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ABSTRACT 

 
IN VIVO TRACKING OF MESENCHYMAL STEM CELL 

RECRUITMENT TO TISSUE SCAFFOLDS 

 

Manwu Sun, M.S 

 

The University of Texas at Arlington, 2010 

 

Supervising Professor:  Liping Tang   

 The term "Stem cells" has been extensively used to describe precursor 

undifferentiated cells that have the capacity to self-renew and can also give rise to multiple tissue 

types. Many studies have been shown improved functional outcome after treated with stem cell 

therapy. However, almost all of these investigations were analyzed based on histological 

evaluations which are time-consuming, expensive and fail to provide 3 dimensional and real-time 

information about stem cell responses. Therefore, there is a need for the development of new 

method to investigate the migration of stem cells in vivo. Recent evidence supports that 

fluorescence imaging system offer both near-infrared resolution and whole-body imaging 

capability. 

The purpose of this study was to examine whether using in vivo imaging method to track 

and to identify the localization in vivo of the transplanted stem cells to the site of injury after 

different routes (IP/ IV) of injection at different time points. Taking advantage of recent progress of 

whole-body imaging system, bone marrow derived mesenchymal stem cells were labeled with
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near-infrared imaging agents. Following transplantation, the migration of mesenchymal stem cells 

was monitored in real-time. 

To study whether the localized release of chemokines affect stem cell recruitment, 

scaffolds capable of releasing stromal cell derived-1 alpha (SDF-1α) or Erythropoietin (EPO) 

were fabricated. Our results have supported our hypothesis that the release of both chemokines 

enhances stem cell recruitment using whole-body imaging system.  Such observations are also 

confirmed by histological results. The results of this work have lead to the establishment of an 

imaging system which allows real-time stem cell responses to tissue scaffold implants in animals.  

 



 

vi 

 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENTS ................................................................................................................ iii 
 
ABSTRACT ..................................................................................................................................... iv 
 
LIST OF FIGURES .......................................................................................................................... ix 
 
 
Chapter  Page 

 
1. INTRODUCTION……………………………………..………..…........................................ 1 

 
1.1 Types of stem cells .......................................................................................... 2 

 
1.1.1 Embryonic stem cells (ESC) ............................................................ 2 

 
1.1.2 Induced pluripotent stem cells (iPS) ................................................ 2 

 
1.1.3 Adult stem cells ................................................................................ 2 

 
1.2 Cell source for stem cell therapy ...................................................................... 3 
 

1.2.1 Heterologous stem cells  ................................................................. 3 
 

1.2.2 Allogenic adult stem cells ................................................................. 4 
 

1.3 Stem cells and tissue engineering ................................................................... 4 
 
1.4 Stem cells participate in wound healing responses .. …………………………...5 
 

1.4.1 Role of stem cells in wound healing ................................................. 5 
 
1.4.2 Role of chemokines and cytokines in stem cell  
       homing ............................................................................................ 6 

  
1.5 Recent develop of in vivo cell tracking technology  ......................................... 7 
 

2.  OVERALL HYPOTHESIS ........................................................................................... 10 
 

2.1 Hypothesis I .................................................................................................... 10 
 

2.2 Hypothesis II ................................................................................................... 10 
 

3.  INFLUENCE OF INFLAMMATORY RESPONSES ON STEM CELL  
       RECRUITMENT (HYPOTHESIS I) ........................................................................ 11 



 

vii 

 

       3.1 Rationale......................................................................................................... 11 
 
3.2 Materials and methods ................................................................................... 12 

 
3.2.1 Materials ......................................................................................... 12 
 
3.2.2 Production of polylactic acid particles ............................................ 12 

 
3.2.3 Bone marrow MSC culture ............................................................. 13 
 
3.2.4 Cell labeling with imaging agent .................................................... 13 

 
3.2.5 Animal model and in vivo cell tracking system .............................. 14 
 
3.2.6 Histological evaluation ................................................................... 15 
 
3.2.7 Statistical analyses ......................................................................... 16 

 
3.3 Results ........................................................................................................... 17 
 

3.3.1 In vitro labeling of MSCs ................................................................ 17 
 
3.3.2 Effect of inflammatory responses on stem cell  
       recruitment in vivo ....................................................................... 20 

 
3.3.3 Correlation between in vivo fluorescence intensity 
       and cell numbers ......................................................................... 23 
 
3.3.4 Influence of transplantation sites (intravenous vs.  
       intraperitineal) on MSCs migration .............................................. 27 

 
3.4 Discussion ...................................................................................................... 32 

 
4. EFFECT OF LOCALIZED RELEASED CHEMOKINES ON STEM  
       CELL ENGRAFTMENT IN TISSUE SCAFFOLDS 
       (HYPOTHESIS II) .................................................................................................. 35 

 
4.1 Rationale ........................................................................................................ 35 
 
4.2 Materials and methods ................................................................................... 36 

 
4.2.1 Materials ......................................................................................... 36 
 
4.2.2 Fabrication of chemokine releasing scaffolds ................................ 36 

 
4.2.3 Bone marrow MSC culture ............................................................. 37 
 
4.2.4 Scaffold implantation and MSCs transplantation  
       in mice ......................................................................................... 37 

 
4.2.5 In vivo cell imaging ......................................................................... 37 
 



 

viii 

 

4.2.6 Statistical analyses ......................................................................... 37 
 

4.3 Results ........................................................................................................... 38 
 
4.3.1 Effect of microbubble scaffolds on stem cell     
       recruitment in vivo ....................................................................... 38 
 
4.3.2 Influence of chemokine release on intracenously  
       transplanted stem cells  .............................................................. 38 

 
4.3.3 Effect of chemokine release on intraperitoneally  
       implanted stem cells .................................................................... 43 

 
4.4 Discussions .................................................................................................... 45 

 
REFERENCES ............................................................................................................................... 49 
 
BIOGRAPHICAL INFORMATION .................................................................................................. 58 
  



 

ix 

 

LIST OF FIGURES 

Figure                                    Page 
 
1. In vitro Imaging of MSCs labeled with NIR X-Sight Nanospheres. 

(a) Well plate fluorescence image of stem cells (4x10
6
 cells 

in each well) incubated with different concentrations of  
X-Sight (from left to right: PBS, 1μM, 2μM, 3μM,  
4μM, and 5μM). (b) The correlation between  
cell-associated fluorescence intensities  
and NIR agents labeling 
concentrations is 
determined………………………………………………………………............................……18 

 
2 (a) In vitro images of labeled MSCs inside 25-gauge syringe needle  

(upper needle: MSCs without labeling served as background 
; lower needle: MSCs labeled with X-sight) (b) The  
fluorescence intensity of labeled MSCs  
and non-labeled MSCs can be  
quantified ……….................................................................................................................19 

   
3 In vivo images of transplanted MSCs into the intraperitoneally sites 

of mice with and without X-Sight-labeling at 0h, 24h, 48h (from 
top to bottom).. (a) Mice imaging at ventral position. 
(b) Mice imaging at dorsal position. (L: MSCs  
without labeling, R: MSCs labeling 
with X-sight)………………………........……………………………………………………….…21 

 
4 The comparison of mouse with PLA implant and without at 0h, 24h,  

48h (from top to bottom). (a) The signal intensity of IP site at.  
Left is the mouse with PLA implantation, and the  
right one is without PLA implantation (Ventral 
). (b) Mouse signal in the implantation 
site (Dorsal). ……….…………………………………………………………………….……….22 

 
5 The fluorescence background signals in the area behind the neck are  

not very consistent. However, the lower dorsal back area  
consistently has lower fluorescence……………………………...........................................23 

 
6 In vivo quantification of stem cells. (a) 2*10

4
, 5*10

4
,10

5
, 2*10

5
,5*10

5
,  

10
6
 stem cells labeled with X-sight and directly imaged after  

injection. (b) Fluorescence integrated intensity recorded  
in the regions were plotted, after subtraction 
of background, versus the numbers 
of stem cells…………………………………………………………………………..…………...24 



 

x 

 

7 (a) The microscopy lmaging of transplanted MSC migrate to the PLA  
implantation site after 48hrs implantation by using CFDA-SE  
double staining, from left to right: IV injection, IP injection 
and another IP injection experiment (without labeling  
X-sight as control). (a) The ex vivo PLA implantation  
imaging results. (b) PLA implantation site frozen  
section, green signal shows CFDA-SE labeled 
MSCs, and the blue signal shows DAPI 
staining..……………………………………...............………………………........……….....…25 

 
8 Examination the distribution of MSCs using whole-body imaging system. 

Time points examined between the peritonea cavity fluorescence 
intensity with IV (a) and IP (b) injection with 24h, 48h (from 
left to right).(C) The signal intensity of IP site with IP 
injection was decreasing through time points…………………………………………….....…28 
 

9 Examination the distribution of MSCs using whole-body imaging system.  

Time points examined between the implantation areas fluorescence 

intensity with IV (a) and IP (b) injection with 24h, 48h (from left  

to right).(C) The signal intensity of IP site with IP injection  

was decreasing through time points…………………………………………………………….29 

 

10 Histology results of PLA implants after 48hr examination. From left to  
right: IV injection, IP injection and another IP injection experiment.  
(a) Ex vivo results of PLA implant (b) H&E results 
of PLA implant…………......…………......................................................................……….30 
 

11 The correlation between implant fluorescence intensity and numbers of  
cells count in the capsule sites after 48hr examination…………………………….……....…31 
 

12 (a) Fluorescence intensity of the IP site with/without PLA implantation. 
The intensity of the peritoneal cavity decreasing through time 
point. (b) Fluorescence intensity of the implantation sites  
with/without PLA implantation. The intensity of the 
implantation sites increasing through 
time points. ..………............................………………………………………..……………..…33 
 

13 H&E results of microbubble scaffolds triggered mild inflammatory 
responses………………………………………………………………………………………….38 
 

14 (a) Imaging results of microbubble scaffold result in 24hr and 48hr (left to  
right) at ventral position. (b) Different time points examined of  
peritoneal cavity fluorescence intensity…………………….....…………....………………….39 
 

15 (a) Imaging results of microbubble scaffold implantation result in 24hr 
and 48hr (left to right) at dorsal position. (b) Different time points  
examined of implantation site fluorescence intensity………………………………..………..40 
 
 
 
 
 



 

xi 

 

16 Homing of intravenously transplanted MSCs to subcutaneously implanted  
EPO-releasing and SDF-1α -releasing scaffolds in mice. After 
MSCs transplantation for 48hr, the in vivo images of  
(a) L: EPO scaffold; R: SDF-1α scaffold 
(b) EPO scaffold and SDF-1α  
scaffold with blocking 
incision sites, were  
taken. ….....................................................………………………………………………….…41 
 

17 The extent of MSCs homing (reflected by fluorescence intensity) to either  
EPO-releasing or SDF-1α-releasing scaffolds 
in vivo………………………………………………….............................................…………..42 
 

18 Homing of intraperitoneally transplanted MSCs to chemokine-releasing  
scaffolds in vivo. Images were taken at dorsal regions surrounding. 
(A) EPO-releasing scaffold and (B) SDF-1α-releasing  
scaffold following MSCs transplantation for 
24 and 48 hours (from left to 
right)…………………….......................................................................................................43 
 

19 Effect of chemokine release on MSCs and immune reactions to scaffold 
implants in vivo. (a) MSCs homing can be quantified based on 
ex vivo images of scaffold implant. (b) The extent of  
tissue responses to implants was determined  
based on H&E staining. From left to right: 
EPO-releasing scaffold, SDF-1α- 
releasing scaffold, and 
control Scaffold…......…………………………………………………………………………….44 
 

20 Histology results of cytokine-release-scaffold implants after 48hr  
examination. (a) Capsule thickness (b) Capsule 
cell number density counts…………………………………………........................................46 
 

21 The correlation between implants intensity and capsule cell density 
counts was determined.  …………………………………………………………………….....47  



 

 1 

CHAPTER 1 

INTRODUCTION 

Stem-cell-based therapies are an attractive option for the treatment of tissue repair and 

regeneration [1]. Many experimental studies have shown improved functional
 
outcome after 

treated with stem cell therapy
 
and transplant [2]. Most of these researches were carried out based 

on histological evaluations which are time-consuming, tedious, and expensive. Therefore, there is 

a need for the development of new method to investigate the migration of stem cells in vivo. The 

understanding of the mechanisms underlying stem cell migration into tissue is an essential step 

for the development of novel stem cell therapies. Improved stem cell tracking system would also 

allow evaluating the function and activities of recruited stem cells on the maintenance, repair or 

replacement of damage tissues [1]. 

Many methods have been used to track stem cell migration in live animals. These 

methods include fluorescence labeling, magnetic particles, radionuclides,
 
quantum dots (QDs), 

and reporter genes. Magnetic particle labeling used in magnetic resonance imaging (MRI) 

involved in using cells tagged with iron oxide nanoparticles that provide great spatial resolution 

and high sensitivity [3].  Radionuclide imaging techniques, labeling of mesenchymal stem cells 

with radioisotopes, such as 
111

In-oxyquinoline, 
99m

Tc-hexamethylpropylene
 
amine oxime, and 

also 
18

F-FDG PET radiotracer, have been used to be the observation of cell targeting [3, 4]. 

Quantum dots (QDs), is a new fluorescent probe for in vivo imaging with a light-emitting particles 

on the nanometer scale that improved signal brightness and simultaneous excitation of multiple 

fluorescence colors [4]. Reporter gene imaging usually encodes specific molecules that interact 

with imaging probe and generated signal that can be captured within living subjects [3].  
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1.1 Types of stem cells 

Differing from specialized cells (muscle, skeleton, nerve cells, etc), stem cells can 

proliferate and then differentiate into specialized cells with proper stimulation [5]. It is generally 

believed that stem cells can be transplanted to repair and to regenerate injured tissue. Such 

regenerative properties have been widely tested to treat a variety of incurable disease, such as 

spinal cord injury, Alzheimer diseases, diabetes, etc. 

Many sources of stem cells have been used for stem cell therapies. These cell sources 

include embryonic stem cells, induced pluripotent stem cells, bone marrow stem cells, core 

blood stem cells, placenta stem cells,..etc. 

1.1.1 Embryonic stem cells (ESCs) 

ESCs are isolated from embryos at blastocyte stage. It is generally believed that ESCs 

are pluripotent, highly proliferative, and can differentiate into cells of any types [6]. Despite of their 

superior plasticity, ESCs have been indicated to promote tumor [7]. In addition, ESCs can only 

obtain from embryos, vociferous debate continues as to the ethical validity of ESC harvesting [6, 

7]. These limitations have substantial hindered the use of ESCs in stem cell therapy. 

1.1.2 Induced pluripotent stem cells (iPS) 

iPSC are a type of pluripotent stem cell artificial derived from non-pluripotent stem cells 

(adult specialized cells, such as skin) by up-regulation of a panel of genes, including Oct-3/4, Sox 

family, Klf family, and c-Myc [8]. iPS cells are similar to ESCs that have the capacity to generate 

a large quantity of stem cells as an autologous source that can be used to regenerate 

patient-specific tissues [8, 9]. One disadvantage of iPS is the use of retroviruses [10] that might 

alteration in genes and cause of many diseases, like cancer [10]. Also, the long-term safety is still 

unknown and need to be fully investigated.   

1.1.3 Adult stem cells 

Adult stem cells can be isolated from bone marrow, fat, muscles, and various tissues. 

Among all sources, bone marrow remains to be the major source of adult stem cells [11]. Bone 

javascript:glosspop('embryonicsc')
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marrow fluid and cells are aspiration removes through a needle that injected into a bone. The 

bone marrow fluid and cells are checked for problems with any of the blood cells made in the bone 

marrow. Cells can be checked for chromosome problems.  

Adult stem cells can be isolated from bone marrow, fat, muscles, and various tissues. 

Among all sources, bone marrow remains to be the major source of adult stem cells [11]. Bone 

marrow fluid and cells are recovered using a hollow needles from, typically, the back of the 

hipbone. The bone marrow fluid contains many cells, including platelets, monocytes, fibroblast, 

macrophages, and stem cells [5, 6]   

There are several types of adult stem cells including: hematopoietic stem cell (HSCs) and 

mesenchymal stem cells (MSCs). HSCs can be able to renew itself, and can differentiate to a 

variety of specialized cells that can mobilize out of the bone marrow into circulating blood [12]. 

MSCs reside within the stromal compartment of bone marrow. With proper stimulation, MSCs can 

differentiate into other specialized cell types such as osteoblasts, adipocyted, chondrocytes, 

myocytes, cardiomyocytes, adipose cells, and stromal cells [13]. For stem cell therapy, studies 

have suggested that bone marrow cells contain neural progenitor cells and can be used for 

neuronal tissue repairing [14].  

1.2 Cell sources for stem cell therapy 

Cell therapy involved transplantation, through local delivery or systemic infusion, of 

autologous or allogeneic cells to restore the viability or function of deficient tissues. A key factor 

in stem cell-based tissue engineering is the source of stem cells. The source of adult stem cells 

can be allogeneic (same species, different individual), or autologous [15]. 

1.2.1 Allogenic stem cells 

Allogeneic stem cells are derived from a matched donor (such as a sibling). Traditionally, 

allogeneic stem cells transplants have been performed using stem cells collected from the bone 

marrow aspiration, but the use of peripheral blood stem cells is rapidly increasing [16]. However, 

since the donor and the recipient are different, immunological differences exist [16], including 
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graft rejection and graft-versus-host disease (GVHD) [17]. The new stem cells may attack the 

tissues of the patient, but they may also attack the cancer [17].  

1.2.2 Autologous stem cells 

Autologous transplant means that the transplanted tissue (stem cell) is derived from the 

person for whom the transplant is intended. The stem cells from the patient's own marrow will 

"harvested," stored and then returned to the body (engrafted) after the patient receives high 

doses of chemotherapy and/or radiotherapy conditioning therapy [18]. Autologous stem cells may 

be collected from the bone marrow by bone marrow harvest. Stem cells are removed from the 

patient before the treatment and re-implanted afterwards. 

 Autologous stem cells can be made to not only generate cell types of their tissue of 

origin but also produce cell types present in other tissues [18].  Ideally, autologous stem 

cell-derived tissues have almost zero concerns of immune-rejections, thereby avoiding the 

deleterious side effects of immunosuppressice medications [19]. 

1.3 Stem cells and tissue engineering 

Due to the short supply of viable tissues and organs, tissue engineering has gained 

popularity as a promising alternative to produce functional organs and tissue for transplantation. 

The term of “tissue engineering” is defined as “the application of principle and methods of 

engineering and life sciences toward fundamental understanding of structure-function 

relationships in normal and pathological mammalian tissue and the development of biological 

substitutes to restore, maintain or improve tissue function [20, 21].” For a long time, primary 

cultured cells and cell lines have been used as the main source of cells for tissue engineering. 

Unfortunately, the potential immune reactions to cell lines and lack of reliable source of primary 

cells have substantially hindered the potential applications of tissue engineering in medical 

applications [15]. Due in large part to recent progress in stem cell biology and recognition of the 

unique biological properties of stem cell, increasing number of tissue engineering studies use 

stem cells as the major source of cells [22]. Stem cells represent an ideal cell source for tissue 
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engineering. Since stem cells can be readily isolated, expanded and transplanted, their 

application in cell-based therapies has become a major focus of research. Biomaterials can 

potentially influence e.g. stem cell proliferation and differentiation in both, positive or negative 

ways and biomaterial characteristics have been applied to repel or attract stem cells in a 

niche-like microenvironment [23]. 

Although stem cells have been gained their popularity as the main sources of cells for 

tissue engineering, many limitations have been found to restrict the clinical applications of stem 

cell-based tissue engineering products. Briefly, the bone marrow aspirate procedure may post 

risk to some patients and may not applicable to all patients. Despite of excellent plasticity, adult 

stem cells are hard to grow to sufficient number for soft or hard tissue regeneration. Stem cell 

culture is time consuming and very expensive. To avoid potential immune rejection, stem 

cell-based tissue engineering products have to be custom made and cannot be produced in large 

quantity.  Therefore, there is a need for the development of new method for producing stem cell 

based tissue engineered tissue/organs. 

1.4 Stem cells participate in wound healing responses 

1.4.1 Role of stem cells in wound healing 

In searching for novel method to direct tissue regeneration, we decide to learn from 

nature tissue regeneration processes - wound healing responses.  Wound healing, such as skin 

injury requires with a complex biological and molecular events of cell migration and proliferation 

system, as well as extracellular matrix deposition, angiogenesis, and remodeling [24]. During 

wound healing, stem cells are attracted by inflammatory signals to migrate to the injury site and 

undergo differentiation promoting structural and functional repair [24, 25]. Stem cells, both mouse 

and human, have a capacity to differentiate into various tissue types by asymmetric replication, 

which will help create a complex structure [24]. 

Many recent studies suggest that inflammatory signals are responsible to stem cell 

homing to injured tissue [26]. Macrophages, mast cells, neutrophils, and fibroblasts are found to 
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participate in wound healing responses.  Macrophages produce angiogenic factors, proteases 

and growth factors, which result that stimulates the migration of epithelial-cell, survival and 

proliferation [27]. The products releases by these inflammatory cells, most notably mast cells 

and neutrophils, have been associated to the recruitment of stem cells [28, 29]. Some evidences 

suggest that those recruited stem cells contribute to revascularization of wounds and damaged 

tissues [24]. Large number of studies has been demonstrated that transplanted marrow-derived 

stem cells could accelerate revascularization and promote healing at the injured sites [24, 26, 

27]. 

1.4.2 Roles of chemokines and cytokines in stem cell homing 

Wound healing responses are always accompanied with the release of a variety of 

chemokines, cytokines, and growth factors. Many of these factors have been associated with 

stem cell homing. The specific function of these cytokines and their potential roles on stem cell 

homing are listed below. 

Stromal cell derived-1 alpha (SDF-1α) 

SDF-1α, also called as CXCL12a, belong to the group of CXC chemokines. The receptor 

for SDF-1α is CXCR4 [30]. SDF-1α has been found to express in many tissues, including brain, 

thymus, heart, lung, kidney, spleen and bone marrow, in mice [31]. In solution, SDF-1α is a potent 

chemokines for lymphocytes and stem cells [32].  It has also been shown that SDF-1α is critical 

for bone marrow engraftment as the central signaling axis for stem cell homing and repopulating 

[32]. SDF-1α plays an important and unique role in the regulation of stem cell trafficking. SDF-1α 

regulates the homing/retention in major haemato/lymphopoietic organs and accumulation of 

immune cells in tissues affected by inflammation [33]. 

Erythropoietin (EPO) 

Erythropoietin (EPO) is a release factors from bone marrow derived mesenchymal stem 

cells (BM-MSCs) that supporting the survival, proliferation and differentiation of hematopoietic 

stem/progenitor cells [34]. In the presence study has demonstrate the ability of EPO to stimulate 
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HSC proliferation, and resulting in significantly increased inflammation and ischemiainduced 

neovascularization [35].  

Monocyte chemoattractant protein-1 alpha (MCP-1α) 

MCP-1 α is a chemokine, which has been shown to be responsible to the immigration of 

circulating monocytes to the inflammatory site [36]. It also direct the migration of endothelial cells 

and T-cells [36], is a potent agonist for monocytes, dendritic cells, memory T cells, and basophils 

[37], that mediates a remarkably diverse set of effects in different disease models. It has been 

shown that MCP-1α can enhance the recruitment of stem cells to specific sites [38].   

Macrophage Inflammatory Protein-1 alpha (MIP-1α) 

MIP-1α, a potent inflammatory chemokines, has been shown to play an important role of 

chronic inflammatory responses [39]. Recent studies have also uncovered that MIP-1α triggers 

the migration of bone marrow stem cells, both MSCs and HSCs [39]. In addition, MIP-1α is also 

known as an inhibitor of the proliferation of particular populations of stems cells, which can 

transiently engrafting hemopoietic stem cells to stimulate the recruitment of stem cell homing [39]. 

Chemokines are known to direct immune cells to sites of inflammation, which regulate 

proliferation and migration of various types of normal stem and progenitor cells. Based on this, it 

is conceivable that the established role of chemokines in stem proliferation and recruitment might 

also be associated with inflammatory response. 

1.5 Recent development of in vivo cell tracking technology 

To examine cell migration in vivo, most of the research relies on histological evaluation 

of tissue samples. Histological evaluation (sectioning and staining) requires large number animal 

cohorts as multiple animals at each time point and long time for measurable changes to occur for 

the histology study [40]. In addition, histology evaluation provides semi-quantitative 

2-dimensional data and may not provide the overall 3-dimensional distribution of the cells in 

tissues.  To solve such problem, many imaging methods have been developed to localize and 

tracking numbers of engrafts stem cells, including magnetic resonance imaging (MRI), and x-ray 
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computed tomography (CT) [41, 42]. Several studies have been using MRI imaging or CT to 

track transplanted stem cells by labeled with MR contrast agents [43]. These techniques offer 

high resolution, but can constrained by sensitivity and high cost [42, 44]. Optical methods 

typically offer a higher sensitivity for monitoring compare to MRI, CT [45], and are relatively 

inexpensive [45]. Specifically, many florescence-based on small animal in vivo Imaging System 

has recently been developed for efficient tracking of labeled cells, and evaluated the delivery and 

regenerative potential by adding the X-ray imaging system that improved data by using the live 

animals for continued studies [40, 43]. 

Many cell-labeling agents have become available for tracking cell migration in vivo. 

These cell-labeling agents are quantum dot-based (Qtracker® ), and near infrared dye based 

(X-Sight Quantum dots, an optical property that conjugated probes to specific biomarkers have 

specific wavelength of their fluorescence depend strongly on their size [45]. It is a suitable 

fluorescence probes for all types of labeling studies due to the reduced of tendency to 

photobleach [45], and can be applied in a multiplex manner to single tissue sections of biopsies to 

measure expression levels of multiple biomarkers [46]. However, quantum dots contained with 

heavy metals, which are potentially toxic to organisms over long times [46]. Also, the dots are 

larger and not always taken up by some cells, like bacteria [47]. The near infrared (NIR) dye 

based (X-sight) is a novel line nanospheres of organic fluorescent nanoparticles, which offer 

superior brightness, photostability, and biocompatibility for in vivo image tracking [41]. They can 

also be used to label a variety of cells. Most importantly, following transplantation, NIR-labeled 

cells can be monitored in real-time [41].   

Despite of such progress made in recent years, imaging tool has not been used to 

monitor the recruitment of stem cells response to tissue scaffolds in vivo. Since our long term 

goal is to develop degradable tissue engineering scaffolds to recruit stem cells, it is essential that 

an in vivo imaging method is developed to monitor stem cell migration. For that, this study is 

aimed at developing and then using in vivo imaging method to track and to identify the 
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localization in vivo of the transplanted stem cells to the site of injury after
 
different routes of 

injection at different time points. 
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CHAPTER 2 

OVERALL HYPOTHESES 

Most of stem cell-based tissue engineering requires the scaffolds to be pre-seeded with 

stem cells prior to transplantation. Unfortunately, the transplanted stem cell-seeded scaffold 

often failed to survive in vivo due to lack of required vascularity, and did not support enough 

mechanical strength for cells to grow [23]. To combat such challenge, our long term goal is to 

develop tissue scaffolds which can recruit and then differentiate autologous stem cells. Our 

recent studies have accidentally discovered that biomaterial implantation prompted the 

recruitment of autologous stem cells. Based on many others and our results, we found that 

inflammatory products may be responsible to stem cell migration. Furthermore, the numbers of 

recruited stem cells may be increased with localized delivery of stem cell chemokines.  Finally, 

scaffold surface functionality has been shown to affect the extent of foreign body reactions. It is 

likely that material surface chemistry may also influence the degree of stem cell recruitment. My 

research was aimed at testing the following three hypotheses.  

2.1 Hypothesis I 

Localized inflammatory responses are responsible to the recruitment of stem cells. 

2.2 Hypothesis II 

Locally released stem cell chemokines enhance stem cell immigration to tissue scaffold. 
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CHAPTER 3 

INFLUENCE OF INFLAMMATORY RESPONSES ON STEM CELL RECRUITMENT 

(HYPOTHESIS I) 

3.1 Rationale 

Following implantation, all biomaterials prompt different extent of foreign body reactions, 

accompanied by the accumulation of large of inflammatory and fibrotic cells [48]. A variety of 

cytokines have been uncovered to play an important role of foreign body reactions. Briefly, 

chemokines and their receptors can direct the movement of mononuclear cells throughout the 

body, engendering the adaptive immune response and contributing to the pathogenesis of a 

variety of diseases [37]. Studies have shown the migration of phagocytes toward implant surfaces 

had up-regulation of message of MCP-1α and MIP-1α [48, 49]. 

Interesting, many of these inflammatory cytokines/chemokines have also been 

implicated in recent work to promote stem cells recruitment. Specifically, MIP-1α is a chemokines 

that primarily associated with cell adhesion and migration. Several chemotaxis studies showed 

that MIP-1α expressed significant activity towards bone marrow cells that restored the osteoclast 

progenitors back to the normal level, which suggested that MIP-1α involved in migration of bone 

marrow stem cells [39, 50]. MCP-1α is known as attracting monocytes to sites of inflammation. It 

has been successful reported that the stimulated with MCP-1α would activated the migration 

capacity of rat-derived neural stem cells compared to the untreated one [50]. Since SDF-1α plays 

an important role in the homing of stem cells to the injured tissues, it is also involved in the 

recruitment of inflammatory cells and other types of stem cells [51-53].  The dual function of 

these chemokines made us to assume that the degree of biomaterial-mediated inflammatory 

responses also influences the extent of stem cell recruitment.  
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Several studies have been able to demonstrate the migration capacity of stem cells in rat 

and mouse, but the major challenge for the development and refinement of stem cell 

transplantation is to map the spatial distribution and rate of migration in situ. Most imaging 

systems provide 2-dimensional (2D) information in rodents, showing the locations and intensity of 

light emitted from the animal in pseudo-color scaling [41]. A live 3-dimensional (3D) capability for 

imaging tracking is now routinely applied to serially detect the location, identify and measure the 

number of stem cells [41]. For this reason, among the various imaging modalities that have been 

developed, in this type of investigation, including X-ray [54], Magnetic resonance imaging (MRI) 

[55], bioluminescence imaging (BLI) [42] and fluorescence imaging [45] provide means of 

tracking transplanted cells in vivo. Those techniques offer both near-infrared resolution and 

whole-body imaging capability [42, 54, 55]. Despite those visualization techniques, fluorescence 

imaging is emerging as an important alternative because of its operational simplicity, safety, and 

cost-effectiveness [54].  This technique offers the promise of non-invasively quantifying and 

visualizing specific molecular activity in living subjects in three dimensions [54].   

3.2 Materials and methods 

3.2.1 Materials 

Dulbecco modified Eagle medium (DMEM) was purchased from (Sigma, St. Louis, MO). 

Fetal bovin serum (FBS) and antibodies against (Penicillin-Streptomycin) were purchased from 

(Atlanta, Lawrenceville, GA), respectively. Complete medium (90% DMEM, 20% FBS, and 1% 

antibodies) was prepared as described previously [56]. Trypsin were purchased from (Sigma, St. 

Louis, MO) and dissolved in phosphate-buffered saline (PBS) (8 mg NaCl, 0.2mg kH2PO4, 

1.56mg Na2HPO3, 0.2mg KCl, pH 7.2) in 2.5mg/ml, respectively.  

3.2.2 Production of polylactic acid particles.  

To simulate foreign body reactions without triggering significant surgical trauma, 

polylactic acid (PLA) particles were produced and used for implantation. Particles were prepared 

according to a modified precipitation method and were synthesized in our laboratories. The 
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starting procedure was as follows. PLA polymer (0.2g) was dissolved in 2ml Dichloromethane 

(DCM). The organic phase was added dropwise into the aqueous PVA phase (20 ml) and stirred 

magnetically at room temperature until complete evaporation of the organic solvent DCM had 

taken place. The suspension was then transferred to centrifuge tube and centrifuge (Beckman) 

at 3000 rpm for 15 minutes. The supernatant was collected and the pellet freeze-dried for 

calculating the loading efficiency. Then the pellet was resuspend in 10ml PBS and vortex for 1 

minute. The resulting solution was freeze at -80
0
C and then freezes dry to get the particles. 

3.2.3 Bone marrow MSC culture 

Isolation of BM MSCs was carried out following established procedures [56]. Balb/c mice 

were used as donors in all experiments. Both the femurs from Balb/C mice (12 to 20-weeks old) 

was excised with a scissor removing, and carefully cleaned to remove the adherent muscle 

tissue. Bone marrow cells were obtained by inserting a syringe needle (25-gauge) and flushing 

with DMEM containing 20% FBS. The cells were dispersed and suspended with the same 

medium for several times. Then the marrow cells were plated onto 25-cm
2
 plastic flasks 

(containing 1x10
6
 to 2x10

6
 marrow cells) with 8ml complete medium, and incubated in a fully 

humidified system containing 95% air and 5% CO2 at 37
o
C. After 3 to 4 days by when cells had 

attached, the non-adherent cells were removed by changing the culture medium. When primary 

stem cells formed a cell layer in culture flasks, the cells were subculture into 75-cm2 plastic flasks 

by using 0.025% trypsin. The cells were passaged two to four times, and then harvested for the 

in vitro and in vivo study. 

3.2.4 Cell labeling with imaging agent 

To determine cell labeling efficacy in vitro, cultured stem cells were seeded in 6-well 

plates (Corning Costar, Corning, NY) in DMEM with 20 % of FBS. When the cells reached 

confluence, medium was replaced with fresh culture medium with various concentrations of 

Kodak X-Sight imaging agent (0.1 uM to 0.5 uM, 1457068, Rochester, NY) in each well-plated 

and cultured at 37
o
C for 24 hours. Cells were then washed with PBS twice to remove excess 
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imaging agent followed by analysis with Kodak In-vivo Multispectral Image System FX 

(configured for 760nm excitation, 830nm emission, 60s exposure, f-stop 2.5, 120mm field of 

view).  

To determine the relationship between fluorescence intensity and cells number in tissue, 

we used MSCs labeled with both Kodak X-sight imaging agent and CFDA-SE 

(carboxyfluorescein diacetate succinimidyl ester). Kodak X-sight label can be quantified using in 

vivo imaging system. On the other hand, cell labeled with CFDA-SE can be identified in tissue 

section. Such information can be used to estimate the numbers of immigrated MSCs in the 

tissue. CFDA-SE is a fluorescent labeling dye with great cell compatibility and commonly used 

for labeling and tracking cell migration and location [52, 57]. This fluorescent dye with an 

esterifies form readily passes though the cell membrane of viable cells. Upon entering the cell, 

they are hydrolyzed by intracellular esterase producing polar fluorescent molecules that are 

retained in the cytoplasm [58].  

A stock solution of CFDA-SE was prepared by dissolving a 0.5-mg vial in 90ul of 

dimethyl sulfoxide (DMSO) (invitrogen). A labeling solution was then prepared by mixing 2uM 

stock solution with 6ml Phosphate-buffered saline (PBS).  The X-Sight containing medium was 

removed from the flask and the prepared CFDA-SE solution was added. Cells were incubated for 

15 minutes at 37
o
C to label live cells (green) [42].  Then the double labeling stem cells were 

washing with PBS twice to remove the dead cells, trypsinzed, and centrifuged twice to wash 

away the excess labeling agent and trypsin. The total cell number was calculated using 

hemocytometer. 

3.2.5 Animal model and in vivo cell tracking system 

To trigger localized inflammatory responses, a subcutaneous PLA particle implantation 

model was used [52]. In brief, after ventral skin depilation and anesthesia, 0.5 ml of PLA particles 

was then injected subcutaneously on the lower back-side of Balb/c mice (12 to 20 weeks old). 

For implantation, mice were anesthetized with isofluorane and the incision site marked and 
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disinfected with 70% ethanol. Simultaneously, cultured MSCs were incubated with 12ml of 

complete culture media within 5uM solution of Kodak X-Sight imaging agent at 37
0
C for 24 hours. 

After particle implantation for 24hours, X-Sight labeled stem cells (3x10
6
/0.2ml) were injected via 

a 25-gauge syringe needle intravenously (IV) and intraperitoneally (IP) into the individual 

animals. 

After implantation for different periods of time, stem cells distribution was then imaged by 

using Kodak In-vivo Multispectral Image System FX (configured for 760nm excitation, 830nm 

emission, 45s exposure, 8x8 binding, f-stop 2.5, 120mm field of view) and followed by with X-ray 

image capture to determine stem cells fluorescence intensity, and stem cell migration. The 

overall fluorescence intensity images of abdomen and implantation sites vs. time ware analyzed 

by using Kodak In-vivo imaging system at various time points. The high resolution images will be 

detected by the fluorescent signals emitted by the X-Sight imaging agents. Also, the X-rays were 

differentially absorbed by bone and soft tissues, creating a projection of the mice’s anatomical 

structure on the phosphor screen [40]. The software of overlay fluorescence and X-ray images of 

the mice with Intraperitoneal (IP) and intravenously (IV) injection with/without implantation are 

designed by our lab, which demonstrated the expected colocalization and the precise 

localization of the labeled cells distribution at various times under the same condition. 

3.2.6 Histological evaluation 

To visualize and to quantify the numbers of recruited MSCs, histology work was done on 

some implants and surrounding tissues. At the end of the experiments, animals were sacrificed by 

CO2 inhalation and implants and surrounding tissue were be taken out and embedded in a plastic 

mold in freezing medium OCT (Optimum Cutting Temperature). The molds were placed in a 

cryostat (Leica, Wetzlar, Germany) and allowed freeze overnight [20, 52]. Then the implant were 

sectioned in the cryostat with 12um thickness, and collected on poly (l-lysine) treated positively 

charged slides for histological and immunohistochemical staining and cell density analyses. 
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To determine of the extent of inflammatory response to PLA implant, some slides were 

stained with Hematoxylin and Eosin Y (H&E stain, Sigma, St. Louis, MO) according to the 

manufacturer’s instructions. CFDA-SE stains were done to determine and identify what types of 

recruited cells. Stained sections were visualized using a Leica microscope and imaged with a 

CCDamera (Retiga EXi, Qimaging, Surrey BC, Canada). The measurements of tissue thickness 

and cell densities at the material: tissue interface were then performed in Image J [52]. The 

average of density and thickness of the capsular were measured and collected from H&E stained 

cross-sections of the implant and surrounding tissue, with images captured on the skin side of the 

biomaterial interface.  

To visualize CFDA-label cells, the implantation site sections were fixed with cold 

methanol for 10 min, rinsed with PBS for twice, then the sections were staining with 

4′,6-diamino-2-phenylindole dihydrochrolide (DAPI) (Invitrogen; Carlsbad, CA) to stain cell nuclei 

for 5 minutes and rinsed with PBS twice. Stained sections were visualized by using a Leica 

microscope equipped with a CCD camera (8.4V, 0.9A, Nikon Corp., Japan). Two-dimensional 

images of each section were then taken using a 20X objective, and stacked using Image J. Each 

section was then scanned using the particle counter. The particle counter settings were adjusted 

to account for only a specified range consistent with stem cells sizes determined by measuring 

the maximum pixilated area of individual cells on the PLA implant sections. Data for physical cell 

number counts were acquired for each section and compared with fluorescence intensity to verify 

correct correlations. 

3.2.7 Statistical analyses 

One-way analysis of variance (ANOVA) was used to compare groups (p<0.05). Afterward, 

Student t-tests were used to compare each method, with 

surface seeding assigned as control with Bonferroni adjustment (p<0.05). 
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3.3 Results 

3.3.1 In vitro labeling of MSCs  

The efficacy of X-Sight imaging agent for labeling bone marrow MSCs was tested in vitro. 

After incubation with different concentrations (1uM, 2uM, 3uM, 4uM, 5uM) of X-sight for 24 hours, 

the cells were washed with PBS twice and then the fluorescence intensity of adherent cells were 

determined using Kodak imaging system (Figure 1a). Our results have shown that the 

fluorescence intensity increased as the concentration increased (Figure 1b). The highest 

fluorescence intensity was found to associate with cells incubated with X-Sight at 5uM/2ml 

complete medium (Figure 1b), while the unlabeled cells did not exhibit any detectable 

fluorescence. Based on the results of this work, in later study, MSCs labeling was carried out by 

incubating cells with X-Sight at 5uM/10ml complete medium. The higher the concentrations of 

X-Sight were used to label cells, the stronger the cell-associated fluorescence intensity (Figure 

1b).  

To further characterize this result, all the MSCs were labeled with X-Sight (5uM/10ml complete 

medium), and initial cell labeling efficiency was determined using Kodak In-Vivo system 24 hrs 

after labeling. Unlabeled cells exhibit minimal or no background fluorescence inside 25-gauge 

syringe needle (Figure 2). However, intensive fluorescence can be seen on X-sight-incubated 

MSCs. This process is used to confirm the success of labeling each time prior to all in vivo 

experiment. In addition, this in vitro measurement also allows us to quantify the fluorescence 

intensity per numbers of cells.  
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Figure 1 In vitro Imaging of MSCs labeled with NIR X-Sight Nanospheres. (a) Well plate 
fluorescence image of stem cells (4x10

6
 cells in each well) incubated with different 

concentrations of X-Sight (from left to right: PBS, 1μM, 2μM, 3μM, 4μM, and 5μM) (b) The 
correlation between cell-associated fluorescence intensities and NIR agents labeling 
concentrations is determined. 
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Figure 2 (a) In vitro images of labeled MSCs inside 25-gauge syringe needle (upper needle: 
MSCs without labeling served as background; lower needle: MSCs labeled with X-sight) (b) 
The fluorescence intensity of labeled MSCs and non-labeled MSCs can be quantified. 
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3.3.2 Effects of inflammatory responses on stem cell recruitment in vivo  

In order to determine whether labeled cells can be monitored with in vivo imaging 

system, mice transplanted intraperitoneally with un-labeled stem cell were imaged. As expected, 

we found that there was no detectable signal appearing on both anterior and dorsal side after cell 

transplantation for 0hr, 24hr, and 48hr (Figure 3a). However, after transplanted with 

X-Sight-labeled stem cells in the intraperitoneal cavity for 0hr, 24hr, and 48hr, strong 

fluorescence was found at the ventral (transplanted) side of the animals (Figure 3a). Interestingly, 

we find that there was no signal from the dorsal site (Figure 3b).  These results suggest that 

most of the transplanted MSCs stayed in the peritonea cavity with very little or no cell migration. 

To test the influence of inflammatory responses on MSCs migration in vivo, mice were implanted 

with PLA particles at the front back side of the mice. It is well established that PLA particles 

prompt localized inflammatory responses in the implantation site. After PLA particle implantation 

for 24 hours (which are the time required for maximal inflammatory responses), X-Sight labeled 

MSCs were injection at the intraperitoneal space, which is far away from the inflamed tissue on 

the back of the mice. Mice without PLA particle implantation were also used as a control. Figure 

4 shows that, shortly after cell transplantation, majority of the MSCs were present in the 

peritoneal site (Figure 4a). Twenty four hours later, lesser fluorescence intensity was found in the 

ventral position. On the other hand, fluorescence increased on the dorsal area of mice nearby 

the particle implantation site (Figure 4b). These results suggest that substantial number of MSCs 

migrated from the implantation site (peritoneal cavity) to the particle implantation site, area with 

localized inflammation. Such cell migration was not found in mice without PLA particle 

implantation (Figure 4b). There is, however, a slightly decrease of fluorescence intensity at 48 

hours indicating that some of immigrated MSCs left the implantation sites (Figure 4b).  

In previous studies, PLA particles were implanted in the dorsal neck area. However, we 

have also observed that the fluorescence background signals in the neck area have high 

background sometime (Figure 5). Such high background fluorescence signals around the neck  
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Figure 3 In vivo images of transplanted MSCs into the intraperitoneally sites of mice with and 
without X-Sight-labeling at 0h, 24h, 48h (from top to bottom).. (a) Mice imaging at dorsal 
position. (b) Mice imaging at ventral position. (L: MSCs without labeling, R: MSCs labeling 
with X-sight) 
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Figure 4 The comparison of mouse with PLA implant and without at 0h, 24h, 48h (from top to 
bottom). (a) The signal intensity of IP site at. Left is the mouse with PLA implantation, and the 
right one is without PLA implantation (Ventral). (b) Mouse signal in the implantation site 

(Dorsal). 
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Figure 5 The fluorescence background signals in the area behind the neck are not very 
consistent. However, the lower dorsal back area consistently has lower fluorescence.  : 
Implantation area. 

132 200 

 

 

 

 

 

 

 

 

 

 

area might be associated the inability to remove all fur prior to imaging. On the other hand, we 

have noticed that the tissue nearby the lower back area has consistently lower fluorescence 

background. Therefore, in the following studies, all particle implants were implanted 

subcutaneous in the low back of animals.  

3.3.3 Correlation between in vivo fluorescence intensity and cell numbers 

The previous results were base done solely fluorescence intensities with the assumption 

that there is a good relationship between fluorescence intensities and stem cells numbers in 

tissue. To test this hypothesis, two series of studies were carried out.  

First, using subcutaneous implantation model, different numbers (2x10
4
, 5x10

4
, 1x10

5
, 

2x10
5
, 5x10

5
, and 1x10

6
) of X-Sight labeled MSCs were injected subcutaneously on the back of 

mice. The fluorescence intensities on different sites were measured (Figure 6a). The florescence 

intensities were then correlated with the known cell numbers. The results (Figure 6b) show that 

there is an excellent correlation (R
2
= 0.99) between fluorescence intensities and MSCs numbers 

in subcutaneous space. 

Second study used MSCs doubled with X-Sight and CDFA-SE. The double stained cells 

were transplanted into the peritoneal cavity of mice implanted with PLA particles. Forty-eight  
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Figure 6 In vivo quantification of stem cells. (a) 2*10
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Figure 7 (a) The microscopy lmaging of transplanted MSC migrate to the PLA implantation site 
after 48hrs implantation by using CFDA-SE double staining, from left to right: IV injection, IP 
injection and another IP injection experiment (without labeling X-sight as control). (a) The ex 
vivo PLA implantation imaging results. (b) PLA implantation site frozen section, green signal 
shows CFDA-SE labeled MSCs, and the blue signal shows DAPI staining.  
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hours following cell transplantation, the ex vivo fluorescence imaging and intensity can be 

determined using imaging system (Figure 7a). The implant-surrounding tissue were isolated, and 

then frozen sectioned. The numbers of immigrated CFDA-labeled MSCs can then be quantified, 

since the presence of CFDA-SE labeled cells can be visualized under  

fluorescence microscope (Figure 7b). The correlation between in vivo fluorescence intensity and 

histology cell counts was determined (Figure 8). 

Overall our results have shown that subcutaneous cell transplantation model gave us 

the best relationship between cell numbers and fluorecence intensities.  On the other hand, 

CFDA-labeled MSCs were difficult to be identified in tissue due to low cell numbers. Although 

there is a reasonable correlation between CFDA-labeled MSCs numbers and fluorescence, the 

Figure 8. The correlation between intensity counts and numbers of MSCs expressing CFDA-SE 
transuded. 
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variations of the results within the same treatment group are large. Therefore, in the future study, 

the cell quantifications were carried out based on the relationship generated using subcutaneous 

cell transplantation model.  

3.3.4 Influence of the transplantation sites (Intravenous vs. intraperitoneal) on MSCs migration 

To the best of my knowledge, no study has been done to compare the responses of 

MSCs transplanted in the intraperitoneal vs. intravenous space.   To study the effect of 

transplantation sites on MSCs migration, X-Sight labeled MSCs were administered into 

intraperitoneal or intravenous space and the biodistribution of MSCs were then monitored using 

imaging system. Since inflammatory cells are the major component of the capsule surrounding 

biomaterial implants, switching the implantation site should be elicit the same stem cell 

recruitment. Indeed, the labeled stem cells with IV injection was found to have signal intensity 

increasing through time point at the IP cavity, and decreasing with IP injection (Figure 9).  As 

expected, both IV-administered and IP- administered MSCs were found to migrate to the PLA 

particle implantation sites (Figure 10a&b). On the other hand, when cells were transplanted in the 

IP cavity, we saw the reduction of the fluorescence intensity in IP with time indicating the 

emigration of MSCs (Figure 10b). Based on the in vivo images, we also notice that a very few 

MSCs were found in the ventral space following IV transplantation (Figure 9a).  

Interestingly and rather unexpectedly, by compared results between IP and IV administration, we 

observed that more cell immigration into PLA implantation site when the MSCs were transplanted 

into intravenous space than peritoneal cavity (Figure 10c). Although the cause(s) for such cell 

response difference has yet to be determined, we believe that most of intraperitoneally injected 

MSCs were stayed in the peritoneal space and only part of the intraperitoneal transplanted MSCs 

entered the circulation and then reached the PLA particle implantation site. On the other hand, all 

of intravenous transplanted MSCs were in the circulation and have had better chance to reach the 

PLA implantation site. 
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Figure 9 Examination the distribution of MSCs using whole-body imaging system. Time points 
examined between the peritonea cavity fluorescence intensity with IV (a) and IP (b) injection 
with 24h, 48h (from left to right).(C) The signal intensity of IP site with IP injection was 
decreasing through time points. 
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Figure 10 Examination the distribution of MSCs using whole-body imaging system. Time points 
examined between the implantation areas fluorescence intensity with IV (a) and IP (b) injection 
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At the end of the study (IP vs. IV transplantation), the PLA implant and its surrounding 

tissues were isolated and then frozen sectioned after 48hre implantation. The numbers of 

immigrated inflammatory cells were then quantified (Figure 11a). The correlation between ex vivo 

fluorescence intensity and histology cell counts was determined. We find that there is a very good 

relationship between the numbers of immune cells and the numbers of recruited MSCs 

surrounding PLA implants (Figure 11 b).  

Figure 11 Histology results of PLA implants after 48hr examination. From left to right: IV injection, 
IP injection and another IP injection experiment. (a) Ex vivo results of PLA implant (b) H&E 
results of PLA implant. 
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Figure 12 The correlation between implant fluorescence intensity and numbers of cells count in 
the capsule sites after 48hr examination. 
 

Overall our results have shown that subcutaneous cell transplantation model gave us the 

best relationship between cell numbers and fluorecence intensities.  The IV injection shows 

lower capsule cell number around the implantation site compared to the IP injection in H&E result 

(Figure 11b). After quantification the relationship between ex vivo intensity and histology cell 

counted, the result indicated that IV showed higher signal intensity but lower cell density in 

implantation site and IP showed lower intensity but higher cell density (Figure 12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

MSCs migration toward the implantation site 

Additional analyses were done to study the migration of MSCs from the peritoneal (ventral) 

transplantation sites to subcutaneous PLA implantation (dorsal) site. Immediately after IP 

transplantation, we saw large decrease of fluorescence intensity in the ventral part of mice 

indicating the emigration of MSCs out of the implantation sites (Figure 13a). The most reduction 

(~66%) of fluorescence intensity was found within the first 24 hours (Figure 13a). Between 24 and 

48 hours, there is ~5% fluorescence reduction compared with initial fluorescence intensity. The 

IV 

IP(1) 

IP(2) 



 

 32 

emigration of the MSCs is likely to be associated with the particle implants-mediated inflammatory 

responses, since the reduction of fluorescence in the ventral part of mice is much lesser in 

implant-free mice than in implant-bearing mice (Figure 13a). The reduction of fluorescence 

intensity in the ventral part of implant-free mice is in a relatively slow and constant rate compared 

with those of implant-bearing mice (Figure 13a).  

Nearby the dorsal particle implantation site, we saw the fluorescence intensity 

dramatically increasing in implant-bearing mice compared to the implant-free mice (Figure 13b). 

The increasing of fluorescence intensity in the dorsal part of implant-free mice is in a relatively 

slow and constant rate compared with those of implant-bearing mice (Figure 13b). 

3.4 Discussion 

In this study, we investigated whether localized inflammatory responses could be triggered 

transplanted stem cells recruitment. To test the hypothesis, we used fluorescence imaging 

system and labeled cells with near-infrared dye (X-sight) to detach the stem cells migration in 

real-time. We detected a strong and specific fluorescence signal from the tissue around the PLA 

particle implant with different time points. The migration of the MSCs is likely to associate with 

particle implants-mediated inflammatory responses [29-32], since the reduction of fluorescence 

intensity in the ventral part of implant-free mice is in a constant slow rate compared with the 

implant-bearing mice. In support of our assumption, both CDFA-SE results counts and 

histological analysis also demonstrated the MSCs at the implantation sites of PLA particles over 

the course of the inflammatory response.  

In addition to test MSCs recruitment, we used two different route for transplanted cells 

injection- Intravenous and intraperitoneal.  Compared in vivo intensity after IV and IP injection of 

labeled MSCs, IV shows long time interval and higher signal intensity than IP after 48hr 

implantation. It is due to IP injection required resorption from peritoneal cavity to the blood stream 

[59], which reduced the circulation time, but might also reduced the labeled MSCs since IV 

injection directed injected into the blood stream. The quantification results indicated that the 
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Figure 13 (a) Fluorescence intensity of the IP site with/without PLA implantation. The intensity of 
the peritoneal cavity decreasing through time point. (b) Fluorescence intensity of the 
implantation sites with/without PLA implantation. The intensity of the implantation sites 
increasing through time points.  
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correlation between signal intensity and cell density have a close relationship. Therefore, the 

implantation site of IV injection results in higher signal intensity and lower cell density. This 

relationship is reasonable due to when more stem cells recruitment to the inflammatory site it will 

undergo differentiation promoting structural and functional repair the injury sites [23, 42]. 

This imaging system can be able to detach the non-invasive high throughput the 

whole-body real-time fluorescence imaging to monitor the MSCs recruitment to localize 

inflammatory. Fluorescence imaging, relying upon the ability to detect and quantify the light 

originating from X-Sight labeled cells and animals, has been used to monitor the performance of 

stem cell combination implanted in living animals and the growth of cells on biomaterials [60, 61]. 

The ability to image the entire animal body with short acquisition time provides the benefit to 

monitor continually in the same animals. 
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CHAPTER 4 

EFFECT OF LOCALIZED RELEASED CHEMOKINES ON STEM CELL ENGRAFTMENT IN 

TISSUE SCAFFOLDS (HYPOTHESIS II) 

4.1 Rationale 

Due to their plasticity and proliferative properties, stem cells have been used in numbers 

of tissue engineering study as the main sources of cells. Among all available sources of stem cells, 

autologous stem cells are undoubtedly the best sources of cells for fabricating tissue engineering 

products without potential ethic and biocompatibility concerns [18]. Unfortunately, autologous 

stem cells are not always accessible and often difficult to culture. In addition, MSCs seeded onto 

scaffolds often die following transplantation due to lack of oxygen and nutrients [18]. To date, new 

technology is needed to ensure the success of autologous stem cell tissue engineering. 

 It is well established that stem cells play an important role in wound healing reactions 

[24].  Several chemokines and cytokines have been indicated to involve in stem cells homing. 

Their function and the associated stem cell responses are listed below.  

Stromal derived factor-1 alpha (SDF-1α) is a chemokine, critical to hematopoietic stem 

cell (HSC). SDF-1α has been found to be involved in inflammation models in vivo and 

considered as an important role in trafficking stem cells [20, 62]. This specific chemokine can 

regulate a variety of cellular functions, such as stem cell homing, trafficking, and differentiation. 

Stromal cell-derived factor-1α (SDF-1α) have been demonstrated to direct the migration of stem 

cells associated with injury repair in many species and tissue types [62]. 

Erythropoietin (EPO) is a glycoprotein hormone that controls red blood cell production. It 

is a cytokine for erythrocyte (red blood cell) precursors in the bone marrow, which also involved 

in the wound healing process. In the previous study that demonstrates the ability of EPO to 

stimulate hematopoietic stem cell proliferation [63]. As the major stromal cells in the bone 

http://en.wikipedia.org/wiki/Glycoprotein
http://en.wikipedia.org/wiki/Hormone
http://en.wikipedia.org/wiki/Cytokine
http://en.wikipedia.org/wiki/Erythrocyte
http://en.wikipedia.org/wiki/Red_blood_cell
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marrow, BM-MSCs have been known to release factors such as erythropoietin (EPO) supporting 

the survival, proliferation and differentiation of MSCs to enhance repair and regeneration of 

tissues [63]. EPO are cytokine known to enhance normal wound healing 

Since stem cells have powerful regenerative properties and are widely used in tissue 

engineering to improve healing, our general hypothesis of this study is the following. 

“In situ tissue engineering/regeneration can be achieved using scaffolds to 

release stem cell homing factors”. 

To test this hypothesis, it is critical to fabricate scaffolds which are capable of releasing a 

variety of cytokines and growth factors for a prolonged period of time (a few days to weeks). It 

should be noted that, despite of intensive research efforts, most of the scaffold fabrication 

technique cannot be used to load and to release proteins without complicated and expensive 

processes [20, 64]. Recently, our laboratory has developed microbubble scaffold fabrication 

techniques which can be used to load and to release a variety of proteins/chemokines/cytokines 

with a two-step process [65, 66]. This type of scaffold was used to test this hypothesis.  

4.2 Methods and Materials 

4.2.1 Materials 

All the chemical and media were done as previous described (section 3.2.1). 

4.2.2 Fabrication of chemokine releasing scaffolds 

Gelatin scaffold were fabricated, and characterized as previous studies [20].  Briefly, the 

shell forming liquid consisted 10% gelatin (Sigma, St Louis, MO) mixed with either 1 µg/ml of 

SDF-1α (Prospec-Tany TechnoGene, Rehovot, Isreal) or 100 I.U. of EPO (Prospec-Tany 

TechnoGene, Rehovot, Isreal) in a glass test tube. Nitrogen gas was bubbles through the mixture 

while being sonicated using a probe sonicator (Ultrasonix, Bothell, WA) at 20 kHz for 10 seconds. 

The formation nitrogen gas was then filled microbubbles surrounded by a gelatin protein shell. 

Then the microbubbles were pipetted out and placed in glass tubes placed on a hot water bath 

with temperature maintain at 45
o
C. The 75:25 poly (d, l-lactic-co-glycolic acid) PLGA was being 
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used in this experiment (Lakeshore Biomaterials, Birmingham, Al), 7.5%w/v PLGA was dissolved 

in 1, 4-dioxan (Aldrich, Milwaukee, WI) by vortexing on a Thermolyne type 16700 mixer for 30 

minutes. The PLGA-dioxane mixture was poured into a Petri-dished and mixed with gelatin 

microbubbles. The polymer microbubble mixture was then lyophilized for 3 days. The porous 

gelatin scaffolds were cut into 3 x 3 x 3 mm cubes, and sterilized by soaking in 70% ethanol.  

4.2.3 Bone marrow MSCs culture 

Bone marrow derives MSCs culture was done as previous described (section 3.2.3). 

4.2.4 Scaffold implantation and MSCs transplantation in mice 

Cytokine release scaffolds were implanted subcutaneous on the lower back of Balb/c 

mice as described recently [20, 52]. In brief, after hair removal from the ventral surface and 

anesthesia then gelatin scaffolds with 10ul of 1ug/mL SDF-1 α or EPO contained (3x 3 x 1 mm) 

were implanted subcutaneous on one lower side of the back of Balb/C mice with control scaffold 

placed on the opposite site. For implantation, mice were anesthetized with isofluorane and the 

incision site marked and disinfected with 70% ethanol. After scaffold implantation for 24 hours, 

X-Sight labeling stem cells were injected on the IV or peritoneum (IP) area into the individual 

animals.  

4.2.5 In vivo cell imaging 

After MSCs transplantation for different periods of time (24 and 48 hours), the cell 

migration and distribution in vivo was then monitored using Kodak In Vivo Imaging system as 

described earlier (section 3.2.5). 

4.2.6 Statistical analyses 

Data analysis and statistical analyses were performed as described in section 3.2.7. 
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4.3 Results 

4.3.1 Effects of microbubble scaffolds on stem cell recruitment in vivo  

To examine whether microbubble scaffolds promote stem cell recruitment, the scaffolds 

were implanted on the lower back and then transplanted with labeled stem cell into the peritoneal 

cavity. As anticipated, we find that microbubble scaffolds triggered mild inflammatory responses 

(Figure 14, H&E stain). Furthermore, we have also observed that the fluorescence intensity at 

the IP cavity decrease through time, but increase at the microbubble scaffolds implanted area 

with time (Figure15&16, image and quantification). This shows that the microbubble scaffold 

prompted minimal stem cell recruitment.  

 

 

 

 

 

 

 

 

 

 

4.3.2 Influence of chemokine released on intravenously transplanted stem cells 

To study whether the localized release of stem cell homing factors on stem cell 

recruitment, SDF-1α-releasing and EPO-releasing gelatin scaffolds were fabricated and tested 

for their ability to recruit transplanted stem cells. Using the same animal model, chemokine 

releasing scaffolds were implanted on the back of mice. Twenty four hours later, X-sight-labeled 

MSCs were transplanted intravenously. After cell transplantation for 24 hours, the cell migration 

and distribution was then monitored in vivo. We find that, between 24 and 48 hours, there is  

10um

 
 10um 

Figure 14 H&E results of microbubble scaffolds triggered mild inflammatory responses 
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Figure 15 (a) Imaging results of microbubble scaffold result in 24hr and 48hr (left to right) at 
ventral position. (b) Different time points examined of peritonea cavity fluorescence intensity. 
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Figure 16 (a) Imaging results of microbubble scaffold implantation result in 24hr and 48hr (left to 
right) at dorsal position. (b) Different time points examined of implantation site fluorescence 
intensity. : Implantation area.  
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Figure 17 Homing of intravenously transplanted MSCs to subcutaneously implanted 
EPO-releasing and SDF-1-releasing scaffolds in mice. After MSCs transplantation for 48hr, the 
in vivo images of (a) L: EPO scaffold; R: SDF-1α scaffold (b) EPO scaffold and SDF-1α scaffold 
with blocking incision site, were taken.  : Implantation area. 
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(b) 
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substantial recruitment of MSCs around the implantation sites (Figure 17a). Interestingly, we 

have also observed a very strong signal nearby the surgical incision site (Figure 17b). These 

results suggest that the injured tissue surrounding the incision site release powerful 

chemoattractant to recruit MSCs. 
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Figure 18 The extent of MSCs homing (reflected by fluorescence intensity) to either 
EPO-releasing or SDF-1α -releasing scaffolds in vivo. 
 

By comparing the cell responses to both types of scaffolds, we observed that the stem 

cells migration intensity on EPO loaded implant shows higher fluorescence intensity than 

SDF-1α loaded implant and control (Figure 18). Both the SDF-1α and EPO scaffolds at 24 hours 

and 48 hours resulted in significant increase in stem cell engraftment at the scaffold interface 

compared to the control scaffold (Figure 18). These results suggest that EPO might be a better 

choice for eliciting stem cell recruitment for in situ tissue engineering and regeneration.  
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Figure 19 Homing of intraperitoneally transplanted MSCs to chemokine-releasing scaffolds in 
vivo. Images were taken at dorsal regions surrounding (A) EPO-releasing scaffold and (B) 
SDF-1α-releasing scaffold following MSCs transplantation for 24 and 48 hours (from left to right) 
 : Implantation area. 
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4.3.3 Effect of chemokine release on intraperitoneally transplanted stem cells  

Similar study was also carried out on intraperitoneally transplanted MSCs. We studied 

the effect of localized release chemokines on the recruitment of MSCs transplanted in the 

peritoneal cavity, instead of intravenous space. As expected EPO scaffolds were found to have 

attracted a substantially large number of stem cells compared to SDF-1α scaffolds (Figure 19a& 

b). Following cell transplantation for 48 hours injection, both EPO and SDF-1α scaffolds were still 

capable of engrafting and homing IP transplanted stem cells (Figure 19a&b).  
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Tissue sections were stained and the extent of tissue response was quantified based on 

the cell density at the interface (Figure 21). Our results showed that only a small number of MSCs 

were recruited to the control scaffolds. On the other hand, substantially stronger MSCs homing 

was found in the tissue surrounding either EPO- or SDF1α-releasing scaffolds (Figure 20a). By 

comparing both chemokines, EPO-releasing scaffolds trigger significantly more MSCs homing 

than SDF1α-releasing scaffolds (Figure 20a&b).  

We have also examined the extent of inflammatory responses associated with variously 

treated scaffolds based on H&E staining. As expected, the control scaffold implants were 

characterized by the thickest encapsulating cell layer as part of the development inflammatory 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 20 Effect of chemokine release on MSCs and immune reactions to scaffold implants in 
vivo. (a) MSCs homing can be quantified based on ex vivo images of scaffold implant. (b) The 
extent of tissue responses to implants was determined based on H&E staining. From left to right: 
EPO-releasing scaffold, SDF-1α-releasing scaffold, and control Scaffold. 
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reaction around the scaffold implants (Figure 21 a). Unexpectedly, we find that both 

EPO-releasing scaffolds and SDF-1α-releasing scaffolds resulted thinner capsule layers 

compare to the control (Figure 21a).  In addition, cell numbers associated with SDF-1α-releasing 

scaffolds and EPO-releasing scaffolds were substantially less than control scaffolds (Figure 21b). 

Interestingly, there is a reverse relationship (R
2
=0.85) between MSCs recruitment and 

inflammatory responses in vivo (Figure 22).  This relationship suggested that the localized 

release of either SDF-1α or EPO resulted in significant increase in stem cell engraftment and 

reduction in inflammatory responses at the scaffold interface compared to the control scaffold 

(Figure 20). 

4.4 Discussions 

Our results lend strong support that this imaging system can be able to detach the 

non-invasive high throughput the whole-body real-time fluorescence imaging to monitor the 

MSCs recruitment to localize inflammatory. The results indicated that the migration of the MSCs 

is likely to associate with foreign implants-mediated inflammatory responses. Another 

fluorescent compound CFDA-SE was being used to evaluate the amount of MSCs migration [57, 

58]. Overall our results have shown that subcutaneous cell transplantation model gave us the 

best relationship between cell numbers and fluorecence intensities. CFDA-labeled MSCs were 

difficult to be identified in tissue due to low cell numbers, but the relationship between 

CFDA-labeled MSCs numbers and fluorescence intensities has a reasonable correlation. Even 

though the correlation results in linear, the variations of all CFDA-labeled MSCs counting data 

are large. 

In the absence of extrinsic stimulation, strong fluorescence intensity was detected in the 

peritoneal cavity for a prolonged period of time suggesting the weak emigration of transplanted 

MSCs. However, with distal inflammation (subcutaneous scaffold implants), we find that many of 

the IP transplanted MSCs migrated out of the intraperitoneal space in a short period of time. The 

decreasing percentage between PLA implant and implant-free mice is about ~70% (PLA implant) 
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Figure 21 Histology results of scaffold implants after 48hr examination. (a) Capsule thickness 
(b) Capsule cell number density counts. 
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Figure 22 The correlation between implants intensity and capsule cell density counts was 
determined.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and ~50% (implant-free) at the peritoneal cavity, and the increasing 3 times and 1.8 times in the 

dorsal side. The quantification results indicated that the correlation between signal intensity and 

implant capsule cell density have a close relationship. This result indicated that with implantation, 

most of the transplanted MSCs were migrated to the inflammatory site, and the implant-free has 

less MSCs migrated.  

Recently, it has shown that the inflammatory stimuli due to the scaffold implantation in 

combination with SDF-1α is likely to be the factor that leading to increasing beyond those stem 

cells recruited to participate in healing [52]. Compared both in vivo and ex-vivo examination of 

EPO and SDF-1α loaded scaffold implanted sites, EPO treated scaffolds shows higher signal 

intensity and thicker capsule length than SDF-1α after 48 hr implantation. These results suggest 

that EPO might be a better choice for producing stem cell recruitment scaffolds. When histology 
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examining of the inflammatory response to EPO, SDF-1α treated scaffolds and control scaffold, it 

is surprised to find that the control implanted scaffold resulted a thickest encapsulating cell layers 

than EPO and SDF-1α treated scaffold. In addition, comparison of the inflammatory cell density, 

both EPO and SDF-1α treated scaffold implants have lower cell density than control. Previously 

studies have provided the evidence that with localized released SDF-1α decreased inflammatory 

cell recruitment and enhance MSC migration [52, 67-70]. This indicated that the results of the 

localized release EPO and SDF-1α scaffolds can help increase the recruitment of stem cell 

populations to the site of scaffold implantation, but it also lead to significant decrease 

inflammatory cell accumulation and encapsulation of the scaffolds. An interesting finding that at 

the surgical incision sites of scaffold implant mice was observed strong signal intensity. This 

result also provides evidence that at the injured tissue surrounding the incision site release 

powerful chemoattractant to recruit MSC [24, 71].  

The intraperitoneal transplanted cells migrate throughout the whole body via IP system 

therefore, the IP signal intensities decrease through the time. This specific circulation reduced the 

time of transplanted cells migration. The intensity at the scaffold implantation site provides an 

evidence of the labeled MSCs migration [59]. This result indicated that the intraperitoneal 

transplanted cells migrate throughout the IP system to the implantation sites; therefore, with the 

time change, the IP signal intensities decrease and the implant site intensities increase. The 

opposite results also observe in IV transplanted cell injection, the transplanted cells were directed 

injected into the blood stream. Therefore, the intensity of the peritoneal cavity increasing through 

time change,  it take long time interval for  MSC migrated to the implantation site through the 

blood stream, but results a stronger signal intensity. These findings suggest that recruitment of 

transplanted stem cells may be a viable approach to improve both the tissue response and 

regenerative potential of tissue engineering materials.
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