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Abstract 

Glioblastoma (GB) is a severe type of brain tumor with 26,000 adult, 5,000 

pediatric cases diagnosed every year. In addition to primary tumors, ~170,000 new 

metastatic cancers to brain are diagnosed annually1,2. The median patient survival 

remains a mere 14.6 months despite an expensive treatment combining surgical 

resection, chemotherapy and radiation. There is an immediate need to develop 

alternative therapies for GB that can be easily administered at an affordable cost. Stem 

cells have provided an attractive platform to develop therapies in this regard due to their 

inherent tropism towards inflammation or site of injury and their proliferation capacity. 

Having the ability to non-virally modify stem cells to deliver therapeutic gene(s) of 

interest will change the way treatment is strategized and administered for GB. The first 

step towards developing this treatment involves efficiently engineering patient-derived 

human adipose derived mesenchymal stem cells (hAMSCs) to express gene(s) of 

interest and characterizing the modified hAMSCs. This thesis involves identifying an 

optimal poly-beta-amino-ester (PBAE) polymer formulation to transfect patient-derived 

hAMSCs and characterizing the migration, proliferation and stemness of hAMSCs 

modified to express single or multiple genes of interest. 

The thesis consists of two parts. The first half comprises of identification of a 

polymer formulation for optimal transfection of patient-derived hAMSCs and 

characterization of nanoparticle modified hAMSCs. We were able to screen for optimal 

gene expression using a library of PBAE polymers previously created in our laboratory. 

We showed that primary patient-derived hAMSCs can be transfected using PBAE 

nanoparticles and the gene expression can be seen even five days after transfection. 

Though there is not just one single polymer formulation to obtain optimal expression, a 

combination of polymer structure, polymer to DNA weights ratio and DNA dosage 

resulted in transfection efficacy of up to 60%. We also observed variability in transfection 
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efficacy among hAMSCs obtained from individual patients, suggesting that every 

hAMSC culture does not result in similar gene expression for a given formulation. 

However, we observed a transfection efficacy of at least 30-40% for any given patient-

derived hAMSC culture, with some cultures having transfection efficacy as high as 60%.  

Multiple cultures of primary hAMSCs obtained from patients have been transfected to 

express individual gene or a combination of genes. We observed that hAMSCs modified 

to express receptor protein GFP before and after transfection maintained their migration 

ability, proliferation capacity and stemness. In addition, hAMSCs expressing two genes 

maintained their stemness as well. These results suggest that we have the ability to 

transfect multiple plasmids within a single PBAE nanoparticle resulting in an effective 

and efficient multiple gene delivery, without significant cytotoxicity.  

The latter half of the thesis evaluates the routes of administration of hAMSCs in a 

mouse model of glioblastoma in vivo. Virally transduced bioluminescent hAMSCs have 

been administered to mice through intracardiac, nasal, intrathecal or intravenous 

delivery. The distribution of hAMSCs was studied over a period of 5 days. The total flux 

of the fluorescence signal for each mouse (for days 0-4) was qualitatively compared for 

different routes. We observed the most diffused distribution of hAMSCs in for 

intracardiac administration. 

These findings indicate the PBAE polymers can be used to effectively transfect 

primary patient-derived hAMSCs to express gene(s) of interest. Further, changes to 

polymer structure, polymer to DNA weights ratio and DNA dosage influence the 

transfection efficacy. Moreover, hAMSCs can be used as delivery vehicles in a brain 

tumor model, with different routes of administration resulting in varied distribution of the 

injected cells. In addition, patient-derived hAMSCs non-virally engineered to express 

gene(s) of interest maintain their migration ability, proliferative capacity and stemness, 

thus making hAMSCs an attractive gene delivery vehicle for brain tumor patients.  
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Chapter 1 

 

Introduction to thesis 

 

1.1 Glioblastoma Multiforme 

Gliomas are a collection of tumors arising from glia or their precursors within the 

Central Nervous System. Clinically, gliomas are divided into four grades. Glioblastoma 

(GBM) is the most aggressive of these gliomas3. The World Health Organization 

classifies GBM as a grade IV, malignant neuroepithelial intracranial cancer of the central 

nervous system. GBM is the most common malignant primary brain tumor in adults, with 

an occurrence of 25,000 new cases and 16,000 deaths per annum. The median survival 

remains at a dismal 14.6 months post-diagnosis despite combinatorial treatment strategy 

consisting of surgical resection, chemotherapy and radiation. Implied in the name, 

glioblastoma is a multiforme. Glioblastoma is a multiforme grossly with regions of 

necrosis ad hemorrhage; microscopically with microvascular proliferation, pleomorphic 

nuclei and cells; and genetically with deletions, amplifications and point mutations in 

signal transduction pathways associate with angiogenesis, cell cycle checkpoint 

regulation, survival and cell migration3. Glioblastoma is an aggressively diffusive in 

nature (figure 1.1). The glioma cells infiltrate through the normal tissue, surround 

neurons and vessels, and migrate through the white matter tracts. These finger-like 

protrusions form the infiltrative patterns of glioblastoma preventing a complete surgical 

resection of the tumor, and tumor recurrence3-7.  

 From within a population of CD 133+ cells from human glioblastoma samples, 

scientists were able to identify and isolate a subpopulation of cells capable of forming 

human brain tumor in vitro and in vivo, called the Brain Tumor Initiating Cells (BTICs)8. 
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Later on, several studies have shown that BTICs are resistant to radiotherapy and 

chemotherapy (temozolomide) treatments9-15. Considering that a majority of the anti-

tumor therapy for recurrent tumors comprises of chemo and radiotherapy, it is evident 

that BTICs evade these therapeutic strategies and play a role in aggressive tumor 

recurrence. Hence, there is a clear need to develop therapeutic strategies with the ability 

to target this specific subpopulation of BTIC cells to reduce the invasion, delay the tumor 

recurrence and prolong survival. 

  

1.2 Mesenchymal Stem Cells 

Mesenchymal stem cells (MSC) are a population of multi-potent self-renewing 

adherent cells that have the ability to form colonies, proliferate and differentiate into 

mesenchymal lineages, including osteoblasts, chondrocytes, adipocytes, fibroblasts, 

myoblasts and in some cases, dopaminergic neurons and oligodendrocytes16,17. The 

International Society for Cellular Therapy has provided with certain minimum criteria for 

defining multipotent human mesenchymal stromal cells, which include plastic adherence 

under standard culture conditions; positive for expression of CD73, CD90 and CD105, 

and negative for expression of CD31, CD45, CD11a, CD19 and HLA-DR; differentiation 

ability into osteocytes, adipocytes and chondrocytes in vitro under specific stimulus18.  

There are many sources to isolate MSCs, with the most common being bone-marrow, 

adipose tissue and umbilical cord19. However, the exact role of MSCs has not been 

defined, though studies have shown that MSCs participate in formation and maintenance 

of hematopoietic microenvironment, immune response control, wound healing, tissue 

repair and regeneration and angiogenesis16. 

Though Bone Marrow derived mesenchymal stem cells (BM-MSCs) have been 

extensively studied, in comparison, adipose-derived mesenchymal stem cells (AMSCs) 

have some advantages. AMSCs are genetically and morphologically more stable in long-
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term culture, have a higher proliferative capacity and lower senescence ratio, and are 

much easier to obtain due to the abundance of adipose tissue and easy isolation from 

subcutaneous regions of the patient. Moreover, AMSCs have been shown to have an 

endogenous tropism to tumors and sites of inflammation and injury, which makes them 

an attractive option for therapeutic delivery vehicles19-22 AMSCs can be especially used 

cases where systemic administration of drug causes unwanted, harmful side effects and 

in scenarios where a certain population of cells or tissues is being targeted, including 

cancer therapy. An overview of the various therapeutic molecules, agents and drugs is 

shown (figure 1.2). In this thesis, we make use of patient-derived hAMSCs as delivery 

vehicles for nanoparticles to deliver DNA to the brain tumor site.  

 

1.3 Polymeric Gene Delivery  

Gene therapy is a form of molecular medicine, where genetic material is 

introduced into a cell, tissue or whole organ to either cure a disease or reduce the 

progression of the disease. A critical factor in gene therapy is an effective delivery 

system for efficient gene transfer, with minimal pathogenic or harmful side effects. There 

are two main delivery vehicles or vectors used for DNA delivery: (1) viral vectors and (2) 

non-viral (synthetic) vectors23. Viral vectors, though result in long term gene expression, 

do not provide as much control in therapy design, in addition to potentially causing 

insertional mutagenesis, adverse immune responses and a lack of specificity24. 

However, non-viral synthetic vectors and delivery vehicles have not been able to match 

the efficiency of viral vectors. Any synthetic delivery vehicle for DNA delivery should be 

able to overcome extra- and intracellular barriers, maintain stability until nuclear import 

occurs but have weak enough interactions with the DNA to release once in the nucleus, 

and have the ability for endocytosis and endosomal escape25-27. Rather then developing 

a single synthetic vector to modify the cells or deliver the genes, an effective approach 
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with broader applications would be to design and develop a library of polymeric vectors 

and evaluate their efficacy. Such an approach is described and discussed in a study by 

Green et al., where a library of over 2000 structurally unique poly (β-amino esters) 

(PBAEs) were developed and tested for effective gene delivery28. In addition to being 

comparable to adenovirus for in vitro and in vivo gene delivery to primary human cells, 

these biodegradable PBAE polymers show polymer structure to cell type specificity29-31. 

In this context, optimizing gene delivery for a certain cell type begins with a large screen 

of polymeric nanoparticles, which will result in leading polymer choices for a given cell 

type. Though the cause for this specificity remains unknown, it is a powerful tool in 

optimizing gene expression and reducing non-specific delivery and related side effects. 

In this thesis, the first half focuses on optimizing DNA delivery and gene expression of 

patient-derived human Adipose-derived Mesenchymal Stem Cells (hAMSCs) using 

PBAE-based nanoparticles, with a specific application in glioblatoma therapy.  
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1.5 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1a.  
Pre-operative MRI 
  

1.1b.  
Post-operative MRI 
Immediate 
  

1.1c.  
Post-operative MRI                 
After 2 months 
   (10-October-2014) 

Figure 1.1. Images of brain MRI sections (Axial view) of a 
glioblastoma patient. Pre-operative, post-operative and most recent 
images are shown. The bright regions of the MRI image represent 
tumor. 
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 Figure 1.2. Transgene strategies potentiating MSCs 
for tumor therapy. Stem cells can be designed to 
achieve different anti-tumor effects. Image 
reproduced/reprinted, with copyrights license from: 
  
Shah, Khalid. "Mesenchymal stem cells engineered for 
cancer therapy."Advanced drug delivery reviews 64.8 
(2012): 739-748. 
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Chapter 2 

 

 

Specific Aims 

 

2.1 Overview 

This project evaluates the nanoparticle formulations comprising of biodegradable 

poly-beta-amino-ester (PBAE)s for modifying patient-derived human adipose derived 

mesenchymal stem cells (hAMSCs) for optimal expression of genes of interest. Along 

with gene expression, we characterized the nanoparticle modified stem cells, and 

evaluated their migratory and proliferative capacities in vitro. We’ve also evaluated four 

different routes of hAMSCs administration in a murine model of glioblastoma in vivo. 

 

2.2 Specific Aims 

 

Specific Aim 1. To identify a biodegradable poly-beta-amino-ester (PBAE) nanoparticle 

formulation to enable effective transfection of patient-derived human adipose-derived 

mesenchymal stem cells (hAMSCs) to express gene of interest. 

Aim 1A. To identify the optimal polymer structure to enable modification of 

patient-derived hAMSCs. 

Aim 1B. To identify optimal dosage for given polymer structure(s) to engineer 

patient-derived hAMSC cultures for optimal gene expression. 

 

Specific Aim 2. To characterize the hAMSCs engineered to express genes of interest in 

vitro. 
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Aim 2A. To evaluate the migration and proliferation of hAMSCs non-virally 

engineered with PBAE/DNA nanoparticles in vitro. 

Aim 2B. To evaluate the stem-cell characteristics of hAMSCs non-virally 

engineered with PBAE/DNA nanoparticles in vitro. 

 

Specific Aim 3. To evaluate various routes of hAMSCs administration in a murine model 

of glioblastoma in vivo. 
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Chapter 3 

 

 

Optimization of Poly (beta-amino-ester) (PBAE) nanoparticles for effective 

gene expression of human adipose-derived mesenchymal stem cells 

(hAMSCs)  

 

The work discussed in this chapter wouldn’t have been possible without the effort 

and contributions of Dr. Stephany Tzeng and Kristen Kozielski, from the Green 

lab at Johns Hopkins. Olindi Wijesekera, Dr. Kaisorn Chaichana, Young Lee, Dr. 

Hugo Guerrero-Cazares, Dr. Jordan Green and Dr. Alfredo Quinones-Hinojosa 

have contributed towards the experimental design, data collection and analysis.  

 

3.1 Introduction  

Glioblastoma (GBM) is a severe and aggressive form of primary brain tumor. 

Despite multimodal therapy consisting of surgical resection, chemotherapy, and 

radiation, there has been no significant improvement in median survival due to 

recurrence and aggressive invasiveness of the tumor1-7. There is evidence of an existing 

subpopulation within the tumor, known as Brain Tumor Initiating Cells (BTICs) known to 

be responsible for GBM tumor formation, recurrence and resistance to therapy8-14. 

Hence, intraoperative therapies targeting BTICs will be effective treatment strategies 

(figure 3.1). Primary intraoperative human adipose-derived mesenchymal stem cells 

(hAMSCs) are an attractive therapeutic option, as they can be easily obtained from 

adipose tissue extracted from the patient, have tropism towards the tumor site15-17 and 
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the BTICs18, resist oncogenic transformation19,20 and can be genetically engineered to 

serve as anti cancer targeting vehicles21-23.  

To overcome the safety problems associated with viral gene delivery24, 

biodegradable polymeric materials can be used to deliver DNA plasmids, but needs to 

be optimized for high efficacy in human cells. We have previously developed a large 

library of hydrolytically degradable and bioreducible Poly (beta-amino-ester)s (PBAEs) 

and evaluated the properties of nanoparticles fabricated from these PBAEs25-27. Hence, 

we have the ability to screen this large library of PBAEs to determine leading polymer 

analogs that can be used to fabricate nanoparticles for specific human cell types27-29. 

After screening for various formulations using the large polymer library, we were able to 

find the nanoparticle formulations that have the ability to transect hAMSCs29,30.  A 

nanoparticle is formed via electrostatic interactions of positively charged biodegradable 

PBAE polymer with negatively charged DNA plasmid of interest (figure 3.2). In this 

chapter, we describe the identification and optimization of nanoparticle formulations for 

successful and effective gene expression of primary patient-derived hAMSCs in vitro 

(figure 3.4). We further characterized PBAE/DNA nanoparticle modified patient-derived 

hAMSCs in vitro. 

 

3.2 Methods & Materials 

 

Cell Lines & Cell Culture. hAMSCs can be either patient-derived or commercially 

obtained. Patient-derived hAMSCs are hAMSCs extracted from adipose tissue obtained 

from patients at the Johns Hopkins Hospital (tissue obtained via Hopkins approved IRB 

protocols). Abdominal adipose tissue was obtained intraoperatively from patients 
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undergoing surgery (as approved by the Johns Hopkins Institutional Review Board). 

Within 3 hours of obtaining the sample, hAMSCs were extracted from the adipose tissue.  

These cells were cultured in MesenPRO complete media consisting of MesenPRO RS™ 

Basal Medium (GIBCO, 12747-010) supplemented with one vial of MesenPRO RS™ 

Growth Supplement (GIBCO, 12748-018), 1% Glutamax (GIBCO, 35050-061), 1% 

Antibiotic/Antimycotic (Invitrogen, 15240-062). The cells were cultured in sterile non-

pyrogenic polystyrene flasks (BD Biosciences, 353108). Commercial U87 cells (ATCC, 

HTB-14) were cultured with the following media: (Dulbecco’s modified Eagle medium 

media (Invitrogen, 11330-032) with 2% Antibiotic/Antimycotic, 2% B27 (Invitrogen, 

17504-044) and 10% FBS. All the hAMSCs cell cultures were maintained in a hypoxic 

incubator with 1.5% O2 concentration, 5% CO2 and at 37°C. The cultures were passaged 

at 85-95% confluence. Unless specified otherwise, primary hAMSCs culture 1082 was 

used for majority of the experiments. All the experiments on primary patient-derived 

cultures were performed at or below passage 4. 

Materials. 1,4-butanediol diacrylate (B4), 3-amino-1-propanol (S3), 4-amino-1- butanol 

(S4), 5-amino-1-pentanol (S5), and 1-(3-aminopropyl)-4-methyl-piperazine (E7) (Alfar 

Aesar, Ward Hill, MA); 1,5-pentanediol diacrylate (B5; Monomer-Polymer and Dajac 

Laboratories, Trevose, PA); 2-(3-aminopropylamino)ethanol (E6; Sigma-Aldrich) were 

purchased and used as received. The pEGFP-N1 plasmid (GFP) was purchased from 

Elim Biopharmaceuticals (Hayward, CA) and amplified by Aldevron (Fargo, ND). 

CellTiter 96 AQueous One MTS assay was purchased from Promega (Fitchburg, WI) 

was obtained and used per manufacturer’s instructions.  

Polymer Synthesis. We synthesized poly-beta-amino-ester (PBAE) formulations by a 

two-step polymer synthesis (figure 3.3a) following protocol similar to Bhise et al.,31. Base 

monomers B4 or B5 were each polymerized via Michael Addition with one of the side 

chain monomers S3, S4, or S5 at ratios mentioned in figure 4b for 24 h at 90 °C in the 
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absence of solvent. For the second step to add the polymer endcapping groups, the 

diacrylate-terminated base polymers (B-S) were dissolved in anhydrous tetrahydrofuran 

(THF, Sigma) at 100 mg/mL and combined with 0.2 M amine-containing small molecules 

(E6 or E7). The reaction was conducted for 1 h. at room temperature while shaking. 

Polymers were then purified to remove excess monomer via precipitation in diethyl 

ether. After two washes with ether, the ether was decanted and the polymer was allowed 

to dry under vacuum for 48 h. The polymers were then dissolved in dimethyl sulfoxide 

(DMSO) at 100 mg/mL and stored at −20 °C in small aliquots to limit freeze–thaw cycles. 

The molecular weight and polydispersities of the polymers were determined by gel 

permeation chromatography (GPC; Waters, Milford, MA) in BHT-stabilized 

tetrahydrofuran with 5% DMSO and 1% piperidine. Number-averaged and weight-

averaged molecular weights (Mn and Mw, respectively) were measured using polystyrene 

standards.  

In vitro Nanoparticle Administration. Twenty-four hours prior to transfection, patient-

derived hAMSCs were plated in 96-well culture plates at a cell density of 10,000 

cells/well in 100 µL of complete MesenPRO medium, and allowed to adhere at 37 °C 

overnight in hypoxic incubator. Nanoparticles were prepared as previously described27,30.  

eGFP DNA was diluted to 60 µg/mL in 25 mM sodium acetate pH 5 buffer (NaAc). 

PBAEs were diluted from their stock solutions in DMSO in 25 mM NaAc and added to 

DNA solutions at PBAE/DNA mass ratios (w/w) of 30, 45, 60, 75 or 90. Polymers were 

added to DNA 1:1 (v/v), mixed via pipetting, and incubated at room temperature for 10 

min to allow for self-assembly, which has previously been shown to be sufficient time for 

DNA binding to the polymer32. Nanoparticles (Range: 10-20 µL per well) in NaAc were 

added directly to the hAMSCs in 100 µL/well of cell culture medium in 96-well plates. 

The final DNA concentration was in 300-600 ng/well ranges with three different 

parameters tested during the screen (300 ng/well, 450 ng/well, 600 ng/well). 
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Nanoparticles were incubated with the cells for 1.5 h at 37 °C, after which the media was 

removed and replaced with fresh MesenPRO complete media. Four replicates were 

evaluated for each transfection condition.  

Evaluation of Transfection by Flow Cytometry and Fluorescence Microscopy. We 

evaluated transfection efficacy by measuring the percentage of cells expressing the 

exogenously delivered GFP DNA and statistically quantifying the mean GFP expression 

in a given group. Fluorescence microscopy images were obtained using a Zeiss Axio 

observer A1 microscope with a Zeiss Axiocam MRm camera using AxioVision Release 

4.8.2 software. Transfection efficacy was evaluated by microscopy after 48 h at             

5× magnification. Flow cytometry was completed 48 h following transfection using an 

Intellicyt high-throughput autosampler attached to BD Accuri C6 flow cytometer 

(emission filter: 530/30 nm). Hypercyt software was used to assign events to each well 

and FlowJo 7 software (Treestar) was used to analyze the flow cytometry results. Plates 

were prepared for flow cytometry by trypsinization using 30 µL of 0.05% Trypsin–EDTA, 

followed by addition of 170 µL of a solution of 2% FBS in PBS. Samples were 

transferred to round-bottom 96-well plates and centrifuged, and 170 µL of volume was 

removed. Cells were then resuspended and loaded onto the Hypercyt autosampler. 

Measurement of Cytotoxicity. We defined nonspecific cell toxicity as the loss of 

metabolic activity of cells seeded in each well following transfection. Cell toxicity was 

determined at 24 h post-transfection using a CellTiter 96 AQueousOne MTS assay 

following manufacturer’s instructions. A BioTek Synergy 2 Microplate Reader was used 

to read absorbance at 490 nm. Cell toxicity was determined by normalizing the metabolic 

activity values of treated wells to untreated wells. 

In vitro Proliferation Assay. MTT (Sigma, M5655) assay was used to determine the 

proliferative capacity of unmodified and modified hAMSCs. hAMSCs (5000 cells/well) 

were seeded in 96-well plates in MesenPRO complete media. Cell proliferation was 
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analyzed at different time points (days 0,1,2,4) in triplicates for modified and unmodified 

hAMSCs using BioTek Synergy 2 Microplate Reader. 

In vitro 2D Migration Assay. Cell migration was evaluated using the Boyden chamber 

(8 µm pore size, Corning, 3422) assays as previously described19 (figure 3.12b). To 

quantify the migration ability of unmodified and modified hAMSCs in vitro, 20,000 

hAMSCs in 200#µl solution containing MesenPRO complete media and 0.5% FBS were 

seeded in the top well of the chamber, while 400#µl of 2% FBS and MesenPRO complete 

media was added to the bottom well. After 24 hours incubation, cells on the bottom of 

the permeable 8 µm membrane were stained using Diff-Quik stain set (Siemens, 

Munich, Germany; B4132-1 A). Care was taken to clean cells from the top and around 

the edges of the membrane (gravity-driven) using cotton swabs. Images of the stained 

membranes were taken via Zeiss Axiovision version 4.8 software (using AxioObserver 

Z1 microscope, Zeiss). Cells (purple stained nucleus surrounded by lighter shade of 

purple cytoplasm) were counted using Image-J software. Number of cells migrated per 

membrane averaged for n = 2 was shown for unmodified and modified hAMSCs. 

In vitro 3D nanopattern migration assay. hAMSCs were placed on the surface of a 3D 

nano-pattern designed and developed in our laboratory as previously described19,33,34. 

The morphology of hAMSCs was analyzed using a nanopatterned 3D surface (ridge 350 

mm, groove 350 nm, height 150 nm). Cells were seeded on the surface. Long-term 

observation was performed with a motorized inverted microscope (Olympus IX81, 

Olympus America, Center Valley, PA, USA). Nanopattern surfaces were coated with 

laminin (5#µg/cm2) and 20000/well of hAMSCs were plated in MesenPRO complete 

media. Bright-field images were automatically recorded for 10 h. at 10-min intervals 

using the Slidebook 4.1 (Intelligent Imaging Innovations, Denver, CO, USA). The 

distance traveled, speed and persistence were analyzed and calculated based on 



 19 

blinded observers tracking cells and using customized semi-automated program 

developed with MATLAB version 2008 (Natick, MA, USA). 

hAMSCs Stemness Marker Analysis. Mesenchymal stem cell phenotype was 

confirmed by flow cytometric analysis according to the criteria defined by the ISCT35 and 

as previously described19,36. Monoclonal antibodies (CD31-FITC 11-0319, CD34-FITC 

11-0341, CD45-FITC 11-0459, CD73-APC 17-0739, CD90-PeCy5 15-0909, and CD105-

PE 12-1057) from eBioscience (San Diego, CA, USA) were used. hAMSCs (9x104 cells) 

were trypsinized and re-suspended in blocking solution (1% BSA/PBS with 10% FBS) for 

10#min. For each staining, 1#ml aliquots were centrifuged at 300 × g for 5#min, re-

suspended in 100#µl buffer (1% BSA/PBS), stained with 5#µl primary-conjugated 

antibodies, and then incubated for 30#min. Cells were washed with PBS twice, then 

tested using a four-channel flow cytometer (FacsCalibur, Beckman Coulter, Hialeah, FL, 

USA) to acquire at least 5000 events per group for analysis. 

Statistical Analysis. All statistics were performed using GraphPad Prism 5 software. 

Non-parametric One-way ANOVA with Tukey post-test was used to examine multiple 

comparisons within single PBAE group. Unpaired two-tailed t-test was used to examine 

comparisons within nanoparticle modified and unmodified hAMSCs groups for migration 

assay. Results are reported as Mean with 95% Confidence Interval. Statistical 

significance was defined as *P<0.05 and **P<0.01. 

 

3.3 Results & Discussion 

Structure of the polymer used to fabricate the nanoparticle affects transfection 

efficacy. Poly (beta-amino ester)s (PBAEs) were synthesized as described using the 

monomers defined in figure 3.3a. These polymers are referred to by their constituent 

monomers: diacrylate backbone monomer “B”, side chain amine “S”, and end-capping 

small molecule amine “E”. For example, polymer 437 polymer is composed of monomers 
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B4, S3, and E7 and synthesized at a B:S molar ratio as shown in figure 3.3b (the 

number indicates the number of carbons present in each monomer; ex: B4 monomer 

has 4 carbons). Our group has extensively explored non-viral gene delivery to various 

cell types in vitro and in vivo using PBAEs to form nanoparticles with negatively charged 

DNA plasmids25,27,28,30,37-39. PBAEs have properties that facilitate efficient particle self-

assembly and particle trafficking, endosomal escape, hydrolytic degradation in cell 

cytoplasm and nuclear import leading to exogenous gene expression (figure 3.2). 

Though viral modification results in efficient gene expression, there are problems like 

adverse immune effects, specificity of transgene delivery and insertional mutagenesis24. 

Further, PBAEs showed efficiency that is comparable with viral transduction and low 

cytotoxicity26,30.  

Studies have shown that polymer structure (base, side-chains and endcapping 

groups) affects the transfection, and transfection specificity can be obtained by altering 

these groups32. In this study, we performed a screen with PBAE nanoparticles and 

identified the PBAE-nanoparticle formulation to enable effective and specific transfection 

of patient-derived hAMSCs (figure 3.6). We achieved 63.9+ 1.66% transfection efficacy 

with 447-45 w/w at 5 µg/mL DNA dosage (i.e., 600 ng/well) and 60.13+ 3.08% 

transfection efficacy with 536-45 w/w at 5 µg/mL DNA dosage (i.e., 600 ng/well). From 

the screen, we identified 447 and 536 as the leading polymers (achieve greater than 

50% transfection efficacy) to transfect patient-derived hAMSCs. In our previous studies, 

we identified other polymers that specifically transfect human endothelial cells or glial 

cells28,29 with different polymer formulations. This observed cell specificity for a given 

polymer formulation is an interesting phenomenon, though we do not fully understand 

the mechanism connecting cell specificity and the polymer structure. Further, we 

observed that the PBAE/GFP nanoparticles transfected hAMSCs exogenously express 

GFP for at least five days. For patient-derived 1082 hAMSCs, transfected with 6.5 µg/mL 
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dose of PBAE/GFP 536-60 w/w nanoparticle, representative images of GFP expressing 

cells on days 1,3,5 is shown in figure 3.7. Understanding the mechanism underlying 

cellular uptake of nanoparticles and gene expression will allow us to further develop 

nanoparticles expressing genes for longer durations.  

 

The polymer to DNA weights ratio and the dosage of DNA affect the transfection 

efficacy. Nanoparticles were formed by mixing polymer and DNA at mass ratios of 15, 

30, 40, 45, 60, or 75 polymer-to-DNA (w/w) in aqueous conditions and delivered to the 

cells at varying DNA doses. Keeping the w/w ratio at a constant of 40, we transfected 

hAMSCs using 536-40 w/w at DNA doses of 5.5 µg/mL, 7.8 µg/mL and 10 µg/mL(figure 

3.8). The transfection efficacy of 7.8 µg/mL dose of PBAE/GFP 536-40 w/w 

nanoparticles was 61±0.6% with 98+7% viability four days post-transfection. The same 

PBAE formulation proved efficacious on different intraoperative primary hAMSCs 

(transfection for 1123 hAMSCs culture shown in figure 3.9). 

We then evaluated the transfection efficacy of PBAE/GFP nanoparticles with 

varying w/w ratios on patient-derived 1082 hAMSCs culture (figure 3.10). We used 600 

ng/well dose of PBAE/DNA 447 nanoparticles for all w/w variations. The transfection 

efficacy of 600 ng/well dose of PBAE/GFP 447 nanoparticles was very low at 15 w/w 

(0.5%) and 30 w/w (35.4%). This indicates that need for higher w/w ratio to increase 

transfection efficacy. Proving this hypothesis, we observed that the transfection efficacy 

of 600 ng/well dose of PBAE/GFP 447 nanoparticles at 45 w/w was 63.5% and at 60 

w/w was 63.3% with no significant toxicity. Higher transfection percentages at higher 

w/w ratio could be due to the well-formed PBAE/DNA polyplexes that might not form as 

efficiently at low w/w ratio due to lesser availability of polymers for a given DNA plasmid.  

In regards to the polymer structure, we observed that the endcapping group E7 

(1-(3-aminopropyl)-4-methyl-piperazine) containing polymer formulations achieved 
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higher transfection efficacy when compared to endcapping group E6 (2-(3-

aminopropylamino)ethanol) (figure 12). We observed similar trends in our previous 

studies which showed greater efficacy with E7 ending polymers27,29,32,40. In general, 

carbon chains with greater number of carbons will have higher hydrophobicity. Based on 

our transfection studies of patient-derived hAMSCs with E6 and E7 endcapping groups, 

we find that polymers that are more hydrophobic tend to have higher transfection 

efficacy (figure 3.11). However, this efficacy also depends on molecular weight of the 

polymer, which needs to be further investigated in this study. Based on our previous 

studies, we expect higher transfection efficacy with higher molecular weight 

polymers32,40.  

 

Nanoparticle transfected hAMSCs do not undergo changes in migratory ability, 

proliferative capacity, remain viable and maintain stem cell surface marker 

expression post-transfection. Two days after transfection with PBAE/DNA 

nanoparticles, we performed a 2D migration assay with the modified and unmodified 

hAMSCs in vitro. We found no statistically significant difference in the number of cells 

migrated between nanoparticle modified and unmodified hAMSCs (figure 3.12e). We 

also performed a 3D migration assay comparing the average distance traveled and 

average speed between nanoparticle modified and unmodified hAMSCs groups. In 

correlation with the 2D migration assay, we found no statistical significance between the 

two groups in terms of the distance traveled or speed of migration in vitro (figure 3.12 

c,d). The proliferation/cell viability of nanoparticle modified and unmodified patient-

derived hAMSCs, as measured by the MTT assay, was not statistically different even 4 

days post transfection (figure 3.12a).  

Using PBAE/DNA nanoparticles, we have the ability to transfect more than one 

gene of interest. This is an interesting property in the context of GBM therapies, as we 
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can now co-express more than one therapeutic gene of interest by delivering the same 

number of hAMSCs to the patient. As mentioned earlier in this chapter, BTICs are known 

be responsible for the aggressive recurrent nature of GBM. Studies showed that Bone 

Morphogenetic Protein 4 (BMP4) could inhibit BTICs by decreasing their proliferation 

and migration while causing their differentiation towards neurogenic lineages19,41. We 

have previously shown that virally modified commercially available hAMSCs engineered 

to secrete BMP4 targeted BTICs, reduced tumor burden, and increased survival in a 

rodent brain tumor model19. Based on this result and our ability to successfully transfect 

patient derived hAMSCs with nanoparticles, we predict a similar therapeutic effect will be 

evident in a rodent brain tumor model of human GBM when treated with PBAE/DNA 

nanoparticle modified patient-derived hAMSCs non-virally engineered to secrete BMP4.  

Using the PBAE/DNA nanoparticles as a platform technology, we can develop 

personalized medicine for patients by utilizing patient’s own fat extracted mesenchymal 

stem cells as delivery vehicles. C-X-C Chemokine Receptor Type 4 (CXCR4) is a 

chemokine receptor specific to Stromal Derived Factor -1 (SDF 1). CXCR4’s ligand SDF-

1 is known to be an important chemokine in mobilization and homing of stem cells and 

modulates different biological responses in various stem cells42,43. With the ability to co-

express more than one gene, we transfected patient-derived hAMSCs with PBAE/DNA 

nanoparticles such that they can co-express BMP4 and CXCR4. We analyzed these 

nanoparticle-modified hAMSCs for the absence of CD 31, CD 34, CD 45 and presence 

of CD 73, CD 90, CD 105 surface markers. When we compared the expression of these 

markers with unmodified hAMSCs or hAMSCs modified to express only a single gene, 

we saw a similar trend of expression in all groups with comparable percentages of cells 

expressing or not expressing the surface markers among all the groups (figure 3.13).  

In addition, we compared the stem cell surface marker expression of PBAE/GFP 

modified hAMSCs and unmodified hAMSCs. We found no significant difference in the 
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surface marker expression, and found that 43% of the modified hAMSCs expressed 

GFP (figure 3.14). These results confirm that we are not fundamentally altering the stem 

like character of hAMSCs thereby allowing them to be effective therapeutic delivery 

vehicles with unaffected migration, self-renewal, proliferation and stemness in vitro. This 

result is similar to our previous studies where we modified hAMSCs virally rather than 

using nanoparticles and found no significant changes in their characteristics19. 

 

PBAE-DNA nanoparticles are effective in primary hAMSCs from multiple patient 

sources. We transfected five patient-derived hAMSCs cultures (1082, 1162, 1173, 

1180, 1176) using seven different PBAE/GFP nanoparticle formulations fabricated using 

our two leading polymers 447 and 536 with varying w/w ratio and DNA dosages (figure 

3.15). We observed that not all hAMSCs cultures behaved in a similar manner for a 

given nanoparticle fabrication. We also observed that we could achieve greater than 

50% transfection efficacy for patient-derived hAMSCs cultures using one of the seven 

nanoparticle formulations. Some hAMSCs cultures did show better transfection than 

others, and we are not entirely certain as to what defines that specificity and transfection 

efficacy in a given polymer structure for a given cell culture. However, this is similar to 

the results we observed in our previous studies where PBAE/DNA nanoparticles showed 

cell specificity27,28,37 for endothelial cells or embryonic cells etc.,  

It is also important to note the variation in terms of morphology and behavior 

among various cultures of patient-derived hAMSCs. Since the cells are derived from 

patients, the primary patient-derived hAMSCs do not behave exactly in a similar manner 

to other cultures. Hence, having these top seven leading nanoparticle formulations to 

transfect allows us to not only chose for effective transfection of patient-derived hAMSCs 

but also provides an initial array of nanoparticles to transfect another new patient-

derived hAMSCs culture.   
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3.4 Conclusion 

In this chapter, we showed that patient-derived hAMSCs could be successfully 

transfected using PBAE/DNA nanoparticles to express GFP. Further, expressing or co-

expressing one ore more than one gene(s) of interest does not alter the stemness 

surface marker expression of hAMSCs. The structure, w/w ratio and DNA dosage of a 

given nanoparticle formulation affects the transfection efficacy. We found that 447 and 

536 are the two leading polymer choices to effectively transfect patient derived hAMSCs. 

Transfecting the patient-derived hAMSCs with PBAE/DNA nanoparticles does not 

significantly affect the migration ability and proliferative capacity of these cells in vitro. In 

conclusion, we developed a platform technology using PBAE/DNA nanoparticles that 

has the potential to develop personalized medicine therapies using patient’s own 

adipose-derived hAMSCs to specifically target glioblastoma in an intraoperative setting.  
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3.6 Figures 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1. (3.1a)Scheme showing the brain tumor 
initiating cell (BTIC) population, known to be 
responsible for aggressive tumor recurrence. 
(3.1b)Scheme showing the modification of AMSCs 
for therapeutic applications. 

. 

3.1b 
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Figure 3.2. Reprinted/Included in this 
thesis with permission from: 
Green, Jordan J., Robert Langer, and Daniel 
G. Anderson. "A combinatorial polymer 
library approach yields insight into 
nonviral gene delivery." Accounts of 
chemical research 41.6 (2008): 749-759. 
 
General scheme showing the critical steps 
involved in polymer-based gene delivery and 
expression in a cell. 
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Figure 3.3. Reproduced/Included in this thesis, with 
permission from: 
 
(3.3a) Tzeng, Stephany Y., et al. Biomaterials 32.23 
(2011): 5402-5410. 
 
(3.3b) Mangraviti, Antonella, et al. "Polymeric 
Nanoparticles for Nonviral Gene Therapy Extend Brain 
Tumor Survival in Vivo." ACS nano 9.2 (2015): 1236-1249. 
 
(3.3a)Figure showing the synthesis of poly-beta-amino-
ester (PBAE) polymer. Structures of the base, side chain 
and end capping monomers used to create PBAE library for 
screening are also shown (3.3b)Gel permeation 
chromatography (GPC) results of the leading polymers 
indicating number average (MN) and weight average (MW) 
molecular weight and polydispersity (PDI) of each 
polymer. 

 

Polymer B:S ratio Mn Mw PDI 
447 1.1:1 11345 36814 3.25 
536 1.1:1 4876 8468 1.74 

3.3a 

3.3b 
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Figure 3.5. Scheme elaborating the process of 
obtaining adipose tissue from patient, culturing 
hAMSCs and transfection using PBAE nanoparticles. 

Figure 3.4. Scheme 
showing nanoparticle 
formation and 
transfection of 
cells. 
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Control 
No Treatment 

437-45 w/w  
600 ng DNA/well 

447-45 w/w  
600 ng DNA/well 
 

536-45 w/w  
600 ng DNA/well 
 

Figure 3.6. Patient-derived hAMSCs (1082) t = 24 hrs. after 
transfection. Transfection for different polymer structures is shown 
(for the same dose and w/w ratio). Images above show phase contrast 
and images below show GFP fluorescence (merged images). 

536-60 w/w 
t = 3 days 

536-60 w/w  
t = 24 hrs. 

Control 
No treatment 

Figure 3.7. Bright field images (top) and GFP fluorescence images 
(bottom) of GFP/PBAE nanoparticle modified patient-derived hAMSCs 
(1082) at different time points t = 24 hrs, 3 days, 5 days post-
transfection. 

536-60 w/w 
t = 5 days 
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536-40 w/w  
5.5 µg/mL PBAE/DNA 

Control 
No treatment 

Figure 3.8. Patient-derived 1082 hAMSCs four days after transfection 
with PBAE/GFP nanoparticles. Images above show phase contrast and 
images below show GFP fluorescence.  

536-40 w/w  
7.8 µg/mL PBAE/DNA 

536-40 w/w  
10 µg/mL PBAE/DNA 

Control 
No Treatment 

536-40 w/w  
300 ng DNA/well  

536-40 w/w  
450 ng DNA/well 

536-40 w/w  
600 ng DNA/well 

Figure 3.9. Patient-derived hAMSCs (1123) t = 24 hrs. after 
transfection. For a given PBAE polymer, 536 at 40 w/w, different doses 
of DNA plasmid were given to the cells. Images above show phase 
contrast and images below show GFP fluorescence. 
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Control 
No Treatment 

447-30 w/w  
600 ng DNA/well 

447-45 w/w  
600 ng DNA/well 
 

447-60 w/w  
600 ng DNA/well 
 

Figure 3.10. Patient-derived hAMSCs (1082) t = 24 hrs. after 
transfection. PBAE polymer 447 with DNA dosage of 600 ng/well (5 ng/uL 
concentration) with varying w/w ratio was used for transfection. Images 
above show phase contrast and images below show GFP fluorescence 
(merged images). 

447-15 w/w  
600 ng DNA/well 
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Figure 3.11. Graph showing the effect of PBAE polymer structure, 
polymer to DNA weights ratio and DNA dosage on (3.11a) Percentage 
transfection of patient-derived hAMSCs. (3.11b) Normalized 
Geometric Mean GFP expression. 

3.11a X-axis: Polymer formulation and dose variation 

Y-axis: Percentage of transfection  

3.11b 
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Figure  3.12. Characterizing  the  hAMSCs  after  modification. (3.12a) 
MTT  assay  was  used  to  measure  the  proliferation  of  modified  and 
unmodified  (control)  hAMSCs  (n  =  4). (3.12b) Scheme  showing  the 
Boyden Chamber migration assay. (3.12 c-d) 3D nanopattern migration 
assay  was  used  to  measure  the  distance  and  speed  of  modified  and 
unmodified  (control)  hAMSCs  (n  =  2). (3.12e) 2D  migration  assay 
showing the  number of  cells migrated  per membrane  for  modified  and 
unmodified (control) hAMSCs (n = 2).  
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3.13a.Unmodified hAMSCs 
(Control) 

Figure 3.13. Flow characterization of patient-derived hAMSCs (1199) for 
stemness surface markers (CD 31-/45- and CD 73+/90+/105+) for three 
groups (3.13a) unmodified (control) (3.13b) PBAE/BMP4+ & GFP+ 
nanoparticle modified hAMSCs and (3.13c) PBAE/CXC4+ & GFP+ nanoparticle 
modified hAMSCs. The unmodified and modified hAMSCs have similar 
surface marker expression, indicating no significant difference in 
stemness as a result of PBAE nanoparticle modification. 
 

3.13c.PBAE/CXCR4+ & GFP+ Modified 
hAMSCs 

3.13b. PBAE/BMP4+ & GFP+ Modified 
hAMSCs 
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Unmodified hAMSCs 

Modified hAMSCs (expressing GFP) 

Figure 3.14. Flow characterization of unmodified (control) and PBAE 
nanoparticle modified patient-derived hAMSCs (1082). The cells have 
been characterized for stemness surface markers (CD 31-/34-/45- and CD 
73+/90+/105+). The unmodified and modified hAMSCs have similar surface 
marker expression, indicating no significant difference in stemness as 
a result of PBAE nanoparticle modification. 

43%  
GFP+ 
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Figure 3.15. Graph showing the percentage of GFP expression and 
normalized geometric mean t = 2 d. after transfection with 
GFP/PBAE nanoparticles for five different patient-derived 
hAMSCs. 



 
 
 
 

44 

Chapter 4 

 

Evaluating routes of administration of hAMSCs in a murine model of 

glioblastoma 

 

The study described and discussed in Chapter 4 would not have been possible 

without the contributions, in work and ideas, of Olindi Wijesekera, Kaisorn 

Chaichana, Sudipto Ganguly, Young Lee, Hugo Guerrero-Cazares, Jordan 

Green and Alfredo Quiñones-Hinojosa.  

 

4.1 Introduction  

Glioblastoma (GBM) is a severe form of brain tumor with a median survival of 

14.6 months. Despite multimodal therapy consisting of surgical resection, chemotherapy, 

and radiation, there has been no significant improvement in median survival. Studies 

have shown that human adipose-derived mesenchymal stem cells (hAMSCs) have 

tropism towards pathology in brain, injury and inflammation, including glioma1-4. Glioma 

tropism makes hAMSCs attractive for use as delivery vehicles of therapeutic agents to 

the tumor site in brain. Furthermore, hAMSCs are also capable of crossing the Blood 

Brain Barrier (BBB)5-7. These hAMSCs can be easily obtained from patient fat and 

genetically engineered using viral and non-viral techniques to serve as delivery 

vehicles6,8-10.  

Comprehensive experimental studies to evaluate the therapeutic and 

translational potential of hAMSCs as delivery vehicles include in vivo animal studies to 

test for efficacy and safety, among other things. One of the most commonly used in vivo 
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animal models in GBM is a murine model. In our laboratory, we developed a murine 

model of human GBM by using commercially available U87 cells6. It is important to 

understand the factors that contribute to the cell distribution in vivo to design a study to 

investigate the translational potential of a therapy using cells (hAMSCs) in mice. One 

such factor that plays an important role is the route of administration of hAMSCs. Some 

of these routes of administration of substances in murine models include oral delivery or 

directly into stomach, intravenous delivery, delivery via skin (ex: subcutaneous, 

intradermal etc.,), intramuscular delivery, intracerebral delivery, intracranial delivery, 

intrathecal delivery (into the space surrounding the distal spinal cord), intracardiac 

delivery, intravenous delivery into a blood vessel, intranasal delivery or inhalation or 

other routes depending on the substance and experimental design11. In this chapter, we 

evaluate the distribution of hAMSCs delivered to mice through four different routes of 

administration (intracardiac, intrathecal, intravenous and nasal routes) and qualitatively 

evaluate and compare the outcomes amongst these four administration routes. While 

the purpose is not to conclusively define the best route of administration to deliver 

hAMSCs, we believe this study contributes towards better understanding the distribution 

of hAMSCs post-injection over a given duration and help design better in vivo 

experimental studies. 

 

4.2 Methods & Materials 

 

Cell Lines & Cell Culture. hAMSCs can be either patient-derived or commercially 

obtained. Patient-derived hAMSCs are hAMSCs extracted from adipose tissue obtained 

from patients at the Johns Hopkins Hospital (tissue obtained via Hopkins approved IRB 

protocols). Commercially available hAMSCs are human AMSCs obtained by purchasing 
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from companies. Early passage human Adipose-derived mesenchymal stem cells 

(hAMSCs) were commercially obtained from Invitrogen (R7788-115). These cells were 

cultured in MesenPRO complete media consisting of MesenPRO RS™ Basal Medium 

(GIBCO, 12747-010) supplemented with one vial of MesenPRO RS™ Growth 

Supplement (GIBCO, 12748-018), 1% Glutamax (GIBCO, 35050-061), 1% 

Antibiotic/Antimycotic (Invitrogen, 15240-062). The cells were cultured in sterile non-

pyrogenic polystyrene flasks (BD Biosciences, 353108). Commercial U87 cells (ATCC, 

HTB-14) were cultured with the following media: (Dulbecco’s modified Eagle medium 

media (Invitrogen, 11330-032) with 2% Antibiotic/Antimycotic, 2% B27 (Invitrogen, 

17504-044) and 10% FBS. hAMSCs and U87 cells were maintained in an incubator at 

37°C and an atmosphere of 5% CO2. To evaluate the tumorigenic capacity of U87s, U87 

cells were injected intracranially in mice as previously reported by our group12,13 resulting 

in the formation of solid tumors. 

Retroviral production, lentiviral production, and infection. To identify hAMSCs in 

vivo via IVIS fluorescence imaging, we transduced hAMSCs with lentiviral vectors coding 

for bioluminescent protein Luciferin. Viral vectors were packaged with HEK293 cells. 

After collection and concentration, hAMSCs were infected and sorted for Luc+ 

population by a MoFlo cytometer (Beckman Coulter) as previously described by our 

group6. 

In vivo studies. To investigate the safety of hAMSCs in vivo, 6-8 week NOD/SCID mice 

were stereotactically injected with 0.5×106 U87 cells into the right striatum (L: 1.34 mm, 

A: 1.5 mm, D: 3.5 mm) as previously described by our group6,12,13. Four weeks after 

injection, mice were divided into four groups (n = 5 per group) and 2x105 Luc+ hAMSCs 

were injected into the mice, through four different routes of administration (nasal, 

intracardiac, intravenous, intrathecal). Following injection, mice were imaged using an 
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IVIS small animal imaging system (PerkinElmer) on days 0,1,3,5 post-injection. The total 

flux (total number of photons per second (p/s) for the area defined) was measured for 

the whole animal for all four groups. 

Statistical Analysis. A non-parametric one-way ANOVA test was performed across the 

different routes of administration, followed by a Dunnett’s Multiple Comparison test to 

assess the p-values for individual pairs within each group to measure significance 

across time.  Statistical significance was defined as *P<0.05. 

 

4.3 Results & Discussion 

There have been several in vivo studies using murine models for MSC based therapies, 

but no consensus regarding an effective route of administration for hAMSCs injection in 

mice. This is an important factor when studying the therapeutic potential and feasibility of 

hAMSCs to deliver therapeutic factors (proteins, genes, virus etc.,). Patient-derived 

hAMSCs have more variations in morphology and growth characteristics compared to 

commercial hAMSCs, owing to the heterogeneity of patients from which hAMSCs are 

extracted and cultured. In this study in Chapter 4, we used commercially available 

hAMSCs in an in vivo murine model of glioblastoma (developed from commercially 

available U87 tumor cells). 

 

hAMSCs administered to mice through four routes of administration, attain 

relative peak distribution within day 2 and this distribution decreases by day 5. 

The comparison of hAMSCs distribution in this study is qualitative and is valid for 

comparison among the four routes of administration. We observed that the flux 

distribution of hAMSCs in the mice increased 24 hours after administration in all four 

groups (figure 4.1). The flux distribution reduced after day 1 in all the groups except 
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nasal route of administration. In comparison, the flux distribution, and hence the number 

of hAMSCs present, increases from day 0 to day 1, and decreases by day 5. This 

difference in hAMSCs distribution is shown in figure 4.6. 

 

Intracardiac administration of hAMSCs in mice results in wide distribution of 

hAMSCs between 24-72 h. post-injection, and is the best route amongst 

intravenous, nasal, intrathecal and intracardiac administrations. Among the four 

groups, we observed the most diffused flux signal in mice with intracardiac 

administration of hAMSCs (figure 4.2).  For all the animals that received intracardiac 

administration of hAMSCs, the initial flux distribution was within the cardiac region and 

lungs on day 0. On day 1, three out of the five mice (figure 4.2 – mice C,D,E) had more 

wide spread distribution of hAMSCs, possibly due to the cells circulating within the body 

and reaching all the critical organs. However, by day 3, the flux distribution within the 

body reduced and confined mostly to lungs. It is however interesting to note that for the 

animals (figure 4.2 – mice C,E) where hAMSCs circulated throughout the body, the flux 

distribution and hence the number of hAMSCs within the body decreased by day 5, 

indicating a possible elimination from the body, where as for the other animals (figure 4.2 

– mice A,B) which had a distribution constrained to the heart and lung region since day 

0, the decrease in flux wasn’t as much over five days. 

 

Intravenous (tail vein) administration of hAMSCs in mice results in hAMSCs 

entrapped in the heart and lung region after 24 h. For the group that received 

intravenous administration of hAMSCs, the distribution did not occur through out the 

body (figure 4.4). The mammalian AMSCs, when in suspension are about 25-35 microns 

in size, and have similar size and morphological characteristics across various 
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mammalian species14,15. However, AMSCs (including human AMSCs) cultured in flasks 

attain a size bigger than 35 microns, and can be up to 100 microns in size. The large 

size of AMSCs is a potential problem which could result in embolism, stroke or lead to 

vascular constriction15 in the tail vein region rather than hAMSCs entering the circulation.  

In figure 4.4, we observed that for animals A,B, the cells were constrained in the tail vein 

region even at day 5, where as all the five mice showed a flux signal in the lungs on day 

1. It is possible that the cells reached the lungs from the intravenous injection and 

remained at that site rather than undergoing circulation throughout the body. While 

considering intravenous (tail vein) administrations, it is important to consider factors like 

the size of hAMSCs, the number of cells and be careful to avoid embolism and stroke 

while administering.  

 

Nasal administration of hAMSCs does not result in significant hAMSCs 

distribution between day 0 and day 5. Intrathecal administration of hAMSCs 

results in hAMSCs constrained to the neck region from day 0 to day 5. For nasal 

administration of hAMSCs, we were not able to observe any significant flux distribution in 

the mice (figure 4.3). It is possible that the cells did not reach circulation or the 

administration technique needs improvement. For intrathecal (subarachnoid) 

administrations (figure 4.5), we observed a flux in the neck region for all mice, though no 

distribution was observed throughout the body. It is possible that hAMSCs were not 

administered directly in the intrathecal space or the cells became restricted in that 

region. It is interesting to note that the cells remained in the intrathecal/neck region in all 

mice for all five days (figure 4.5). It is important to note the volume (of suspension with 

the cells) being administered, since larger volume injections into a small intrathecal 

region can lead to pressure and volume differences which can push the cell suspension 
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or other spinal fluids into the epidural space. In addition, large volume injections can also 

lead to overflow of the liquid (with hAMSCs) resulting in a “wash out” effect during 

administration, while on the other hand insufficient volume will not lead to distribution in 

the brain. However, if the experimental and study parameters are designed with care 

based on prior studies, intrathecal subarachnoid injection of hAMSCs has been shown to 

and would be expected to result in hAMSCs distribution into the CSF fluid16, eventually 

reaching the ventricles and thalamus regions in the brain17. 

 

Understanding distribution of hAMSCs in mice is important for targeting tumor 

cells resistant to conventional therapies. Two major barriers in developing therapies 

and improving survival for brain tumor patients are the elusive and aggressive invasion 

nature of the tumor cells in brain, which invade into the healthy brain tissue and the 

resistance to conventional treatments12,18-20. Approaches to develop therapies aimed at 

treatment resistance have been mentioned in the introduction of this thesis, as well as 

one such therapy using nanoparticles is being developed by our team. The details of this 

therapy have been included in Chapter 3. However, it remains an issue to specifically 

target the therapy resistant tumor cells in brain, especially during delivery of 

nanoparticles and other alternative therapies. Understanding the bio-distribution and 

tropism of hAMSCs in the context of pathology of brain and neurological disorders as 

seen in this study is important because it provides information on the hAMSCs tropism to 

brain, and the potential to use hAMSCs as therapeutic agent delivery vehicles targeted 

to brain, especially to treatment-resistant tumor cells.  

There have been several studies that observed the tropism of hAMSCs and other 

types of stem cells in an in vivo model of brain tumor or neurological disorder. Aboody et 

al. studied the tropism of neural stem cells (NSCs) for pathology in adult brain and 
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provided evidence from intracranial glioma model in vivo. The study observed that when 

implanted intracranially into the gliomas or intravascularly outside the CNS, NSCs target 

the intracranial tumor and distribute extensively throughout the tumor bed, and in fact 

migrate in juxtaposition to the aggressively migrating tumor cells. The study also 

observed that the NSCs are able to stably express a gene of interest while chasing down 

the tumor cells21. Nakamizo et al., studied the tropism of human Bone Marrow-Derived 

MSCs (hBM-MSCs) in glioma treatment, and observed that hBM-MSCs administered via 

intracarotid or intracerbral injections were capable of migrating into the tumor xenograft 

in vivo and were seen exclusively within the brain tumor region, in contrast to the 

fibroblasts and U87 glioma cells that showed a widespread distribution without tumor 

specificity7. Nakamura et al., studied the potential use of genetically-engineered  rat BM-

MSCs in vivo in a rat glioma model, and observed that BM-MSCs inoculated 

contralateral to the tumor site infiltrated into the tumor site through the corpus 

callosum22. In our laboratory, we observed that hBM-MSCs and hAMSCs have 

comparable tropism towards brain tumor site1. Further more, we were able to deliver 

therapeutic genes to the brain tumor site using commercially available hAMSCs, which 

resulted in an increased survival in vivo in a murine model of glioblastoma6. Moreover, 

we also observed that patient-derived primary hAMSCs cultured in hypoxic conditions 

(1.5% O2 concentration) have tropism to the brain tumor site similar to normoxia cultured 

(21% O2 concentration) hAMSCs in an in vivo murine model of human glioblastoma23. 

 For our study, the next step would be to study the tropism of commercially 

available hAMSCs to the brain tumor site in vivo, with the goal of performing a 

quantitative comparative analysis of hAMSCs tropism to brain tumor site for four different 

routes of administration (intracardiac, intravenous, intrathecal and nasal). The important 

factors to consider while designing this study include the volume of suspension 
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containing hAMSCs (the smaller the volume, the better), the anatomical site of 

administration, technique for injecting hAMSCs (to avoid potential embolism and stroke), 

size of hAMSCs being injected and proper negative controls for accurate quantification.  

 

4.4 Conclusion 

In conclusion, we studied the distribution of commercially available hAMSCs in an in vivo 

murine model of brain tumor over a period of five days and qualitatively compared four 

different routes of hAMSCs administration (intracardiac, intravenous, intrathecal, nasal).  

Of the four routes, intracardiac administration resulted in extensive distribution of 

hAMSCs throughout the body, where as intrathecal administration resulted in a 

constrained distribution at the site of injection and intravenous administrations resulted in 

hAMSCs entrapment at the site of injection and in lungs. These results are in 

accordance with other studies that evaluated distribution of MSCs post-administration in 

rodents. Though the hAMSCs seem to undergo random distribution within the body, with 

entrapment happening in the heart and lung regions for most routes of 

administration1,21,24,25, many studies confirmed and reiterated the fact that Mesenchyaml 

Stem Cells (MSCs) of Bone-Marrow or Adipose origin both have the ability to act as 

efficient delivery vehicles, especially in the context of pathology in the brain and/or other 

organ systems.  
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4.6 Figures 

 

 
 
 
 
 
 
  

4.1a  4.1b 

4.1c  4.1d 

Figure 4.1. Comparison of commercially available hAMSCs distribution 
among four different routes of administration over a period of 5 days. 
hAMSCs distribution is qualitatively measured by the total flux (p/s) 
per group on a given day. (4.1a) Intracardiac administration  (4.1b) 
Intravenous (Tail vein) administration (4.1c) Nasal administration 4.1d) 
Intrathecal (Subarachnoid) administration. Significance: p<0.05  
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day 0 day 1 

day 3 day 5 

Figure 4.2. Distribution of commercially available hAMSCs in vivo in 
mice with tumor after intracardiac administration. The distribution over 
duration of five days is shown through small animal IVIS representative 
images on days 0,1,3,5.  
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day 1 

day 5 

Figure 4.3. Distribution of commercially available hAMSCs in vivo in 
mice with tumor after nasal administration. The distribution over 
duration of five days is shown through small animal IVIS representative 
images on days 0,1,3,5.  
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day 0 
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day 3 
 

day 5 
 

Figure 4.4. Distribution of commercially available hAMSCs in vivo in 
mice with tumor after intravenous (tail vein) administration. The 
distribution over duration of five days is shown through small animal 
IVIS representative images on days 0,1,3,5.  
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Figure 4.5. Distribution of commercially available hAMSCs in vivo in 
mice with tumor after intrathecal (subarachnoid) administration. The 
distribution over duration of five days is shown through small animal 
IVIS representative images on days 0,1,3,5.  
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          (Tail vein)        (Subarachanoid) 

 day  0 

 day 5 

Figure 4.6. Qualitative comparison of distribution of commercial 
hAMSCs between days 0 and 5, administered via four different routes in 
vivo in a murine tumor model. 



 
 
 
 

63 

Chapter 5 

 

 

Conclusion & Future Directions 

In conclusion, we were able to successfully modify patient-derived hAMSCs using 

PBAE/DNA nanoparticles for optimal gene expression. The top two leading PBAE 

polymers that showed specificity and transfection efficacy were 447 (B4-S4-E7) and 536 

(B5-S3-E6). DNA dose concentration of 5 ng/µL was minimally cytotoxic and effectively 

transfected five different patient-derived hAMSCs cultures at higher polymer to DNA 

weight ratios (45 w/w, 60 w/w and 75 w/w). Modification using PBAE/DNA nanoparticles 

to express one or two genes of interest did not significantly change the migration ability, 

proliferative capacity and stem cell surface marker expression of hAMSCs.    

Taking advantage of MSC’s endogenous tropism towards tumor site, 

nanoparticle modified hAMSCs will make for an effective delivery vehicle to target the 

BTICs sub-population for glioblastoma treatment. In the context of designing in vivo 

rodent studies, no consensus has been reached on the best route of hAMSCs 

administration. It is important to keep in mind that once injected, the cells are of their 

freewill inside the body and we cannot control the distribution.  Our evaluation of 

administrative routes in this thesis provides a qualitative preliminary comparison of the 

routes of delivery.  

Having optimized nanoparticle formulation for effective gene expression of 

patient derived hAMSCs, it will be an interesting study to evaluate the efficacy and 

survival of nanoparticle modified hAMSCs expressing therapeutic genes in murine model 

of human GBM in vivo. This would be an exciting step towards translating this therapy to 

the bedside.    
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Reducing the time between adipose tissue extraction from patient and injecting 

modified hAMSCs isolated from the patient fat back into the patient is the first step 

towards making the therapy more relevant for an intraoperative setting. Being able to 

transfect hAMSCs contained within freshly extracted adipose tissue (F.A.T) without prior 

culture will be the starting point in developing this technology. First glimpses of F.A.T 

transfection are shown here (figure 5.1). 

                                     

  

 

 

 

Figure 5.1. Freshly extracted adipose tissue  (F.A.T) 
transfection using GFP/PBAE nanoparticles.  
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