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Abstract

Extracellular vesicles (EVs) hold immense promise for utilization as biotherapeutics and drug 

delivery vehicles due to their nature as biological nanoparticles that facilitate intercellular 

molecular transport. Specifically, EVs have been identified as natural carriers of nucleic acids, 

sparking interest in their use for gene therapy and RNA interference applications. So far, small 

RNAs (siRNA and miRNA) have been successfully loaded into EVs for a variety of delivery 

applications, but the potential use of EVs for DNA delivery has scarcely been explored. Here, we 

report that exogenous linear DNA can be associated with EVs via electroporation in quantities 

sufficient to yield an average of hundreds of DNA molecules per vesicle. We determined that 

loading efficiency and capacity of DNA in EVs is dependent on DNA size, with linear DNA 

molecules less than 1000 bp in length being more efficiently associated with EVs compared to 

larger linear DNAs and plasmid DNAs using this approach. We further showed that EV size is also 

determinant with regard to DNA loading, as larger microvesicles encapsulated more linear and 

plasmid DNA than smaller, exosome-like EVs. Additionally, we confirmed the ability of EVs to 

transfer foreign DNA loaded via electroporation into recipient cells, although functional gene 

delivery was not observed. These results establish critical parameters that inform the potential use 

of EVs for gene therapy and, in agreement with other recent results, suggest that substantial 

barriers must be overcome to establish EVs as broadly applicable DNA delivery vehicles.
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INTRODUCTION

Extracellular vesicles (EVs) are natural nanoscopic particles produced by most cells that 

hold immense promise for utilization as drug carriers in personalized medicine, as they can 

theoretically be procured from a patient’s own cells thus limiting potential 

immunogenicity.1–4 EVs comprise a heterogeneous population of phospholipid-based 

particles that are produced via multiple mechanisms and are difficult to completely separate 

using conventional methods. EV subsets include exosomes (typically 30–120 nm), which are 

formed inside multivesicular endosomes and released to the extracellular environment upon 

fusion with the plasma membrane; as well as microvesicles (typically 50–1000 nm), which 

are produced by the outward budding and fission of membrane vesicles from the cell 

surface.5–7 EVs are thought to play a significant role in intercellular communication, 

especially via horizontal transfer of various nucleic acids between cells, including 

microRNAs and long noncoding RNAs (lncRNAs).8,9 The discovery of RNA in EVs8 led to 

studies examining their therapeutic potential for exogenous RNA delivery, with promising 

initial results10,11 that have spawned heightened interest in the field. Specifically, a seminal 

study by Wood and colleagues showed that exosomes could be loaded with siRNA via 

electroporation, resulting in knockdown of a target protein in mice.10 However, other groups 

have reported an inability to load EVs efficiently with small RNAs via electroporation,11,12 

potentially due to electric field-induced molecular aggregation,12 and alternative methods 

such as producer–cell transfection have been employed.11,13,14 Transfection-based 

approaches offer potential advantages in loading efficiency and molecular stability compared 

to electroporation. Yet, as elegantly explained by Kooijmans et al.,12 transfection-based 

approaches are limited by toxicity and safety concerns associated with the potential for 

transfection reagents to alter producer cell gene expression, which could in turn result in 

undesirable changes in EV cargo and bioactivity. Cell transfection efficiency is also 

inherently variable and is thus unlikely to produce EVs with consistent levels of a desired 

therapeutic molecule. Further, sequence-specific variation inherent in cell transfection would 

likely mandate process reformulation for each potential therapeutic cargo. However, 

electroporation has long been associated with functional nucleic acid transfer and 

intracellular delivery,15–18 and there are potential avenues to reduce nucleic acid aggregation 
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during EV loading, such as by lipid complexation.19 Ultimately, the issue of how to most 

effectively load EVs with therapeutic nucleic acids has not been settled, and further 

explorations of the potential methods are needed.20

In addition to RNA, DNAs have also been detected in EVs by several groups.21–24 Yet, to 

date there have been few reported attempts to harness EVs for exogenous DNA delivery. 

Contag and colleagues recently reported that plasmid DNA incorporated into EVs via a 

transfection-based approach could be transferred to recipient cells by both exosomes and 

microvesicles, with only the microvesicle-associated DNA resulting in functional protein 

expression.14 However, nontransfection-based methods for DNA loading into EVs have not 

been reported, and the biological parameters and therapeutic potential of EVs for DNA 

delivery remain almost completely undefined. Given that the promise of gene therapy25,26 

continues to be hampered by a lack of appropriate delivery systems, further exploration of 

the potential of EVs for this purpose is warranted.

In this study, we demonstrate that nucleic acids larger than siRNA or miRNA can be loaded 

into EVs via electroporation at quantities of, on average, hundreds of molecules per vesicle. 

Also, we establish that loading efficiency of DNAs using electroporation is dependent on 

both DNA size and EV size. We further show that EVs loaded via electroporation can 

transfer exogenous DNA to recipient cells, but functional gene transfer was not observed. 

Overall, these results identify biological parameters that inform future consideration of EV-

based gene therapy approaches and highlight that a diversity of methods must be explored to 

broaden and enhance the therapeutic potential of EVs.

MATERIALS AND METHODS

Cell Culture

EVs were isolated from a variety of cell types in these studies. HEK293T cells (obtained 

from American Type Culture Collection (ATCC)) were cultured in DMEM High Glucose 

with sodium pyruvate (110 mg/mL), L-glutamine (6 mM), penicillin/streptomycin (100 units/

mL), and 10% FBS. Human umbilical vein endothelial cells (HUVEC; Promocell) and 

retrovirally telomerized HUVEC (HRVT; a kind gift of Dr. Antonino Passaniti) were 

cultured in EGM-2 media (Lonza). Human mesenchymal stem cells (hMSC; Lonza) were 

cultured in DMEM high glucose supplemented with L-glutamine (4 mM), penicillin/

streptomycin (100 units/mL), nonessential amino acids (0.1 mM), and 10% FBS. All media 

were filter sterilized and depleted of serum-derived EVs prior to use by centrifuging 

complete media at 100,000g for 16 h at 4 °C.

EV Isolation

To isolate EVs, ~2 × 106 cells were seeded into T150 flasks and allowed to incubate for 24 h 

or until ~50% confluent. Media was then aspirated, cells were washed once with 20 mL of 

prewarmed 1× PBS, and 35 mL of prewarmed EV-depleted media were added to the flask. 

Cells were incubated until ~90% confluent, media was collected, and differential 

centrifugation was employed to isolate EVs. Media were initially centrifuged at 300g for 10 

min to remove cellular debris. Supernatant was then carefully transferred into new tubes and 
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two subsequent centrifugation steps were carried out at 2000g for 20 min and 10,000g for 30 

min, respectively, to remove larger sized vesicles. Finally, supernatant was centrifuged for 2 

h at 100,000g to pellet EVs using Optiseal tubes (Beckman Coulter) and a T70i 

ultracentrifuge rotor (Beckman Coulter). After discarding the supernatant, the EV pellet was 

resuspended into 1 mL of 1× PBS, an additional 29 mL of cold 1× PBS was added to same 

tube and 70 min of ultracentrifugation was carried out at 100,000g to remove residual media 

components from EVs. In the last step, EVs were resuspended into 1 mL of 1× PBS and 

placed at −80 °C for long-term storage. All centrifugation steps were carried out at 4 °C.

EV Characterization

The concentration and size of vesicles were measured by Nanotracking Analysis (NTA) 

using a NanoSight LM10 (Malvern). EVs were diluted 40× in 1× PBS prior to measurement. 

NTA measures EV size and concentration based on light scattering and Brownian motion of 

colloids in liquid suspension, using the Stokes–Einstein equation to calculate hydrodynamic 

diameter.

RNA was isolated from EVs by addition of 700 µL of QIAzol reagent (Qiagen) directly into 

Optiseal tubes prior to resuspending the EV pellet. RNA was then purified using the 

miRNeasy mini kit (Qiagen #217004) according to the manufacturer’s instructions. The 

amount of RNA was quantified using a nanospectrophotometer, and RNA integrity was 

assessed by running samples in 15% TBE-Urea gels.

Total protein present in EV samples was determined using the BCA assay (Pierce #23225). 

To assess specific protein content via immunoblotting, EVs were mixed with 2× protein 

sample buffer [125 mM Tris×HCl pH 6.8, 4% (wt/vol) SDS, 20% (v/v) glycerol, 100 mM 

DTT, 0.01% bromophenol blue] and were heated at 90 °C for 5 min. Samples were 

immediately quenched on ice and were loaded onto 10% Mini-PROTEAN TGX gels (Bio-

Rad). Protein was transferred onto nitrocellulose membranes using a Trans-Blot Turbo 

apparatus (Bio-Rad 170-4270), and standard immunoblotting techniques were employed. 

Alix and GAPDH antibodies were purchased from Cell Signaling. Odyssey blocking buffer 

from LI-COR (catalog # 927-40000) was used for blocking. Primary and secondary 

antibodies were diluted 1000–10,000-fold in 0.5× blocking buffer. Final gel images were 

obtained by scanning with a LI-COR Odyssey CLX.

DNA Loading into EVs by Electroporation

HEK293T derived EVs were mixed with dsDNA in electroporation buffer (1.15 mM 

potassium phosphate, pH = 7.2, 25 mM potassium chloride, 21% Optiprep; as described 

previously10,27). Electroporation was carried out using Gene Pulser/Micropulser Cuvettes 

(Bio-Rad #165-2089) in a GenePulser Xcell electroporator (Bio-Rad). Subsequently, all 

samples were filtered through Nanosep centrifugal devices with Omega membranes (300 

kDa MWCO; Pall #OD300C33) to remove free DNA and buffer components.28,29 Unless 

otherwise indicated, 10 µg of EVs, corresponding to ~3 × 108 EVs as measured by NTA, 

were mixed with 5 µg of dsDNA in a final volume of 50 µL electroporation buffer (note that 

10 µg refers to total protein content as measured by BCA assay). Electroporation was carried 

out at 400 V and 125 µF with two pulses. Electroporated samples were transferred into 0.5 
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mL tubes, and 1 mM EDTA was added to alleviate nucleic acid aggregation based on the 

results of Kooijmans et al.12 Comparison of the effect of EDTA addition before and after 

electroporation revealed similar efficiency in reduction of DNA aggregation. Samples were 

then incubated at room temperature for 15 min and subsequently transferred into Nanosep 

tubes and centrifuged at 5000g at 4 °C for 5 min to remove buffer and unincorporated 

dsDNA. To remove excess unbound dsDNA, samples were digested in the same tube by 

adding DNase I enzyme (1.5 Kunitz units/µL, Qiagen #79254) and incubating for 20 min. 

DNase I activity was confirmed by digesting an equivalent amount of loaded DNA in 

solution. After digestion, DNase I was inactivated by adding EDTA to a final concentration 

of 20 mM. Five hundread microliters of 1× TE was then added, and the solution was again 

centrifuged at 5000g at 4 °C for 5 min to remove digested DNA, inactivated enzyme, and 

other buffer components. This washing step was repeated two more times (total of three 

washes). Finally, EVs were resuspended in 100 µL of 1× TE by pipetting up and down 

several times. DNA quantification was performed using Quant-it PicoGreen Assay kit (Life 

Technologies, catalog #P7589) following the manufacturer’s protocol. Known quantities of 

DNA were labeled in the same fashion to establish a standard curve for quantification. The 

number of DNA molecules (copy number) was calculated using an average molecular 

weight value for 250 bp dsDNA and the amount of 250 bp DNA associated with EVs after 

electroporation.

EV-Associated DNA Transfer to Cells

S. cerevisiae dsDNA encoding the tRNA Ser(CGA) gene, including 300 nucleotides 

upstream and downstream sequences (750 bp total), was amplified by PCR using S. 
cerevisiae total DNA as a template. Ten micrograms of purified DNA was mixed with 10 µg 

of EVs, and electroporation was carried out as described. After electroporation, samples 

were filtered, digested with DNase I, and resuspended with 500 µL of EV-depleted media for 

HEK293T cells. DNA-loaded EVs were then exposed to HEK293Ts in culture at ~50% 

confluency in 6 well plates. After 24 h, cells were washed 3× with PBS and lysed, and PCR 

amplification was carried out using cellular DNA as a template. Primers that specifically 

recognize the S. cerevisiae tRNA Ser(CGA) gene were used for amplification and amplified 

PCR products were run on agarose gels.

Statistical Analysis

Parametric statistical tests (one-way analysis of variance (ANOVA), 2-sample t test) were 

used as appropriate, and statistical significance level is indicated for each figure where it was 

calculated.

RESULTS AND DISCUSSION

Selection of EV Producing Cells for DNA Delivery

Numerous cell types have been employed for potential generation of EVs for drug delivery 

applications.10,11,14,27,30–36 36 It was hypothesized that EVs with minimal intrinsic 

biological cargo might be best suited for therapeutic delivery applications in that nonspecific 

molecular delivery would be minimized in such EVs. Since the primary biological cargo of 

EVs has been identified to be protein and RNAs,4,20 total protein and RNA contents of EVs 
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from several common cell sources, including HEK293T cells, HUVEC, HRVT, and hMSC, 

were analyzed.

EV isolation was initially verified via NTA. A representative profile of HEK293T EVs is 

shown in Figure 1A; mean EV diameter for these EVs was assessed to be 85 ± 41 nm. No 

significant differences in EV size distribution were observed for any of the other cells used 

for EV production (mean EV diameters: HUVEC 96 ± 55 nm; HRVT 124 ± 86 nm; hMSC 

93 ± 50 nm). Further validation was demonstrated by visualization of enrichment of Alix, a 

marker associated with the exosomal subset of EVs,3,37 via immunoblot in HEK293T EVs 

(Figures 1B,C). Equal amounts of EVs from four different cell lines (HUVEC, hMSC, 

HRVT, and HEK293T) were used to analyze protein and RNA content. SDS-PAGE analysis 

of EV protein did not reveal any significant differences among HEK293T, MSC, and 

HUVEC; however, HRVT EVs showed a broad distribution of proteins (Figures 1D,F), 

indicating that the immortalization process involved in HRVT creation from HUVEC38 

imparts changes in cellular protein content that are retained in EVs. This same trend was 

evident in total EV RNA (Figures 1E,G), leading to the conclusion that HRVTs are not ideal 

generators of EVs for therapeutic applications. Interestingly, RNA analysis also revealed that 

HEK293T-derived EVs contain low levels of RNA compared to other cell types assessed 

(Figures 1E,G), suggesting that these EVs may be suitable for loading of exogenous cargo 

for therapeutic delivery with reduced potential for nonspecific intrinsic cargo delivery. 

Therefore, HEK293T-derived EVs were used exclusively for additional experiments in this 

study.

Assessment of Electroporation for Short Linear DNA Loading into EVs

Although small nucleic acids such as siRNAs have been successfully loaded into EVs via 

electroporation,10 DNA loading into EVs has so far been limited primarily to transfection-

based approaches.14 To determine if electroporation could be adapted for loading of EVs 

with DNA, a 250 bp dsDNA from the VA1 gene (adenovirus virus associated gene 1) was 

prepared by PCR amplification from a pVA1 plasmid, based on the hypothesis that short 

linear DNAs are most likely to be efficiently loaded into EVs by electroporation based on 

prior success of this technique with loading 20–25 bp siRNA. Indeed, DNA associated with 

HEK293T-derived EVs was significantly increased by electroporation (Figure 2A). 

Exposure to DNase I revealed that a majority of DNA associated with EVs during 

electroporation was not protected from degradation; however, the remaining DNA still 

constituted an amount, on average, of hundreds of copies per EV (Figure 2B).

Notably, electroporation of 250 bp linear dsDNA alone did induce a small positive signal as 

measured by PicoGreen assay, similar to the phenomenon noted for electroporation of 

siRNA.12 However, in this case, DNA association with EVs still appeared to be significant 

compared to this background signal (Figure 2A). Additionally, electroporation induced only 

a slight change in average size of EVs (Figure S1), indicating that potential vesicle 

aggregation was minimized.39 It is also notable that the average number of DNA molecules 

per vesicle is significantly higher than what would be expected based on purely diffusion-

mediated molecular distribution and loading. This could indicate specific interactions, likely 

electrostatically driven,40 between DNA and lipids (or proteins) that facilitate more efficient 
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association with EVs. This concept is similar to the previously characterized effect of 

electrophoretic DNA transfer into cells during electroporation41,42 and is reinforced by the 

higher association of DNA with the external layer of EVs than with the internal 

compartment (Figure 2A).

Examination of Electroporation Parameters

Efficiency of loading is a critical parameter in determining efficacy as well as commercial 

viability of drug delivery systems. Thus, DNA loading amount and electroporation 

parameters were modulated in an attempt to increase DNA incorporation into EVs. Upon 

increasing the initial DNA quantity for loading, a saturation effect was observed, and 

maximal loading efficiency was achieved at approximately 2.5 µg of 250 bp linear dsDNA 

(Figure 3A). This result is significant in that it demonstrated a ~2-fold increase in efficiency 

over the initial method, which utilized a starting amount of 5 µg of this DNA. However, 

overall DNA loading efficiency in order to achieve maximal DNA loading in these 

experiments was limited to ~2% (~50 ng of DNA incorporated into EVs/ ~2500 ng of DNA 

required to achieve maximum loading × 100%). In all experiments, measurements were 

corrected for background signal generated by DNA alone.

Electroporation parameters were also examined to see if DNA loading could be improved. 

Decreasing pulse number from the initial procedure of 2 down to 1 pulse did lead to a 

decrease in DNA incorporation into EVs (Figure 3B). However, increasing the pulses above 

2 did not result in any significant increase in DNA incorporation (Figure 3B). Modulation of 

electroporation voltage (up to 500 V) and pulse type (exponential vs square-wave) did not 

affect DNA loading. As before, all measurements were corrected for background signal 

generated by DNA alone at each appropriate concentration.

Effect of DNA Size on DNA Loading into EVs

Since increasing lengths of DNA have increased associated volumes, it was hypothesized 

that loading of DNA molecules into EVs might be size dependent. To test this hypothesis, 

linear dsDNA fragments of 250 bp, 500 bp, 750 bp, 1000 bp, 1500 bp, and 4000 bp in length 

were prepared via PCR amplification and incorporation into EVs following electroporation 

was assessed. Strikingly, a significant decrease in DNA incorporation was observed between 

the 750 bp DNA and the 1000 bp DNA (Figure 4). All DNAs above 750 bp tested exhibited 

very low levels of DNA incorporation, suggesting a size limitation cutoff in the range of 

750–1000 bp (Figure 4). This size limitation was also apparent for plasmid DNA molecules 

ranging in size from ~4.5 to ~10 kb (Figure 5). Plasmid DNA exhibited similar 

responsiveness to changes in initial loading amount and electroporation pulses as linear 

DNA. However, overall, plasmid DNA was incorporated into EVs at very low efficiency 

(<0.2%).

The apparent size limitation for DNA loading observed in this study could be caused by a 

number of factors. Pore size restrictions could prevent larger molecules from entering the 

luminal space of EVs with the same efficiency as smaller DNAs. Additionally, diffusion 

limitations associated with larger molecules could reduce their efficiency of migration 

through transient pores generated by electroporation, decreasing overall loading compared to 
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smaller molecules. These findings are not without precedent, as when electroporation is 

carried out to load DNA plasmids into bacteria, transformation efficiency decreases with 

increasing plasmid size.43,44

Effect of EV Size on DNA Loading into EVs

A recent report by Kanada et al. highlighted the distinctions between different EV subsets 

with regard to their potential for DNA delivery, showing that one EV subset, microvesicles 

(MVs), could enable functional transfer of DNA to cells, while another EV subset, 

exosomes, could not.14 To examine whether MVs might have greater potential for 

electroporation-mediated DNA loading and delivery, MVs were isolated from the 10,000g 
centrifugation supernatant during EV purification (Figure 6A) and were electroporated using 

identical conditions as reported for EVs. Upon normalization to the total number of vesicles, 

the DNA loading capacity of MVs was observed to be ~3-fold that of EVs for linear 250 bp 

DNA and ~4-fold that of EVs for ~6 kb plasmid DNA (Figure 6B).

While it is difficult to accurately project the theoretical maximum DNA loading into EVs 

due to the presence of intrinsic biological cargo, these data could indicate that the diffusion-

driven DNA migration into electroporated EVs has reached saturation, and thus only larger 

areas can result in enhanced DNA loading via this method. Given that MVs are plasma 

membrane-derived vesicles while exosome-like EVs originate from multivesicular bodies 

inside cells,4 it is also possible that the MVs have different lipid compositions or responses 

to electroporation that result in enhanced permeability to DNAs compared to EVs. It should 

be noted that the population of isolated EVs is thought to contain both exosomes and 

microvesicles, as these subsets cannot be completely separated using standard methods. In 

any case, these data are generally supportive of the findings of Kanada et al.14 and suggest 

that MVs may hold enhanced potential for DNA delivery compared to smaller, exosome-like 

EVs.

EV-Mediated DNA Transfer to Cells

The capacity of electroporation-loaded EVs to transfer DNA to recipient cells was assessed 

to provide insight into the ultimate potential of EVs as DNA delivery vehicles. HEK293T-

derived EVs were loaded with a 750 bp linear dsDNA of the S. cerevisiae tRNA Ser(CGA) 

gene via electroporation and treated with DNase I. After washing and filter sterilization, the 

DNA-loaded EVs incubated with cultured HEK293T cells at ~50% confluency in EV-

depleted media for 24 h. After this time, cells were washed extensively to remove any 

unincorporated EVs, and DNA was harvested from cells using standard molecular biology 

methods. The 750 bp S. cerevisiae DNA, which is not normally present in HEK293T cells, 

was detected by PCR analysis in cells exposed to EVs loaded with this DNA, but not in cells 

exposed to unloaded EVs alone (Figure 7), indicating that EVs can transfer DNA to recipient 

cells

Potential transfer of plasmid DNA to recipient cells was also assessed using the same 

experimental set up. However, no PCR product was observed following incubation of pT-

GFP-loaded EVs with HEK293T cells. Expectedly, GFP protein expression was 

undetectable by immunoblot in these cells, while cells that were transfected with the same 
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plasmid via lipofectamine 3000 showed GFP expression by Western blotting (Figure S2). 

Increasing the amount of EVs exposed to cells did not result in any measurable DNA 

transfer or protein expression in recipient HEK293Ts, nor did use of MVs. Thus, functional 

DNA transfer was not achieved in these studies, reflecting the findings of others12,14 and 

highlighting current limitations of this method for gene delivery.

In total, these data support several conclusions. DNA can be encapsulated into EVs via 

electroporation, and this encapsulation is dependent on DNA size. Linear DNA 

incorporation into EVs via electroporation is much more efficient than plasmid DNA 

incorporation, but overall efficiency of DNA encapsulation is low. Additionally, MVs are 

able to incorporate higher amounts of DNA via electroporation than exosome-like EVs. 

Finally, while electroporation can be employed to successfully deliver DNA to cells, 

functional protein expression following DNA transfer was not observed in these studies.

Although this work does not directly address the controversy in the field about 

electroporation-mediated loading of siRNAs and miRNAs into EVs, some observations may 

be relevant to this issue. These results share some similarities with findings of inefficient 

siRNA incorporation into EVs via electroporation;12 however, in this case it appears that 

electroporation-induced aggregation of DNA is less than that of siRNA, and thus, 

encapsulation of some useful amount of DNA into EVs using this method is still possible. 

Additionally, these data suggest that small RNAs are of the appropriate size to be effectively 

loaded using this method. However, the reduced stability of RNA compared to DNA may 

result in relatively higher aggregation and degradation of these molecules and thus 

ineffective loading. Overall, these data support the conclusions of others12 that 

electroporation as currently applied has limited utility for nucleic acid loading into EVs.

The therapeutic potential of EVs for gene therapy has recently been broadened,14 and there 

is significant potential benefit in avoiding transfection-based approaches to incorporating 

DNA constructs into EVs. However, these studies suggest that loading of EVs with DNA via 

electroporation is unlikely to have widespread utility for gene delivery applications unless 

efficiency and capacity can be greatly improved. While not as broadly applicable as plasmid 

DNA for gene therapy, linear DNA delivery, for which EVs loaded by electroporation could 

be used, has therapeutic potential. PCR-generated linear DNA fragments, similar to those 

used in this study, can be used as antiviral vaccines45 and as producers of antiviral miRNA 

shuttles.46 Additionally, further development of microlinear vectors for gene delivery47 may 

allow enhanced utility of electroporation-mediated DNA loading of EVs for therapeutic 

applications in the future.

CONCLUSIONS

In conclusion, these results emphasize the need for continued exploration of EV loading 

approaches in order to enhance the utility of EVs as drug delivery vehicles. These data 

establish the concept that EVs loaded with DNA using a nontransfection-based method can 

transfer that DNA to a recipient cell and also define parameters of biological cargo that 

impact EV encapsulation efficiency. Additionally, these data support the concept that 

different subsets of EVs have different potentials for DNA delivery, with microvesicles 
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emerging as a promising vehicle for further exploration. However, overall this study 

highlights the critical nature of further discovery of fundamental biological properties that 

dictate the therapeutic functionality of engineered EVs for drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of EVs isolated from HEK293T and other cell lines. (A) Isolated EVs were 

characterized by NTA. A representative profile of HEK293T EVs is shown; mean particle 

diameter was found to be ~85 nm. (B) Representative coomassie blue stained SDS-PAGE 

gel of cellular and EV protein fractions from HEK293T cells. (C) Immunoblots for Alix, an 

exosomal marker, and GAPDH, a cellular marker, in the cellular and EV protein fractions 

from HEK293T cells. (D) SDS-PAGE of protein isolated from EVs from the following cells: 

Human Embryonic Kidney 293T (HEK293T); human Mesenchymal Stem Cells (hMSC); 

retrovirally telomerized human umbilical vein endothelial cells (HRVT); human umbilical 

vein endothelial cells (HUVEC). (E) TBE-Urea gel analysis of EV RNA content from 
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HEK293T, hMSC, HRVT, and HUVEC. (F) Relative EV protein level and (G) relative EV 

RNA level in different cell types. Each panel is representative of at least three independent 

experiments. *P < 0.05 compared to all other groups (one-way ANOVA).
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Figure 2. 
DNA loading into EVs by electroporation. (A) HEK293T-derived EVs were loaded with 250 

bp dsDNA via electroporation. DNA amounts as detected by PicoGreen assay after extensive 

washing as described in Methods are shown for the following groups (bars from left to 

right): (1) EVs electroporated in the presence of DNA and subsequently treated with DNase 

I; (2) EVs electroporated in the presence of DNA and not treated with DNase I; (3) DNA 

electroporated without EVs present (and not treated with DNase I); (4) EVs incubated, but 

not electroporated, in the presence of DNA and subsequently treated with DNase I; and (5) 

EVs incubated, but not electroporated, in the presence of DNA and not treated with DNase I. 

n = 3 for all groups. #P < 0.01 for 1 compared to both 3 and 4. (B) The number of DNA 

copies per vesicle was calculated on an average basis from bulk data using an estimated 

weight associated with a 250 bp dsDNA sequence.
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Figure 3. 
Evaluation of DNA loading efficiency into EVs via electroporation. (A) HEK293T-derived 

EVs were electroporated in the presence of various initial amounts of 250 bp linear dsDNA 

(DNA Loaded) and DNA incorporated into EVs was assessed by PicoGreen assay. All data 

were normalized to background signal generated by electroporated DNA only at each 

loading amount. (B) Similarly, HEK293T-derived EVs were electroporated in the presence 

of 5 µg of this DNA, and the number of pulses was varied as indicated. DNA incorporated 

into EVs was assessed by PicoGreen assay. For both panels, n = 3.
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Figure 4. 
Linear DNA loading into EVs by electroporation is size limited. HEK293T-derived EVs 

were electroporated in the presence of linear dsDNAs of the indicated sizes, and DNA 

loading was assessed after DNase I digestion via the PicoGreen assay. For all groups, n = 3, 

and all data were normalized to background signal generated by electroporated DNA only 

for each size. #P < 0.01 for each group compared to 1000 bp, 1500 bp, and 4000 bp groups.
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Figure 5. 
Plasmid DNA loading into EVs by electroporation is less efficient than linear DNA loading. 

HEK293T-derived EVs were electroporated in the presence of the indicated plasmid DNAs, 

and DNA loading was assessed after DNase I digestion via the PicoGreen assay. For all 

groups, n = 3. #P < 0.01 for each group compared to linear VA1.
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Figure 6. 
DNA loading by electroporation varies across EV subsets. (A) EV and MV populations were 

characterized by NTA; mean diameters are reported. Data are representative of at least 3 EV 

isolations. (B) Loading capacities of linear 250 bp DNA and ~6 kb plasmid DNA in EVs and 

MVs were compared normalizing for total number of vesicles in each population. In each 

case, 4 µg of DNA was electroporated with 10 µg of vesicles as described in Methods, and 

DNA was quantified after DNase I digestion via the PicoGreen assay. For all groups, n = 3.
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Figure 7. 
EVs can transfer DNA loaded by electroporation to recipient cells. HEK293T-derived EVs 

were loaded with a 750 bp linear dsDNA of the S. cerevisiae tRNA Ser(CGA) gene via 

electroporation, treated with DNase I, washed, and incubated with HEK293T cells at ~50% 

confluency in EV-depleted media for 24 h. Unloaded HEK293T-derived EVs (Blank EVs) 

media without exogenous EVs (No EVs) were also incubated with cells under the same 

conditions. The presence of the 750 bp DNA was probed for with specific primers by PCR 
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with putative amplicons run on an agarose gel. Data are representative of three independent 

experiments.
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