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Abstract

Extracellular vesicles (EVs), including exosomes and microvesicles, have emerged as promising 

drug delivery vehicles for small RNAs (siRNA and miRNA) due to their natural role in 

intercellular RNA transport. However, the application of EVs for therapeutic RNA delivery may be 

limited by loading approaches that can induce cargo aggregation or degradation. Here, we report 

the use of sonication as a means to actively load functional small RNAs into EVs. Conditions 

under which EVs could be loaded with small RNAs with minimal detectable aggregation were 

identified, and EVs loaded with therapeutic siRNA via sonication were observed to be taken up by 

recipient cells and capable of target mRNA knockdown leading to reduced protein expression. 

This system was ultimately applied to reduce expression of HER2, an oncogenic receptor tyrosine 

kinase that critically mediates breast cancer development and progression, and could be extended 

to other therapeutic targets. These results define important parameters informing the application of 

sonication as a small RNA loading method for EVs and demonstrate the potential utility of this 

approach for versatile cancer therapy.
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INTRODUCTION

Small RNAs such as small interfering RNA (siRNA) and microRNA (miRNA) have promise 

as anticancer therapeutics due to their ability to post-transcriptionally control oncogene 

expression levels 5, 14, 23. However, the inability of naked small RNAs to cross cell 

membranes and avoid degradation by extracellular nucleases as well as rapid filtration from 

the bloodstream requires protective delivery approaches for prospective small RNA 

therapeutics 6, 15, 27, 32, 35. Amongst many exciting developments in the field, lipid 

nanoparticle-based delivery of siRNA for RNA interference (RNAi) therapy has been 

successfully demonstrated in clinical trials 8, and additional approaches are currently under 

investigation 35. Yet, RNAi approaches are presently predominantly limited to the liver 

owing to the biodistribution of their delivery vehicles 35. Thus, new delivery approaches that 

offer the possibility of controllable biodistribution are needed to enable the full potential 

small RNA therapeutics.

One such approach involves the use of extracellular vesicles (EVs), which have emerged as 

promising potential delivery vehicles for therapeutic RNAs due to their status as natural 

carriers of small RNAs 31. EVs, including exosomes, microvesicles and other subtypes, are 

cell-derived nanovesicles that are produced by an abundance of different cell types 2, 16, 22. 

EV biodistribution can be controlled via peptide conjugation strategies 1, 9, 34 as well as 

through producer cell source selection 28, 34, and EVs have previously been loaded 

exogenously with various nucleic acids for genetic therapy approaches 1, 9, 11, 21, 25, 26. 

However, loading of functional small RNAs into EVs remains a limiting factor. 

Electroporation has been employed successfully as a loading method for small RNAs in 

some studies 1, 9 but not in others 26, and this technique can induce siRNA aggregation 19, 

which can limit siRNA functional efficacy. Therefore, alternative approaches for loading 

EVs with small RNAs for therapeutic applications are needed.

In this study, we explored the potential of sonication as a method for loading small RNAs in 

EVs. Sonication has previously been employed to generate nanoparticles for siRNA 

delivery 12, 20 and to load EVs with small molecules 18 and protein cargo 17, yet its utility as 

a small RNA loading technique for EVs is unknown. Parameters of sonication and its effects 

on EV and nucleic acid integrity as well as siRNA aggregation were assessed. Functionality 

and potency of EVs loaded with siRNA by sonication were also evaluated with regard to 

knockdown of the oncogene HER2, a therapeutic target that is overexpressed in numerous 

cancers leading to enhanced tumorigenesis and malignancy 3, 4, 24.

MATERIALS AND METHODS

EV Isolation and Characterization

EVs were isolated from two different cell lines, HEK293T and MCF-7, using differential 

centrifugation as described previously 21. Briefly, media that was previously depleted of EVs 

by ultracentrifugation was collected from cells grown in T150 flasks at ~90% confluency 

and centrifuged at 300 × g for 10min. Supernatant was then centrifuged at 2000 × g for 

20min, 10,000 × g for 30min, and 2h at 100,000 × g to pellet EVs using Optiseal tubes 

(Beckman Coulter) and a T70i ultracentrifuge rotor (Beckman Coulter). All centrifugation 

Lamichhane et al. Page 2

Cell Mol Bioeng. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



steps were carried out at 4ºC. Pelleted EVs were resuspended in 1X PBS and subsequently 

washed with PBS buffer using 300kDa MWCO filters and protein content was measured by 

BCA assay. EV size and concentration were assessed by nanoparticle tracking analysis 

(NTA) using a NanoSight LM10. Previously isolated EVs were diluted twenty-fold in 400μl 

of PBS before loading into the NanoSight analysis chamber and data were collected from 

three different fields of view per sample (1min each; at least 100 particle tracks) and 

analyzed by NTA2.1 software. All experiments were independently replicated two additional 

times (n=3).

EV identity was also assessed via immunoblotting using standard approaches. RIPA buffer 

was used for EV lysis and a 1:1 ratio of PBS to Odyssey Blocking Buffer reagent was 

employed as the blocking buffer. Antibodies were obtained from Cell Signaling 

Technologies unless indicated; primary antibodies anti-Alix (2171) and anti-TSG101 

(sc-7964; Santa Cruz Biotechnology) were used at a 1:500 dilution; anti-GAPDH (2118) 

was used at a 1:2000 dilution;. The secondary antibody was goat anti-rabbit IRDye 800CW 

(956579-01-4; LI-COR), used at a dilution of 1:10,000. Bands were detected with a LI-COR 

Odyssey CLX Imager and the data were quantified using its associated software.

Sonication Parameter Optimization and EV Loading

Loading of EVs with siRNA, miRNA or single stranded DNA (ssDNA) oligonucleotides 

was carried out in identical fashion. Parameter optimization experiments utilized the 

following molecules:

siRNA (sequence: 5′-GGUGCCAGUUCUCCAAGAUUdTdT-3′ (Dharmacon 

GE Life Sciences CTM-120916))

miRNA (sequence: 5′-CAA AGU GCU GUU CGU GCA GGU AG-3′ 
(Dharmacon GE Life Sciences CTM-197815))

ssDNA (sequence: 5′-TGCTAGCTATCTAGTAGCCTAGTTA-3′ (Integrated 

DNA Technologies))

For each experiment, 1000pmol of nucleic acids were incubated with 100μg of EVs in 100μl 

total volume a 1.5ml tube at room temperature for 30min followed by sonication in a water 

bath sonicator, (VWR® symphony™; cat# 97043-964, 2.8 L capacity, dimensions 24L × 

14W × 10D cm) at 35kHz for 30s unless otherwise indicated. Tubes were then placed on ice 

for 1min and sonicated again for the same time period as in the first sonication step. Nucleic 

acids were pre-labeled for detection by mixing 1000pmol of nucleic acids with 10μl dye 

reagent at room temperature for 5min according to manufacturer’s instructions for Quant-

iT™ PicoGreen Assay Kits (ThermoFisher Scientific, cat# P11496) or Quant-iT™ 

microRNA Assay Kits (ThermoFisher Scientific, cat# Q32882). The described ratio of 

nucleic acids to EVs was chosen based on preliminary experiments that established detection 

limits for labeled nucleic acids.

Nucleic acid loading was quantified using Quant-iT™ kits following extensive washing 

using a 300kDa MWCO filter to remove excess unincorporated nucleic acids as previously 

described 21. Experimental controls included sonicated siRNA only (no EVs) and siRNA 

mixed with EVs without sonication. Measured amounts of labeled nucleic acids were used 
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to create a standard curve in order to quantify EV-associated cargo. In the case of DNA oligo 

encapsulation, samples were digested with DNase I prior to extensive washing and 

inactivation as described in our previous work 21. However, this step was unable to be 

carried out for RNA encapsulation due to inability to successfully inactivate RNase A, 

potentially due to a high binding affinity of this enzyme to EV lipids.

Electroporation

Electroporation of EVs was carried out as previously described 21. Briefly, EVs were mixed 

with nucleic acids in electroporation buffer (1.15mM potassium phosphate, pH=7.2, 25mM 

potassium chloride, 21% Optiprep) and electroporation was carried out at 400V and 125μF 

with two pulses using Gene Pulser/Micropulser Cuvettes (Bio-Rad #165-2089) in a 

GenePulser Xcell electroporator (Bio-Rad). All samples were then filtered through Nanosep 

centrifugal devices with Omega membranes (300kDa MWCO; Pall #OD300C33) to remove 

free cargo and buffer components, transferred into 0.5ml tubes, and 1mM EDTA was added 

to alleviate nucleic acid aggregation based on the results of Kooijmans et al 19. Samples 

were then incubated at room temperature for 15min and transferred to Nanosep tubes for 

centrifugation at 5000 × g at 4°C for 5min to remove buffer and unincorporated cargo.

Nucleic Acid Aggregation

To assess aggregation of nucleic acid cargo induced by the loading process, equal amounts 

of PicoGreen-labeled ssDNA (5′-TGCTAGCTATCTAGTAGCCTAGTTA-3′) or siRNA (5′-

GGUGCCAGUUCUCCAAGAUUdTdT-3′) were subjected to sonication or electroporation 

under the conditions described above. Samples were transferred into 300kDa MWCO filters 

and washed with 1X PBS three times to remove any soluble, unincorporated nucleic acids 

from the filter, leaving aggregates of >300kDa within the filter. This remnant was then 

resuspended in 1X PBS and quantified using a SpectraMax Gemini plate reader with 

excitation wavelength = 480nm and emission wavelength = 520nm.

EV Uptake Analysis by Flow Cytometry

To assess EV uptake, HEK293T-derived EVs were labeled with the green fluorescent 

membrane dye PKH67 (Sigma-Aldrich). Briefly, EVs suspended in PBS were filtered using 

Nanosep 300K spin columns (Pall) at 8000 × g and resuspended in diluent C solution 

(Sigma-Aldrich). PKH67, diluted to 4μM in diluent C, and EVs (800μg/mL) were combined 

at 1:1 ratio for 5min with frequent mixing, followed by the addition of EV-depleted FBS at a 

1:2 ratio of FBS to PKH67-EV mixture for 1 min. Labeled EVs were filtered again using 

Nanosep 300K spin columns and resuspended in PBS. As a control, the same concentration 

of EVs was incubated in diluent C for 5min followed by EV-depleted FBS for 1min and 

filtered as described. Loading of Cy3-labeled siRNA in PKH67-labeled EVs was carried out 

as described under sonication method.

PKH67-labeled EVs (25μg) were then added to 100,000 HEK293T cells in a 12 well plate in 

1mL DMEM supplemented with 10% EV-depleted FBS for 22h at 37°C. Unlabeled EVs and 

siRNA alone were used as negative controls for PKH67 and Cy3 labeling, respectively. 

Unloaded PKH67-labeled EVs and transfected Cy3-labeled siRNA were used as positive 

controls. HEK293T cells incubated with Cy3-siRNA loaded PKH67-labeled EVs or 
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appropriate controls were collected from the wells using 500μL of 5mM EDTA for 2min and 

collected in 1.5mL centrifuge tubes. Cells were washed twice with FACS buffer (0.5% BSA 

in 1X PBS) at 200 × g for 2min each and resuspended in FACS buffer. The samples were run 

on a FACSCanto II Cell Analyzer (BD Biosciences) and analyzed by FlowJo Single Cell 

Analysis Software. Gating was done first on live cells in forward light scatter/side scatter. 

PKH67+ and Cy3+ populations were gated from the live cell population.

Gene Knockdown via siRNA-Loaded EVs

Functionality of loaded siRNA was assessed using siRNAs targeting GAPDH and HER2, 

respectively:

GAPDH: Dharmacon, ON-TARGETplus GAPDH Control siRNA, Catalog # 

D-001830-01-20

HER2: Cell Signaling, SignalSilence® HER2/ErbB2 siRNA II, Catalog #6283

GAPDH knockdown experiments were performed with EVs harvested from HEK293T cells, 

while HER2 knockdown experiments utilized MCF-7 derived EVs. The corresponding cell 

types were also used as the target cells in these experiments to avoid any potential cross-cell 

type uptake complications. EVs (100μg/ml) were added to cell cultures (12 well plates) at 

volumes appropriate to achieve the indicated final concentrations of siRNA based on the 

calculated loaded amounts. Negative controls for these experiments included untreated cells 

and cells incubated with EVs that were not loaded with siRNA at a concentration equivalent 

to that used to deliver the highest amount of siRNA (no significant difference), while siRNA 

transfection with the HiPerFect reagent (Qiagen) following the manufacturer’s 

recommended protocol was employed as a positive control. Scrambled siRNA (Sigma 

Aldrich, MISSION® siRNA Universal Negative Control #1; SIC001) at 20nM final 

concentration was also used as an additional control. At least three replicates were carried 

out for each experiment, and at least three independent experiments were performed for each 

study.

Using the iScript cDNA Synthesis Kit (Bio-Rad), cDNA was created from cellular RNA 

(isolated via Qiagen RNeasy Mini Kits). Quantitative PCR (ABI 7900 Fast HT) using 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) was used to detect RNA levels, 

with settings as recommended for the Supermix reagent. The real time PCR data were 

analyzed using the ΔΔCt method. Target genes GAPDH and HER2 were assessed using gene 

specific primers, with β-actin and p53 mRNAs selected as controls that were not expected to 

be affected by the siRNA treatment. The sequences of the primers used for this study are 

listed below:

GAPDH F: 5′-TGTTGCCATCAATGACCCCTT-3′

GAPDH R: 5′-CTCCACGACGTACTCAGCG-3′

p53 F: 5′-GTC CCA AGC AAT GGA TGA TTT GAT GC-3′

p53 R: 5′-GGC ATT CTG GGA GCT TCA TCT GG-3′

HER2 F: 5′-CAA CTG CAC CCA CTC CTG TGT GGA CC-3′
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HER2 R: 5′-CGC TTG ATG AGG ATC CCA AAG ACC ACC C-3′

β-actin F: 5′-CTG TGG CAT CCA CGA AAC TA-3′

β-actin R: 5′-CGC TCA GGA GGA GCA ATG-3′

Protein isolation and immunoblotting were carried out using standard methods as described 

previously; additional antibodies for these studies included anti-β-actin (8457) (1:2000 

dilution) and anti-HER2 (2165) (1:500 dilution). Densitometry was performed using LI-

COR Odyssey software.

Statistical Analysis

Parametric statistical tests (one-way analysis of variance (ANOVA) with Bonferroni post-

hoc test, 2-sample t-test) were used as appropriate and statistical significance level is 

indicated for each figure where it was calculated. Data were plotted as mean +/− standard 

deviation.

RESULTS

Effects of Sonication on EVs and Nucleic Acids

To assess the viability of sonication as a loading method for small nucleic acids into EVs, 

the impact of this process on each component of the potential end product was investigated. 

An immediate concern was the possibility for sonication to irreparably disrupt the integrity 

of lipid-based EVs, as sonication is often employed as a means to disrupt lipids or cell 

membranes. HEK293T-derived EVs were sonicated for varying times from 0–180s in the 

presence or absence of siRNA and EV size and number were quantified via NTA. The size 

distribution and total number of EVs in all experiments was similar, with essentially no 

difference in mean diameter or EV count over increasing sonication time up to 180s, 

suggesting minimal EV agglomeration (Figure 1A). Further, immunoblot analysis showed 

no degradation of exosomal protein markers 16 in the sonicated samples (Figure 1B).

The effects of sonication on the potential nucleic acid cargo of EVs were also tested, as the 

labile nature of these molecules might make them susceptible to degradation. Indeed, 

exposure to sonication for increasing times induced degradation of plasmid DNA as 

indicated on an agarose gel (Figure 2A), although minimal degradation was observed for a 

30s sonication time. Additionally, siRNA incorporation into HEK293T-derived EVs via 

sonication was found to decrease for times greater than 30s (Figure 2B), potentially 

indicative of siRNA degradation at longer times. Based on these results, further experiments 

were conducted with a 30s sonication time. In addition, potential sonication-induced nucleic 

acid aggregation was investigated based on prior reports of electroporation-induced siRNA 

aggregation 19. Large aggregates captured by a 300kDa MWCO filter were quantified as an 

indicator of overall aggregation following sonication of siRNA, and the amount of these 

aggregates was ~12 fold less than those induced by electroporation using previously 

optimized parameters 1, 11, 19, 21 (Figure 2C).
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Quantification of Cargo Loading and Function in Sonicated EVs

Upon validation of nucleic acid and EV integrity under sonication for 30s, levels of various 

small nucleic acid cargoes were loaded by sonication and quantified. Active loading via 

sonication enabled siRNA incorporation into HEK293T EVs at an average of 325% of the 

passive loading (control) level measured, while increased loading was also observed for 

miRNA (267% of control level) and ssDNA (225% of control level) (Figure 3). Next, 

cellular uptake of EVs loaded with siRNA was assessed to ensure that sonication did not 

negatively impact EV cargo delivery through potential disruption of surface proteins or 

lipids that might prevent intracellular cargo delivery. Cy3-labeled GAPDH siRNA was 

loaded into PKH67-labeled HEK293T EVs via sonication and, after removal of excess 

unincorporated siRNA, these EVs were incubated with HEK293T cells for 22h. Flow 

cytometry analysis revealed diminished uptake of labeled EVs associated with sonication 

(Figure 4; 84.86% for sonicated EVs with siRNA loaded vs. 95.03% for EVs without 

sonication or siRNA and 92.66% for EVs mixed with siRNA without sonication). However, 

siRNA uptake was significantly increased in cells exposed to EVs loaded with siRNA by 

sonication (Figure 4; 2.96% for sonicated EVs with siRNA loaded vs. 0.16% for EVs mixed 

with siRNA without sonication). Additionally, siRNA content in cells exposed to EVs 

loaded by sonication (2.96%) was higher than that in cells exposed to EVs loaded by 

electroporation using previously optimized parameters 1, 11, 19, 21 (0.16%) (Figure 4).

While cell uptake of siRNA may be enhanced by loading into EVs by sonication, overall 

cellular siRNA levels were low and the data collected do not indicate whether the siRNA is 

delivered to the cytoplasm, which is necessary for functional activity. Thus, functional 

evaluation of gene knockdown was assessed in HEK293T and MCF-7 cells. Initial proof-of-

concept experiments were performed in HEK293T cells. HEK293T-derived EVs loaded with 

siRNA targeted to GAPDH, a gene that codes for an ~37kDa enzyme involved in glycolysis, 

were exposed at different concentrations to HEK293T cells for 24h. Dose-dependent 

knockdown of GAPDH mRNA was observed for EVs loaded by siRNA via sonication, with 

levels as low as 33.3±7.6% of the gene expression levels observed in control cells achieved 

(Figure 5A). This result corresponded with induced downregulation of GAPDH protein 

expression to a 51.4±8.6% of control cell protein levels as assessed by immunoblot in cells 

exposed to a 20nM final siRNA concentration via HEK293T EVs (Figure 5B). EVs loaded 

with scrambled siRNA induced expression of GAPDH mRNA and protein levels that were 

>94% of the control cell expression levels, while GAPDH levels in cells treated with EVs 

without siRNA were indistinguishable from those in cells without any treatment.

Having validated the activity of EVs loaded with siRNA via sonication, further studies were 

conducted in the MCF-7 breast cancer cell line with siRNA targeted to oncogene HER2 to 

assess the potential of the overall approach on a therapeutically relevant target. EVs isolated 

from MCF-7 cells were used in these studies to avoid potential issues of cell uptake 

specificity with regard to EVs, which is not well characterized. MCF-7-derived EVs loaded 

with HER2-targeted siRNA by sonication were administered to MCF-7 cells at a 

concentration (100μg/ml) resulting in a final siRNA concentration of 20nM. HER2 mRNA 

knockdown to 59.2±12% of control levels was observed (Figure 6A), corresponding to 

downregulation of HER2 protein expression to 51.8±10.5% of control levels (Figure 6B). 
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EVs loaded with scrambled siRNA induced expression of HER2 mRNA and protein levels 

that were >94% of the control cell expression levels as determined by qPCR and 

immunoblot analysis, respectively. Thus, EVs loaded with siRNA via sonication 

demonstrated significant bioactivity suggesting potential therapeutic efficacy against a 

critical target oncogene.

DISCUSSION

Sonication has been identified as a potential loading method for the creation of therapeutic 

EVs 17, 18, however, the compatibility of this process with a crucial class of potential EV 

cargo, therapeutic nucleic acids and especially small RNAs, has not been previously defined. 

Here, we have demonstrated that sonication can increase the loading of a variety of small 

nucleic acids into EVs. We further showed that loaded EVs retain their integrity and ability 

to deliver small RNA cargo after sonication. Finally, these studies showed that EVs loaded 

with siRNA via sonication can mediate knockdown of target genes leading to cognate 

protein downregulation.

Overall, our data suggest that sonication may be a suitable alternative to electroporation for 

small nucleic acid loading in EVs. To be clear, the studies presented here did not attempt to 

optimize parameters for electroporation-mediated EV loading; such work has been reported 

by our group and others previously 1, 11, 19, 21. However, it was observed that less >300kDa 

siRNA aggregates were formed under sonication as compared to electroporation (Figure 

2C). Of course, this does not rule out the possibility of smaller aggregate formation by 

sonication, and a complete assessment of aggregation induced by these methods would 

require further study. Additionally, increased cell uptake of EV-associated siRNA was 

observed for sonicated EVs compared to electroporated EVs (Figure 4). Yet, overall delivery 

of labeled siRNA to cells via sonicated EVs was still very low (2.96%), especially given that 

cell uptake of labeled EVs was >80%. One potential explanation for this is degradation of 

siRNA associated with the EV surface. The levels of siRNA associated with EVs (Figure 3) 

correspond to several thousand copies per EV, however interior encapsulation of this amount 

of siRNA is unlikely based on the volume fraction of the interior compartments of EVs 

compared to the total solution volume for sonication. Thus, loading levels based purely on 

diffusion-mediated incorporation following sonication would be expected to be lower than 

those observed, and substantial amounts of siRNA may be associated with the EV surface. 

Any potential degradation would further limit loading efficiency, which is already limited 

based on the same volume fraction between EVs and total solution as well as the high 

siRNA:EV ratio needed to ensure labeled siRNA detection in these studies. Improving 

overall loading efficiency, such as by potentially reusing a loading solution for multiple 

batches of EVs, should be explored to promote scalability and practicality of this approach 

for future applications. Further, the ratio of siRNA:EV uptake must be improved to enable 

eventual clinical utility of this approach and should be a major focus of future work in this 

area.

In the context of the relatively low siRNA delivery measured by flow cytometry, the 

knockdown levels observed (Figures 6,7) are more encouraging. Functional knockdown of 

target genes by sonication-mediated siRNA-loaded EVs was observed to be specific, as 
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scrambled siRNA sequences delivered in the same manner induced minimal changes in 

target gene and protein expression. The high uptake of sonicated EVs overall (Figure 4) 

suggests that improved siRNA delivery and increased knockdown may be possible with 

continued development of this approach. Further, these data indicate that despite any 

potential limitations associated with cargo degradation, EVs loaded with siRNA via 

sonication have therapeutic potential.

The utility of siRNA-loaded EVs for HER2 knockdown has potential clinical relevance for 

cancer therapy. HER2 knockdown via siRNA is an established method of tumor cell growth 

inhibition, including in the MCF-7 breast cancer cells used in these studies 7, 13. Critically, 

siRNA can be successfully employed to reduce the growth rate of HER2 antibody 

(trastuzumab)-resistant cancer cells by 50–65% 33. In addition to siRNA, miRNAs are also 

potential vectors for HER2 silencing. For example, miR-331-3p has recently been shown to 

reduce proliferation and increase apoptosis in colorectal cancer cells via HER2 silencing 36. 

Small RNA loading into EVs via sonication enables increased options for delivery of both 

siRNA and miRNA against HER2 and other oncogenes, and thus may be useful in a variety 

of cancer therapeutic approaches.

Broadening the utility of EVs for small RNA delivery is crucial due to the overall potential 

of EVs as alternatives to current cancer therapeutic approaches. Several elegant approaches, 

including aptamer-based strategies and multiple nanoparticle formulations, have been 

employed towards therapeutic RNAi generally 8, 27, 32, 35 and for HER2 silencing 

specifically 29, 30. Yet, the vast majority of these approaches are ultimately synthetic in 

nature and face common obstacles as delivery vehicles to tumors, including induction of 

immune or inflammatory responses and toxicological limitations 10. The use of EVs as 

natural, cell-derived drug carriers, may avoid many of these limitations and has the 

additional potential of being integrated into a personalized medicine approach, where a 

patient’s own cells could be used to generate drug carriers for treatment of their disease 22. 

In this last case, the continued development of exogenous loading methods such as 

sonication will be critical in enabling widespread utility.

Overall, these studies validate sonication as a method for loading functional small RNAs 

into EVs for targeted oncogene knockdown. The proof-of-concept experiments conducted 

here are expected to be applicable to a wide variety of EVs, enabling potential selection of 

an optimized cell source towards control of EV biodistribution upon delivery 34. Further, 

these methods should allow for incorporation of many different small RNA cargos targeting 

numerous genes mediating cancer and other diseases.
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Figure 1. Impact of sonication on EV integrity
(A) HEK293T-derived EV size and concentration were assessed by NTA after the indicated 

sonication times in the presence or absence of siRNA for loading. Data are representative of 

3 independent trials (n=3); no statistical difference in mean diameter or vesicle number was 

calculated for any group using one-way ANOVA with Bonferroni post-hoc test (P>0.05). (B) 

Immunoblot analysis of exosomal markers Alix and TSG101 and cellular protein marker 

GAPDH was conducted on HEK293T EVs sonicated for the indicated times. Total = total 

cellular protein under control conditions (no sonication).
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Figure 2. Effect of sonication on nucleic acid integrity
(A) Plasmid DNA was sonicated for the indicated times and samples were analyzed by 

agarose gel electrophoresis (0.6% agarose). DNA was visualized by staining with syto-60 

dye. This gel is representative of 3 independent experiments. (B) PicoGreen dye-labeled 

siRNA was sonicated for the indicated times for loading into HEK293T-derived EVs and 

quantified (ex=480nm; em=520nm) after extensive washing with 1X PBS to remove 

unbound excess siRNA (*P<0.05 relative to 0s control by t-test; n=3). (C) In the absence of 

EVs, equal amounts of siRNA were subjected to electroporation (400V and 125μF with two 

pulses) or sonication (30s, 35kHz) and subsequently washed with 1X PBS using a 300kDa 

MWCO filter. siRNA remaining in the filter was quantified as aggregated siRNA. **P<0.01 

by t-test; n=3.
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Figure 3. Validation of active loading of small nucleic acids into EVs by sonication
Loading of siRNA, miRNA and ssDNA was assessed with or without sonication after 

extensive washing to remove unincorporated nucleic acids. In each experiment, the starting 

materials were 1000pmol of nucleic acids and 100μg of HEK293T-derived EVs. **P<0.01, 

*P<0.05 by t-test; n=3.
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Figure 4. Assessment of EV and siRNA uptake following sonication
To assess EV uptake, flow cytometry analysis of PKH67-labeled HEK293T-derived EVs and 

Cy3-labeled siRNA was conducted. PKH67+ and Cy3+ populations were gated from live 

cells, with the upper right quadrant indicative of cells containing both labeled EVs and 

labeled siRNA. The upper four panels show control conditions: cells incubated with 

unlabeled EVs alone (Unlabeled EVs), siRNA alone (siRNA), labeled EVs alone (EVs), or 

transfected with labeled siRNA (Transfected). The lower three panels represent cells 

incubated with EVs loaded with siRNA by different methods: passively by mixing (No 

Stimulation), sonication as described in Materials and Methods (Sonication), or 

electroporation as described in Materials and Methods (Electroporation).

Lamichhane et al. Page 16

Cell Mol Bioeng. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Functional evaluation of EVs loaded with GAPDH-targeted siRNA by sonication
HEK293T-derived EVs loaded with siRNA targeted to GAPDH were exposed to HEK293T 

cells at concentrations sufficient to create the indicated final concentrations of siRNA. (A) 

GAPDH mRNA levels were assessed by qPCR using p53 as a housekeeping control and 

quantified by the ΔΔCt method. (B) GAPDH protein levels were assessed by 

immunoblotting using β-actin as a housekeeping control. In both panels, the same GAPDH-

targeted siRNA (5nM final concentration) was transfected into cells using the HiPerFect 

reagent as a positive control. Also in both panels, EVs loaded by sonication with a 

scrambled siRNA sequence (Scr (ctrl)) were included (20nM final siRNA concentration) as 

a control. ***P<0.001, **P<0.01, *P<0.05 relative to 0nM siRNA control by one-way 

ANOVA with Bonferroni post-hoc test; n=3. (C) Representative immunoblot used to 

generate data in B. Scr siRNA and GAPDH siRNA were loaded into EVs by sonication, 

final concentration 20nM.
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Figure 6. Functional evaluation of EVs loaded with HER2-targeted siRNA by sonication
MCF-7-derived EVs loaded with siRNA targeted to HER2 were exposed to MCF-7 cells at 

concentrations sufficient to create a 20nM final concentration of siRNA. (A) HER2 mRNA 

levels were assessed by qPCR using p53 as a housekeeping control and quantified by the 

ΔΔCt method. (B) HER2 protein levels were assessed by immunoblotting using β-actin as a 

housekeeping control. In both panels, EVs loaded by sonication with a scrambled siRNA 

sequence (Scr (ctrl)) were included (20nM final siRNA concentration) as a control. 

**P<0.01, *P<0.05 by t-test; n=3. (C) Representative immunoblot used to generate data in 

B. Scr siRNA and HER2 siRNA were loaded into EVs by sonication, final concentration 

20nM.
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