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nonprofessional antigen-presenting cells (APCs).
99, 100

 An enhancement of lymphocyte 

proliferation was sometimes seen with MSCs co-cultured.
100

 

 

3.1.2 Virus-functionalized alginate hydrogel scaffolds 

In Chapter 1, we have shown that the porous alginate hydrogels (PAH) could be 

functionalized with tobacco mosaic virus (TMV) and demonstrated their advantage as 

vehicles to support the 3D stem cell culture and differentiation. TMV, as the plant virus 

nano-scaffolding material, is a versatile tool from natural source for biomedical 

applications. In summary, the 3D porous alginate hydrogels (PAH) functionalized with 

wild-type TMV (TMV-PAH) and its RGD mutant (RGD-PAH) were developed. We have 

also emphasized that TMV surface can be accessible in 3D porous hydrogels as shown by 

significant improvement in cell attachment after functionalization by cell binding motif, 

RGD, via the mutation of TMV. Moreover, the incorporation of TMV and its RGD 

mutant can facilitate bone differentiation of BMSCs. We reported (Chapter 2) that the 

virus is biocompatible in the form of porous hydrogel implant using BALB/c mice as the 

in vivo study model. The antigenicity of virus could be suppressed when immobilized and 

slowly released from the bulk hydrogels. The hydrogels were degraded in the 

physiological condition, which is one of the important criteria when developing a 

scaffold for tissue engineering. 

 Here, we further characterized the in vivo properties of this hydrogel system by 

focusing on the potential of using the TMV-functionalized PAH to incorporate BMSCs in 

bone tissue engineering. The key objective of this study was to rule out the 
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biocompatibility and possible toxic effects of the subcutaneously implanted hydrogels 

when BMSCs were co-delivered with serum-free osteogenic supplemented media. 

 

3.2 RESULTS AND DISCUSSION 

3.2.1 Ex vivo bone marrow stromal cells loading 

To investigate the potentiality of the virus-functionalized hydrogel in stem cell bone 

tissue engineering application, isolated murine BMSCs from the host strain (BALB/c 

mouse) were loaded in the hydrogel and primarily induced with non-BMP2 osteogenic 

induction media before implant. The isolated BMSCs were cultured and expanded in 

vitro. After cells were seeded in the hydrogels, the in vitro parallel study of call metabolic 

activity showed that cells were viable in the hydrogels (Figure 3.1). Moreover, RGD 

mutant of TMV embedded in the hydrogels clearly enhanced cell adhesion. The results 

were consistent with the in vitro report in which significantly higher metabolic activity of 

the BMSCs, isolated from Sprague-Dawley rats, in RGD-TMV functionalized hydrogel 

was shown (Chapter 1). 

 

3.2.2 Immunogenicity of virus in the hydrogel seeded with osteogenic induced BMSCs 

Previously in Chapter 2, we demonstrated the remarkable decrease in immunogenicity of 

TMV incorporated in the hydrogel in BALB/c mice implanted with the materials alone 

without cells seeded. However, the results did not rule out that immune responses may be 
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Figure 3.1. CellTiter Blue metabolic activity assay of mBMSCs cultured in different 

types of hydrogels at different time points, in vitro. Values expressed are mean (n = 3) ± 

SD of RFU that were normalized against PAH for each time point. **p < 0.005, student t 

test. 
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elicited in the presence of 1) co-delivered cells or 2) other biological entities due to an 

adjuvant effect. Although MSCs have been widely reported to have immunomodulatory 

capacity and an immunoprivileged status,
101-103

 for example, strong evidence suggested a 

delay in B cell maturation and antibody production by MSCs in mice
104, 105

 and human 

cell culture,
106, 107

 their interaction in vivo is still not well known.
108

 Here, we studied the 

immune response to TMV particles in TMV-PAH and RGD-PAH seeded with mouse 

BMSCs and saturated with osteogenic induction media. The hydrogels were first soaked 

in the osteogenic induction media before cell loading. Then the cell-loaded scaffolds 

were implanted under the skin of the animal. The animals implanted with bare hydrogels 

(hydrated with PBS), without cells and osteogenic media, were used as control groups for 

all type of hydrogels. The blood samples collected at the end of the experiment (8 post-

implantation weeks) were subjected to ELISA assay. Figure 3.2 showed no differences in 

anti-TMV titers comparing the controls (no cells) and the hydrogels seeded with BMSCs 

in osteogenic media. Moreover, regardless of co-delivered cells and media supplements, 

the ELISA showed negligible immune responses to TMV and TMV-RGD imbedded in 

the hydrogels. Despite the differences in serum collection time points, this data was 

consistent with the previous experiment reported in Chapter 2 (sera collected at week 4). 

Therefore, the result here confirmed that the release of TMV particles happened very 

slowly over time at the dose that could not elicit a significant immune response. 
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Figure 3.2. Anti-TMV serum titers from mice implanted with different hydrogels seeded 

with BMSCs. Comparative serological analysis of the immune response to the hydrogels 

co-delivered with BMSCs and the blank hydrogels was carried out by ELISA after 8 

post-operative weeks. Serum endpoint dilutions for anti-TMV immune response in mice 

implanted by TMV-PAH and RGD-PAH with osteogenic-induced BMSCs were very low 

with no statistical significances in comparison to the response elicited by the hydrogel 

alone. Values expressed are means ± SEM. 
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3.2.3 Histological study 

Histological sections of the explants were stained with H&E staining and evaluated the 

infiltration of inflammatory cells, fibroblast, new blood vessels, and tissue/cell growth in 

the hydrogels after 8 weeks. For every parameter, no significant differences were 

detected between each type of hydrogel implant, PAH, TMV-PAH, and RGD-PAH, 

seeded with BMSCs ex vivo. The average histological scores revealed that there were 

mild to moderate inflammatory cells, fibroblast, and neovascularization at the 

implantation site (Figure 3.3). However, very rare foam cells were observed within some 

of the PAH explants, and none were found in TMV-PAH and RGD-PAH (Figure 3.3). It 

has also been observed that there were few cell growths in the hydrogels possibly from ex 

vivo seeded BMSCs; however, no substantial difference in the degree of cell growths 

were observed among different hydrogel types. This result was inconsistent with the 

study of cell adhesion study in vitro, which RGD-PAH could attract more cells into the 

scaffold. This contrary could be justified as following. First, the vascular networks in 

subcutaneous pocket/tissue are too poor in their natural state to allow the growth and 

function of tissue graft.
109

 Second, the time of implantation was much longer than the 

incubation time of in vitro study. The new extracellular matrix might be generated by the 

physiological system through the wound healing events in animal body, and overcame 

the influence from the implant material (RGD-PAH) in cell recruitment. Third, the 

release of TMV particles due to the degradation of implant materials led to the loss of 

scaffold functionality over time (Chapter 2). Moreover, the same set of histopathological 

parameters was assessed comparing between the hydrogels with and without BMSCs. In 

Figure 3.4, PAH and RGD-PAH showed no statistical differences in terms of 
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Figure 3.3. Histological score given to hydrogel explants of ex vivo BMSC-loaded hydrogels compared implant cell growth, 

peripheral inflammation, central inflammation, implant foam cell, fibroblast, and vascularization on PAH, TMV-PAH, and RGD-

PAH. Each plot represents the response from each animal with mean ± SD shown as a bar. 
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Figure 3.4. For each type of hydrogel implant, histological score compared implant cell growth, peripheral inflammation, central 

inflammation, implant foam cell, fibroblast, and vascularization on BMSC-loaded and naked implants. Each plot represents the 

response from each animal with mean ± SD shown as a bar. Grey bars are for the scaffolds without cells. Black bars are for the 

scaffolds with cells. 
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inflammations (both peripheral and central), implant foam cells, and vascularization 

when comparing the blank scaffolds with the cell-seeded scaffolds. To our surprise, bare 

TMV-PAH induced higher central inflammation and foam cells than the scaffold with co-

delivered cells. However, only one animal was used for the control TMV-PAH implant 

here. To further test for statistical importance of this data, the animal number should be 

increased.  

 Some studies suggested that MSCs have antifibrotic properties. Moodley et al. 

reported that locally administered human umbilical cord MSCs reduced fibrosis of 

bleomycin-induced lung injury in mice by decreasing collagen concentration at the 

injured site.
110

 Leung et al. showed that the presence of MSCs can suppress abnormal 

deposition of collagen I in the nucleus pulposus of intervertebral disc degeneration 

rabbits, modulating profibrotic mediators MMP12 and HSP47, thus reducing collagen 

aggregation and maintaining proper fibrillar properties and function.
111

 Here, only the 

RGD-PAH implants exhibited the significant suppression of fibrosis when BMSCs were 

present. There were no differences in fibrosis between the blank hydrogels and the 

hydrogels seeded with BMSCs for PAH and TMV-PAH implants. Likewise, the presence 

of BMSCs caused no differences in vascularization in any types of implants. The cell 

growths in the cell-loaded implants were compared with the blank implants among each 

hydrogel type. To our surprise, RGD-PAH showed distinct result to other types of 

hydrogels. The RGD-PAH without pre-loaded BMSCs exhibited comparable/slightly 

higher implant cell growth than the hydrogel with initial cell seeding. The possibility 

could be that the available RGD peptide presented in blank RGD-PAH recruited MSCs 

that travel through the peripheral blood
112

 at the early stage implantation. 
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3.3 CONCLUSION 

The TMV incorporated porous alginate hydrogel scaffolds were evidenced for the 

biocompatiblity as ex vivo 3D supports for BMSCs and as in vivo cell delivery and tissue 

development platforms. The cell-loaded implants caused insignificant changes in the 

immunogenicity of TMV particles. Overall, mild to moderate inflammatory responses 

were observed due to the injury triggered by normal wound healing and implantation of 

foreign materials with no major differences in degrees of inflammation between the 

BMSC seeded hydrogel and the control in both virus-functionalized hydrogels and PAH 

alone. Hence, this virus functionalized hydrogel system is considered a promising 

candidate as safe and easy incorporating biofunctional material well-suited for stem cell 

delivery and tissue regeneration. This study is one of the underlying platforms for the 

development of viral nanoparticle based biomaterials in tissue engineering and 

regenerative medicine. 

 

3.4 EXPERIMENTAL SECTION 

All chemicals were obtained from commercial suppliers and used as received unless 

otherwise noted. Wild-type TMV (TMV) and its RGD mutant (TMV-RGD) were isolated 

from infected tobacco leaves following previously established protocols.
23
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3.4.1 Synthesis of Virus-Incorporated Porous Alginate Hydrogels  

The incorporation of TMV and its mutant (TMV-RGD) in porous alginate hydrogel was 

based on previously reported methods.
37

 Briefly, 5% w/v low viscosity sodium alginate 

(Protanal LF 10/60 FT, 30−60 mPas for 1%, kindly provided by FMC Biopolymer UK 

Ltd.) was dissolved in 2% w/v sodium bicarbonate (NaHCO3) and 4% w/v pluronic F108 

solution. Molar equivalent of citric acid with respect to NaHCO3 was added to the 

mixture while stirring at 500 rpm using overhead stirrer, 115V. Stirring was continued for 

15 min at room temperature to allow CO2 to fully develop. For the PAH modified with 

TMV (TMV-PAH), or PAH modified with mutant TMV-RGD (RGD-PAH), 0.1% w/v of 

virus was added to the solution 10 min after adding citric acid. The mixture was stirred 

for another 5 min.  Afterward, the foamy alginate solution was cast in 6.35 mm (0.25 

inches) diameter, 2 mm thick aluminum mold and freeze-dried. The resulting solid foam 

disc was soaked in 2 M of CaCl2 for 24 h to induce the formation of the calcium-based 

physical gel and then dialyzed against large volume of 0.1 M CaCl2. Finally, the solid 

foam was freeze-dried, resulting in porous alginate hydrogel (PAH) for implantation in 

animal study. 

 

3.4.2 Bone Marrow Stem Cells (BMSCs) Isolation and in vitro Expansion 

Primary BMSCs were isolated from the bone marrow of young adult male BALB/c mice. 

The procedures were performed in accordance with the guidelines for animal 

experimentation by the Institutional Animal Care and Use Committee, School of 

Medicine, University of South Carolina. Cells were maintained in complete primary 

media (Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 20% fetal 
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bovine serum (FBS)), kept at 37 °C in a 5% CO2 incubator and passaged no more than 

six times after isolation. 

 

3.4.3 Cell Seeding and in vitro Cell Viability 

For each experimental group of animals, 4 hydrogels of PAH, 3 hydrogels of TMV-PAH 

and 2 hydrogels of RGD-PAH were prepared for ex vivo cell seeding. All hydrogels were 

sterilized in 70% ethanol for 15 min, ethanol was drained on sterile filter paper and the 

hydrogels were further sterilized under UV-light for 60 min in laminar airflow hood. For 

experimental group, hydrogels were then saturated in serum-free osteogenic media at 37 

°C for 60 min, blotted excess media with sterile filter paper, and placed in 12-well 

nonadhesive plate (six hydrogels in each well). The control hydrogels (no cells) were 

saturated with sterile PBS instead of osteogenic supplemented media. Serum-free 

osteogenic media contained high-glucose DMEM supplemented with 10 mM sodium β-

glycerol phosphate, L-ascorbic acid (50 μg/mL), 10
−2

 μM dexamethasone, 1  ITS, FGF 

(1 ng/mL), TGFβ (1 ng/mL), EGF (1 ng/mL), penicillin (100 units/mL), streptomycin 

(100 μg/mL), and amphotericin B (1 μg/mL). BMSCs were harvested from 80% 

confluent culture flask using 0.25% trypsin/EDTA for 5 min and counted and 

resuspended in complete primary media. A total of 30 × 10
3
 BMSCs were seeded per one 

volume (cm
3
) of hydrogel. BMSCs loaded hydrogels were initially incubated with 100 

μL of serum-free osteogenic media in each well to prevent hydrogels from drying out. 

After 6 h of an initial incubation, hydrogels were completely submersed in 1 mL of 
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serum-free osteogenic media in each well. 12 h after cell seeding, cell loaded hydrogels 

were then implanted to the animals. 

 For the in vitro cell viability assay, the hydrogels were prepared and seeded with 

mouse BMSCs by the same procedure with the implant hydrogels. The hydrogels seeded 

with BMSCs were cultured at 37 °C and 5% CO2. CellTiter-Blue (CTB) cell viability 

assay (Promega) after days 2 and 6 of culture was performed for each type of hydrogel. 

The culture media in each well was replaced by 1 mL of prewarmed media containing 

10% CTB and incubated for 1 h at 37 °C and 5% CO2. The media containing CTB was 

used without cells as negative controls. The measurement of the CTB product was taken 

at two time points. First, to detect the cells that attached to the outer surface of hydrogel, 

the solution was collected and replaced with 1 mL of culture media. The incubation was 

continued for another 2 h to allow diffusion of the fluorescent product from the inner part 

of hydrogel. After 2 h incubation, the media solution was collected again and replaced 

with 1 mL of culture media in each well to continue cell culture. The 1:1 mixture of 

solution from first collection and second collection was measured for fluorescence 

intensity at 560/590 nm (Ex/Em) using SpectraMax M2 Multi-Mode microplate reader 

(Molecular Devices). Also, 3 separate experiments were conducted with each type of 

sample, which is comprised of 4 hydrogels. 

 

3.4.4 Animals, Lethality Test and Animal Treatments 

The procedures were performed in accordance with the guidelines for animal 

experimentation by the Institutional Animal Care and Use Committee, School of 
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Medicine, University of South Carolina. NIH guidelines (or for non-U.S. residents 

similar national regulations) for the care and use of laboratory animals (NIH Publication 

#85 - 23 Rev. 1985) have been observed. Twelve-week-old male BALB/c mice were 

housed at 22 ± 2 °C with a 12-h light/ dark cycle and fed standard rodent chow and water 

ad libitum. Mice were randomly assigned to experimental groups. Each group of animal 

(3 groups implanted by PAH, TMV-PAH, and RGD-PAH) consisted of 6 mice. Disk-

shaped hydrogels were implanted subcutaneously. Briefly, under anesthesia with 2 - 3% 

Isoflurane in oxygen, a small dorsal incision (~ 1 cm) was made to create a subcutaneous 

pocket to place the implant along the back of the animal. The skin was closed with 

surgical sutures. The animals were closely monitored (at least once per week) for signs of 

distress or abnormal behaviors and measured body weight for the entire experimental 

period. All animals were sacrificed at week 8 after implantation by cervical dislocation. 

The serum samples for ELISA were obtained after centrifugation (2,000 g, 15 min, 4 °C) 

of blood samples collected from every animal just before euthanization and stored at -80 

°C. The implant hydrogels were recovered after the sacrifice of each animal. The 

implanted hydrogels with the surrounding tissues were then preserved in 10% neutral 

buffered formalin individually in the tissue blocks for further paraffin embedding and 

histological assays. The liver, lung, brain, heart, and spleen of all mice were isolated and 

weighted.  

 

3.4.5 Paraffin Embedding and Histological Assays 

The formalin preserved implanted hydrogels/tissues and organs of all mice were 

embedded in paraffin blocks individually with proper orientations.  Tissue sections (5 
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µm) were prepared and stained with hematoxylin and eosin (H&E). Based on the amount 

of inflammatory cells (basically lymphocytes, neutrophils, macrophages, and so on) 

observed within the center or peripheral areas of implants, the degree of tissue 

inflammation were scored as 0, 1, 2, and 3 (normal; none, rarely seen; 1 to 5 per × 40 

objective field, slightly increased; 5 to 20 per ×40 objective field, and obviously 

increased; > 20 per × 40 objective field). Implant cell growth and foam cells were also 

scored with the criteria applied to inflammatory cells. Based on the degree of 

fibrous/connective tissues and capillary blood vessels observed within the center or 

peripheral areas of implants, the tissue fibrosis and vasculization were scored as 0, 1, 2 

and 3 (none, rarely seen; ≤ 2 vessels/   40 field, slightly increased; 3-10/ × 40, and 

obviously increased; > 10 vessels/ × 40, respectively). Histological images were taken by 

using a Nikon microscope and an Olympus digital camera. 

 

3.4.6 Enzyme-Linked Immunosorbent Assay (ELISA) 

ELISA was performed no later than 3 months after the sera were collected. In order to 

coat wells with TMV as an antigen, high protein-binding conical bottom 96-well plate 

was used. TMV (10 µg/mL, 100 mL) in Phosphate Buffer Saline (PBS) were added to the 

microwells and incubated for 1 h at room temperature, followed by three PBS washes. 

Blocking for non-specific binding was performed by adding 100 µL of 1% bovine serum 

albumin (BSA) and incubating for 30 min at room temperature, followed by three PBS 

washes. Binding was performed by adding 100 µL of serially diluted antiserum into 

microwells and incubating for 1 h at room temperature, followed by thorough washes. 

HRP conjugate anti-mouse IgG (Cayman Chemical Company) diluted at 1:20000 ratio 
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was added and incubated for 30 min at room temperature. Tetramethyl Benzidine (TMB 

Plus, Amresco) and 1 M H2SO4 were added in sequence to the wells according to the 

manufacturer’s protocol, and the binding efficiency was monitored by measuring 

absorbance at 450 nm. 
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CHAPTER 4 

BONE REGENERATION IN RATS WITH CRANIAL DEFECT BY IMPLANTATION OF TMV 

FUNCTIONALIZED ALGINATE HYDROGEL SCAFFOLDS 

4.1 INTRODUCTION 

4.1.1 Rat cranial segmental bone defect model 

There are extensive needs for clinical bone replacement from patients with bone loss after 

resection of tumors, bone loss after trauma, and voids created as a result of fractures. 

Even though bone has a good healing capacity compared to other tissues, the regeneration 

potential is limited in the case of large defects such as after tumor resection, major 

fractures, hip implant revision, or impaired healing capacity of the host.
113, 114

 In such 

cases, the use of bone grafts, derivates, or bone substitutes are indicated to promote 

healing and regeneration.
114-116

 Current clinical methods of treating skeletal defects are 

autograft and allograft bone transplantation. Autograft bone (bone transplanted from one 

part of the body to another in the same individual) provides an environment that bone 

cells like to grow and to make bone tissue. However, the supply of autograft bone is 

limited. Allograft bone (bone from one person to another including those from cadaveric 

and living related) has slower rate of healing compared to autograft bone and the 

possibility of disease transfer. Therefore, material scientists introduced the concept of 

tissue engineering using biocompatible artificial materials that offer an unlimited supply 

for treating bone defects. 
113, 117
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The translation of many therapeutics, including pharmaceuticals, medical devices 

and medical strategies, into clinics requires an animal testing. Despite ethical concerns 

and efforts to develop alternatives to animal experimentation, standardized animal 

models are crucial components in translational sciences and medical technology 

development.
118-121

 For bone tissue engineering, a number of small animal models exist. 

Many species have been used for animal models of bone defects, including mice, rats, 

rabbits, dogs, pigs, sheep and goats, but much of the research has focused on rodent 

models because of reproducibility, throughput and economic considerations. The rat 

calvarium or cranium allows for a reproducible defect that can be generated quickly and 

does not require fixation for stabilization of the skeleton, as is generally required with 

femoral defects.
122, 123

 However, as an anatomical site experiencing less loading than long 

bones, the functional testing of a bone regeneration strategy intended to withstand 

biomechanical forces is not feasible in the calvarial defect.
124

 Thus, taking into 

consideration the objective of the biomaterial or bone regeneration strategy, the rat 

calvarial defect can serve as a rapid, high throughput method for in vivo evaluation of 

bone regeneration. The rat cranial segmental bone defect is a versatile model allows for 

evaluation of biomaterials and bone tissue engineering approaches within a reproducible, 

non-load-bearing orthotopic.
125

 For critical defects, i.e. defects that would not fully heal 

spontaneously, or even to accelerate or guide the repair process, the use of bioactive 

scaffolding material could be of great advantage. Suitable materials can, in fact, fill the 

cavity or stabilize the defects while exerting beneficial stimuli that promote cell activity 

and proliferation.
117
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4.1.2 TMV nanoparticle-functionalized porous alginate hydrogel 

The goal of this study is to assess the potential for plant virus/polymer hydrogels as 

materials capable of enhancing bone formation/regeneration. The hydrogel is composed 

of Tobacco mosaic virus (TMV) as protein templates with a mixture of a natural hydrogel 

forming polymer that is biocompatible and biodegradable, sodium alginate (sugar-based 

polymer derived from algae/seaweed). Alginate has been well established as a hydrogel 

forming polymer that is used extensively in biomedical applications. However, alginate 

itself cannot guide cells towards bone differentiation, unless complex mixtures of protein 

materials (i.e. growth factors, cell binding sequences) are incorporated. Therefore, we 

rationalized that TMV can supplement the polymer backbone to promote bone formation. 

There are two rationales for using the plant virus. One, the plant virus cannot infect 

mammalian cells. Historically and at present, there have been no reports of TMV 

infections in mammals. Even in the case that the plant virus was to enter the mammalian 

cells, it does not have the proper material to replicate itself inside the mammalian cells.
36, 

126-128
 The virus solution can further be purified to be pathogen-free by sterile filtration. 

Second, a large number of functionalities (cell anchorage sites, growth factors) can be 

placed on the virus at the nanometer scale.
23, 24

 The ability to place specific functional 

groups (cell anchorage sites, growth factors) at nanometer scales within the hydrogel has 

been an important direction for tissue engineering.
 23, 24 23, 24 23, 24 23, 24 23, 24 23, 24

 Currently, 

the preparation of complex hydrogels is a tedious process that involves multiple steps to 

position the cell anchorage sites and growth factors within the hydrogel. By incorporating 

cell-binding ligands on the external surface of TMV, we have shown that TMV can act as 

nanometer sized building blocks that the plant virus act as nanometer sized materials that 
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can support mesenchymal stem cells and dramatically improve the transformation of cells 

into bone-like cells in vitro.
16, 17, 37

 We did not observe any decrease in cell survival even 

with very high doses of TMV. Additionally, from our previous studies reported in 

Chapter 2 for biocompatibility (subcutaneous) of TMV and its mutant (TMV-RGD) 

incorporated alginate hydrogel scaffold in mice, we did not observe any serious immune 

responses in comparison with the control group (mice subcutaneously implanted with 

alginate-alone scaffold). Therefore, the proposed hydrogel will possibly provide a new 

way to prepare biomaterials for bone repairing applications.  

 

4.2 RESULTS AND DISCUSSION 

4.2.1 Surgical recovery of animals 

The survival surgery of cranial bone defect creation with subsequently hydrogel 

implantation was carried out. Mean surgery time was 10 minutes (SD = 4). One out of the 

21 animals did not gain consciousness and died after the surgery. Animal’s weight was 

measured immediately after the cranial defect survival surgery on each animal to monitor 

post-surgery weight loss. Figure 4.1A showed that all rats lost less than 5% of its initial 

weight measured before the operation. Blood loss during surgical procedure was also 

estimated to be less than 1 mL in all rats. The animals were closely monitored within the 

first 6 hours after and weighed every day for the first post-operative week and at least 

once every consecutive week, continuously for the entire experimental period. 

Postoperatively, the rats recovered quickly, gaining their baseline weight and returning to 

routine activities such as grooming, eating and drinking in less than 48 hours. The
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Figure 4.1. Animal post-operative care and monitoring. (A) All experimental animals only lost less than 5% of their original weights 

after the surgery. The dot plot represented each animal with mean shown as a bar (n = 6, for PAH and TMV-PAH and n = 7, for RGD-

PAH). (B) The rats recovered quickly, the surgical wound healed completely and the suture material fell off spontaneously within 2 

weeks. (C) All rats maintained their normal  growth rates for the entire experimental period. Values expressed are means (n = 6, for 

PAH and TMV-PAH and n = 7, for RGD-PAH) ± SD. 
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surgical wound heeled within 1.5 weeks without post-surgical bleeding or wound 

infection. The surgical suture fell off spontaneously from the surgical site after the wound 

healed completely (Figure 4.1B). From gross observations after cranial defect operation 

and implantation, all animals were normally active in eating, drinking, and grooming 

with no observable hair loss and aggressive behavior. The growth rate was evaluated by 

body weight of rats at each time point normalized with their original weight before 

implantation with PAH, TMV-PAH, and RGD-PAH. Comparing to the normal growth 

rate of Sprague Dawley rats.
129

 All experimental animals grew normally with no weight 

loss as shown in Figure 4.1C.  

 

4.2.2 Systemic inflammatory and immunogenic responses 

Complete blood count was analyzed from whole blood samples from each group of rats at 

every week for 4 weeks, and then every other week until termination after 10 post-

operative weeks. Figure 4.2 and 4.3 showed different blood counts in normalization to the 

initial numbers that were analyzed from whole blood collected from a 8-week old normal 

Sprague Dawley rat. The host inflammatory responses after the surgery were evaluated 

by white blood count including total white blood cell (WBC), lymphocyte (LYM), 

monocyte (MON), and neutrophil (NEU) counts. Overall, all animals had slightly low 

WBC, LYM, and NEU comparing to the normal rat. However, the comparison had no 

statistical difference for each parameter in each time point except for PAH group. Rats 

implanted with PAH had significant lower WBC at week 1, 3, 8, and 10, and LYM at 

week 3 and 10 compared to normal rat (p < 0.01, multiple t-test). MON count from all
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Figure 4.2. White blood count analysis of all rats with bone substitute implants. The total 

blood counts were monitored at 8 time points (day 4, week 1, 2, 3, 4, 6, 8 and 10, post-

operatively). The histograms showed the numbers of total white blood cells (WBC), 

Lymphocyte (LYM), Monocyte (MON), NEU (neutrophil) normalized with the values 

measured from non-treated rat. Each bar indicated min to max with mean as the middle 

horizontal bar (n = 6, for PAH and TMV-PAH and n = 7, for RGD-PAH) ± SD. From t-

test analysis comparing control (non-treatment) and experimental value, the filled bars 

represented statistical significance, p<0.05. Red dots represented outliers. 
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Figure 4.3. Hematology analysis of all rats with bone substitute implants. The total blood 

counts were monitored at 8 time points (day 4, week 1, 2, 3, 4, 6, 8 and 10, post-

operatively). The histograms showed the numbers of red blood cell (RBC), hemoglobin 

(HGB), platelet (PLT), and mean platelet volume (MPV) normalized with the values 

measured from non-treated rat. Each bar indicated min to max with mean as the middle 

horizontal bar (n = 6, for PAH and TMV-PAH and n = 7, for RGD-PAH) ± SD. From t-

test analysis comparing control (non-treatment) and experimental value, the filled bars 

represented statistical significance, p < 0.05. Red dots represented outliers. 
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rats was comparable with value shown in normal rat’s blood (no significant difference, 

multiple t-test). There were also no significant differences in all white blood counts when 

compared between each group of hydrogel implant. There were 2 outliers on day 4 white 

blood counts: one, from RGD-PAH implanted group expressed increased numbers of 

LYM and the corresponding WBC; another, from PAH implanted group exhibited high 

NEU and its corresponding WBC. However, both rats had white blood counts leveled out 

to the values comparable to all other rats after 1 post-operative week (Figure 4.2).  

 Other blood parameters that indicate animal health and significant loss of blood 

such as red blood cell (RBC), hemoglobin (HGB), platelet count (PLT), and mean 

platelet volume (MPV) were shown to be comparable to the values measured from non-

treated rat’s blood in all animals that were implanted with different types of hydrogels. 

Even though there were some outliers appeared at different time points for each 

parameter, those outliers seemed to obtain only temporal changes in particular blood 

counts that returned to the normal values at the later time point (Figure 4.3).  

Organ weight can be the most sensitive indicator of an effect of drug toxicity, as 

significant differences in organ weight between treated and control animals may occur in 

the absence of any morphological changes.
130

 The spleen and liver are main target organs 

for various nanomaterials in the circulatory system, because these organs are part of the 

reticulo-endothelial system (RES) that has removing foreign agents from the circulation 

as one of its functions. 
131-133

 In this study, we utilized viral nanoparticles in providing 

biofunctionality to hydrogel to create extracellular matrix preferable for cell attachment 

and growth. It was critical to evaluate the spleen enlargement that might occur from the 

immunogenic and/or elimination reaction of the body towards viral nanoparticles 
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Figure 6.9. Live cell staining of BMSCs cultured in hydrogels. BMSCs were embedded 

into the 3D hydrogel, in situ, at 1 million cells/mL concentration in complete primary 

media. Day 9 and 17 live cell staining was shown using Calcein AM staining. 
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Figure 6.10. Agarose gel image of PCR product derived from mRNA of BMSCs cultured 

in hydrogels. Sufficient amount of RNA could be isolated from the culture. Gel image 

shows the PCR product of house-keeping gene from RNA isolated on day 6 (lane  2), 10 

(lane 3, 4), and 18 (lane  5). 
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6.3 CONCLUSION 

HA hydrogel can be engineered to obtain different properties. HA backbone could be 

modified to have the reactive methacrylic group and the gel can be formed in situ after 

addition of DTT crosslinker via Michael addition reaction under physiological condition. 

The incorporation of TMV particles could be preceded through the same thiol-ene click 

reaction between thiol group of TMV-1Cys mutant and the methacrylated HA polymer. 

The gelation time was improved after addition of TMV-1Cys to 12 minute allowing 

adequate operation time, yet providing sufficiently rapid rate for clinical efficacy. The 

resulting gel obtained the micro-and macro-pore structures enabling an exchange of 

nutrients. The mechanical property of hydrogel could be enhanced by incorporation of 

TMV-1Cys nanoparticles. The hydrogel was compatible for stem cell culture, and genetic 

material could be extracted for further gene analysis. This study is considered a 

foundation of the development of injectable hydrogel with TMV covalently linked to the 

back-bone polymer that can be further functionalized to direct the encapsulated cell 

responses in 3D.  

 

6.4 EXPERIMENTAL SECTION 

All chemicals were obtained from commercial suppliers and used as received unless 

otherwise noted. Wild-type TMV (TMV) and its Cys-mutant (TMV-1Cys) were isolated 

from infected tobacco leaves following previously established protocols.
26
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6.4.1 HA-methacrylate synthesis 

Synthesis of HA-methacrylate was modified from the method originally described by 

Smeds et al.
217

 according to the protocol detailed by Marklein et al.
218

 Briefly, HA of 

molecular weight 47, 310,or 1000 kDa (Dali) was dissolved at 1 wt% in potassium 

phosphate buffer, pH 8 and methacrylic anhydride (Alfa Aesar) of different folds molar 

excess (relative to the HA disaccharide repeat unit) as listed in Table 1 was added 

dropwise to the solution on ice. The pH of the two-phase reaction mixture was adjusted to 

8.0 with 5 M NaOH, and the reaction was allowed to continue for 24 h. at 4 °C with 

frequent re-adjustment of the pH. The product was dialyzed against milli-Q water for at 

least 48 h, followed by centrifugation to recover the precipitate, which was then flash 

frozen in liquid nitrogen, and lyophilized. The powder thus obtained was analyzed by 
1
H 

NMR.  

 

6.4.2 HA gelation and rheology 

In general, to form crosslinked HA gels, HA-methacrylate polymers with 30-50% 

degrees of functionalization (hereafter denoted as xx-DMHA; with xx represented % 

degree of modification) was dissolved in phosphate buffer saline (PBS) at the desired 

concentration. The crosslinker dl-dithiothreitol (DTT) was added at the ratio of thiol:ene 

  1:4. For “TMV-SH, 0.1% + xx-DMHA, 5%”, xx-DMHA was dissolved in PBS at 5 wt 

% concentration, and 10 mg/mL TMV-1Cys was then added before adding DTT to make 

final concentration of 0.1 wt %. Oscillatory shear rheology was performed using a DHR-

3 rheometer (TA instrument) with 12 mm diameter parallel-plate geometry and 

temperature controlled peltier plate. For the gelation study, the gels were crosslinked in 
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situ between the rheometer plates in a close chamber protecting hydrogel from 

dehydration. The measurement in oscillatory time sweep mode (2% strain amplitude, 10 

rad/s) immediately started after the freshly prepared pre-hydrogel mixture was loaded on 

the peltier plate. Typically, 200 µL of the gel solution was used with a gap width of 1 mm 

between the plates. Amplitude sweeps at constant frequency (1 Hz) were performed to 

determine the linear viscoelastic range of deformation for each sample, after which 

frequency sweeps (0.01-100 Hz) were performed at a strain amplitude within the linear 

range (2%). In amplitude and frequency sweeps measurement, the geometry gaps were 

conditioned by axial force at 0.5 N for every run. 

 

6.4.3 MALDI-TOF analysis 

The 100 μL of pre-formed TMV-SH hydrogel was digested using 1800 U HAase in 1 mL 

PBS (Type IV-S from bovine testes, Sigma) for 2 days. The control hydrogel without the 

virus was digested with the 900 U HAase in 200 μL PBS. Each sample was prepared by 

mixing the virus (0.5 mg/mL, 1 μL) or digested hydrogels solution (1 μL) with 9 μL of 

matrix solution (saturated sinapic acid in 70% acetonitrile, 0.1% trifluoroacetic acid). 

 ne μL of the mixture was spotted on a MALDI plate, air-dried and analyzed by 

MALDI-TOF mass spectrometry (Bruker Ultraflex MALDI-TOF/TOF). 

 

6.4.4 Atomic force microscopy of TMV-SH hydrogel 

Atomic force microscopy (AFM) was performed on the TMV-SH, 0.1% + 50-DMHA, 

5% hydrogel. First, 5% methacrylated HA polymer solution in PBA, after adjusting pH to 

pH 8, was mixed with TMV-1Cys to make 0.1 wt % final concentration. DTT was added 
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to the mixture. After 10 min gelation, the hydrogel was spin-coated on the silicon wafer. 

The hydrogel coated wafer was then dried and subjected to AFM imaging. The TMV-

1Cys in the hydrogel on the wafers was characterized using tapping-mode AFM images 

using a NanoScope IIIA MultiMode AFM (Veeco). Si tips with a resonance frequency of 

approximately 300 kHz, a spring constant of about 40 Nm
-1 

and a scan rate of 1.0 Hz 

were used. 

 

6.4.5 Environmental scanning electron microscopy 

Environmental scanning electron microscopy (ESEM) images were obtained by VEGA3 

TESCAN electron microscope. Freeze dried samples were cross-sectioned and mounted 

on aluminum stubs with carbon tape. Samples were observed under a low vacuum with 

20 kV of electron acceleration and a 9.95 -13.16 mm working distance.  

 

6.4.6 Dye diffusion study 

After the 150 µL hydrogels were fabricated as mentioned earlier, each gel was soaked 

into 400 µL of 5 µg/mL fluoresceinamine isomer I (sigma) in PBS. The amount of dye 

diffused into the hydrogel was calculated from the left-over dye detected from the 

medium. Dye amounts were transformed from fluorescence intensity measured at 

490/520 nm (Ex/Em) by SpectraMax M2 Multi-Mode microplate reader (Molecular 

Devices). The standard curve was generated from different dye concentrations in the 

range of 1-10 µg/mL plotted over fluorescence intensities. The amounts of dye diffusion 

were then calculated into concentrations of dye in the hydrogels and normalized against 
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the concentrations of dye in total volume (hydrogel volume + medium volume) as shown 

in the following equation. 

Dye concentration diffusion percentage    

amount of dye in hydrogel/hydrogel volume

amount of dye in total/(hydrogel volume   dye solution volume)
 

 

6.4.7 Swelling property and stability 

Swelling property of each hydrogel was determined by the final weight divided by the 

initial weight of the hydrogel. The initial weights (~ 250 mg) of hydrogels were recorded 

(µ0). Hydrogels were immersed in 1 mL PBS at room temperature, and then the weights 

after immersion over time were recorded (µt). Surrounding water was drained and blotted 

out with Whatman filter paper from hydrogels before weighing. The swelling ratios were 

calculated from μt/μ0. For stability test, pre-formed hydrogels (250 µL) were incubated 

with 1 mL of PBS at room temperature. The hydrogel mass reduction at each time point 

was monitored. The hydrogel was collected and lyophilized for at least 24 h. before the 

dry weight was measured. The dry weight at the starting point was measured as γ
0
 (~ 16 

mg). The dry weight measured at different time point was symbolized γ
t
. Normalized 

hydrogel dry weight was calculated as γ
t
/ γ

0
. 

 

6.4.8 Bone Marrow Stem Cells (BMSCs) isolation and culture  

Primary BMSCs were isolated from the bone marrow of young adult 160 - 180 g male 

Sprague Dawley rats (Charles River Laboratories). The procedures were performed in 

accordance with the guidelines for animal experimentation by the Institutional Animal 

Care and Use Committee, School of Medicine, University of South Carolina. Cells were 
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maintained in complete primary media (Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS)), kept at 37 ⁰C in a CO2 incubator with 

5% CO2 : 95% air and passaged no more than seven times after isolation. 

 

6.4.9 In situ cell encapsulation with hydrogel matrix 

The hydrogels were prepared s previously described, except that the preparation occurred 

under sterile condition and pre-warmed complete DMEM media was used to dissolve the 

polymer. TMV-1Cys was filtered to remove all pathogen before mixing. All other 

components including 5 M NaOH and 0.2 M DTT in PBS were also sterile filtered with 

0.2 µm PES membranes. BMSCs were harvested from the tissue culture plate after 

reaching 80% confluency. The cells were then mixed with the mixture of pre-warmed 

hydrogel in DMEM media at 1 M/mL concentration right after addition of DTT. One 

hundred and fifty microliters of the cells-hydrogel mixture was then injected into each 

Transwell (Corning) that was inserted and anchored in 24 well tissue culture plate, and 

incubated at 37 ⁰C in a CO2 incubator with 5% CO2 : 95% air. Approximately 6 h after 

casting the gel into Transwell, 400 µL additional DMEM media was added into each 

well. The fresh media was exchanged every day for the entire experimental period. 

 

6.4.10 Cell metabolic rate 

CellTiter-Blue
®
 (CTB) cell viability assay (Promega) after day 1, 4, 8 and day 15 of 

culture was performed in a separate sample for each type of hydrogel. The culture media 

in each well was replaced by 300 mL of pre-warmed media containing 15% CTB and 

incubated for 20 h at 37 °C and 5% CO2. The media containing CTB was used without 
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cells as negative controls. The media containing metabolite of CTB was measured for 

fluorescence intensity at 560/590 nm (Ex/Em) using SpectraMax M2 Multi-Mode 

microplate reader (Molecular Devices).  

 

6.4.11 Live cell staining 

On day 9 and 17 of cell culture, 10 μg/mL of calcein AM in media was added in each 

cell-hydrogel culture well and incubated for 30 minutes in 37°C. Then, hydrogels in each 

well were washed by PBS. After washing, PBS was replaced with fixative solution (4% 

paraformaldehyde in 1× Dulbecco's Phosphate Buffered Saline; DPBS). Hydrogels were 

fixed overnight at 4 °C. Fixed hydrogels were then washed with PBS 3 times and stored 

in PBS. Images of the stained samples were obtained using Olympus IX81 with DSU 

confocal mode. 

 

6.4.12 RNA isolation 

At the cell culture end point, total RNA could be purified from the hydrogel. First, each 

hydrogel was preserved in RNA later (Qiagen) overnight at 4°C. This step was critical to 

help protecting RNA from degradation during complex isolation procedures. The 

preserved hydrogel was then disrupted by high speed homogenization. The tissue 

homogenizer probe was rinsed with RNase-free water and 10% sodium lauryl sulfate 

between each sample processing to prevent cross-contamination. Total RNA was 

subsequently extracted following manufacturers’ protocols of either QIAShredder 

(Qiagen) with E.Z.N.A. Total RNA Kit (Omega) or RNAzol
®
 RT (MRC). The resulting 

RNA was reverse transcribed by using qScript™ cDNA Supermix (Quanta Biosciences). 
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RT-PCR was then achieved by the method described as: 45 cycles of PCR ( 95°C for 20s, 

58°C for 15 s, and 72°C for 15 s), after initial denaturation step of 5 minutes at 95°C, by 

using 0.1 μL of Taq DNA polymerase, 0.5 μL of 10 mM dNTP Mix, 2.5 μL of 10× PCR 

Buffer, without Mg, 2 pmol/μL of each forward and reverse primers and 30 ng cDNA 

templates in a final reaction volume of 25 μL. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as an example gene. Here, we used GAPDH primer 

sequence from the report by Sitasuwan et al.
17

 The PCR product was then subjected to 

standard agarose DNA gel electrophoresis. 
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