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Stem cell mediated gene delivery has steadily gained momentum in the past decade as a 

new strategy to improve the safety and efficacy of current cancer gene therapy methods. 

Recent evidence indicates that systemically administered mesenchymal stem cells can 

migrate and deliver therapeutic genes to the tumor site. In order to engineer stem cells as 

gene delivery vehicles for cancer therapy, the cells are first transfected ex-vivo with 

transgenes to transiently express the therapeutic of interest. While viruses are effective 

vectors for delivering exogenous genes to cells, concerns related to insertional 

mutagenesis, lack of tropism, immunogenicity and high production costs necessitate the 

development of non-viral methods. Non-viral gene delivery vectors hold great promise for 

stem cell gene therapy due to the safety concerns with viral vectors. However, the 

application of non-viral vectors is hindered by their low transfection efficiency and   

toxicity. Vectors used for stem cell transfection must be non-genotoxic, non-immunogenic 

and highly efficient, in order to circumvent the potential transformation of normal stem     
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cells into cancer-initiating cells. Herein, in order to tackle these challenges, we strived to 

develop non-viral vectors with efficient gene delivery and low toxicity to hard-to-transfect 

mesenchymal stem cells. 

This doctoral dissertation will focus on the design and application of efficient non-viral 

vectors, for the genetic modification of stem cells without any negative somatic or genetic 

impact. The first part of the dissertation describes the characterization of mesenchymal 

stem cells and neural stem cells. These stem cells were screened for over-expressed cell 

surface receptors by systematically developed protocol, which laid the foundation for the 

development of vectors that recognize the port of entry to the stem cells. The next part of 

the dissertation describes the design and production of vectors in bacterial system. A 

number of parameters were compared, including the choice of expression hosts, metal 

affinity columns and expression conditions, in order to identify the most effective means 

to obtain highly pure vectors. The final portion of the dissertation describes 

characterization, efficiency and toxicity studies of the developed vectors in mesenchymal 

stem cells. All vectors were evaluated for their transfection efficiency, impact on metabolic 

activity, cell membrane integrity and micronuclei formation (chromosomal aberrations). 

The results of this study showed that the bioengineered vector utilizing receptors for 

cellular entry could transfect mesenchymal stem cells with high efficiency without 

inducing genotoxicity and negative impact on gene function. The genetically engineered 

vector in this study proved that it can be safely and efficiently used to genetically modify 

stem cells with potential applications in cancer gene therapies.
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Chapter 1 
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1.1 Gene Therapy &  Cancer 

Cancer is considered a genetic disease caused by epigenetic changes, mutation in tumor 

suppressor genes, proto-oncogenes, pro-apoptotic, anti-apoptotic, or cell cycle controlling 

genes that induces malignant transformation. It is well documented that most of the genetic 

events in cancer result from a series of accumulated, acquired genetic lesions [1]. With an 

increased understanding of the genetic lesions associated with malignant transformation 

and progression in a wide variety of human cancers, different therapeutic approaches have 

been identified [2].  In this regard, gene therapy is an attractive therapeutic option in order 

to correct disease at the genetic level by either replacing abnormal genes using exogenous 

DNA or transiently delivering DNA resulting in the expression of a therapeutically active 

protein. There are numerous criteria to achieve a successful genetic-based therapeutic 

intervention, such as identifying a suitable target to be replaced or modified, establishing a 

suitable carrier to deliver the gene-of-interest to the target, achieving successful targeting 

of the vector, and acquiring a sufficient expression of the therapeutic genes in the target 

cells. In addition to robust therapeutic efficacy, safety is also mandatory for the success of 

the treatment. 

1.2 Gene Therapy Strategies 

Gene therapies are generally categorized into two classes: In vivo gene therapy (direct gene 

delivery) and ex vivo gene therapy (cell-based gene delivery) (Figure 1.1).  

For in vivo gene therapy, therapeutic genes are directly delivered into a patient using a viral 

or non-viral delivery method. The route of administration could be intravenous, intra-

arterial, intra-tumoral, intra-portal, intra-splenic, or intra-peritoneal injection [3]. There are 
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many challenges that need to be addressed for in vivo gene transfer approaches including 

the induction of immunity by gene transfer vector, transport of the gene therapy vector to 

the targeted cells/organ, efficient binding of the vector to the cells, translocation of the 

genetic material to the nucleus, and toxicity and immunity-induced by the expression of 

virus and/or transgene peptides. In vivo gene therapy has not been as successful as ex vivo 

gene therapy for cancer primarily because of the increased risk of unprecedented effects 

too. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Strategies for delivering therapeutic transgenes into patients [4].  
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For ex vivo cell-based gene therapy, cells are modified outside the body and then 

transplanted back to the patient. In this approach, cells from the patientôs blood or bone 

marrow are removed and grown in the laboratory. The cells are transduced/transfected with 

vector carrying gene and allow to proliferate to achieve enough quantities. After rigorous 

quality control, the cells are introduced into the patient, wherein they migrate to the injury 

site and deliver the therapeutic gene. 

1.3 Stem Cells Role in Cancer Gene Therapy: Proof-of-Concept 

1.3.1 Mesenchymal Stem Cell 

Mesenchymal stem cells (MSCs) are multipotent stem cells that exist in bone marrow, fat, 

umbilical cord and so many other tissues, and can differentiate into a variety of cell types 

including osteoblasts, chondrocytes, and adipocytes, as well as neurons. Moreover, they 

have great capacity for self-renewal while maintaining their multipotency. Following 

transplantation they home to sites of inflammation in damaged tissues where they can 

facilitate tissue repair through differentiation for cell repopulation, and promote tissue 

remodeling and modulation of the immune response through secretion of growth factors, 

cytokines, and exosomes [5]. They have been found to suppress the immune system, 

reintegrate into tissue architecture and give rise to progeny consisting of both stem cells 

and lineage restricted daughter cell types [6]. Their capacity for proliferation and 

differentiation, in addition to their immunomodulatory activity, makes them very 

promising candidates for ex vivo cell-based gene therapy. MSCs possess several other 

qualities that make them ideal vehicles for gene delivery. (Figure 2.1). 
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Figure 1.2. Properties of MSCs 

 

One of the major attributes of the MSCs is their inherent tumor tropism, which allow 

allowing them to serve as vehicles for delivering effective, targeted therapy to isolated 

tumors and metastatic disease. For this purpose, stem cells need to be genetically modified 

ex-vivo to stably express a therapeutic molecule. MSCs can be transfected to express 

prodrug converting enzymes, antibodies, anti-proliferative peptides, pro-apoptotic agents, 

or anti-angiogenic factors before transplantation into humans [7-9] (figure 2.2). By using 

gene transfer to engineer MSCs, it is possible to either augment their innate production of 

specific desired proteins or to enable them to express proteins they normally do not, and it 

is possible to greatly broaden the clinical utility of MSCs.  
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Figure 1.3 Mesenchymal stem cell - based drug delivery strategies. The tumor tropism of 

MSCs can be exploited to deliver a wide variety of therapeutic agents for the treatment of 

cancer, such as apoptosis-inducing agents, cytotoxic chemotherapy, anti-angiogenic 

factors, immunomodulatory agents, oncolytic viruses, drug-loaded 

nanoparticles/microparticles, and tissue- or tumor-specific prodrugs [10]. 

 

1.3.2 Mesenchymal Stem Cells in Clinical Trials  

A number of preclinical and clinical studies have shown that stem cells hold immense 

promise as carriers for cancer gene therapy. In 2002 bone marrow derived - mesenchymal 

stem cells were utilized for the first time for targeted-delivery of INF-ɓ gene in the 
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treatment of cancer. The transgene MSCs carrying INF-ɓ gene were injected to the tumor-

bearing mice which resulted in a significant decrease in tumor growth and consequently a 

considerable increase in survival rate of mice in comparison to the control group [11]. 

These encouraging results have paved the way for the application of engineered MSCs in 

the targeted delivery of genes and therapeutic drugs for treatment of cancers. Thereafter, 

numerous studies demonstrated that systemically administered mesenchymal stem cells 

(ADSCs and BMSCs) and neural stem cells (NSCs) can also actively migrate and deliver 

therapeutic molecules to primary and metastatic tumors [12-15]. MSCs are emerging as 

promising anti-cancer agents which have an enormous potential to be utilized for the 

treatment of a number of different cancer types [12, 13, 15]. It is envisioned that inherent 

tumor tropism of stem cells can be exploited to develop effective, well-tolerated treatments 

for patients with malignant solid tumors [15, 16]. Based on these observations, there are 

three clinical trials in progress for stem cell-mediated cancer therapy (clinicaltrials.gov, 

NCT02530047, NCT02015819, NCT01172964). In all these trials, stem cells were 

transfected with adenoviral vectors due to their high efficiency and the fact that there was 

no alternative non-viral vector available which was efficient and safer. A clinical trial in 

which hematopoietic stem cells (HSCs) were genetically modified with retrovirus prior to 

transplantation resulted in four patients developing leukemia due to insertional mutagenic 

transformation [17, 18]. In cancer gene therapy, delivery stem cells need to survive only 

sufficiently long to mediate effective therapy. This type of approach is exemplified by stem 

cell-based delivery of prodrug-activating enzymes such as thymidine kinase to activate 

ganciclovir and result in death of stem cells as well as neighboring cancer cells through 

bystander effect [19, 20]. The vector that is used for stem cell transfection needs to be 

http://www.clinicaltrials.gov/
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highly efficient because the methods to rapidly produce unlimited quantities of 

undifferentiated stem cells have not yet perfected. Moreover, stem cells in cell culture 

change/mutate over time (usually after eight passages), thereby providing a limited window 

of opportunity for processing. In addition to efficiency, transfection vectors need to be non-

oncogenic to stem cells because they could potentially transform normal stem cells into 

cancer initiating cells (CICs) and result in tumor formation. Therefore, high levels of safety 

are expected from vectors that are used in stem cell engineering.  

1.4 Vectors for Gene Delivery to Stem Cells  

The most important feature of using stem cells as cellular vehicles for gene delivery is the 

high capacity to be genetically manipulated in vitro, Vectors that are used for genetic 

modification of stem cells for cancer therapy are non-integrating and can be categorized 

into viral (adenoviral), device-based and non-viral (polymer and lipid based).  

1.4.1 Viral Vectors  

Viral gene delivery systems use the naturally efficient mechanisms of viruses to condense 

nucleic acids and mediate their internalization, trafficking, and expression within target 

cells [21]. In general, these vehicles can be engineered by the addition of exogenous genes 

and the removal of deleterious viral genes to render replication-deficiency and decrease 

pathogenicity. Integrating vectors (e.g., lentivirus, retrovirus and adeno associate viruses- 

AAV) are oncogenic and usually not used for MSC transfection with downstream 

application in cancer therapy.  

In non-integrating viral vector, adenoviral vectors (Ads) are shown to be efficient in 

transfecting mammalian cells [22]. However, Ads can transfect MSCs with an efficiency 
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beyond 50%, only if used at MOIs (multiplicity of infection) higher than 5000. The reason 

that such high numbers of Ad particles are needed to achieve a high transduction efficiency 

is that the coxsackie adenovirus receptor (CAR) is not abundantly expressed on the surface 

of MSCs. Consequently, the disadvantage of using Ads at such high MOIs is not only the 

elevated costs, but also the presence of large amounts of viral proteins inside the transfected 

MSCs which could elicit immune response after reintroduction into a patientôs body [23].  

1.4.2 Device-based Approach 

Electroporation is one of the device-based approach which is safer for gene transfer into 

difficult -to-transfect cells such as MSCs. The principle behind this method is to produce 

temporary permeabilized areas in a cellôs membrane by controlled electric pulses which 

can be used to transfer nucleic acid [24]. However, its application has been limited because 

it leads to excessive cell death and has high operating costs [25]. It is also noteworthy that 

there are a lack of studies exploring the safety of electroporation; no studies have looked 

closely at the potential genotoxic effects of electroporation on transfected cells. Therefore, 

genotoxicity may exist, but has not been studied. 

1.4.3 Non-Viral Vectors  

Non-viral vectors are routinely used for the transfection of mammalian cells. Commercially 

available non-viral vectors based on polymers and lipids carry a high positive surface 

charge and have the ability to condense nucleic acids (e.g., plasmid DNA, pDNA) of any 

size into nanosized particles suitable for cellular uptake. Many research laboratories prefer 

to use non-viral vectors to transfect MSCs because they are cost-effective, accessible, 

versatile, require lower biosafety settings for handling, can transfer pDNA of all sizes into 
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mammalian cells, and are generally safer than viral vectors. While non-viral vectors may 

not exhibit significant toxicity in terms of impact on MSC metabolic activity, as evaluated 

by cell viability assays, recent studies show that such gene transfer systems have genotoxic 

effects [26-29]. This could become notably problematic when dealing with stem cells 

because such vectors could potentially transform a normal stem cell into a cancer initiating 

cell. It has been shown that as the nanoparticleôs surface positive charge increases 

(>+20mV), the potential for genetic aberrations (genotoxicity-micronuclei formation) 

increases [30].  Therefore, high levels of safety are expected from vectors that are used for 

stem cell engineering. Unfortunately, the genosafety profiles of vectors have rarely been 

examined. Although an assay that measures somatic toxicity is an important tool to 

evaluate toxicity, it does not tell the whole story. Further in-depth toxicity analysis is 

required to evaluate the true toxicity, especially when the intention is to transplant the 

MSCs back into the human body. For example, recently it has been shown that highly 

positive charged lipid and polymeric vectors (Lipofectamine/LTX, jetPRIME, & GeneIn) 

can induce genotoxicity with clastogenic effects even without manifesting substantial 

somatic toxicity [31]. Overall, there are no reports in the literature of a non-viral vector 

that demonstrates both efficiency and genosafety for SC transfection.  

1.5 Overview of Dissertation  

To address these unmet needs, the goal of this research was to develop an enabling 

molecular tool (vector) for efficient transfection of ADSCs, BMSCs and NSCs without 

incurring genotoxicity, oncogenicity, or immunogenicity.  

This thesis project was initiated by characterizing the stem cells based upon their cell 

surface receptors expression. Identifying potential membrane receptors helped us to design 
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multifunctional fusion vectors with unique sequences design to specifically bind growth 

factor receptors on these stem cells. The designed vectors can internalize readily into stem 

cells and transfect without perturbing the cellular membranes.  

Next, we developed a stringent expression and purification method to produce peptide- 

based non-viral vectors in most suitable E. coli host with the most cost-effective and 

efficient approach. Considering the complexity of the structure of the vectors in this study 

and their extreme physicochemical properties, the developed approach facilitated to 

express and purify these low-expressing and potentially toxic proteins. 

The final part of the thesis describes the evaluation, efficiency and toxicity studies of the 

developed vectors. The designed vectors were first evaluated based upon their 

physicochemical properties like size, surface charge and shape. A specific transfection 

media cocktail was formulated to maximize vectorôs stability and internalization into the 

MSCs without negatively affecting their growth. It is important to maintain a low surface 

charge for vectors because it has been shown that the non-viral vectors become genotoxic 

as soon as their surface charges exceeds +20 mV [30]. In our case the amino acid sequences 

of the vectors are constructed to impart a minimum surface positive charge (less than +15 

mV) to eliminate the potential for damaging or disrupting the stem cellôs genome (low 

genotoxicity).  The impact on metabolic activity, cell membrane integrity and micronuclei 

formation data also supported the vectorôs safety for stem cell transfection. The developed 

multifunctional vector not only demonstrated remarkable transfection efficiency, but it also 

proved to circumvent the negative effects of somato- or genotoxicity.  
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Chapter 2 

Characterization of Mesenchymal Stem Cell 
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2.1 Introduction 

In recent years, evaluation of the biological characteristics of mesenchymal stem cells 

(MSCs) from various perspectives have come into the focus of stem cell research, as these 

cells should be well characterized in order to utilize them in future cellular therapies. 

Therefore, surface protein markers of bone marrow- and adipose-derived mesenchymal 

stem cells (BMSC & ADSC) and neural stem cells (NSC) need to be characterized. MSCs 

are defined based upon the expression of CD73, CD90, CD105, CD146 and CD271 surface 

markers. MSCs do not express hematopoietic and endothelial cell markers: CD11, CD14, 

CD31 (PECAM-1), CD33, CD34, CD45 and CD133 [32, 33]. In addition to these MSCs 

also express chemokine receptors, growth factor receptors and adhesion molecules which 

are important for their homing, migration, cell proliferation and differentiation.  

Chemokine Receptors 

Several studies have underlined the vital role of chemokines and their corresponding 

receptors in homing, migration and engraftment of MSC to sites of tumor. One 

characteristic feature of chemokines is that several chemokines bind to more than one 

receptor and most chemokine receptors have multiple possible ligands. To date, MSCs are 

known to express CCR1, CCR2, CCR4, CCR6, CCR7, CCR9, CCR10, CXCR1, CXCR2, 

CXCR4, CXCR5, CXCR6 and CX3CR1 receptors, and to secrete a variety of chemokines 

[34, 35] 

Growth Factor Receptors  

Growth factors (GFs) are extracellular signaling polypeptides regulating cell proliferation, 

differentiation and survival [36]. They exert a wide spectrum of biological activities 

selectively binding to and activating specific membrane receptors which then transfer the 
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message to cell interior inducing specific biochemical pathways. GFs are especially 

involved in the regulation of angiogenesis, a physiological process underlining several 

pathologies. Molecules able to modulate angiogenesis, interfering with the molecular 

recognition between a GF and its receptor, have a big pharmacologic interest. Either GF or 

the receptor are potential drug target. MSCs can be influenced via a multitude of growth 

factor receptors that have been identified on their surface. EGFR, FGFR-2, IGFR-1, 

PDGFR, VEGFR-1 have been reported to be important for MSCs self-renewal and 

differentiation [36]. 

In order to develop more efficient and targeted non-viral vectors, MSCs & NSCs are 

characterized for the expression of these receptors which can be possibly used for port of 

entry.  

2.2. Material & Methods  

To determine the level of IGFR-1, FGFR-2, EGFR & VEGFR-1 expression ADSCs, 

BMSCs & NSCs were detached by Accutase® Cell Detachment Solution (Innovative Cell 

Technologies, CA, US). Cells were fixed by 4% formaldehyde solution in PBS and then 

permeabilized by 0.1% Tween 20/PBS solution. Cells were washed and re-suspended in 

the staining buffer (0.3 M glycine and 10% normal goat serum in PBS solution). 2 uL of 

primary antibody conjugated with either Alexa Fluor® 488 or FITC (abcam, MA, US) was 

added to each sample (table 1). Rabbit or mouse monoclonal IgG conjugated with either 

Alexa Fluor® 488 or FITC (abcam, MA, US) was used as isotype control (table 1) 

according to primary antibody host. Samples were incubated overnight at 4 oC and then 

washed extensively with PBS. The expression level of receptors was determined by flow 
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cytometry (Beckman Coulter GALLIOS Cytometer, CA, US). The unstained sample was 

also included as a negative control [37].  

Antibody(Ab) Abcam Catalog # Concentration 

IGFR-1
Primary Ab-

ab182408
1:80 dilution

Secondary Ab - 

ab150077
1:2000 dilution 

FGFR-2 
Primary Ab-

ab58201

2 ug/1X10^6 

cells

Secondary Ab - 

ab150113
1:1000 dilution

EGFR ab193244 1:50 dilution Rabbit IgG Monoclonal (ab199091)

VEGFR-1 ab195253 1:50 dilution Rabbit IgG Monoclonal (ab199091)

Isotype Control

Rabbit IgG, monoclonal(ab172730)

Mouse IgG2b, kappa(ab 170192)

 

Table 2.1. Antibodies for stem cells surface marker characterization. The antibodies were 

purchased from Abcam (Cambridge, UK) and concentrations were used according to 

recommendation. IGFR - Insulin-Like Growth Factor Receptor, FGFR - Fibroblast Growth 

Factor Receptor, EGFR - Epidermal Growth Factor Receptor, VEGFR ï Vascular 

Endothelial Growth Factor Receptor 

 

2.3 Results & Discussion 

The flowcytometry data have shown the existence of the all above receptors on the MSCs 

and NSCs (Fig 2a). In particularly VEGFR-1 expressed at higher intensity compare to other 

receptors so we first decided to make VEGFR-1 targeted vector to evaluate its efficiency 

and possible toxicity in stem cells. The data represented here are in dot plots and mean 

fluorescence intensity created by the Kaluza software, Beckman Coulter (Fig 2b). 
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 Fig 2.1 (a) Histogram plots generated by Gallios flow cytometer  
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Fig 2.1 (b) Receptor expression data in terms of percentage and mean intensity                  

 

 

 

Figure 2.1 (a) Flow cytometry histogram/dot-plot showing the overexpression of all 

receptors on ADSC, BMSC & NSC. (b) Graphical presentation of flow cytometry data in 

terms of percentage (%) stain & X-mean (Mean Fluorescence Intensity). X-Mean denotes 

the fold difference in between the expression of the receptors on the surface of stem cells 

stained by the treatment antibodies and by the IgG isotype control 
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2.4 Conclusion  

The ADSCs, BMSCs & NSCs were characterized in terms of IGFR-1, EGFR, FGFR-2 & 

VEGFR-1 receptors to confirm the expression on the surface in abundance (Fig 2.2). This 

is important because the targeted vectors are expected to rely on these receptors for entry 

into the cells. The results of this study showed a very high expression these receptors on 

the surface of the ADSCs, BMSCs & NSCs. This data helped to design several targeting 

vectors for the stem cell transfection. The targeting sequence for the vectors were selected 

from the previously published papers [38].  
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Chapter 3 

Design & Purification of Histone-H2A based 

Vectors1 

 

 

 

 

 

 
1A version of this chapter has been published in Protein Expression and Purification.  

Please see ñProduction of low-expressing recombinant cationic biopolymers with high 

purityò. PMID 28315745 
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3.1 Introduction  

Our lab is specialized in the design and development of recombinant fusion cationic vectors 

for targeted gene delivery to mammalian cells [39]. Previously, we have reported the design 

of an efficient vector platform, namely TH4G, composed of multiple functional domains 

including a cancer cell targeting peptide (T), four tandem repeating units of Histone H2A 

(H4) and a fusogenic peptide known as GALA (G) (Fig. 3.1). The TH4G has a C-terminal 

His-tag which facilitates its purification via Ni-NTA affinity chromatography. The 

application of this highly cationic vector for in vitro and in vivo gene delivery to ovarian 

cancer cells has been shown before [40-42]. To develop similar vectors but with different 

molecular weights, we genetically engineered TH2G, TH6G and TH8G constructs and 

made an attempt to purify them from the E. coli. These vectors contain highly cationic 

histone H2A in their sequences which happen to have antimicrobial activity [43, 44]. To 

make matter worse, the fusogenic peptide GALA in the above-mentioned vectors also has 

cell membrane disruption activity. Therefore, it is understandable that they could put an 

enormous amount of stress on the E. coli protein expression machinery resulting in very 

low expression levels.  

The purification process is considered as one of the major contributing factors to increasing 

the costs associated with the production of recombinant proteins. Therefore, development 

of a method that could facilitate isolation and purification of target proteins in one step is 

highly desirable. Due to its high specificity and simplicity, the affinity chromatography is 

one of the most widely used single-step technique for the purification of recombinant 

proteins. In affinity chromatography, various affinity tags such as poly-His tag, human 

influenza hemagglutinin (HA) tag, and FLAG tag are utilized for the separation of target 
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proteins [45]. Among them, poly-His tag in combination with immobilized metal ions is 

the most preferred one because of its high efficiency as well as ease of recycling and 

reusing the affinity beads. In comparison to HA- or FLAG-tag purification processes which 

require ligands such as monoclonal antibodies, the cost associated with the use of 

immobilized metal ions is also far less. In addition, the size of the poly-His tag is small, 

commonly around six histidine amino acids, which minimizes the possibility of interfering 

with protein function. Despite all these advantages, one of the major drawbacks of using 

poly-His tag affinity chromatography for protein purification from an E. coli expression 

host is non-specific binding of contaminants and co-elusion with the target protein. This 

problem becomes even more pronounced when the protein expression yield is low. In such 

cases, the major culprits are E. coli's naturally occurring histidine rich proteins such as 

ArnA and SlyD [46]. SlyD is a peptidyl-prolyl cis/trans-isomerase peptide consisting of 48 

amino acids with and average molecular weight of 27 kDa [47]. There is a fragment with 

15 histidines at the end of the C-terminal tail of SlyD which is reported to be responsible 

for competing with the His-tagged target peptides for metal binding and purification [48]. 

ArnA is an enzyme involved in the modification of lipid A phosphates with several non-

consecutive histidine residues that are exposed on the surface of the protein [49]. To 

address this challenge, the objective of this study was to develop a method that could help 

obtain highly pure cationic vectors through a single-step purification process.  
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Figure 3.1: Schematic representation of each motif in the cationic histone H2A-based 

vector structure. The structure of each motif is predicted by I-TASSER protein structure 

and function prediction software [50]. 

 

3.2. Materials and Methods 

3.2.1. Cloning of the Constructs (Vectors) 

The genes encoding TH2G, TH4G, TH6G and TH8G were synthesized by Integrated DNA 

Technologies (Coralville, IA, US) with C-terminal His-tags. The genes were digested with 

NdeI and XhoI restriction enzymes and cloned into the pET21b(+) vector (EMD 

Biosciences, Gibbstown, NJ, US) using standard cloning techniques. The detail of the 

cloning strategy is described previously by our group [51]. The fidelity of the genes to the 

original design was examined by DNA sequencing. 

3.2.2. Expression and Optimization of the Constructs in E.coli 

The plasmids encoding TH2G, TH4G, TH6G and TH8G constructs were first transformed 

into BL21(DE3) (Novagen, San Diego, US), BL21(DE3) pLysS (Novagen, San Diego, 

US) and BL21(DE3) LOBSTR (Kerafast Inc., MA, US) E. coli expression hosts. 

To express vectors in BL21(DE3), BL21(DE3) pLysS or BL21(DE3) LOBSTR host, a 

single colony was picked and cultured in 5 mL Millerôs LB Broth (LB) starter culture 
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containing 100µg/mL carbenicillin (Sigma-Aldrich Co. LLC., US). The starter culture tube 

was incubated overnight at 37°C under constant shaking at 350 rpm. The next morning, the 

whole starter culture volume was added to a flask containing 500 mL autoclaved Terrific 

Broth (TB) media (25.4g of TB powder, 2 mL of glycerol in 500 mL of Milli-Q water).  

The flask was shaken at 37oC/350 rpm and protein expression was induced at OD600 of 0.4-

0.6 by 1mM Isopropyl ɓ-D-1-thiogalactopyranoside (IPTG). While the expressed vectors 

in BL21(DE3) and BL21(DE3) pLysS hosts were collected four hours post induction, those 

expressed in BL21(DE3) LOBSTR were collected 2.5 hours post induction. The E. coli 

pellets were collected by centrifugation and stored at -80 oC Freezer. The above mentioned 

protocols are an adaptation of a previously published protocol for high yield expression of 

recombinant peptides in E. coli [52]. 

The expression conditions as stated previously for TH8G in BL21(DE3) LOBSTR were 

optimized before by total protein content in cell lysate. Briefly TH8G was transformed in 

BL21(DE3) LOBSTR same way as described in previous section. Here we chose different 

IPTG concentration (0.2 mM, 0.5 mM, 1mM) and post induction time duration. Around 1 

ml of bacterial culture sample were collected at every postinduction ï 2 hr, 3 hr, 4 hr & 6 

hr. The samples were centrifuged and 100 ul of lysis buffer (3M Urea + 3% SDS) was 

added to the pellets and stored at -20 oC. Next day, sample was glue so boiled it for 8-10 

minutes and centrifuged for 1 min at high speed on tabletop centrifuge. Around 80 ul of 

supernatant was obtained and two SDS PAGE experiments were performed to check total 

protein content (a) equal volume of supernatant (b) equal amount of protein of supernatant 

(measured by PierceÊ BCA Protein Assay Kit - ThermoFisher Scientific). 4X laemmali 

buffer added to each sample and boiled for 5 minutes before loading on to the SDS PAGE 
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gel. This experiment helped to decide best suitable conditions for TH8G expression. Same 

approach was taken for other constructs too.  

3.2.3. Purification of Vectors 

To purify the His-tagged vectors, two types of Immobilized Metal Affinity 

Chromatography (IMAC) were used; i.e., nickel-nitrilotriacetic acid (Ni-NTA) agarose 

(QIAGEN Co., Maryland, US) and cobalt resin (TALON) (Takara Bio USA, Inc).  

Ni-NTA Purification  

In Ni-NTA purification method, the E. coli pellets were weighed and lysed with lysis buffer 

(5 mL of lysis buffer per gram of bacterial wet mass) composed of 8M urea, 2M NaCl,100 

mM NaH2PO4,10mM Tris, 1% V/V Triton X-100, and 10 mM imidazole (pH adjusted to 

8). The bacterial slurry was dispersed in the lysis buffer by vigorous stirring for one hour 

at room temperature. The lysate was centrifuged for one hour, at 20,000 rpm, 4°C and the 

supernatant was removed. The supernatant was then incubated with Ni-NTA resin for one 

hour on ice. The Ni-NTA resin was preconditioned with lysis buffer. Next, the mixture was 

diluted 3 times with the lysis buffer and gradually loaded onto a 10 mL filtered 

polypropylene column (Bio-Rad Inc., US) under vacuum. The column was first washed by 

using 100 mL of lysis buffer and then by 50 mL Wash Buffer composed of 5 M Urea, 1.5 

M NaCl, 100 mM NaH2PO4, 10 mM Tris and 40 mM imidazole (pH adjusted to 8). Finally, 

the purified vector was eluted by 5 mL of elution buffer composed of 3 M Urea, 0.5 M 

NaCl, 100 mM NaH2PO4, 10 mM Tris and 300 mM imidazole (pH adjusted to 8). The 

eluted fractions were collected in 500 µL aliquots and stored at -20°C for further analysis. 
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TALON (cobalt based resin) Purification  

In purification method by TALON resin, we followed the supplier's "Large-Scale Batch 

Purification" protocol. In brief, the resin was washed and equilibrated with the equilibration 

buffer composed of 6M guanidine-HCl, 50mM NaH2PO4 and 300mM NaCl. Then, the 

bacteria pellet was lysed by equilibration buffer followed by addition of TALON resin (1 

mL of resin suspension per 1.5 mg of polyhistidine-tagged vector). The mixture was further 

incubated on ice with a gentle shaking for one hour. The TALON® resin was collected by 

vacuum filtration through the similar process described above for Ni-NTA method. The 

collected resin was then washed with ten times bed volume of equilibration buffer and the 

vector was eluted from the column by using 5 mL of elution buffer (6M guanidine-HCl, 

45mM NaH2PO4, 250mM NaCl and 150mM Imidazole). The fractions were collected in 

500 µL aliquots, the vector concentrations were measured by Bradford assay and then 

stored at -20 °C. 

3.2.4. Evaluation of The Vector Yield and Purity  

The SDS-PAGE analysis was performed to determine the vector purity. In brief, a 4% 

stacking and 12% resolving polyacrylamide gel was made from ProtoGel Stacking Buffer 

and ProtoGel Resolving Buffer (National Diagnostics, Atlanta, US) according to the 

manufacturerôs protocol. Approximately 1.5 Õg of the purified vector was mixed with 6x 

SDS Protein Loading Buffer (Thermo Fisher Scientific Inc., US) and loaded onto each 

well. The electrophoresis was performed by applying a constant voltage of 150 V for 45-

60 min followed by gel staining with PageBlue Protein Staining Solution (Thermo Fisher 

Scientific Inc., US).  The gel pictures were recorded by Odyssey Classic Image System 
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(LI -COR, Inc., US) and the intensity of each band was analyzed by ImageJ image 

processing and analysis software (NIH, US). 

 

3.3 Results and Discussion 

In the past decades, various strategies have been deployed to either mitigate or completely 

remove the native E. coli proteins contaminants such as SlyD and ArnA from the target 

proteins especially in cases where the expression yield is low. These include the use of 

cobalt-based resin, a secondary chromatographic procedure or genetic modification of the 

E. coli strain [47, 53]. Since complete knock out of the ArnA and slyD in E. coli causes 

serious growth defects, such knockout strains are not viable options for recombinant 

protein expression [54]. Therefore, a practical and viable alternative would be to keep the 

functional sections of these proteins intact, while removing/modifying the metal-affinity 

segment.  

In one approach, Robichon and colleagues genetically modified the E. coli BL21(DE3) 

strain to express the endogenous proteins SlyD, Can, ArnA, and AceE fused at their C 

terminus to a chitin binding domain (CBD) [47]. In this approach, the CBD-tagged 

contaminants could be removed from the target protein through use of a chitin affinity 

column in tandem with IMAC. While this approach produces the desired results, but 

increases the complexity of purification process as well as the costs. In addition, an extra 

purification step could significantly reduce the yield of the purification process. Therefore, 

we did not examine the potential benefit of this two-step purification process for this study. 
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In second approach, a cobalt-based resin (TALON) instead of Ni-NTA has been utilized to 

remove the SlyD impurity since it is believed that it may have lower affinity towards this 

contaminant. Due its simplicity, we examined the use of this approach to purify the vectors.  

In third approach, the E.coli expression host is genetically modified to remove/change the 

histidine rich tails of the native ArnA and SlyD proteins resulting in less interaction with 

the immobilized nickel resin. Here, we examined the potential application of this approach 

as well in order to identify the most appropriate technique for complete removal of the 

ArnA and SlyD impurities from the cationic recombinant vectors. 

 

3.3.1. Construction of Expression Plasmids  

The genes encoding TH2G, TH4G, TH6G and TH8G constructs were cloned into a pET21b 

vector and the DNA sequencing results confirmed the fidelity of the sequences to the 

original design (Table 3.2). Here we chose a pET21b vector as the prokaryotic expression 

system because of its tightly regulated T7 lac promoter. As shown in Table 3.1, all four 

vectors are rich in Lys, Arg and His residues; thereby, making the vectors highly cationic. 

The theoretical protein parameters calculations indicate that the estimated net charge of 

vectors increases as the molecular weight (Mw) increases. 

 

 

 

 



30 
 

 

Table 3.1: The vector physicochemical parameters as calculated by the ProtParam tool 

from the ExPASy Bioinformatics Resource Portal (http://web.expasy.org/protparam/). 

Protein 

(Vector) 

 Mw 

(Da) 
Charge  

No. of Cationic 

Residues 

Theoretical 

pI 
 

TH2G  19,827 +22 45 11.27  

TH4G  27,625 +46 71 11.99  

TH6G  35,422 +70 97 12.26  

TH8G  43,219 +94 123 12.42  

 

Table 3.2: The amino acid sequences of the recombinant cationic vectors 

Peptide Sequence 

 

TH2G 

MVDNKFNKEMRNAYWEIALLPNLNNQQKRAFIRSLYDDPSQSAN

LLAEAKKLNDAQAPKGGGGSGGGGSGRGKRSGRGKQGGKARAK

AKTRSSRAGLQFPVGRVHRLLRKSGRGKQGGKARAKAKTRSSRA

GLQFPVGRVHRLLRKGGGWEAALAEALAEALAEHLAEALAEALE

ALAAHHHHHH  

 

 

TH4G 

MVDNKFNKEMRNAYWEIALLPNLNNQQKRAFIRSLYDDPSQSAN

LLAEAKKLNDAQAPKGGG GSGGGGSGRGKRSGRGKQGGKARAK

AKTRSSRAGLQFPVGRVHRLLRKSGRGKQGGKARAKAKTRSSRA

GLQFPVGRVHRLLRKGSRGKQGGKARAKAKTRSSRAGLQFPVGR

VHRLLRKSGRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKG

GGWEAALAEALAEALAEHLAEALAEALEALAAHHHHHH  

 

 

TH6G 

MVDNKFNKEMRNAYWEIALLPNLNNQQKRAFIRSLYDDPSQSAN

LLAEAKKLNDAQAPKGGGGSGGGGSGRGKRSGRGKQGGKARAK

AKTRSSRAGLQFPVGRVHRLLRKSGRGKQGGKARAKAKTRSSRA

GLQFPVGRVHRLLRKSGRGKQGGKARAKAKTRSSRAGLQFPVGR

VHRLLRKGSRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKS

GRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKSGRGKQGGK

ARAKAKTRSSRAGLQFPVGRVHRLLRKGGGWEAALAEALAEALA

EHLAEALAEALEALAAHHHHHH  

http://web.expasy.org/protparam/
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TH8G 

MVDNKFNKEMRNAYWEIALLPNLNNQQKRAFIRSLYDDPSQSAN

LLAEAKKLNDAQAPKGGGGSGGGGSGRGKRSGRGKQGGKARAK

AKTRSSRAGLQFPVGRVHRLLRKSGRGKQGGKARAKAKTRSSRA

GLQFPVGRVHRLLRKGSRGKQGGKARAKAKTRSSRAGLQFPVGR

VHRLLRKSGRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKS

GRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKSGRGKQGGK

ARAKAKTRSSRAGLQFPVGRVHRLLRKGSRGKQGGKARAKAKTR

SSRAGLQFPVGRVHRLLRKSGRGKQGGKARAKAKTRSSRAGLQFP

VGRVHRLLRKGGGWEAALAEALAEALAEHLAEALAEALEALAAH

HHHHH 

 

3.3.2. Vector Expression in BL21(DE3) Plyss host and Purification by Ni-NTA  

Expression of any recombinant protein in E. coli could interfere with the normal 

functioning of the cell and therefore may be ñtoxicò to the bacteria. The level of toxicity 

will vary from protein to protein depending on its physicochemical characteristics. If the 

level of toxicity is sufficiently high to E. coli, even the basal level expression can be enough 

to prevent vigorous growth and protein overexpression. Based on the information shown 

in Table 2, it can be observed that all four constructs are highly cationic and potentially 

toxic to E. coli. In the past decade we have examined, optimized and reported a reliable 

method for the production and purification of TH4G vector with minim impact on bacterial 

growth [42, 51]. To minimize the negative impact of vector toxicity on E. coli growth and 

protein expression, we used BL21(DE3) pLysS strain for vector production. Unlike 

parental BL21(DE3), the modified E. coli BL21(DE3) pLysS strain contains an additional 

plasmid, pLysS, which expresses the gene encoding T7 lysozyme. T7 lysozyme provides 

a tight control over the background expression of target genes especially before IPTG 

induction making it suitable for the production of toxic proteins. This is in contrast to 

BL21(DE3) system, which is considered leaky where proteins continue to express, 
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although at low levels, even before IPTG induction. To examine the potential use of this 

approach in expressing the other three constructs (i.e., TH2G, TH6G and TH8G), we first 

transformed them into a BL21(DE3) pLysS strain and then expressed and purified. The 

results of the protein expression and purification study showed that as the number of 

cationic residues in the vector sequence increased, the amount of purified vector (i.e., yield) 

decreased (Fig 3.2 A). For example, from each 500mL culture we could obtain on average 

approximately 2.8mg of pure TH2G versus 0.8mg of TH8G. In addition, the SDS-PAGE 

results revealed emergence of impurity signals corresponding to the molecular weights of 

~27 kDa and ~70 kDa in purified TH6G and TH8G vectors (Fig 3.2 B and C). The 

molecular weights of these two impurity signals are very close to the theoretical molecular 

weights of SlyD and ArnA proteins. The western blot analysis using anti-His tag primary 

antibody showed that the impurities were not his-tagged indicating that they were E. coli 

native proteins (Fig 3.4). Since we did not see these two contaminants in purified TH2G 

vector, we hypothesized that by increasing the yield of production we may be able to 

eliminate the problem. It is worth noting that the molecular weight of the SlyD impurity is 

very close to TH4G vector; therefore, we could not measure the amount of the 

contamination under the TH4G band.  

 

Figure 3.2 A) The amounts of purified vectors from each 500 mL of BL21(DE3) pLysS 

culture (Yield). B) The SDS-PAGE picture of the Ni-NTA purified TH2G, TH4G, TH6G 
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and TH8G. C) The quantification of vector purity using Image J software. TH4G purity is 

not determined since the molecular weights of SlyD and TH4G are very close. 

 

Figure 3.3 A) The growth curves of BL21(DE3) bacteria transformed with TH2G and 

TH8G constructs with and without IPTG induction. B) The amounts of purified TH2G and 

TH8G from 500mL of culture. C) The SDS-PAGE picture of the purified TH2G and TH8G 

vectors. D) The quantitative analysis of impurities in purified TH2G and TH8G vectors 

using Image J software. The data are presented as mean±s.d, n=3. 

 

Figure 3.4 Western blot analysis of expressed TH2G and TH8G using anti-his-tag primary 

antibody (abcam). This figure shows that only TH2G and TH8G are his-tagged and the 

primary antibody does not recognize impurities. 
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3.3.3. Vector Expression in BL21(DE3) host and Purification by Ni -NTA 

To identify the most optimum method for the elimination of the impurities, we performed 

a study to first enhance the yield of production. To achieve this goal, we examined the 

potential use of parent BL21(DE3) host instead of tightly regulated BL21(DE3) pLysS 

system. For this, we selected the TH2G vector as our negative control (high yield and low 

impurity) and TH8G construct as positive control (low yield and high impurity). Both 

constructs were transformed into BL21(DE3) host and the bacterial growth curves with 

and without IPTG induction were monitored over a 24 h period (Fig. 3.3A). The results of 

this study showed significant reduction in bacterial growth rate after IPTG induction which 

indicates the bacteria transferred the majority of its energy source to produce the vectors 

instead of growth. Based on this information, we proceeded to purify the vectors. Here, the 

BL21(DE3) was induced by IPTG when the OD600 reached ~0.4-0.6 and the pellet was 

collected four hours post induction. As shown in Fig. 3B, the yield of production of TH8G 

was ~1.1 mg which is significantly less than ~4.4 mg of TH2G. The SDS-PAGE results 

also showed the presence of an impurity around 27 kDa in the purified TH8G vector, 

whereas the impurity band around 70 kDa disappeared (Fig. 3C). These results indicate 

that the use of BL21(DE3) instead of BL21(DE3) pLysS significantly improved the 

expression level of the TH8G increasing it from 0.8 mg ± 0.07 to 1.1 ± 0.1 mg (p < 0.05). 

While this approach resulted in production of more pure TH8G with less impurity (ArnA 

eliminated), but the SlyD impurity was still significant and measured to be ~35% of the 

total mass (Fig. 3D). 
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3.3.4 Vector Expression in BL21(DE3) host and Purification by TALON Resin 

So far, the data shows that by changing the expression host we could increase the yield of 

vector production and reduce the impurity, although we failed to eliminate it completely. 

To go one step further, in combination with BL21(DE3) host, we utilized TALON resin 

instead of Ni-NTA for purification which has been claimed to have less affinity towards 

non-specific E. coli native proteins such as SlyD. Cobalt-based (Co(II)) TALON metal 

affinity resin has high affinity towards histidine residues that are spatially positioned 

adjacent to each other such as 6xHis-tag.  In a technical note, McMurry et al. (2004), 

reported that the cobalt-based TALON resin could remove non-specific contamination and 

produce the target peptide with much higher purity as compared to Ni-NTA beads. 

Therefore, in the next step, we expressed TH8G vector in BL21(DE3) host as mentioned 

above but purified using TALON resins. Interestingly, the results of this study revealed 

that TH8G vector with significantly higher purity could be obtained, even though the yield 

of production was reduced (Fig 3.5 A-C). Although significant improvement in purity 

increasing from 65% to 80% was observed, this approach also did not completely eliminate 

the SlyD impurity. In a study by Kaluarachchi et al. (2011), the affinity of SlyD to a series 

of transition metals including Mn(II), Fe(II), Co(II), Cu(I), and Zn(II) was measured. The 

dissociation constant of Ni(II) and Co(II) were determined to be approximately 0.1nM and 

4nM, respectively . Although the ion cobalt showed less affinity towards SlyD than nickel 

ion, but the difference was still not sufficient to completely remove the SlyD impurity. Our 

observations in Figure 4 also show that TALON resin was moderately helpful. 
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Figure 3.5 Comparison of the yield and purity of TH8G vector after expression in 

BL21(DE3) host and purification by Ni-NTA and TALON resins. A) The amount of 

purified TH8G obtained from 500 mL of culture. B) The SDS-PAGE picture of the purified 

TH8G. C) The quantification of TH8G purity using the Image J software. The data are 

presented as mean±s.d. (n= 3). * indicates significance, p<0.05, student t-test.  

 

3.3.5 Vector Expression in BL21(DE3) LOBSTR host, Optimization and Purification 

by Ni-NTA  

Since improving the expression yield by using BL21(DE3) host and utilization of TALON 

resin did not provide satisfactory results, we changed strategy and examined the use of a 

newly developed E. coli strain. Andersen et al. (2013), have recently reported the 

development of a new E. coli expression host, namely LOBSTR (low background strain) 

[55]. LOBSTR is derived from the E. coli BL21(DE3) strain with genetically modified 

copies of ArnA and SlyD. These modifications have resulted in E. coli native proteins with 

reduced affinities toward Ni and Co resins allowing the purification of low-expressing 

target proteins by reducing background contamination. To examine the potential use of this 

strain, the TH2G and TH8G constructs were transformed into BL21(DE3) LOBSTR, 

optimized, expressed and purified by Ni-NTA affinity chromatography. Here, we used Ni-
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NTA resins first because it is far more cost-effective than cobalt-based ones. The 

optimization data confirmed the best optimal condition for TH8G in BL21(DE3) LOBSTR, 

induction at ~0.5 mM IPTG for between 2-3 hrs post induction expression (Fig 3.6). The 

results of bacterial growth curves confirmed the expression of vector after induction (Fig 

3.7A), and the amount of expressed TH2G and TH8G was measured to be on average 

~3.0mg and ~0.9mg, respectively (Fig 3.7B). While the yield of production is statistically 

the same as what we obtained with BL21(DE3) pLysS host (Fig 3.2A), but the SDS-PAGE 

results showed complete removal of impurities and obtaining >99% pure vectors (Fig 3.7C 

and D).  
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Figure 3.6 TH8G optimization in BL21(DE3) LOBSTR shown by SDS PAGE. The SDS 

PAGE for equal volume and equal amount of total protein shows that around 0.5mM of 

IPTG and 2-3 hr postinduction are the optimal for TH8G expression. The expression was 

performed at 37°C.  

 

To validate the expression process and examine its use to purify the other two constructs 

(i.e., TH4G and TH6G), we used the same protocol for their expression and purification. 

The SDS-PAGE results confirmed that the developed protocol for the expression and 

TH8G 

TH8G 
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purification of low-expressing cationic vectors in this study can produce target peptides 

with high purity (Fig 3.8). Overall, the results of our studies show that this E. coli strain 

facilitates the production of the cationic low expressing vectors with high purities. 

 

Figure 3.7 Peptide TH2G and TH8G were expressed in BL21(DE3) LOBSTR and purified 

by Ni-NTA. A) The growth curves of TH2G and TH8G with and without IPTG induction. 

B) The amounts of purified TH2G and TH8G obtained from 500 mL of culture. C) The 

SDS-PAGE picture of the purified TH2G and TH8G. D) The quantification of TH2G and 

TH8G purity using the Image J software. The data are presented as mean±s.d. (n= 3). 
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Figure 3.8 The SDS-PAGE picture of the purified TH2G, TH4G, TH6G and TH8G that 

were expressed in BL21(DE3) LOBSTR host.  All vectors were purified by Ni-NTA 

affinity chromatography. 

3.4 Conclusion 

For high-expressing recombinant proteins, the endogenous E. coli proteins are a small 

problem because they are out-competed by the high amounts of the target protein. In 

contrast, when protein expression is low, endogenous host proteins such as ArnA and SlyD 

could have a similar abundance and compete with the target His-tagged proteins for binding 

onto nickel or cobalt resins. As a result, obtaining a high purity target protein becomes a 

challenge. The results of this study demonstrated that the developed expression method in 

E. coli BL21(DE3) LOBSTR in combination with our optimized one-step purification 

method could help completely remove endogenous E. coli contaminants from a low-

expressing cationic vector. Considering the complexity of the structure of the vectors in 

this study and their extreme physicochemical properties, we believe that the developed 

approach could be applied to express and purify the majority of other low-expressing and 

potentially toxic proteins. 
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Chapter 4 

Vector Characterization, Efficiency and Safety for  

Gene Delivery to Mesenchymal Stem Cells2 

 

 

 

 

 

 

 
2A version of this chapter has been published in Biomaterials. Please see ñBioengineering 

a Non-Genotoxic Vector for Genetic Modification of Mesenchymal Stem Cellsò. PMID 

29078136 
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4.1 Introduction  

There is a need to develop a novel vector technology that can be used for efficient and safe 

stem cell engineering with impact on clinical application of stem cell based therapeutics. 

To achieve the objective, two types of vectors are designed: targeted and non-targeted. As 

described in previous chapter, these are genetically engineered biomimetic non-viral 

vectors that are composed of motifs from diverse biological and synthetic origins [40, 51, 

56]. The targeted vectors were composed of four repeating units of histone H2A to 

condense DNA (H4), a pH dependent endosomolytic fusogenic peptide GALA (G), and 

either a vascular endothelial growth factor receptor 1 (VEGFR-1) agonist targeting peptide 

(Vago) or antagonist peptide (Vanta). The rationale for targeting VEGFR-1 is that this 

receptor is overexpressed (shown in chapter 2) on the surface of stem cells and internalizes 

via receptor mediated endocytosis. The non-targeted vectors are composed of the same 

motifs as mentioned above, but instead of the VEGFR-1 targeting peptide, they have non-

cationic cell penetrating peptides such as Pep1 (tryptophan-rich cluster with high affinity 

for membranes) and MPG (derived from the fusion sequence of the HIV glycoprotein 41). 

While many other cell-penetrating peptides are reported in literature (e.g., Tat), the 

rationale behind choosing these two peptides are as follows: 1) non-cationic nature, 2) high 

efficiency in membrane fusion and cellular entry, and 3) negligible cytotoxicity [57-61]. 

The role of the cell penetrating peptides is to facilitate internalization of the vector through 

the stem cell membrane. To evaluate the efficiency and safety of the vectors, adipose-

derived MSCs (ADSCs) were selected for this study because in the clinical setting, they 

can be obtained from patients in large amounts using minimally painful procedures (in 

contrast to bone marrowderived). The following widely used commercially available 
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nonviral vectors were selected as controls: GeneInÊ, LipofectamineÈ LTX with Plus, 

Attractene, FuGENE® HD and jetPRIME®. A commercially available adenoviral vector 

(Ad-GFP) was used as a viral vector control. Unfortunately, for demonstration of safety 

non-viral vectors have been simply evaluated for their impact on metabolic activity of stem 

cells and there has been no comprehensive study that has closely looked at vectorsô 

potential for genotoxicity, gene dysregulation and other detrimental effects. This research 

addresses two significant deficiencies that currently exist. The first is the low efficiency of 

nonviral vectors in MSC transfection, and the second is a lack of comprehensive toxicity 

data related to the cell proliferation rate, membrane integrity, micronuclei formation, gene 

dysregulation, and cell differentiation. 

4.2 Materials and Methods 

4.2.1. Genetic Engineering and Production of Recombinant Vectors 

We used standard genetic engineering techniques similar to our previous reports in order 

to clone, express, and purify the VECTORs [42, 62]. In brief, the genes encoding 

untargeted vectors H4G, MPG-H4G, Pep1-H4G and targeted Vago-H4G, and Vanta-H4G 

with 6x-histidine tag at the c-terminus, were designed and then chemically synthesized by 

Integrated DNA Technologies (Coralville, IA, US). The corresponding amino acid 

sequences of the vectors are shown in Table 1. The genes were restriction digested by NdeI 

and XhoI enzymes and cloned into a pET21b bacterial expression vector (Novagen®, EMD 

Millipore, MA, US). The fidelity of each gene sequence to the original design was verified 

by DNA sequencing. To express the vectors, the expression plasmids were transformed 

into the LOBSTR BL21(DE3) E. coli expression strain (Kerafast Inc., MA, US). The 

protein expression protocol is optimized for the production of highly cationic vectors in E. 
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coli as described previously by our group [63]. In brief, one colony was picked from the 

LB agar plate and inoculated overnight in a 5 mL Miller's LB media supplemented with 

100 µg/mL carbenicillin (Sigma-Aldrich, MO, US). The next day, the starter culture was 

transferred into 500 mL terrific broth (TB) supplemented with 100 µg/mL carbenicillin. 

The culture was incubated at 37 C under vigorous shaking until the OD600 reached 0.4-

0.6. To induce protein expression, isopropyl b-D-1-thiogalactopyranoside (IPTG, 

Teknova, CA, US) was added to the culture at the final concentration of 1 mM. After 2.5-

4 h of induction, the E. coli pellet was collected by centrifugation at 5000g (10 min, 4 oC) 

weighed and stored in -80 oC freezer. 

To purify the peptides, a method based on Ni-NTA immobilized metal affinity 

chromatography (QIAGEN, MD, US) was developed. A lysis buffer was formulated 

beforehand, containing 8 M urea, 2 M NaCl, 100 mM NaH2PO4,10 mM Tris, 1% (v/v) 

Triton X-100, and 10 mM imidazole. The bacterial pellet was lysed by the lysis buffer (5 

mL buffer per 1 g pellet) for 1 h at room temperature under vigorous stirring. Then, the 

supernatant was collected by centrifuging the slurry for 1 h, at 20,000 rpm, 4 oC. 

Meanwhile, the Ni-NTA resin was washed with 10 mL distilled/deionized water and 

preconditioned with 2 mL of lysis buffer. Afterwards, the supernatant was mixed with the 

preconditioned Ni-NTA resin and incubated on ice with gentle shaking. After 1 h of 

incubation, the mixture was diluted with 3 times lysis buffer and passed through a 10 mL 

polypropylene filter column (Bio-Rad Inc., US) by vacuum driven filtration. The column 

was washed by 100 mL of lysis buffer followed by 50 mL wash buffer (5 M Urea, 1.5 M 

NaCl, 100 mM NaH2PO4, 10 mM Tris and 40 mM imidazole). Finally, the purified vector 

was eluted by 5 mL of elution buffer (3 M Urea, 0.5 M NaCl, 100 mM NaH2PO4, 10 mM 



45 
 

 

Tris and 300 mM imidazole) and collected in 500 mL fractions. The concentration of the 

peptide within each fraction was measured by the Nanodrop 2000 spectrophotometer 

(Thermo Fisher Scientific, US). The purity of each peptide was determined by SDS-PAGE 

analysis.   

4.2.2. Peptide Desalting and Preparation of Stock Solution 

To desalt, a disposable PD-10 desalting column with Sephadex G-25 resin (GE 

Healthcare's Life Sciences, MA, US) was preconditioned with 25 mL of 10mML-Glu/L-

Arg buffer (pH 5.8-6.0). Then, each purified peptide fraction was loaded onto the column 

and eluted with additional 5 mL of buffer driven by gravity. The concentration of each 

peptide was measured by Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, 

US) using the molecular weight and corresponding extinction coefficient as calculated by 

the ProtParam tool from the ExPASy Bioinformatics Resource Portal 

(http://web.expasy.org/protparam/). The conductivity of the peptide solution was 

determined by Laser Doppler Velocimetry using Malvern Nano-ZS Zetasizer (Malvern 

Instruments, UK). 

4.2.3. Nanoparticle Formation and Particle Size, Charge, Concentration and Shape 

Analysis 

The DNA/peptides nanoparticles were formed by the Flash Mixing method [62]. In brief, 

the required amount of each peptide to condense 1 µg of pEGFP plasmid DNA (pDNA) at 

various N:P ratios was calculated beforehand. For example, to prepare a N:P ratio of 1, the 

required amounts of H4G, MPG-H4G, Pep1-H4G, Vago-H4G and Vanta-H4G were 1.17 

µg, 1.22 µg, 1.29 µg, 1.27 µg, and 1.35 µg, respectively. Then, pEGFP was diluted to a 
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volume of 50 µL using distilled/deionized water. Concurrently, predetermined amount of 

each peptidewas diluted to 50 µL volume using distilled/deionized water and placed in 

another microfuge tube. The peptide solution was added to the pDNA solution rapidly and 

flash mixed. After 5-10 min of incubation, the nanoparticle size was measured by Dynamic 

Light Scattering and surface charge by Laser Doppler Velocimetry using Malvern Nano-

ZS Zetasizer (Malvern Instruments, UK). To make nanoparticles with the commercial 

transfection reagents including GeneInÊ (MTI-GlobalStem, MD, US), Lipofectamine® 

LTX with Plus (Thermo Fisher Scientific, MA, US), Attractene (QIAGEN, MD, US), 

FuGENE® HD (Promega Corporation, WI, US) and jetPRIME® (Polyplus-transfection, 

France), we followed the corresponding manufacturers' protocols. Once nanoparticles were 

formed, the surface charges were measured in 5mM NaCl solution. The data are presented 

as mean ± s.d. (n=3). Each mean is the average of 15 measurements while n represents the 

number of independent batches prepared for the measurements. To study the particle 

concentration the nanoparticles were diluted in 5mM NaCl and mesured by Nanosight 

NS300 (Malvern Instruments, UK). We also filtered the nanparticles by using 100 kDa 

MWCO (molecular weight cut off) in order to compare the effect of filteration on particle 

numbers. To study the morphology of the nanoparticles, transmission electron microscopy 

(TEM) was utilized [62]. First, nanoparticles were formed and then one drop of the mixture 

was loaded onto a carbon type B coated copper grid. As soon as the sample dried on the 

surface, the solution of 1% sodium phosphotungstatewas added to stain the nanoparticles. 

The detailed images were recorded by 1200EX electron microscope (JEOL, US).  
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4.2.4 Endotoxin Assay  

The endotoxin amount of the recombinant protein was measured by the Thermo 

ScientificÊ PierceÊ LAL Chromogenic Endotoxin Quantitation Kit ( NJ, USA). In brief, 

the stock solution of endotoxin standard assay, Limulus Amebocyte Lysate (LAL)  reagent 

and chromogegnic substrate were prepared according to manufacture protocol. 50 ɛl of 

each standard and samples in triplicate were dispensed in  96 well microplate preincubated 

at 37°C. At time T=0, 50 ɛL of LAL reagent was added to each well and incubated at 37°C 

for 10 minutes. After exactly T=10 minutes, 100 ɛL of chromogenic substrate solution 

(prewarmed to 37°C) was added to each well and incubated the plate at 37°C for 6 minutes. 

At T=16 minutes, 100ɛL of stop reagent (25% acetic acid) was added to the wells and 

tapped the plate few times to facilitate the mixing. The absorbance at 405 nm was measured 

on a plate reader. 

To remove the endotoxins from the protein samples, Pierce High-Capacity Endotoxin 

Removal Resin kit (Thermofisher, NJ,USA) was used. The resin contains porous cellulose 

beads that have been surface modified with covalently attached, modified Ů-poly-L-lysine 

(PLL), which  has a high affinity for endotoxins. In brief, all the solutions were made 

according to manufacture protocol in endotoxin free water. The spin coloum which contain 

PLL beads was equiliberate at room temperature. The beads were regenerated by 0.2 N 

NaOH overnight at room temperature. Next day the coloumn was washed with 2M NaCl 

followed by endotoxin free water. After this coloumn was washed and equilibirated three 

times with endotoxin free buffer (50mM sodium phosphate buffer + 0.2M NaCl, pH 6.5). 

Protein sample was added to the column and incubated for 1hr with end to end mixing at 
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4°C. At the end, the coloumn was placed in collector tube and endotoxin free samples were 

eluted at 500 g for 1 minute spin.  

4.2.5 ADSC Characterization for Cell Cylce 

The ADSCs (Lonza, NJ, US) were cultured in ADSCÊ Growth Medium Bullet kit (Lonza, 

NJ, US) which contains the basal media and the necessary supplements for proliferation of 

human adipose derived mesenchymal stem cells. ADSCs were characterized for cell cycle 

and VEGFR-1 expression by flow cytometry. The cell cycle study was performed using 

propidium iodide (PI) DNA staining protocol. In brief, cells were seeded in 96-well plates 

at the density of 6000 cells per well. After 16, 20, 24, 26, 28 h incubation with ADSCÊ 

Growth Medium Bulletkit at 37 C and 5% CO2, cells were detached through trypsinization. 

Cells were then fixed by 70% cold ethanol. After 1-h, cells were collected by 

centrifugation, resuspended in PBS and treated with 0.5 mg/mL RNase A. Finally, cells 

were stained by PI (10 µg/mL) for 1 h. The cell cycle distribution was determined by flow 

cytometry (Beckman Coulter GALLIOS Cytometer, CA, US). 

4.2.6 Evaluation of Cell Transfection Efficiency 

The day before transfection, ADSCs, BMSCs, NSCs were seeded in 96-well tissue culture 

plates at the density of 6000 cells per well and incubated for 24 h. In a microfuge tube, 

nanoparticles were prepared at various N:P ratios as described above in a total volume of 

50 µL and incubated for 5-10 min at room temperature. Each tube was further 

supplemented with 200 µL of ADSC basal media, 1 µM dexamethasone (Sigma-Aldrich, 

MO, US) and 1X ITS Liquid Media. A 100X ITS solution includes 1.0 mg/mL recombinant 

human insulin, 0.55 mg/mL human transferrin and 0.5 µg/mL sodium selenite (Sigma-
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Aldrich, MO, US). Next, the old media in each well was removed and replaced with the 

250 µL nanoparticle mixture. Twenty four hours post transfection, the media in each well 

was replaced with 200 µL full growth media and the cells were allowed to grow for another 

24 h. The green fluorescent protein (GFP) expression was visualized and qualitatively 

evaluated by a fluorescent microscope (Olympus, FL, US). To quantify GFP expression 

and percent transfection, cells were trypsinized and analyzed by flow cytometry (Beckman 

Coulter CytoFLEX Cytometer, CA, US). The ratio of GFP positive cells to untransfected 

cells was calculated by Kaluza flow analysis software (Beckman Coulter, CA, US). To 

measure the transfection efficiency of commercially available transfection reagents 

including GeneInÊ, LipofectamineÈ LTX with Plus, Attractene, FuGENEÈ HD and 

jetPRIME®, cells were seeded in 96-well plates at the density of 6000 cells/well. Twenty 

four hours later, cells were transfected following each manufacturer's cell transfection 

protocol.  

To measure transduction efficiency of adenoviruses, cells were seeded as above. 

Adenovirus particles encoding GFP (Ad-GFP) were purchased from Baylor College of 

Medicine (TX, US), and the transduction process was performed according to the 

manufacturer's protocol. In brief, the multiplicity of infection (MOI) was calculated based 

on viral titer (plaque-forming units, PFU/mL). The Ad-GFP particles were mixed 

thoroughly with 300 µL of ADSC basal media. Next, the old media in each well was 

replaced by the transduction mixture. Four hours post transduction, the media in each well 

was replaced by the full growth media and the GFP expressionwas quantified after 48 h by 

flowcytometry as described above. The data are presented as mean ± s.d. (n=3).  
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4.2.7. Evaluation of Vectors' Impact on Cell Proliferation Rate, Membrane Integrity 

and Morphology 

The impact of each vector on ADSC proliferation rate was evaluated by the WST-1 cell 

proliferation assay. Cells were seeded in the 96-well plates at the density of 6000 cells per 

well. After 24 h of incubation, ADSCs were transfected with vectors as described above. 

Forty eight hours post-transfection, the old media was replaced with 100 µL of fresh media 

containing 10 µL WST-1 reagent (1:10 dilution). After 1 h of incubation at 37 C/5% CO2, 

the absorbance of each well was measured by Infinite® M200 PRO NanoQuant microplate 

reader (Tecan, Switzerland) at 440nm/ 600 nm. The absorbance of each treatment was 

normalized to the negative control (untreated cells) to measure the percentage of cell 

viability.  

To evaluate the impact of each vector on ADSC membrane integrity, a lactate 

dehydrogenase (LDH) release assay (Roche, IN, US) was performed using manufacturer's 

kit and protocol. In brief, cells were seeded and transfected as described above. Cells were 

incubated in ADSC basal media for 48 h post transfection since the LDH reagent is not 

compatible with serum. Media in each well was collected and centrifuged at 250 g for 5 

min to pellet the debris. The supernatants were transferred into a 96-well plate with 100 

µL per well. Next, 100 µL LDH reagent was added into each well and incubated for 30 

min at room temperature. The absorbance at wavelengths of 490 nm and 600 nm was 

measured using Infinite® M200 PRO NanoQuant (Tecan, Switzerland) microplate reader. 

The media, without contacting any cells, served as the background control. The media from 

the untransfected cells was used as the negative control (spontaneous LDH release). The 

media from the cells incubated with the 2% Triton X-100 was served as the positive control 
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(maximum LDH release). After subtracting the background  control, the percentage of 

impact on membrane integrity was calculated as follows: % membrane integrity = 

(Positive-Treatment)/(Positive-Negative) X 100. The data are presented as mean ± s.d. (n 

=  3). The morphology of ADSCs before and after transfection was studied by using phase-

contrast microscopy (Olympus, FL, US).  

4.2.8. Evaluation of Vectors' Impact on Micronuclei Formation (Genotoxicity)  

To quantify the percentage of micronuclei formation, cells were seeded and transfected as 

described above. Twenty four hours post-transfection (equivalent to 1-1.5 doubling time), 

cells were harvested and stained using an In Vitro MicroFlow® Kit (Litron Lab., NY). The 

staining was performed according to the manufacturer's protocol with several 

modifications. Briefly, cells were detached, transferred into a microfuge tube, and 

centrifuged for 6 min at 300 g. The supernatant was removed and the pellet was placed on 

ice for 20 min. Next, ADSCs were resuspended in 50 µL of ethidium monoazide (EMA) 

solvent (Dye A) and incubated while exposed to fluorescent light. EMA is a DNA staining 

fluorescent dye that cannot pass through the cell membrane of live cells. As a result, it 

canonly stain the late apoptotic or dead cells helping to distinguish them from live cells. 

After 30 min of incubation with EMA, cells were washed by the Kit's wash buffer, lysed 

by lysis buffer, and treated with RNase enzyme. Cells were then exposed to SYTOX green 

fluorescent dye that stains all nuclei and micronuclei. The lysis and SYTOX green staining 

process were performed at 37 oC while samples were protected from light. After staining, 

samples were analyzed by CytoFlex Flow Cytometer (Beckman Coulter, Brea,CA) using 

an optimized acquisition protocol according to the guideline of In Vitro Microflow® Kit  
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Figure 4.1 The gating protocol that was designed for quantification of micronuclei 

formation in transfected stem cells.  

 

(Fig. 4.1). The detailed information about the gating protocol can be found elsewhere [24]. 

Briefly, the process started by gating the majority of events from side scatter vs. forward 

scatter plots (Fig. 4.1A) and continued with the second plot in which the doublet nuclei 

were discriminated and excluded by FITC width vs. FITC area plot (Fig. 4.1B). Next, the 

SYTOX Green positive events were selected (Fig. 4.1C) and the two different dot plots 


