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Abstract 

Successful transfection of genetically active materials is essential to gene delivery 

and genome editing. Electrotransfection, also known as electroporation, is a fast, safe, 

and convenient non-viral method for introducing materials such as proteins and nucleic 

acids into cells and tissues. It has been widely used in academic research, industrial 

manufacturing, and clinical therapeutics. Particularly, electrotransfection is one of the 

most commonly used method in gene delivery into mammalian cells. However, despite 

its many advantages comparing to other gene delivery methods, the application of 

electrotransfection is limited by inconsistent transfection efficiency, which is caused by 

the poor understanding of the mechanism of electrotransfection.  

The goal of my research is to understand the fundamental biological mechanisms 

of electrotransfection and to develop novel strategies that can improve the transfection 

efficiency of gene delivery and genome editing. To this end, this study is divided into 

two phases. Phase 1 aims at understanding the key cellular components involved in the 

transport process. Phase 2 focuses on the development of strategies to enhance 

electrotransfection by controlling the biological pathways that are involved in 

electrotransfection. 

In the first phase of my study, we investigated the dependence of 

electrotransfection efficiency on endocytosis. Data from this study demonstrated that 
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macropinocytosis is involved in electrotransfection. The results revealed that electric 

pulses induced cell membrane ruffling and actin cytoskeleton remodeling. Using 

fluorescently labeled pDNA and a macropinocytosis marker (i.e., dextran), the study 

showed that electrotransfected pDNA co-localized with dextran in intracellular vesicles 

formed from macropinocytosis. Furthermore, electrotransfection efficiency was reduced 

significantly by lowering temperature or treatment of cells with a pharmacological 

inhibitor of Rac1 and could be altered by changing Rac1 activity. Taken together, the 

findings suggested that electrotransfection of pDNA involved Rac1-dependent 

macropinocytosis. 

Second phase of this study focuses on the intracellular transport of plasmid 

DNA, especially the transport of DNA molecules towards degradative compartments. 

Our data elucidated that components in both endocytic and autophagic pathways are 

responsible for intracellular trafficking and processing of transfected materials such as 

pDNA. In addition, we also characterized a new type of vesicle named amphisome-like 

vesicle (ALB) and revealed its involvement in electrotransfection. Based on these 

findings, we propose a novel strategy to enhance electrotransfection by blocking 

degradative routes within the endocytic pathways, which led to the development of a 

new technique called transfection by redirection of endocytic and autophagic traffic (TREAT). 

Transfection of plasmid DNA (pDNA), messenger RNA (mRNA), sleeping beauty 

transposon system (SB), and different forms of CRISPR/Cas9 system by TREAT achieved 
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superior efficiency in various cell lines including difficult-to-transfect human primary 

cells. In addition, we successfully applied TREAT method to improve clinically relevant 

applications including SB-based gene integration and CRISPR/Cas9-based editing of T 

cell receptor alpha constant (TRAC). In summary, we studied the biological mechanism 

of electrotransfection and developed a general, flexible, and reliable technique to enable 

highly efficient non-viral gene delivery and genome editing. Furthermore, the insights 

gained on the mechanism of electrotransfection provide better understanding of cellular 

response to exogenous materials. In the future, our study could potentially pave new 

paths for a wide range of research and therapeutic applications such as CRISPR/Cas9 

mediated high-throughput loss-of-function gene screening analysis, correction of 

disease-related mutations, as well as genetic engineering of immune cells and stem cells 

for transplantation.    
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Chapter 1. Introduction 

1.1 Scientific premise 

Gene delivery is the key to many important therapeutic approaches. For 

example, gene therapy is a promising therapeutic approach that uses genes to treat or 

prevent various inherited genetic disorders and acquired diseases [1, 2]. Those diseases, 

which include sickle cell anemia, muscular dystrophy, cystic fibrosis, cardiac diseases, 

and many types of cancer, are resulted from defective genes or mutagenesis [3, 4]. Gene 

therapy provides options to correct these genetic deficiencies by introducing, replacing, 

or inactivating of certain genes.  

Another main application of gene delivery is genome editing. For example, the 

genome of T cells must be edited for the production of Chimeric Artificial Receptor T 

cells (CAR-T) that are used in immunotherapy of cancer [5]. In this example, genes 

encoding artificial receptors are constructed and introduced into T cells, so that the 

modified T cells can target and kill tumors through specific antigen-antibody interaction. 

All these above-mentioned applications rely on gene delivery, which is achieved by 

delivering therapeutic genes such as DNA, RNA, protein, or the combination of these 

materials into the target cells.   

However, the gene delivery process is limited by multiple physical, chemical, 

and biological barriers [6, 7]. For example, one of such barriers is the plasma membrane 

of the cell. The hydrophobic, bi-layered lipid structure of plasma membrane forms a 
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physical barricade for material exchange between the cell and its environment. 

Moreover, since both oligonucleotides and lipids of the plasma membrane are 

negatively charged in solution, the repulsive electrostatic force between those molecules 

could further hinder gene delivery into cells.  

In order to overcome those barriers, many gene delivery methods have been 

developed [8]. In general, those methods can be divided into two main categories: viral-

based methods [9] and non-viral methods [10]. Viral-based gene delivery takes 

advantage of infectious viruses such as adenovirus and retrovirus to deliver genes. One 

of the advantages of viral-based gene delivery methods is that they can implement 

specialized molecular machinery to infect host cells with high specificity and high 

efficiency. Viral carriers can also integrate desired genes into the host genome for 

sustained gene expression. Due to those capabilities, viral-based gene delivery has been 

a popular choice for many clinical trials of gene therapy [11]. However, viral-based 

systems have a number of drawbacks including high immunogenicity, significant 

cytotoxicity, and substantial cost. In order to address those issues, non-viral based 

delivery methods have been developed as alternative approaches of viral delivery [12-

15]. Many of these methods focus on using chemical materials such as cationic 

liposomes, polymers, nanoparticles, and cell penetrating peptides to deliver genes. 

Other methods rely on physical approaches such as sonication [16] and 

electrotransfection [17]. 



 

3 

The technique of electrotransfection, also known as electrotransfection has been 

widely studied and used for delivery of macromolecules such as proteins and nucleic 

acids both in vitro and in vivo [18-21]. During electrotransfection, sequences of electric 

pulses are exerted on target cells or tissues. Once the electric field reaches a certain 

threshold, it results in permeabilization of the cell membrane, allowing the entry of 

extracellular molecules. Comparing with viral-based methods, electrotransfection has 

several unique advantages. First, electrotransfection can delivery naked plasmid DNA, 

which is less immunogenic than viral particles. Second, since electrotransfection does 

not require construction and assembly of viral vectors, it can provide cheaper and faster 

options for gene delivery. Additionally, electrotransfection can easily deliver a large 

number of different plasmids at the same time for high throughput studies. Because of 

these unique advantages, electrotransfection has been widely used in laboratory 

research and clinical studies [22, 23]. Notably, with the recent development of gene 

delivery systems such as CRISPR/Cas9 and the sleeping beauty transposon system, 

electrotransfection is drawing increasing attentions in many emerging fields such as 

stem cell study [24, 25] and immune cell therapy [26-28]. In these fields, 

electrotransfection is gaining popularity, primarily due to its capability to deliver a wide 

spectrum of materials into cells in a timely, cost-effective manner.  

However, despite its wide application, a major drawback of electrotransfection is 

its low efficiency in many types of cells. Since the extract mechanism of 
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electrotransfection is still largely unknown [23]. Most current efforts for improving 

electrotransfection focused on physical and chemical optimization of electrotransfection 

parameters. Due to the lack of understanding of cellular uptake and transport of 

delivered genes [29], the conclusions of those studies remained largely empirical and 

none-transferable between different experimental setups. In answer to the urgent call for 

understanding the mechanisms of electrotransfection, researchers have proposed several 

theories. Early researchers proposed the “pore theory”, which attributed the uptake of 

exogenous materials to the pore-like structural changes in the lipid bilayer of cell 

membranes. Those changes may be caused by strong electric field, and is responsible for 

material exchange across the cell membrane [22, 30, 31]. According to this theory, the 

electric field is responsible for inducing transient pore formation on the plasma 

membrane. While those pores are open, extracellular molecules can enter cytoplasm by 

diffusion, electrophoresis, or electro-osmosis. Although this mechanism could explain 

how electric field mediates delivery of smaller molecules, whether the size and lifespan 

of those pores would allow macromolecules, especially DNA molecules to pass through 

remains controversial [29, 32, 33].  

While the physical nature of electrotransfection is still under debate, there has 

been accumulating evidence from various studies implicating the involvement of 

biological processes in electrotransfection [34-37]. In general, exogenous macromolecules 

are internalized by mammalian cells through a biological process known as endocytosis. 
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Depending on the molecular characteristics, endocytosis can be divided into four 

categories: clathrin-mediated endocytosis, caveolin-dependent endocytosis, 

macropinocytosis, and phagocytosis [38, 39]. Materials internalized by endocytosis are 

contained in small bodies, which are often referred to as vesicles or endosomes. 

Following internalization, the endocytosed vesicle enters cytosol, where it is further 

processed and transported via various routes. During one typical route, a vesicle is 

transported from early endosome to late endosome, then to lysosome. Along the way, 

the internal pH of vesicles changes from neutral to acidic. In the lysosome, the lowered 

pH promotes maturation of various enzymes including proteases and nucleases, making 

lysosome the terminal degradative compartment for endocytosed materials [40]. 

Endocytosis has been well studied and employed for gene delivery [41, 42]. Many non-

viral transfection methods, such as liposomal transfection, or nano-carriers, utilize either 

receptor-based endocytosis, or fluid-phase endocytosis to deliver DNA and RNA into 

the cell [15, 36, 43]. However, only few research groups have studied the mechanism of 

endocytosis in electrotransfection, therefore there are still many open questions. For 

example, in order to express the genes, DNA plasmids need to escape the endosomes 

and enter the nucleus, so that it can bind RNA polymerase for transcription. In the case 

of mRNA delivery, mRNA also has to be able to translocate from endosomes into 

ribosomes for translation. Despite the wide use of electrotransfection, the mechanisms of 

how DNA or mRNA is released from endosomes are still poorly understood [44].  
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On the other hand, if DNA or mRNA molecules do not escape from the 

endosome, then they will likely be delivered to lysosomes, where they will be degraded. 

Alternatively, they could also be directed to the recycling endosomes, where they will be 

brought back to plasma membrane and exported from the cell. Many questions 

regarding the fate of electro-transfected materials, which are critical for effective gene 

delivery, remain unclear. Specifically, in order to improve the electrotransfection of 

pDNA, three essential questions need to be answered: (a) how do pDNA-carrying 

endosomes move towards lysosome, (b) what is the system that controls the fusion of 

these endosomes with lysosomes, and (c) which components in the lysosome are 

responsible for the degradation of pDNA. In order to answer these questions, it is 

necessary to examine the traditional endocytic transport pathways in electrotransfection, 

and understand the dynamic interactions of pDNA with endocytic markers such as Rab5 

[45], LAMP1/2 [46] and Rab7 [47, 48]. An alternative pathway that might be involved in 

electrotransfection is autophagy, which is known as the “self-eating” process [49]. 

Autophagy is a conserved pathway in eukaryotic cells responsible for maintaining 

cellular homeostasis by targeting both cytoplasmic and nuclear materials for 

degradation [50, 51]. Several methods of non-viral gene delivery, such as calcium 

phosphate precipitation [52, 53], nanoparticles [54], and liposomal delivery [55], have 

been known to trigger autophagy in cells. In those cases, activation of autophagy is 

assumed a self-defense mechanism against exogenous materials delivered into cells [56, 
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57]. Indeed, results from early studies have shown that inhibition of autophagy could 

increase gene transfection efficiency by those methods. However, to our knowledge, the 

involvement of autophagy pathway, or any of its components in electrotransfection, has 

never been thoroughly studied.  

1.2 Significance 

Based on the findings of the study, strategies will be developed to improve the 

efficiency of electrotransfection for gene delivery and genome editing. In brief, the 

significance of the proposed study is three-fold.  

First, this study will advance the fundamental understanding of gene uptake 

mechanism in electrotransfection. This is important because it will allow us to overcome 

the current obstacles in optimizing electrotransfection for gene delivery. Due to the wide 

application of electrotransfection in both basic research, clinical study, and industrial 

manufacturing, improvement of electrotransfection will result in broad impact to all 

related fields.  

Second, our research will elucidate previously unknown roles of cellular 

pathways in mediating electrotransfection. This work will be of great significance as it 

will be the first comprehensive study to investigate the involvement of components of 

vesicle trafficking in electrotransfection. Notably, this work will also be the first to study 

how autophagy is involved in gene transport during electrotransfection. It will expand 

our knowledge of the autophagy pathway by revealing novel mechanisms of autophagy 
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activation in response to electric stimulation. In addition, the results from this study will 

help us better understand how cells process exogenous materials, which will be 

beneficial for studies of other methods of gene delivery.    

Third, the findings from this proposal will directly lead to the development of 

highly efficient and cost-effective methods for gene delivery, which will significantly 

advance the applications of cell therapy and gene therapy. Current manufacturing 

protocols of these therapies rely heavily on retrovirus or adenovirus as the vector of 

transfection. Improved electrotransfection-based protocol resulting from this proposal 

will provide an economic, fast, and efficient gene delivery method to replace the 

expensive, laborious, and time-consuming viral-based methods.  

1.3 Innovation 

As one of the first groups to study the biological mechanism of 

electrotransfection, we have discovered the link between endocytosis and eTE. Based on 

our previous findings, we are now proceeding to two new directions: (a) to identify the 

key cellular processes responsible for material transport in electrotransfection, and (b) to 

explore the possibility of biologically enhancing transfection efficiency. The proposed 

study will be innovative at two levels. 

First, the central hypothesis is conceptually innovative: Electrotransfection has 

been for long considered a physical phenomenon. Here we propose a novel hypothesis 

to investigate the cellular pathways involved in electrotransfection. This proposal will 
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provide new perspective on electrotransfection and bridge the gap between 

electrotransfection and biology. Endocytosis and autophagy are involved in many 

cellular processes including stress response, cell division, and defense against invasion. 

Although they are known to be important for other types of gene delivery, its 

contribution to electrotransfection remains elusive. The proposed study will be the first 

to examine the functional roles of endocytosis and autophagy together. It will also be the 

first study to characterize the functions of autophagy pathway in controlling pDNA 

transport. The discovery of a novel, signaling-based mechanism of electrotransfection 

will result in new strategies for improving gene delivery both in vitro and in vivo. 

Second, the approaches used to study electrotransfection is technically 

Innovative. Previously, to optimize electrotransfection efficiency, the studies of 

electrotransfection have always been focusing on altering the physical parameters, such 

as field strength, pulse number, pulse duration, and wave shape. Here we propose a 

creative approach that can biologically enhance electrotransfection by controlling the 

gene transport. Using molecular biology techniques, we have successfully established a 

model system in cultured cells for electrotransfection and used this system to 

demonstrate the involvement of clathrin-mediated endocytosis (CME). Since this system 

is capable to examine the functions of different proteins in electrotransfection, we will 

continue utilizing it as a platform for further investigations of endocytosis. In addition, 

the proposed study will develop an innovative platform to study both endocytosis and 
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autophagy using advanced imaging techniques such as super-resolution microscopy. 

The approach establish from this study will be the first biologically improved 

electrotransfection method to effectively enhance gene delivery by electrotransfection. 

Furthermore, our platform can be utilized to analyze multiple endocytic pathways or 

gene transport in other delivery methods.     

1.4 Specific aims 

Although it has been widely used as an alternative to viral delivery systems, the 

exact mechanism of electrotransfection is still largely unknown. Using molecular biology 

techniques and pharmacologic treatments, we have previously demonstrated that (a) 

pDNA can bind to cell surface during electrotransfection, and that (b) surface bound 

pDNA is taken into cells via a series of active transport processes know as endocytosis. 

These finding lead us to propose a novel biological mechanism of electrotransfection. 

The central hypothesis of this proposed study is that cellular signaling pathways can 

determine the efficiency of gene editing by controlling the transportation of materials 

delivered by electrotransfection. Based on this central hypothesis, we propose that (i) 

electrotransfection can be enhanced by controlling endocytosis pathways to increase the 

uptake of genes, and (ii) the efficiency can be further improved by modifying 

subsequent transportation of endocytosed material to avoid degradation. To test this 

central hypothesis, we propose the following three specific aims: 
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Aim 1. To define the endocytosis pathways involved in the uptake of genes 

delivered by electrotransfection. Our recent study has elucidated that at least one 

endocytosis pathway, namely the clathrin-mediated endocytosis (CME) pathway, is 

involved in electrotransfection. However, there is no evidence showing that 

electrotransfection is only specific to CME. Therefore, we hypothesize that other forms 

of endocytosis such as macropinocytosis and phagocytosis can also contribute to 

electrotransfection. In this aim, we will investigate whether other forms of endocytosis 

are also involved in electrotransfection. If multiple pathways are involved, we will also 

determine their individual contribution to the total efficiency.  

Aim 2. To identify the biological processes and components involved in 

intracellular transport of genes delivered by electrotransfection. The endocytosed 

materials are transported inside the cell in various form of vesicles. These vesicles are 

then routed to different pathways, which will determine the destination of cargos they 

carry. The working hypothesis is that manipulation of intracellular trafficking pathways 

can enhance gene editing by decreasing degradation and improving gene transport. In 

this aim, we will study the transportation of pDNA by looking at its spatial and 

temporal distribution inside the cell. The goal is to identify different cellular components 

or pathways that are associated with transfected genes at different stages of 

transportation.       
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Aim 3: To development new strategies to improve electrotransfection-mediated 

gene delivery. The goal of Aim 3 is to develop novel strategies to enhance 

electrotransfection for gene editing. Those strategies will be designed to target 

components or mechanisms discovered in Aim 1 and 2. Our hypothesis is that efficiency 

of electrotransfection can be increased if both extracellular and intracellular transport of 

genes are improved synergistically. For each target pathway, multiple combinations of 

physical, chemical, and biological treatments will be tested. The effects of all types of 

treatments will be examined first in cultured model cell lines. Combinations that can 

improve gene delivery will be tested in vitro in clinically relevant models. 

1.5 Chapter overview 

Chapter 1 discusses the scientific premise, significance, as well as the innovation 

of my research. The central hypothesis and specific aims of this study are also 

introduced in this chapter.    

Chapter 2 provides more detailed background information by reviewing (1) the 

approaches and applications of both gene therapy and genome editing (2) barriers to 

gene delivery and common gene delivery methods (3) the current understanding of 

biological pathways in gene delivery. Particularly, the second and third part of this 

chapter focuses on the limitations of conventional theories regarding the material 

transport process in electrotransfection and suggests potential scenarios in which 

biological processes may control the delivery efficiency.    
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Chapter 3 studies the involvement of endocytosis pathways in 

electrotransfection. Specifically, it examines whether and how macropinocytosis is 

involved in electrotransfection. For this purpose, fluorescently labeled pDNA was 

delivered into cultured cells using electrotransfection. These pDNA molecules were then 

found to co-localize with fluorescently labeled macropinocytosis marker. Data from the 

study also demonstrated that electrotransfection induced cell membrane ruffling and 

actin cytoskeleton remodeling. In addition, electrotransfection efficiency could be 

decreased significantly by reducing temperature or treatment of cells with a 

pharmacological inhibitor of Rac1 and could be altered by changing Rac1 activity 

visualized by a biosensor based on fluorescence resonance energy transfer (FRET) in 

cells. These data suggested that electrotransfection of pDNA involved Rac1-dependent 

macropinocytosis. This work was published in Molecular Therapy in 2017. 

Chapter 4 focuses on the roles of endocytic and autophagy pathways in 

electrotransfection-mediated delivery of plasmid DNA. Specifically, the study aims at 

determining whether and how these two pathways mediate the enzymatic degradation 

of pDNA. The results showed that pDNA was transported towards lysosome after they 

entered cell via endocytosis. Based on this finding, we explored the possibility of 

developing a transfection by redirection of endocytic and autophagic traffic (TREAT) strategy 

to enhance transfection efficiency by targeting the degradation process. From our tests, 

we identified a family of sugar molecules known as the Non-degradable sugars (NDS) 
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as a safe and potent inhibitor for lysosomal degradation of pDNA. The data from this 

study suggested that NDS treatment significantly enhanced electrotransfection. 

Moreover, the data showed the effect was specific to NDS. 

Chapter 5 includes the mechanistic study to elucidate the underlying mechanism 

of how NDS enhances electrotransfection. Our investigation of the effects on NDS on 

electrotransfection elucidated that components in both endocytic and autophagic 

pathways are responsible for intracellular trafficking and processing of transfected 

materials. From the data, we also characterized a new type of vesicle named 

amphisome-like vesicle (ALB) and revealed its involvement in electrotransfection. 

Taking together, the results indicated that NDS enhances electrotransfection by 

alternating the intracellular transport as well as the lysosomal degradation of materials 

delivered into cells.  

In Chapter 6, the effectiveness of NDS treatment in improving electrotransfection 

is further tested. The lysosome blocking strategy was employed in different applications 

including mRNA transfection, siRNA transfection, sleeping beauty transposon system, 

and multiple applications of the CRISPR/Cas9 system. We successfully applied TREAT 

method to improve clinically relevant applications including SB-based integration of 

genes and CRISPR/Cas9-based editing of receptor alpha constant (TRAC) gene in 

primary human T cells. In summary, the test results demonstrated that we have 
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developed a general, flexible, and reliable electrotransfection system to enable highly 

efficient non-viral gene delivery and genome editing. 

Chapter 7 begins with discussion about the limitations of our study and the 

remaining questions for the field. It provides several possible directions for better 

understanding of the mechanisms discovered from this study. Moreover, the chapter 

lays out the plan to implement the finds of this study into more clinically relevant 

settings. Specifically, this chapter discusses the necessary steps to develop a biologically 

enhanced electrotransfection system that can be eventually translated into the clinics for 

various types of therapeutics.  

Chapter 8 concludes this dissertation by reviewing the discoveries from each 

chapter. It also summarizes the contribution of these work to different research fields, as 

well as their implications to human health.  
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Chapter 2. Background 

2.1 Gene therapy and genome editing 

2.1.1 Definition and approaches of gene therapy 

Many human diseases and disorders are resulted from mutagenesis of the 

human genome [1, 9, 58-60]. These disease-causing gene mutations can be either 

inherited or acquired later in life. For example, hemophilia is an inherited bleeding 

disorder caused by mutations of the F8 or F9 gene on the X chromosome [61]. These two 

genes are responsible for making coagulation factor VIII (FVIII) and factor (FIX), 

respectively. The mutations in F8/F9 causes coagulation deficiency that can be life 

threatening to patients. Another example of common gene associated with disease is the 

gene TP53 [62]. This gene is responsible for making the tumor suppressor p53. This 

protein is an important transcription factor that controls cell survival, correction of DNA 

mutations, repairment of genome damage, as well as programmed cell death. Mutations 

in the TP53 gene usually lead to inactivation of normal p53 function, which will promote 

tumor growth. It has been reported that p53 mutation has been discovered in more than 

50% of human malignant tumors.  

In order to treat those genetic disorders, various gene therapy strategies have 

been developed [3, 4, 58, 63]. Gene therapy is defined as the intentional manipulation of 

cellular gene expressions to cause therapeutic effect that can treat diseases or disorders. 
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Based on the type of manipulation of target, these approaches can be categorized into 

three classes: gene addition, gene replacement, and gene knockdown. Gene addition and 

gene replacement are the earlier forms of gene therapy. This is because many diseases 

are originated from mutations of a single gene. Therefore, it is possible to correct the 

disease by introduction of a new gene to either replace the wrong gene or compensate 

for the lost-of-function caused by mutation.  

In the cases of more complex diseases that are caused by either multiple mutated 

genes or non-genetic factors, alternative forms of gene addition are usually implemented 

to augment the medical treatments. Both of these approaches emerged with the 

development of recombinant DNA technology. They rely on successful delivery of 

functional copy of the target genes to treat the disease. Gene depletion, also known as 

gene knockdown, is the third class of gene therapy. The therapeutic effects of gene 

knockdown are achieved through reducing the expression of specific gene or genes. It is 

developed based on the advances of RNA research. The conventional tools for gene 

knockdown include RNA interference (RNAi) [64, 65] and RNA splicing [66]. 

2.1.2 Definition and approaches of genome editing  

Traditional gene therapy approaches depend on the direct introduction of 

functional genetic materials such as DNAs or RNAs, which is relatively simple to design 

and perform. However, due to the complex biology of different cells, the outcome of 
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those approaches is difficult to predict and control. For example, some of the major 

concerns regarding recombinant DNA-based gene therapy include random insertion or 

unwanted disruption of normal genes. One major obstacle of gene addition and gene 

replacement is the size limit of gene. Depending on the types of delivery system, the 

maximum length of deliverable gene is usually around 10,000 base pairs. In many cases, 

the delivery efficiency of therapeutic genes is negatively correlated with their size. 

Another technical challenge for traditional gene therapy is the correction of diseases 

cause by dominant negative gene mutations. In those cases, the presence of dominant 

negative genes will render the normal gene inactive. Therefore, introduction of new 

copies will not restore the regular function.  

 Recent development of genome editing technologies has provided new tools to 

advance gene therapy as well as other applications. Here, genome editing is defined as 

the precise editing of the host genome using exogenous materials [67, 68]. Comparing to 

technologies based on recombinant DNA or RNA, the advantage of genome editing is 

three folds: 1, it reduces non-specific effects by eliminating unwanted insertion, stop 

non-specific gene expression, as well as preventing modification of unwanted genes; 2, it 

is not limited by the gene size; and 3, it can address the problem associated with 

dominant negative mutations. 
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The basic mechanism for precise genome editing usually consists two key steps. 

The first critical step is specific recognition of a target gene sequence on the genome. 

This step is usually achieved through a carefully designed protein or nucleotide motif 

that can find its target with high specificity and bind the gene with high affinity. The 

second step required for gene editing is the making of a double strand breaks (DSBs) on 

the target DNA. It was discovered that creation of DSB could trigger the activation of 

cellular DNA repair machinery. As a result, the DSBs are repaired via two processes 

called homology-directed repair (HDR) [69] and non-homologous end joining (NHEJ) 

[70]. During HDR, the broken strand of DNA is repaired using the homologous 

sequence as a template. It is a naturally occurring process in cells, but the introduction of 

DSB could increase the probability of HDR by several fold. On the other hand, NHEJ 

repairs the DSB without the template by directly ligating the broken ends back. NHEJ 

often results in errors such as insertion of unwanted base, or deletions at the DSB site. 

This type of deletion is usually referred to as indel.  

Based on HDR and NHEJ, various forms of genome editing approaches have 

been created to treat diseases and disorders by manipulation of cell genome with 

precision. For example, since NHEJ is prone to errors, it is utilized to create indels in 

target genes, which could cause frameshift and inactivate the gene function. If the 

removal of large gene segment is desired, NHEJ can also be harnessed. In this case, two 
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DSBs can be designed to cut outside both ends of the target gene. In addition, if an 

exogenous template is provided, HDR can be used to correct gene mutations or insert a 

new sequence into the target region. All of these genome editing rely on the precise 

cutting of target genes, which is achieved through platforms such as zinc finger 

nucleases (ZFNs), transcription activator-like effector-nucleases (TALENs), and 

CRISPR/Cas9. 

2.1.2.1 Zinc Finger nucleases (ZFNs) 

Zinc finger (ZF) proteins belong to a family of transcriptional factors named after 

their signature finger-like zinc finger domain [71]. ZFs can be divided into different 

classes based on the characteristics of their DNA-binding domain. One of the common 

structures of a Cys2His2 zinc finger domain consists one alpha helix and two beta sheets. 

With the help of zinc ion, the zinc finger domain can form compact tertiary structure. 

Within this structure, the alpha helix can make contact with 3 or 4 base pairs on a 

specific DNA sequence. Since its discovery, zinc finger proteins have attracted great 

interest in the field of protein engineering. Early studies of ZF focused on engineering 

the specificity based on simple rules. While some success was achieved, the field later 

moved on to a larger scaled, combinational library-based screening approach. This 

approach allows faster identification of ZF motifs that can bind to specific DNA 

sequences. The idea behind such library screening is that people can discover different 



 

21 

motifs as modules, and then later assemble those modules to recognized specific 

sequences. Based on these studies, zinc finger nuclease (ZFN) was created by combining 

the FokI nuclease domain with zinc finger DNA binding domain. Studies have shown 

that with the help of zinc finger domain, ZFNs can be used to create DSBs on target 

genome. Although it is still labor-intensive to generating ZF domains that can recognize 

a gene sequence long enough to be unique in the genome, ZFN has been used for 

successful genome editing in different cells including human T cells and stem cells [72, 

73]. 

2.1.2.2 Transcription activator-like effector nucleases (TALENs) 

 Transcription activator-like effectors (TALEs) are proteins secreted by the plant-

invading bacteria Xanthomonas [74]. These proteins contain central repeat domains that 

are made of various number of repeats. Each of the repeats runs about 34 amino acids 

long and is capable of recognizing specific DNA base sequences. Through different 

combination of these repeats, TALEs can bind different promoter regions on the host 

genome to trigger the expression of gene that can facilitate bacterial infection. The 

discovery of TALEs provided another attractive platform for programming DNA-

binding proteins [75]. Similar to ZFNs, the DNA-binding property of TALEs was soon 

combined with the DNA cutting activity of the restriction enzyme FokI. Comparing to 

ZFNs, TALENs are easier to design and assemble as modules. They can also be 
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programmed to bind almost any sequence with little restriction. However, the use of 

TALENs is limited by the size of TALENs. While ZFNs require only 34 amino acids to 

bind 3 to 4 bases, TALENs need 34 amino acids for the binding of only one nucleic acid 

pair. As a result, TALENs designed for longer DNA sequences can be enormous in size, 

making them extremely difficult to deliver into cells. In addition, the long, repetitive 

nature of TALENs can also give rise to instability. Nevertheless, study on TALENs is 

still very active. Successful genome editing by TALENs have been achieved using both 

lentivirus and adenoviral vectors [76, 77].       

2.1.2.3 CRISPR/Cas9 

 The CRISPR/Cas9 system is initially discovered as a defense system used by 

prokaryotic organisms to seek and destroy harmful nucleic acids such as viral DNA [78]. 

CRISPR stands for clustered regularly interspaced short palindromic repeats. These 

specialized DNA sequences are involved in the adaptive immune response of bacteria 

and archaea. When prokaryotic cells are infected by virus, some fragments of the viral 

DNA can be incorporated into CRISPR loci [79, 80]. These special sequences are then 

transcribed into CRISPR RNAs (crRNAs), which will join another family of RNAs called 

trans-activating crRNA (tracrRNAs) to form complex with enzymes called CRISPR-

associated (Cas) proteins. The most studied Cas protein is Cas9, which contains two 

basic components. The first part is a DNA binding domain that can recognize specific 
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DNA sequence under the guidance of crRNA. Since crRNA contains RNA sequence that 

is complementary to its target DNA, the Cas/crRNA complex will find and match its 

target by base pairing. The second part is a nuclease domain that can cut the target 

sequence to create DSB. Researchers have further advanced this system by combining 

crRNA and tracrRNA to make a single strand guide RNA (gRNA) [81, 82]. Comparing 

with ZFNs and TALENs, CRISPR/Cas system contains only two components, namely 

the Cas protein and gRNA. Therefore, it is simple and easy to deliver. Targeting 

multiple genes (multiplexing) is also more feasible through CRISPR/Cas system. In 

addition, it does not require extensive protein engineering for different targets. The 

specificity of CRISPR/Cas9 system is controlled by guide RNA, which is easy to design 

and cheap to synthesis. Those advantages have made CRISPR/Cas the super tool for 

genome editing. Since the first report of CRISPR/Cas mediated genome editing in 

mammalian cells [83], this system has been successfully adapted to modify genes in a 

variety of cells [84-88]. These studies have demonstrated the great potential of 

CRISPR/Cas platform in gene therapy. Last, it is worth noting that although CRISPR/Cas 

offers the most freedom in targeting DNA sequences, it is still limited in some cases. For 

example, the CRISPR/Cas9 system needs a specific 5’-NGG-3’ sequence to be located at 

the 3’ end of its target site. This sequence is called protospacer adjacent motif (PAM) and 

is necessary for the binding and cleavage of Cas9/CRISPR. Such requirement of PAM 
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means that not all sites of a gene can be targeted by Cas9/CRISPR. However, it is 

possible to engineer the Cas9 protein, or use other proteins of the Cas family, so that 

different PAM sequences can be used [89].  

2.1.3 Applications of gene therapy and genome editing 

2.1.3.1 Gene therapy for blood disorders 

Many diseases of the blood system can be targeted by gene therapy. These 

diseases include hemophilia, hemoglobin disorders, anemia, leukodystrophies, and 

immunodeficiency [58, 61]. One typical example of these diseases is hemophilia, which 

is a blood disorder caused by the deficiency of coagulation factors. Patients carrying 

hemophilia may suffers from frequent and spontaneous bleeding hemorrhage in 

multiple body locations. Hemophilia A (HA) is the common form of hemophilia. It 

accounts for about 80% of all cases and is causes by deficiency of coagulation VIII 

(FVIII). On the other hand, hemophilia B is cause by loss of factor IX (FIX). Both HA and 

HB are the results of genetic mutations. Specifically, HA is associated with mutations of 

the gene F8, while HB is resulted from mutations of the gene F9. Gene therapy for 

hemophilia is considered optimal because 1, hemophilia is usually caused by monogenic 

mutations, and 2, restoration of coagulation factor is high effective in hemophilia 

patients. Since the discovery of genetic nature of hemophilia, significant effort has been 

devoted into the development of gene therapy for this disease. So far, there has been 



 

25 

several successful clinical trials for hemophilia using gene therapy. In these trials, adeno-

associated viral (AAV) vectors were used to introduce coagulation factors into 

hemophilia patients [90]. Due to the size limit (4.7 kb) of the AAV genome. F9 gene, 

which is only 1.6 kb, is usually chosen over the much longer (7.0 kb) F8 gene. In early 

studies, the AAV vectors were injected subcutaneously into skeletal muscles for muscle 

expression of FIX. Later trials have chosen liver as the target for transgene expression. In 

all cases, the injection of AAV resulted in therapeutic levels of coagulation factors in the 

patient’s blood. Although the existence of AAV-targeting neutralizing antibodies 

(NAbs) was found to be detrimental to gene therapy in some patients, the results 

obtained from recent clinical trials are still considered to be remarkably successful and 

have brought hope to numerous patients.          

2.1.3.2 Gene therapy for cancer 

Due to the complexity and heterogeneity of tumor genome, cancer-targeting 

gene therapies have encountered huge challenge. One of the more promising gene 

therapy strategy for cancer treatment utilizes a genetically modified herpes simplex 

virus (HSV) that can only replicate in tumor cells, leading to oncolysis. In this case, an 

immune-enhancing gene called granulocyte macrophage colony-stimulating factor (GM-

CSF) is also delivered with the HSV to trigger systemic immune response that will help 

the patient’s body fighting cancer cells. This HSVGM-CSF strategy has been shown to be 
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effective in clinical trial against head and neck cancer [91], breast cancer, gastrointestinal 

cancer, and malignant melanoma [92].     

Hematologic cancers have also been the popular targets for gene therapy. Recent 

success of chimeric antigen receptor T cells (CAR-T) therapy for B-lymphoid leukemia 

has marked a new era [93, 94]. In this approach, T cells from the patient are isolated and 

transduced in vitro to carry recombinant receptors made to specifically target antigens 

on the surface of tumor cells. In the case of acute lymphoblastic leukemia, the CAR 

consists a single-chain antibody targeting B-cell-specific antigen CD19. The transduced T 

cells are then sorted and expanded before infusion back into the patient’s body, where 

they will further proliferate and kill tumor cells [95]. Another gene therapy strategy for 

hematologic malignancy focuses on transfecting drug-resistance gene into hematopoietic 

stem cells, so that patients receiving those stem cells could survive during 

myelosuppression or myeloablation. This strategy has shown improved outcome in 

patients receiving chemotherapy [96].  

2.1.3.3 Gene therapy for infectious diseases 

Adoptive transfer of T cells has been used to prevent virus infection in transplant 

patients. The native immune systems in those patients are usually comprised or 

inhibited due to the needs for transplant. The T cells used for adoptive transfer carry 

antibodies that are specific to viral antigens. To derive such T cell populations, gene 
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transfer technology such as adenovirus is first implemented to create 

immunostimulatory cells that express viral antigens. These antigen-presenting cells are 

then used to stimulate T cells. Another infectious disease target for gene therapy is 

AIDS. Several strategies have been developed to prevent or treat AIDS.  For example, 

the autologous hematopoietic stem cells from AIDS patients can be genetically edited to 

resist HIV infection or replication. When these cells are transferred back into the 

patient’s body, they will be able to restore the hematopoietic system back to HIV-free 

status. Recently, progress has been made in editing of a gene named CCR5, which has 

been shown to be a potential mediator for HIV entry. In several studies, disruption of 

CCR5 gene in hematopoietic stem cells has been shown to be an appealing strategy for 

HIV treatment [97]. Besides immune cells and hematopoietic stem cells, muscle cells are 

also a potential gene therapy target for infection prevention or treatment. Several studies 

have used AAVs to deliver antibody-encoding genes into muscle cells. These antibodies 

are specific to antigens derived from pathogens. According to the results, the transfected 

muscle tissue successfully expressed and secreted antibodies into blood stream, leading 

to elimination of different pathogens such as HIV and influenza viruses [98, 99].    

2.1.3.4 Gene therapy for cardiovascular diseases 

Cardiovascular disease is a major global cause of death in current aging 

population. Gene therapy provides great potential to treat several complications such as 
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cardiac ischemia, peripheral ischemia, and heart failure [100]. For example, insufficient 

blood supply for myocardium can lead to coronary heart disease. Although surgery can 

be performed to increase the blood flow into the ischemic area, many patients are not 

suitable for surgery due to preconditions. On the other hand, it is well known that the 

growth of new blood vesicles can be induced by several growth factors such as vascular 

endothelial growth factor (VEGF), fibroblast growth factor (FGF), and hepatocyte 

growth factor (HGF). In recent clinical trials, these growth factor candidates have been 

delivered using adenovirus or retrovirus into myocardial tissue of patients with 

coronary artery disease (CAD). The outcome of these treatments has been considered to 

very promising [101]. 

Deficiency in calcium transport in cardiac muscle cells is a common cause for 

heart failure. Reduced expression of a protein called sarco/endoplasmic reticulum Ca2+-

ATPase (SERCA) is known to cause calcium transport problems. Therefore, it is logical 

for researchers to attempt restoring SERCA function by overexpression of this protein in 

muscle cells. As expected, SERCA2a expression in cardiomyocytes was shown to 

improve cardiac function in animal models. In addition, the therapeutic effects of 

SERCA gene therapy in human has been demonstrated in several clinical trials [102].     
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2.2 Gene delivery methods  

Gene delivery, also referred to as gene transfer is defined as the process of 

introducing genetically active materials into cells for the manipulation of gene 

expression. It is a critical step for both gene therapy and genome editing. Driven by the 

demand from emerging field of genetic medicine, gene delivery techniques have been 

rapidly evolving. The recent approval of several human gene therapy products has 

opened a new era for medicine. Key considerations for a successful gene delivery 

method include efficiency, safety, adaptability, and cost. Although a wide selection of 

gene delivery technologies has been developed, it is still quite challenging to find the 

ideal technology that are suitable for different gene therapy applications. This is largely 

due to the complexity of gene delivery process. Especially, there are multiple physical 

and biological barriers to gene delivery. Here I provide a brief review of the barriers to 

gene delivery, the strategies to circumvent those obstacles, as well as the current 

progress of the gene delivery field.   

2.2.1 Barriers to gene delivery 

In order to achieve the therapeutic effects of gene modification, the genetic 

materials need to be delivered to the right places in the cell. For example, DNAs and 

nucleases must enter the cell nucleus to be effective. RNA molecules such as mRNA and 

siRNA only need to be delivered into the cytosol. To this end, those genetic materials are 
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usually loaded onto carrier substances that are commonly referred to as vectors. During 

the whole process of gene delivery, those vectors will encounter multiple physical and 

biological barriers that can hurdle the transfection efficiency [7].  

For example, in order to treat patients with cardiovascular disease, viral vectors 

carrying therapeutic genes can be introduced into the patient’s body by injection. After 

initial administration, the viral vectors will enter blood circulation and spread over 

different parts of human body. In this stage, the main barriers to gene delivery are 

biodistribution and clearance by immune systems. The distribution of vectors will 

determine whether and how much the vectors can reach its target tissue or organ. In 

order to achieve the maximum efficiency, a great amount of effort has been devoted to 

improving the circulation time of vectors, as well as their accumulation at target site. On 

the other hand, due to the existence of immune cells like macrophage, the vectors may 

also be recognized as invading materials and eliminated from the body. In the case of 

naked DNA delivery, those DNAs might be also subjected to degradation due to the 

existence of endonucleases in the blood. 

Once the vectors reach the blood vessels or capillaries at the heart, they need to 

exit circulation and find their ways to the cardiac muscle cells. In this stage called 

extravasation, two more physical barrier must be overcome. The first barrier is the blood 

vessel wall, which is made of one or more layers of tightly connected cells. Another 
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barrier is the extracellular matrix that surrounds all muscle cells in the heart. Without 

any active transport mechanism, it is generally very difficult for most vectors to pass 

across these physical barriers by diffusion.  

After passing the vessel wall and matrix, the vectors need to bind to the surface 

of its target cell, so that they can be internalized into cells. In this stage, both the pairing 

process and plasma membrane of the cell could become significant obstacle to gene 

delivery. Next, for those vectors that enters cytosol, there are more barriers at the 

cellular level. The first major barrier is cellular clearance by lysosomal degradation and 

exocytosis, which are known to diminish the availability of delivered genes [103]. In 

addition, cell nucleus is covered by the nuclear envelop, which strictly regulates the 

material exchange between nucleus and cytosol. Although small openings called the 

nuclear pores do exist on nuclear envelop, the sizes of these pores are usually considered 

too small for large molecules such as plasmid DNA to pass [23, 104]. In summary, due to 

the existence of various barriers at both organ and cellular level, the success of gene 

delivery is largely dependent on the ability of the delivery method to overcome these 

barriers.  

2.2.2 Viral delivery methods 

Many gene therapy protocols are based on vectors derived from infectious 

viruses such as murine leukemia virus (LMV), human immunodeficiency virus (HIV), 
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and herpes simplex virus (HSV) [9, 105]. There are obvious reasons to choose viruses for 

the purpose of gene delivery. First, the viruses have developed highly effective 

molecular machineries to transfect their target cells through millions of years of 

evolution. The surface proteins of those viral particles can bind to their receptors on the 

host cell surface with high specificity and high affinity. Second, genes transduced by 

viruses are usually integrated into the host genome, which is required for long-term 

expression of therapeutic genes. Since many viral vectors used for gene delivery are 

pathogens to human being, the virus genome has to be edited to remove the harmful 

genes and insert the desired transgene sequence. In some cases, such genes are also 

controlled by tissue specific promoters, so that they will only express the target gene in 

the right place. 

Here we review some of the most widely used viral vectors. Based on their 

origin, these vectors can be divided into four main families: retrovirus, lentivirus, 

adenovirus, and adeno-associated virus (AAV). Retroviruses are one of the first virus 

families to be engineered for gene delivery, and they are still being actively studied and 

used in clinical trial [106]. Retrovirus is characterized by their RNA genome. These 

viruses contain a reverse transcriptase and an integrase. These enzymes allow it to 

reverse transcribe DNA from the viral RNA genome and integrate DNA sequences into 

its host genome. Retroviruses are replication competent, but most recombinant 
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retroviruses in use are replication-deficient. The maximum carrying capacity for 

retrovirus is about 8-10 kb, which is suitable for cDNA sequences. The major limit for 

retrovirus is that it could only transduce actively dividing cells, which means many 

types of non-dividing cells such as neurons or cardiomyocytes cannot be targeted by 

retrovirus. Another commonly used vector for gene delivery is lentivirus [107]. 

Although lentiviruses belong to the class of retroviruses, they have the unique capability 

to transduce non-dividing cells, which makes them desirable vectors for many 

applications. It is worth noting that although the ability for retrovirus and lentivirus to 

integrate into host genome is indispensable for many applications. Those integrations 

could occur under random circumstances, leading to the risk of gene mutation and 

disruption of normal genome structure. Therefore, these vectors must be approached 

with caution and further improved to ensure safety in use.        

The third family of viral vector is the adenoviruses, which are common 

pathogens responsible for a wide range of human diseases [108]. Not like retroviruses 

and lentiviruses, adenoviruses are not capable of integration DNA sequences into their 

host genome. This drawback has limited their use in those cases where long-term 

expression is required. However, since adenoviruses have large carrying capacity, which 

means they can deliver large gene sequences or multiple genes for expression. They are 

still useful tools in gene therapy and gene-mediated vaccination applications. 
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Importantly, because adenoviruses are pathogens that people could have daily contact 

with, it is highly possible for patients receiving adenovirus-based gene therapy to have 

pre-developed antibody in their body. Those neutralizing antibodies, which are 

generated by white B-cells, can bind to adenoviruses in the blood and inactivate the 

viruses, diminishing the effectiveness of gene therapy. In order to overcome this barrier, 

researchers are currently looking into adenoviruses that will not be sensed by human 

immune systems.   

Adeno-associated virus (AAV) is currently one of the most favorable method for 

in vivo gene delivery [109-111]. AAV is a member of the parvovirus family. Comparing 

to other families of viral vectors, AAVs are smaller and simpler in structure. Since they 

are replication defective, AAVs are considered non-pathogenic in human body. 

Comparing to adenovirus, AAVs are less also immunogenic and genotoxic, therefore it 

is used in many cases in which safety is a major concern. In addition, AAVs are also 

capable of transducing quiescent cells and achieving stable gene expression without 

genome integration. All the advantages have made AAVs attractive vector for gene 

delivery. However, the packaging capacity of AAV is limited because it could only carry 

genes up to about 5 kb. Currently, scientists are investigating methods to reduce the 

gene size for AAVs or combine AAVs with other techniques for integration of larger 

sequences. Table 1 provides a summary of these viral vectors discussed here.   
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Table 1: Examples of common viral vectors for gene delivery. 

 Viral 

genome 

Host type Expression Packaging 

capacity 

Disadvantage 

Retrovirus ssRNA Dividing Long-term 8 kb Random 

integration 

Lentivirus ssRNA Dividing and 

non-dividing 

Long-term 8 kb Mutagenesis 

Adenovirus dsDNA Dividing and 

non-dividing 

Transient < 7.5 kb Immunogenicity 

Adeno-

associated 

virus (AAV) 

ssDNA Dividing and 

non-dividing 

Potential 

long-term 

< 5 kb Slow expression 

Immune response 

2.2.3 Non-viral delivery methods 

While close to 70% of clinical trials of gene therapy are based on viral vectors, 

many technical limitations are still associated with virus-based delivery. These 

limitations include potential risks of mutagenesis, high immunogenicity, small DNA 

packing capacity, as well as high cost of production [9]. In order to address these 

limitations of viral-vectors, non-viral gene delivery methods have been developed. 

Compared with viral vectors, non-viral methods have several advantages [112]. First, 

non-viral methods require less steps and materials, they are cheap to produce and can be 

easily used for scaled up manufacturing. Second, non-viral methods not have limitations 

in their packaging capacity, which means they are suitable for delivering more genes at 

the same time. Third, non-viral methods will not induce immune responses as viral 

vectors do. However, genes delivered by non-viral methods usually encounter more 

barriers than viral vectors, which makes non-viral methods less efficient. It is also more 
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difficult to achieve permanent gene expression using non-viral methods due to the lack 

of integration mechanism. Therefore, understanding each barrier has become essential 

for development of better non-viral vectors that are more valuable in the clinics.  

Based on the mechanism of gene delivery, non-viral gene delivery methods can 

be divided into two classes [10]. The first family of non-viral vectors is chemical vectors, 

which includes natural products as well as synthesized materials. These chemical 

vectors are usually made to form complex structures with their cargo materials such as 

DNA and RNA. Depending on the application, the composition of chemical vectors may 

also be tuned to extend circulation time, facilitate the cellular entrance of their cargo, 

and protect those cargos from degradation.  

Among all the chemical vectors, lipid-based vectors are the most widely used in 

gene delivery [113]. Lipid-based vectors are commonly used in the form of liposomes, 

which are small vesicles with a lipid bilayer made from mixture of cationic and neutral 

lipids. These vesicles can be loaded with molecules like DNA or RNA. Since the 

composition of liposomes is similar to the plasma membrane of cell, they could deliver 

the encapsulated materials via direct fusion with the lipid bilayer of cell membrane. 

Since the discovery of liposomes as a carrier for DNA, lipid-based vectors have been 

widely used in in vitro and in vivo applications of gene delivery. However, the efficiency 

and cytotoxicity of liposomes varies in different cells. In addition, the use of liposomes 
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in clinical trial has been limited by its low stability, fast clearance, and high tendency to 

bind serum proteins that can dramatically reduce the bioavailability of liposomes [114]. 

Current research on lipid-based vectors are focusing on improving the formulation of 

liposomes to improve their performance. The second class of commonly used chemical 

vectors is polymeric vectors [115, 116]. The prototypes of polymeric vectors are cationic 

polymers such as poly-L-lysine (PLL), polyethylenimine (PEI), chitosan, and 

polyamidoamine (PAMAM). The positive charges on these vectors can facilitate their 

binding with nucleic acids. Polymeric vectors are also attractive gene delivery vesicles 

because the great diversity in polymer composition and structure, which provide a 

broad platform for optimization. However, despite their great potential for 

functionalization, clinical use of chemical vectors is usually limited by low efficiency and 

high toxicity. It is believed that the low efficiency of chemical vectors is due to two major 

barriers: endocytosis and endosomal escape. The general delivery mechanism for 

polymeric vector is similar to that of lipid-based vectors. In contrast to liposomes, which 

can directly fuse with plasma membrane, polymers are usually internalized via the 

process of endocytosis. Compare to viral vectors that are equipped with special surface 

proteins to trigger binding and internalization, this process is usually slow and 

inefficient in chemical vectors. After endocytosis, the material carried by polymeric 

vectors will travel in small vesicles called endosomes. In order to become functional, 
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DNAs or RNAs carried by chemical vectors have to exit from endosomes before they are 

degraded by lysosomes. This process is often known as endosomal escape [42]. To date, 

the mechanism of endosomal escape is still poorly understood. In addition, polymeric 

vectors have been shown to cause significant cytotoxicity in vitro and in vivo. To 

overcome these barriers, various combination of structures and functional groups are 

under active investigation. These studies have resulted in several chemical vector-based 

clinical trials for gene therapy. In summary, although great progress in gene therapy 

have been made using chemical vectors, significant amount of effort is still needed to 

overcome the challenges in both lipid- and polymer-based gene delivery.  

The second class of non-viral gene delivery depends on physical approaches to 

open up cell membrane and introduce genetic materials into the cytosol [117]. These 

methods include microinjection, electroporation, sonoporation [118], hydrodynamic 

[119], plasma irradiation, laser irradiation (optofection), and ballistic gene delivery (gene 

gun). Since there is no need for vectors, these physical methods are capable of direct 

delivery of naked DNA, RNA, and protein molecules. In this regard, some of the 

drawbacks associated with chemical vectors, such as cytotoxicity and non-specific 

effects, can be avoided using physical gene delivery methods. On the other hand, the 

absence of vectors also means that physical methods would in general encounter more 

barriers to gene delivery. As a result, the clinical use of physical gene delivery methods 
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is usually limited by low delivery efficiency and low specificity. Table 2 provides a 

summary of different types of non-viral transfection methods that are commonly used in 

gene delivery.  

Table 2. Comparison of different non-viral methods for gene delivery 

 Mechanism Target Advantage Disadvantage 

Liposomes Chemical Cell and tissue Safety and 

flexibility 

Medium efficiency and 

immune response 

Polymeric Chemical Cell and tissue Low cost Low efficiency and 

cytotoxicity 

Microinjection Physical Cell Efficiency Low throughput 

Sonoporation Physical  Cell and tissue Safety Low efficiency 

Plasma/ Laser 

irradiation 

Physical Cell and tissue 

(skin) 

Safety Cell damage 

Gene gun Physical Cells Low toxicity Limited target use 

Electroporation 

(Electrotransfection) 

Physical Cell and tissue Speed 

Efficiency 

Cell damage  

Limited in vivo use 

2.2.4 Electrotransfection as a promising gene delivery method 

Electrotransfection, sometimes referred to as electroporation, is a non-viral gene 

delivery method that uses electric pulses to permeabilize cell membrane and deliver 

non-permeant molecules into the cytosol. Comparing to other non-viral methods, the 

advantages of electrotransfection include fast operation, low reagent cost, and wide 

adaptability [120]. Since the first report of using electrotransfection, it has become the 

most widely used transfection method in cultured cells. It has also been used to transfer 

genes carried on plasmid DNA into multiple tissues including skeletal muscle, skin, 

liver, and tumor tissues. In these in vivo applications, DNA molecules are directly 
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injected into the target tissue. The electric pulses are then applied using paired 

electrodes. Recently, electrotransfection has also been used in clinical trials. 

Despite its great popularity, electrotransfection is limited by two problems [23]. 

First, the transfection efficiency varies depending on the target tissue and cell type. 

Second, the high voltage pulses used in electrotransfection could lead to significant cell 

loss or tissue damage. Significant efforts have been devoted to improving 

electrotransfection, but little progress has been achieved. This is mainly due to two 

reasons. First, the physical (field strength, pulsing length, pulse number, pulsing 

interval), chemical (DNA/RNA concentration, DNA/RNA formulation, buffer 

composition), and biological (cell type, cell density, cell cycle) factors involved in 

electrotransfection form a huge, complex parameter space. Second, the mechanism of 

electrotransfection, especially how each factor is related to efficiency and viability, is still 

poorly understood. As a result, most published studies focus on determining those 

parameters empirically, which could be highly random and inefficient. In order to 

improve the efficiency and viability of gene delivery, it is necessary to better understand 

the underlying mechanism of electrotransfection.  

Consider pDNA electrotransfection as an example, the whole process of pDNA 

delivery can be divided into three key steps: cellular entry of pDNA, intracellular 

transport of pDNA, and nuclear entry of pDNA. With respect to the first step, a widely 
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accepted theory commonly known as the “pore theory” states that high intensity electric 

field could change the arrangement of lipids and induce pore-like structure on the 

plasma membrane [121]. This process is also known as eletropermeabilization. 

According to the “pore theory”, cells are separated from their extracellular environment 

by the dielectric plasma membrane. The projection of an external electric field onto these 

cells will change the transmembrane potential of cell membrane. The magnitude of this 

transmembrane potential is dependent on the strength of external field as well as the 

position of the cell. If the external field is high enough, the transmembrane potential will 

reach beyond a critical threshold, forcing the lipid bilayer of plasma membrane to 

undergo conformational changes. As a result, transient pores of variable sizes will occur 

on the membrane. Due to these pores, the permeability of cell membrane is increased 

temporarily, allowing rapid exchange of materials between the cytosol and extracellular 

space. Results from studies that used electrotransfection to deliver small molecules 

seemed to agree with the pore theory. However, whether the size and life span of these 

pores is sufficient to allow large molecules to enter cell is still under active debate [122, 

123]. It is also speculated that electric field electrophoresis and electroosmotic transport 

may facilitate the cellular entry of electrotransfected molecules, but the exact 

contribution of those processes to the overall efficiency is still under investigation. 
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While many studies have been focusing on improving the cellular entry of 

materials delivered by electrotransfection. The intracellular transport mechanism of 

electrotransfected macromolecules such as pDNA is another research topic that remains 

controversial. Early studies assumed that once extracellular molecules enter the cytosol 

via pulse-induced pores, they would be transported in the cell via diffusion. While this 

hypothesis might be true for smaller molecules such as fluorescent dyes or siRNA, 

several studies that focused on transport of plasmid DNA raised question on whether 

the diffusion model of transport is applicable for larger molecules. According to some 

studies [124-126], the diffusion coefficient of plasmid DNA is dramatically reduced in 

the cytosol, which contains high concentration of macromolecules like proteins. The 

presence of cytoskeleton and cell organelles might further hinder the free diffusion of 

plasmid DNA. In contrast to the low mobility of pDNA, others reported the rapid 

expression of transfected genes could be detected within few hours. In addition, several 

variants of endonucleases that reside in the cytosol could result in rapid elimination of 

plasmid DNA that were microinjected into cytosol [127]. Taken together, these findings 

suggested the existence of alternative routes for intracellular transport of 

macromolecules delivered by electrotransfection.  

The next step of transport in plasmid DNA electrotransfection is nuclear entry. In 

order to maintain normal cell function, the material exchange between cell nuclei and 
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cytosol is tightly controlled by nuclear envelope. Earlier studies have suggested that 

even if pDNA could pass the plasma membrane, only less than 10% of these DNA 

molecules can be detected in the nuclear. Therefore, nuclear envelope is considered one 

of the major obstacles to pDNA delivery [128]. Although the exact mechanism of nuclear 

entry is not clear, two possible routes have been proposed. In the first route, pDNA is 

delivered to perinuclear region, where it waits until mitosis. Since nuclear membrane is 

disrupted during mitosis, pDNA may enter nuclear at the same time. This route is 

usually preferred in dividing cells. On the other hand, pDNA has also been detected in 

the nucleus of non-dividing cells, which suggests that DNA could go through intact 

nuclear membrane. Researches have indicated that DNA could form complexes with 

different DNA/RNA binding partners such as transcription factors. These partners are 

believed to aid the intracellular transport as well as the nuclear entry of plasmid DNA.             

2.3 Biological pathways in gene delivery  

2.3.1 Endocytosis pathways in gene delivery 

Recent studies have elucidated the involvement of a common cellular process 

known as endocytosis in several gene delivery methods including electrotransfection. 

Endocytosis is defined as the regulated internalization of external materials. It is 

involved in multiple cellular processes including nutrient uptake, receptor-mediated 

signal transduction, and sensing of extracellular environment [129]. A typical 
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endocytosis process begins with the binding of extracellular materials to cell membrane, 

where the external molecule is recognized by specific receptors. This pairing process will 

trigger a series of responses, leading to structural changes of cytoskeleton and plasma 

membrane. As a result, a small pit of cell membrane is formed to surround the external 

molecule. This pit will further bud from the cell membrane and develop into a closed, 

round structure called endosome. Endosomes are then labeled by surface proteins and 

transported in the cytoplasm to different destinations. The fate of a specific endosome is 

determined by multiple factors such as its membrane composition, the content of its 

cargo, and the status of regulatory pathways. For example, some endosomes will deliver 

their cargo to the nucleus. Others are guided towards the lysosome, where unwanted 

materials are degraded.  

Depending on the types of cargo and the formation mechanism, endocytosis can 

be classified into four main types: clathrin mediated endocytosis (CME), caveolin 

mediated endocytosis, macropinocytosis, and phagocytosis. The first three types of 

endocytosis can also be classified as pinocytosis, which means uptake of liquid. Among 

all these different types, clathrin mediated endocytosis is the most studied and 

characterized form of endocytosis [130]. CME plays critical roles in many processes that 

are essential to cell survival and proliferation. For example, CME mediates signal 

transduction via G protein coupled receptors (GPCRs), receptor tyrosine kinases (RTKs) 
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and growth factors. It is also responsible for the uptake of ironbound transferrin as well 

as low-density lipoprotein (LDL). CME is named after the protein clathrin, which is a 

key component of CME. Clathrin is a three-legged scaffold protein consists of three 

heavy chains and three light chains. When a ligand binds to its receptor on cell 

membrane, clathrin will polymerize at the cytoplasmic side of the receptor. The 

polymerized clathrin proteins will form a polygonal lattice that coats the surface of 

membrane invagination. With the help of other proteins such as dynamin, the vesicle 

will eventually bud off the cell membrane. The clathrin coat will then dissociate from the 

vesicle, which will further develop into early endosomes. Depending on the cargo type, 

the early endosomes will then be sorted and transported inside the cell to different 

destinations. For example, receptors engulfed by endosome will be recycled back to cell 

membrane.    

Much like clathrin mediated endocytosis, caveolin-mediated endocytosis is 

named after the protein family of caveolins, which includes caveolin-1 (CAV1), caveolin-

2 (CAV2) and caveolin-3 (CAV3) [131]. Caveolin proteins are structural components of 

the membrane invaginations called caveolae, which is 50-100 nm in size. Monomeric 

caveolin proteins have molecular weight of about 20 kDa [132]. They can form dimeric 

or oligomeric structures that are integrated into caveolae and serve as the scaffolds for 

signaling [133]. In addition, caveolae is also considered a sub domain of lipid rafts, 



 

46 

which are special detergent-resistant membrane fractions commonly characterized by 

their rich content of cholesterol and sphingolipids. Typical cargos of caveolin-mediated 

endocytosis include albumin, virus, and folic acid [134]. For example, endocytosis of 

SV40 virus is mediated by caveolae [135]. Binding of virus particles to lipid rafts on cell 

surface will trigger a tyrosine-based signal cascade, which will lead to subsequent 

changes in cytoskeletal actin polymerization and recruitment of dynamin to the fission 

site. After scission, some caveolaes will fuse with early endosomes, while others are 

recycled back to the cell membrane. Another example of caveolin-mediated endocytosis 

is the uptake of albumin, which is known to bind a lipid-raft residing receptor called 

gp60 [136]. The binding event will initiate a G-coupled Src kinase-based signaling, 

resulting in the internalization of albumin-containing caveolaes.  

Discovered in 1931, macropinocytosis is a receptor-independent, actin-driven 

form of endocytosis [137, 138]. It is commonly considered a nonselective pathway to 

uptake bulk amount of extracellular liquids, but recent studies indicated that 

macropinocytosis could be triggered by specific signal pathways such as the epidermal 

growth factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR). 

Cells use macropinocytosis in various biologic processes including antigen presentation 

and nutrient uptake. In addition, many pathogens such as virus also use 

macropinocytosis to enter their host cells. Macropinocytosis starts with actin 
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polymerization near the membrane, which will result in membrane ruffling and cell 

surface protrusion. Some key regulators of this process include the small family Rho 

GTPases such as Rho, Rac1, and Cdc42. The endosome originated from 

macropinocytosis is called macropinosome. Due to the lack of specific surface marker or 

cargo, macropinosomes are usually recognized as large (> 200 nm), heterogeneous, 

membranous vesicles under phase contrast microscope. Once formed, macropinosomes 

will migrate towards the nuclear. During this process, they lose the early endosome 

markers and acquires late endosome markers such as Rab7. The final destination of 

macropinosomes is to fuse with lysosomes. 

Phagocytosis differs from all the forms of endocytosis mentioned above in terms 

of the cargo type [139]. Instead of exogenous liquid phase contents, phagocytosis 

uptakes exogenous solid particles into cell. The size of phagocytosis substrates is usually 

larger than 500 nm. Depending on the cargo property such as particle size, particle type, 

and receptor-ligand pairing, multiple mechanisms are involved in the uptake process. 

Phagocytosis is critical for immune system and tissue homeostasis. The cells that are 

capable of phagocytosis can be classified into two categories. The first category is called 

professional phagocytes, which include various immune cells such as neutrophils, 

monocytes, macrophages, dendritic cells, eosinophils, as well as osteoclasts in the bone. 

The physiological functions of these professional phagocytes depend on their 
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phagocytotic activity. Non-professional phagocyte is usually referring to epithelial or 

epithelial-like cells that do not display constant phagocytotic activities, but will perform 

phagocytosis under certain conditions, such as during development. The first step of 

phagocytosis requires the recognition of exogenous materials by receptors on cell 

membrane. The phagocyte will then engulf the target particle with the help of actin 

cytoskeleton. This process is called the ingestion. After ingestion, the cargo is entrapped 

inside the double membranous vesicle, which will in turn go through maturation and 

acidification, and eventually fuse with lysosomes to facilitate the degradation of 

phagocytosed materials. Besides those above-mentioned types of endocytosis, other 

forms of clathrin- and caveolin-independent endocytosis have also been reported [134, 

140]. Since the nature of those processes are still unclear. They will not be discussed 

here.   

Endocytosis processes are involved in both viral and non-viral vector-based gene 

delivery [141, 142]. For example, adenoviruses carry proteins on their surface. These 

proteins can be recognized by cell surface proteins known as the coxsckievirus-

adenovirus receptor (CAR), leading to virus-cell binding. The bound virus will then 

enter host cells through clathrin-mediated endocytosis. Similarly, adeno-associated 

viruses (AAVs) use their surface proteins to bind heparin sulfate proteoglycan on the 

target cell and enter the cytosol via clathrin-mediated endocytosis. Both Adenovirus and 
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AAV particles can escape from endosomes during their transportation towards the 

lysosome and effectively deliver their viral genome into the nucleus [143]. On the other 

hand, many efforts have been focused on understanding the role of endocytosis in non-

viral gene deliveries. For example, liposomes can enter cell via different routes including 

direct fusion, clathrin-mediated endocytosis, caveolin-mediated endocytosis, and 

macropinocytosis. Nanoparticles coated with ligands can bind to specific cell surface 

receptors and enter the cell via clathrin-mediated endocytosis. In addition, 

macropinocytosis has been found to be a major mechanism for the uptake of cell-

penetrating peptides (CPP). In essence, endocytosis pathways play critical roles in the 

uptake, transport, and degradation of different types of gene vectors. A better 

understanding of the mechanisms of how endocytosis mediates different methods of 

gene delivery can lead to improvement in both transfection efficiency and biosafety of 

those methods.  

Chapter 3. Involvement of a Rac-1 dependent 
macropinocytosis in electrotransfection 

3.1 Introduction 

Gene therapy has shown promising results in treatment of various genetic 

disorders and acquired diseases. The treatment requires delivery of therapeutic genes 

into nucleus of specific cells in tissues, which must overcome several physical and 

biological barriers. One of such barriers is the plasma membrane of cell, which 
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physically limits material exchange between intra- and extra-cellular environments. In 

addition, both DNA and plasma membrane are negatively charged, which means that 

the repulsive electrostatic force could hinder delivery of naked DNA into cells as well. 

Various gene delivery methods have been developed to circumvent the barriers. 

In general, viral-based methods are more efficient, and capable of integrating certain 

desired genes into the host genome for sustained gene expression. However, the virus-

based systems have a number of drawbacks including immunogenicity, cytotoxicity and 

high cost. To overcome these problems, non-viral methods have been developed, and 

one of such methods is electrotransfection (or electro-gene transfer). Comparing with 

viral-based methods, electrotransfection does not require packing of genes into vectors, 

and is less immunogenic. The technique relies on delivery of a sequence of electric 

pulses to target cells or tissues placed between electrodes, which leads to the entry of 

cell-impermeable molecules, including plasmid DNA (pDNA). Although 

electrotransfection has been implemented as a powerful tool in both basic research and 

clinical applications, the exact mechanism of electro-gene transfer is still largely 

unknown. One of the most popular mechanisms, known as the “pore theory”, states that 

when electric field-induced transmembrane potential exceeds certain threshold, 

transient pores will form in the plasma membrane, allowing extracellular molecules to 

enter cytoplasm through diffusion, electrophoresis, and/or electro-osmosis. Thus, the 
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technique has been called electroporation in the literature. Although the “pore theory” 

may explain how smaller molecules enter cells, it has failed to explain cellular uptake of 

larger biopolymers, especially pDNA. The lifetime and the size of electrically induced 

pores that would allow pDNA to pass through are still under debate because it is 

currently infeasible to measure them directly  

While controversies remain over the biophysical nature of electrotransfection, 

there has been increasing evidence from various studies implicating the involvement of 

biological processes in the uptake and intracellular transport of electrotransfected pDNA. 

Specifically, electrotransfection may involve endocytic pathways, which are essential for 

nutrient uptake and regulation of receptor-mediated cell signalling. Based on the types 

of vesicles involved in molecular transport, endocytosis can be divided into several 

categories including clathrin-mediated endocytosis (CME), caveolin-mediated 

endocytosis, macropinocytosis, and phagocytosis. In our previous study, we have 

shown that the cellular uptake of electrotransfected plasmid DNA depends on clathrin-

mediated endocytosis (CME). However, blocking the clathrin-mediated endocytosis 

pathway only resulted in partial reduction of transfection. This suggested that CME is 

not the only endocytosis pathway that can mediate electrotransfection. Therefore, we 

hypothesized that other endocytosis pathways can also contribute to electrotransfection. 

Macropinocytosis that is a mode of non-selective fluid phase endocytosis. The process 
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requires ATP-fuelled, actin-dependent membrane ruffling. Vesicles associated with 

macropinocytosis are called macropinosomes, which are large (0.2 - 5 µm in diameter) 

uncoated vesicles that allow cells to internalize large volume of extracellular solutes, 

especially macromolecules. Macropinocytosis is involved in many important cellular 

events including amino acid uptake, entry of viral particles, and antigen responses of 

immune cells. The present study was designed to determine the role played by 

macropinocytosis in electrotransfection and how the small GTPase Rac1 regulates the 

endocytic process. 

3.2 Materials and methods 

3.2.1 Cell lines and cell culture 

Three cell lines were used in this study, B16.F10, a murine melanoma cell line, 

HEK293, a human embryonic kidney cell line, and COS7, a monkey kidney fibroblast-

like cell line. Cells were obtained from Duke University Cell Culture Facility (CCF) and 

cultured as previously described. In brief, cells were grown as monolayers in high-

glucose Dulbecco’s modified eagle’s medium (Invitrogen, Carlsbad, CA) supplemented 

with 10% feta bovine serum (Hyclone, Logan, UT) and Antibiotic-Antimycotic 

(Invitrogen), at 37°C in a humidified incubator with 5% CO2 and passaged every 36-48 

hours. 



 

53 

3.2.2 Plasmids 

pEGFP-N1 was purchased from Clontech (Palo Alto, CA). pcDNA3.1(+) 

Luc2=tdT was a gift from Christopher Contag (Addgene, Cambridge MA, plasmid 

#32904). pcDNA3-EGFP-Rac1-Q61L and pcDNA3-EGFP-Rac1-T17N plasmids were gifts 

from Gary Bokoch (Addgene plasmid #12981 and #12982). Plasmids were amplified 

using DH5α E.coli and prepared from single colonies using Miniprep DNA purification 

kits (Qiagen, Chatsworth, CA) according to manufacturer’s instructions. For 

fluorescence microscopy studies, pEGFP plasmids were covalently labeled with 

fluorescent dyes (rhodamine for red and FITC for green) using the Label IT nucleic acid 

labeling kit, Mirus, Madison, WI). 

3.2.3 Chemical reagents 

Actin polymerization inhibitor Cytochalasin D was purchased from Sigma 

Aldrich (St. Louis, MO). Cdc42 GTPase inhibitor ML141, and Rac1 inhibitor EH1864 

were purchased from Santa Cruz Biotechnology (Dallas, TX). Stock solutions of the 

inhibitors were prepared in DMSO and stored at -20°C. For inhibitory studies, cells were 

seeded in 6-well plates at densities of 0.5 to 0.7 million per well and allowed to grow 

overnight to achieve 75–90% confluency. Before treatment, culture medium was 

aspirated, and cells were washed twice by PBS free of Ca2+ and Mg2+. After washing, 1 

mL of serum-free DMEM was added to each well and appropriate volumes of the drugs 
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were added to achieve final drug concentrations. In the corresponding control groups, 

equivalent volumes of the solvent DMSO were added. After incubation (37°C with 5% 

CO2) for 1 h, cells were collected by trypsinization and subsequently electrotransfected 

with plasmid DNAs to investigate effects of the drug treatment on electrotransfection 

efficiency. 

3.2.4 Labeling of plasmids 

The Label IT Nucleic Acid labeling kit was purchased from Mirus Bio. Labeling of 

plasmids was performed with the following the manufacturer’s instruction. In brief, 10-

20 µg of purified pEGFP-N1 plasmid was mixed with labeling reagent. The v:w ratio of 

plasmid to reagent is between 1:10 to 1:20. Appropriate amount of 10X buffer and water 

was then added. The mixture was incubated at 37°C for 1-2 hours. The labeled pDNA 

was further purified by ethanol precipitation and resuspended to a final concentration of 

1-2 mg/ml.  

3.2.5 Electrotransfection protocol 

For electrotransfection experiments, cells were plated one day prior to 

experiment and grown overnight to 75–90% confluency. Before electrotransfection, cells 

were detached by 0.25% trypsin-EDTA (Invitrogen) treatment, neutralized with medium 

containing 10% serum, then harvested by centrifugation. Cell pellets were then re-

suspended in OptiMEM I Reduced Serum Media (Invitrogen, Carlsbad, CA) at a 
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concentration of 107 cells/ml. Plasmid DNAs were then added into the suspension to 

achieve a final concentration of 10 μg/ml. For electrotransfection, samples were loaded 

into disposable 4-mm gap aluminum cuvettes (Bio-Rad, Hercules, CA) and incubated 

shortly before receiving an electric pulse sequence with 8 pulses at 450 V/cm, 5 ms 

duration, and 1 Hz frequency. The pulses were generated by using BTX ECM 830 Square 

Wave Electroporation System (Harvard Apparatus). After electrotransfection, samples 

were incubated at 37°C for 10 min to promote endocytosis. In cold treatment groups, 

cells were incubated on ice for 10 min. Then, the cells were retrieved and seeded in fresh 

culture medium in 6-well plates. Transfection efficiency was evaluated at 24 h after 

electrotransfection.  

3.2.6 Uptake assay for fluorescently labeled pDNA and dextran 

To study pDNA uptake by cells via macropinocytosis, 1 μg of rhodamine-labeled 

pEGFP-N1 was mixed with 1 million cells suspended in 100 μl Opti-MEM. To study 

macropinocytosis induced by the same electric pulses as those for electrotransfection, 10 

μg tetramethylrhodamine-labeled, anionic, lysine fixable dextran (2,000,000 MW, 

Thermofisher Scientific, Waltham. MA) was added into 1 million cells suspended in 100 

μl Opti-MEM. All samples were immediately treated with electric pulses and incubated 

for 10 min at different temperature per experiment requirements. Samples were then re-

suspended and washed with PBS, fixed with 4% paraformaldehyde for 20 min.  
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3.2.7 Transient transfection 

B16-F10 and HEK293 cells were transfected with two Rac1 constructs (T17N and 

Q61L) using Genejet In Vitro DNA Transfection Reagent (Signagen laboratories, 

Gaitherburg, MD) and Lipofectamine 2000 (Invitrogen), respectively. In experiments, 

cells were plated in 6-well plates at 0.5x106 cells per well and grown overnight. The next 

day, cells were transfected with 1 μg plasmid in transfection reagent according to 

manufacturer’s instruction. The transfected cells were further cultured for 24 h to 

achieve expression of transfected proteins, then harvested and used in the study of 

electrotransfection.  

3.2.8 Fluorescence microscopy and image analysis 

Confocal fluorescence images were acquired using either a Leica SP5 inverted 

confocal microscope (Leica Microsystems, Buffalo Grove, IL) with 40x/NA1.25 objective 

or a XD revolution spinning disk microscope (Andor Technology, Concord, MA) with a 

60x/NA1.2W corr UPlanApo objective. Images shown in the paper represent either 

optical slices near the middle plane of cells, or Z-stack projection of maximum intensity. 

Regular fluorescence images were acquired with an Axio Vert A1 inverted microscope 

(Carl Zeiss, Peabody, MA). Image segmentation, particle counting, and co-localization 

analysis were performed in ImageJ using build-in functions. For counting 
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macropinosomes formed by dextran-uptake, particle size was set between 4 to 100 

pixel^2 and circularity was set to default (0.00 – 1.00).  

3.2.9 Rac1 activity assay by a FRET-based biosensor 

The protocol is similar to that described previously. Cells transfected with Rac1 

FRET biosensors were plated onto fibronectin coated glass bottom dishes overnight in 

high-glucose Dulbecco’s modified eagle’s medium. One hour before imaging, cells were 

washed and incubated in serum free DMEM media. The EP groups received 8 pulses at 

450 V/cm, 5 ms duration, 1 Hz frequency. The control group received no treatments. 

After incubation at 37°C for 10 minutes, samples were imaged at 60x magnification 

(Olympus UPlanSApo 60X/NA1.35 Objective) using epifluorescent microscopy on an 

Olympus inverted fluorescent microscope (Olympus IX83) illuminated by a LambdaLS 

equipped with a 300W ozone-free xenon bulb (Sutter Instruments). The images were 

captured using a sCMOS ORCA-Flash4.0 V2 camera (Hamamatsu). The FRET images 

were acquired using a custom filter set comprised of a donor excitation filter (Chroma, 

ET450/30x), donor emission filter (Chroma, ET485/20m), acceptor excitation filter 

(Chroma, ET514/10x), acceptor emission filter (Semrock, FF01-571/72) and dichroic 

mirror (Chroma, T450/514rpc). The motorized filter wheels (Sutter Lambda 10-3) and 

automated stage (Prior H117EIX3) were controlled through MetaMorph Advanced 

software (Olympus). The background-subtraction and calculation of pixel-by-pixel 
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emission ratio of FRET/ECFP were performed in ImageJ using the open source plugin 

PixFRET.  

3.2.10 Luciferase assay 

Luciferase activity was quantified at 24 h after electrotransfection. In brief, 

luciferin stock solution (30 mg/ml or 0.107 mol/L) was prepared by dissolving 100 mg D-

luciferin in 3.3 ml ddH2O and stored as 0.25 ml aliquots at -20oC. ATP stock solution (1 

mol/L) was prepared by dissolving 1 g ATP in 1.8 ml ddH2O. Cells in 6-well plates were 

washed twice with PBS, then lysed by a lysis buffer (25 mM Tris-HCL pH 7.8, 4 mM 

EDTA, 1% Triton X-100) and collected by scraping. After centrifugation at 10,300 g for 10 

min, 50 μl of the supernatant was pipetted into 96 well plates. To each well, 150 μl of 

reaction solution (25 mM Tris/HCL pH7.8, 15 mM MgSO4, 2 mM ATP, 5 mM D-

luciferin) was added. The plate was immediately mixed and read in a Victor X3 plate 

reader (PerkinElmer, Waltham, MA). The luminescence was normalized by protein 

concentration of each sample to account for differences in cell numbers due to cell 

washing and variation in cell proliferation rate. The protein concentration was measured 

using BCA protein assay kit (Thermo Scientific). eTE in this assay was defined as the 

percentage of luminescence units (RLU) in experimental group relative to that in the 

control.  
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3.2.11 Flow cytometry 

Flow cytometry analysis was performed as previously described. In brief, cells 

were collected and resuspended in 200–300 μl PBS, then stained with propidium iodide 

(PI) (5 μg/ ml). Flow cytometry analysis was performed with a BD FACSCanto II flow 

cytometer (Becton Dickinson, Franklin Lakes, NJ). 488 nm and 633 nm lasers were 

chosen for simultaneous fluorescence detection of GFP and PI. Single cell populations 

were separated using front and side light scattering as independent variables. 

Compensation was set between 20 and 25% to resolve emission spectra overlap between 

the two detection channels. To access the eTE, 10,000 events were collected for each 

sample. Raw data acquisition was performed with the BD FACSDiva software. Data 

analysis was performed using FlowJo. eTE in this assay was defined as the percentage of 

PI-/GFP+ population over total viable (PI-) cells.  

3.2.12 Statistical analysis 

Error bars in all figures represent the standard error of the mean. Differences 

between unpaired groups were evaluated with the Mann-Whitney U test. They were 

considered to be statistically significant if P < 0.05. The statistical analysis was performed 

using Prism Graphpad. 
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3.3 Results 

3.3.1 Electric pulses induce actin remodeling 

We first examined whether electric pulses could lead to actin remodeling since 

macropinocytosis is actin dependent. To visualize potential changes in cytoskeletal 

structures, we used a B16.F10 melanoma cell line stably transfected with Lifeact-GFP, a 

fluorescent probe for F-actin [144]. The pDNA molecules were covalently labeled with a 

red fluorescent dye, rhodamine, to track their locations. Comparing with non-treated 

control cells, in which actin filaments were evenly distributed in the cytosol, exposure of 

cells to electric pulses in the presence of DNA led to formation of various structures of F-

actin, including punctate-like aggregates, membrane ruffles and filopodia-like 

protrusions (see Figure 1a and Figure 2a-c). The actin remodeling was also observed in 

the absence of pDNA (Figure 2d), confirming that it was caused by electric pulses. The 

results suggested that the electric pulse might trigger macropinocytosis because F-actin 

remodeling is a prerequisite for the process. 

Dual-fluorescence channel analysis revealed that after electrotransfection, pDNA 

was enriched in multiple vesicle-like structures. Notably, co-localization of actin and 

pDNA was observed near the plasma membrane shortly after electrotransfection, and 

some pDNA aggregates were surrounded by shell-like actin structures (Figure 1b). It 

was also worth to mention that the fluorescence intensity of Lifeact-GFP in cytoplasm 
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decreased after electrotransfection, except for regions adjacent to the plasma membrane, 

suggesting that electric pulsing caused de-polymerization of actin because Lifeact bound 

mainly to filamentous, polymerized actin (F-actin). Overall, these results suggested that 

actin was likely to be responsible for engulfment of pDNA.  

Both F-actin remodeling and endocytosis depend on free energy generated from 

ATP hydrolysis. Therefore, we hypothesized that these processes should be halted if the 

cells were placed on ice for a short period (i.e.,10 min) after electric pulse application. As 

predicted, the results from Figure 1c showed that F-actin was ubiquitously distributed 

within the cell, which meant that de-polymerization was inhibited at least partially by 

the cold temperature. In parallel, less pDNA uptake was observed in these cells, 

compared to those at 37°C. 
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Figure 1: Electric pulse-induced actin remodeling and uptake of plasma DNA 

in B16.F10 cells. pDNA (pEGFP-N1) covalently labeled with rhodamine (red) was 

electrotransfected (450 V/cm, 5 ms, 8 pulses, 1 Hz) into B16.F10 cells stably expressing 

the F-actin probe Lifeact-GFP (Green). (a) Single optical slices from confocal images 

of a non-pulsed, control cell and a cell electrotransfected with pDNA at 37°C, 

respectively. (b) z-stack images of an electrotransfected cell to show three-

dimensional distribution of pDNA in the cytoplasm at 37°C. (c) Single slice from a 

confocal image of electrotransfected cell subjected to cold medium treatment for 10 

min. Arrows in all images denote pDNA internalized by cells. 
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Figure 2: Representative images of pDNA uptake and actin remodeling in 

B16.F10 cells expressing Lifeact-GFP after electrotransfection with rhodamine-labeled 

DNA. Experimental conditions were the same as those for the image shown in Figure 

1a. (a) A cell with punctate-like structures of actin. (b) A cell with filopodia-like 

protrusion around pDNA. (c) A cell with multiple membrane ruffling structures. (d) 

Actin remodeling in a cell pulsed without pDNA. Yellow arrows denote the actin 

structures described above. Red arrows denote the pDNA co-localized with actin. 

3.3.2 Electric pulses induce macropinocytosis of macromolecules 

To confirm that the electrotransfection-induced actin remodeling was responsible 

for macropinocytosis, we investigated cellular uptake of a fluorescently labeled dextran, 

a fluid phase marker for macropinocytosis. Since the pDNA used in our study had a 

molecular weight of 3,000,000, and was negatively charged in solution, we chose an 
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anionic dextran with molecular weight of 2,000,000 as the molecular probe. Due to 

relatively large size and lacking of membrane receptors, dextran molecules could only 

be taken up by macropinocytosis. If electrotransfection caused up-regulation of 

macropinocytosis, we expected more uptake of dextran after cells were electrically 

pulsed in the presence of dextran. Data shown in Figure 3a indicated that without 

application of electric pulses, a small amount of dextran molecules were internalized by 

cells. The punctate distribution suggested that they were internalized by 

macropinocytosis. When cells treated with electric pulses in the presence of dextran, we 

observed remodeling of actin and an increase in the uptake of dextran over the same 

period as that for the non-pulsed controls (Figures 3b-d). In this case, the pattern of 

dextran punctate distribution (Figure 3b) was similar to that of pDNA shown in Figure 

1a, suggesting that electrotransfection could promote actin remodeling and enhance 

macropinocytosis.  

Next, we investigated whether the vesicles observed in Figure 1 were identical to 

the vesicles observed in Figure 3. For this purpose, we electrotransfected B16.F10 Lifeact-

GFP cells in the presence of a mixture of Cy5-labeled pDNA and rhodamine-labeled 

dextran. The pulsed cells were examined by confocal fluorescence microscopy. If 

punctate structures of pDNA and dextran were of the same type, then we would expect 

the Cy5 fluorescence signal to overlap with the rhodamine signal. As shown by the 
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images in Figure 4a, majority of the electrotransfected pDNAs (blue color) co-localized 

with dextran (red color). We then quantified the correlation of the two channels by 

Manders’ method, which evaluates the fraction of all pixels in a z-stack of confocal 

images from one channel that co-localizes with those from another channel by 

calculating the Manders’ co-localization coefficient (MCC), which varies between 0 (no 

co-localization) and 1 (perfect co-localization). The Manders’ M1 coefficient was 

0.277±0.062, indicating that approximately 28% of red pixels co-localized with blue 

pixels (see also Figure 4b). On the other hand, the Manders’ M2 (0.994±0.011) indicated 

that almost 100% percent of pDNA co-localized with dextran. The higher value of M2 

relative to M1 could be explained by the fact that we put more dextran in the pulsing 

buffer than pDNA. Together, the data confirmed our hypothesis that pDNA and dextran 

shared the same endocytic pathway to enter cells during electrotransfection. 
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Figure 3: Electric pulse-induced macropinocytosis of rhodamine-labeled 

dextran in B16.F10 cells expressing Lifeact-GFP. (a) B16.F10 cells expressing Lifeact-

GFP in control group were incubated with tetramethylrhodamine (red) labeled 

dextran at 37°C for 10 min, without exposure to electric pulses. (b) The same cells 

were treated with 8 electric pulses at 450 V/cm, 5 ms, and 1 Hz (i.e., the EP group) in 

the presence of tetramethylrhodamine labeled dextran. After treatment, cells were 

incubated at 37°C for 10 min to allow uptake of molecules. At the end of incubation, 

cells were washed with PBS, fixed by paraformaldehyde and examined with confocal 

microscopy. Arrows in the images denote dextran. (c) Orthogonal view of a B16.F10 

cell after treatment under the same conditions as those in (b). Two optical cross-

sections in x–z and y–z planes are shown in the panel to demonstrate the 

internalization of dextran. (d) Quantification of cellular dextran uptake. The numbers 

of rhodamine-positive macropinosomes (red particles) in maximum projection images 

of each cell from the control and EP groups were counted. The results were presented 

as box-and-whisker plots showing 10-90 percentile. n = 14, *P < 0.05 (Mann-Whitney U 

test).  
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Figure 4: Co-localization of electrotransfected plasmid DNA with dextran in 

B16.F10 cells subjected to electric pulsing. (a) A representative confocal image of 

B16.F10 cells expressing Lifeact-GFP. The cells were treated with electric pulses in the 

presence of both tetramethylrhodamine-labeled dextran and Cy5 labeled pEGFP. 

Pseudo colors were assigned to each channel for visualization:  red for 

tetramethylrhodamine, green for EGFP, and blue for Cy5, which are shown in images 

C1, C2, and C3, respectively. The colors are merged in the fourth image. (b) 

Characterization of co-localization by Manders’ Co-localization Coefficient (MCC). 

M1 represents the fraction of all pixels in a z-stack of confocal images from channel 1 

(red) that co-localized with those from channel 2 (blue). M2 represents the fraction of 

all pixels from channel 2 (blue) that co-localize with those from channel 1 (red), n = 9. 

Bar and error bar represent mean and standard error of the mean, respectively.   
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3.3.3 Inhibition of macropinocytosis decreased efficiency of 
electrotransfection 

Although our results indicated that macropinocytosis was a possible route for 

uptake of electrotransfected pDNA, it was still unclear whether pDNA molecules 

carried in macropinosomes could eventually reach nuclei for expression. In other words, 

the results described above did not show that macropinocytosis was responsible for 

successful gene delivery. To address this issue, we evaluated changes in the overall 

transfection efficiency after inhibition of macropinocytosis, using the luciferase assay. As 

shown in Figure 5a and Figure 6a, inhibition of endocytosis by treatment of cells with 

cold medium for 10 min resulted in decreases in electrotransfection efficiency (eTE) in 

different cell lines: 80% in B16.F10 cells, 90% in HEK293 cells, and 70% in COS7 cells. 

In addition, we investigated effects of ablation of actin cytoskeleton on eTE. It is 

known that actin remodeling requires polymerization of G-actin to form F-actin. 

Therefore, we hypothesized that if we inhibited the process by a pharmacological 

inhibitor, cytochalasin D (Cyto D), we could reduce the pDNA uptake through 

macropinocytosis. Indeed, our experimental data revealed that pretreatment of cells 

with Cyto D decreased eTE in B16.F10 and HEK293 cells by 60% and 50%, respectively 

(Figure 5b). These results were consistent with previous reports about the inhibitory 

effect of Cyto D on electrotric field induced endocytosis. 
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Figure 5: Reduction of eTE after physical and chemical inhibition of 

macropinocytosis-mediated DNA uptake during electrotransfection. To determine the 

eTE, luciferase assay was performed on cell lysates at 24 h after electrotransfection. 

Luminescence readings (LU) of each sample were normalized by total protein 

concentration to obtain relative luminescence units (RLU). eTE was defined as the 

percentage of RLU relative to control. (a) Effects of cold medium treatment on eTE in 

B16.F10 and HEK293 cells. After electrotransfection of pcDNA3.1(+) Luc2=tdT, the 

cells were divided into two groups. The control groups were incubated at 37°C for 10 

min to allow uptake of pDNA. The cold treatment group was incubated on ice for 10 

min to minimize macropinocytosis. After incubation, cells were plated in 6-well 

plates and cultured for 24 h to express luciferase. (b) Effects of actin inhibitor, 

cytochalasin D (CytoD), on eTE in B10.F10 and HEK293 cells. Cells were pretreated 
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with DMSO (i.e., control) or 10 μM CytoD for 1 h prior to electrotransfection with 

pcDNA3.1(+) Luc2=tdT. n = 4–6. *P < 0.05 and **P < 0.005 (Mann-Whitney U test). 

 

 

Figure 6: Effects of treatments with cold medium and Rac1 inhibitor EHT1864 

on eTE. (a) eTE in COS7 cells treated with cold medium. After electrotransfection of 

pcDNA3.1(+) Luc2=tdT pDNA, the cells were divided into two groups. The control 

groups were incubated at 37°C for 10 min to allow uptake of pDNA. The cold 

treatment groups were incubated on ice for 10 min to minimize macropinocytosis. The 

eTE was quantified at 24 h. (b) Effect of Rac1 inhibitor EHT1864 on eTE in COS7 cells. 

Cells were pretreated with 10 μM EHT1864, or equivalent volume of DMSO as 

control for 1 h prior to electrotransfection with the pcDNA3.1 (+) Luc2=tdT pDNA. 

After electrotransfection, cells were plated in 6-well plates and cultured for 24 h 

before eTE measurement using luciferase assay. Luminescence readings (LU) of each 

sample were normalized by protein concentration to obtain relative luminescence 

units (RLU). RLU in treated group was further normalized by that in the control. *P < 

0.05 (Mann- Whitney U test). 

3.3.4 DNA uptake by electrotransfection-induced macropinocytosis is 
dependent on Rac-1 activity 

Next, we sought to elucidate molecular mechanisms of electrotransfection-

induced macropinocytosis. Several signaling proteins include PAK-1, Arf6 and Rho 
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family GTPases are known to regulate the initiation of macropinocytosis. Additionally, 

Rho family GTPases are well recognized for their complex interaction networks and 

multiple roles played in regulation of actin cytoskeleton assembly. It has also been 

reported that two of the Rho family GTPases, cell division control protein 42 (Cdc42) 

and Rac1, can regulate cell motility, phagocytosis, and macropinocytosis. Therefore, we 

hypothesized that electrotransfection could lead to actin remodeling and enhance 

macropinocytosis through activation of Cdc42 and Rac1. To test this hypothesis, we 

performed loss-of-function experiments with two pharmacological inhibitors, ML141 

and EHT1864 that targeted Cdc42 and Rac1, respectively. We chose these inhibitors 

because they are potent, selective, and most importantly reversible, which allowed us to 

observe the inhibitory effects without permanently interfering with cell signaling. 

Results from the luciferase assay shown in Figure 7a and Figure 6b revealed that only 

the Rac1 inhibitor EHT1864 had pronounced effects on eTE. It decreased transfection 

efficiency by as much as 70% in B16.F10 cells, 30% in HEK293 cells, and 50% in COS7 

cells. However, ML141 minimally affected the eTE in both B16.F10 and HEK293 cells 

(Figure 7b). These results suggested that Rac1 was more important than Cdc42 in 

controlling electrotransfection efficiency in these cell lines. 

We then looked for direct evidence of EHT1864 inhibiting macropinocytosis in 

electrotransfected cells. To test whether EHT1864 treatment could prevent pDNA or 
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dextran from entering the cells, we first inhibited Rac1 signaling in B16.F10 cells by 

EHT1864, then electrically pulsed the cells in the presence of fluorescently labeled 

pDNA and dextran. Our hypothesis was that if both pDNA and dextran were in the 

solution, they could enter the same vesicles in the macropinocytic pathway after 

application of electric field. To avoid the formation of pDNA-dextran complex through 

electrostatic interactions, we used a negatively charged dextran. Data shown in Figure 5c 

demonstrated a large number of pDNA and dextran molecules co-localized in cells after 

application of electric field. The amounts of pDNA and dextran were significantly 

reduced in cells pretreated with EHT1864 (Figure 7c), and few of them were co-

localized. To confirm the results shown in Figure 7c, we electrotransfected HEK293 cells 

with pDNA encoding tdTomato and compared the transgene expression in cells pre-

treated with EHT1864 to that in untreated control group. Images shown in Figure 7d 

demonstrated that EHT1864 treatment reduced the number of tdTomato positive cells. 

Meanwhile, it reduced the total number of cells in these samples. To determine if the 

percent of tdTomato positive cells or transfection efficiency was changed, we performed 

flow cytometry measurement with both B6.F10 and HEK293 cells. The data revealed that 

EHT1864 treatment indeed reduced the efficiency in B16.F10 and HEK293 cells by 60% 

and 15%, respectively (Figure 7e) confirming the results obtained with the luciferase 

assay (see Figure 7a). Taken together, these results indicated that electrotransfection 
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could specifically trigger Rac1-dependent macropinocytosis that could be inhibited by 

EHT1864 treatment. 

Although the pharmacological inhibitory studies had helped us identifying Rac1 

as a molecular regulator, the findings from those studies might also be resulted from 

non-specific, off target effects of the inhibitors. Therefore, to further confirm that 

inhibition of electrotransfection-induced macropinocytosis by EHT1864 could be due to 

the loss of Rac1 activity, we used more specific assays to test our hypothesis. First, we 

adopted a FRET-based biosensor of Rac1 to directly examine effects of 

electrotransfection on cellular Rac1 activity71. Comparing to the conventional semi-

quantitative pull-down activity assays72, the FRET-based method can provide much 

detailed temporal and spatial information of Rac1 activity at the single cell level. Indeed, 

our results in Figure 8 showed that Rac1 activities in B16.F10 and HEK293 cells were 

increased at 10 minutes after electrotransfection. The fold changes at cell edge were 

much greater than that in the center area (Figures 8a and 8c). The average FRET/Donor 

emission ratios were increased by 40% in B16.F10 (Figure 8b) and 20% in HEK293 cells 

(Figure 8d) after application of electric field, These results indicated that Rac1 was 

activated by electrotransfection, and that the spatial pattern of activation was consistent 

with those of actin remodeling and macropinocytosis, which occurred mainly at cell 

periphery. 
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Rac1 is commonly known to be activated by receptors, but it can be also 

activated by nanoparticles, cell-penetrating peptides, and microRNA. Since mechanisms 

of its activation in our study are unknown, we decided not to perform the experiments 

using antagonists so that we could avoid non-specific activation of other targets. Instead, 

we introduced two mutant variants of Rac1 into cells to study the direct effects of Rac1 

on electrotransfection. The first mutant was Rac1 Q61L, which carried glutamine-to-

leucine mutation at the 61th amino acid. This mutation was reported to render the 

enzyme constitutively active. Meanwhile, we chose a dominant negative mutant, Rac1 

T17N, as the negative control, which was mutated to abandon the GTP binding affinity. 

Both mutants were first tested in B16.F10 cells, and the results are shown in Figure 9a. 

The transfection efficiency was increased by 20% in cells expressing Rac1 Q61L when 

examined by luciferase assay. In contrast, expression of Rac1 T17N resulted in 50% 

decrease in eTE. Similar results were observed in HEK293 cells (Figure 9b), where Rac1 

Q61L expression increased eTE by 30%. Interestingly, the expression of the dominant 

mutant Rac1 T17N in HEK293 had no effect on eTE, which indicated that pDNA uptake 

in HEK293 cells may not be determined solely by Rac1 activity. Taken together, our data 

suggested that eTE could be altered through manipulation of Rac1 activity in vitro with 

either treatment of cells with pharmacological inhibitors and overexpression of Rac1 

mutants. 
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Figure 7: Reduction of eTE after pharmacological inhibition of Rac1-

dependent macropinocytosis by EHT1864. Cells were pretreated with an inhibitor or 

equivalent volume of DMSO (i.e., control) for 1 h prior to electrotransfection with the 

pcDNA3.1 (+) Luc2=tdT. After electrotransfection, cells were plated in 6-well plates 

and cultured for 24 h. Then, eTE was quantified with the luciferase assay (see Panels a 

and b). (a) Effects of a Rac1 inhibitor, EHT1864, at 10 μM on eTE in B16.F10 and 

HEK293 cells. (b) Effects of a Cdc42 inhibitor, ML141, at 10 μM on eTE in B16.F10 and 

HEK293 cells. (c) Images of cells after EHT1864 treatment. B16.F10 cells pretreated 

with EHT1864 (10 μM, 1 h) were electrically pulsed in the presence of both FITC-

labeled pDNA (green) and tetramethylrhodamine-labeled dextran (red). After 

pulsing, cells were washed and fixed for confocal microscopy examination. Yellow 

color indicates co-localization of green and red pixels. Cell nuclei were labeled with 

DAPI (blue). (d) Representative images of inhibitory effects of EHT1864 on 

electrotransfection in HEK293 cells. Expression of tdTomato was shown in red. The 
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red fluorescence images were overlaid onto images of the same cells under trans-

illumination. (e) Effects of EHT1864 on eTE in B16.F10 and HEK293 cells measured by 

flow cytometry. The data were consistent with those quantified with the luciferase 

assay (see Panel a). n = 4 – 6. *P < 0.05 and **P < 0.005 (Mann-Whitney U test). 

 

Figure 8: Activation of Rac1 through exposure of B16.F10 and HEK293 cells to 

electric pulses. (a) Emission ratio images of the ECFP/YPet-based Rac1 biosensor in 

B16.F10 cells. (b) Average Rac1 activity represented by FRET/Donor emission ratio in 

control (B16 ctrl) and electrically pulsed (B16 EP) cells. (c) Emission ratio images of the 

ECFP/YPet-based Rac1 biosensor in HEK293 cells. (d) Average Rac1 activity 

represented by FRET/Donor emission ratio in control (HEK ctrl) and electrically 

pulsed (HEK EP) cells. Cells were pre-loaded with Rac1 biosensor, plated onto 

fibronectin coated glass-bottom dishes, and incubated with serum-free media 1 hour 

prior to treatments. Bar graphs and error bars represent mean and standard error of 

mean, respectively. n = 14 - 50. *P < 0.05 and **P < 0.005 (Mann-Whitney U test). Scale 

bars = 10 μm. 
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Figure 9: Expression of dominant negative and constitutively active forms of 

Rac1 induced changes in electrotransfection efficiency. (a) eTE in B16.F10 cells. They 

were pre-transfected with pDNA encoding one of the two Rac1 mutants: Rac1 Q61L 

and Rac1 T17N. (b) Effects of Rac1 T17N and Q61L expression on eTE in HEK293 

cells. Cells were plated in 6-well plates and transfected with pcDNA3-EGFP-Rac1-

Q61L or pcDNA3-EGFP-Rac1-T17N plasmids. After 24 h, cells were collected and 

electrotransfected with pcDNA3.1 (+) Luc2=tdT. The eTE was quantified with the 

luciferase assay at 24 h after electrotransfection. n = 4 -10. *P < 0.05 and **P < 0.005 

(Mann-Whitney U test). 
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3.4 Discussion 

3.4.1 Involvement of multiple endocytosis pathways in 
electrotransfection 

It has been shown that inhibition of endocytosis would impede 

electrotransfection in vivo. Recent study from our lab showed that pDNA could bind to 

membrane during electrotransfection, and continuously be internalized by cells during a 

period of time that was much longer than the theoretical lifetime of transient pores 

induced by pulsed electric fields. In addition, we demonstrated a clathrin-mediated 

endocytosis mechanism could actively transport plasmids across the membrane and 

facilitate electrotransfection. The accumulating evidence supports the notion that 

electrotransfection of pDNA is mediated by endocytosis. In the present work, we further 

confirmed that electrotransfection could indeed induce actin remodeling, which is an 

essential requirement for macropinocytosis. Cytoskeleton components such as actin 

filaments and microtubules are known to be responsible for vesicle transportation inside 

the cell. It has been reported that electrotransfection can cause alteration of cell 

adhesion81 and changes in cell morphology, which are likely to be related to cytoskeleton 

as well. However, the role of actin in assisting transmembrane DNA transport has not 

been fully investigated. Our data shown in Figures 1 and 2 demonstrated that actin 

cytoskeleton was changed after electric pulse application. Interestingly, several different 

structures of actin were observed in electrically pulsed cells. We believed those 
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structures to be associated with different stages of macropinocytosis: the membrane 

protrusions indicated local initiation of macropinocytosis, whereas the circular vesicles 

were likely to be macropinosomes. In addition, considering the fact that those structures 

were present only after pulse application, the vesicles observed inside the cytosol could 

also be transitioning in endocytic pathways. It was also interesting to discover that many 

of the DNA aggregates seemed to be transported towards the nucleus. Even within a 

short period (i.e., 10 min), plasmid DNA could be observed at sites that were close to the 

nucleus, suggesting that pDNA could quickly accumulate at certain peri-nuclear 

regions, possibly Golgi apparatus or endoplasmic reticulum. It is worth to mention that 

the rate of transport is faster than passive diffusion of large DNA molecules, e.g., pDNA, 

in cytoplasm. 

It is known that macropinocytosis can be distinguished from other endocytic 

pathways such as clathrin-mediated endocytosis (CME) and phagocytosis because it is 

independent of a GTP-binding protein, dynamin 2. In our previous study, we have 

addressed the role of dynamin 2 dependent endocytosis played in electrotransfection. By 

using a specific inhibitor (i.e., dynasore), we demonstrated dynamin 2-dependent 

endocytosis could be responsible for electrotransfection in certain cells. As an extension 

of the previous work, the present study demonstrated that electric pulse-induced 

macropinocytosis was also responsible for pDNA uptake during electrotransfection. 
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These observations were consistent with reports from other research groups. For 

instance, Rols et al [145] have reported similar observation of macropinocytosis in 

electrically pulsed cells. In a more recent study by Rosazza et al [36], the contributions of 

different endocytic pathways to cellular uptake of electrotransfected pDNA were 

quantified by using specific inhibitors of endosomal markers and fluorescence 

microscopy technique. According to these results, clathrin-dependent endocytosis and 

macropinocytosis were each responsible for approximately 25% of pDNA uptake in 

CHO cells. In the current study, the inhibition of macropinocytosis indeed caused 

approximately 30% decrease in eTE in HEK cells, However, the decreases in eTE were 

much greater in B16.F10 and COS7 cells treated with EHT1864, suggesting that specific 

contribution of each pathway to eTE was cell line-dependent. In conclusion, these 

findings present a challenge to the conventional electro-permeabilization theory by 

elucidating that multiple endocytic pathways could be utilized for gene delivery during 

electrotransfection. 

Our finding also shed light on the actual form of pDNA being transferred into 

cells during electrotransfection. Several studies have indicated that particles of different 

sizes could enter cells via different mechanisms. Vesicles in clathrin- and caveolin-

mediated endocytosis are small in size (<100 nm), which can significantly limit their 

transport capacities for pDNA with a similar size. In contrast, macropinocytosis, which 
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is known to be responsible for cellular uptake of viruses, nanoparticles, and naked 

pDNA, can generate vesicles with sizes of up to 5 µm that could transport a significantly 

larger amount of pDNA per vesicle. In previous and current studies, it was observed 

that pDNA could form aggregates in solution with certain sizes, or complexes with the 

plasma membrane. Using dynamic light scattering technology, we observed that the size 

of DNA aggregates grew with increasing the number of electric pulses. Under the 

electrotransfection conditions used in the current study, the average size of aggregates 

in solution was approximately 500 nm, which was the preferred particle size for 

macropinocytosis. Single pDNA molecules or smaller aggregates could enter cells 

through this and other pathways. For example, pDNA molecules might be directly 

pushed into cytoplasm by electric field since they are negatively charged, or as 

discussed above they could enter cells through clathrin- or caveolin-mediated 

endocytosis. As a result, inhibition of macropinocytosis cannot completely block 

electrotransfection. 

3.4.2 Roles of actin cytoskeleton and Rho-GTPases 

Another remarkable finding in the study was the involvement of the small 

GTPase Rac1 in electrotransfection. Results obtained from the inhibitory loss-of-function 

study and the genetic gain-of-function assay revealed that Rac1 was a key regulatory 

GTPase for electric pulse-induced macropinocytosis. Our discovery was consistent with 
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previous reports showing that Rac1 mediated macropinocytosis is responsible for the 

entry of DNA-conjugated Single-Wall Carbon Nanotubes into endothelial cells, as well 

as the entry of naked DNA in an in vivo study, which are not triggered by electric pulses. 

Although we did not know exact mechanisms on how electrotransfection activated Rac1, 

we hypothesized that Rac1 activation and actin remodeling were required for repairing 

membrane damages caused by electric pulses. The hypothesis was partly supported by 

an observation that Rac1 inhibition by EHT1864 treatment reduced viability of pulsed 

cells but not control cells (data not shown). It was also possible that Rac1 was activated 

in response to osmotic pressure change or ion fluxes (Na+/H+/Ca2+) during 

electrotransfection of cells. These potential mechanisms might explain why different cell 

lines responded differently to treatments with Rac1 inhibitors. For example, results 

shown in Figure 4 indicated that the electrotransfection efficiency of B16.F10 cells was 

more dependent on Rac1-mediated macropinocytosis than that of HEK293 cells. The 

data in Figure 7 showed that transient expression of a dominant negative mutant of Rac1 

decreased eTE in B16.F10 cells but had little effects on eTE in HEK293 cells. Similar 

results have also been observed in previous studies. Therefore, data in our study could 

only lead to a conclusion that Rac1 was required for electrotransfection-induced 

macropinocytosis. Future studies should be directed to address the issue on how Rac1 

activation mediates macropinocytosis.  
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Chapter 4. Enhanced plasmid DNA transfection by 
blocking degradation pathways  

4.1 Introduction 

The capability to precisely manipulate gene expression is crucial in fields such as 

biomedical research and treatment of diseases. Depending on the types of applications, 

the manipulation can be divided into two categories. One is gene delivery or gene 

transfer to introduce new transgenes. It is usually practiced by putting pDNA or mRNA 

encoding the desired gene into cells. The second category is genome editing or gene 

augmentation, which refers to the modification or depletion of certain genes in the host 

genome. Examples of genome editing approaches include zinc finger nucleases (ZFNs) 

[72], transcription activator-like effector nucleases (TALENs) [146]. Recently, exciting 

progress has been made in the development of a new precise genome editing technique 

known as the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and 

associated nucleases (e.g., Cas9) system [87]. The combination of these gene editing 

techniques with regular gene delivery approaches has provided powerful, 

transformative tools for biomedical study of human genetics as well as creation of cure 

for diseases [67, 147, 148].  

The process of introducing exogenous materials into cells is usually referred to as 

transfection. Transfection methods that can deliver macromolecules such as DNA, RNA, 

and protein with great efficiency and flexibility are highly desirable because of the 
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various biomedical applications. These methods can be generally divided into two 

classes. The first is viral-based transfection [105], which uses viruses including adeno-

associated virus (AAV), lentivirus and retrovirus to introduce desired gene into cells. 

The viruses are highly efficient in the delivery but have become less favorable for many 

applications due to the complex, costly, and time-consuming process of preparation, as 

well as the immunogenicity and risk of uncontrollable integration of genes. The second 

class is non-viral transfection, including both chemical and physical methods that are 

promising alternatives to viral vectors [1]. Chemical transfection reagents, such as lipids 

and polymers, have been invented to deliver genetically active materials into cells. 

However, those methods suffer from inconsistent efficiency and toxicity resulted from 

the introduction of exogenous materials. 

Electrotransfection, or electroporation, is a physical, non-viral method to 

introduce materials into cells via electric pulses [120, 121, 149]. Since electroporation is 

cost-effective, easy-to-perform, multiplexable, and widely applicable to different cell 

lines, it has gained new attentions as an attractive tool in genome editing using 

CRISPR/Cas9 and transposon systems [26, 150, 151]. However, despite these unique 

advantages, the clinical potential of electrotransfection is still limited primarily due to 

high cell death and inconsistent efficiency between different samples [18]. So far, the 

optimization of electrotransfection has been focusing on empirical adjustments of the 
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pulsing conditions and buffer compositions [152-155]. As a result, very little is known 

about the underlying mechanisms of this method. The transfection efficiency in many 

cell types, especially primary human cells remains suboptimal for clinical use [7]. 

Therefore, there is an urgent need to understand the mechanism of electrotransfection. 

We have previously shown in multiple cell lines that electrotransfected pDNA 

can enter cell through endocytic pathways [44, 156-158]. These findings suggest that 

pDNA could be further transported alone the endocytic pathways in cytoplasm. Herein, 

we proposed a novel strategy to enhance electrotransfection. This strategy utilizes a 

family of sugar molecules known as non-degradable sugar (NDS) to biologically block 

intracellular degradation systems, thereby protecting the cargos delivered into cells. 

Based on this strategy, we developed the technique named transfection by redirection of 

endocytic and autophagic traffic (TREAT), and achieved great improvement in 

transfection efficiency using pDNA, mRNA, and RNP in different cells.  

4.2 Materials and methods 

4.2.1 Cell lines and cell culture 

The cells and culture conditions used in this study were the following: HEK293, a 

human embryonic kidney cell line, HCT116, a human colon cancer cell line, HT29, a 

human colon colorectal adenocarcinoma cell line, B16.F10, a mouse melanoma cancer 

cell line, DC2.4, a mouse dendritic cell line. Cells were obtained from Duke University 
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Cell Culture Facility (CCF) and cultured as previously described [158]. In brief, adherent 

cells were grown as monolayers, and non-adherent cells were grown as suspension 

culture in proper media supplemented with 10% feta bovine serum (Hyclone, Logan, 

UT) and Antibiotic-Antimycotic (Invitrogen), at 37°C in a humidified incubator with 5% 

CO2 and passaged every 36-48 hours. 

4.2.2 Plasmids 

pEGFP-N1 was purchased from Clontech (Palo Alto, CA). Plasmids were 

amplified using DH5α E.coli and prepared from single colonies using Miniprep DNA 

purification kits (Qiagen, Chatsworth, CA) according to manufacturer’s instructions. For 

fluorescence microscopy studies, pEGFP plasmids were covalently labeled with 

fluorescent dyes (rhodamine for red, MFP488 for green and Cy5 for far red) using the 

Label IT nucleic acid labeling kit, Mirus, Madison, WI). 

4.2.3 Chemical reagents 

Unless otherwise mentioned, all chemical were purchase from Sigma Aldrich (St. 

Louis, MO). These reagents include chloroquine, sucrose, D(+)trehalose, D(+)-raffinose, 

Stachyose, arabinose, fructose, galactose, glucose, lactose, maltose, mannose, ribose, 

mannitol, sorbitol, xylose.   
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4.2.4 Labeling of plasmids 

The Label IT Nucleic Acid labeling kit was purchased from Mirus Bio. Labeling of 

plasmids was performed with the following the manufacturer’s instruction. In brief, 10-

20 µg of purified pEGFP-N1 plasmid was mixed with labeling reagent. The v:w ratio of 

plasmid to reagent is between 1:10 to 1:20. Appropriate amount of 10X buffer and water 

was then added. The mixture was incubated at 37°C for 1-2 hours. The labeled pDNA 

was further purified by ethanol precipitation and re-suspended to a final concentration 

of 1-2 mg/ml.  

4.2.5 Electrotransfection protocol 

In general, cells were plated one day prior to experiment and grown overnight to 

75–90% confluence. Before electrotransfection, adherent cells were detached from the 

plate by 0.25% trypsin-EDTA (Invitrogen) treatment, neutralized with medium 

containing 10% serum, then harvested by centrifugation. Cell pellets were then re-

suspended in OptiMEM I Reduced Serum Media (Invitrogen, Carlsbad, CA) at a 

concentration of 107 cells/ml. Plasmid DNAs were then added into the suspension to 

achieve a final concentration of 10 μg/ml. For electrotransfection, samples were loaded 

into disposable 4-mm gap aluminum cuvettes (Bio-Rad, Hercules,CA) and incubated 

shortly before receiving an electric pulse sequence with 6 pulses at 450 V/cm, 5 ms 

duration, and 1 Hz frequency. The pulses were generated by using BTX ECM 830 Square 
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Wave Electroporation System (Harvard Apparatus). In some cases, different 

electrotransfection buffers and conditions were used depending on the cell type as 

described in the figure legends. After electrotransfection, samples were incubated at 

37°C for 10 min to promote endocytosis. Then, the cells were retrieved and seeded in 

fresh culture medium in 6-well plates. Transfection efficiency was evaluated at desired 

time after electrotransfection. Electrotransfection experiments using Mirus and Amaxa 

products were performed according to the manufacturer’s instruction.  

4.2.6 Transient transfection 

HEK293 cells were transfected with Lamp1-RFP to label lysosomes using 

Lipofectamine 2000. In experiments, cells were plated in 6-well plates at 0.5x106 cells per 

well and grown overnight. The next day, cells were transfected with 1 μg plasmid in 

transfection reagent according to manufacturer’s instruction. The transfected cells were 

further cultured for 24 h to achieve expression of transfected proteins, then harvested 

and used in the study of electrotransfection.  

4.2.7 Fluorescence microscopy and image analysis 

Confocal fluorescence images of live cells were acquired using an Andor 

Dragonfly spinning disk confocal plus microscope (Andor Technology, Concord, MA) 

with a 63x/1.47 TIRF HC PL APO CORR oil objective. Images shown in the paper 

represent either optical slices near the middle plane of cells, or Z-stack projection of 
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maximum intensity. Image segmentation, particle counting and co-localization analysis 

were performed in ImageJ using build-in functions.  

4.2.8 Flow cytometry 

Flow cytometry analysis was performed as previously described. In brief, cells 

were collected and resuspended in 200–300 μl PBS, then stained with propidium iodide 

(PI) (5 μg/ ml). Flow cytometry analysis was performed with a BD FACSCanto II flow 

cytometer (Becton Dickinson, Franklin Lakes, NJ). 488 nm and 633 nm lasers were 

chosen for simultaneous fluorescence detection of GFP and PI. Single cell populations 

were separated using front and side light scattering as independent variables. 

Compensation was set between 20 and 25% to resolve emission spectra overlap between 

the two detection channels. To access the eTE, 10,000 events were collected for each 

sample. Raw data acquisition was performed with the BD FACSDiva software. Data 

analysis was performed using FlowJo. eTE in this assay was defined as the percentage of 

PI-/GFP+ population over total viable (PI-) cells.  

4.2.9 Statistical analysis 

Error bars in all figures represent the standard error of the mean. Differences 

between unpaired groups were evaluated with the Mann-Whitney U test. They were 

considered to be statistically significant if P < 0.05. The statistical analysis was performed 

using Prism Graphpad. 
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4.3 Results 

4.3.1 Assessment of pDNA degradation and design principle for 
TREAT 

When exogenous materials enter cell through endocytosis, they are packaged in 

endosomes and sorted to different routes depending on the context of the cargo. Most 

exogenous materials will be transported into degradative compartments such as 

endolysosomes and autolysosomes [159]. In previous studies, we have found that the 

plasmid DNA (pDNA) electrotransfected into the cells enter the cytoplasm via 

endocytosis. Based on our findings, we reasoned that lysosomal degradation could be a 

critical, rate-limiting process that determines the efficiency of electrotransfection. As a 

result, we hypothesized that proper blockage of lysosome function could potentially 

enhance the efficiency (Figure 10a).  

To test our hypothesis, we first examined whether lysosome is a major 

destination of electrotransfected pDNA. For this purpose, we first let cells to express 

LAMP1-RFP, a fluorescent marker for lysosomes [46]. Then we delivered pDNA 

molecules fluorescently labeled with the near IR fluorescent dye, Cy5, into these cells 

using electrotransfection. As expected, the majority of Cy5-labeled pDNA molecules 

were found to be associated with LAMP1 positive vesicles at 60 minutes post 

electrotransfection. To confirm the association of pDNA with lysosomal degradation 

pathways, we also stained the same cells using lysotracker, a small molecule marker for 
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low-pH vesicles such as lysosomes. Not surprisingly, the fluorescence of lysotracker also 

overlapped with Cy5-pDNA signals (Figure 10b). These results suggest that a large 

fraction of intracellular pDNA could be degraded in lysosomes before being able to 

enter the nucleus for transgene expression.   

Next, we tested whether inhibition of lysosomal activity could lead to 

preservation of pDNA and enhancement of electrotransfection efficiency. To this end, 

we pretreated HEK293 cells with chloroquine, which is a classic inhibitor of lysosomal 

functions that works through increasing the pH of lysosomes. The treated cells were 

then subjected to electrotransfection with a pDNA that encodes enhance green 

fluorescent protein (EGFP). When we analyzed the transfection efficiency 24 hours later, 

we found that chloroquine pretreatment could indeed increase both the percentage of 

EGFP positive cells and the average level of EGFP expression per cell (Figure 10c). 

However, the viability of chloroquine treated cells was significantly lower than 

untreated control cells due to the known cytotoxicity of chloroquine. 

Based on these findings, we sought to develop a non-toxic strategy to reduce the 

degradation of electrotransfected pDNA. In a pilot study, we discovered that a family of 

sugar molecules known as non-degradable sugars (NDSs). Examples of NDS include 

sucrose, raffinose, and trehalose (Figure 11a). Since mammalian cells do not have the 

proper hydrolases to digest NDSs, it has been reported that when cells were treated with 
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NDSs such as sucrose, the accumulation of NDS inside lysosome could cause 

swallowing of lysosomes, which will result in decreased lysosomal function [160, 161]. 

Inspired by these reports, we hypothesized that overloading cells by NDS can be used to 

either block the material transport towards lysosomal compartments or inhibit the 

digestive enzyme activities in those compartments. Since this technique is based on 

biological interference of cellular degradative system, which includes both endocytic 

and autophagic pathways, we decided to name this technique transfection by redirection of 

endocytic and autophagic traffic (TREAT). 

4.3.2 NDS treatment increased electrotransfection efficiency of DNA 

We first explored if TREAT can be used to improve the transfection of pDNA by 

treating cells with sucrose at various concentrations ranging from 10 to 100 mM. To 

assess the gene delivery efficiency, we used PC DNA 3.1 plasmids encoding enhanced 

green fluorescent protein (EGFP) as our reporter gene, and measure EGFP expression at 

24 hours after transfection by flow cytometry. The metrics we used to judge the 

performance of our design are as follows: eTE presents the percentage of cells 

transfected. The geometric mean (G.M.) of fluorescence intensity measured with flow 

cytometry reflects the average expression level of reporter gene per EGFP-positive cell. 

Viability is measured at 24 hours after electrotransfection by counting total viable cells 

over a fixed time period using flow cytometry. For better evaluation of overall 
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transfection efficiency, we also used two compound metrics. Transfection index (T.I.) is 

the normalized product of eTE and GM and is used to compare the relative overall 

effectiveness between different groups when the differences in viability is negligible. 

Transfection score (T.S.) is calculated as TI times cell viability, and used in places where 

it is necessary to take cell loss into consideration.   

4.3.3 Increase of efficiency is dependent on NDS dose and treatment 
period 

As indicated by the results from flow cytometry measurements (Figure 10d), 

under the same transfection conditions, sucrose successfully improves 

electrotransfection by increasing both eTE and GM. The increase in both metrics is dose-

dependent on sucrose. In the groups pretreated with 100 mM sucrose for 24 hours, the 

transfection index increased by more than 250%. Although minor cell loss of about 20% 

was observed in the same group, when measured by transfection score, which takes 

both transfection effectiveness and viability into account, we still achieved over 100% 

increase in transfection score. Since higher concentration (>100 mM) of sucrose caused 

significant cell loss of over 50% (data not shown), we chose to treat cells with sucrose at 

100 mM, 24 h for all the following studies to balance bother delivery efficiency and cell 

viability, 

Moreover, we tested if NDS pretreatment could also enhance electrotransfection 

by treating cells using different sugars (glucose, fructose, lactose, maltose, sucrose, 
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trehalose, and raffinose) of the same condition (100 mM, 24 hours). Out result show that 

only those belong to the NDS family could increase electrotransfection (Figure 11b). This 

finding confirms our hypothesis and demonstrates the improvement in pDNA 

transfection is NDS-specific.   

4.3.4 NDS resulted in sustained elevation of pDNA transfection 

To test if the NDS-induced increase in the efficiency can be prolonged, and if the 

method is applicable to different concentrations of pDNA, we transfect HEK293 cells 

using two different concentrations, and monitored the eTE of control versus NDS 

treatment groups over the course of 72 hours. The results show that at both 

concentrations of pDNA tested, NDS treated groups were able to maintain increased 

eTE and average expression level (Figure 10e). In all groups, the expression levels peak 

at 48 h and then dropped at 72 h, while the percentage of transfected cells kept 

increasing the whole time. Surprisingly, when comparing the results from NDS + 0.5 µg 

DNA groups with control + 2.5 µg DNA group, our data suggests that NDS treatment 

can achieve similar level of eTE while reducing the DNA dose by 80%. This 

improvement is highly desired because it could potentially reduce the cytotoxicity 

associated with high concentration of pDNA. 
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4.3.5 TREAT can increase cell viability by lowering voltage 
requirement  

We then hypothesized that it is possible to apply NDS treatment for reduction of 

electric pulse voltage, which is another key factor for cell viability. To test this 

hypothesis, we transfected HEK293 cells using two different voltages, and compared the 

eTE and viability of the control group and NDS treated group after 24 hours. With NDS 

treatment, we were able to reduce the voltage requirement by 11% and increase viability 

by 20%. In addition, NDS treatment increased eTE by 50% and intensity by 20%, 

resulting in over 120% improvement in total transfection efficiency (Figure 10f).  

4.3.6 NDS improved transfection efficiency in multiple cell lines 

Since we achieved great elevation of eTE in HEK293 cell, which is usually 

considered to be an easy-to-transfect model, we wondered if the same strategy that 

worked in HEK293 cells can be adapted for other cell lines. Therefore, we tested NDS in 

different cell lines including HCT116, HT29, B16.F10, and DC 2.4 (Figure 11c). As 

demonstrated by the results, our method increased the transfection efficiency in all cell 

lines tested up to five folds. 

4.3.7 NDS treatment can be adapted for different transfection systems 

Different electrotransfection systems used various buffers. It is necessary to 

determine whether the improvement is specific for our system only. Therefore, we also 

verified whether NDS could be used to improve electrotransfection with commonly 
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used electroporation systems in the market. As expected, NDS treatment increased 

transfection index achieved with both Mirus Indigo and Amaxa nucleofector systems, 

indicating that this technique has universal effect on electroporation (Figure 11d and e). 

In contrast, when we tested NDS in lipofection systems, we observed the opposite effect 

(Figure 11f). These results suggest that different electrotransfection systems follow 

similar routes, and that electrotransfection and lipofection are mediated through 

different mechanisms.   

Together, these results suggest that our strategy is successful in improving 

electrotransfection efficiency and cell viability. It is worth noting that the experiments 

were carried out using standard electrotransfection protocols, which means the 

transfection condition were not optimized for a specific cell line or application. 

Therefore, it is possible to further improve the effects of NDS treatment via future 

optimization of protocols. 
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Figure 10: NDS-based TREAT technology enhances electrotransfection of 

plasmid DNA. (a) Schematic illustration of design principle for TREAT strategy. (b) 

Confocal image showing pDNA colocalized with degradative compartments after EP. 

HEK293 cell electrotransfected with Cy5-labeled pDNA. Lysosomes were labeled by 

LAMP-1 RFP and Lysotracker green (LTG). Cell nuclei were stained by Hoechst 33342 

(Hoechst); scale bar = 10 µm. (c) Effects of chloroquine (CQ) treatment on 

electrotransfection. HEK293 cell pretreated with or without CQ (125 µM, 24 h) were 

electrotransfected with pEGFP. After 24 hours, the overall percentage efficiency (eTE), 

average expression (geometric mean, G.M.), and viability of samples were determined 

by flow cytometry. (d) NDS treatment enhanced electrotransfection in a dose-

dependent manner. HEK293 cells were pretreated with sucrose of indicated 

concentration for 24 hours before electrotransfection. Percentage efficiency (eTE), 

average expression (geometric mean, G.M.), and viability of samples were accessed by 

flow cytometry. (e) Sustained enhancement in transfection by NDS. HEK293 cells 

were pretreated with 100 mM sucrose for 24 h before electrotransfection. Transfection 

efficiency and average expression level of EGFP were determined by flow cytometry 

at indicated time post transfection. (f) NDS reduced requirement of field strength. 

HEK293 cells pretreated with sucrose (100 mM, 24 h) were electrotransfected using 

indicated conditions. After 24 hours, the effects of NDS treatment were measured by 

flow cytometry. Representative data from at least three independent experiments are 

shown. Bars, SEM; n = 4-6; Mann-Whitney test, * P < 0.05, ** P < 0.01 
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Figure 11: NDS treatment increased electrotransfection efficiency. (a) Chemical 

structures of sucrose, trehalose, and raffinose. (b) Effects of different sugars on 

electrotransfection. HEK293 cells were treated with indicated sugar molecules (100 

mM, 24 h) before electrotransfection with pEGFP plasmid DNA. Transfection 

efficiency was accessed by flow cytometry 24 hours after transfection. (c) NDS 

enhanced electrotransfection in multiple cell lines. Cells were treated with indicated 

NDS (100 mM 24 h) and then transfected with pEGFP. Flow cytometry was used to 

measure the efficiency. suc=sucrose, treh=trehalose. (d) and (e) NDS increased 

transfection efficiency in commercially available electrotransfection systems. HEK293 

Cells were first treated with 100 mM sucrose for 24 hours, then electrotransfected with 

pEGFP sing Mirus Indigo buffer, or Amaxa Nucleofector, respectively.  Efficiency was 

measured by flow cytometry. (f) Effect of NDS on lipofection. HEK293 cells were 

pretreated with sucrose, then transfected with pEGFP by Lipofectamine 2000 reagent. 

After 24 hours, transfection efficiency was measured by flow cytometry. 

Representative data from at least three independent experiments are shown. Bars, 

SEM; n = 4-6; Mann-Whitey test, * P< 0.05, ** P < 0.01.  

4.4 Discussion 

Electrotransfection has been a widely used gene delivery tool and has recently 

become a promising method for CRISPR/Cas9 mediated genome editing. However, most 

genome editing attempts are still limited by low efficiency and high cell loss. Our group 

has been conducting researches on transport mechanism of electrotransfection. We 

observed that only a tiny portion of pDNA would eventually survival and enter the 

nucleus, which suggested that pDNA delivery is hindered by several rate-limiting steps 

during intracellular transport. One of such processes is the cellular clearance, which 

explains the short half-life of pDNA in cytoplasm. Additionally, we discovered the 

involvement of several endocytic pathways for pDNA transport. Since a large 

population of endocytic cargos are directed towards degradative systems, we reasoned 
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that cellular clearance by degradation of endosomal cargos is likely to be a major 

obstacle to successful gene delivery and gene editing.  

The TREAT strategy was discovered serendipitously when we were screening 

molecules to improve the transfection efficiency without compromising the cell viability. 

We found that NDS pretreatment of cells improved transfection efficiency in terms of 

both the percentage of transfected cells, as well as per cell expression level transfected 

genes. The increase in efficiency is dependent on the concentration and duration of NDS 

treatments. Additionally, we did not observe any harmful effect when cells were treated 

by NDS alone.  

One major cause of cell death in electrotransfection is the harsh 

electrotransfection conditions such as high voltage or excess pulsing. Another 

determinant of cell loss is the dose of DNA. High concentration of DNA can trigger 

severe immune response and cytokine release [162]. We demonstrated that it is possible 

to achieve same level of transfection with less DNA and lower voltage through TREAT. 

Therefore, the improvement in electrotransfection is more pronounced when less pDNA 

is used. These results suggest TREAT has great potential to transfect cells that are 

usually limited in quantity and more sensitive to exogenous DNA.   
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Chapter 5. Mechanistic study on NDS-mediated 
enhancement of electrotransfection 

5.1 Introduction 

In chapter 4, we developed the TREAT strategy and discovered the NDS family 

as efficient enhancers for electrotransfection of plasmid DNAs. These progresses were 

made based on the hypothesis that endosomes carrying electrotransfected pDNA would 

be transported toward the perinuclear region, where they will fuse with lysosomes for 

cargo degradation. Indeed, our data suggested that NDS treatment could enhance 

electrotransfection by increasing both the percentage efficiency and average expression 

level of pDNA, which indicated the availability of pDNA in NDS treated groups were 

possibly increased. However, such hypothesis was derived from our previous studies on 

the biologic mechanism of electrotransfection. Despite multiple evidences 

demonstrating the involvement of endocytosis in electrotransfection, the roles of 

endocytic degradative systems have not been reported. Therefore, it is necessary to 

understand whether NDS altered the intracellular transport of pDNA. In this chapter, 

we conducted mechanistic study to elucidate how NDS enhances electrotransfection. 

Our results revealed that intracellular trafficking and processing of transfected materials 

require components from both endocytic and autophagic pathways. In addition, we also 

characterized a new type of intermediate vesicle named amphisome-like vesicle (ALB), 

which could be induced by both electrotransfection and NDS treatment.   
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5.2 Materials and methods 

5.2.1 Cell lines and cell culture 

The cells and culture conditions used in this study were the following: HEK293, a 

human embryonic kidney cell line, HCT116, a human colon cancer cell line, B16.F10, a 

mouse melanoma cancer cell line. Cells were obtained from Duke University Cell 

Culture Facility (CCF) and cultured as previously described. In brief, adherent cells were 

grown as monolayers, and non-adherent cells were grown as suspension culture in 

proper media supplemented with 10% feta bovine serum (Hyclone, Logan, UT) and 

Antibiotic-Antimycotic (Invitrogen), at 37°C in a humidified incubator with 5% CO2 and 

passaged every 36-48 hours. 

5.2.2 Plasmids 

Expression plasmids for tf-LC3, EGFP-LC3 (#11546), pmRFP-LC3 (#21075), GFP-

Rab5B (#61802), EGFP-Rab6A (#49469), GFP-Rab7 (#12605), dsRed-Rab7 (#12661), dsRed-

Rab11 (12679), LAMP1-RFP (#1817), mCherry-LAMP1 (#45147), mCherry-Atg5 (#13095), 

mCherry-p62(#55132), EGFP-Vamp7 (#42316), and pEGFP-N1 were obtained from 

Addgene. Expression plasmids for sleeping beauty transposon system, including 

pCMV(CAT)T7-SB100 (#34879) and pSBbiGP (#60511) were also obtained from 

Addgene. 
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5.2.3 Chemical reagents 

All chemicals including rapamycin, MHY1845, 3-MA, bafilomycin A, 

chloroquine, trehalose, raffinose, sucrose and other sugars were purchased from Sigma. 

DQ-BSA and rhodamine dextran were purchased from Thermo Fisher Scientific. Magic 

Red cathepsin B activity kit was from Bio-Rad. Stock solutions of the chemicals were 

prepared in proper solvent and diluted into working solutions right before experiment. 

In general, cells were seeded in 6-well plates at densities of 0.5 to 0.7 million per well 

and allowed to grow overnight to achieve 75–90% confluency. Before treatment, culture 

medium was aspirated and working solution containing was added to each well. After 

incubation at 37°C with 5% CO2 for indicated time, cells were collected by trypsinization 

and subsequently electrotransfected to investigate effects of the NDS treatment on 

electrotransfection efficiency.  

5.2.4 Labeling of plasmids 

The Label IT Nucleic Acid labeling kit was purchased from Mirus Bio. Labeling of 

plasmids was performed with the following the manufacturer’s instruction. In brief, 10-

20 µg of purified pEGFP-N1 plasmid was mixed with labeling reagent. The v:w ratio of 

plasmid to reagent is between 1:10 to 1:20. Appropriate amount of 10X buffer and water 

was then added. The mixture was incubated at 37°C for 1-2 hours. The labeled pDNA 
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was further purified by ethanol precipitation and resuspended to a final concentration of 

1-2 mg/ml.  

5.2.5 Electrotransfection protocol 

For electrotransfection experiments, cells were split one day prior to experiment 

and grown overnight to 75–90% confluency. Before electrotransfection, cells were 

detached by 0.25% trypsin-EDTA (Invitrogen) treatment, neutralized with medium 

containing 10% serum, then harvested by centrifugation. Cell pellets were then re-

suspended in either OptiMEM I Reduced Serum Media (Invitrogen, Carlsbad, CA) or 

house made electroporation buffers at a concentration of 107 cells/ml. Unless otherwise 

mentioned, standard electrotransfection protocol was used. Basically, samples were 

mixed with transfection reagents at desired concentration, then loaded into disposable 4-

mm gap aluminum cuvettes (Bio-Rad, Hercules, CA) and incubated shortly before 

receiving an electric pulse sequence with 6 pulses at 450 V/cm, 5 ms duration, and 1 Hz 

frequency. The pulses were generated by using BTX ECM 830 Square Wave 

Electroporation System (Harvard Apparatus). After electrotransfection, samples were 

incubated in their incubator at 37°C for 10 min. Then, the cells were retrieved and 

seeded in fresh culture medium in 6- or 12-well plates. Transfection efficiency was 

evaluated at designated time after electrotransfection.  
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5.2.6 Transient transfection 

HEK293 and HCT116 cells were transfected with fluorescently labeled endosome 

and autophagosome markers using electrotransfection or Lipofectamine 2000. In brief, 

cells were plated in 6-well plates at 0.5x106 cells per well and grown overnight. The next 

day, cells were transfected with 1 μg plasmid by the preferred transfection method 

according to manufacturer’s instruction. The transfected cells were further cultured for 

24 h to achieve expression of transfected proteins, then harvested and used in the 

following imaging study.  

5.2.7 Fluorescence microscopy and image analysis 

Confocal fluorescence images were acquired using either an Andor XD 

revolution spinning disk microscope (Andor Technology, Concord, MA) with a 

60x/NA1.2W corr UPlanApo objective, or an Andor Dragonfly Spinning Disk Confocal 

Plus microscope with a 100x oil objective. Super resolution imaging was performed on 

Andor Dragonfly system using Super-Resolution Radial Fluctuations (SRRF) method 

[163]. Images shown in the paper represent either optical slices near the middle plane of 

cells, or Z-stack projection of maximum intensity. Regular fluorescence images were 

acquired with an Axio Vert A1 inverted microscope (Carl Zeiss, Peabody, MA). Image 

analysis was performed in ImageJ using build-in functions. 
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5.2.8 Flow cytometry 

Flow cytometry analysis was performed as previously described. In brief, cells 

were collected and resuspended in 200–300 μl PBS, then stained with propidium iodide 

(PI) (5 μg/ ml). Flow cytometry analysis was performed with a BD FACSCanto II flow 

cytometer (Becton Dickinson, Franklin Lakes, NJ). 488 nm and 633 nm lasers were 

chosen for simultaneous fluorescence detection of GFP and PI. Single cell populations 

were separated using front and side light scattering as independent variables. 

Compensation was set between 20 and 25% to resolve emission spectra overlap between 

the two detection channels. To access the eTE, 10,000 events were collected for each 

sample. Raw data acquisition was performed with the BD FACSDiva software. Data 

analysis was performed using FlowJo. eTE in this assay was defined as the percentage of 

PI-/GFP+ population over total viable (PI-) cells.  

5.2.9 Western blot 

Transfection was performed using either electrotransfection, or Lipofectamine 

2000 (Invitrogen, Carlsbad, CA). siRNAs were transfected with Lipofecatmine RNAiMax 

(Invitrogen). In experiments, cells were plated in 6-well plates at 0.5x106 cells per well 

and grown overnight. The next day, cells were transfected with pDNA or siRNA in 

transfection reagents according to manufacturer’s instruction. The transfected cells were 

further cultured for 24-48 h to achieve expression of transfected proteins, then harvested 
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and used in the study of electrotransfection. For western blotting, cells were collected 

after treatment and lysed in RIPA buffer containing protease inhibitor cocktail (Thermo 

Scientific). After protein concentration measurement, samples were mixed with loading 

buffer and heated for 5 minutes for protein denaturation. The samples were then 

centrifuged to collect the supernatant. Samples containing equal amount of proteins (5-

10 ug) were run on 4-12% NuPAGE gel using MES buffer (Invitrogen, Carlsbad, CA). 

Proteins were then transferred from the gel to nitrocellulose membrane (Bio-Rad) using 

wet transfer method. The membranes were blocked using 3% BSA or 5% fat-free milk for 

1 hour. After incubation with primary antibody overnight, the membranes were washed 

three times with TBST, and incubated again with secondary antibodies (1:5000) for 1 

hour. Chemiluminescence detection of bands was performed using Super Signal West 

Femto Maximum Sensitivity ECL Substrate (Thermo Scientific). Blots were scanned on a 

Bio-Rad image station and analyzed by densitometry using Image J. The following 

primary antibodies were used at 1:1000 dilution unless otherwise indicated: anti-Rab5 

rabbit monoclonal antibody (Abcam, #3547), anti-Rab7 rabbit monoclonal antibody 

(Abcam, #9367), anti-Vps39 rabbit polyclonal antibody (Sigma-Aldrich, SAB141018), 

anti-Rab6 rabbit monoclonal antibody (Cell Signaling, #9625S), anti-LC3B rabbit 

monoclonal antibody (Cell Signaling, #3868), anti-p62/SQSTM1 rabbit antibody (Sigma 
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Aldrich, P0067), anti-Atg5 rabbit monoclonal antibody (Cell Signaling, #12994) anti-Atg9 

rabbit monoclonal antibody (Cell Signaling #13509).  

5.2.10 Quantitative PCR 

Quantitative real-time PCR (qPCR) was performed on the CFX connectTM real-

time system (Bio-Rad) using SYBR® Green I detection chemistry. Each reaction (20 µl) 

contained 1x SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), 300nM of each 

primer (Integrated DNA technologies) and 2 µl of sample. The following sets of primers 

were used: for vps39, upper strand primer: 5-gagccagtgccgatcctaga; lower strand primer: 

5’-ccaacgtccttccgaatccta, β-actin: upper strand primer: 5’- agagctacgagctgcctgac; lower 

strand primer: 5’- agcactgtgttggcgtacag. The cycle protocol was 3 min at 95°C followed 

by 35 cycles of amplification (95°C for 10 s, 60°C for 30 s). Samples were analyzed by 

melting curve analysis (65-95°C at 0.5°C increments). For quantification, changes in 

vps39 mRNA levels were related to β-actin mRNA levels. 

5.2.11 Statistical analysis 

Error bars in all figures represent the standard error of the mean. Differences 

between unpaired groups were evaluated with the Mann-Whitney U test. They were 

considered to be statistically significant if P < 0.05. The statistical analysis was performed 

using Prism Graphpad. 
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5.3 Results 

5.3.1 NDS protects pDNA by inhibition of lysosomal degradation 

In order to understand the mechanism of how NDS increases pDNA transfection, 

we used molecular biology approaches such as confocal microscope, super resolution 

microscope, as well as pharmacological inhibitor and activators to investigate the effect 

of NDS on intracellular transport of pDNA. We first examined whether NDS can reduce 

the degradation pDNA by inhibiting lysosome function. To evaluate the degradation of 

pDNA, we chose to monitor the decay of signal from fluorescently labeled pDNA. This 

was because the clearance of pDNA occurs rather quickly once DNA is inside the 

cytosol [164]. In some reports, complete elimination of pDNA could happen within 

several hours [165]. Therefore, we hypothesized that the first few hours after 

electrotransfection may be the crucial time window to determine the efficiency. If NDS 

could inhibit degradation of pDNA, then we should expect slower decay in the 

fluorescence signals. Since regular confocal microscopy does not offer the sensitivity 

required to sufficiently detect the signal from pDNA. We used super resolution 

microscopy to image the cells. As shown by the results (Figure 12a and b), the initial 

levels of detectable DNA in both control and NDS groups are equal. However, the signal 

in the control group quickly dropped by 75% within 3 hours, which is consistent with 

previous reports. In contrast, DNA signal was only reduced by 30% during the same 
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period in the NDS group. Similar level of plasmid DNA preservation was also detected 

in the NDS treated group when we used quantitative PCR (Q-PCR) to compare the DNA 

degradation rates in control vs NDS groups (Figure 13a). These results indicate NDS 

could indeed reduce the elimination of electro-transfected pDNA.  

We then checked whether such reduction was due to alteration of the lysosomal 

pathway. According to our initial hypothesis, NDS can potentially inhibit pDNA 

degradation by either preventing transport of endosomal context into lysosomes, or 

reducing the lysosomal enzyme activities by inhibition of lysosomal acidification [166]. 

To test this hypothesis, we labeled lysosomes in HEK293 cells using LAMP1-RFP as our 

lysosomal marker, and lysotracker green as the indicator of lysosomal acidification. We 

then studied the effects of NDS on lysosomes and electrotransfected Cy5-labeled pDNA. 

From confocal microscopic images, we observed significant swelling of LAMP1-positive 

lysosomes, as well as lysotracker-positive acidic vesicles (Figure 12c). Image analysis 

revealed that NDS treatment increased lysosome size by 100% (Figure 12d). Similar 

enlargement of lysotracker positive vesicles were also observed in HCT cells (Figure 

13b). Since enlargement of lysosome has been report as a signature of NDS-induced 

lysosome dysfunction [160, 167], our observation suggest NDS treatment does affect 

lysosomes in electrotransfection. In addition, colocalization analysis of LAMP1 and 

lysotracker reveal that NDS reduced the association of those two markers, which is a 
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sign of reduced lysosomal acidification (Figure 12e). Since lysotracker can stain vesicles 

including late endosomes and lysosomes, we checked whether NDS could also reduce 

the acidification of pDNA-containing late endosomes by analyzing the colocalization 

between pDNA and lysotracker green. Interestingly, there is no significant change in 

their interaction (Figure 12f), indicating that while NDS may specifically affect the 

acidification of lysosomes, it had less effect on DNA-containing late endosomes.  

Since lysosomal acidification is necessary for the activities of several proteolytic 

enzymes, reduction in lysosomal pH could lead to suppression of the enzyme activities. 

We then examined whether NDS-caused lysosomal swelling and decrease in lysosomal 

acidification could lead to enzyme inhibition in our case. Cathepsin B (CtB) is a 

lysosomal enzyme commonly tested for lysosome function [168], so we check the 

proteolytic activity of cathepsin B using MR red labeled cathepsin B substrates. The 

result from MR red assay (Figure 12g) shows 50% reduction of cathepsin activity in the 

NDS group. In order to verify this result, we also analyzed lysosomal degradation with 

quenched-bovine serum albumin (DQ-BSA). The degradation of DQ-BSA will lead to 

de-quenching of it fluorescence [169], making it a commonly used substrate for 

proteolytic enzymes. We achieved similar decrease in degradation of DQ-BSA green in 

NDS treated cells (Figure 13c). To ensure the change degradation rate was not caused by 

reduction in lysosomal proteins, we verified the cathepsin B protein level using Western 
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blot (Figure 12h) and found no change in cathepsin B level in NDS treated cells. These 

results confirmed our hypothesis that NDS can decrease lysosomal enzymatic activity by 

inhibiting lysosome acidification.   
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Figure 12. NDS impedes lysosome function and protects electrotransfected 

pDNA from degradation. (a) Representative confocal image demonstrating reduced 

pDNA degradation in untreated (Ctrl) and NDS treated group. HEK293 cell were 

treated with 100 mM sucrose for 24 hours, then electrotransfected with pDNA 

fluorescently labeled by MFP488. After electrotransfection, cells were washed and 

plated. Confocal imaging was used to examine the degree of pDNA degradation at 

different time points. Numbers of green particles within each cell was counted as 

used as an estimation of remaining DNA level. (b) Quantification of labeled DNA 

signals in control and NDS treated HEK293 cells after electrotransfection (n > 90). 

Mann-Whitney test, *** P < 0.001. (c) Representative confocal image showing 

alteration of lysosomes by NDS treatment. HEK293 cells were transiently transfected 

with LAMP-1-RFP to express LAMP-1 as a lysosome marker. Cells treated with 100 

mM sucrose for 24 hours were transfected with Cy5 labeled pDNA, then stained with 

lysotracker green (LTG). (d) Quantification of NDS-induced lysosome enlargement. 

Lysosome sizes was compared in HEK293 cells treated with and without NDS (n > 50); 

Mann-Whitey test, *** P < 0.001. (e) Quantification of the colocalization between 

LAMP-1 and lysotracker green (n > 60). Mann-Whitey test, *** P < 0.001, (f) 

Quantification of the localization between lysosome and plasmid DNA. 

Colocalization was calculated as the square of Pearson correlation coefficient R (n > 

70). Mann-Whitey test, ns, not significant. (g) Image of Magic Red-based cathepsin B 

substrate (MR-CtB) digestion in HEK293 cells. Cells were treated with or without 

NDS (100 mM, 24 h) then loaded with MR-CtsB (1 µM, 1 h). CstB activity was 

quantified as the total cellular fluorescent intensity of red channel (n > 90); Mann-

Whitey test, *** P < 0.001, (h) Representative western blot of cathepsin B (CtB) and 

GAPDH levels in control (untreated) and sucrose (100 mM, 24 h) treated group. Cells 

from the untreated control (Ctrl) and NDS treated (100 mM Sucrose, 24 h) were 

collected and probed with antibodies against cathepsin B and beta-actin. 

Representative data from at least three independent experiments are shown. Bars, 

SEM; Scale bars, 10 µm. 
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Figure 13. NDS protects DNA by inhibiting lysosomal degradation. (a) 

Determination of pDNA level by Q-PCR. HEK293 cells were treated with NDS (100 

mM sucrose, 24 h), then electrotransfected with pEGFP DNA. After 4 hours, cells were 

lysed and the remaining levels of pEGFP DNA was measured by Q-PCR. 

Representative data from at least three independent experiments are shown, Bars, 

SEM. n = 3; student’s T test, * P< 0.05, (b) Representative images showing effects of 

NDS on lysosome size in HCT116 cells. Cells were treated with NDS (100 mM 

trehalose, 24 h), then washed and stained with lysotracker green (LTG, 50 nM, 5 min). 

Cell nuclei were stained by Hoechst 33342. (c) Images showing the effects of NDS 

treatment on lysosomal degradation of DQ-BSA in HEK293 cells. Cells were treated 

with trehalose (100 mM, 24 h) or raffinose (100 mM, 24 h), then incubated with 

lysosomal protease substrate DQ-BSA (10 µg/ml, 1 h). After washing, cells were 

stained with Hoechst 33342 for nuclei and subjected to confocal microscope for 

imaging. 
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5.3.2 Electro-transfected pDNA is associated with large LC3 positive 
vesicles 

Besides the lysosomal pathway, the autophagy pathway is another major route 

for clearance of unwanted substances [170-172]. Although it has been reported to be 

involved in other types of transfection techniques [173], the role of autophagy has never 

been thoroughly studied in electrotransfection. Coincidentally, it has been recently 

reported that the same NDS molecules we tested are regulators of autophagy [174]. 

Hence, we sought to explore whether autophagy is involved in electrotransfection, and 

if the changes in transfection efficiency can be attributed to NDS-induced alteration of 

autophagy pathway.  

LC3 is a membrane protein commonly used as a marker for autophagy. Upon 

autophagy activation, cytosolic LC3-I is lipidized and converted into LC3-II, which will 

translocate onto the membrane of autophagic vesicles [51]. If electrotransfection can 

indeed activate autophagy, then we should expect to see a change of distribution in LC3 

or the formation of LC3 positive vesicles. If any those vesicles are involved in the 

transport or processing of pDNA, then we would expect to find pDNA associated with 

them using confocal microscopy. In order to study the relationship between LC3 and 

pDNA, we transfected HEK293 cells with LC3-GFP, and delivered rhodamine-labeled 

pDNA into these cells using electrotransfection. Interestingly, when we subjected the 

LC3-GFP expressing cells to electric pulses, we observed the formation of small LC3-
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punctas that represented autophagosomes (Figure 14a, white arrow). This result, which 

indicated that autophagy was triggered during electrotransfection, is consistent with the 

data achieved from Western blotting experiment, as well as the results obtained using 

the autophagy flux probe tfLC3 [175],  (Figure 15a and b). However, although all of 

these results suggested conversion of LC3 and activation of autophagy during 

electrotransfection, we found little association of pDNA with those autophagosomes. To 

our surprise, we observed that a large portion of pDNA was found inside a new type of 

vesicle that was vacuole-like and coated with LC3 (Figure 14a and b, yellow arrows). 

More importantly, NDS treatment significantly increased both the number of such 

vesicles as well as their association with pDNA (Figure 14b). These results indicate that 

autophagosomes are not directly involved in transport of pDNA. Instead, the positive 

correlation among the number of the unknown large vesicle, the amount of pDNA 

within those vesicles, and efficiency of electrotransfection suggests that those large LC3+ 

vesicles may be involved in electrotransfection.  

5.3.3 Characterization of large LC3-positive vesicles  

Since we had previously discovered that pDNA could enter cells through 

endosomes. We first determined how those pDNA containing, LC3 positive large 

vesicles were related to the endosomal pathway. Endosomes are classified by their 

surface markers. For example, Rab5 and EEA1 are used to identify early endosome, 
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while Rab7 is present on late endosomes and amphisomes [176]. To investigate the 

origin of those large unknown vesicles, we transfected HEK293 cells with several 

endosomal protein markers and examined whether NDS treatment could change the 

distribution of these endosomal markers. The markers we tested included Rab5 (early 

endosome), Rab6 (recycling endosome), Rab7 (late endosome), Rab11 [36] (recycling 

endosome) and VAMP7 (endolysosome). Surprisingly, when we treated cells with NDS, 

we observed formation of large vesicles that were morphologically similar to those LC3 

positive vesicles in HEK293 cells expressing Rab5, Rab6 and Rab7 (Figure 14c-e). On the 

other hand, the size and distribution of Rab11 or VAMP7 positive endosomes were not 

affected by NDS (Figure 14f, Fig15c). Combining with previous data showing that NDS 

induced enlargement of LAMP1 positive vesicles, these results indicate that multiple 

targets of the endosomal pathway were affected by NDS treatment. 

Next, we co-expressed endosomal markers with LC3 to check whether they 

colocalize on the same type of vesicle. Rab6 and Rab7 were found to be colocalized with 

LC3 on these large vesicles (Figure 14g, middle panels), suggesting that these two 

proteins, as well as LC3 were potential molecular marker of our target vesicles. 

Interestingly, confocal images also revealed that the early endosome marker Rab5, and 

the lysosome marker LAMP1 were found to be only partially associated with LC3 

(Figure 14g, top and bottom panel, Figure 15d), suggesting that these large vesicles 
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occurred after early endosome formation, but preceded the complete fusion with 

lysosome. Meanwhile, Rab11 and Vamp7 were found to be excluded from the LC3+ 

vesicles (Figure 15d), confirming our observation that these two proteins were not 

involved. To test whether these observations were cell line dependent, we subjected 

HCT116 cells transfected with either Rab5 or Rab7 to NDS treatment and observed 

formation of large vesicles that were similar to those in HEK cells (Figure 15e), 

suggesting that NDS has universal effects on autophagic and endosomal pathways. In 

addition, we also examined whether those large vesicles were reminiscent of 

autophagosomes by looking at other two autophagosome markers: Atg5 and p62. The 

results showed that although Atg5 and p62 were not on the membrane of large vesicles, 

they could be found to be enclosed in some of these vesicles (Figure 15f). This result 

suggested that the large vesicle were not swollen autophagosomes, but they could be 

formed through the fusion of autophagosome with other vesicles such as late endosome. 

Taken together, results from these molecular marker analysis suggested that those 

unknown vesicles contained the molecular signature similar to that of amphisomes [177, 

178], except that their size (> 500 nm) was bigger than reported size of amphisome. 

Therefore, we are referring to those vesicles as amphisome-like bodies (ALBs). 

To further characterize ALBs, we examined the properties of ALBs using 

different chemical probes. First, we stained cells with lysotracker red, which labels acidic 
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compartments. From the imaging result, we observed that lysotracker red stained small 

LC3 puncta reminiscent of autolysosomes, but we could not detect red signal inside 

ALBs (Figure 14f, top panel). We also tested whether ALBs contain any lysosomal 

enzyme activity by staining the cells with MR red label substrate of cathepsin. Similar to 

the results from lysotracker red staining, the MR red probe signal was excluded from 

ALBs (Figure 14f, middle panel). Interestingly, when we stained the cells with 

rhodamine-labeled dextran, which is a marker for endocytosis, we were able to find 

rhodamine-dextran within some ALBs (Figure 14F, bottom panel), which confirmed that 

ALBs can be reached by exogenous molecules through endocytic pathway.  

Moreover, since we had observed large LC3 positive vesicles in the control group 

(Figure 14a), we also checked whether these vesicles are the same as NDS-induced 

ALBs, and if electric pulses along is sufficient to induce ALB formation. For this 

purpose, we transfected HEK cells with LC3-GFP and Rab7-RFP and subjected the cells 

to electrotransfection. Our hypothesis was that if those large vesicles observed were 

ALBs, then electrotransfection should be able to induce large LC3+/Rab7+ vesicles in 

these cells. Indeed, our results showed that electric pulsing alone could induce 

formation of large vesicles that are positive of LC3/Rab7 (Figure 15g). In addition, when 

we electrotransfected Rab7-GFP expression cells with rhodamine-labeled pDNA, we 

were able to find pDNA in the large Rab7 positive vesicles (Figure 15g). Taken together, 
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these findings suggest that ALB is a type of intermediate, non-degradative endocytic 

compartment that could be induce by either electric pulsing or NDS treatment. More 

importantly, our data indicate that ALBs could possibly be one of the mediators of NDS-

induced enhancement of electrotransfection. 
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Figure 14. NDS treatment alters both autophagic and endosomal pathways. (a) 

Super resolution confocal images of LC3 and DNA in electrotransfected HEK293 cells. 

Cells expressing LC3-GFP were treated with NDS (100 mM, 24 h) and 

electrotransfected with rhodamine-labeled plasmid DNA. Images were taken at 30 

minutes after electrotransfection. White arrow, LC3 puncta; yellow arrow, pDNA 

enclosed in large LC3 positive vesicles. (b) Quantification of NDS-induced alteration 

in vesicle formation and pDNA distribution in electrotransfected HEK 293 cells. 

Percentage of cells were calculated as counts per image (n=5-8). Mann-Whitey test, *** 

P < 0.001. (c to f) Representative confocal images of endosomal markers including (c) 

Rab5-GFP, (d) Rab6-GFP, (e) Rab7-GFP, and (f) Rab11-GFP in control (untreated) and 

NDS treated (100 mM sucrose, 24 h) HEK293 cells. Cell nuclei were stained by 

Hoechst 33342. (g) Representative super-resolution confocal images showing 

colocalization of LC3-GFP with Rab5-RFP, Rab6-RFP, Rab7-RFP and LAMP1-RFP, 

respectively. HEK293 cells transfected with indicated endosome markers and LC3-

GFP were subjected to NDS treatment (100 mM sucrose, 24 h). (h) Confocal images of 

endosome and lysosome probes in LC3-GFP expressing HEK293 cells. Cells were 

transfected with LC3-GFP, then treated by NDS (100 mM sucrose). After 24 hours, 

cells were incubated with rhodamine labeled dextran (250 µg/ml, 1 h), lysotracker red 

(LTR, 50 nM, 5 min), or Magic Red cathepsin B substrate (MR-CtB, 1 µM, 1 h) before 

imaging. Scale bars, 10 µm. 
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Figure 15. Involvement of different endocytic and autophagy proteins in 

electrotransfection. (a) Effects of electric pulsing on LC3 lipidation. Representative 

western blot for LC3-I and LC3-II levels in control and electrically pulsed (450V/cm, 6 

pulses, 1 Hz) HEK293 cells. Cells were lysed Lipidation of LC3 was quantified as the 

ratio of LC3-II/LC3-I (n=3, student’s T test). (b) Effects of electric pulsing on tf-LC3 

lipidation. B16.F10 cells were transfected with tandem fluorescent LC3 (tf-LC3). At 

indicated times after electrotransfection, LC3 conversion rate was determined by 

comparing the total integrated fluorescence intensity of red channel to green channel 

(n = 4), Representative data from at least three independent experiments are shown, 

Bars, SEM. Mann-Whitey test, * P< 0.05. (c) Images showing the effects of NDS 

treatment on VAMP7 in HEK293 cells. HEK293 cells transfected with VAMP7-RFP 

were subjected to NDS treatment (100 mM sucrose, 24 h). Cell nuclei were stained by 

Hoechst 33342. (d) Representative confocal images showing colocalization of LC3-GFP 

with Rab5-RFP, Rab11-RFP, LAMP1-RFP and VAMP7-RFP, respectively. HEK293 cells 

transfected with indicated endosome markers and LC3-GFP were subjected to NDS 

treatment (100 mM sucrose, 24 h). (e) Images showing the effects of NDS treatment on 

Rab5-GFP and Rab7-GFP in HCT116 cell. Cells transfected with indicated endosomal 

markers were subjected to NDS treatment (100 mM trehalose, 24 h). Cell nuclei were 

stained by Hoechst 33342. Lysosomes were stained by lysotracker red (LTR, 50 nM, 5 

min). (f) Representative confocal images showing colocalization of LC3-GFP with 

Atg5-RFP and p62-RFP. HEK293 cells transfected with indicated endosome markers 

and LC3-GFP were subjected to NDS treatment (100 mM sucrose, 24 h). (g) Images 

showing electrotransfection-induced ALB formation. HEK293 cells were transfected 

with Rab7-RFP and LC3-GFP. After electrotransfection, cells were subjected to 

confocal microscope for imaging. (h) Representative image showing 

electrotransfection-induced ALB contained DNA. HEK293 cells were transfected with 

either LC3-GFP or Rab7-RFP. After electrotransfection with fluorescently labeled 

pDNA, cells were subjected to confocal microscope for imaging. Scale bars, 10 µM. 

5.3.4 NDS-induced formation of ALB is specific and reversible 

We next sought insight on the formation mechanism as well as molecular 

regulators of ALB. First, we studied if the formation of ALB can be triggered by other 

kinds of sugar molecule. According to the data, all three NDSs tested induced ALB 

formation, while glucose at the same concentration failed to do so (Figure 16A). We also 



 

127 

tested whether the formation of ALB is dependent on the concentration of NDS and 

found that ALB was formed under higher NDS doses of greater than 50 mM (Figure 

17a). This result is consistent with our efficiency measurement in Figure 10d. Next, we 

investigated whether NDS-induced ALB formation can be reversed by removing NDS 

using special enzymes. Our hypothesis is that if the enhancement was indeed due to 

NDS, which has been reported to cause lysosomal dysfunction because mammalian cells 

lack the enzyme to metabolize NDS, then the addition of exogenous enzyme that can 

digest NDSs into monosaccharides should be able to diminish the effects. For this 

purpose, we chose invertase, which is an enzyme that can digest sucrose and decrease 

vesicle accumulation caused by sucrose [179]. We first treated LC3 expressing HEK293 

cells with sucrose to induce ALB formation, then incubated those cells with invertase. 

Our data shows that invertase treatment can indeed reverse the NDS-induced 

alterations in ALB formation (Figure 16b), lysosome size and acidification (Figure 16c), 

as well as lysosome enzymatic activity assessed by both MR-red (Figure 16d) and DQ-

BSA (Figure 17b). In parallel, while removal of sucrose alone did not result in any 

change in the numbers of ALB or efficiency after 8 hours, invertase addition after 

sucrose removal resulted in reduction of transfection efficiency (Figure 16e). In 

summary, these results demonstrate that there is a direct cause-effect relationship 
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between NDS treatment and ALB formation. Moreover, our data also suggest a positive 

correlation between ALB formation and transfection efficiency.   

5.3.5 Formation of ALB involves non-canonical activation of 
autophagy  

Next, we looked at the connections among autophagy, endosome fusion, ALB 

formation, and electrotransfection. Lipidation of LC3 can be either triggered by either 

the canonical autophagy that dependents on mTOR and PI3K signaling, or the non-

canonical, mTOR-independent autophagy pathways reported in different scenarios such 

as LC3-associated phagocytosis (LAP) [180, 181]. We first explored the contribution of 

canonical autophagy in electrotransfection using pharmacological reagents. HEK293 

cells were treated with either the mTOR-dependent autophagy activator rapamycin, or 

the PI3K-dependent autophagy inhibitor 3-MA. After transfection with pDNA encoding 

EGFP, the efficiency was determined by flow cytometry. The result showed that both 

treatments had no effect on eTE (Figure 18a). 

We then checked whether canonical autophagy activation could result in ALB 

formation. As shown by the image, rapamycin successfully caused formation of 

autophagosomes but did not induce ALB formation (Figure 18b). It has recently been 

reported that another mTOR-dependent autophagy activator named MHY1485 can 

cause large LC3+ vesicles [182], therefore we wondered if ALBs may be identical to 

MHY1485-induced vesicles. After treating cells with MHY1485, we found no effect of 
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MHY1485 on eTE (Figure 18c). In addition, our confocal data revealed that although 

MHY induced large LC3+ vesicles in HEK293 cells, it did not cause enlargement of 

Rab7+ positive vesicles (Figure 18d), which was consistent with our hypothesis that only 

the formation of ALB is associated with the increase in eTE. 

To further confirm our findings from pharmacological modification of canonical 

autophagy, we turned to molecular biology approaches. First, we used siRNA to silence 

key autophagy proteins including LC3, Atg5, and Atg9 in HEK cells. We observed no 

difference in transfection efficiency (Figure 18e). LC3II and p62 are the major protein 

substrates that are degraded after canonical autophagy activation [183]. Since trehalose 

has been shown to alter endocytic vesicular transport and cause accumulation of LC3II 

and p62 [184]. We examined the relationship between ALB formation and the levels of 

LC3II and p62. The results from Western blotting showed that LC3II and p62 levels 

remained unchanged after electrotransfection. Interestingly, we observed that NDS 

caused accumulation of both LC3II and p62 (Figure 17c), suggesting that NDS treatment 

(100 mM, 24 h) can inhibit autophagic degradation, which is consistent with recent 

report of autophagy flux inhibition by long-term NDS treatment [185]. In summary, our 

results suggest that neither ALB formation nor gene delivery efficiency of 

electrotransfection is dependent on canonical autophagy. 
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We then sought to test if non-canonical autophagy is involved in ALB formation. 

In a recent report, LC3 was directly recruited to membrane of endocytic compartments 

during non-canonical activation of autophagy[186]. Therefore, we looked at how LC3 is 

incorporated onto ALB during electrotransfection, and if the process is similar to what’s 

been reported. The images obtained from LC3-GFP expressing HEK293 cells revealed 

that LC3 can be recruited onto vacuoles induced by electrotransfection (Figure 18f). In 

HCT116 cells transfected with LC3-GFP, we also observed the direct coating of vesicles 

by LC3 (Figure 17d).Similarly, when we treated cells with rhodamine-dextran, LC3 is 

also found to be directly incorporated into the dextran-containing ALBs (Figure 18g). 

These observations were consistent with the previous reports on the behavior of LC3 in 

non-canonical autophagy[180, 181]. 

5.3.6 Vesicle fusion determines ALB formation and 
electrotransfection efficiency 

Rab7 is an important regulator of endocytic vesicle fusion events[48, 159, 187, 

188]. The fact that both LC3 and Rab7 was found on ALBs indicates their formation may 

result from the merge of non-canonical autophagic and endocytic pathways. To further 

define the regulators of ALB within the endosomal pathway, we screened endosomal 

proteins by siRNA mediated loss-of-function assay. As expected, Rab7 knock down 

resulted in reduction in NDS induced ALB formation and transfection efficiency. We 

also discovered another protein named Vps39 to be responsible for ALB formation. 
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Vps39 is a protein in the homotypic fusion and protein sorting (HOPS) complex that 

controls vesicle fusion[189]. RNA silencing of Vps39 in HEK293 cells reduced pDNA 

transfection and ALB formation (Figure 18h and i). In addition, similar effects of Rab7 

and Vps39 knockdown on transfection efficiency were observed when we transfected 

cells in the absence of NDS (Figure 17 e-g). To further confirm the importance of vesicle 

fusion in ALB formation and electrotransfection, we also treated cells with the vacuolar-

ATPase (V-ATPase) inhibitor Bafilomycin A1, which has been shown to prevent vesicle 

fusion[190] and reduce eTE[44]. The results showed that Bafilomycin A1 treatment led to 

reduction in ALB formation. (Figure 17h). Taken together, these data demonstrated that 

vesicle fusion can control both ALB formation and electrotransfection efficiency.  
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Figure 16. Effects of NDS on electrotransfection are specific and reversible. (a) 

Representative confocal images showing effects of different sugar treatment in LC3-

GFP expressing HEK293 cells. Cells expressing LC3-GFP were treated with indicated 

sugar (100 mM, 24 h), then stained for lysosome by lysotracker red (LTR, 50 nM, 5 

min). Cell nuclei were stained with Hoechst 33342. (b)  Confocal images showing 

effects of invertase on LC3-GFP expression HEK293 cells. Cells with treated with 100 

mM sucrose for 24 h, then washed and incubated with either invertase (0.5 mg/ml) 

containing DMEM media or DMEM media alone for 8 h. Cell nuclei were stained by 

Hoechst 33342. (c) Confocal images showing effects of invertase treatment on 

lysosome. HEK293 cells were transiently transfected with LAMP-1-RFP to express 

LAMP-1 as a lysosome marker. Cells treated with 100 mM sucrose for 24 hours were 

washed and treated with invertase. After treatment, cells were stained with 

lysotracker green (LTG). Cell nuclei were stained with Hoechst 33342. Lysosome sizes 

and the colocalization coefficient between LAMP1 and LTR were compared to that of 

control group (n > 30). Mann-Whitey test, *** P < 0.001. (d) Images showing the effects 

of invertase treatment on cathepsin B (CtB) activity in HEK293 cells. Cells were 

treated with sucrose (100 mM, 24 h), then incubated with Magic Red-based cathepsin 

B substrate (MR-CtB, 1 µM, 1 h). CstB activity was quantified as the total cellular 

fluorescent intensity of red channel (n > 100). Mann-Whitey test, *** P < 0.001, (e) 

Effects of invertase treatment on electrotransfection efficiency. HEK293 cells were 

treated with 100 mM sucrose for 24 h, then incubated with or without invertase (0.5 

mg/ml, 8 h). Electrotransfection was then applied to introduce pEGFP into cells. 

Transfection efficiency and geometric mean were measured at 24 h post 

electrotransfection (n = 7), Representative data from at least three independent 

experiments are shown. Bars, SEM; n = 4-6; Mann-Whitney test, ** P < 0.01, *** P < 

0.001. Scale bars, 10 µm. 
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Figure 17. Mechanistic investigation of NDS-induced enhancement of 

electrotransfection. (a) Representative images showing dose-dependent effects of 

NDS on ALB formation. LC3-GFP expressing HEK293 cells were treated with sucrose 

of indicated concentration for 24 h, then subjected to confocal imaging. (b) Images 

showing the effects of invertase treatment on lysosomal degradation of DQ-BSA in 

HEK293 cells. Cells were treated with sucrose (100 mM, 24 h), then incubated with or 

without invertase (0.5 mg/ml, 8 h). After washing, cells were incubated with 

lysosomal protease substrate DQ-BSA (10 µg/ml, 1 h), then stained with Hoechst 

33342 for nuclei. Scale bars, 10 µM. (c) Representative western blot showing the 

effects of NDS on LC3 and p62 levels. HEK293 cells were treated with NDS (100 mM 

trehalose, 24 h), then lysed and subjected to western blot. Protein level was 

determined by densitometry and normalized by actin level. (d) Representative images 

showing the formation of ALB in LC3-GFP expressing HCT116 cells subjected to 

electric pulsing. (e) Representative western blot showing the siRNA knockdown 

efficiency of Rab7. HEK293 cells were treated with Rab7 siRNA for 48 hours, then 

lysed and subjected to western blot. Protein level was determined by densitometry 

and normalized by GAPDH level. (f) Effects of siRNA mediated knockdown of Rab5, 

Rab6, Rab7, and VPS39 on electrotransfection efficiency. HEK293 cells were treated 

siRNAs targeting indicated proteins. After 48 hours, cells were electrotransfected with 

pEGFP. Transfection efficiency was measured at 24 h post electrotransfection by flow 

cytometry. Representative data from at least three independent experiments are 

shown, Bars, SEM. n = 4-10; Mann-Whitey test, ** P<0.01, *** P < 0.001. (g) Effects of 

siRNA mediated knockdown of Rab7 and VPS39 on electrotransfection-induced ALB 

formation. LC3-GFP expressing HEK293 cells were treated siRNAs targeting Rab7 or 

VPS39. After 48 h, cells were electrotransfected and imaged using confocal 

microscope. (h) Images showing the effects of Bafilomycin A1 treatment on NDS-

induced ALB formation. LC3-expressing HEK293 cells were incubated with NDS (100 

mM sucrose, 24 h) then Bafilomycin A1 (1 µM, 1 h) before imaging. Cell nuclei were 

stained with Hoechst 33342. Scale bars, 10 µM.  
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Figure 18. Formation of ALB involves non-canonical autophagy activation and 

vesicle fusion. (a) Effects of autophagy activator and inhibitor on electrotransfection 

efficiency. HEK293 cells were treated with either autophagy activator rapamycin (100 

nM, 24 h) or autophagy inhibitor 3-MA (5 mM, 24 h), then electrotransfected with 

pEGFP. Transfection efficiency measured at 24 h post electrotransfection. (b) Confocal 

images showing effects of rapamycin on LC3-GFP expression HEK293 cells. Cells 

were treated with rapamycin (100 nM, 24 h) or NDS (100 mM sucrose, 24 h), then 

washed and stained with lysotracker red (LTR, 50 nM, 5 min). Cell nuclei were 

stained by Hoechst 33342. (c) Effects of mTOR-independent autophagy activator 

MHY1485 on electrotransfection efficiency. HEK293 cells were treated MHY1485 (10 

µM, 24 h), then electrotransfected with pEGFP. Transfection efficiency measured at 24 

h post electrotransfection. (d) Representative confocal images showing effects of 

MHY1485 on LC3 and Rab7. HEK293 cells expressing LC3-GFP or Rab7-RFP were 

treated with MHY1485 (10 µM, 24 h), then washed and stained with lysotracker red or 

lysotracker green (LTR/LTG, 50 nM, 5 min). Cell nuclei were stained by Hoechst 

33342. (e) Effects of siRNA mediated knockdown of autophagy protein on 

electrotransfection efficiency. HEK293 cells were treated siRNAs targeting Atg5, Atg9, 

or LC3 for 48 h before electrotransfected with pEGFP. Transfection efficiency was 

measured at 24 h post electrotransfection by flow cytometry. Western blot was used to 

confirm the knockdown efficiency (ctrl = scrambled control siRNA, si = siRNA). (f) 

Confocal images showing incorporation of LC3 into ALB after electrotransfection. 

LC3-GFP expressing HEK293 cells were electrotransfected with rhodamine-labeled 

pDNA, then continuously imaged under spinning disk microscope. Bottom panel 

shows the intensity profile change of ALB (yellow box). (g) Confocal images showing 

incorporation of LC3 into macropinosomes. LC3-GFP expressing HEK293 cells were 

incubated with rhodamine-labeled dextran (10,000 MW, 250 µg/ml, 1 h) and 

continuously imaged under spinning disk microscope. Bottom panel shows the 

intensity profile change of ALB (yellow box). (h) Effects of siRNA mediated 

knockdown of Rab7 and VPS39 on electrotransfection efficiency. HEK293 cells were 

treated siRNAs targeting Rab7 or VPS39. After NDS treatment (100 mM, 24 h), cells 

were electrotransfected with pEGFP. Transfection efficiency was measured at 24 h 

post electrotransfection by flow cytometry. Western blot was used to confirm the 

knockdown efficiency of Rab7. VPS39 knockdown efficiency was determined by Q-

PCR. (i) Effects of siRNA mediated knockdown of Rab7 and VPS39 on NDS-induced 

ALB formation. LC3-GFP expressing HEK293 cells were treated siRNAs targeting 

Rab7 or VPS39, then incubated with NDS (100 mM sucrose, 24 h). Cells were imaged 

using confocal microscope. Representative data from at least three independent 
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experiments are shown. Bars, SEM; n = 4-10; Mann-Whitey test, ** P < 0.01, *** P < 

0.001, ns = not significant. 

5.4 Discussion 

5.4.1 Intracellular transport and degradation in electrotransfection 

The mechanistic study on how TREAT works has provided several insights into 

the nature of electrotransfection. First, it demonstrates the importance of endocytic 

transport in electrotransfection. The fact that TREAT can improve delivery of different 

materials including pDNA, RNA and protein suggests that those materials share the 

same transport and degradation routes in the cell. To our knowledge, this is the first 

report to indicate a universal transport mechanism that may be application for 

electrotransfection of macromolecules. Second, our study also establishes the essential 

role of lysosomal degradation as a major rate-limiting step in electrotransfection. This 

finding suggests lysosomes are valuable targets in gene delivery and genome editing.  

 

The association of pDNA with endocytic proteins in electrotransfection has been 

previously studied by our groups and others. But this is the first study to demonstrate a 

direct cause-effect relationship between lysosome function and transfection efficiency. 

This finding suggests that TREAT will be a very useful tool for mRNA and RNP-based 

genome editing. Since RNA and proteins are smaller than plasmid DNA, it is assumed 

that they can enter cells more easily. As a result, transfection efficiency of these 
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molecules should be more dependent on clearance rate rather than cellular entry. In fact, 

it is known that the half-life of Cas9 mRNA or RNP is shorter than plasmid derived 

Cas9. Therefore, we concluded that inhibition of lysosomal degradation can significantly 

enhance genome editing by boosting the availability of CRISPR/Cas9 components. In 

addition, NDS has been previously shown to enhance gene transfection [191, 192], but 

the mechanism was not fully understood. Our results showed that although both NDS 

and chloroquine are considered lysosome-blockers, only NDS could result in ALB. These 

results have provided new information on the bioactivity of NDS molecules.  

5.4.2 Mechanism of electrotransfection and other gene delivery 
methods  

This study also offers new perspectives of non-viral gene delivery. The uptake 

pathways and intracellular trafficking of DNA delivered via other methods have been 

studied [15]. However, most of these studies focused on chemical methods that rely on 

carriers, such as nanoparticles for delivery. Since electrotransfection is a physical 

method that delivers naked materials without carriers, it was not clear whether the same 

mechanisms of chemical methods are also transferable to electrotransfection. The results 

of our study confirmed that although different gene transfection methods may share 

common mechanisms such as endocytosis, there are discrepancies among those 

methods. For example, NDS pretreatment inhibited lipofection but enhanced 

electrotransfection, suggesting that they operate through distinctive mechanisms. 
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Further understanding of the origin of those differences will help researchers to develop 

more efficient transfection methods.  

5.4.3 ALB formation and function  

The discovery of ALB and its involvement in electrotransfection is a very 

intriguing outcome of our study. To our knowledge, this is the first report of such 

vesicles involved in gene delivery. The presence of Rab7, a marker for late endosome, 

and LC3, a protein that belongs to the autophagic pathway indicate these two pathways 

could merge with each other during processing of transfected exogenous materials. The 

fact that ALB formation is regulated by Rab7 and Vps39, both of which have been 

reported to control fusion and maturation of endocytic and autophagic vesicles [48, 193, 

194], emphasizes the importance of fusion in ALB formation and function. In addition, 

our results suggested that ALB is most likely an intermediate compartment of the 

endocytic pathway. The partial association of early endosome marker Rab5 with ALBs 

indicated that those vesicles were more mature than early endosomes. On the other 

hand, the lack of lysosomal marker LAMP1 and VAMP7, which is a regulator for 

heterotypic fusion between late endosomes and lysosomes [195, 196], indicated that late 

endocytic fusion could be slowed down by NDS treatment. Although we have not fully 

understood whether ALB formation or lysosomal dysfunction is the earlier consequence 

of NDS treatment, our hypothesis is that NDS may accumulate in lysosomes first, which 
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leads to lysosomal swelling and dysfunction. Such changes in lysosome property (pH, 

size) may then inhibit fusion between lysosomes and endocytic vesicles. As a result, 

upstream vesicles such as late endosome and autophagosomes are forced to fuse 

together to form ALBs. Further investigation will be needed before a definite conclusion 

could be draw on whether ALB is a new type of vesicle. This is because ALB could still 

possibly be derived from other vesicles of similar size, including amphisome, 

multivehicle bodies (MVB), and autophagic vacuoles. Those vesicles have been reported 

to be generated from fusion of autophagosomes with endosomes [197], but we have not 

observed autophagosome incorporation into ALB. Instead, our data suggests membrane 

initiation and nucleation complexes might not be needed for LC3 incorporation into the 

membrane of ALB. Such direct recruitment of LC3 is similar to other non-canonical 

autophagic pathways such as LC3-associated phagocytosis (LAP) and enosis [198, 199]. 

This similarity has led to our investigation of autophagy activation mechanisms.  

Canonical autophagy activation has been reported in transfection by polymeric 

nanoparticles, liposomes, and calcium phosphate precipitates (CPPs) [53, 173, 200], our 

data obtained from pharmacological manipulation of the canonical, mTOR-dependent 

autophagy, as well as genetic modification of key autophagy regulator suggested that 

although canonical autophagy pathway is activated during electrotransfection, it is 

likely responding to cellular stress, and is not directly responsible for the processing of 
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pDNA. In contrast, the evidences collected from this study strongly support the 

involvement of non-canonical autophagy activation in transfection. In fact, NDSs have 

been shown to cause mTOR-independent autophagy activation by disrupting glycose 

hemostatus [201, 202]. Interestingly, there is currently an on-going debate on whether 

NDSs are activators [203-205] or inhibitors of autophagy flux [206, 207], our data on p62 

degradation seems to agree with the later. It is possible that while short-term NDS 

treatment activate non-canonical autophagy, long-term treatment with NDS can lead to 

suppression of lysosomal function, which reduces degradation via autophagy pathway. 

In regard to the cause of non-canonical activation and LC3 recruitment onto ALB, we 

tend to agree with the theory that LC3 is recruited onto large endocytic vesicles that are 

osmotically-unbalanced [208]. Two possible mechanisms could lead to ALB formation. 

In the case of electrotransfection induced ALB formation, the electric field triggered 

endocytosis of external materials may lead to osmotic imbalance in these endosomes. On 

the other hand, it is reported that NDS-induced osmotic swelling is limited to mature 

lysosomes, not endosomes [167]. This means in the case of NDS-induced ALB formation, 

the materials carried by endosomes can still be transported towards nucleus. However, 

lysosomal swelling limits the movement of lysosomes, preventing the fusion of 

lysosome with endosomes. As a result, under the influence of NDS, the blockage of 

endosomal trafficking may lead to ALB formation and LC3 lipidation.  
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Arguably, our findings on canonical and non-canonical autophagy differ from a 

previous study that claims no alteration of autophagy by electrotransfection [55]. We 

would like to herein point out that the different observations may be attributed to our 

different experiment designs. We checked at autophagy activation between 0 to 60 

minutes post transfection, while the above-mentioned study looked at autophagy at a 

much later time point (7 hours post transfection). Given the dynamic behavior of the 

autophagy system, transient stimulation by electric fields may only trigger temporary 

activation of autophagy that can only last for a few hours.  

Notably, our data indicated a positive correlation between ALB and 

electrotransfection by demonstrating (a) electrotransfection results in low ALB 

formation, (b) NDS treatment enhanced ALB formation and transfection efficiency, and 

(c) treatments that reduces ALB formation lead to decrease in transfection efficiency. 

These results make ALB an attractive target for future development of transfection 

methods. Here, we are proposing two mechanisms that may explain the positive roles 

played by ALB. First, LC3-coated vesicles have been reported to be utilized by 

pathogens as shelters to escape degradation. Similarly, our study also shows ALBs are 

like non-degradative vesicles, which means they could help materials stay longer in the 

cell. Second, ALBs might be intermediate vesicles in the transport routes of 

electrotransfected materials. Their peri-nuclear location indicates those vesicles maybe 
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involved in trafficking of endosomal cargos towards nucleus, which means ALBs may 

help genetic materials such pDNA or cas9 get closer to where they need to be. In another 

recent study [44], we reported the inhibition of endocytic transport led to decrease in 

efficiency but did not specify which vesicles are involved. In this regard, this study 

advances our understanding of intracellular trafficking by implicating that ALB could be 

one of the transporting carriers. Although we have some evidences to support the first 

and second mechanisms, further investigation is required to full elucidate the exact 

functions of ALB in electrotransfection. 

Chapter 6. Applications of NDS in gene delivery and 
genome editing 

6.1 Introduction 

In the previous two chapters, we have developed the TREAT technique based on 

NDS mediated inhibition of degradation pathways and demonstrated TREAT could 

improve the transfection efficiency of plasmid DNA in multiple cell lines. These results 

provide exciting opportunities for non-viral gene delivery, but the impact of them are 

limited because we only tested the expression of the GFP reporter gene. It is possible 

that the delivery and function of other genes will be affected differently than GFP. To 

further test the adaptability of TREAT strategy, we took the knowledge gained from 

previous studies, and applied them to projects of higher clinic impact. For example, 

faster and cheaper production of CAR-T cells is highly demanded in the hospitals. To 
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create CAR-T, genes encoding the chimeric antigen receptors (CAR) need to be delivered 

into T cells and incorporated into the genome of the cell [209, 210]. For this purpose, 

researchers had utilized the Sleeping Beauty (SB) transposon system, which is a flexible 

non-viral gene delivery method. The SB transposon system is comprised of two parts: 

the sleeping beauty (SB) transposase, and the integration cassette containing target gene 

to be incorporated [211, 212]. The SB transposase can be delivered into cells in forms of 

plasmid DNA, or mRNA. The integration cassette can be delivered as plasmid DNA. 

Once the enzyme is expressed in the cell, it is capable of recognizing the cassette 

sequence, and integrating the transposon into host genome. In our experiments, we 

tested whether TREAT could be used to enhance the integration via SB transposon 

system.  

Another application of great clinical significance is to edit T-cell receptors (TCRs) 

using CRISPR/Cas9 system. TCRs are cell surface receptors that can help T cells 

recognize specific antigens presented on cancer cells. Unlike CAR-T cells that could only 

target surface expressed molecules, T-cells carrying cancer specific TCRs are capable of 

targeting both blood and solid tumor [213]. In order to create transgenic TCR cells using 

gene editing, one critical step is required. The endogenous TCRs need to be removed 

from the cell, because endogenous TCRs will either compete with transduced TCRs to 

bind CD3 [214], or form mismatched dimers with transduced TCRs [215], both which 
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will diminish the effectiveness of transgenic TCRs. Many methods have been developed 

to avoid the competition and mispairing from endogenous TCRs. The most recent 

progresses in CRISPR has made the system a great tool to specifically knockout 

endogenous TCR [216, 217]. With the proper design of guide RNA, Cas9 proteins 

delivered into T cells could recognize the specific sequences of endogenous TCRs, and 

create strain breaks on the sequence, which would result in gene knockdown via 

frameshift. In addition, researchers have made progresses to replace the endogenous 

TCRs by exogenous TCRs using CRISPR/Cas9 [218]. In this chapter, we also tested 

whether TREAT could be used to enhance CRISPR-mediated editing of TCR.     

6.2 Materials and methods 

6.2.1 Cell lines and cell culture 

The cells and culture conditions used in this study were the following: HEK293, a 

human embryonic kidney cell line, was obtained from Duke University Cell Culture 

Facility (CCF) and cultured as previously described. Primary proliferate T cells isolated 

from human PBMCs were ordered from ZenBio (RTP, North Carolina). In brief, 

adherent cells were grown as monolayers, and non-adherent cells were grown as 

suspension culture in proper media supplemented with 10% feta bovine serum 

(Hyclone, Logan, UT) and Antibiotic-Antimycotic (Invitrogen), at 37°C in a humidified 

incubator with 5% CO2 and passaged every 36-48 hours. T cells were cultured in AIM 
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V™ Medium (antibiotics included in media) with 5% GemCell Human Serum AB 

(Geimini Bio-products, Catalog #100-512) and 200 U/ml Human IL-2 IS (premium grade, 

Miltenyi Biotec, Catalog#130-097-745). Dynabeads™ Human T-Activator CD3/CD28 was 

used for T cell expansion and activation.  

6.2.2 Plasmids and oligonucleotides 

Expression plasmids for sleeping beauty transposon system, including 

pCMV(CAT)T7-SB100 (#34879) and pSBbiGP (#60511) were obtained from Addgene. 

Plasmids for CRIPSR/Cas9 editing of TRAC including pAP368, a plasmid to express 

TRAC gRNA-1 and EGFP reporter gene, and pAP370, a plasmid to express SpCas9 were 

courtesy of Dr. Charles Gersbach at the Department of Biomedical Engineering at Duke 

University. The sequence for TRAC gRNAs are: AGAGTCTCTCAGCTGGTACA 

(gRNA-1) and TGTGCTAGACATGAGGTCTA (gRNA-2). The PCR primers used in 

sequencing of TRAC are TTGCTGGGGTTTTGAAGAAG (Forward) and 

GGTTTTGGTGGCAATGGATA (Reverse) 

6.2.3 Chemical reagents 

All chemicals were purchased from Sigma. 

6.2.4 Cas9 RNP assembly and transfection 

Purified recombinant Cas9 protein, crRNA, and tracrRNA were purchased from 

IDT. To form RNP, equal amount of crRNA and tracrRNA solution were mixed and 
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annealed at 37 °C for 30 min to form gRNA. Recombinant Cas9 was then mixed with the 

gRNA using a gRNA to Cas9 molar ratio of 2:1. The mixture was incubated at 37 °C for 

15 min to form RNP complex. Fresh RNPs were then added to cell suspension at a final 

concentration of xx M and immediately used in electrotransfection.    

6.2.5 Electrotransfection protocol 

For electrotransfection experiments, cells were split one day prior to experiment 

and grown overnight to 75–90% confluency. Before electrotransfection, adherent cells 

were detached by 0.25% trypsin-EDTA (Invitrogen) treatment, neutralized with medium 

containing 10% serum, then harvested by centrifugation. Cell pellets were then re-

suspended in either OptiMEM I Reduced Serum Media (Invitrogen, Carlsbad, CA) or 

house made electroporation buffers at a concentration of 107 cells/ml. Unless otherwise 

mentioned, standard electrotransfection protocol was used. Basically, samples were 

mixed with transfection reagents at desired concentration, then loaded into disposable 4-

mm gap aluminum cuvettes (Bio-Rad, Hercules, CA) and incubated shortly before 

receiving an electric pulse sequence with 6 pulses at 450 V/cm, 5 ms duration, and 1 Hz 

frequency. The pulses were generated by using BTX ECM 830 Square Wave 

Electroporation System (Harvard Apparatus). After electrotransfection, samples were 

incubated in their incubator at 37°C for 10 min. Then, the cells were retrieved and 
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seeded in fresh culture medium in 6- or 12-well plates. Transfection efficiency was 

evaluated at designated time after electrotransfection.  

6.2.6 Measurement of CRISPR/Cas9 editing efficiency via sequencing 

Genomic DNA was extracted 72h after electro-transfection by E.Z.N.A. Tissue 

DNA Kit (Omega Bio-Tek) using the manufacturer’s protocol. For each gDNA sample, 

100 μg of gDNA was amplified in 50μL PCR reactions using iProof™ High-Fidelity 

DNA Polymerase (Bio-Rad), and purified with E.Z.N.A.® Cycle Pure Kit (Omega Bio-

Tek). The purified PCR product were submitted to Genewiz for Sanager sequencing. The 

sequencing result were analyzed by TIDE (Tracking of Indels by Decomposition) to 

determine genome editing efficiency.  

6.2.7 Flow cytometry 

Flow cytometry analysis was performed as previously described. In brief, cells 

were collected and resuspended in 200–300 μl PBS, then stained with propidium iodide 

(PI) (5 μg/ ml). Flow cytometry analysis was performed with a BD FACSCanto II flow 

cytometer (Becton Dickinson, Franklin Lakes, NJ). 488 nm and 633 nm lasers were 

chosen for simultaneous fluorescence detection of GFP and PI. Single cell populations 

were separated using front and side light scattering as independent variables. 

Compensation was set between 20 and 25% to resolve emission spectra overlap between 

the two detection channels. To access the eTE, 10,000 events were collected for each 
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sample. Raw data acquisition was performed with the BD FACSDiva software. Data 

analysis was performed using FlowJo. eTE in this assay was defined as the percentage of 

PI-/GFP+ population over total viable (PI-) cells.  

6.2.8 Statistical analysis 

Error bars in all figures represent the standard error of the mean. Differences 

between unpaired groups were evaluated with the Mann-Whitney U test. They were 

considered to be statistically significant if P < 0.05. The statistical analysis was performed 

using Prism Graphpad. 

6.3 Results 

6.3.1 Effects of NDS on RNA delivery 

One of the unique advantages of electrotransfection is its ability to deliver 

different types of macromolecules simultaneously. Due to high immunogenicity and 

cytotoxicity of naked DNA, genome editing by non-DNA molecules are much preferred 

in the clinics [219, 220]. Therefore, we extended our scope to study TREAT-based 

delivery of other genetic materials such as RNA and proteins in more clinically relevant 

applications. To determine whether our method could enhance mRNA transfection, we 

delivered IVT mRNA of GFP into HCT116 cells using TREAT technique and tested the 

efficiency by flow analysis. As shown in Figure 19a, mRNA was successfully delivered 

into cells in both control and TREAT groups. It is worth noting that the absolute 



 

151 

efficiency for mRNA transfection is usually very high (> 90%). As a result, the relative 

transfection efficiency of NDS group was slightly higher than that of control group (94% 

vs 92%). However, the expression level of GFP was increased by almost 50% in NDS 

treated group. Similarly, we achieved improvement of mRNA transfection in HEK cells 

(Figure 20a). These results suggest that even though mRNA molecules enter cells easier 

than DNA due to the smaller size and do not need to enter the nucleus for transgene 

expression, our treatment could still improve mRNA efficiency, possibly by protection 

the mRNA molecules from degradation. Interestingly, when we compared the effects of 

NDS treatment on knockdown efficiency using siRNA to knockdown Rab7 in HEK293 

cells, the results (Figure 20b) showed that TREAT had no significant effect on siRNA-

mediated knockdown of the Rab7. Considering the fact that siRNAs are usually 20-25 

bases long, which is much shorter comparing to plasmid DNAs that is 5000-base-pair 

long, our result indicates that smaller molecules may enter cell via non-endocytic 

pathways that are not affected by NDS treatment. 

6.3.2 TREAT increased gene integration via sleeping beauty 
transposon system 

The Sleeping Beauty (SB) transposon system is an attractive non-viral gene 

delivery system capable of sustained transgene expression in mammalian cells [221]. 

Compared to viral vectors, SB system is easy to manufacture and transport, which is 

important for large-scale clinical applications. Therefore, it has been actively studied in 
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several therapeutic uses such as generation of CAR-T cells [222]. To test whether TREAT 

technology can improve transfection efficiency of SB system, we used a SB system 

containing two plasmids: a plasmid to express sleeping beauty transposase, and a 

plasmid carrying the EGFP sequence cassette for insertion. After transfecting HEK293 

with this system, we first checked the EGFP expression at 72 hours. The results (Figure 

19b) showed that TREAT resulted in over 300% increase in green fluorescent protein 

expression comparing to control. Since the expression at 72 hours could come from both 

integrated and non-integrated EGFP genes, we checked the EGFP expression again 7 

days after electrotransfection. At this time point, the signals from non-integrated EGFP 

had disappeared, but we were still able to detect over 200% higher integration of the 

EGFP genes in the NDS treated group. These data provide solid evidence to support our 

hypothesis that NDS could enhance plasmid-based gene integration through Sleeping 

Beauty transposon system.  

6.3.3 TREAT increased CRISPR/Cas9 genome editing  

CRISPR/Cas9 is currently the most powerful gene editing system that offers great 

precision and flexibility. To explore whether our delivery method could be adapted to 

improve CRISPR/Cas9 mediated gene editing. We performed a series of experiments to 

deliver different forms of Cas9 and sgRNA into several cell lines. First, we tested 

whether TREAT can enhance plasmid-based gene editing by CRISPR/Cas9. The chosen 
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target gene is T cell receptor alpha constant (TRAC), which is an important gene-editing 

target for immunotherapy of cancer [148]. We first delivered plasmids encoding 

Streptococcus pyogenes Cas9 (spCas9) and single guide RNA (sgRNA) into the model 

HEK293 cells using TREAT technique. 72 hours after transfection, cells were analyzed 

for gene editing efficiency. The results from sequencing showed that TREAT resulted in 

significant increase in editing at the desired genomic loci (Figure 19c). These results 

demonstrate that it is possible to improve gene editing with the plasmid based CRISPR 

system.  

Next, we investigated whether our strategy could be further extended to enhance 

CRISPR-mediated gene editing in a more clinically relevant setting. Knockout of T cell 

receptor is one of the most desired applications of CRISPR/Cas9 system. Due to the high 

toxicity of plasmid DNA to T cells [223], CRISPR/Cas9 system is commonly 

implemented in the forms of either Cas9 mRNA plus gRNA, or the Cas9 protein/gRNA 

complex known as RNA ribonucleoprotein (RNP). To test whether TREAT can enhance 

RNA-based gene editing through CRISPR/Cas9, we transfected primary human T cells 

using recombinant Cas9 protein and two different guide RNA for editing the TRAC. 

Mutation detection from sequencing (Fig.19d and e) revealed that TREAT increased 

Indel mutation frequency by 27% when using gRNA #1. To confirm this result, we also 

transfected human primary T cells using guide RNA #2, and analyzed the editing 
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efficiency by deep sequencing. The results (Fig.20c-d) showed that TREAT successfully 

improved RNP-based gene editing of TRAC by 17%. Taken together, these data 

demonstrate TREAT can be used to effectively increase CRISPR genome editing of 

primary T cells.    
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Figure 19. Application of NDS in gene delivery and genome editing. (a) Effects 

of NDS treatment on electrotransfection of mRNA. HCT116 cell pretreated with or 

without NDS (100 mM sucrose, 24 hours) were electrotransfected with mRNA of 

pEGFP. After 24 hours, the overall percentage efficiency (eTE), average expression 

(geometric mean, G.M.), and viability of samples were determined by flow cytometry. 

Right panel, histogram showing the GFP fluorescence in control and NDS treated 

groups. Histograms are representative of at least three independent experiments. (b) 

Effects of NDS treatment on plasmid-based Sleeping Beauty (SB) transposon 

integration. HEK293 cell pretreated with or without NDS (100 mM sucrose, 24 hours) 

were electrotransfected with plasmid-based SB system to express SB transposase and 

the GFP carrying cassette for insertion. After electrotransfection, the efficiency was 

determined at indicated time by flow cytometry. (c) Effects of NDS treatment on 

plasmid-based CRISPR genome editing. HEK293 cell pretreated with or without NDS 

(100 mM sucrose, 24 hours) were electrotransfected with plasmid-based CRISPR 

system to express cas9 and gRNA targeting TRAC. 3 days after electrotransfection, the 

genome editing efficiency was determined by sequencing. (d) Effects of NDS 

treatment on RNP-based CRISPR genome editing. Primary human T cells pretreated 

with or without NDS (100 mM sucrose, 24 hours) were electrotransfected with RNP 

CRISPR system to target TRAC. 6 days after electrotransfection, the genome editing 

efficiency was determined by sequencing. Representative data from at least three 

independent experiments are shown, (e) Representative analysis results from ICE 

analysis confirming editing in primary human T cells. Bars, SEM; n = 4-10; Mann-

Whitey test, * P < 0.05, ** P<0.01, ns, not significant. 
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Figure 20. Effects of NDS treatment on mRNA and siRNA transfection (a) 

Effects of NDS treatment on electrotransfection of mRNA. HEK293 cell pretreated 

with or without NDS (100 mM sucrose, 24 hours) were electrotransfected with mRNA 

of pEGFP. After 24 hours, the overall percentage efficiency (eTE), average expression 

(geometric mean, G.M.), and viability of samples were determined by flow cytometry. 

(b) Representative western blot showing the effects of NDS on siRNA mediated 

knockdown efficiency. HEK293 cells were treated with NDS (100 mM sucrose, 24 h), 

then electrotransfected with control siRNA (Ctrl) or siRNA targeting Rab7. After 24 

hours, cells were lysed and subjected to western blot for Rab7 level determination. (c) 

Effects of NDS treatment on RNP-based CRISPR genome editing. Primary human T 

cells pretreated with or without NDS (100 mM sucrose, 24 hours) were 

electrotransfected with RNP CRISPR system to target TRAC. 6 days after 

electrotransfection, the genome editing efficiency was determined by sequencing. 

Representative data from at least three independent experiments are shown, (d) 

Representative analysis results from deep sequencing analysis confirming editing in 

primary human T cells. Bars, SEM; n = 3; Student’s T test, * P < 0.05 

6.4 Discussion 

In this chapter, we further investigated whether TREAT could be applied to 

enhance the transfection of different materials. These materials include messenger RNA, 

sleeping beauty (SB) transposon-based multi-component gene delivery system, as well 

as ribonucleotide-protein (RNP) based-CRISPR/Cas9 editing. Our results demonstrated 

that TREAT could be used to enhance the efficiency of all the systems mentioned above. 

Although TREAT technique was initially developed for gene delivery of plasmid 

DNA, our success in improving transfection efficiency of other materials indicates that 

these materials are likely subjected to the same pathways during electrotransfection. In 

the case of mRNA, which is commonly considered to be easy to transfect and express 

with high efficiency. TREAT technique increased the average expression by almost 100% 
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in two cell lines we tested, which was very similar to the improvement we achieved in 

pDNA electrotransfection. The high percentage efficiency in control group should be the 

result of several factors. First, the size of mRNA (~1,000 bases, single strand) is smaller 

than plasmid DNA (~5,000 base pairs, double strand), which means the molar 

concentration of mRNA would be close to 10 times higher than pDNA when using same 

w.v. dose. Second, due to the smaller sizes, mRNA might be able to enter the cell via 

both transient pores and active transport, resulting in a higher percentage of cells 

transfected. Third, since mRNA is translated directly in the cytosol, electrotransfection of 

mRNA will not encounter the barrier of nuclear membrane, which could contribute to 

the increased percentage efficiency. This result suggests that just like pDNA, mRNAs are 

also transported in endosomes and degraded in lysosomes. Since mRNA does not need 

to be in the nucleus for expression, our results also suggest the main target of NDS 

treatment should be the degradation of molecules, not the nuclear entry of 

electrotransfected molecules. Otherwise, we would have observed little improvement 

for molecules that do not need to enter the nucleus.  

When we attempted to transfect siRNA using TREAT technique, we observed no 

change in the transfection efficiency. One explanation for this result is that siRNAs are 

significantly smaller than pDNA (20 bases vs 5,000 base pairs). Therefore, the majority 

siRNA molecules would enter the cell via transient pores opened by electric pulses. In 
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this case, these siRNA molecules are diffused throughout cytoplasm. Since they are not 

transported by vesicles, NDS treatment would have no effect on siRNA. On the other 

hand, although the intracellular transport of electrotransfected proteins such as Cas9 or 

TALEN has not been thoroughly studied before, the results from our tests show that 

NDS could also increase RNP mediated CRISPR. Based on this evidence, we believe 

endosomal trafficking and lysosomal degradation are important factors that determine 

the fate of Cas9 proteins.    

Another insight from our study comes from the delivery of multiple 

components. In the case of SB transposon, which contains a plasmid for SB100X 

transposase, and a plasmid carrying the GFP insert. We observed over 300% higher 

expression of GFP in the NDS treated group 72 hours after electrotransfection. However, 

the signal at 72 hours consists both signals from transient expression of non-integrated 

GFP gene and permanent expression of GFP genes that had been integrated into the host 

genome. When we checked the cells again at seven days post transfection, the signals 

from transient expression had died out. Interestingly, we only observed 100% increase in 

the integrated GFP expression. This result indicates a non-linear correlation between 

plasmid expression and integration, which means the transposase-mediated 

recombination process is the real bottleneck. Similarly, we were able to get 25%-50% 

increase in the cutting efficiency, while the NDS treatment might have increased the 
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availability of RNP by more than 100%. This means the cutting efficiency of Cas9/gRNA 

is likely the rate-limiting step. Future efforts to further improve the editing efficiency 

should be focusing on overcoming these bottlenecks.  

Chapter 7. Future works 

7.1 Systematic investigation of intracellular transport and NDS-
related signaling in electrotransfection 

This work has provided new insights into both the intracellular transport during 

electrotransfection and the bioactivity of NDS. Although we have discovered some 

mechanisms regarding these two subjects, much is left unknown. Future efforts should 

be devoted to further understanding the components and signaling pathways involved 

in these processes. For example, we have shown that electrotransfected pDNA was 

delivered into lysosomes for degradation, but we still do not know what controls the 

transport of pDNA-containing endosomes and their fusion with lysosomes. To study the 

components or signaling pathways that regulates these processes, siRNA- or 

CRISPR/Cas9-based comprehensive loss-of-function screening could be conducted. Two 

interesting targets for such study will be the SNARE complex and homotypic fusion and 

vacuole protein sorting (HOPS) complex, both of which are known regulators of vesicle 

tethering and fusion in the endocytic pathway. On the other hand, we showed that NDS 

could inhibit lysosomal degradation and block vesicle trafficking, but we were not able 
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to tell whether these two events occur in tandem or in parallel. Ideally, the next stage of 

mechanistic study will answer these questions through better experiment designs. 

7.2 Optimization of TREAT technology for genetic medicine 

In this study, we have successfully demonstrated that TREAT technology can be 

used to improve the efficiency of both SB-mediated gene integration and CRISPR/Cas9-

mediated gene knockout. However, more work is needed to develop TREAT-based 

methodologies for the production of genetic medicine. For example, we only tested one 

treatment condition (100 mM NDS, 24 h) in HEK293 cells and achieved up to 100% 

increase in SB-mediated GFP gene integration. To further extend this work, we will have 

to optimize the dose and time of NDS treatment using primary human T cells, which 

could then serve as the target cells for SB-mediated integration of CAR genes. After that, 

the killing efficiency of CAR-T cells created from TREAT technique must be tested both 

in vitro and in vivo. Meanwhile, marker-based phenotype testing has to be done to make 

sure that NDS treatment will not impede the normal biological functions of T cells. In 

regard to CRISPR/Cas9-mediated genome editing, we demonstrated that NDS treatment 

(100 mM, 24 h) could increase the editing efficiency of RNP by up to 50%. The next step 

is to further optimize the treatment and RNP dose for maximum editing efficiency. In 

addition, it would also be interesting to see whether the editing efficiency of mRNA 

based CRISPR/Cas9 system could be increased by TREAT to the same degree. A more 
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challenging project would be to test the effects of TREAT on CRISPR/Cas9 mediated 

gene insertion using homology directed repair (HDR). Interestingly, HDR uses single or 

double stranded DNA as the templates of break repair. Since we have showed TREAT 

could significantly increase pDNA-based gene delivery, it is possible that TREAT could 

also remarkably increase the efficiency of HDR by improve the availability of HDR 

templates.         

7.3 Nuclear entry mechanism of electrotransfected materials 

So far, we have conducted studies on the cellular entry and intracellular 

transport of electrotransfected pDNA molecules. These studies addressed two of the 

three major cell-level barriers to gene delivery. In the case of both pDNA-based gene 

delivery and CRISPR/Cas9-based genome editing, the genetic materials have to enter the 

cell nucleus to perform their function. Therefore, it is important to study and understand 

how electrotransfected molecules are transported across the nuclear envelop, which is 

another major barrier to gene delivery. The first step would be to understand the 

transition between endocytic transport and nuclear transport. For materials like pDNA, 

which are carried in endosomes, it is believed that these molecules would eventually 

escape from their vesicles via a process known as endosomal escape. Although the 

mechanism of endosomal escape has been well studied in chemical vectors [224-226], the 

exact role of endosomal escape in electrotransfection is still unknown. Previously, we 
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used a chemical method to disrupt endosomes and shown that the timing for endosomal 

escape is critical for electrotransfection [44]. Based on our finding, it would be necessary 

to understand the biological regulators of this process. The second step to study nuclear 

entry is to look for transporting routes of exogenous materials into the nucleus. In 

general, materials enter nucleus through small openings on the nuclear envelop known 

as the nuclear pores. However, whether materials like pDNA would utilize the same 

pathway is under debate. It has been proposed that pDNA can bind to transcriptional 

factors, which will then bind to importins for nuclear entry [104], but no direct 

observation of the interaction between these components has been reported. Using fast 

speed spinning disk confocal microscope and super-resolution imaging technique, we 

have established protocols to study the interactions between electrotransfected materials 

and cellular proteins in real time live cells. These protocols can be easily adapted to 

study different pathways and components regarding the nuclear entry of exogenous 

materials. The results from such study could provide new directions of enhancing 

electrotransfection by biologically controlling the nuclear transport of materials. 

Chapter 8. Conclusions 

In this dissertation, the mechanistic study of biological pathways involved in 

electrotransfection was presented. The contributions of this dissertation is threefold. 

First, it investigates the cellular entry mechanism of electrotransfected plasmid DNA 
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using molecular biology tool, and revealed a new pathway by which materials are taken 

up through macropinocytosis. Second, it proceeds by analyzing the intracellular 

transport routes of electrotransfected plasmid DNA, and identified the lysosomal 

degradation as one of the main rate-limiting steps that determine transfection efficiency. 

Third, it provides a new strategy to improve electrotransfection via redirecting the 

endocytic and autophagic pathways, and demonstrates the success of this strategy in 

applications that could have huge impact on human health.  

Results from Chapter 3 demonstrated that macropinocytosis of DNA molecules 

contributed to electrotransfection of various cell lines, and that the process of 

macropinocytosis was partly modulated by Rac1 activity. Specifically, we observed that 

electric pulse could induce cell membrane ruffling and actin cytoskeleton remodeling. 

When cells were pulsed in the presence of fluorescently labeled pDNA and a 

macropinocytosis marker, dextran, electrotransfected pDNA co-localized with dextran 

in intracellular vesicles. Furthermore, electrotransfection efficiency evaluated by 

luciferase assay was decreased significantly by reducing temperature for a short period 

(10 min) after electric pulse application, treating cells with a pharmacological inhibitor of 

Rac1, or expressing a dominant negative mutant of Rac1. Meanwhile, expression of a 

constitutive active mutant of Rac1 increased the electrotransfection efficiency. These 

findings suggested that electrotransfection of pDNA could be mediated by Rac1-
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dependent macropinocytosis. In conclusion, the significance of our study was two-fold. 

First, the study provided new perspectives on electrotransfection mechanisms. Second, it 

demonstrated the first evidence showing the involvement of Rac1-regulated actin 

remodeling and macropinocytosis in electrotransfection. The finding that cytoskeletal 

changes could contribute to the uptake of pDNA was of importance in controlling the 

efficiency of electrotransfection. A better understanding in the relationship between 

cytoskeleton dynamics and intracellular trafficking of genes will also benefit other viral 

and non-viral gene delivery methods. 

In Chapters 4, 5 and 6, the intracellular transport mechanism of 

electrotransfected materials was studied. We also presented the development of a novel 

biological strategy named TREAT (transfection by redirection of endocytic and autophagic 

traffic), which utilizes non-degradable sugar molecules to block degradative pathways 

inside the cell, allowing genetically active materials delivered by electric field to have 

longer half-life. Using this method, we achieved up to 500% increase in plasmid DNA 

transfection efficiency in multiple cell lines, including difficult-to-transfect cells and 

primary cells. Our method can reduce the requirement of pDNA by 80% and reduce the 

voltage requirement by at least 20%. Based on the same strategy, we also demonstrated 

that TREAT could be used to deliver other materials, such as mRNA and RNP with 

improved efficiency comparing to current electrotransfection methods. Moreover, we 
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also demonstrated TREAT is capable for highly effective CRISPR/Cas9-based genome 

editing, including mutagenesis and homology directed repair. To our knowledge, this is 

the first successful strategy to enhance electrotransfection based on biological 

mechanism. Comparing to existing ways of improving electrotransfection, TREAT is 

specific, cost effective, and easy to implement. It is especially suitable for delivery of 

multi-component gene editing systems, as the protection of each components could 

synergistically enhance gene editing efficiency. Taken together, through the works 

presented herein, we proved that investigation of the underlying mechanisms of 

electrotransfection could lead to successful strategy to improve efficiency and reduce 

cell loss. The findings in this dissertation also deepen our understanding of how cells 

process exogenous materials. In the future, we expect our study to have broad impact on 

various applications of gene delivery and genome engineering.  
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