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Abstract

Circulating tumor-derived extracellular vesicles (EVs) have emerged as a promising source for 

identifying cancer biomarkers for early cancer detection. However, the clinical utility of EVs has 

thus far been limited by the fact that most EV isolation methods are tedious, nonstandardized, and 

require bulky instrumentation such as ultracentrifugation (UC). Here, we report a size-based EV 

isolation tool called ExoTIC (exosome total isolation chip), which is simple, easy-to-use, modular, 

and facilitates high-yield and high-purity EV isolation from biofluids. ExoTIC achieves an EV 

yield ~4–1000-fold higher than that with UC, and EV-derived protein and microRNA levels are 

well-correlated between the two methods. Moreover, we demonstrate that ExoTIC is a modular 

platform that can sort a heterogeneous population of cancer cell line EVs based on size. Further, 

we utilize ExoTIC to isolate EVs from cancer patient clinical samples, including plasma, urine, 

and lavage, demonstrating the device’s broad applicability to cancers and other diseases. Finally, 

the ability of ExoTIC to efficiently isolate EVs from small sample volumes opens up avenues for 

preclinical studies in small animal tumor models and for point-of-care EV-based clinical testing 

from fingerprick quantities (10–100 μL) of blood.

Graphical Abstract
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Exosomes are nanometer-sized (30–180 nm) extracellular vesicles (EVs) that are actively 

shed from cells into body fluids.1–5 EVs that are released from tumor cells have recently 

received considerable attention,6,7 as they contain biomarkers such as tumor-specific 

proteins8,9 and nucleic acids (mRNA, microRNA, and DNA fragments) that are indicative of 

cancer stage and progression.5,6,10 Therefore, EVs in body fluids have emerged as a 

promising source of cancer biomarkers for diagnosis, prognostication, and treatment 

monitoring.7,11,12 However, the lack of technical standardized tools to consistently isolate 

high-yield and high-purity intact EVs poses a significant roadblock to their implementation 
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for reliable biomarker discovery. Currently, ultracentrifugation (UC)13,14 is the most 

commonly used EV isolation method in the research community, despite being labor 

intensive, time-consuming, and resulting in poor EV quality. Other methods for EV 

isolation, such as multistep filtration15,16 still require a bulky centrifuge or vacuum system 

and large sample volumes (30–100 mL), yet deliver poor yields. Immuno-magnetic bead-

based capture methods are expensive and rely heavily on specific antibodies,13,17,18 which 

vary from batch to batch and suffer from stability issues. Precipitation-based polyethylene 

glycol (PEG) methods are limited by small sample volumes and suffer from unacceptable 

purity10,19 for downstream analysis due to polymer contamination.19,20 Noncommercial 

microscale and nanoscale technologies sort EVs by size using acoustics, filtration, or by 

lateral displacement.21–26 However, these EV isolation methods are limited by the 

requirement of sophisticated fabrication technologies. Thus, a simple, inexpensive, and rapid 

EV isolation method that can process diverse biofluids is an essential but unmet need in 

many research and clinical settings.

To overcome these critical challenges, we have designed and implemented an EV isolation 

tool, the exosome total isolation chip (ExoTIC), which provides high-yield EVs for 

downstream analysis. We first demonstrate that ExoTIC can efficiently isolate intact EVs 

from culture media and healthy human plasma. We then show that ExoTIC is a highly 

modular tool that enables size-based EV sorting from heterogeneous EV populations. 

Further, we compare the microRNA and proteomic profiles from EVs isolated by ExoTIC 

and standard UC, demonstrating that results from our easy-to-use device are consistent with 

the labor-intensive UC method. Finally, we apply ExoTIC to EV isolation from clinical 

samples including plasma, urine, and lung bronchoalveolar lavage fluid. Our platform can 

process multiple types of complex biofluids and therefore has broad applicability to a whole 

host of cancers and other diseases.

RESULTS AND DISCUSSION

Working Principle of ExoTIC

ExoTIC was specifically designed to simplify EV isolation in the research and clinical point 

of care settings. ExoTIC uses a simple filtration approach in which EV-containing clinical 

samples, including culture media, plasma, and urine (Figure 1a), are passed through a 

nanoporous membrane to enrich and purify intact EVs in the 30–200 nm size range. Free 

nucleic acids, proteins, lipids, and other small fragments are flushed out (Figure 1b), and 

concentrated EVs are collected from the filter membrane using a standard pipet. The EVs 

are then characterized using nanoparticle tracking analysis (NTA) and transmission electron 

microscopy (TEM) for size, concentration, and morphology and then undergo downstream 

proteomic and transcriptomic analysis (Figure 1c). The detailed design and materials used 

for the ExoTIC device are shown in Figure S1. The fabrication process involves step-by-step 

assembly from laser-cut plastic layers, a polycarbonate track-etched nanoporous filter 

membrane, poly(ether sulfone) (PES) layer, and cellulose pad. The plastic housing is 

secured with metal screws and nuts, and a plastic ring-shaped gasket provides a leak-free 

seal (see Figure S2). The cellulose pad prevents deformation of the filter membrane under 

the pressures generated by the syringe pump. The workflow of isolating EVs from culture 
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media is shown in Figure 1d. A 10 mL sample solution, prefiltered with a 0.22 μm PES 

syringe filter, is introduced continuously into the ExoTIC device via a 10 mL syringe using a 

syringe pump (multichannel, Figure S3) at a constant flow rate (5 mL/h). Once the sample 

has been concentrated down to 1 mL, the ExoTIC device is rotated by 180° so that the EVs 

are enriched at the end opposite to the inlet in order to minimize any potential sample loss. 

The concentrated EVs and any residual EVs bound to the filter membrane are recovered in 

the same tube, and the isolated EVs are then used for downstream physical characterization 

and molecular analysis.

ExoTIC Provides Higher EV Yields Than UC and PEG Precipitation

ExoTIC was compared with UC and polyethylene glycol (PEG)-based precipitation with 

respect to yield, size, and morphology of EVs isolated from culture media. ExoTIC isolated 

>90% of the EVs present in culture media (see Figure S4). The size distribution of EVs was 

measured using NTA,3 and their morphology and size were confirmed by scanning electron 

microscopy (SEM).27 As shown in Figure 2a, EVs isolated by UC had a unimodal peak 

centered at 91 nm by NTA and exhibited a size distribution of ~20–130 nm by SEM. The 

EVs purified by PEG precipitation formed aggregates and had multimodal peaks (Figure 

2b). EVs isolated by ExoTIC had a unimodal peak at 99 nm by NTA (Figure 2c) with a size 

distribution of ~30–100 nm by SEM. ExoTIC also isolated EVs from culture media at a 4-

fold higher yield compared to that with UC (Figure 2d). The mean size of the EVs purified 

by all three methods was ~120 nm (Figure 2e and Figure S5). Figure 2f provides a 

comparison of the total number of EVs purified from different volumes (from 1 to 5 mL) of 

HCC827 cell culture medium using ExoTIC, with the expected linear correlation between 

EV number and media volume. The TEM image in Figure 2g shows EVs labeled with 

immunogold for CD63.28,29 These results demonstrate that the ExoTIC device can 

efficiently isolate EVs over a wide size range while avoiding polymer contamination.

We then compared the performance of ExoTIC with UC and PEG precipitation in isolating 

EVs from the plasma of healthy patients (see Figure S6).30 We first investigated the ability 

of the ExoTIC device to process low volumes (10 to 500 μL) of plasma (Figure 2h). When 

compared to UC purification of the same volume, the EV yield purified from 500 μL of 

healthy human plasma by the ExoTIC device was ~1000 times higher (Figure 2i). When 

compared with commercial PEG precipitation kits (ExoQuick and Macherey), the ExoTIC 

device achieved 3–4-fold higher EV yields (Figure 2j and Figure S7). The mean size of EVs 

isolated by ExoTIC was ~30% larger than that isolated by the other two commercial kits 

(Figure 2k), which may be due to the isolation methods.

Evaluation of EV MicroRNAs by ExoTIC and UC

EV microRNAs are a potential source of cancer biomarkers for early cancer diagnosis.31–35 

The NanoString eCounter gene expression profiling technology has been successfully used 

to identify circulating microRNA signatures in patients with ulcerative colitis,36 Crohn’s 

Disease,37 and melanoma.38 Plasma and urine contain large amounts of ribonucleases 

(RNases). Therefore, a prerequisite for microRNAs and mRNAs to serve as biomarkers is 

that they must be resistant to degradation by RNases. These features make EV-derived 

microRNAs and mRNAs particularly suitable as biomarkers for diagnosis of cancer.
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Using conditioned culture media from lung cancer cell lines (HCC827 and H1650) as a 

proof-of-concept, we compared ExoTIC- and UC-isolated EVs with respect to miRNA 

profiles. We first characterized the quantity and morphology of the EVs and subsequently 

analyzed their microRNA expression levels. ExoTIC again isolated >4-fold higher yields of 

EVs from conditioned culture media compared to UC (Figure 3a) and 6- fold higher yields 

of EV-derived microRNA compared to UC (Figure 3b and Table S1). MicroRNA expression 

levels between ExoTIC and UC were further analyzed by absolute quantitation of over 800 

distinct microRNAs using fluorescent tags and digital imaging (Nanostring)39 (Figure 3c). 

The 40 most highly expressed microRNAs were common (100% overlap) to both EV 

isolation methods. The Venn diagram in Figure 3d for two lung cancer cell lines shows both 

overlapping and non-overlapping EV microRNAs (25 most highly expressed microRNAs) 

between ExoTIC and UC. For the HCC827 cell line, 13 microRNAs were found to be highly 

expressed in both UC and ExoTIC methods. Four microRNAs demonstrated high expression 

only in UC, and three microRNAs and one microRNA cluster demonstrated high expression 

only in ExoTIC. For the H1650 cell line, three microRNAs demonstrated high expression in 

ExoTIC, and 12 microRNAs showed high expression by both UC and ExoTIC. Nine of the 

highly expressed microRNAs were common to both cell lines and both isolation methods. 

Of these, hsa-miR-124640,41 and hsa-miR-13442,43 have been reported to be highly 

correlated with lung cancer (see Table S2). Figure 3e,f demonstrates the linear correlation of 

EV microRNA expression levels between the two methods in the two cell lines. The 

correlation coefficients (R2) between ExoTIC and UC microRNA counts are 0.86 and 0.50 

for cell lines HCC827 and H1650, respectively. The difference in correlation coefficients 

between the two cell lines is attributable to cell-line-specific differences in EV size and 

density.

Although ExoTIC and UC methods showed similar micro-RNA profiles overall for the 40 

most highly expressed EV microRNAs, we also observed that certain microRNAs were more 

highly expressed in EVs isolated by ExoTIC compared to UC and vice versa. These findings 

are supported by previous studies, which demonstrated stoichiometric differences in 

microRNA contents among different EV populations and between different methods.44–46 

These differences in micro-RNA expression profiles can be attributed to the different 

separation mechanisms used by the two methods, which result in nonidentical EV 

populations, as UC separates EVs based on density while ExoTIC separates EVs based on 

size.

Evaluation of EV Protein Expression in ExoTIC and UC

EVs derived from cancer cells carry a payload of proteins that reflects the types of proteins 

secreted and shed by the tumor.28,47 Isolated EV proteins are a rich source of biomarkers 

that could allow stratification of cancer patients into low-risk and high-risk groups for 

treatment. As a proof-of-concept, we demonstrated isolation of EVs and EV proteins from 

prostate cancer cell lines. Using liquid chromatography–mass spectrometry (LC/MS), we 

compared the ExoTIC and UC methods with respect to protein expression in EVs isolated 

from conditioned culture media from 22Rv1 prostate cancer cells. For 48 h prior to EV 

collection, we incubated cells in serum-free culture media to ensure that the proteins we 

detected were EV-specific and free of contaminating serum proteins and bovine EVs. To 
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study the effect of EV size on protein profile, we isolated EVs using ExoTIC devices with 

two different pore sizes (30 and 50 nm) and compared with traditional UC. As with the lung 

cancer cell lines discussed previously, substantially more prostate cancer cell line EVs were 

isolated by either ExoTIC device than by UC (Figure 4a). Proteins were isolated from each 

of the EV preparations and measured, as shown in Figure 4b. Our data presented in Figure 

4c,d shows that, of the 84 EV-derived proteins that we identified in total, UC, ExoTIC-30 

nm, and ExoTIC-50 nm contributed 29% (25/84), 62% (52/84), and 75% (63/237 84), 

respectively. Thirty-seven of these proteins have previously been reported to be associated 

with this cancer cell line (Exocarta Database, www.exocarta.org) (see Table S3), of which 

29% (11/37) were common to UC and ExoTIC-30 nm, 37% (14/37) were common to UC 

and ExoTIC-50 nm, and 54% (20/37) were common to ExoTIC-30 and ExoTIC-50. The 30 

and 50 nm pore size ExoTIC devices accounted for most of the prostate cancer-associated 

EV proteins detected. Overall, our results show that we can detect a higher number of EV 

proteins using ExoTIC when compared to UC.

Different ExoTIC pore sizes (30 and 50 nm) may yield different EV populations, resulting in 

distinct protein contents. The lack of 100% overlap between the 30 and 50 nm isolations is 

likely due to differences in pressure drop across the filter membrane between the two 

ExoTIC devices and sampling error by the mass spectrometer. First, achieving the same flow 

rate (5 mL/h) in both devices requires ~5-fold higher operating pressure in the 30 nm device 

than in the 50 nm device (ΔP ~ 1/r3). These higher pressures may have changed overall 

filtering characteristics of the device for that specific flow rate range and pore size, which 

may have resulted in differences in isolating EVs. Therefore, the flow rate must be 

optimized independently for each filter pore size to account for the change in flow 

resistance. Second, the lack of overlap in this subset of proteins may be due to sampling 

error by the mass spectrometer, in that the instrument cannot comprehensively measure 

every protein in an LC–MS run (a limitation of MS). In a typical shotgun LC–MS/MS 

experiment, the mass spectrometer selects peptides as they elute from the LC for 

fragmentation in the MS. The number of peptides that can be fragmented in a complex 

mixture exceeds the processing speed of the mass spectrometer; therefore, not all of the 

same peptides are sampled from run to run.

ExoTIC as a Modular Platform for Size-Based Sorting of EVs

Cells release EVs in a broad range of sizes, with size-associated differences in biomolecular 

content.44,48 To address the need to sort different-sized EVs from the same sample, we 

designed ExoTIC as a modular unit such that several ExoTIC devices, each with a different 

membrane pore size (e.g., 200, 100, 80, 50, and 30 nm), can be connected in series to isolate 

EVs at several specific, narrow size ranges (Figure 5a,b and Figures S8 and S9). To validate 

our design, HCC 827 cell culture medium was injected into a series of ExoTIC modules 

with pore sizes of 200, 100, 80, and 50 nm. Retentates containing isolated EVs were 

separately collected from each ExoTIC module in the series and analyzed by NTA, 

confirming that progressively smaller EVs are captured at membranes of successively 

smaller pore sizes (see Figure S10). The modular ExoTIC arrangement was also used to 

compare differences in EV amount and size between two cancer cell lines, HCC 827 and 

GBM 39 (glioblastoma)49 (Figure 5c,d). We found distinctly different EV sizes and 
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quantities between these two cell lines. The histogram of mode EV size at each filter cutoff 

corresponds well to the size distribution of EVs, showing that the modular system can sort 

different-sized EV subpopulations without affecting the overall size distribution, as might 

occur if there was preferential loss of EV yield at a particular filter size. The mode size of 

the EVs that pass through the filter decreased as the filter pore size became smaller. The 

mode size and number of EVs within a specific size range depended on the cell line studied. 

Thus, the modular ExoTIC system enables size fractionation of EVs for size-specific 

molecular analysis.

EV Isolation from NSCLC Biological Fluids

Next, we evaluated the efficiency and reproducibility of EV purification from limited 

clinical samples, including blood plasma, urine, and lung bronchoalveolar lavage (BAL) 

fluid from patients with non-small cell lung cancer (NSCLC) (Figure 6a). BAL is the 

recovery of fluid instilled into the airway during bronchoscopy and is routinely used to 

evaluate and diagnose lung cancer and other lung diseases. We successfully isolated EVs 

from these clinical samples and characterized their size and morphology by SEM (Figure 

6b) and TEM (Figure 6c). The morphology and size distribution of the particles (see Figure 

S11), as well as the presence of the EV-specific surface marker CD63, confirmed that the 

particles we had isolated with the ExoTIC device were in fact EVs (Figure 6c,d and Figure 

S12). It is noteworthy that EVs from plasma were smaller and more abundant than EVs from 

BAL and urine (Figure 6e,f). Quantification was performed on total RNA isolated from EVs 

in the plasma, BAL, and urine samples of four patients with lung cancer. Although plasma 

yielded the most EVs, RNA quantities were in fact lowest in plasma EVs and highest in 

urine EVs (Figure 6g).

CONCLUSIONS

Despite the discovery of EVs 30 years ago, technical standardization of EV isolation and 

downstream RNA and protein analysis continues to be a major challenge in the field of 

cancer early detection and clinical translation. EV isolation in the research setting is still 

most commonly performed using UC, which has numerous limitations in terms of sample 

volume, yield, and the need for bulky instrumentation with longer turn-around time. Here, 

we present the ExoTIC device, which is simple, fast, cost-effective, and scalable and 

provides high-yield isolation of EVs from cell culture media and a variety of bodily fluids 

from cancer patients.

ExoTIC is a platform technology with four key innovative aspects over the commonly used 

UC method for EV isolation. First, ExoTIC isolates EVs from as little as 10 μL and up to 

120 mL of sample in <3 h, whereas UC requires >50 mL of sample and twice the time. The 

ability to isolate EVs from small volumes is highly advantageous in cases where sample 

volumes are limited, such as in preclinical mouse models, where purification of EVs by UC 

would be extremely difficult as often only 10–20 μL of blood can be sampled at a given 

time. Moreover, small-volume processing can enable isolation of EVs from a fingerprick of 

blood, opening up avenues for EV testing at the point of care. Second, ExoTIC provides 4-

fold and 1000- fold higher yields compared to UC in culture media and plasma, respectively, 
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but in an automated and less labor-intensive manner which can easily be scaled for high-

throughput processing. Third, ExoTIC can be implemented as a series of connected modular 

units, each with a different membrane pore size, to enable size-based sorting of 

heterogeneous EV populations. Size-selective isolation is a critical need in EV research 

because different cell types secrete EVs of different sizes4,29,44,48 and different-sized EVs, 

even from the same cell type, can differ markedly in molecular content.45,46,50,51

Furthermore, ExoTIC has a number of important design and technical advantages over EV 

isolation methods that are based on size exclusion,25,44 filtration,15,16,21 charge,30 

microfluidics, 24,52,53 and acoustics23 (see Table S4). First, the robust mechanical design of 

ExoTIC prevents fluid leakage, enabling low device failure rates. Second, ExoTIC uses a 

standard female luer-lock that fits standard 5 and 10 mL syringes, allowing for easy 

adaptation to research and clinical lab workflows. Third, the ExoTIC device is designed to 

withstand high operating pressures as compared to existing filtration-based methods (the 

pressure applied in ExoTIC for EV isolation is 380 times lower than UC) (for calculations, 

see Supporting Information). Fourth, ExoTIC fabrication uses simple and rapid prototyping 

methods such as laser cutting and bolt assembly, thus readily enabling changes in overall 

design, including “swapping out” filters with different pore sizes and surface areas 

depending on the application (e.g., low vs high volume samples). Fourth, the material costs 

for ExoTIC include $0.70 for the filter membrane, $0.10 for plastics, and $0.10 for screws 

and nuts, such that a device can be made for under a dollar. The cost could be further 

lowered with large-scale production. Fifth, ExoTIC is completely enclosed and employs 

adhesive-free housing, reducing entry of environmental contaminants and dust. Sixth, a next-

generation version of the device, in which the plastic components are replaced with metal 

(see Figures S13 and S14), can be sterilized by autoclave and individually packed for 

downstream analysis. Seventh, in low-resource settings or in the developing world, ExoTIC 

allows EV isolation to be performed without a syringe pump or any other machine simply by 

manually pushing the plunger of a syringe. Eighth, ExoTIC allows for easy collection of 

enriched EVs using a standard pipet at the inlet. The size of the filter, number of pores, and 

complexity of the sample determine how large of a sample volume can be processed with the 

ExoTIC device. For an ExoTIC device utilizing a 25 mm diameter filter membrane, the 

upper limit of sample volume for cell culture media processing can reach up to ~20 mL, 

whereas the upper limit is up to ~500 μL for plasma, which is a much more complex matrix. 

Finally, samples with volumes larger than 100 mL can be processed using multiple ExoTIC 

devices that can be run in parallel on the same syringe pump, as each pump can hold up to 6 

syringes or more (Figure S3), and multiple syringe pumps can be run simultaneously. In 

principle, a 100 mL sample can be run with several devices in parallel, each containing 10–

20 mL of sample, permitting processing within 2–3 h.

ExoTIC technology has several advantages over traditional methods for EV isolation for 

downstream point-of-care (POC) testing. Because ExoTIC is inexpensive, simple to use, 

rapid, and can be performed manually, this technology can enable POC testing of EVs in 

accordance with the ASSURED (affordable, sensitive, specific, user-friendly, rapid and 

robust, equipment-free, and deliverable to end users) criteria as outlined by the World Health 

Organization (WHO) for disease diagnostics in resource limited settings. Furthermore, 
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achieving high-yield isolation from small sample sizes enables sensitive exosome-based 

proteomic and transcriptomic biomarker detection at the POC.

In summary, we have isolated and characterized EVs from different types of clinical biofluid 

samples, potentially providing specific and distinct expression patterns of EV-specific micro-

RNAs, mRNAs, genomic DNAs, and proteins. Future work will use ExoTIC-isolated EVs to 

investigate the genomic, transcriptomic, and proteomic signatures that discriminate cancer 

patients with high-risk disease from low-risk patients and healthy controls. In conclusion, 

this technology has the potential to enable accelerated EV-based biomarker discovery and 

molecular analysis that is simple, reliable, and quantitative with broad applicability to 

diagnosis, prognostication, and treatment monitoring in patients with cancer and other 

diseases.

MATERIALS AND METHODS

Please refer to Supporting Information for materials and methods related to the design, 

materials, and fabrication of the ExoTIC device and the downstream characterization of 

ExoTIC enriched EVs with respect to size, concentration, and morphology.

EV Isolation from Cell Culture Media Using the ExoTIC Device

After setup, the ExoTIC device was first flushed with 2 mL of 1X PBS buffer by manually 

pushing a 10 mL syringe or using a syringe pump (~5 min). Then, the EVs from culture 

media were isolated as follows: A five milliliter-volume of culture medium was drawn up in 

the same syringe and connected with the ExoTIC device. This syringe along with the 

ExoTIC device, was fixed onto a syringe pump. The device was oriented such that the outlet 

is in the “12 o’clock” position with respect to the inlet. A pump flow rate of 5 mL/h was 

applied to filter the culture media, concentrating EVs in front of the nanoporous membrane. 

Free proteins, nucleic acids, etc., which are smaller than the membrane pore size (~50 nm) 

pass through the filter pores. When ~500 μL of sample remained, the syringe and connected 

ExoTIC device are rotated 180° to orient the inlet of the device at the 12 o’clock position 

with respect to the outlet. The syringe pump continued to run at the same rate until the 

remaining medium was completely filtered. The EV-containing retentate was then washed 

by running 5 mL of 1X PBS through the device using the same syringe. The ExoTIC device 

was carefully disconnected from the syringe, and the purified EV solution was collected via 
the device inlet using a 200 μL pipet. The purified EV sample was stored at 4 °C for further 

molecular analysis.

EV Isolation by PEG Precipitation

A stock solution of polyethylene glycol was made using 20 g of PEG 8000 in 20 mL of 0.5 

M NaCl PBS to a final PEG concentration of 40%. The solution was mixed by magnetic 

stirring until it turned clear. To isolate EVs, PEG solution was added to the filtered cell 

culture media at a ratio of 1:3. The mixture was then shaken to homogeneity and stored at 

4 °C for 24 h. After incubation, centrifugation was performed at 1500g for 10 min to pellet 

the PEG-containing EVs. Aspiration of the supernatant left a white pellet at the bottom of 
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the tube. The pellets were resuspended in 100 μL of PBS and stored at −80 °C for future EV 

analysis.

EV Isolation by Ultracentrifugation

Cell culture media (36 mL) was prepared as previously described and dispensed into two 

polycarbonate centrifugation tubes (26.3 mL capacity, Beckman Coulter). The tubes were 

then filled to the brim with PBS to prevent tube collapse during ultracentrifugation and were 

balanced to within 0.01 g of each other and placed within a Type 70ti rotor inside a 

Beckman Coulter XL–90 Ultracentrifuge. Tubes were labeled to indicate positioning within 

the rotor and to mark the expected location of the pellet. Samples were spun at 20000g 
(14000 rpm) for 30 min to pellet cell debris and other high-density particles. Supernatant 

was then placed back into clean sterile tubes, which were balanced and then secured into the 

rotor once more in the same orientations as before. The second ultracentrifugation step was 

performed at 100,000g (31200 rpm) for 1 h 30 min. EVs, in addition to particles of similar 

density, are pelleted in this step, while proteins and other molecules remain in suspension. 

The pellet may or may not be visible depending on cell type and EV concentration. Once the 

supernatant was aspirated, the pellet was resuspended in 100 μL of PBS and stored at 

−80 °C. Centrifuge tubes were sterilized and stored for later use.

EV Isolation from Human Plasma Using the ExoTIC Device

Blood from healthy human donors was collected at the Stanford Blood Center in tubes 

containing potassium EDTA anticoagulant, centrifuged at 1000g for 10 min at 4 °C to 

remove platelets, and 100 μL of the resulting plasma (see Figure S6) was used for 

subsequent steps (which collectively take ~5 min). Four hundred microliters of 1× PBS 

buffer was added to 100 μL of plasma and mixed. The 500 μL sample was then filtered using 

a low protein-binding filter (pore size: 200 nm), and the flow-through was collected in a 1.5 

mL microtube. PBS buffer or DI water (1 mL) was used to wash the syringe filter, and the 

flow-through was collected in the same microtube.

EV isolation takes approximately 1 h—Approximately 1.5 mL of plasma PBS solution 

was withdrawn by a 10 mL syringe and connected with the ExoTIC device. After being 

fixed onto a syringe pump, a pumping rate of 1.5 mL/h was applied to enrich EVs in the 

ExoTIC device and remove free proteins, nucleic acids, and cell debris as depicted in panel 

(3) (see Figure S6). When about 500 μL was left, the syringe with the ExoTIC device was 

turned 180°, so that the inlet of the ExoTIC device was above the outlet as depicted in panel 

(4), to collect EVs in the chamber of the ExoTIC device. After turning, pumping continued 

at the same rate until the remaining media was completely filtered. Collecting the EV 
solution takes approximately 5 min. The ExoTIC device, containing EV solution, was 

carefully disconnected from the syringe. As depicted in Figure S6, a 200 μL size pipet was 

used to collect all of the EV solution through the inlet of the ExoTIC device. The collected 

EV sample was kept in a 1.5 mL microtube and stored at 4 °C for further analysis.

Extraction of microRNAs from EVs of Diverse Patient Biofluid Samples

All clinical samples were obtained with consent from patients being cared for clinically at 

Stanford Health Care after Institutional Review Board approval. After isolation of the 
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putative exosomes through the ExoTIC device, miRNA isolation was performed using the 

miRCURY RNA Isolation Kit-Biofluids (cat no. 300112, Exiqon) for human serum. The 

miRCURY RNA Isolation Kit-Cell and Plant (cat no. 300110, Exiqon) was used to isolate 

miRNA from EVs in the urine and lavage. RNase-free pipet tips and RNase Zap (cat no. 

AM9780, Sigma-Aldrich) were used to prevent sample degradation and contamination.

Banked clinical samples of human serum, urine, and bronchoalveolar lavage (BAL), which 

had been stored at −80 °C, were thawed to initiate the process of miRNA extraction. Based 

on the product specifications, the recommended starting volume for human samples (serum, 

urine, and lavage) was 200 μL. In cases where the starting sample volume was less than 200 

μL, RNase-free water (cat no. AM9937, Ambion) was used to bring the sample volume up to 

200 μL. Cell debris were isolated from the sample by centrifugation at 3000g for 5 min. 

Proteinase K (cat no. 3115887001, Sigma-Aldrich) at a concentration of 3 μg/μL was added 

to the supernatant and incubated for 10 min at 37 °C to degrade proteins. After removal of 

the cell pellet, the supernatant containing the sample of interest was lysed with the lysis 

buffer provided in the kit. After vortexing the sample to ensure maximal mixing, the sample 

was incubated for 3 min prior to the addition of the protein precipitation buffer. Optimal 

precipitation was achieved by high-speed centrifugation at 11000g for 3 min. Furthermore, 

the addition of ~270 μL to the supernatant ensured the binding conditions were ideal for 

loading onto the microRNA Mini Spin Column. Upon loading onto the spin column, the 

sample was centrifuged at 11000g for 30 s and the subsequent flow-through was discarded. 

This step was repeated until the entire sample was spun through the column and dried to 

ensure maximal binding of the miRNA to the column. To prevent interference from DNA, 

recombinant DNase was added directly onto the membrane of the spin-column and 

incubated for 15 min at room temperature. The recommended wash buffer (prepared with 

99% ethanol) was spun through the column to wash the sample. After complete drying of the 

membrane, the microRNA was eluted for downstream processing by adding RNase-free 

water directly onto the membrane, incubating for 1 minute at room temperature, and 

centrifuging at 11,000g for 1 min.

Proteomic Analysis of EV Samples

Protein concentrations in EV samples were measured by a Coomassie Bradford Assay 

according to the manufacturer’s instructions (ThermoFisher Scientific). Purified EV samples 

were lysed with 2% SDS to release EV proteins. Protein disulfide bonds were reduced by 

adding dithiothreitol (DTT, Sigma-Aldrich, St. Louis, MO) to a final concentration of 10 

mM DTT. Samples were incubated at room temperature for 1.5 h. Iodoacetamide (Acros 

Organics, New Jersey) was added in 1.5-fold molar excess of DTT followed by a 1 h 

incubation at room temperature in the dark. Proteins were then precipitated with 100% cold 

acetone (Fisher Chemical, Pittsburgh, PA) overnight. Samples were then centrifuged at 

15000 rpm for 10 min at 4 °C. Acetone was carefully removed without disturbing protein 

pellets. The protein pellets were then dried for 5 min at room temperature. 100 μL of 100% 

acetonitrile was added to each sample, followed by 15 min of sonication. Next, 30 μL of 50 

mM ammonium bicarbonate containing 1 μg of trypsin (Promega, Sunnyvale, CA) was 

added to each sample, and proteins were digested at 37 °C for 1.5 h with shaking at 900 rpm. 

A second aliquot of 1 μg of trypsin was then added to each sample followed by another 1.5 h 

Liu et al. Page 11

ACS Nano. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



incubation period with 900 rpm shaking. Samples were dried by SpeedVac, reconstituted, 

and further desalted by C18 Zip-Tips (EMD Millipore, Darmstadt, Germany).

Tryptic peptides were loaded onto a C18 column (50 cm length, 2 μm particle size, Thermo 

Fisher Scientific, San Jose CA) and separated by reverse-phase chromatography using a 

nanoEasy nLC-1200 (Thermo Fisher Scientific, San Jose, CA). Eluted peptides were 

analyzed by online LC-MS analysis using a Q-Exactive Plus mass spectrometer (Thermo 

Fisher Scientific, San Jose, CA). Mobile phase A consisted of 0.1% formic acid in water, 

and the flow rate was 250 μL/min. Mobile phase B (0.1% formic acid in acetonitrile) was 

run at 2% for the first 5 min, ramped to 20% over 100 min, and rapidly increased to 95% for 

21 min. The top 15 most abundant ions per MS1 scan were selected for higher energy 

collision induced dissociation (27 eV). MS1 resolution was set to 70000, AGC target was set 

to 1 × 106, and the m/z scan range was set to m/z = 375–1500. MS2 resolution was set to 

17500 and AGC target to 2 × 105. Dynamic exclusion was enabled for 20 s. Data were 

searched by Byonic (Protein Metrics, San Carlos, CA) against the human UniProt database. 

Quantitation was performed by peptide count with a 1% false discovery rate. Proteins 

identified in control samples (serum-free media) were considered to be background proteins 

and were subtracted from the respective 22Rv1 experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of the ExoTIC device for extracellular vesicle isolation. (a) Various 

biofluids can be processed for EV isolation including culture media, plasma, and urine. (b) 

Schematic illustration of size-based EV isolation using the ExoTIC device. Intact EVs are 

enriched and purified at the filter, whereas the free proteins and nucleic acids are washed 

out. (c) Downstream analysis of EVs isolated from different clinical sample types for size, 

morphology, and molecular contents. (d) Schematic process of EV isolation from sample-in 

to EV-out. Device operation includes isolation of EVs from cell culture media (5 mL in 1 h), 

washing with PBS buffer (5 mL in 1 h), and collection of ~200 μL of EV solution for 

subsequent analysis. Total operation time for 5–10 mL of sample is under 3 h.
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Figure 2. 
Physical properties of EVs isolated by different methods. NTA and SEM analysis of EVs 

isolated by (a) UC, (b) PEG-based precipitation, and (c) ExoTIC. (d) Yield comparison of 

EVs purified from HCC827 lung adenocarcinoma cell culture medium by the ExoTIC 

device (5 mL), ultracentrifugation (60 mL), and PEG (5 mL). (e) Mean size of EVs purified 

by the three methods as determined by NTA (NanoSight NS300). (f) Total quantity of EVs 

purified from different volumes of HCC827 cell culture medium using the ExoTIC device. 

(g) TEM image of EVs isolated from cell culture media (HCC827 cell line) using the 

ExoTIC device, immuno-gold labeled for CD63 (dark spots). (h) Demonstration of the 

ExoTIC device’s ability to isolate EVs from plasma volumes as low as 10 μL up to 500 μL. 

(i) Yield comparison between UC and ExoTIC device of EVs isolated from 500 μL of 

plasma from healthy human donors. Comparison of three different isolation methods with 

respect to (j) yield and (k) mean size (as determined by NTA) of EVs isolated from 100 μL 

plasma (mean ± SD, n = 5). Mean size refers to the average size of the EVs in the size 

distribution. Mean size values are automatically generated in the NanoSight report.
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Figure 3. 
Evaluation of microRNA extracted from EVs isolated by ExoTIC and UC. (a) EVs isolated 

from UC (60 mL) and ExoTIC (10 mL) in two cancer cell lines, HCC827 and H1650 (mean 

± SD, n = 5). (b) RNA extracted from EVs that were isolated from the same culture media 

using UC and ExoTIC. (c) Heat-map of the top 40 EV microRNAs. (d) Venn diagram of EV 

microRNAs identified by UC and ExoTIC, indicating overlapping and non-overlapping 

microRNAs between the two methods in two cell lines. (e,f) Linear correlation of EV 

microRNA expression levels between the two methods in two cell lines. R2 represents 

Pearson correlation coefficient between two methods.
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Figure 4. 
Evaluation of EV protein composition. (a) Comparison of EV yield for EVs isolated from 

the serum-free culture media of 22Rv1 cells and controls (serum-free media without 22Rv1 

cells) using UC, ExoTIC-30 (filter pore: 30 nm), and ExoTIC-50 (filter pore: 50 nm). (b) 

Comparison of EV protein yields for EV samples in (a). (c) Number of peptides identified 

by LC–MS/MS of EVs from 22Rv1 cells isolated by the three methods. (d) Venn diagram 

showing the EV proteins identified for each of the three EV isolation methods. For the 

proteins shown, no peptides were observed in control samples (media without EVs). *An 

asterisk indicates that the protein was previously identified in EVs from prostate cancer cell 

lines (www.exocarta.org). Membrane proteins are indicated in bold.
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Figure 5. 
Size-based isolation of EVs using the ExoTIC device. (a) Design schematic and (b) image of 

an actual modular ExoTIC device, comprised of 5 modules, each with a different membrane 

pore size, that connect in series for differential isolation of EVs from the same input sample. 

Quantity of EVs isolated at each size cutoff in the series from (c) HCC827 culture media and 

(d) GBM39 culture media (mean ± SD, n = 5).

Liu et al. Page 20

ACS Nano. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Isolation and characterization of EVs from different biofluids of cancer patients. (a) Patient 

information and sample volume used for plasma, bronchoalveolar lavage, and urine to 

isolate EVs. EVs of patient 19 by fluid type and (b) SEM, (c) TEM with immuno-gold 

labeling for CD63 (GNP diameter 10 nm), and (d) nanoparticle tracking analysis of 

concentration. (e) Total quantity and (f) mean size and mode size of EVs isolated from the 

plasma, lavage, and urine of patients 19 and 25. (g) Amount of EV microRNAs extracted 

from the plasma, lavage, and urine of four lung cancer patients.
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