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Abstract 

Development of a medical device for diagnosing cartilage injury and 

metastatic cancers   

The University of Texas at Arlington, 2019 

Supervising professor: Dr. Liping Tang 

 

My research focused on applying biomedical engineering techniques to diagnose different diseases 

and conditions. The results of these work led to one published paper and two submitted 

manuscripts which are summarized in Chapters 2, 3 &4.  

Briefly, in Chapter 2, my work laid emphasis on developing a method for early detection of 

cartilage injury. An apoptotic cell-detecting probe was fabricated by the conjugation of the 

apoptotic cell-binding peptide (CQRPPR) and a sulfo-cyanine7 N-hydroxysuccinimide ester (Cy7 

dye). Both in vitro and ex vivo examination showed an excellent relationship between the number 

of apoptotic chondrocytes and probe binding affinity. Finally, using a xiphoid injury model was 

created using mechanical pressure, we found that the apoptosis probes may serve as a powerful 

tool to monitor the extent of mechanical force-induced cartilage injury in vivo.  

In Chapter 3, my work was centered on the creation and optimization of a new device, “cancer 

trap”, for capturing migrating prostate cancer (PCa) cells. The cancer trap is composed of 

hyaluronic acid microparticles that have good cell and tissue compatibility and can extend the 

release of chemokines to 4 days in vitro. After testing various chemokines, Erythropoietin (EPO) 

and stromal-derived factor-1α (SDF1α) are the best chemokines for chemokine-releasing cancer 
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traps in vitro. Finally, using an intravenous PCa transplantation model, we found that 

subcutaneously implanted and EPO- releasing cancer trap attracted many circulating PCa and 

significantly reduced cancer spreading in the lung. These results support that cancer traps may 

serve as a unique device to sequester circulating PCa cells and subsequently reduce distant 

metastasis.     

In Chapter 4, we expanded the use of cancer capturing devices from cancer trapping devices to 

cancer diagnosis devices. For that, our study focused on metastatic esophageal cancer (EC). EC 

lymph node (LN) metastasis is one of the most important prognostic factors and the inability to 

diagnose EC earlier is believed to be responsible for the poor prognosis. To overcome such a 

challenge, my study was aimed at engineering an implantable device, a “diagnostic trap, ”, capable 

of intercepting migrating ECs prior to LN metastasis for early EC diagnosis. A diagnosis cancer 

trap was composed of a biocompatible Gelfoam and EPO. The results of our orthotopic EC animal 

study demonstrated that diagnostic trap recruited 4.03x104 migrating cancer cells. The diagnostic 

trap not only recruited EGFR+ cancer cells but also decreased LN metastasis. Histological analysis 

proved that the porous structure increased the capacity of the cancer trap to allow more cancer cell 

infiltration compared to the previous design. The overall results support that trap implants can be 

used for diagnosing EC metastasis and, potentially, for reducing LN metastasis. 
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Chapter 1. Introduction 
 
My thesis is composed of a series of studies which are focused on the development of a new 

diagnosis and treatment tools for cartilage injury and cancers using biomedical engineering 

technique. While the pathological processes governing injured cartilage and metastasis cancers are 

very different, I was able to create new methodologies for diagnosing and treating such diseases 

based on existing biomedical engineering methodologies and techniques. The results of these work 

are summarized in the following chapters (Chapter 2, 3, &4).   

In Chapter 2, our goal was to develop a new diagnostic tool for injured cartilage. Cartilage injury 

induced by acute excessive contact stress is common and mostly affects a young adult. The 

common symptoms of the injured cartilages are joint pain and stiffness, reduced mobility and 

function. These patients also suffered from poor quality of life and increased lifetime medical costs. 

The conventional diagnostic methods are a physical examination, radiograph of the joint, synovial 

fluid tests, computed tomography scans and magnetic resonance imaging. Although early detection 

of cartilage injury may prevent serious and lifelong arthritic complications, early detection and 

treatment are not possible due to the lack of a reliable detection method. To solve the challenge, 

an apoptotic cell-detecting probe was fabricated by the conjugation of an apoptotic cell-binding 

peptide (CQRPPR) and a sulfo-cyanine7 N-hydroxysuccinimide ester (Cy7 dye). After the in vitro 

biocompatibility test, in vitro and ex vivo examination have shown the high correlation between 

the number of apoptotic chondrocytes and probe binding affinity. A xiphoid injury model was 

created using mechanical pressure. After the injection of the apoptotic cell-detecting probe, the 

healing procedure of early injury on the xiphoid was observed for 7 days. The results support that 



 

 2 

the apoptosis probes may serve as a powerful tool to monitor the extent of mechanical force-

induced cartilage injury in vivo.  

In Chapter 3, my work was focused on fabricating and optimizing an implantable device, “cancer 

trap”, for treating metastatic prostate cancer (PCa). PCa is the most prevalent cancer in U.S. men 

and many other countries. The current medical tests include prostate-specific antigen (PSA) test, 

transrectal ultrasound, and prostate biopsy test. For the late stage of PCa, the treatments are 

radiation, chemotherapy, surgery, and hormone therapy. The survival rate of EC patients drops 

from 100% to 28% after distant metastasis occurs. It becomes more difficult and inefficient to treat 

patients after cancer spreading. Although primary PCa can be controlled with surgery or radiation, 

treatment options of preventing metastatic PCa are still limited. An alternative treatment was 

designed to capture migrating cancer cells from the bloodstream. The cancer trap is composed of 

hyaluronic acid microparticles that have good cell and tissue compatibility and can extend the 

release of chemokines to 4 days in vitro. After testing various chemokines, Erythropoietin (EPO) 

and stromal derived factor-1α (SDF1α) are the best chemokines for chemokine-releasing cancer 

traps in vitro. The animal study showed that cancer trap attracted many circulating PCa among the 

rest and significantly reduced cancer spreading in the lung after IV injection of cancer cells. These 

results support that cancer trap may serve as a unique device to sequester circulating PCa cells and 

subsequently reduce distant metastasis.     

In Chapter 4, the cancer trap device was modified as “diagnosis trap” for diagnosing esophageal 

cancer (EC). EC patients often have lower 5-year survival rate when cancer progression starts from 

the localized tumor (45%) to regional lymph node metastasis (24%) or distant metastasis (5%). 

The earlier treatments provide better outcomes for esophageal cancer patients. The routine 

diagnostic tests are esophagram, endoscopy, endoscopic ultrasound, CT, MRI, PET, bronchoscopy 
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and biopsy tests. For EC patients, there are several treatments such as surgery, chemotherapy, 

radiation therapy and endoscopic treatments. However, the inability to diagnose EC earlier is 

believed to be responsible for the poor prognosis. To overcome such a challenge, this study was 

aimed at engineering an implantable diagnosis trap capable of capturing spreading ECs prior to 

LN metastasis for early EC diagnosis. Based on our previous study, we selected EPO after several 

tests on migration assays. In order to isolate cancer cells, the material criteria of the diagnosis trap 

should be implantable, biocompatible, retrievable and suitable for cell recovery. Because HA 

particles are neither retrievable nor suitable for cell recovery, Gelfoam is chosen as the base of the 

diagnosis trap. A diagnosis trap was composed by a biocompatible Gelfoam and EPO. KYSE-30 

(a highly metastatic cancer line) and KYSE-70 (a poorly metastatic cancer line) were used as 

model cell lines to examine the efficacy of cancer trap. Our orthotopic EC animal study 

demonstrated that diagnostic cancer trap recruited 4.03x104 migrating cancer cells. A diagnostic 

cancer trap not only recruited EGFR+ cancer cells but also decreased LN metastasis. Compared 

with two different cancer cell lines, the diagnostic trap can differentiate highly and poorly 

metastatic cancers. Histological analysis proved that the porous structure increased the capacity of 

diagnosis trap to allow more cancer cell infiltration compared to the previous design. The overall 

results support that diagnosis trap device can be used for diagnosing EC metastasis and, potentially, 

for reducing LN metastasis. 
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Chapter 2. 

An optical probe for detecting chondrocyte apoptosis in response to mechanical injury 
 

2.1. Abstract 

Cartilage injury induced by acute excessive contact stress is common and mostly affects young 

adults. Although early detection of cartilage injury may prevent serious and lifelong arthritic 

complications, early detection and treatment are not possible due to the lack of a reliable detection 

method. Since chondrocyte injury and subsequent cell death are the early signs of cartilage injury, 

it is likely that cartilage cell apoptosis can be used to predict the extent of the injury. To test this 

hypothesis, a near-infrared probe was fabricated to have a high affinity to apoptotic cells. In vitro 

tests show that this apoptosis probe has low toxicity, high specificity, and affinity to apoptotic cells. 

In addition, there is a positive relationship between apoptotic cell numbers and fluorescence 

intensities. Using mouse xiphoid injury model, we found a significant accumulation of the 

apoptosis probes at the injured xiphoid cartilage site. There was also a positive correlation between 

probe accumulation and the number of apoptotic chondrocytes within the injured xiphoid cartilage, 

which was confirmed by TUNEL assay. The results support that the apoptosis probes may serve 

as a powerful tool to monitor the extent of mechanical force-induced cartilage injury in vivo. 

2.2. Introduction 

It is estimated that more than 27 million adults in the United States suffer from osteoarthritis, 

approximately 12% of these individuals have a type of osteoarthritis that develops as a result of a 

mechanical force-induced cartilage injury (also called as post-traumatic osteoarthritis) [1-2]. 

Patients with cartilage injury commonly suffer from joint pain and stiffness, reduced mobility and 

function, poor quality of life, and increased lifetime medical costs [3-6]. Unfortunately, injured 

cartilage may worsen and remain asymptomatic for years. When symptoms arise, the disease may 
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have already reached a later, more complicated stage that is compounded by the availability of 

limited treatment options. 

The diagnosis of injured cartilage generally begins with a detailed history, a physical examination, 

and plain radiographs of the joint. Certain laboratory tests (e.g., synovial fluid tests, computed 

tomography scans, magnetic resonance imaging) may be useful to confirm the presence of injured 

cartilage [3, 7]. Magnetic resonance images provide a three-dimensional view of cartilage that may 

elucidate cartilage irregularities [8]. Because these structural changes can only be appreciated 

during the intermediate or late stages of cartilage injury, these conventional methods cannot be 

used to detect early changes within the injured cartilage. It is generally believed that the early 

diagnosis and prevention of cartilage injury will improve outcomes while reducing disability and 

associated costs [9]. Therefore, there is an urgent need for a method that will detect cartilage injury 

at its early stage. 

Noninvasive near-infrared (NIR) fluorescent imaging technology has recently been used for the 

detection of various diseases and physiological conditions, including cancer, arthritis, infection, 

and cardiovascular disease [10-14]. NIR light can penetrate deeper into tissues (up to 10 cm 

depending on the tissue types) than visible light because biological tissues absorb less NIR light 

[15]. In addition, due to less autofluorescence with the use of NIR imaging, a higher signal-to-

background acquisition ratio is possible [16]. To exploit the unique features of NIR light for in 

vivo imaging, several optical imaging probes have been developed in an attempt to diagnose 

cartilage injury during its earliest stages. For example, NIR probes have been prepared to detect 

cathepsin and matrix metalloproteinases in synovial fluid, because higher levels of these 

components were found in patients with arthritis [17-19]. Hyaluronic acid–immobilized gold 

nanoprobes have been used for the in vivo monitoring of the high local production of reactive 
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oxygen species and hyaluronidase in arthritic joints [20]. A folate-targeted NIR probe has been 

used in vivo to image rheumatoid arthritis in mice because the synovial membrane in mice with 

rheumatoid arthritis has been shown to accumulate large numbers of activated macrophages, which 

have upregulated folate receptors [21]. In general, these probes have been developed to detect 

inflammatory responses and products associated with inflammatory arthritis. 

On the other hand, chondrocyte apoptosis is well recognized as one of the earliest responses to 

cartilage injury caused by mechanical trauma and is linked with injury severity [22-25]. 

Chondrocyte apoptosis has been associated with the production of reactive oxygen species, the 

shortage of growth factors, the release of glycosaminoglycan, and mechanical injury [22, 26]. As 

a consequence of chondrocyte apoptosis, loss of resident cells in the articular cartilage occurs and 

results in the impaired extracellular matrix and potentially, the development of cartilage injury 

[27-28]. Therefore, we believe that the detection of apoptotic chondrocytes soon after cartilage 

injury can be used to determine the extent of the cartilage injury that can lead to early treatment 

and prevention. 

Many groups of imaging probes have been developed for the detection of different stages of cell 

apoptosis. Annexin V [29], synaptotagmin C2A domain [30], and phosphatidylserine-binding 

peptides [31] have been developed to recognize phosphatidylserine. It was later found that 

phosphatidylserine may also be present in the outer leaflets of non-apoptotic cells, including 

activated B and T lymphocytes and mast cells [32]. In addition, a class of apoptosis probes that 

are classified on the basis of their ability to determine activated caspases have also been described 

[33-34]. Despite their high specificity, caspase-based probes only recognize intracellular 

molecules and have to be internalized for detection, which limits their use for in vivo imaging. The 

third group of apoptosis probes is a family of small molecules that includes N, N'-didansyl-L-
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cysteine and butyl-2-methylmalonic acid [35-36]. These compounds can selectively bind to 

transport membranes. They then accumulate in the cytoplasm of apoptotic cells following the 

permanent loss of their membrane potential, membrane acidification, and phospholipid scrambling 

[36]. 

Another class of apoptosis probes is based on a monoclonal antibody that recognizes the La 

autoantigen, which is present only after the loss of cell membrane integrity during the later stages 

of apoptosis [37-38]. To improve the ability to detect cell apoptosis in vivo during their earliest 

stages, ApoPep-1—a six-amino-acid peptide (CQRPPR)—has been developed. This probe would 

target apoptotic cells by binding to histone H1, which is exposed on the surface of apoptotic cells 

[39-40]. However, it is not clear whether the ApoPep-1 probe can be fabricated for the in vivo 

detection of injured cartilages. 

In the current study, an apoptotic cell–detecting probe was synthesized by sequentially coupling 

NIR dye and CQRPPR into a polyethylene glycol (PEG) polymer. The ability of the probe to bind 

apoptotic cell was first tested in vitro with the use of apoptotic chondrocytes. The effectiveness of 

the probe to detect chondrocyte apoptosis in injured mouse xiphoid explants was further 

demonstrated. Finally, this probe was tested for its ability to detect chondrocyte apoptosis in vivo 

using our previously described xiphoid injury mouse model25.  

2.3. Results 

The apoptotic cell-detecting probe was prepared, and its structure is schematically shown in Fig. 

1A. PEG was introduced into the probe to improve the biocompatibility of the probe and water 

solubility, as well as to extend its circulation time in the body, as described in previous studies 

[41-42]. Optical measurement of the probe showed that the probe had a maximum absorbance peak 

at 755 nm and a maximum emission peak at 787 nm (Fig. 1B). These results showed that the NIR 
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dye was successfully coupled with the probe. Fourier transform infrared spectra (FT-IR) were 

created with the use of a Nicolet 6700 spectrometer to determine the chemical structure of the 

probe. Broadband from 1,620 to 1,660 cm-1 for both the peptide and the probe was identified, and 

the band is typically assigned to the guanidino group of the peptide (Fig. 1C) [43-44]. The FTIR 

results indicated that the apoptotic cell-binding peptide had been conjugated successfully with the 

probe. 

 

Figure 1. The preparation and characterization of the probe.  
(A) Schematic illustration of the probe structure. (B) The optical properties of the probe. (C) 
Fourier transform infrared spectra of the peptide, the polyethylene polymer, and the probe, 
respectively.  
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Next, the cytotoxicity of the probe was tested using bovine chondrocytes and an MTT assay (Fig. 

2A). The results of this experiment showed that the probe did not induce statistically significant 

cytotoxicity to chondrocytes under the concentration of 0.25 mg/mL. On the basis of this result, 

subsequent studies were carried out using a probe concentration of 0.05 mg/mL. The binding 

ability of the probe to apoptotic cells was further tested using apoptotic bovine chondrocytes. 

Bovine chondrocytes were first treated with sodium nitroprusside (SNP) to induce apoptosis. 

Apoptotic chondrocytes were confirmed using Annexin V Fluorescence 594 (Fig. 2B). Annexin V 

staining (red color) was found only in SNP-treated cells. Next, to confirm the specificity of the 

probe, SNP-treated apoptotic chondrocytes were co-stained with Annexin V and the probe. 

Colocalization of two different markers was observed under a fluorescence microscope (Fig. 2C). 

Merged picture (yellow) of Annexin V (red) and the probe (green) demonstrated the probe has 

great specificity to apoptotic cells. Furthermore, the apoptosis-associated fluorescence intensity of 

the probe was determined in vitro (Fig. 2D). One can observe that the fluorescence intensity 

increases with the increase in SNP-treated chondrocyte number. An increasing number of healthy 

chondrocytes only contributed a slight increase in fluorescence intensity. There is a very high 

positive correlation between the number of apoptotic chondrocytes and the fluorescence intensities 

(Pearson correlation coefficient=0.998 for apoptotic cells and Pearson correlation 

coefficient=0.962 for healthy cells) (Fig. 2D). Also, there is a significant difference between the 

fluorescent intensities of apoptotic and those of healthy cells from 20,000 to 500,000 (Student’s t-

test, p< 0.05) (Fig. 2D Insert). This result proves that the probe can still recognize apoptotic cells 

from healthy cells even if the cell number is as few as 20,000 cells in vitro. To further confirm the 

role of the peptide portion of the probe in the targeting of apoptotic cells, we conducted a 

competition binding test in which peptides with various concentrations were introduced to the 



 

 10 

culture media before the addition of probes (Fig. 2E). As expected, it markedly decreased the 

fluorescence intensity in the presence of increasing concentrations of peptide. There was an 

approximate 70% reduction in fluorescence intensity when the peptide (5 mg/mL) was added in 

the competition tests (ANOVA with Tukey-Kramer’s test, p<0.05, # and $ indicates p<0.05 versus 

0 mg/ml and p<0.05 versus 0.2 mg/ml, respectively). The results suggested that the probe-to-cell 

interactions were mediated by the ApoPep-1 peptide rather than by cell phagocytosis. Overall, the 

in vitro studies demonstrated that the probe had a high affinity to apoptotic cells and that it could, 

therefore, be used to quantify the number of apoptotic cells both ex vivo and in vivo. 

 

Figure 2. In vitro study to assess the cytotoxicity and to evaluate the binding ability.  
(A) Cytotoxicity study of the probe to the cells using an MTT assay. (n=5, # and $ indicate p<0.05 
versus 0 mg/ml and 0.0625 mg/ml, respectively. ANOVA p<0.05). (B) Annexin V staining: 
apoptotic cells (left) and healthy cells (right). Scale bar: 50 μm. (C) Co-staining of SNP-treated 
apoptotic chondrocyte with Annex V (left), the probe (middle) and their superimposed image 
(right). Scale bar: 100 μm. (D) The effect of the apoptotic bovine chondrocyte number and healthy 
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bovine chondrocyte number on the fluorescence intensity. Cell apoptosis induced by SNP (1mM) 
for 24 hours and probe incubation (0.05 mg/mL) for 30 minutes. (n=5, Apoptotic cells: Pearson 
coefficient=0.9984 Healthy cell: Pearson coefficient=0.9506). (E) The level of interference of 
peptides with various concentrations on the binding of the probe to apoptotic cells (500,000 cells 
per well). Unconjugated peptides were added to block Histone H1 prior to addition of the probe 
(0.05 mg/mL, 30 minutes incubation) to test probe specificity (n=5, ANOVA p<0.05 among 
groups, # and $ indicate p<0.05 versus 0 mg/ml and 0.2 mg/ml, respectively). All the experiments 
were confirmed statistically using ANOVA with the Tukey-Kramer test or Pearson coefficient. All 
the statistical data were presented as mean ± standard deviation. 
 

 
 

We first assessed whether this probe could be used to detect injured cartilage ex vivo with the use 

of isolated injured xiphoid tissue and controls as drawn schematically (Fig. 3A). We found that 

after incubating the tissues with the probe at 37°C for 2 hours, there was significantly greater 

fluorescence intensity from the areas of the xiphoid where the clamp had been applied (Fig. 3B). 

Quantification analysis showed a four-fold greater fluorescence intensity in the injured xiphoid as 

compared to the control tissue (Student’s t-test, * p<0.05) (Fig. 3C). As demonstrated in a previous 

study, TUNEL staining revealed that mechanical compression indeed triggered chondrocyte 

apoptosis (Fig. 3D) [23]. Using a fluorescence microscope, we found that probe accumulation on 

the surface of the injured tissues indeed was much more than control tissues (Fig. 3D). Correlation 

analysis showed a very high positive relationship between fluorescence intensity and apoptotic 

chondrocyte number (Pearson correlation coefficient: 0.919) (Fig. 3E). These results support the 

notion that this probe could be used as an indicator to identify injured cartilage in vitro early in the 

degeneration process.  
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Figure 3. Ex vivo study to assess the targeting ability of the probe.  
(A) A schematic illustration of the ex vivo injured xiphoid model. (B) Ex vivo imaging of injured 
xiphoid tissue. Probe incubation (0.05 mg/mL) for 2 hours. Scale bar: 2 mm. (C) Quantification 
analysis (n=5, Student's t-test, * p<0.05). Statistical data was presented as mean± standard 
deviation. (D) TUNEL staining of injured cartilage explants and control tissue and Near-infrared 
fluorescence images of injured and healthy (control) xiphoid tissues sections (Scale bar: 100 μm. 
Arrowheads indicate TUNEL positive cells). (E) Correlation between fluorescence intensity and 
apoptotic chondrocyte number per 1 mm2. Pearson correlation test was performed (Pearson 
coefficient=0.9193). 
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Next, we used a mouse model to investigate whether the probe was able to detect apoptotic 

chondrocytes using a mechanically triggered injured xiphoid model in vivo. Four days after the 

xiphoid was injured, the apoptosis probe (100 μL at 0.05 mg/mL) was administered 

intraperitoneally. In vivo images were captured on the fifth day after xiphoid injury (Fig. 4A). We 

found that the probe accumulated considerably more in injured xiphoid tissues than in control 

specimens. Fluorescence intensity in the injured xiphoid was approximately five times higher than 

that of the control group. To further verify that the signal came from the xiphoid, mice were 

euthanized, and their xiphoids were isolated for additional ex vivo imaging. Although the signal 

intensity for ex vivo imaging was a little lower than that of the in vivo imaging, the signal-to-noise 

ratio was profoundly higher (8×, Student’s t-test, * p<0.05) (Fig. 4B) as compared with that of the 

in vivo imaging (5×, Student’s t-test, * p<0.05) (Fig. 4A). TUNEL staining was performed to 

quantify the numbers of apoptotic chondrocytes and cell numbers were normalized to 1 mm2. 

Approximately 8 times more TUNEL-positive cells (apoptotic cells) were observed in the injured 

xiphoid tissue as compared with the control tissue (Fig. 4C). These experiments confirmed that the 

apoptosis probe could be used to detect injured cartilage undergoing injury-related degeneration 

in an otherwise intact animal. 
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Figure 4. In vivo imaging of the xiphoid injury mouse model.  
(A) The merged fluorescence signal with a white-light image captured on the fifth day after xiphoid 
injury. Probe injection was performed at a concentration of 0.05 mg/mL 24 hours before imaging 
(top) and the quantification analysis of signal intensity (bottom). Scale bar: 1.0 cm. (B) Ex vivo 
imaging of xiphoid tissue (top) and the quantification analysis (bottom). Ex vivo xiphoid samples 
were isolated from in vivo mouse model after imaging. Scale bar: 2.0 mm. (C) TUNEL staining of 
xiphoid (left) and the quantification analysis (right) (Arrowheads indicate TUNEL positive cells). 
Where the number of TUNEL positive cells was counted and normalized to 1 mm2. All the data 
were calibrated with Student's t-test (n=5, *p<0.05). Scale bar: 100 μm. All the statistical data were 
presented as mean ± standard deviation. 
  

 

 
 

We examined the potential use of apoptotic probes to monitor recovery after xiphoid injury. The 

probes were administered 24 hours before the in vivo imaging detection was performed. As 

predicted by our early observations, strong fluorescence appeared only at the injured xiphoid sites 
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but not at the control sites (Fig. 5A). Interestingly, strong fluorescence signals were able to be 

observed at the injured xiphoid sites between Day 1 and 7 after injury (Student’s t-test, * indicates 

p<0.05 versus control) (Fig. 5A and B). The reduced fluorescence intensity that occurred after Day 

14 suggested the reduction of the apoptotic cartilage cells and the recovery of the cartilage tissues; 

these findings are in agreement with the histological evaluation results (Student’s t-test, * p<0.05) 

(Fig.5C). 

 

Figure 5. Dynamic monitoring of the xiphoid injury mouse model.  
(A) In vivo imaging over time. Sequential images were captured from the same mouse. Scale bar: 
4.0 mm. (B) Fluorescence intensity changes at different time points after probe injection (n=5, 
Student's t-test, * indicates p<0.05 versus control). (C) Quantitative analysis of apoptotic xiphoid 
cells. After the NIR images were taken at the specific time points (Day 5 and Day 28), the animals 
were sacrificed and xiphoid tissues were isolated for histological analyses and cell number 
quantification. TUNEL positive cells were counted and then normalized to 1 mm2. (n=5, Student's 
t-test, * p<0.05). All the statistical data were presented as mean ± standard deviation. 
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2.4. Discussion 

The molecular design of the NIR imaging probe was very critical for in vivo imaging. In this 

investigation, a histone H1-targeting peptide—CQRPPR—was chosen as a targeting ligand for 

apoptotic cells. Previous studies demonstrated that the H1-targeting peptide could bind H1 that is 

exposed on the surface of apoptotic cells [39-40]. Based on the peptide, several probes had been 

designed for the diagnosis of tumor apoptosis, myocardial cell death, and cell apoptosis associated 

with ischemia [45-46]. To fabricate apoptosis probes for injured cartilage detection, PEG polymer 

was included as a carrier to reduce nonspecific binding and to enhance bioavailability and 

clearance. An NIR dye, Sulfo-Cyanine7, was selected for its deeper penetration depth and its lower 

rate of an absorbance into the gaps of tissues with improved probe sensitivity [16]. 

In vitro binding tests of apoptotic cells demonstrated that the probe had strong binding ability to 

apoptotic chondrocytes. Competition experiments further revealed the critical role of the targeting 

peptide for the probe to bind apoptotic cells. These results suggest that the binding of the probe to 

apoptotic cells occurred through their interactions with histone H1 on the surfaces of apoptotic 

chondrocytes, which was in agreement with the results of previous studies [45-46]. Our xiphoid 

injury model was used to investigate whether apoptotic chondrocytes could be detected using the 

probe [25]. Ex vivo imaging experiments confirmed that the probe could be used to identify and 

assess the extent of chondrocyte apoptosis induced by mechanical compression. There is also a 

positive relationship between the extent of fluorescence intensity and the number of apoptotic 

chondrocytes. These results suggest that the probe could be used not only to detect chondrocyte 

apoptosis but also to estimate the extent of the apoptotic chondrocytes. 

Finally, via the intraperitoneal administration of the apoptosis probe, in vivo imaging was carried 

out to evaluate the effectiveness of the probe for the detection of chondrocyte apoptosis in vivo. 
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Our results have shown that there was significantly more probe accumulation at the injury sites as 

compared to control sites. By continuously monitoring the probe’s affinity for xiphoid tissue at 

different time points, we found that apoptotic cells were most prominent between Day 1 and 7 

after injury. The probe accumulation at the injured xiphoid sites was drastically reduced after Day 

14, which suggests the loss of apoptotic chondrocytes from the xiphoid tissue after clamp-induced 

mechanical injury. 

Our results show great promise regarding the use of the probe for the in vivo identification of 

chondrocyte apoptosis. However, it should be noted that xiphoid injury is not completely identical 

to articular cartilage injury that would occur in a joint such as the knee. Further experiments will 

need to be performed using an animal model of articular cartilage injury to investigate whether the 

probe can detect apoptotic chondrocytes in recently injured articular cartilage. Furthermore, the 

tissue penetration depth of the NIR signal (could be up to 10 cm depending on the tissue types) 

[15] may limit the probe’s application in clinical practice. Although this shortcoming can be 

mitigated with the use of NIR arthroscopy [47], the cost and pain generated by the invasive 

procedure may still negate the probe’s usefulness. Therefore, the probe may need to further be 

modified and optimized for other noninvasive imaging modalities (e.g. positron emission 

tomography, magnetic resonance imaging) [42, 45, 48] in order to directly visualize the injured 

cartilage. 

In conclusion, an apoptotic cell-detecting optical imaging probe based on a histone H1-binding 

peptide has been developed to target apoptotic cells. The probe has a high affinity for apoptotic 

chondrocytes in vitro and for the mechanical force–associated cartilage explants ex vivo. With the 

use of a xiphoid injury model in mice, we found that the probe was able to detect apoptotic cells 

associated with injured xiphoid in vivo. These results demonstrate that the probe may provide a 
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rapid noninvasive imaging technique for the diagnosis of cartilage apoptosis associated with post-

traumatic OA. 

2.5. Methods 

An apoptotic cell-binding peptide (CQRPPR) (United BioSystems Inc., Herndon, VA); a sulfo-

cyanine7 N-hydroxysuccinimide ester (Cy7®, Lumiprobe Corp., Hallandale Beach, FL); and a 

heterobifunctional maleimide polyethylene glycol amine (Mw:3.5k, Mal-PEG-NH2) (JenKem 

Technology USA, Plano, TX) were purchased. All other chemicals used in this investigation were 

purchased from Sigma-Aldrich Corporation (St Louis, MO). 

2.5.1. Preparation of the apoptotic cell-detecting probe 

The apoptotic cell-detecting probe was prepared by the conjugation of CQRPPR and NIR dye onto 

both ends of the polyethylene glycol amine. Specifically, dye and Mal-PEG-NH2 were dissolved 

in phosphate-buffered saline (PBS; pH 8.5) at a 2:1 molar ratio and incubated at room temperature 

overnight. After removing the unconjugated dye by dialysis against deionized water, dye-labeling 

PEG was collected via freeze-drying. The dye-labeling PEG and peptide were dissolved in PBS 

(pH 7.2) at a 1:20 molar ratio and incubated overnight at 4°C. After dialysis against deionized 

water, the probe was lyophilized and stored at 4°C for further use. Absorbance and fluorescence 

spectra of the probe were measured with the use of an ultraviolet-visible spectrophotometer 

(Lambda 19 Spectrometer, Perkin Elmer, MA) and an Infinite M200 microplate reader (Tecan, 

San Jose, CA), respectively. The probe was further analyzed with the use of a Nicolet 6700 FT-IR 

spectrometer (Thermo Nicolet Corp., Madison, WI). To stain cells for microscope observation, 

some apoptosis probes were also prepared with Cy5® dye (sulfocyanine7 N-hydroxysuccinimide 

ester). 
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2.5.2. Cytotoxicity of the probe 

The cytotoxicity of the probe to cells was determined via MTT assay as described previously [49-

50]. Bovine chondrocytes were isolated from the patella-femoral grooves of calves using 

previously established protocols [51]. Briefly, calf knee joints were harvested from a local abattoir 

less than 36 hours after slaughter. Articular cartilage for in vitro study was collected from the 

patella-femoral grooves of only one donor, minced to approximately 1 mm3 piece, and digested 

with 2 mg/mL collagenase type II (Worthington Biochemical Corp., Lakewood, NJ) in Dulbecco’s 

Modified Eagle’s Medium with 1% penicillin–streptomycin–fungizone (Life Technologies Corp., 

Carlsbad, CA) at 37°C overnight. The chondrocyte solution was filtered through a 70 μm cell 

strainer, centrifuged, and then cultured in Dulbecco’s Modified Eagle’s Medium (DMEM). Six 

thousand cells were plated into each well of a 96-well plate and incubated overnight (37°C), and 

then probes at various concentrations were added to the plate. After 24 hours of probe incubation 

(0 to 0.5 mg/ml), the MTT assay was carried out with the use of a SpectraMax 340 

spectrophotometer (Molecular Devices, Sunnyvale, CA). 

2.5.3. Fluorescence microscopy 

To stimulate chondrocyte apoptosis, sodium nitroprusside (SNP) was used as described previously 

[52]. Briefly, bovine chondrocytes were incubated with SNP (1mM) in DMEM for 24 hours. To 

determine SNP-induced apoptosis, these SNP-treated chondrocytes were stained with Annexin V 

Fluorescence 594 (Molecular probes, Eugene, OR) following the manufacturer’s protocol. Further, 

the SNP-treated apoptotic chondrocytes were co-stained with Annexin V and the Cy5-labeling 

probe (0.05 mg/mL, 30 minutes). After washing 2X with PBS, cells were observed on a Leica 

DMi8 Fluorescence microscope (Leica, Wetzlar, Germany). Cy3 and Cy5 channels were used 
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detecting Annexin V Fluorescence 594 and Cy5-probe, respectively. All the microscopic images 

were captured under 200x magnification and analyzed with ImageJ. 

2.5.4. In vitro assessment of the probe’s affinity for apoptotic cells 

To assess the ability of the probe to detect apoptotic bovine chondrocytes in vitro, the SNP-treated 

apoptotic chondrocytes and untreated chondrocytes (from 20,000 to 500,000 cells per well) as 

described above were incubated with the probe (10 μL at 0.05 mg/mL) at 37°C in the 96-well plate. 

After 30 minutes of probe incubation, each well was washed three times with PBS (pH 7.4) to 

remove the unbound probes. Apoptosis-associated fluorescence intensities were then determined 

via the Infinite M200 microplate reader at an excitation wavelength of 760 nm and an emission 

wavelength of 830 nm. For blocking tests, various concentrations of CQRPPR peptides were added 

to the chondrocyte-seeded wells (500,000 cells per well) and incubated for 10 minutes before the 

addition of the probe (10 μL at 0.05 mg/mL). After 30-minute incubation with the probe, the 

fluorescence intensity was then measured after excessive probes were removed with 3-time PBS 

washing. 

2.5.5. Ex vivo and in vivo evaluation of the apoptotic probe using the xiphoid injury model 

To investigate whether the probe could detect apoptotic chondrocytes in injured cartilage, we 

employed a previously validated model that made use of mouse xiphoid cartilage explants [25]. 

All animal experiments were approved by the University of Texas at Arlington Animal Care and 

Use Committee (IACUC) and in accordance with the Animal Welfare Act and the protocol is 

consistent with the Guide for the Care and Use of Laboratory Animals. In addition, all research 

involving animals must comply with the Public Health Service "Policy on Humane Care and Use 

of Laboratory Animals". The animal procedure is summarized below. Briefly, Balb/c mice (6 to 8 

weeks old) were obtained (Taconic Farms, Inc., Germantown, NY) for each study. To trigger 
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xiphoid chondrocyte apoptosis in vivo, the mice were anesthetized, and an incision (1 cm) was 

created in the midline of the upper abdomen. The exposure was furthered with the use of iris 

scissors. The xiphoid was then injured by clamping for 2 minutes with a modified Kelly hemostatic 

clamp (tip, 9.2 mm long × 4.6 mm wide; item no. BH443R; Aesculap, Inc., Center Valley, PA), 

as previously described25. For control purposes, identical incisions were made on additional mice 

without clamping of the xiphoid. As an ex vivo test, several of the animals were euthanized, and 

the xiphoid tissue was harvested. The injured and uninjured (control) xiphoid tissues were 

incubated with probes (0.05 mg/mL) for 2 hours. The injured cartilage was washed three times 

with PBS (pH 7.4), and then ex vivo imaging was performed with a Kodak In Vivo FX Pro system 

at an excitation wavelength of 760 nm and an emission wavelength of 830 nm. For in vivo 

evaluation, mice were first divided into injured and control groups. In vivo injured xiphoid model 

was created by clamping the xiphoid structure for 2 minutes. But no damage was made in control 

groups. On the fourth day after the injury, the probe (100 μL at 0.05 mg/mL) was injected 

intraperitoneally into two groups of mice. 24 hours later, in vivo images were taken and xiphoid 

cartilages were obtained from mice. To confirm probe accumulation, ex vivo images of xiphoid 

were also captured. For long-term observation, xiphoid injury in mice was created and then images 

were immediately taken at Day 0. For the next few weeks, the probe (100 μL injection at 0.05 

mg/mL) was administered every time before each image was taken at different time frames. 

Twenty-four hours later after injection of the probe, in vivo images were captured using a Kodak 

In Vivo FX Pro system under the same imaging condition. 

2.5.6. Immunohistochemistry and histology 

To directly assess the xiphoid tissue for evidence of apoptosis, injured and uninjured specimens 

were embedded in optimal cutting temperature (OCT) compound. The xiphoid sections (8 μm in 



 

 22 

thickness) were made in a rostrocaudal manner. TUNEL staining was carried out to determine the 

presence of apoptotic cells. Apoptotic cells were then labeled in accordance with the 

manufacturer’s instructions (TUNEL Apoptosis Detection Kit; GenScript, Piscataway, NJ). In 

brief, sections were first fixed in 4% paraformaldehyde/PBS, and then sections were incubated 

with TUNEL Reaction Mixture following blocking process (3% H2O2) and permeabilization step 

(0.1% Triton X-100 in 0.1% sodium citrate). After reacting with Anti-fluorescein Antibody 

Solution, sections were incubated in DAB substrate solution. Between all the steps, sections 

washed with PBS several times. TUNEL Apoptosis Detection Kit contains most of the reagents 

except fixation buffer, blocking solution and permeabilization solution. Hematoxylin was used for 

counter-staining. The images were taken under a microscope (Leica). Using ImageJ, TUNEL 

positive cells were counted per field of view (200x magnification) under the same area (1760 µm2) 

from different sample sections as cell density. All quantification data for histological analysis were 

normalized to cell number per mm2. 

2.5.7. Statistical analysis 

ANOVA with Tukey Kramer’s test was used to perform the statistical analysis for all the data 

obtained from the different treatment groups. All the in vitro, ex vivo and in vivo experiment was 

repeated 5 times. Differences were designated as statistically significant when P ≤ 0.05 (Student’s 

t-test). Pearson correlation coefficient was also conducted to reflect the relationship between 

fluorescence intensities and apoptotic cell numbers in vivo. All the statistical results were presented 

following the format of mean ± standard deviation. ANOVA and with Tukey-Kramer test was 

analyzed in Fig. 2A and Fig. 2E. Pearson coefficients for Fig. 2D and Fig. 3E was calibrated. 

Student’s t-test was performed in Fig. 3C, Fig. 4, Fig. 5B and Fig. 5C. 
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Chapter 3. 
Chemokine releasing particle implants for trapping circulating prostate cancer cells 
 

3.1. Abstract  

Prostate cancer (PCa) is the most prevalent cancer in U.S. men and many other countries. Although 

primary PCa can be controlled with surgery or radiation, treatment options of preventing metastatic 

PCa are still limited. To develop new treatment of eradicating metastatic PCa, we have created an 

injectable cancer trap that can actively recruit cancer cells in the bloodstream. The cancer trap is 

composed of hyaluronic acid microparticles that have good cell and tissue compatibility and can 

extend the release of chemokines to 4 days in vitro. We find that erythropoietin (EPO) and stromal 

derived factor-1α (SDF1α) can attract PCa in vitro. Animal results show that EPO-releasing cancer 

trap attracted many circulating PCa and significantly reduced cancer spreading to other organs 

compared with controls. These results support that cancer trap may serve as a unique device to 

sequester circulating PCa cells and subsequently reduce distant metastasis.     

 

3.2 Introduction  

It is estimated that 174,650 new cases will be diagnosed with PCa in 2019 and almost 10% of or 

31,620 patients are expected to succumb to this disease [53]. The major cause for the mortality of 

PCa patients is due to the onset of metastatic PCa to the bone, lymph nodes, liver and lung [54-

59]. The common diagnostic tests are the PSA test, transrectal ultrasound, and prostate biopsy test. 

There are several treatment options available. Androgen deprivation therapy has been shown to be 

beneficial, albeit in the stage of metastasized PCa [60]. However, cancer cells acquire resistance 

and become incurable at the late stage [61,62]. Although radiation and targeted therapies can be 

very effective to control peripheral invasion [63,64], these approaches are not able to control those 
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metastatic cells that might have spread into circulation [65-67]. In addition, many of the current 

regimens therapies significantly affect the quality of life of patients by causing various side effects 

[68-70]. It is, therefore, of utmost importance to develop new strategies that can diminish PCa 

metastasis with minimal side effects.  

 

We believe that a new strategy should be developed to attract circulating PCa cells and thus reduce 

PCa spreading. Inspired by the success of roach motels that control cockroach infestations, our 

design is to attract migrating cancer cells using specific chemokines that can preferentially recruit 

metastatic cancer cells into “roach motel-like” cancer traps. These traps are composed of 

degradable, injectable polymeric microparticles capable of releasing bait (cancer-specific 

chemokines). Injectable microparticles are made of hyaluronic acid (HA), a natural material with 

great biocompatibility and biodegradability [71,72] Two chemokines/growth factors, SDF-1α and 

EPO, are included as the “bait” based on the following early observations. SDF-1α and EPO are 

found to affect cancer cell migration [73-75]. In addition, EPO is found to promote the recruitment 

of a wide variety of cancer cells, including prostate, melanoma, lung, and breast [74].  

 

This work summarizes our effort on the design and characterization of the PCa cancer trap. HA 

microparticles were synthesized and used as the base of our cancer trap. We first investigated the 

physical properties, drug-releasing kinetics, and cytotoxicity of HA particles. To assess the ability 

of the cancer trap to preferentially attract metastatic PCa cells, we used both PC3 (poorly metastatic) 

and DAB2IP-knockdown PC3 (highly metastatic, abbreviated as KD) cells [76]. We tested the 

efficacy of the subcutaneously implanted cancer trap to recruit intravenously inoculated PCa cells 
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in vivo. Finally, by comparing the PCa cell biodistribution in animals with or without cancer trap 

implants, we assessed the influence of cancer trap implant on cancer cell metastasis.  

3.3. Results  

3.3.1. Chemotactic activities of different chemokines and growth factors  

To explore the idea of fabricating cancer traps for PCa cells, our first task was to identify the 

chemokines/growth factors that are potent in promoting PCa recruitment. Based on the literatures, 

EPO [74], SDF-1α [75], CCL5 [77], VEGF-C [78], CCL2 [79] and CCL16 [80,81], as a control 

were selected as potential candidates. Using Transwell cell migration system, we first determined 

the chemotactic ability of EPO (100 U/ml), SDF-1α (100 ng/ml), CCL5 (100 ng/ml), VEGF-C 

(100 ng/ml), CCL2 (100 ng/ml), and CCL16 (100 ng/ml) using highly metastatic KD cells and 

poorly metastatic PC3 cells. The concentrations for each chemokine and growth factor with the 

highest chemotactic activities were chosen based on the manufacturer’s information. Our results 

have shown that, as expected, KD cells are more sensitive to all biomolecules than parental PC3 

cells at any given concentrations. On the other hand, SDF-1α and EPO are the most potent 

cytokines of inducing the migration of KD cells (Fig. 6A). Subsequent studies were carried out to 

demonstrate the effect of EPO (Fig. 6B) and SDF-1α (Fig. 6C) on the migratory ability of KD 

compared with PC3 cells in a dose-dependent manner.  
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Figure 6. The effects of chemokines on cancer migration.  
The in vitro migration of PCa cells under different chemokines and growth factors was determined 
using the Transwell system. The studies were carried out using either PC3 or KD cells. (A) 
Migration of KD cells treated with different chemokines and growth factors –EPO (100 U/ml), 
SDF-1α (100 ng/ml), CCL5 (100 ng/ml), VEGF-C (100 ng/ml), CCL2 (100 ng/ml) and CCL16 
(100 ng/ml) was determined. (B) The influence of different concentrations of EPO (ANOVA p< 
0.05 among groups of KD and PC3 cells. #, $ and & indicate p< 0.05 versus 0, 5 and 10 U/ml in 
KD cells and * indicates p< 0.05 versus 0 U/ml in PC3 cells, respectively.) and (C) SDF-1α 
(ANOVA p< 0.05 among groups of KD and PC3 cells. #, $, & and + indicate p< 0.05 versus 0, 50, 
100 and 200 ng/ml in KD cells and *, ^, % and - indicate p< 0.05 versus 0, 50, 100 and 200 ng/ml 
in PC3 cells, respectively.) on the migration of KD and PC3 cells. Data are mean ± SD (n = 5). 
Experiments were confirmed statistically using ANOVA with the Tukey-Kramer test. 
 

  

 

3.3.2. Characterization of HA particles 

HA microparticles were fabricated and used as a chemokine reservoir of cancer trap. To reduce 

particle migration and cell internalization, the micron-sized scaffolds were fabricated using an 
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emulsion polymerization technique with DVS (Divinyl Sulfone) used as a crosslinker (DVS: HA= 

6.33:1 molar ratio). The microparticles have a spherical appearance under a fluorescence 

microscope and scanning electron microscope (Fig. 7A, C). The majority of the HA particles have 

sizes ranging from 1.6-12 µm (Fig. 7B). From the FTIR spectrum of synthesized HA particles, we 

find that the stretching vibration of sulfone (≈1300 cm-1) appears and bending vibration of alkenes 

(≈780 cm-1) disappears on the particles after HA polymers are crosslinked by DVS (Fig. 7D). 

 

Figure 7. Properties of hyaluronic acid particles.  
The physical and chemical properties of hyaluronic acid (HA) particle with high crosslinking 
density (DVS: HA=6.33:1) were characterized. (A) Morphology and B) size distribution of HA 
particles were documented under a fluorescence microscope. The sizes of 200 HA particles were 
compiled to determine the size distribution of HA particles. (C) Scanning electron microscope 
images of HA particles. (D) IR spectrum of HA particles, HA (700K) polymers, and DVS 
crosslinker. It illustrates that stretching vibration of sulfone (≈1300 cm-1) appears and bending 
vibration of alkenes (≈780 cm-1) disappears after HA polymers are crosslinked with DVS. 
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3.3.3. Slow release property, loading capacity, and cell and tissue compatibility of HA 

particles  

The chemokine loading capacity and releasing capability of HA particles were evaluated in vitro. 

The loading capacities of HA particles were 17.5 μg EPO/ mg particles and 1.23 μg SDF-1α/ mg 

particles when the initial loading concentration was 20.0 μg EPO/mg and 1.60 μg SDF-1α/mg 

particles, respectively. In an in vitro system, we find that the amount of released EPO and SDF-1α 

reached to 55% (55 μg) and 63% (5.0 μg) loading capacity of HA particles within 4 hours. After 

4 hours, EPO and SDF-1α-loaded HA particles released at a relative slower speed of 0.32% (0.32 

μg)/hour and 0.08% (0.0062 μg)/hour, respectively (Fig. 8A).  

 

We found that HA particles have no apparent toxicity of up to 1 mg/mL in vitro (Fig. 8B). The 

tissue compatibility of HA particles was evaluated using a mouse subcutaneous implantation 

model and PLGA particles were used as controls. After implantation for 2 days, we found that, by 

comparing with PLGA particles, HA microparticles prompted significantly less inflammatory cells 

accumulation near implantation site (Fig. 8C) based on H&E staining and less CD11b+ 

macrophage recruitment (Fig. 8D). Also, there is a low extent of inflammatory cells accumulation 

was observed at HA microparticles implantation and saline injection site, suggesting that HA 

particles have good tissue compatibility.  
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Figure 8. Slow release property and cell/tissue compatibility of HA particles.  
The slow release property, cell, and tissue compatibility of hyaluronic acid (HA) particles with 
crosslinking densities (DVS: HA=6.33:1, labeled as “HA”) were characterized. (A) The release 
rate of Cy5 labeled EPO or SDF-1α (Cy5-EPO or Cy5-SDF-1α) was quantified in vitro. (B) The 
cell compatibility of HA particles was determined using 3T3 fibroblasts in vitro (n = 5). (C) The 
tissue compatibility of HA particles was measured in vivo using a subcutaneous implantation mice 
model. The overall number of inflammatory cells were counted based on H&E staining. (D) The 
number of CD11b+ macrophages was counted after IHC staining and Hematoxylin counterstaining. 
The density of inflammatory cells surrounding particle implants was quantified histologically to 
reflect the extent of tissue compatibility of different particle implants (100x magnification). (n = 
3) Data are mean ± SD. (Student’s t-test, * indicates p< 0.05 versus Saline group.) 
 

 

3.3.4. In vivo assessment of cancer trap 

To investigate the capability of cancer trap, EPO-loaded and SDF-1α-loaded HA particles were 

administered in the subcutaneous cavity. After particle implantation for 12 hours, mice were IV 

injected with NIR-labeled cancer cells. The distribution of cancer cells was then monitored via 

NIR imaging daily for up to 5 days.  
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Based on NIR fluorescent intensities, we found that the chemokine-loaded HA particle implant 

recruited significantly more highly metastatic KD cells than poorly metastatic PC3 cells (Fig. 9). 

The maximal recruitment of KD cells to EPO-loaded HA implants was achieved in 24 hours and 

then last for 3 days. The total intensity of KD cells from the implanted site was 14,200,000 ± 

2,000,000 AU/implant site (about 64,000 KD cells/ implant site) at Day 1 and remained at a similar 

level until Day 3 with about 57,000 KD cells/ implant site. The fluorescent intensities at the implant 

site decreased after Day 4 (Fig. 9A). On the other hand, the maximal KD cell recruitment of SDF-

1α-releasing HA was found at Day 1 - 12,100,000±4,000,000 AU/implant site (~54,000 KD cells/ 

implant site). The numbers of cancer cells at SDF-1α-releasing HA implant site reduced 

substantially (~70%) at day 2, increased slightly at Day 3 (~ 31,000 KD cells/ implant site), and 

then reduced with time (Fig. 9B). The above results suggest that EPO-releasing traps have the 

capability to capture and retain cancer cells at the trap implant site for up to 3 days.  
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Figure 9. In vivo dynamic cancer migration pattern in cancer trap.  
The ability of erythropoietin (EPO) and stromal derived factor-1α (SDF-1α)-loaded HA particles 
to recruit PCa was tested for the different periods of time (8 hours to 5 days) in vivo. We used 
metastatic KD and parental PC3 cells in this investigation. Quantitative results of cell recruitment 
to (A) EPO-loaded and (B) SDF-1α-loaded implants at different time points were graphed and 
compared. (n = 3) Data are mean ± SD. (Student’s t-test, *p< 0.05) 
  

 
To test the hypothesis, we compared the PCa cell recruitment efficiency between the PCa cell 

recruitment efficiency between SDF-1α- and EPO-loaded implants using the same animal model 

at Day 2 (36 hours after cancer inoculation). As expected, our results show that EPO implants 

recruited >7X more KD cells than PC3 cells. In addition, SDF-1α implants attracted ~7X more 

KD cells than parental PC3 cells (Fig. 10A, B). Nevertheless, EPO implants appear to be slightly 

more efficient than SDF-1α implants by recruiting ~1.3X more KD cells (Fig. 10A, B). 

 

Figure 10. Optimization of cancer trap.  
The efficiency of EPO-loaded and SDF-1α-loaded particles to recruit metastatic KD and parental 
PC3 Qtracker-labeled cancer cells was evaluated in vivo. (A) After cancer inoculation for 36 hours, 
whole animal images were taken. (B) The fluorescent intensity at the particle implant sites was 
quantified. The estimated number of KD cells at EPO and SDF-1α particle implant sites are 67,000 
and 53,000 cells per implant, respectively. The estimated PC3 cells at EPO and SDF-1α particle 
implant sites are 8,960 and 7,750 cells per implant, respectively. N = 3 in all groups. Data are 
shown as mean ± SD. (Student’s t-test, *p< 0.05) 
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3.3.5. Evaluation of the localization of PCa cells inside or surrounding of cancer trap 

The recruitment of KD cells in cancer trap was examined histologically. GFP+ KD cells were used 

in this study. In addition, GFP+ KD cells were labeled with Vybrant DiD cell labeling dye (with 

an excitation wavelength: 649 and emission wavelength: 670nm). Tissue sections of EPO-loaded 

particle implants (EPO + HA) and particles alone (HA) were imaged for its NIR signals. We found 

significant NIR signals surrounding EPO-loaded particle implant sites (Fig. 11A). Most of the 

signals are at the interface of particle implants and surrounding host tissue. These results support 

that ability of EPO-loaded particles enhanced the recruitment of KD cells migration toward the 

implants. By overlapping NIR and fluorescent images, we determine that NIR signals coincide 

with GFP suggesting the presence of live KD cells in the around the particle implants (Fig. 11A, 

B). We found that there are significant more NIR signals in the EPO-loaded particle implants (EPO 

+ HA) than particles alone (HA) (Fig. 11B). Finally, the numbers of KD cells in tissue sections 

were quantified. In agreement with an earlier observation, we find the EPO-loaded particle 

implants (EPO + HA) attracted >3X more KD cells than chemokine-free particle implants (HA) 

and particle-free tissue controls (Control) (Fig. 11C). 
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Figure 11. Histological analysis.  
Tissue sections were made and imaged to determine the distribution of KD cells in and surrounding 
particle implants. NIR images of EPO-loaded particles show the presence of DiD-labeled GFP 
expressing KD cells in and surrounding the implants. HA particles alone and particle-free tissue 
were used as the negative control. (A) Merged images showed DiD+ (red) and GFP+ (green) cells 
were co-localized in EPO implant (200x magnification). (B) The representative low magnification 
(25x) of images showed the overlapping fluorescent signals of DiD+ (red) KD cells in EPO-loaded 
implant and HA particles alone. (C) Quantification of DiD+ cells at the site of EPO-loaded particles 
(labeled as “EPO + HA”, 98 ± 6 cells/mm2), particles alone (labeled as “HA”, 31 ± 7 cells/mm2) 
and particle-free tissue control (labeled as “Control”, 1 ± 2 cells/mm2). (n = 3) Data are present as 
mean ± SD. (Student’s t-test, *p< 0.05 compared to HA.) Scale bar: 100 µm (white) and 300 µm 
(red). White arrows point to the interface between the skin tissue and the implant and the areas 
between two arrows are implanted sites. 
  

 

 

3.3.6. Impact of cancer trap on cancer cells metastasis 

To study the impact of cancer traps on cancer metastasis, EPO-loaded particle implants (EPO + 

HA) or particle-free tissue control (Control) were implanted subcutaneously (2 implants per animal, 

100 µl/site) on the back of mice. After inoculation of KD cells for 36 hours, animals were sacrificed, 

and all internal organs were imaged using Kodak in vivo imaging system (Fig. 12A, B). The 
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fluorescent intensities of different internal organs were then quantified to reflect the progression 

of PCa-associated organ metastasis. Noticeably, we found that EPO particles implants significantly 

reduced KD cell accumulation in the lung (51±4%, p<0.05) compared to control (lung: 90±11%) 

within 36 hours (Fig. 12C). These results suggest that cancer trap device can mitigate the incidence 

of cancer cell metastasis via circulation. The histological study also uncovers that we found 

significant fewer KD cells in lung sections with EPO-loaded implants (EPO + HA; estimated 

820±430 KD cells/mm2 view field) than those with untreated control (Control; estimated 44±50 

KD cells/mm2 view field) (Fig. 12D, E). This result supports that cancer traps may lure cancer 

cells away from circulation and indirectly reduce cancer spreading and/or metastasis.  

 

Figure 12. Reduction of cancer metastasis via cancer trap.  
Biodistribution of KD cells treated with the EPO-loaded particles or untreated control was 
quantified based on the measurement of organ-specific fluorescent intensities. To observe the 
biodistribution, NIR-labeled cancer cells were administered intravenously 12 hours following 
subcutaneous particles implantation injection or no treatment. (A) NIR imaging of internal organs 
was imaged 36 hours after cell administration. (B) A depiction of the organ arrangement. (C) The 
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percentages of the cell distribution in different organs were calculated based on the individual 
organ fluorescent intensity divided by total internal organ fluorescent intensities. (D) Histological 
images of the metastatic lung showed the accumulation of KD cells in the lung (400X 
magnification). Scale bar: 50 µm (E) The lung tissue sections were used to quantify DiD+ cancer 
cells in lung sections from animals with EPO-loaded particles (EPO + HA) (829 ± 429.6) vs. 
untreated control (Control) (44 ± 49.8) groups. (n = 4) Data are mean ± SD. (Student’s t-test, 
*p<0.05) Mesenteric lymph nodes are abbreviated to mLN. 
 

 

 

 

3.4. Discussion  

Metastasis remains a challenging clinical problem that accounts for the majority of cancer 

mortality. Tumor progression towards metastasis is governed by a complex multi-step process 

whereby tumor cells dissociate from their primary site of growth, invade surrounding tissues, 

intravasate into a blood vessel or lymphatic vessel, survive in circulation, adhere to and extravasate 

from the vessel and form a new tumor at the secondary site [76,82-84]. Our in vitro and in vivo 

studies have demonstrated that EPO and SDF-1α are the most capable of luring metastatic PCa. 

These results are supported by several recent observations. Specifically, EPO and SDF-1α have 

been shown to recruit PCa cells [74,85]. It should be noted that our study does not exclude the 

possibility that other types of cytokines and chemokines may also participate in the migration of 

PCa. For examples, CCL2 facilitate PCa cell growth and bone metastasis [79].  

HA particles were employed to form the cancer trap based on these previous observations. Firstly, 

since hyaluronic acid dermal filler was approved by the FDA in 2008, studies have shown that 

biodegradable HA has been proven to have a good safety and cell/tissue compatibility [72,86]. 

Secondly, HA implants were found to induce minimal inflammatory responses due to their 

nonimmunogenic properties [87,88]. Thirdly, HA particles can be easily mixed with any 
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chemokine in aqueous solution with denaturing its bioactivity minimally [89]. Fourth, the 

degradation rate of HA particles is tunable via crosslinking density. Recent research showed that 

the maximum duration of HA-based dermal filler reaches up to 12 months and the increase of 

chemical crosslink density slows down degradation rate for short-term cancer treatment [88,90]. 

Finally, since HA particles don’t respond to the changes of the environment, diffusion, degradation 

or osmotic pressure are believed to be the main factors to drive the release of drug and protein 

from HA particles [91].  

The present work was focused on the development of cancer traps that can preferentially recruit 

circulating PCa cells. While our previous work has shown that implant-mediated inflammatory 

responses can enhance the recruitment of many cancer cells, including PCa [74], our goal is to 

establish a new technique to attract metastatic PCa cells without eliciting an inflammatory reaction. 

To achieve the goal, we determine that cancer trap should possess the following three 

characteristics. First, cancer traps should have good cell/tissue compatibility with minimal foreign 

body reactions. Second, cancer trap can be injected into the subcutaneous cavity to minimize 

surgical trauma. Finally, via the slow release of chemokines/growth factor, cancer trap can create 

localized chemokine gradience to recruit circulating cancer cells.  

Our results show that cancer trap not only can recruit metastatic cancer cells but also decrease the 

accumulation of PCa cells in the lung and liver. These findings support that cancer trap 

implantation may reduce PCa metastasis and, perhaps, prolong the survival of PCa patients. In 

fact, it is well established that patients with visceral metastases have a higher mortality rate [92,93]. 

In addition, metastatic organs of PCa such as lung, liver, pleura, and bone are more commonly 

found among patients [55]. By repeated administration of cancer traps, it is possible that we can 

trap numerous circulating PCa in the subcutaneous space and, thus, indirectly delay their spreading 
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inside the body. In addition, using localized radiation and/or chemotherapy, cancer traps may be 

developed as a new cancer treatment to eradicate metastatic PCa cells.   

3.5. Conclusion 

We have developed a new cancer trap using injectable HA-microparticles that can release different 

chemokines/growth factor to preferentially attract circulating and metastatic PCa cells. Among 

chemokines tested, EPO and SDF-1α are the most potent cytokines to recruit metastatic PCa cells 

in vitro. From an animal model injected with metastatic PCa cells intravenously, subcutaneously 

implanted cancer traps are found to able to attract a significant amount of circulating PCa cells and 

further reduce the presence of circulating PCa cells in several visceral organs, including lung. 

These results support the potential of cancer traps used in patients with metastatic PCa to reduce 

or prevent the incidence of distant metastasis. 

3.6. Material and Method  

3.6.1. Materials 

HA (sodium salt, 700KDa) was purchased from Lifecore Biomedical (Chaska, MN, USA). 1-

heptanol (1-HP) and Divinyl sulfone (DVS, crosslinker) were obtained from Sigma-Aldrich (St. 

Louis, MO, USA). Isooctane, dioctyl sulfosuccinate sodium salt (AOT), N-Hydroxysuccinimide 

(NHS) and 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were obtained from Fisher 

Scientific (Waltham, MA, USA). EPO (Epogen® Alpha) was purchased from Amgen Inc. 

(Thousand Oak, CA, USA). The rest of the chemokines were purchased from Biolegend (San 

Diego, CA, USA).  

3.6.2. Preparation of hyaluronic acid microparticles 

HA microparticles were synthesized via a water-in-oil microemulsion process as described earlier 

with minor revision [94]. Briefly, HA aqueous solution (3 mL, 1.5 wt % in 0.2 M NaOH) was 
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added dropwise into a 50 mL oil phase solution (isooctane + 0.2 M AOT + 0.04 M 1-HP) and then 

DVS (15 mM) under homogenization at 28,000 rpm for 5 minutes using OMNI GLH homogenizer 

(OMNI international, GA, USA). The reaction was allowed to continue under vigorous stirring 

(2,200 rpm for 1 hour) at the room temperature. The reaction was then stopped with the addition 

of 3 ml of HCl (0.2 M). The HA microparticles were collected via precipitation in acetone. The 

crude HA microparticles were then washed consequently with deionized (DI) water, ethanol, and 

acetone. The purified HA microparticles were completely re-dispersed in DI water and then 

lyophilized for further use. 

 

3.6.3. Characterization of hyaluronic acid microparticles 

To visualize the appearance of the microparticles, some HA microparticles were labeled with 

CF™488A dye (Biotium, Inc., Fremont, CA, USA) as described earlier [95]. The structure of HA 

particle is composed of a dense sphere shell and a loose interior to offer a space that contains an 

aqueous solution [96-98]. The microparticle morphology was observed, and the images were 

captured using a Leica fluorescence microscope (Leica Microsystems, Germany) equipped with a 

Nikon E500 Camera (8.4 V, 0.9 A, Nikon Corporation, Japan). The obtained images were used to 

determine the average size and distribution of particles using Image J [99]. The degree of swelling 

is also tunable by varying the crosslinking densities [100,101]. Chemokine loading capacity and 

release kinetics were determined in vitro as mentioned in a previous publication [102]. Briefly, 

Cy5-labeling chemokine (EPO: 100 μg, SDF-1α: 8 μg) was loaded into freeze-dried HA 

microparticles (5 mg) by a “breathing-in” method [103] when most of the water solution 

accumulates in the interior space of HA particles and at the same time the size of particles is 

swelling to bring more solution into HA particles [97,100]. Subsequently, 500 μL of PBS buffer 
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was added on the top of the HA microparticles incubated at 37°C. At a predetermined time, the 

supernatant was collected, and the release medium was replaced with an equal amount of the fresh 

one. The amount of the released chemokine, based on a calibration curve, was measured using a 

microplate reader (Infinite® M200; Tecan Group Ltd, Switzerland).  The cumulative release was 

calculated as the total amount of released chemokine at a specific time relative to the initial loading 

amount. The in vitro cytotoxicity of the HA microparticles was determined by using MTT assay 

of 3T3 Swiss albino fibroblast cells (ATCC, Manassas, VA, USA) as described previously 

[104,105]. The in vivo toxicity of the HA microparticles was tested using a mouse subcutaneous 

implantation model as described earlier [106].  CD11b antibody (Santa Cruz, Dallas, TX, USA) 

was used to identify all the macrophages near the implants. 

3.6.4. Cell culture and migration assay 

Early study has shown that DAB2IP gene knockdown in PC3 cell, a poorly metastatic line, 

increases its metastatic potential (also called as DAB2IP-knockdown PC3 cells or KD cells) [76]. 

These stable cell lines expressing dual reporter genes (GFP and luciferase) were maintained in 

RPMI1640 medium (Invitrogen, Carlsbad, CA, USA) containing 5% PBS as previously described 

[76]. Migration assays were performed in Transwell dishes (Corning Costar, Cambridge, MA, 

USA) as described earlier [106]. For tracking the cell migration in vivo, both PC3 and KD were 

labeled with Qtracker® labeling kit (Life Technologies, Carlsbad, CA, USA) by following 

manufacture’s instruction as illustrated earlier [107]. For the histological study, Vybrant DiD cell 

labeling dye (Thermo Fisher Scientific, Waltham, MA, USA) was used to track cancer cells 

according to the product information for observation under a microscope [108]. 
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3.6.5. In vivo cancer cell recruitment  

To assess the ability of chemokine-releasing HA microparticles for recruiting PC3 and KD cells, 

immunocompetent Balb/c mice (Taconic Biosciences, Rensselaer, NY, USA) was used in this 

study. The animal experiments were approved by the 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. Animal procedures also comply with the Public Health 

Service "Policy on Humane Care and Use of Laboratory Animals". The animal procedure is 

summarized below. First, HA microparticles were mixed with different kinds of chemokines prior 

to in vivo experiments. Various groups of HA microparticles (9% w/v, 100 µl/implant site) were 

implanted on the back of animals via a 21-gauge needle. After particle implantation for 12 hours, 

PCa cells (5x106 cells/animal) were injected intravenously (IV) into mice. In vivo cell migration 

was monitored using Kodak In-Vivo Imaging System FX Pro (Carestream Health Inc., New Haven, 

CT, USA) as described previously [74,109]. To determine in vivo cell distribution, at the end of 

the study, internal organs were isolated and their associated fluorescence intensities were measured 

based on the NIR images. Finally, the extent of cancer cell recruitment and “cancer trap” 

biocompatibility was evaluated histologically as previously described [74].  

 

3.6.6. Statistics 

All the data were evaluated using a two-tailed student t-test and presented as mean ± standard 

deviation. The differences among each group were compared based on ANOVA and Tukey-

Kramer test. Differences were designated as statistically significant when P ≤ 0.05 (Student’s t-

test). 
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Chapter 4. 
An implantable device for diagnosing esophageal cancer metastasis and disseminated 
tumor cells  
 
4.1. Abstract 

Esophageal cancer (EC) patients often have low 5-year survival rate after the diagnosis of lymph 

node (LN) metastasis. The inability to diagnose EC earlier is believed to be responsible for the 

poor prognosis. To overcome such a challenge, this study was aimed at engineering an implantable 

device capable of intercepting migratory ECs prior to LN metastasis for early EC diagnosis. For 

that, KYSE-30 cells (high metastatic EC cells with 52% Her2+) and KYSE-70 cells (low metastatic 

EC cells with 0% Her2+) were used in this investigation. We first discovered that erythropoietin 

(EPO) is a potent chemotactic agent for EC. Using an in vitro cancer invasive assay, we have then 

determined that EPO induced significantly more migration of KYSE-30 cells than those of KYSE-

70 cells. Then a biocompatible and porous cancer capturing device (also called a diagnosis trap) 

was fabricated to slowly release EPO for capturing EC cancer cells. To test their efficacy, the 

diagnosis trap was implanted near an axillary LN using an orthotopic cancer implantation model, 

and the cell distribution responding to the trap implants was monitored using whole-body imaging. 

As expected, we found a significant migration of EC cells toward the trap implants. In addition, 

there were more KYSE-30 found at the implant site than KYSE-70. The trap device recovered 

from the animals can be treated with collagenase type II to recover viable cancer cells. Via flow 

cytometric analyses, we found that 4.03x104/implant of recovered EC cells possess disseminated 

tumor cell (DTC) markers EGFR+. The animals with trap implants were found to have lower LN 

metastasis than the controls based on histological analyses. The overall results support that trap 

implants can be used for diagnosing EC metastasis and, potentially, for reducing LN metastasis. 
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4.2. Introduction 

The American Cancer Society estimates that in 2019, there will be approximately 17,650 new 

esophageal cancer (EC) diagnoses and 16,080 deaths due to EC in the US [110]. A major cause of 

EC mortality is cancer metastasis. Based on the National Cancer Institute’s Surveillance, 

Epidemiology, and End Results database, between 2007 and 2013, the 3 stages of EC (localized/no 

metastasis, regional/early metastasis, and distant/late metastasis) have 5-year relative survival rates 

of 43%, 23%, and 5%, respectively [111]. It is believed that the lack of a reliable method for early 

diagnosis of EC is responsible for its high mortality [112]. Currently, EC is initially diagnosed 

with endoscopy and biopsy. Upon confirmation of diagnosis, several additional tests may be 

carried out to determine whether EC has spread to lymph nodes (LNs) and other organs. These 

tests may include endoscopic ultrasound (EUS), computerized tomography, and positron emission 

tomography [113,114]. The results of these tests will be used to “stage” EC from 0 to IV. 

Unfortunately, these imaging modalities cannot detect early stages of EC metastasis. Therefore, 

there is a dire need in the development of new technology for the early diagnosis of EC metastasis.   

 

The two most common EC are squamous cell carcinoma and adenocarcinoma [115]. LN metastasis 

is recognized as the earliest sign of EC metastasis and one of the most prognostic factors of EC 

[112,116,117]. LN metastasis is also well recognized as the single most important prognostic 

factor in EC and is believed to contribute to poor survival rates [118,119]. For all stages of EC, 

including early stages, LN metastasis is commonly presented (20%-40%) [117]. Furthermore, 

patients with a single LN metastasis survive significantly longer than those with two or more LN 

metastasis [120]. LN metastasis appears to occur along the lymphatic chain [121]. Although 

imaging modalities such as CT, EUS, magnetic resonance imaging, and fluorine-18 
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fluorodeoxyglucose PET are used to evaluate LN metastasis [122,123], the sensitivity and 

specificity of these modalities are still unsatisfactory. Sentinel node biopsy has routinely been used 

to diagnose LN metastasis of EC. But collecting LN biopsy can only be done during surgeries and 

sentinel LNs cannot regenerate themselves after removal. In addition, there are many surgical 

procedure-associated risks such as excess bleeding, infection, and lymphedema. The complexity 

and vastness of the lymphatic system of the esophagus further contribute to the unreliability of the 

biopsy results [124]. Due to various locations and depths of esophageal tumors, and the 

bidirectional flow of the intricate lymph drainage system, the metastasis rate for each LN is hard 

to predict and define [117]. Furthermore, it has been shown that cancer cell detection for the 

presence of LN metastasis is more sensitive in a peri-tumoral lymphovascular invasion than blood 

vascular invasion [125]. It is likely that the sensitivity and specificity of EC metastasis diagnosis 

would be significantly improved if we could detect lymphovascular invasion of EC.  

 

Recent studies have explored the hypothesis that circulating tumor cells, found in peripheral blood, 

can be used as a diagnostic or prognostic tool to determine cancer stages and predict the overall 

probability of survival. Among each CTC, their size, morphology, and surface markers vary after 

environmental stimulation [126.127]. Many studies have proven that with a combination of other 

pathological and imaging diagnosis, these CTCs help to prognosis the cancer progression [128-

130]. However, the use of CTCs as a diagnostic and prognostic tool has raised some concerns. 

Specifically, due to their small quantity and the lack of specific biomarkers and specific method 

for cell isolation, the detection of CTCs is not reliable and may be under-estimated [131-133]. 

Several recent results showed the pivotal role of disseminated tumor cells (DTCs), a type of 

circulating tumor cells (CTC), in cancer metastasis in LN and many vital organs [126,134].  In 
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fact, a study showed that 43% of EC patients (n=136) had DTC detected in their LNs [135]. Unlike 

circulating cancer cells (CTC), DTCs are correlated to LN metastasis and a high mortality rate 

[136,137]. DTCs were found to correlate with the survival rate of EC patients [138]. While 

different types of CTCs in peripheral blood are EpCAM+/pan-Cytokeratin+/cytokeratin18+ [139-

141], DTCs in LN can also be stained with Her2+/CXCR4+ [126,138,142,143].  It should also be 

noted that EpCAM+ DTC, in particular, is highly correlated to lymph node metastasis, cancer 

stages, and overall survival [124].  

 

While DTCs have been shown to play a critical role in EC LN metastasis, the molecular 

mechanisms governing DTC responses are mostly undetermined because of the lack of method 

and devices for isolating large quantity of metastatic DTCs in vivo. To overcome this challenge, 

this work was aimed at developing an implantable device which can capture DTCs for in vitro 

culture and analyses. The design of this device is based on our findings that, by releasing EPO at 

the subcutaneous space, we could recruit metastatic cancer cells to the implant site [144]. 

Specifically, a diagnosis trap device, which is composed of a cross-linked porous Gelfoam sponge, 

was fabricated. The ability of various chemokines and growth factors to trigger EC cell migration 

was tested and EPO was selected. The ability of the diagnosis trap to release EPO and to recruit 

EC cells was evaluated in vitro and then in vivo. After being implanted for different periods of 

time, the diagnosis trap was recovered for cell isolation using collagenase type II. The presence of 

EC cells and DTCs in the trap captured cells were characterized and quantified using flow 

cytometry or IHC.      
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4.3. Results 

4.3.1. Fabrication of the diagnosis trap 

To characterize Gelform sponge, we imaged the porous structure of Gelfoam using a Scanning 

Electron Microscope (SEM, Hitachi ). The porosity was determined based on the weight of the 

ethanol absorbed by the sponge. The porosity of the Gelfoam sponge is around 94%. (Fig.13A) 

After loading Cy5-EPO, chemokine-loaded Gelfoam was freeze-dried. Chemokine release kinetics 

was determined for several days. By detecting the released Cy5-EPO, the result shows the porous 

Gelfoam can release EPO for three days. (Fig. 13B) 

 

Figure 13. Porous structure and chemokine release property of Gelfoam.  
The porous structure and chemokine release property of freeze-dried sponges were characterized. 
(A) An SEM image of Gelfoam was taken. (B) The release rate of Cy5 labeled EPO (Cy5-EPO) 
was quantified in vitro.  
 

 

4.3.2. Characterization of EC cells 

To fabricate the diagnosis trap, we needed to identify the suitable chemokines or growth factors 

for facilitating the migration of high metastatic ECs (such as KYSE-30), but not low metastatic 

ECs (such as KYSE-150). Based on the published results, our initial investigation assessed the 
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following chemokines, including EPO (200 U/ml), SDF-1α (100 ng/ml), SDF-1b (100 ng/ml), 

CCL5 (10 ng/ml), CCL2 (10 ng/ml), and CCL21 (50 ng/ml). As expected, all test chemokines and 

growth factors can promote the migration of KYSE-30 cells (Fig. 14A). Interestingly, our results 

also revealed that all chemokines, except EPO, induced significantly less KYSE-150 cell migration 

than KYSE-30 cells (Fig. 14A). Since EPO has the highest potency in promoting EC migration, 

EPO was selected as the key chemokine for the fabrication of the diagnosis trap. 

     We analyzed the extent of cell responses on all EC cell types using in vitro invasion assay. 

After 4 hours of incubation, KYSE-30 cells were found to possess a faster invasion rate than 

KYSE-70, KYSE-270, and KYSE-150. (Fig. 14B) Since Her2+ is a DTC biomarker and Her2+ 

cancer cells are commonly found in LNs [138,143], we first determined the ratio of Her2+ cancer 

cells. The microscopic images showed that cultured KYSE-30 cells have a higher ratio of Her2+ 

cancer cells (52±4%) than cultured KYSE-150 cells (4±2%), KYSE-70 (0%), and KYSE-270 (0%). 

(Fig. 14C) Since KYSE-30 contains the highest percentage of DTCs, it is likely that KYSE-30 

cells possess the highest metastatic potential.   
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Figure 14. Characterization of 4 different EC cell lines.  
(A) The chemotaxis activity of KYSE-30 and KYSE-150 were evaluated using transwell assay to 
different chemokines: EPO, SDF1a, SDF1b, CCL2, CCL5, and CCL21. More KYSE-30 cells 
migrate to KYSE-150 under the stimulation of each chemokine. EPO lures more KYSE-30 than 
KYSE-150. (B) Invasion assays were performed with KYSE-30, KYSE-70, KYSE-270, and 
KYSE-150 under the stimulation of EPO. (C) Her2 expression on the cell membrane was 
compared between four different cell lines. Most KYSE-30 cells have higher Her2 expression. 
 
 

4.3.3. EC recruitment to diagnosis trap in vivo 

We evaluated the ability of the diagnosis trap to attract transplanted ECs using the orthotopic 

implantation model. After EC implantation for 5 days, diagnosis traps were implanted in some 

animals in the subcutaneous space near axillary LNs. Sham surgery was carried out in some 

animals as controls. The migration of ECs toward trap implants was monitored using a whole-

body imager. NIR images show that there were more KYSE-30 cells (0.9x107 AU, estimated 

29,440 cells) that had migrated to the trap implant than the sham surgical control at Day 1. There 

was more intensity increase on day 2 (7.2x107 AU, estimated 222,746 cells). (Fig. 15A) There was 

no difference between trap implant site and control on the recruitment of KYSE-70 cells on day 1 

and 2 (Fig. 15B). By comparing both cell types, we found that the diagnosis trap implants attracted 
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significantly more KYSE-30 cells than KYSE-70 cells. In addition, diagnosis trap implants are 

responsible for EC recruitment, since there were significantly fewer cells at the sham surgical site. 

 

 

Figure 15. In vivo tracking of EC migration-KYSE-30, KYSE-70, KYSE-150, and KYSE-270.  
After implantation, the migration process of DiD-labeled KYSE-30 and KYSE-70 were monitored. 
(A) The representative images show the accumulation of ECs around the trap implants. (B) 
Quantitative results show the stronger recruitment of KYSE30 by the trap implants than those by 
the control at both day 1 and 2. No differential recruitment was found on KYSE-70.   
 
 

 

4.3.4. Influence of trap implants on EC LN metastasis 

Since the lymphatic system is an important route for cancer migration, we also examined lymph 

node metastasis. At the end of the study (with five-day cancer inoculation and two-day cancer 

entrapment), we isolated various LNs for imaging analyses. Mesenteric LNs in the sham surgical 

control group have more DiD-labeled cancer cells (6.6x106 AU) than that in the diagnosis trap 

group (2.0x106 AU). (Fig. 16A, B) 
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Figure 16. Influence of diagnosis trap implantation on EC LN metastasis.  
At the end of the study (with 5 days EC implantation + 2 days trap implantation), animals were 
sacrificed and various LNs, including axillary LN (aLN), mesenteric LN (mLN), and renal lymph 
nodes (rLN), were isolated for analyses. (A) Metastatic LNs were observed using a Kodak in vivo 
imaging system. Our cancer trap decreased KYSE-30 cancer migrating to mesenteric LN. Less 
KYSE-70 cancer cells (Trap implant and control) migrated to LNs. (B) There is more KYSE-30 
cell accumulation in sham surgical control groups but less in KYSE-70. 
 

 

4.3.5. Histological analyses of trap implants  

To confirm cancer entrapment, trap implants and LNs were harvested and then histological 

analysis was performed. As expected, we have found that there are more GFP+ KYSE-30 inside 

of the diagnosis trap (809±118 /mm2) than that of the control (283±54 /mm2) (Fig. 17A, B). Since 

Her2 expression status is correlated to the pathologic diagnoses of EC patients [145-147], Her2 is 

a common marker of DTC in ECs [148,149], and a high percentage of KYSE-30 cells (~50%) are 

Her2+, subsequent analyses were carried out to survey the distribution of Her2+ EC DTC cells at 

the implant sites and LN tissues. The LN histological analyses revealed that there were fewer 

DTCs in the trap implant site (58±16/view field) than in the control group (143±26) [Fig. 5C]. 

There were also less Her2+ DTC EC cells in mesenteric LN from animals with trap implants than 

in those animals with sham surgery (Fig. 17C), and the numbers of circulating tumor cells (CTC) 
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in the blood sample were also quantified after implantation. Interestingly and as expected, trap 

implantation was found to significantly decrease the number of CTC in serum (91 cells /50 µl 

blood) by compared to control (267 cells/50µl blood). (Fig. 17D) Overall, the results support our 

hypothesis that the diagnosis trap implant can recruit ECs and DTCs. Such active recruitment can 

cause the reduction of EC and DTC presence in LN and blood.  

 

Figure 17. Histological images of the implantation site, metastatic lymph nodes, and serum.  
(A, B) Representative images of Histological images of cancer trap showed that more GFP+ 
KYSE-30 cells were entrapped in cancer than suture control only. (C) The sections of mesenteric 
lymph nodes were observed using ImageJ and stained with Her2 antibody. Cancer trap decreases 
the number of GFP+ DTC and reduces Her2 expression in lymph nodes. (D) The number of GFP+ 
CTC were counted under a fluorescence microscope. Cancer trap also decreases GFP+ CTC in the 
circulation system. 
 

 

4.3.6. Characterization of cells recovered from the trap 

After implantation for 2 days, the diagnosis trap was recovered and the trap-associated cells were 

retrieved following collagenase II treatment. We then characterized the retrieved cells using flow 

cytometry analyses. We first found that the diagnosis trap could recover a large number of 
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4.03x104 GFP+ EC cells. After performing immunocytochemistry, about 2.3x104 EGFR+ DTC EC 

cells were captured per diagnosis trap within 2 days (Fig. 18A, C). Among retrieved cells, there 

was a higher ratio of DTC cells (59%), which was higher than those before cancer inoculation 

(52%) using ICC staining. (Fig. 18A, B and Fig. 13C) These results support that the diagnosis trap 

can capture EC cells and DTC cells in animals. 

 

Figure 18. Flow cytometry of captured EC cells 

(A) Flow cytometry has proven that 27% of captured cells were GFP+ KYSE-30. (B) After staining 
with EGFR protein (DTC biomarker), the fluorescence images showed that GFP+ captured EC 
cells express higher EGFR protein than cultured ones. (C) The total number of captured KYSE-30 
(EC) and EGFR+ cells (DTC) is around 4.03x104 and 2.3 x104, respectively. 
 

 

4.4. Discussion 

 Here we present a novel device, the diagnosis trap–which can capture implanted EC cells. 

While we have developed many methods to track the accumulation of cancer cells and tissue in 
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vivo, there are limited methods that have been established for isolating cancer cells from animals 

or humans. For example, endothelial cell adhesion molecule (EpCAM) antibody (Cellsearch assay) 

or cell size (ISET) are commonly used in capturing blood CTC. A comparison study for both 

assays, Cellsearch detects less than 20 cells while ISET can capture less than 70 cells per 7.5ml 

serum among most prostate cancer patients [150]. The detected cancer cell number is less because 

of the heterogeneity of serum cancer cells [151]. While we have used these methods in some 

studies, they have many drawbacks. Specifically, these procedures can only retrieve a tiny number 

of cancer cells. Because of the lack of sufficient cell numbers, the cells recovered from these 

methods cannot be used for both research and treatment development. Our results have shown that 

the diagnosis trap could recover 4.03 X104 EC cells per implant (equivalent to cells isolated from 

4.3 liters blood) and many of these retrieved cells possess DTC cell markers. These findings 

highlight the significance of this invention for future cancer research and personalized medicine.  

 

The current diagnosis trap design is composed of a porous scaffold and a chemokine. The porous 

structure allows cell infiltration to improve cell retention. Some suggest that the porous structure 

provides space for immigrated cancer cells without increasing their malignancy or stimulating 

cancer proliferation [152,153]. However, further, improvement is needed to facilitate fast cell 

isolation for culture. By using the property of cancer metastasis, Collagen-based Gelfoam was 

used as the base of the trap, because the flexible tissue-like structure of Gelfoam has been shown 

to improve the cell affinity [154]. Since the cancer cell heterogeneity obstructs procedures using 

antibodies or cell properties to purify serum cancer cells, EPO acts as a chemoattractant to recruit 

most cancer cells, instead of certain types of cancer, selecting by surface protein expression or cell 

size. In fact, it has been shown that EC biopsies got from cancer patients have EPO receptor 



 

 53 

expression [155]. The porous structure of the cancer trap can provide a spacious room for cell 

recruitment and retention. This combination helps to recruit large numbers of migrating cancer 

cells which could be isolated for cancer diagnosis and, perhaps, drug screening.  

 

We found the diagnosis trap to not only attract implanted EC cells but also decrease EC cell 

migration toward mesenteric LNs. In addition, the histological analysis confirmed that the 

implantation of the diagnosis trap decreased the number of Her2+ DTC in LNs. Since the 

accumulation of Her2+ DTC EC cells in LNs are commonly found in patients with late-stage ESCC 

[156], our results support that we may use the diagnosis trap intercept EC cells from further 

dissemination and LN metastasis. The most important thing doctors care about is how to diagnose 

the early stage of cancer. A useful diagnostic tool should be able to determine the early and late 

stages among patients. So far, our diagnosis trap can capture enough cells for further analysis. But 

very little we know about the difference between captured cells and the relationship between these 

cells and cancer malignancy. Our next steps should examine the properties of captured cells to find 

their correlation to cancer metastasis and then improve the sensitivity of the cancer trap. 

 

 

 

4.5. Material and Methods 

4.5.1. Cell culture and migration assay 

KYSE-30 (obtained from stage III patient), KYSE-150 (obtained from stage II patient), KYSE-70 

(obtained from stage II patient) and KYSE-270 (obtained from stage II patient) were human 
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esophageal cancer cells obtained from the patient’ tumor [157,158]. The stable cell lines 

expressing GFP reporter genes were maintained in 50% RPMI1640 a 50% F-12 medium 

(Invitrogen, Carlsbad, CA, USA) containing 5% PBS after modifying the previous protocol [157]. 

A series of chemokines, including EPO (200 U/ml), SDF-1α (100 ng/ml), SDF-1b (100 ng/ml), 

CCL5 (10 ng/ml), CCL2 (10 ng/ml), and CCL21 (50 ng/ml), were tested on their capability to 

trigger the migration of EC cells. We performed migration and migration assays in Transwell 

dishes (Corning Costar, Cambridge, MA, USA) as described earlier [159]. Cell invasion assay was 

carried out using Collagen type I (BD Biosciences, San Jose, MA, USA) and Transwell dishes 

(Corning Costar, Cambridge, MA, USA) as described earlier [160]. For tracking the cell migration 

in vivo, EC cells were labeled with Vybrant DiD cell labeling dye (Thermo Fisher Scientific, 

Waltham, MA, USA) according to the product information, to track cancer cells [161]. 

 

4.5.2. Diagnosis of trap fabrication and characterization 

Trap implants were composed of porous scaffolds and chemokines. Crosslinking Gelfoam Sterile 

Sponge (Pharmacia & Upjohn Company, Kalamazoo, MI, USA) were produced based on early 

work [162]. The biocompatibility of the scaffolds was determined using 3T3 cells as described 

earlier [163]. The trap implants, chemokine/growth factor loaded scaffolds, were produced by 

adding EPO (100U/25ul saline) to scaffolds (0.4 cm x0.4 cm x0.5 cm). After being freeze-dried, 

the EPO-loaded trap implants were ready for study. We recorded the morphology of scaffolds 

using a Scanning Electron Microscope (Hitachi S-4800 II FE SEM, Hitachi, Japan). We calculated 

the porosity according to a previous study. [164]  

The porosity was calculated using the following equation:  

Porosity (%) = (W2− W3 – Ws)/ (W1 – W3) × 100%  
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W1: The weight of absolute ethanol. W2: The weight of absolute ethanol with immersed sponges. 

W3: The weight of absolute ethanol after removing immersed sponges. Ws: The weight of dry 

sponges. 

The releasing rate of chemokine from scaffolds was determined in vitro as described in a previous 

publication [165]. Briefly, Cy5-labelling chemokine (EPO: 100 μg) was loaded into scaffold block 

(0.4 cm x0.4 cm x0.5 cm). Subsequently, 1000 μL of PBS buffer was added on the top of scaffold 

block incubated at 37°C. At a predetermined time, the supernatant was collected, and it replaced 

the release medium with an equal amount of the fresh one. The amount of the released chemokine, 

based on a calibration curve, was measured using a microplate reader (Infinite® M200; Tecan 

Group Ltd, Switzerland). We calculated the cumulative release as the total amount of released 

chemokine at a specific time relative to the initial loading amount. 

 

4.5.3. In vivo evaluation of cancer cell recruitment 

To assess the ability of the diagnosis trap for recruiting EC cells, we used an orthotopic cancer 

implantation model as described previously. [166] Immunocompetent Balb/c mice (Taconic 

Biosciences, Rensselaer, NY, USA) were used in this study since immunocompromised animals 

have less well established LNs and we want to assess the effectiveness of the diagnosis trap for 

reducing EC LN metastasis. The animal experiments were approved by the Animal Care and Use 

Committee (IACUC) at the University of Texas at Arlington under the Animal Welfare Act and 

Guide for the Care and Use of Laboratory Animals. Animal procedures also comply with the Public 

Health Service "Policy on Humane Care and Use of Laboratory Animals". The animal procedure 

is summarized below. First, an orthotopic cancer model was established in which EC cells (0.5x106) 

were injected into the esophageal using a 22G needle according to the previous study. Second, 
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after 5 days of cancer inoculation, diagnosis traps loaded with different chemokines were 

implanted subcutaneously on the shoulder of animals near axillary LNs. In vivo cell migration was 

monitored using the Kodak In-Vivo Imaging System FX Pro (Carestream Health Inc., New Haven, 

CT, USA) as described previously [144]. After 2 days implantation, the extent of cancer cell 

recruitment in the diagnosis trap and LNs were evaluated histologically as previously described 

[144]. To determine in vivo cell distribution, at the end of the study, internal LNs were isolated 

and their associated fluorescence intensities were measured based on the NIR images to estimate 

the numbers of recruited ECs. To characterize captured cancer cells, 8-µm tissue sections were 

imaged using a fluorescent microscope. GFP+ KYSE-30 were counted using ImageJ.  

 

4.5.4. Characterization of cells isolated from the diagnosis trap  

At the end of the study (2 days), diagnosis traps were harvested using collagenase type II 

(Worthington Biomedical Corporation, Lakewood, NJ, USA) at 37 °C for 16 hours and recruited 

cells in the traps were recovered and then stained with goat anti-EGFR antibody (Santa Cruz 

Biotechnology, Dallas, TX, USA) and Texas red rabbit anti-goat secondary antibody (Jackson 

ImmunoResearch, West Grove, PA, USA) before cell cytometry analyses (LSRII Multi-Color 

Flow cytometry, BD Bioscience, San Jose, CA, USA). The percentages of captured CTCs (GFP+ 

KYSE-30) were quantified using flow cytometry and the percentage of DTCs (EGFR+ biomarker) 

were determined using immunocytochemical staining. 

 

4.5.5. Statistics 
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All the data was evaluated using a two-tailed student t-test and presented as a mean ± standard 

deviation. We compared the differences among each group based on ANOVA and the Tukey-

Kramer test. We designated differences as statistically significant when P ≤ .05 (Student’s t-test). 
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Chapter 5 
Summary and Future work 

All these works started from a very interesting observation and no one understood the mechanism 

at the beginning but tried everything to figure it out. Now we know something and find more things 

that we still need to spend more time to figure out.  

Our first cancer study in Dr. Tang’s laboratory started from the inflammation-induced cancer 

migration. Injectable PLGA particles gave us an idea to design a cancer trap using the chemotactic 

activity of cancer cells. EPO was one of the chemokines to recruit more cancer cells. However, the 

inflammatory response caused by PLGA hinders the efficacy of EPO. Inspired by this design, we 

tested another biocompatible and injectable HA particles to prove our hypothesis. HA particles not 

only decrease the inflammatory response and their slow release property recruited more cells.  The 

activity of EPO can maintain for several days to differentiate highly and poorly metastatic prostate 

cancer cells. 

Even though more cells were recruited, we are not satisfied with this result. To make the cancer 

trap more sensitive on detecting migrating cancer cells, instead of using particles, we chose porous 

Gelfoams as our 3rd generation of cancer trap. The limitation of HA particles is that the particles 

can only offer the space among particles for cell migration. Most of PCa was accumulated near to 

the boundary of the tissue and implantation site but not the middle of HA implants. The best pore 

size for culturing various mesenchymal stem cells ranges from 150-500 µm. [167] It has proven 

that pore size higher than 300 µm provides a better environment for cell adhesion and cell 

migration. [168] To increase the capacity, 3D porous structure of Gelform (pore size: 200-500 µm) 

allows body fluid to penetrate and then bring more cancer cells to disseminate. Two studies have 

proved that Stage III EC has a higher incidence of lymph node metastasis than Stage II through 
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pathological analysis. [121, 169] Surprisingly, the in vivo study showed that cancer trap can 

differentiate two different EC cell lines (KYSE-30: Stage III and KYSE-70: Stage II). [157,158] 

So far, we can recover captured cancer cells. But the information that these cells represent is still 

unknown. To learn more about the relationship between captured cancer cells and cancer 

malignancy, we need to do more tests on these cells to get some clues. 
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