time 

points. (c) The ability of different CM collected at different time points from T-cells seeded Cytodex® 

beads in interaction with PCa cells (PC3 and DAB2IP-KD cells) to promote the migration of 

DAB2IP-KD. (d) The ability of different CMs collected at different time points from T-cells seeded 

Cytodex® beads in interaction with esophageal cancer cells (Het-1a and KYSE-30 cells) to promote 

the migration of KYSE-30 (* P-value<0.05, ** P-value<0.01, *** P-value<0.001). 



  

35 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-18 Representative images of migrated DAB2IP-KD cells on Transwell membranes with media 

collected from the T-cells seeded Cytodex® beads bioreactor after the introduction of either PC3 cells 

or DAB2IP-KD cells at different time points (24, 48, 72, and 96 hours). 
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Figure 2-19 Representative images of migrated KYSE-30 cells on Transwell membranes with media 

collected from the T-cells seeded Cytodex® beads Bioreactor after the introduction of esophageal 

cancer cell (Het-1a and KYSE-30) at different time points (24, 48, 72, and 96 hours).  
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respectively. This supports the possibility of using this new LN mimetic biosystem for studying 

the mechanism governing LN cancer metastasis as well as to distinguish between high and low 

metastatic cancer cells. In addition, by analyzing T-cell responses to the cancer cells isolated from 

cancer/tumor biopsy, this new system can be used for assessing the metastatic potential of isolated 

cells.  

2.5. Conclusion  

In conclusion, our work has led to the creation of a LN-mimetic biosystem to simulate LN 

microenvironment. Our results have demonstrated that this new LN flow biosystem provides an 

excellent tool to investigate the interaction between PCa cells and LN microenvironment during 

the metastatic process. It is our belief that this new LN mimetic biosystem can be used not only to 

study the LN responses to cancers but also to explore various cancer treatments for reducing LN 

metastasis. 

2.6. Experimental Section 

2.6.1. Materials  

Cytodex® I beads with average dry size of 190 μm (GE Healthcare Life Sciences, Pittsburgh, PA); 

Transwell cell migration insert with pore size of 8.0 μm (Corning Inc, Tewksbury, MA); 70 µm 

SmartStrainer (Miltenyi Biotec Inc. Auburn, CA) and MagniSort™ mouse CD3 Positive Selection 

Kit (Thermo Fisher Scientific, Waltham, MA) were purchased. Cell culture supplies were 

purchased from different vendors, including Ham’s F12, DMEM, RPMI (all from Sigma-Aldrich, 

St. Louis, MO), fetal bovine serum (FBS) (Atlanta Biologicals, Atlanta, GA), 

penicillin/streptomycin, Geneticin G418, Puromycin were purchased from Gibco (Waltham, MA), 

and GT-T551 media from Takara (Japan). (ATCC, Manassas, VA). Dispase, DNAse and 

Collagenase P were purchased from Roche (Indianapolis, IN). Qiagen RNeasy Mini kit (Qiagen 
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Inc. Valencia, CA), Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc. Rockville, MD), 

and LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells. (Molecular Probes, 

Inc., Eugene, OR) were also purchased. 

2.6.2. Cell lines, isolation, and culture  

Human prostate cancer cell lines, PC3 and DAB2IP gene knockdown PC3 (abbreviated as 

DAB2IP-KD) cells, were used as PCa cells with low and high metastatic potential, respectively 

[83]. PCa cells were cultured in RPMI supplemented with 10% heat-inactivated FBS and 1% 

penicillin/streptomycin. In addition, PC3 cells were supplemented with G418 (200 µg/mL), and 

DAB2IP-KD cells were supplemented with G418 (800 µg/mL) and Puromycin (500 ng/ml). 

Metastatic (KYSE-30) human esophageal cancer cells and non-tumorigenic esophageal epithelial 

cells (Het-1A) were cultured in 50:50 Ham's F-12/RPMI-1640 medium supplemented with 5% 

heat-inactivated FBS, 1% penicillin/streptomycin.  Jurkat T cells (Clone E6-1, ATCC® TIB-

152™) were obtained from the American Type Culture Collection and cultured in GT-T551 media 

supplemented with 10% heat-inactivated fetal bovine serum. Cultured cells were kept at 37 °C in 

a humidified incubator in the presence of 5% CO2. LN cell isolation was carried out using 

MagniSort™ mouse CD3 Positive Selection Kit by following the manufacturer’s instructions. 

Briefly, LNs minced into 1 mm pieces with sterile scalpels or scissors were digested with RPMI 

containing enzymes 0.8 mg/ml Dispase, 0.1 mg/ml DNase I and 0.2 mg/ml Collagenase P. The 

digested solution was then passed through 70 µm Smart Strainer to generate LN cells suspension. 

The isolation of T lymphocytes and non-T lymphocytes was carried out using MagniSort™ mouse 

CD3 Positive magnetic beads. Isolated LN cells were cultured in RPMI supplemented with 10% 

heat-inactivated FBS. 
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2.6.3. Characterization of lymph nodes in cancer implanted animals 

To investigate cancer metastasized LN responses, the intraperitoneal implantation mouse model 

was used [84]. The animal protocols were approved by the University of Texas at Arlington’s 

Animal Care and Use Committee. Immunocompetent mice were used in this study since immune-

deficient animals do not have normal LN cells and structure. Briefly, Balb/c mice (both genders 

and 6 to 8 weeks old) were purchased from Jackson Laboratory (Bar Harbor, ME). The animals 

were implanted intraperitoneally with either PC3 or DAB2IP-KD (5 x 106 cells/500 µl per animals, 

N=6). After implantation for two weeks, the animals were sacrificed. The LN tissue was isolated 

for a series of analyses. Some of the tissues were used for histological evaluation [85]. 

2.6.4. Gene profile analyses of LNs:  

The gene expression of various LNs was determined using the mouse tumor metastasis 

RT² Profiler™ PCR Array, which contains 84 genes known to be involved in metastasis. Briefly, 

RNAs were isolated from different LNs using Qiagen RNeasy Mini kit and were then converted 

to cDNA and assessed using a real-time PCR machine.  

2.6.5. Measurement of cancer metastasis potential:  

The ability of LN cells and cellular products was assessed using a Transwell system, as described 

earlier [86]. Briefly, LN tissue, LN cells or LN cell-seeded Cytodex® beads were incubated with 

RPMI media with 1% FBS for different durations to generate conditioned media (CM). The CM 

was then used in the Transwell cell migration assay as described earlier [87, 88]. To determine the 

type of cytokines responsible for cancer cell migration, a limited study was carried out in which 

CM was incubated with neutralizing antibodies against CXCL12, CCL21, IL-10, CCL20, CLL19 

and IL-8 (all from R&D Systems, Minneapolis, MN) for 2 hours. Then, the ability of variously 

treated CM to promote the migration of DAB2IP-KD cells was quantified using Transwell 
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migration assay as described above. Based on their chemotactic potential, The concentration of 

CXCL12, CCL21 or IL-10 were calculated using standard curves of chemotactic potential 

established by the manufacture and earlier publication[89, 90].     

2.6.6. Fabrication of 3D LN mimetic 

For simulating LN microenvironment in 3D and providing an ECM that act like the reticular cells 

in real LNs, Cytodex® 1 beads were used as microcarriers. T cell-seeded Cytodex® beads with 

different cell seeding densities (20, 100, or 500 cells/ bead) were fabricated. After culturing for 

different periods (1, 2, 3 and 4 days), the number of cells on the beads were counted using Cell 

Counting Kit-8 by following the manufacturer’s instructions. In addition, the morphology of 

seeded cells on beads was observed using SEM (FE‐SEM, S‐4800 Hitachi, operating at 5 kV) and 

laser scanning confocal microscope (A1R, Nikon). To study the interactions between PCa cells 

and T-cells, cells-seeded beads were co-cultured with PCa cells or PCa CM for 24 hours. The 

chemotactic effect was assessed using a Transwell migration assay.   

2.6.7. Development of 3D lymphatic system:  

To simulate the lymphatic system and preventing high consumption of media nutrients and 

accumulation of toxic waste, a flow perfusion bioreactor system was fabricated using a perfusion 

pump (Harvard Apparatus, Holliston, MA), polyurethane tubing (3 mm diameter) and 

polypropylene cascade (7 mm diameter) under sterile condition at 37 °C in a humidified incubator 

in the presence of 5% CO2. Briefly, T cells were seeded on Cytodex® inside modified Transwell 

(Figure 2-17 a) (6.5 mm diameter, 8-micrometer porosity) for 2 days. Then the modified 

Transwell containing T-seeded Cytodex® beads were placed inside the polypropylene cascade. 

The system was placed under a static flow (100 microliters/hour) of media (RPMI + 1% heat-

inactivated FBS). T-cell viability in the bioreactor was assessed after 1, 3 and 5 days using 
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LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells as follows. T-cells were seeded on 

Cytodex® (in bioreactor and static culture) with identical cell numbers and media volume. After 

culturing the cells for different periods of time, their viability was determined using LIVE/DEAD 

assay. For that, the beads were incubated with calcein AM and EthD-1 for 45 mins. After washing 

with PBS 3X, fluorescence intensities associated with the beads were measured using a microplate 

reader (Tecan, San Jose, CA). The viability was then determined by dividing this fluorescence 

intensity with that from cells alone. 

To simulate cancer metastasis, cancer cells (PC3/DAB2IP cells or Het-1a/KYSE-30 cells) were 

added on top of the T-cells seeded beads. The media flowing through the bead system was 

collected every 24 hours for 4 days. The cancer chemotactic activities of the media were then 

assessed using a Transwell cell migration assay. 

2.6.8. Statistical analysis: 

All the data are shown as means ± standard deviation. The normality of the samples was evaluated 

using the Shapiro-Wilk test and normal probability plot. ANOVA and independent student t-test 

were performed in order to evaluate the difference between group averages. F test was used to test 

the equality of the variance. The level of significance of experimental groups with respect to 

controls was determined at a P-value of less than 0.05 (P < 0.05). All statistical analyses were 

performed using SPSS 16 and XLSTAT.  
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Chapter 3  

3.1.CELL ENCAPSULATED ALGINATE BEADS FOR SIMULATING LYMPH NODE 

RESPONSES OF METASTATIC CANCERS 

 

Keywords: Prostate cancer, metastatic lymph nodes, Alginate beads, metastatic Lymph node 

mimetic, in vivo model 
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3.2. Abstract 

Lymph node (LN) metastasis is a well-known prognostic factor in many solid cancers. However, 

the mechanism(s) governing LN metastasis is not totally understood due to the lack of LN culture 

system mimicking metastatic LN (mLN). To overcome this challenge, an mLN mimetic 3D culture 

system was fabricated by encapsulating T-cells and cancer cells inside alginate beads. Such a 

system was then tested both in vitro and in vivo. First, co-culture of T-cells and metastatic prostate 

cancer cells are able to produce abundant cancer chemotactic agents resemble metastatic LNs. 

Second, the alginate bead encapsulation process was optimized to retain the viability and function 

of T cells and cancer cells. Third, beads with encapsulated co-cultured cells were confirmed to 

release biomolecules capable triggering the migration and invasion of metastatic cancer cells. 

Finally, the ability of this system to promote cancer metastasis was assessed in vivo. Overall, our 

results support the creation of mLN system, which can be used as a powerful 3D culture system 

for studying the processes governing LN metastasis.   
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3.3. Introduction 

Cancer metastasis, the spread of malignant cells to new areas of the body to initiate the growth of 

a secondary tumor at a distant site, is responsible for the majority of death in cancer-specific 

mortality [91, 92]. Among all the organs, lymph nodes (LNs) are often the first ones to 

which cancer cells metastasize [17, 93]. In fact, there is abundant evidence to support that LN 

metastasis is an early event of many solid tumor metastases [94, 95]. Furthermore, regional LNs 

metastasis is often associated with higher rates of tumor recurrence and cause of death in cancer 

patients [96-98].  

Cancer LN metastasis is governed by complex processes starting with the escape of tumor cells 

from the primary tumor site and permeate the surrounding lymphatics [99]. Coincidentally, it has 

been shown that cancer metastasized LNs may turn into tumor-draining lymph node (TDLN) and 

TDLN may release biomolecules to have a profound influence on the rest of the immune system 

[18, 100, 101].  Furthermore, cancer metastasized lymphatic vessels are found to produce 

chemokine and cytokines that promote cancer cell metastasis [99, 102] and LN lymphangiogenesis 

– a growth of new lymphatic vessels [103-105]. On the other hand, recent studies have shown that 

lymphatic endothelial cells produce vascular endothelial growth factors (VEGF), such as VEGF-

C and VEGF-D, and that the latter stimulates the integrin α4β1 expression, lymphangiogenesis, 

and, thus, tumor metastasis [25, 106-109]. VEGF-A is also known to stimulate lymphangiogenesis, 

although it is not as potent as VEGF-C and VEGF-D [110]. In addition, several cytokines like 

CXCL12, CCL21 and CCL19 in the LNs also affect cancer cells metastasis [54, 111-113]. Despite 

these exciting findings, the critical cell types and cellular products in metastasized LN responses 

are not totally understood. 

https://www-sciencedirect-com.ezproxy.uta.edu/topics/medicine-and-dentistry/tumor-recurrence
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While cancer cell LN metastasis often leads to devastating clinical outcome, very few treatment 

options have been found to be effective in eradicating cancer LN metastasis [114, 115]. To 

overcome this drawback, there is a critical need for the development of treatment to reduce cancer 

LN metastasis. Our laboratory has previously shown that an implantable “cancer trap” implants 

can be fabricated to actively recruit metastatic cancer cells by releasing specific biomolecule [87]. 

Interestingly, the cancer trap implants were found to be able to capture circulating metastatic 

cancer cells and to prolong the lifespan of cancer-bearing animals [87]. In a separate study, we 

have uncovered that cancer cell metastasized LNs release abundant biomolecules to promote 

cancer cell metastasis [116]. Furthermore, after incubated with cancer cells, T cells seeded on 

Cytodex beads were able to produce cancer cell chemokines similar to metastatic LN [116]. The 

above observations support that a cancer cells-T cells co-culture device may be fabricated to 

simulate metastatic LNs.  

Cell encapsulation was originally introduced to assist in xenogenic or allogenic cell transplantation 

to permit the release of a biomolecule from transplanted cells while avoiding immune rejection by 

the host [117]. For that, one or multiple types of cells are encapsulated in a biocompatible, 

semipermeable physical membrane [118]. To protect immune reactions, the porosity of 

membranes is selected to exclude immune cells and antibodies. At the same time, the membrane 

permits the free passage of nutrients, oxygen, and small molecules. Alginate, a natural and anionic 

oligosaccharide, is one of the most commonly used materials for cell encapsulation. It has high 

biocompatibility, long-term stability and viability of the encapsulated cells both in vitro and in 

vivo [119]. Therefore, alginate is chosen to fabricate the cell co-culture device.  

To test the hypothesis, our study was focused on prostate cancer (PCa), since PCa is considered as 

the second most common type of cancer in men [120]. PCa usually remains undetected until 
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becoming metastatic [121] and LN metastasis is commonly found in patients with late-stage PCa 

[122]. To fabricate metastasized LN mimetic, we first determine the optimal ratio of the cancer 

cells and T lymphocyte for triggering maximal cancer chemotactic agents. We then optimize the 

procedure for generating cell co-culture encapsulated beads using alginate. The physical, chemical 

and biological properties of the beads were then determined. The ability of metastasized LN 

mimetic devices to induce PCa metastasis was then assessed and the types of chemokines most 

important to cell migration were also determined. Finally, a preliminary in vivo study was carried 

out to assess the ability of metastasized LN mimetic devices to trigger cancer cell migration.  

3.4. Materials and methods 

3.4.1. Materials  

Transwell cell migration insert with pore size of 8.0 μm were purchased Corning Inc, (Tewksbury, 

MA); Sodium Alginate (A0682, Mw 12–80 kDa), Calcium Chloride, RPMI media 1640 were 

purchased Sigma-Aldrich (St. Louis, MO); fetal bovine serum (FBS) was purchased from Atlanta 

Biologicals (Atlanta, GA); penicillin/streptomycin, Geneticin G418 and Puromycin were 

purchased from Gibco (Waltham, MA); GT-T551 media from Takara (Japan). Jurkat T cells 

(Clone E6-1, ATCC® TIB-152™) were obtained from the American Type Culture Collection 

(ATCC, Manassas, VA). LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells were 

purchased from Molecular Probes Inc. (Eugene, OR). 

3.4.2. Cell lines and culture 

Our recent study has uncovered that the interaction between T cells and cancer cells are essential 

to simulate metastasized LN responses [116]. Therefore, both T cells and PCa cells were used in 

this study. Specifically, human prostate cancer cells (PC3) with and without DAB2IP gene 

knockdown (abbreviated as DAB2IP-KD) were used as low and high metastatic PCa, respectively 
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[83]. Both cell lines were a kind gift from Dr. Jer-Tsong Hsieh (Department of Urology, University 

of Texas Southwestern Medical Center at Dallas). Both the cells were cultured in RPMI-1640 

supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin 

(Gibco). 200 and 800 µg/ml G418 (Gibco) were used in PC3 and KD media, respectively. 500 

ng/ml Puromycin (Gibco) also has been used in KD media. Jurkat T cells were cultured in GT-

T551 media supplemented with 10% heat-inactivated fetal bovine serum. All the cells and 

conditioned media (CM) were kept at 37 °C in a humidified incubator in the presence of 5% CO2. 

To study the effect of the interaction of the T cells and PCa on recruiting metastatic cancer 

cells, T-cell has been co-cultured with KD cells in the different ratio in serum-free media. The 

CMs collected after 48 hrs to evaluate for chemokine production using Transwell migration assay 

as shown earlier [116].  

3.4.3. Cell encapsulation optimization  

To optimize the encapsulation condition based on cell viability, 3-level factorial response surface 

methodology (RSM) (design expert 11, Stat-Ease Inc. Minneapolis, MN) has been used. A total 

of 9 experimental runs suggested by the software (Table 3-1).  T cells were encapsulated in alginate 

beads based on the published methods [123]. Briefly, T cells were suspended in different 

concentrations of alginate (1%, 1.5% or 2%) in cell culture media with the final concentration of 

106 cells/ml. The cell suspension solution extruded through a 27 g needle under constant injection 

using a perfusion pump (Harvard Apparatus, Holliston, MA), into 20 ml of CaCl2 (1%, 3% or 5%  

w/v) solution under constant stirring at room temperature. After ten days of incubation at 37 °C in 

a humidified atmosphere, the encapsulated T cells viability was assessed using LIVE/DEAD 

Viability/Cytotoxicity Kit for mammalian cells (Molecular Probes Inc. Eugene, OR) by following 

manufacturer’s instructions [124]. Furthermore, to determine the stability of the beads in 
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physiological condition, the exact number of intact capsules were monitored in a light microscope 

while the media was changed every three days [125]. 

 

Table 3-1 9 experimental runs suggested by RSM for optimization of the cell encapsulation process. A 3-

level factorial has been utilized to evaluate the effect of the independent variables on Viability of the 

encapsulated cells, including the Alginate concentration (1, 1.5 and 2 w/v%) and Calcium Chloride 

concentration (1,3 and 5 w/v%). (Design expert 11, Stat-Ease Inc. Minneapolis, MN) 

 

 

 

 

 

 

 

 

 

3.4.4. Alginate beads characterization 

The optimized alginate beads were prepared using 1% w/v sodium alginate in RPMI under 

constant injection using into 20 ml of 1% w/v CaCl2 solution under constant stirring at room 

temperature. The beads formed immediately and were left in crosslinker solution for 30 min to 

ensure internal gelation. The beads were then filtered with a stainless steel strainer and washed in 

Run Alginate concentration (w/v%) CaCl2 Concentration (w/v%) 

1 1.5 3 

2 2 3 

3 1.5 1 

4 2 1 

5 1 5 

6 2 5 

7 1 1 

8 1 3 

9 1.5 5 
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fresh media. The beads’ images were taken using an inverted microscope and analyzed for size 

distribution using ImageJ [126]. Permeability of the beads was assessed using FITC dextran 

polymers (different MW:  10, 70, 150, 500 kDa) encapsulated in the beads. The release of FITC 

dextran into the environment was measured at different time points as established earlier [127]. 

Finally, T cells were encapsulated in alginate beads under the optimized condition and incubated 

for 3, 5, 7 or 10 days following cell viability assessment.  

3.4.5. Cancer chemotactic property of cells encapsulated alginate beads in vitro 

To study the ability of encapsulated cells to recruit PCa, alginate beads encapsulated with different 

ratio of the T cells and PCa were produced (3:1, 1:1, 1:3). Various conditioned media (CMs) were 

generated by incubating different groups of alginate beads in serum-free media. After culture for 

four days, the CMs were collected for cell migration study using Transwell system as described 

earlier [86].  

3.4.6. Cancer recruitment property of cells encapsulated alginate beads in vivo 

Metastasized LNs have been shown to promote cancer cell migration [116, 128, 129]. To assess 

its ability for simulating metastasized LN, cell encapsulated alginate beads were implanted on the 

back of animals as described earlier [87]. Three groups of alginate beads (T cells, T cells+KD 

cells, and beads only as a control) were implanted. The Luc-expressed KD cells (1 to 5 x 106 cells 

per animals) was Intravenously implanted in animal and monitored using live animal imaging 

system for three days as described earlier [130]. 

3.4.7. Statistical analysis:  

Experimental design and statistical analysis were performed using Design Expert 11 (Stat-Ease 

Inc. Minneapolis, MN). The small difference between the adjusted and predicted R-squared 

https://www-sciencedirect-com.ezproxy.uta.edu/topics/materials-science/alginate
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indicates the validity of the model [131]. The migration of cells in response to various CMs was 

analyzed using two-way ANOVA (level of significance at p<0.05).  

3.5. Results and Discussion 

3.5.1. T cells and cancer cells co-culturing can induce cancer cell migration 

It has been shown that in metastatic condition, malignant cells may interact with LN component 

to induce a conductive microenvironment for their survival [132]. In fact, our recent study 

demonstrated that the interaction of cancer cells and LN T cells in 3D culture lead to the production 

of biomolecules similar to metastasized LNs. To fabricate a device to simulate metastasized LNs, 

we first determine the optimal co-culture condition of T cells and metastatic PCa cells. For that, 

various CMs were prepared by co-culturing T cells and KD cells with different cell ratio to 

determine the optimal cell compositions. For that, different cell compositions (3:1, 1:1, 1:3) of T 

cells and PCa cells were cultured for 4 days. The cell-free CMs were extracted and then assessed 

on their ability to promote PCa cell migration. Interestingly, we find that the CM of 50:50 T:KD 

cells had the highest cell migration potential among all test groups (Figure 3-1). Such results 

support that the interactions between T cells and PCa cells are essential to the production of 

chemotactic biomolecules. This observation is supported by an early finding that direct interaction 

with tumor cells or their extract is essential to the activation of lymphocytes at least in vitro [133].  
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3.5.2. Alginate bead optimization 

Subsequent studies were carried out to fabricate metastasized LN mimicking device by producing 

alginate beads encapsulated T cell:KD cell co-culture. It is well established that alginate beads can  

Figure 3-1 T cells and PCa KD cells coculture was carried out in different 

compositions – 100% KD cells (labeled as KD100), 75% KD with 25% T (labeled 

as KD75 T25), 50% KD with 50% T (labeled as KD50 T50), 25% KD with 75% T 

(labeled as KD25 T75) and 100% T cells (labeled as T100)- Serum-free media 

(labeled as SF) as a control. After cultured for 2 days, the cell-free conditioned media 

was isolated to assess their ability to trigger KD cell migration using a Transwell 

system. Data are mean ± Std, (*P-value<0.05, ** P-value<0.01, *** P-value<0.001 

). 

 



  

52 
  

 

Figure 3-2 Optimization of cell encapsulate alginate bead fabrication condition. (a) 3-

level factorial RSM analysis on the viability of cells inside alginate microbeads 

fabricated in different conditions. (b) Stability of the alginate beads fabricated in 

different conditions was assessed using the explosion assay in cell culture media. 
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be used as an isolated chamber for cell growth inside the chamber while permitting the exchanges 

of gas/nutrients and the diffusion of small molecule protein [134]. Several parameters in the 

encapsulation process, such as alginate and CaCl2 concentration, have been shown to affect cell 

viability [135, 136]. To optimize the encapsulation processes, a 3-level factorial RSM, was 

employed to evaluate the effect of Alginate and CaCl2 concentration on cell viability as described 

earlier [135]. The results revealed that cells enclosed in alginate microcapsules fabricated by 

sodium alginate of low concentration (1% w/v) had higher cell viability while increasing alginate 

concentration decreased it (Figure 3-2 a). In addition, it demonstrated crosslinking of alginate 

using a high concentration of CaCl2 may have a detrimental effect on cells viability. Indeed, the 

study has shown that high calcium ions could inhibit cell proliferation [137]. Furthermore, using 

the explosion assay [125], the influence of encapsulation condition on alginate bead integrity was 

determined (Figure 3-2 b). As expected, all beads remain intact, at least, for the duration of this 

study (14 days). In the subsequent experiments, cell encapsulation beads were fabricated with the 

optimized condition (1% alginate, 1% CaCl2). 

3.5.3. Characterization of cell encapsulated alginate beads 

The morphology of cell encapsulated alginate beads was examined under a fluorescent 

microscope. First, we find that >60% of the beads are in the range of 500 to 600 micrometer 

(Figure 3-3 a). It is estimated that there were 65±7 cells per bead. The pore size of alginate beads 

was determined using FITC dextran diffusion method [127].  By comparing the release profile of 

FITC-labeled dextran polymers with different molecular weights (MW:  10, 70, 150, 500 kDa) 

during 24 hours, our results show that the alginate beads can retain near 80% and 90% of the 

dextran polymer with the molecular weight of 70 kDa and 150 kDa, respectively (Figure 3-3 b). 

It is likely that the alginate beads permit protein biomolecules (<70 kDa) to transfer in and out of  
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the beads. Since most of the cancer chemokines, such as human CXCL12 (10 kDa) and CCL21 

(15 kDa), are smaller than 70 kDa, the alginate beads should allow the diffusion and release of the 

biomolecules produced by the encapsulated cells. On the other hand, since most of the host 

Figure 3-3 Characterization of cell encapsulated alginate beads. Specifically, we determine (a) the 

bead size distribution, (b) beads’ pore size by measuring the release of FITC-labeled dextran with 

different molecular weight from alginate beads, (c) the viability of the encapsulated cells in alginate 

beads, and show (d) representative photo of (left) encapsulated T cells and cancer cells in alginate 

beads stained with LIVE/DEAD Viability/Cytotoxicity (alive (Green), dead (red)). 
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immunological macromolecules are bigger than 150 kDa, alginate beads can protect the 

encapsulated T and KD cells from immune reactions as described earlier [138]. The effect of 

encapsulation on cell survival was also examined. Our results revealed that there was no difference 

between the cell viability of the T cells in the culture plate and alginate beads after 7 days of 

culture (Figure 3-3 c). Also, the fluorescence image of the T and PCa cells encapsulated in alginate 

beads showed the presence of viable cells sporadically distributed inside the bead with round 

morphology (Figure 3-3 d). These results support that the alginate capsules prepared by 1% 

concentration of sodium alginate and cross-linked in 1% calcium chloride can retain the cell 

viability for at least 7 days.   

3.5.4. The chemotactic property of encapsulated cells in vitro.  

The ability of the variously prepared cell encapsulated alginate beads to release cancer chemotactic 

biomolecules was assessed using a Transwell migration system [86]. The results show that, in 

agreement with the cell culture results, encapsulation of the T cells and KD cells in the ratio of 1:1 

can release products with highest KD cell migration potential among all test groups, including KD 

cells alone, T cells alone, 1:3 and 3:1 (ratios of T cells:KD cells), and cell-free alginate beads 

(Figure 3-4). This result confirmed that the interaction between T cells and KD cells is essential 

to cancer chemotactic molecule production.  Furthermore, the bioactivity and function (at least 

chemokine release) of the T cells and KD cell co-culture were not impacted by alginate 

encapsulation.  
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3.5.5. In vivo chemotactic assessment of metastatic LN mimetic 

It is well established that metastatic LNs promote cancer metastasis [139, 140]. It is likely that cell 

encapsulated alginate beads would promote cancer cell migration in vivo. To test this hypothesis, 

a limited animal study was carried out in which saline (as negative control), alginate beads alone, 

T-cell encapsulated alginate beads, and T cell + KD cells encapsulated alginate beads were 

Figure 3-4 The extent of chemotactic agents released by variously prepared alginate beads 

including alginate beads encapsulated with KD cells alone, with T cells alone, with KD 

cells:T cells in the different ratio -1:3, 1:1, and 3:1. The beads were cultured in serum-free 

media for 4 days. The conditioned media was then assessed on their chemotactic potential 

using a Transwell system. All groups except alginate beads group have the identical cell 

number which is 65±7 cell/beads. Data are mean ± Std, (*P-value<0.05, ** P-value<0.01). 
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implanted in the subcutaneous space for 21 hours. DiD-labeled KD cells were then intravenously 

administered in animals. NIR images were taken at the beads implantation site at different time 

points (1, 2 and 5 days after beads implantation) and the fluorescent intensities of the implant sites 

were then calculated to reflect the extent of KD cell recruitment (Figure 3-5 a). As anticipated, 

there was a strong fluorescent signal associated with T+KD cells encapsulated beads compared to 

beads alone or T cells encapsulated beads (Figure 3-5 a). The fluorescent signal in the implantation 

site was also increased with time, which supports the active cancer cells recruitment activities of 

encapsulated T +KD cells (Figure 3-5 b). 

The results from this preliminary study showed that the implantation of T+KD cells encapsulated 

beads can decrease the biodistribution of cancer cells in the vital organs, such as lung, liver and 

bone. These results support that T+KD cells encapsulated beads can be used a new platform for 

studying the mechanism governing metastasized LN responses as well as for reducing cancer 

metastasis by attracting metastatic cancers to the implant site for local eradication with localized 

radiation and/or chemotherapy. 
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Figure 3-5 The chemotactic potential of various alginate beads was assessed using an animal model. Three 

groups of samples were tested including alginate beads only (labeled as “beads only”, N=1), Encapsulated 

T cells (labeled as “T cells”, N=1) and encapsulated T cells and KD cells with the ratio of 1:1 (labeled as 

“T+KD cells. N=2). The animals were implanted with test samples on the backs for 21 hrs and then 

followed with intravenous administration of DiD-labeled KD cells.  (a) NIR images were taken on day 1, 

2, and 5 after cell transplantation. (b) The fluorescent intensity at the implantation sites was taken to 

estimate the numbers of DID label PCa cells recruited by the bead implants.   
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3.6.Conclusion  

The results of this study support that the T cells and KD cells encapsulated in alginate beads can 

be fabricated to simulate metastasized LNs. The LN mimetic devices can be used as an in vitro 

tool to investigate how cancer:LN cells interaction may lead to cancer LN metastasis. By 

incorporating patients’ own cancer cells and lymphocytes, this device allows us to test different 

blockers on their ability to reduce LN metastasis. Finally, it is possible that such LN mimetic 

device can be implanted nearby the primary tumor site as a decoy to reduce cancer LN metastasis.   
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Chapter 4  

4.1.RECRUITMENT OF ENDOGENOUS PROGENITOR CELLS BY ERYTHROPOIETIN 

LOADED PARTICLES FOR IN SITU CARTILAGE REGENERATION 

 

Keywords: Hyaluronic acid microscaffolds, erythropoietin, endogenous progenitor cells, cell 

recruitment, chondrogenesis, cartilage injury, post-traumatic osteoarthritis  

This article has been submitted to Journal of Advanced Healthcare on July 15th 2019. 
 

 

  



  

61 
  

4.2.Abstract 

Cartilage injury affects millions of people throughout the world and at this time there is no cure. 

While transplantation of stem cells has shown some success in the treatment of injured cartilage, 

such treatment is limited by the limited cell sources and safety concerns. To overcome these 

drawbacks, a microscaffolds system was developed capable of targeting, reducing the 

inflammatory response and recruiting endogenous progenitor cells to cartilage defect. To further 

investigate this concept, erythropoietin (EPO)-loaded-hyaluronic acid (HA) microscaffolds 

(HA+EPO) were fabricated and characterized. The average size of the HA-microscaffolds was 4.2 

µm with EPO loading capacity of 17.6 µg/mg. HA-microscaffolds have shown good cell-

compatibility and can target chondrocytes via CD44 receptors. HA+EPO have been designed to 

slowly release EPO of the course of 96 hours while recruiting progenitor cell. Finally, the ability 

of HA+EPO to repair cartilage defects was assessed using a rabbit model of full-thickness cartilage 

defect. Our results show that the intra-articular administration of EPO, HA, and EPO+HA reduce 

the number of inflammatory cells inside the synovial-fluid, while EPO+HA had the greatest anti-

inflammatory effects. Furthermore, among all groups, EPO+HA achieved the greatest progenitor 

cell recruitment and subsequent chondrogenesis. The results of this work support that, by targeting 

and localizing the release of growth-factors, HA+EPO can reduce inflammatory responses and 

promote progenitor cells responses. This new platform represents an alternative treatment to stem 

cell transplantation for the treatment of cartilage injury.  

4.3.Introduction 

Post-traumatic osteoarthritis (PTOA) is a type of osteoarthritis that develops after joint injury and 

is most prevalent in the ankles, knees and hips [141]. It is estimated that more than 6 million people 

alone in the US suffer from PTOA, which accounted for annual healthcare expenditures of 



  

62 
  

approximately 3 billion dollars (US) in 2013 [142]. All indications are that PTOA will pose an 

even more significant challenge in the coming years as the US and world’s population continues 

to age and people remain active and more likely to injury their joints. An effective, safe, less 

invasive and cost-effective means of treating PTOA is therefore much needed. The current 

standard therapy for PTOA includes muscle-strengthening exercise, weight loss, the use of anti-

inflammatory drugs, intra-articular injections and in many cases surgical intervention [143]. 

Unfortunately, none of these options alter the natural history of the disease nor restore the full 

function of these injured cartilages.  

In recent years, substantial progress has been made in the area of stem cells and tissue engineering 

for regeneration of cartilage tissues. Specifically, it is well established that mesenchymal stem 

cells (MSCs) can be differentiated into chondrocytes to form cartilage-like tissue in culture [144, 

145]. Furthermore, recent studies have indicated that isolation, purification and injection of 

progenitor cells into the diarthrodial joints may improve cartilage regeneration after the onset of 

osteoarthritis, by reducing localized inflammatory responses in mice [146, 147]. However, 

administration of MSCs for cartilage regeneration has limited applications due to the costly and 

time-consuming processes of isolating, expansion and culture of autologous MSCs. To overcome 

these limitations, recent studies utilized endogenous synovial progenitor/stem cells for tissue 

regeneration in cartilage defects by homing resident progenitor cells to the site of injury [148, 149].  

In addition, several recent reports have documented the presence of the synovial progenitor/stem 

cells in the synovial fluid/membrane and the numbers of progenitor cells increased with the 

severity of OA. Interestingly, chemoattractant releasing scaffolds have been used as a strategy to 

cue these progenitor cells to the site of the injury for inducing chondrogenesis. For example, 

acellular cartilage matrix conjugated with a bone marrow homing peptide has been employed to 
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repair full-thickness cartilage defect in a rabbit model by triggering endogenous progenitor/stem 

cell recruitment [148]. To elicit sustained endogenous progenitor cell recruitment, micro/nano 

particles have been used as microscaffolds to support cell growth and differentiation by the 

localized release of growth factors at the site of injury [150]. 

Stem cells are characterized as cells endogenous stem cells are tissue-specific progenitor cells 

within the adult tissue that have the ability to self-renew and differentiate into specific cell types. 

Endogenous or residential stem cells are normally quiescent and losing homeostasis activate these 

cells leading to restore tissue function. Self-regeneration of the injured tissues requires a high 

number of endogenous stem cells. That is why endogenous stem cells are recruited to the site of 

injury from multiple tissues through extracellular matrix signaling [151]. The recruited stem cells 

will be differentiated into various types of cells by different signaling factors and play a vital role 

in tissue regeneration [152].  

Hyaluronic acid (HA) based particles are a good microscaffold candidate for cartilage tissue 

engineering. First, HA, is a naturally occurring polysaccharide, and has been used in many tissue 

engineering applications [153]. Second, HA is the main component of synovial fluids and cartilage 

matrix and can be degraded in the presence of hyaluronidase (HAase) existing in synovial fluid 

[154]. Third, it is well established that HA particles have a high affinity for cells with CD44 

receptors [155]. Since the expression of CD44 in articular cartilage tissue is closely correlated with 

the severity of OA [156, 157], it is likely that HA particles can accumulate on the surface of injured 

cartilage by targeting its CD44 receptors. Finally, HA microscaffolds have been developed as an 

effective carrier for targeted delivery of BMP-2 in vitro to promote cartilage repair and 

regeneration [158]. However, to the best of our knowledge, microscaffolds systems have not been 

explored for their ability to induce endogenous progenitor cell-mediated cartilage repair.   
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This report summarizes a study which was aimed at developing new technology for triggering 

intrinsic cartilage regeneration by provoking endogenous progenitor cell responses. Briefly, HA 

microscaffolds were fabricated to targeted CD44+ chondrocytes.  Some of these microscaffolds 

were loaded with erythropoietin (EPO). EPO is a FDA approved growth factor with the ability to 

modulate /progenitor/stem cell responses, including proliferation and differentiation [159]. 

Localized released of EPO has been shown to promote endogenous progenitor cell recruitment and 

osteogenic differentiation at the site of bone defect in vivo [88]. Using both in vitro and ex vivo 

models, we assessed the ability of HA microscaffolds to target activated human chondrocytes and 

OA cartilage tissues. Finally, using rabbit microfracture defect model [160-163], we investigated 

the ability of HA microscaffolds, EPO, HA microscaffolds+EPO to promote endogenous 

progenitor cell responses and chondrogenesis at the site of injured cartilage.  

4.4.Results and Discussion 

4.4.1.  Characterizations of HA microscaffolds and its EPO release property  

The spherical morphology of FITC-labeled HA microscaffolds can be seen under a fluorescence 

microscope (Figure 4-1 a). The size distribution of HA microscaffolds was determined to be 1-15 

µm with an average size of 4.2 µm (Figure 4-1 b). SEM images further confirmed the spherical 

shape of HA microscaffolds with a slight reduction in particle sizes (Figure 4-1 c) due to the 

sample dehydration during preparation for SEM. Our observations support that HA microscaffolds 

have good cell compatibility based on the viability of human chondrocytes that was unchanged in 

the presence of increasing concentrations (up to 2.0 mg/ml) of HA microscaffolds (Figure 4-1 d).  

To assess the ability of HA microscaffolds to release EPO, FITC-labeled-EPO was loaded into 

microscaffolds. The loading capacity was found to be 17.6 µg/mg. The ability of HA 

microscaffolds to release EPO was then evaluated. The release profile showed a fast release of 
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EPO (~55%) during the first 4 hours (Figure 4-1 e). This burst release may help to create a cytokine 

gradient that is essential for cell recruitment [164]. The EPO release rate slowed after 24 hrs and 

only 30% of the remaining EPO was released during the following 3 days. The slow release of 

EPO may help to create EPO gradient that is important for achieving continuous progenitor cell 

recruitment.  

Since EPO is able to trigger the recruitment of MSCs [88], the bioactivity of released EPO was 

determined based on its ability to promote migration of progenitor cells (Figure 4-1 f). Our results  

show that HA microscaffolds by themselves have no MSCs recruitment activities, while released 

EPO can trigger MSCs recruitment. These results confirmed the bioactivity of released EPO and  

supported the potential for using EPO-loaded HA microscaffolds to promote eSC recruitment into 

the site of injured cartilage. In fact, EPO has been shown to trigger the migration and proliferation 

of bone marrow-derived MSCs and it has also been shown to promote chondrogenesis and 

chondrocyte proliferation [165].  

4.4.2. The ability of HA microscaffolds to target chondrocytes and injured cartilage  

The ability of HA microscaffolds to target chondrocytes through CD44 receptor was assessed 

using human cartilage cells and osteoarthritic tissue explants. We found that HA microscaffolds 

have good affinity for cartilage cells. In fact, the amount of cell-associated HA microscaffolds and 

the extent of CD44 expression increased with an increasing number of activated cells (Figure 4-2 

a and b). Further analyses revealed a linear relationship (R2=0.97) between the amount of HA 

microscaffolds and the extent of CD44 receptor expression (Figure 4-2 c). These results confirm 

that HA microscaffolds target chondrocytes via their CD44 receptors.   
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Figure 4-1 Physical and biological characterization of HA microscaffolds loaded with EPO. (a) 

Fluorescence imaging (100x) of the FITC-conjugated microscaffolds; (b) size distribution calculated 

using ImageJ. (c) A representative SEM image of the microscaffolds; (d) In vitro cytotoxicity of HA 

microscaffolds using primary human chondrocytes and Alamar Blue assay. (e) EPO release profile 

from HA microscaffolds. (f) Recruitment of the human MSCs toward various groups (control, HA 

microscaffolds [abbreviated as “scaffold”], free EPO, or EPO released from scaffolds [abbreviated as 

“Released EPO”]) using Transwell migration assay. (Mean ± SD; **p < 0.01). 



  

67 
  

Further study was carried out to evaluate HA microscaffolds’ capability of targeting injured human 

cartilage explants. Specifically, human OA tissues were incubated with different concentrations of 

HA microscaffolds for different periods of time. The accumulation of HA microscaffolds on 

different areas of OA tissues was then quantified using the Kodak in vivo imaging system. The 

images revealed that HA microscaffolds accumulation on OA tissues was both time and 

microscaffolds concentration dependent (Figure 4-2 d). By quantifying and comparing the tissue 

associated microscaffolds’ fluorescent intensities (previously reported [166]), we found that, even 

at low concentrations, HA microscaffolds could target and accumulate on the surface of the OA 

tissue (Figure 4-2 e). The peak of the targeting efficiency occurred within 90 minutes of incubation 

and the accumulation of HA microscaffolds on tissue increased with increased concentrations of 

HA microscaffolds (Figure 4-2 e).  

We then investigated the role of CD44 on the HA microscaffold:OA tissue interaction using CD44 

blocking antibody(Figure 4-2 f). Interestingly, our results show that the blockage of CD44 

receptors significantly reduced the accumulation of the HA microscaffolds on OA tissue by a 

factor of 8. Our results show the importance of CD44 receptor in mediating HA microscaffold-

accumulation on injured cartilage tissue, and these findings were confirmed in a previous report 

[167]. These findings support our hypothesis that HA microscaffolds can be used as a carrier to 

target and deliver macromolecules to injured cartilage via CD44 receptors.  
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Figure 4-2 In vitro characterization of HA microscaffolds. (a) The fluorescent intensity of 

FITC-conjugated HA microscaffolds associated with different numbers of human 

chondrocytes. (b) The fluorescent intensity of CD44 receptor associated with different 

numbers of human chondrocytes. (c) There was a good linear relationship between the 

amount of HA microscaffolds and the extent of CD44 receptor expression with an R2 of 

0.97. (d) Time and dose-dependent fluorescent images of osteoarthritic human tissue 

incubated with different concentrations of HA microscaffolds (0.02, 0.1 and 0.5 

mg/ml). (e) The fluorescent intensities of all tissue incubated with different concentrations 

of HA microscaffolds for different periods of time (up to 180 minutes) were calculated and 

compared. n=4 for all groups. (f) The fluorescent intensity associated to HA microscaffolds 

incubated with OA human explant tissue pre-treated with CD44 blocking antibody or 

control. (Mean ± SD; **p < 0.001). 
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4.4.3. Micro-CT analysis  

The ability of HA microscaffolds and EPO-loaded HA microscaffolds to promote chondrogenic 

regeneration was evaluated using an animal model. Injured cartilage specimens were treated with 

microscaffolds (as control), free EPO, HA microscaffolds (HA) or microscaffolds loaded with 

EPO (HA+EPO). After implantation for different periods of time, the synovial fluid and cartilage 

tissue were isolated for different analyses. The 12- and 26-week implants underwent Micro-CT 

imaging and reconstruction process (Figure 4-3). At 12-weeks, the 2D reconstruction images of 

coronal cutting view and 3D image of rabbit cartilages showed newly formed bony and cartilage-

like tissues in HA+EPO group, but not in other groups (Figure 4-3 a). At week 26, we observed 

that the cartilage tissues with the EPO, HA and HA+EPO treatment were almost completely filled 

with homogenous and integrated cartilage tissues in the defect sites while the unrepaired empty 

zones remained in the saline group. The quantitative data extracted from micro-CT confirmed that, 

at week 12, there was no significant difference in bone volume fraction (BVF) between the EPO 

(42.16±13.21 %), HA (31.49±4.14%), and saline (34.52±2.15%) (Figure 4-3 b). On the other 

hand, the BVF of the EPO (67.12±13.21 %) and HA (57.76±11.42 %) is significantly higher than  
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Figure 4-3 Micro-CT image analysis of the rabbit cartilages 12- and 26-weeks post-surgery. (a) 2D 

coronal view and 3D image of the cartilage (b) bone volume fraction (BVF) data extracted form 

micro-CT images VOI (n = 4). (Mean ± SD; **p < 0.01). 
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the saline (36.34±17.16%) 26 weeks post-surgery (Figure 4-3 b).In addition, The BVF of the 

HA+EPO is significantly higher compared to all other groups 12 weeks (66.54±5.00 %) and 26 

weeks (85.30±6.13 %) post-operatively (p-values <0.01). Taken together, the micro-CT results 

demonstrate that the HA+EPO treatment possesses the ability to stimulate cartilage repair as early 

as at week 12. However, individually EPO and HA microscaffold treatment groups only showed 

healing of the injured cartilage at 26 weeks.  

4.4.4.  Synovial cell analysis  

Subsequent analyses were carried out to assess the ability of various treatments on inflammatory 

responses in synovial fluid. It is well established that the increasing number of inflammatory cells 

in the synovial fluid is an indicator of early OA [168]. As shown in Figure 2-4, among all treatment 

groups, HA+EPO treatment group has the lowest numbers of CD11b+ inflammatory cells in the 

synovial fluid. Specifically, the treatment of EPO, HA, or HA+EPO reduced the inflammatory cell 

recruitment in synovial fluid for 45.9±28.6, 29.5±8.8, or 6.8±3.7%, respectively (Figure 4-4 b). 

The decrease in inflammation found in the sample treated with HA+EPO can be attributed to HA’s 

ability to bind to CD44, the ligand of leukocytes [169]. Blocking the binding site of CD44 may 

result in the reduction of white blood cells, and therefore, less inflammatory responses in the 

synovium [170]. It should be noted that EPO has been reported to have an anti-inflammatory effect 

as well [171].  

4.4.5.  Progenitor cell recruitment 

We have hypothesized that the improved healing effect of EPO-loaded HA microscaffolds is 

caused by the increasing recruitment of endogenous progenitor cells to the site of cartilage injury 

and degeneration. To test the hypothesis, we analyzed and compared the presence of progenitor 

cells at the site of the injured cartilage among different groups, at week 12. Both CD29 and CD90  
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Figure 4-4 The presence of CD11b+ inflammatory cells in the synovial fluid of treated tissues 12-

week post-surgery. (a) Inflammatory cells detection migrated to the synovial fluid. (b) 

Quantification of inflammatory cells present in the synovial fluid (Mean ± SD; **p < 0.01). 
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markers were used to identify the presence of progenitor cells in injured cartilage for primarily 

two reasons. First, it is well established that CD29, CD44, CD90, and CD105 are positive markers 

for progenitor/stem cells [172-174]. Second, many studies reported the increased expression of 

CD29 and CD90 on the MSCs [175, 176]. Our results show that, as expected, there are more (~3.4 

fold) CD29+ (green)/CD90 (red) cells (1,156±683 cells/mm2) at the site of injury than the control 

group (Figure 4-5 a and b). On the other hand, the treatments of EPO and HA microscaffold alone 

did not increase progenitor cell recruitment when compared to the non-treatment control (Figure 

4-5 a and b). These results support our overall assumption that the HA+EPO treatment enhanced 

progenitor cells recruitment to the site of injury that might promote cartilage regeneration. 

4.4.6.  Chondrogenesis evaluation 

To assess whether the recruited progenitor cells induce chondrogenic differentiation, we 

investigated the expression of two major chondrogenic biomarkers (proteoglycans and collagen 

II) on different tissue samples using Toluidine blue and immunohistochemical staining, 

respectively [177]. Representative tissue images are shown in Figure 4-6 a. Higher 

glycosaminoglycan (GAG) deposition (both proteoglycans and collagen II) were seen in HA+EPO 

than those in controls, EPO and HA at week 12 and 26 (Figure 4-6 b and c). However, there was 

no statistically significant difference in both chondrogenic markers among the control group, HA 

group and EPO group (Figure 4-6 b and c). The results thus far support that HA+EPO treatment 

facilitated progenitor cell recruitment to the injury site leading to significantly improved 

chondrogenesis as reflected by localized increased GAG and collagen II production.  
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Figure 4-5 Recruitment of CD29+/CD90+ progenitor cells in variously treated tissues 12-

week post-surgery. (a) Images of progenitor cells at the injury site. (b) Quantification of 

progenitor cells recruited to the injured cartilage (Mean ± SD; **p < 0.01). 
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Figure 4-6 Chondrogenesis evaluation of the rabbit cartilage 12- and 26-weeks post-surgery. (a) Images 

of tissues stained with toluidine blue (labeled as “TB”) or collagen II (labeled as “Col II”). Quantification 

and statistical analyses of (b) toluidine blue and (c) collage II stained tissue (Mean ± SD; *p < 0.5, **p < 

0.01). 
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4.4.7.  Histology assessment of the repaired tissues  

To evaluate the ability of HA+EPO to complete repair of the injured cartilage, all the tissues 

sections were further analyzed using H&E and safranin O staining for morphological and cartilage 

tissue regeneration (GAG production) (Figure 4-7). At week 12, the saline group had the most 

irregular tissue morphology as compared with other groups. The defect area in EPO and HA groups 

was filled with unintegrated and loose tissue while HA+EPO treatment had more highly organized 

tissue filled with chondrocyte-like cells (Figure 4-7 a). Meanwhile, the tissue section images from 

26 weeks post-surgery showed that the saline and EPO treatment still had empty spaces in the 

place of the injury, surrounded by a poorly organized and disordered tissue. On the other hand, 

HA and HA+EPO treatment were shown to have regenerated a well-integrated and organized 

tissue within the defect sites (Figure 4-7 a). Specifically, HA treatment generated some fibroblast-

like tissue in the place of the injury while HA+EPO treatment generated cartilage-like tissue in the 

defect site, integrating well with the surrounding site and providing a smooth continuous surface.  

Although the EPO treatment shows high production of GAG, it was not well distributed throughout 

the entire repair tissue. The repaired cartilage was evaluated according to the Pineda cartilage 

repair score, on 4 different categories (Table 4-1). The overall results show that HA+EPO had the 

lowest Pineda repair scores among all groups in both time points (Figure 4-7 b). In summary, the 

histology data demonstrated that the HA+EPO treatment could significantly increase cartilage 

regeneration starting at week 12 post-surgery and achieve complete tissue recovery by 26 weeks. 
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Figure 4-7 Histology analysis of the defect rabbit cartilage 12- and 26-weeks post-surgery. (a) Images 

of H&E staining & Safranin O staining. (b) Pineda repair scores of the repaired cartilage based on 

H&E and safranin O staining of the cartilage. The lower Pineda score, the more cartilage 

regeneration. (Median ± interquartile range; *p < 0.5). 
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Table 4-1 Pineda Cartilage repair score. 

Characteristics Score 

Filling of defect 
       125%           
       100% 
       75% 
       50% 
       25% 
        0% 
Reconstruction of osteochondral junction 
        Yes 
        Almost 
        Not Close 
Matrix staining 
        Normal 
        Reduced staining  
        Significantly reduced staining  
        Faint staining  
        No stain  
Cell morphology  
        Normal   
        Most hyaline and fibrocartilage   
        Mostly fibrocartilage   
        Some fibrocartilage, but mostly  
        Nonchondrocytic cells     

  
1 
0 
1 
2 
3 
4 
 

0 
1 
2 
 

0 
1 
2 
3 
4 
 

0 
1 
2 
3 
4 

 

 

4.5.Conclusion  

In this study, a new treatment-EPO loaded HA microscaffolds were developed and investigated 

for their ability to stimulate and support cartilage regeneration in injured cartilage by eliciting 

endogenous progenitor cell response.  Our in vitro results determined the released kinetic and 

bioactivity of released EPO releases from HA microscaffolds for recruiting progenitor cells. On 

the other hand, HA microscaffolds are found to have a high affinity for human chondrocytes and 

osteoarthritic tissue by interacting with their CD44 receptor. The chondrogenic property of EPO-

loaded HA microscaffolds was evaluated using a rabbit microfracture defect model. The in vivo 

data showed that EPO loaded HA microscaffolds not only reduced the inflammatory cells in 
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synovial fluid but also enhanced endogenous progenitor cell recruitment and improved the 

regeneration of cartilage tissue. Overall results support that EPO loaded HA microscaffolds have 

a great potential to be used as a treatment for regeneration of injured cartilage by inducing 

endogenous progenitor cell responses.  

4.6.Experimental Section 

4.6.1. Materials  

Hyaluronic acid sodium salt (HA) (700KDa) was purchased from LifeCore Biomedical (Chaska, 

MN). 1-heptanol (98%) and NaCl were obtained from Sigma-Aldrich (St. Louis, MO). Dioctyl 

sulfosuccinate sodium salt (AOT, 96%), divinyl sulfone (DVS, 98%) and, 2,2,4-Trimethylpentane 

(isooctane, 99%) were purchased from Fisher Scientific (Hampton, NH). CF488A and CF647A 

amine dye were supplied from Biotium, Inc. (Fremont, CA). N-Hydroxysuccinimide (NHS) was 

purchased from Thermo Scientific (Rockford, IL). Collagenase type 2 was purchased from 

Worthington Biochemical (Lakewood, NJ). Erythropoietin (EPO) was purchased from Amgen Inc. 

(Thousand Oak, CA). CD29 (FITC-conjugated anti-human integrinβ1 monoclonal antibody 

(MAB1951F-100) and CD90 (Alexa Fluor 594-conjugated anti-rat/mouse Thy1.1, Ox-7) were 

purchased from Millipore (Darmstadt, Germany) and  BioLegend (San Diego, CA), respectively.  

4.6.2. Cell isolation and culture  

Human chondrocyte was isolated from discarded human OA tissues (N=4) during arthroscopic surgery 

without the patient’s identity by following the published procedure [155]. The isolated cells were cultured 

with a concentration of 104 cells/ml in Dulbecco's Modified Eagle's medium (DMEM) (Sigma-Aldrich, St. 

Louis, MO) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Atlanta Biologicals, 

Atlanta, GA) and 1% penicillin/streptomycin (Gibco, Waltham, MA). Human bone marrow-derived 

mesenchymal stem cells (PCS-500-012 ) (ATCC, Manassas, VA) were cultured in mesenchymal stem cell 

basal medium (PCS-500-030) (ATCC, Manassas, VA) supplemented with 7% heat-inactivated FBS, 2.4 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/eagle
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mM recombinant insulin-like growth factor-1, 5 ng/ml recombinant fibroblast growth factor-beta, 2.4 mM 

L-Alanyl-L-Glutamine (all from ATCC, Manassas, VA) and 1% penicillin/streptomycin. 

4.6.3.  HA microscaffolds production and characterization 

HA microscaffolds were prepared as described in a recent publication [178]. To enhance 

visualization of HA microscaffolds, some HA microscaffolds were labeled with fluorescent dyes 

(CF488A and CF647A amine dye) as described previously [179]. Morphology and microstructure 

of the HA microscaffolds were analyzed using Leica DMi8 Fluorescence microscope (Leica, 

Wetzlar, Germany ) and scanning electron microscopy (FE‐SEM, S‐4800 316 Hitachi, operating 

at 5 kV). The size of microscaffolds was determined using ImageJ software (US National Institutes 

of Health). The cytotoxicity of HA microscaffolds was assessed using primary human 

chondrocytes isolated from normal human articular cartilage (from PromoCell, Heidelberg, 

Germany)  and Alamar Blue assay (Bio-Rad, Hercules, CA, USA), according to the manufacturer's 

instructions [180].  

4.6.4. EPO-loaded microscaffold production and characterization 

EPO loaded HA microscaffolds was prepared by mixing dried HA microscaffolds and EPO 

according to a previous report [158]. To determine loading capacity, EPO was labeled with FITC 

follow manufacturer’s protocol [179]. Then the loading capacity was calculated based on the 

following equation:   
𝐸𝑃𝑂𝐼𝑛𝑡𝑖𝑎𝑙−𝐸𝑃𝑂𝑆𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝐻𝐴 𝑚𝑖𝑐𝑟𝑜𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑
  where EPOInitial and EPOSupernatant are mass of 

initial and not absorbed EPO, respectively, which were measured using the microplate reader and 

calculated based on the standard curve of FITC-Labeled-EPO. To determine EPO release,  FITC-

Labeled-EPO loaded HA microscaffolds were suspended in 0.5 ml of PBS (pH=7). At various 

time points, the supernatants were collected and the released media were replenished with an equal 

amount of the fresh one. The amounts of released EPO were measured based on the fluorescence 
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intensity of FITC-Labeled-EPO. The cumulative release was defined as the total amount of 

released EPO at a predetermined time relative to the initial loading amount. To test the bioactivity 

of the released EPO, a Transwell migration assay was performed as described earlier [87, 88]. The 

migration ability of MSCs toward the released EPO from microscaffolds was assessed compared 

to the standard EPO.   

4.6.5. Cell and tissue targetting property of HA microscaffolds 

Different numbers of human chondrocytes (1, 2, 4 and 8 × 104) were incubated with CF647-HA 

microscaffolds (final concentration of 0.1mg/mL in complete DMEM) for 15 min. They were 

centrifuged and then washed with fresh media 3X; the extent of scaffold binding to chondrocytes 

was assessed by measuring cell-associated fluorescent intensities using a microplate fluorometer. 

The extent of CD44 expression on different numbers of human chondrocytes was also measured 

using FITC-conjugated CD44 antibody (HCAM (IM7), sc-18849) Santa Cruz Biotechnology, Inc. 

(Dallas, Texas) by following manufacturer’s instructions.  

The ability of HA microscaffolds to target human cartilage tissue was also assessed ex vivo using 

discarded human articular cartilage tissue (N=6) isolated during total knee replacement surgery 

without any patients’ identification. The tissues were first incubated with different concentrations 

(0.02, 0.1 and 0.5 mg/mL) of CF647 conjugated-HA microscaffolds for varying periods (30, 60, 

90, 120 and 180 minutes). After an extensive wash with complete media to remove unbounded 

microscaffolds, the tissues were then imaged using a Kodak in vivo FX Pro imaging system 

(Carestream Health Inc., New Haven, CT). Furthermore, to determine the role of CD44 in 

mediating HA microscaffolds accumulation, OA cartilage tissues were immersed in complete 

medium with or without CD44 HCAM (IM7) blocking antibody (final concentration 10 µg/ml) for 

1 hr. CF647-HA microscaffolds (final concentration of 100 μg/ml) was then added into each well 
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and incubated at 37 °C for 30 minutes. The ability of HA microscaffolds to target CD44 blocked 

cartilage and its control was quantified using a Kodak in vivo imaging system.  

4.6.6. Rabbit microfracture defect model 

All animals were treated according to the standard guidelines approved by Animal Care and Use 

Committee (IACUC) at the University of Texas at Arlington in accordance with the Animal 

Welfare Act and Guide for the Care and Use of Laboratory Animals. New Zealand White Rabbits 

3-6 months old weighing between 1.9 and 2.8 kg were randomly divided into 4 groups -- saline, 

EPO alone, HA microscaffolds alone (abbreviated as HA) and EPO loaded HA microscaffolds 

(abbreviated as HA+EPO) (N=4/group/time point) for 2 different time points (12 and 26 weeks). 

The animals were first undergone microfracture defect procedure [161, 162]. At the end of 

procedure, 20 microliters of different treatments (saline, EPO, HA, or HA+EPO) were implanted 

on top of the articular cartilage defects. The animals were allowed to move freely within their 

cages after surgery. After the predetermined time points, animals were sacrificed. The knee joints 

and synovial fluids were then recovered for the following analyses.  

4.6.7. Analysis of synovial inflammatory cells 

To quantify the numbers of inflammatory cells in synovial fluid, synovial fluid of the rabbits was 

aspirated after injection of 1 ml of normal saline solution into the joint space. The synovial fluid 

cells were spun down on glass slides using cytospin (Cytospin 2, Thermo Shandon, Cheshire, 

England). The number of inflammatory cells was then determined using cyto-histochemical 

technique and CD11b (M1/70; Biolegend, San Diego, CA) as described earlier [181].  

4.6.8. Micro-computed tomography assessment 

Micro-computed tomography assessment of cartilage/bone microarchitecture was carried out on 

some of the rabbit joints using a High throughput in vivo SkyScan micro-CT scanner (Bruker, 
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Billerica, MA) with an exposure time of 640 ms/frame and the X-ray power at 39 watts during an 

18 min scan. 499 images were obtained at a rotation step of 0.72°. The scans were then 

reconstructed and analyzed using CTVox and CTAn software (Bruker, Billerica, MA). The bone 

volume fraction (BVF), which is defined as bone volume divided by tissue volume (BV/TV), was 

then calculated for all of the samples.  

4.6.9. Assessment of chondrogenesis and cartilage regeneration 

 Some tissue samples were fixed in 4% w/v buffered paraformaldehyde, decalcified, embedded in 

paraffin wax and then sectioned with an approximate thickness of 6 μm using a manual rotary 

microtome (Leica, Buffalo Grove, IL) by following published procedures [182, 183]. The sections 

were subsequently stained with hematoxylin and eosin (H&E), Safranin O and Toluidine blue 

staining [184], followed by imaging via an inverted light microscope (Leica TCS SP8 SMD, Leica, 

Buffalo Grove, IL). The extent of cartilage repair was then evaluated using the Pineda scoring 

system (Table 1 supplementary) [185]. All the samples were presented and examined by two 

observers in a blinded and random order. Furthermore, Toluidine blue was quantified and reported 

as the optical density of the images went through deconvolution process in ImageJ [186]. 

The cartilage samples at 12-weeks were assessed for progenitor cell recruitment to the site of injury 

utilizing immunohistochemistry. It has been documented that synovial stem cells possess dual 

markers of CD29 and CD90 [174-176]. Briefly, after antigen retrieval, the tissue sections were 

blocked with 10% goat serum for 30 mines and then followed by overnight incubation with CD29 

(FITC-conjugated anti-human integrinβ1 monoclonal antibody and at 4 °C.  All the sections 

images were taken using a confocal laser scanning microscopy and analyzed by LAS X software 

(Leica, Buffalo Grove, IL). The number of CD29 and CD90 double-positive cells per mm2 was 

determined by ImageJ software.   
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Collagen II production is well established to be a chondrogenic marker [145, 187]. To detect 

Collagen II secretion in the cartilage, some of the 12- and 26-weeks tissue sections were stained 

with antibodies to Collagen II (M2139, sc-52658, Santa Cruz Biotechnology, Dallas, Texas), goat 

anti-mouse HRP secondary antibody (IgG H&L ab6789, Abcam) and finally Diaminobenzidine 

was used as a chromogen as described earlier [188]. Collagen II was quantified as the percentage 

of positively stained areas versus the whole as previously established [189].  

4.6.10. Statistical analysis 

Scoring of histological staining of cartilage tissues are presented as medians ± interquartile range 

and analyzed with Mann-Whitney test. All other data are expressed as mean ± standard deviation. 

An independent student t-test was used for the two independent groups while one-way analysis of 

variance (ANOVA) was utilized for multi-group comparison. An F test was used to examine the 

equality of the variance. All statistical analyses were performed using SPSS 16 and XLSTAT. A 

p-value < 0.01 and 0.05 was considered statistically significant. 
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Chapter 5  

5.1.Conclusion  

This dissertation summarizes work on the application of the tissue engineering techniques for 

cancer metastasis treatment and diagnosis as well as cartilage defect regeneration.  

Chapter 2 led to the creation of LN-mimetic device - T cells seeded chitin beads, which can mimic 

the LN microenvironment. The device can be used to identify metastatic PCa and also serve as a 

powerful tool to investigate the processes governing LN metastasis of PCa and other cancers. 

In Chapter 3, T cells and KD cells were encapsulated in alginate beads to simulate metastasized 

LNs. The encapsulated system can be used as an in vitro tool to investigate how cancer:LN cells 

interaction in cancer LN metastasis. Finally, it is possible that such LN mimetic device can be 

implanted nearby the primary tumor site as a decoy to reduce cancer LN metastasis.   

In Chapter 4, EPO loaded HA microscaffolds were developed for treating cartilage defect. The in 

vitro results confirmed high cell compatibility and slow release of the bioactive EPO. Based on 

cell culture and a human cartilage explant model, we found that the HA microscaffolds can target 

the human chondrocytes and osteoarthritic tissue by interacting with their CD44 receptor. Finally, 

the rabbit model showed that EPO-loaded HA microscaffolds could reduce inflammatory cells in 

synovial fluid and trigger the recruitment of endogenous progenitor cell led to the regeneration of 

cartilage tissue.   

5.2.Future direction  

Although the results from all these studies are exciting, further investigation and development are 

required to push these methods to the next level, such as clinical implementation or further research 

advancement.  Future efforts should be devoted to several areas, as are summarized below. 
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First, for LN mimetic device, future studies should aim to clear the interaction of T cells and cancer 

cells.  Future studies should also incorporate the evaluation of the role of different T cell types in 

metastasis of cancer cells toward lymph nodes.  Additionally, the effect of the interaction of cancer 

cells and T cells on the activation of the T cells should be assessed.  

Secondly, for encapsulation of T cells and KD cells for simulation of metastatic lymph node, the 

interaction of the cells in alginate beads should be studied. Also, trapped cancer cells should be 

analyzed for the expression of different cancer cell receptors. Furthermore, biodistribution studies 

should be performed to check the ability of the trap to reduce cancer cell metastasis to other organs. 

Finally, for EPO loaded HA microscaffolds, EPO can be loaded chemically instead of physically 

for longer drug release. In addition, the molecular and cellular mechanisms underlying endogenous 

stem cell recruitment to the site of injury are still not precisely understood. Therefore, further 

studies are needed to clarify these questions clearly. 
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