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Abstract
Renal cell carcinoma is a lethal disease that is often discovered incidentally. New non-invasive biomarkers are needed to aid 
diagnosis and treatment. Extracellular vesicles (EVs), membranous vesicles secreted by all cells, are a promising potential 
source for cancer biomarkers, but new methods are required that are both sensitive and specific for cancer identification. 
We have developed an EV isolation protocol optimized for kidney tumor and normal kidney tissue that yields a high vesicle 
concentration, confirmed by nanoparticle tracking analysis (NanoSight) and by nanoscale flow cytometry (NanoFCM). Using 
Western blot, we confirmed presence of EV markers CD81, CD63, flotillin-1, and absence of cellular debris, calnexin. Trans-
mission electron microscopy images demonstrate intact membranous EVs. This new method improves existing protocols 
with additional steps to reduce contaminants in the EV product. Characterization of our isolation product confirms success-
ful isolation of EVs with minimal contamination. The particle yields of our protocol are consistent and high as assessed by 
both standard and novel methods. This optimized protocol will contribute to biomarker discovery and biological studies of 
EVs in renal cancer.
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Abbreviations
ccRCC   Clear cell renal cell carcinoma
DMEM  Dulbecco’s modified Eagle’s medium
EVs  Extracellular vesicles
H&E  Hematoxylin and eosin
MISEV  Minimal information for studies of extracellular 

vesicles
NTA  Nanoparticle tracking analysis
PBS  Phosphate-buffered saline
RCC   Renal cell carcinoma

TBS  Tris-buffered saline
TEM  Transmission electron microscopy

Background

Renal cell carcinoma (RCC) is the third most common uro-
logical cancer in the USA accounting for approximately 
73,820 new cases and 14,770 cancer deaths in 2019 [1, 
2]. In many cases, RCC patients are asymptomatic at the 
time of diagnosis [3]. The incidence of so-called “inciden-
talomas” is correlated to an increased availability of cross-
sectional imaging such as ultrasound, CT-scan, and MRI 
[2]. Although early detection may be beneficial to RCC 
treatment, one harmful consequence is the overtreatment of 
benign small renal masses by surgical resection [4]. Non-
invasive biomarkers are needed as a tool to aid in the diag-
nosis and especially the prognosis of RCC. Extracellular 
vesicles (EVs) have recently emerged as a potential source 
for biomarkers in many diseases, e.g., Alzheimer’s disease, 
vascular disease, acute kidney injury, and cancer [5–8].

Most, if not all, cell types release EVs, a heterogeneous 
class of membranous particles [9]. EVs can be recovered 
from all body fluids including plasma and urine [10]. Due 
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to the presence of a bilipid membrane layer, EVs can protect 
cargo (e.g., protein, RNA, etc.) against harsh environments 
such as the circulation or urine [11]. Additionally, cells in 
close or far distance from the originating cell can take up 
the EVs and their cargo, representing a form of cellular 
communication [12, 13]. Exosomes and ectosomes are the 
most researched EV subgroups, distinguished by their size 
and biogenesis. The diameter of exosomes is 50–150 nm, 
whereas ectosomes are reported to be 100–1000 nm [10]. 
The underlying biological pathways leading to the formation 
of the vesicles differ with exosomes originating from the 
intracellular endosome [11]. Direct outward budding of the 
cell membrane forms ectosomes. Although markers found 
in both types of vesicles are surrogates of the parental cell, 
the different machineries likely load a different selection of 
cargos into exosomes than into ectosomes [14].

It has been reported that EV biogenesis pathways are 
upregulated in cancer cells and thus cancer patients’ plasma 
contain more EVs compared with healthy donor plasma [13, 
15]. EVs have been found to influence cancer progression 
and are increasingly seen as a source of biomarkers in mul-
tiple cancer types, including melanoma, glioblastoma, and 
prostate cancer [16–19]. In RCC, however, little work has 
studied the role of EVs in tumorigenesis or metastasis [11].

A good biomarker is disease-specific, sensitive enough 
to exclude false-negative patients, and easily reproducible 
[20]. One major hurdle in identifying RCC-specific EV bio-
markers is the lack of tumor specificity in urine- or plasma-
derived EVs [11, 20]. The lack of tumor specificity of EVs 
isolated from blood or urine is a direct consequence of the 
tumor cells not exclusively secreting EVs [10, 11].

We have adapted an EV isolation method employed for 
metastatic melanoma and optimized it to isolate EVs from 
kidney tumor and normal kidney tissue [21]. This protocol 
demonstrates a high EV yield that is sufficient for down-
stream analysis. The quality of the isolated EVs was con-
firmed according to the Minimal Information for Studies of 
Extracellular Vesicles (MISEV) guidelines [22]. The isola-
tion method can be used to expedite biomarker discovery 
and biological studies of EVs in renal cancer and has the 
potential to be modified and applied to other cancer types 
as well.

Methods

Patients and sample collection

The collection of specimens from patients undergoing 
nephrectomy was preceded by signed written informed con-
sent and approved by the Johns Hopkins Office of Human 
Subjects Research Institutional Review Board. Kidney 
tumors and paired normal kidney tissue were collected 

from four patients that underwent radical nephrectomy (see 
Online Resource 1, Supplementary Table 1). Because RCC 
occurs in both sexes, tissues of two female and two male 
patients were used and selected based on availability of suf-
ficient tissue. In all cases, the AJCC-TNM 8th edition stage 
group was 3–4 and the histological diagnosis was “clear cell 
renal cell carcinoma” with “sarcomatoid differentiation in 
20%” as an additional finding in two cases [23]. The sam-
pling of RCC and normal kidney was confirmed by histol-
ogy and histology staining (H&E, see Online Resource 2, 
Supplementary Fig. 1). Normal kidney tissues and tumor 
tissues were collected from surgical pathology before for-
malin fixation (Fig. 1). The tissue was collected in ice-cold 
phosphate-buffered saline (PBS) and rapidly transferred to 
the laboratory for further processing. When visible, perire-
nal fat, capsule, and necrotic parts were removed using fine 
dissecting scissors (see Online Resource 2, Supplementary 
Fig. 2). Approximately 1 g of tissue was cut into 2–3 mm 
pieces. The tissue was transferred to a 50 mL conical tube 
and PBS was added to a total volume of 50 mL. For a com-
prehensive list of reagents and materials used, see Online 
Resource 1, Supplementary Table 2.

Conditioning media and differential centrifugation

The conical tube containing tissue and PBS was centrifuged 
at 500×g for 5 min. The PBS was aspirated and the tissue 
pellet was resuspended in 15 mL of serum-free Dulbecco’s 
modified Eagle’s medium (DMEM) with Collagenase D 
(20 mg/mL) and DNase I (40 U/mL). The tissue and media 
were transferred to a 10 cm cell culture dish and incubated at 
37 °C for 30 min. The conditioned media was then strained 
using a 70 µm Nylon cell strainer (Falcon). Sequential cen-
trifugation steps followed to precipitate and discard: live 
cells (500×g for 5 min. at 4 °C), apoptotic bodies and dead 
cells (2000×g for 20 min. at 4 °C), and small cellular debris 
and larger EVs (10,000×g for 20 min. at 4 °C), as shown in 
Fig. 2. The supernatant was then filtered twice using hydro-
philic polyethersulfone syringe filters (PALL), first pore size 
0.80 µm followed by 0.45 µm. The conditioned media was 
then directly used for EV isolation or stored at − 80 °C. If the 
media had been stored, it was thawed at 37 °C before use and 
centrifuged 10 min. at 1000×g to remove precipitated salts.

EV isolation via ultracentrifugation

Ultracentrifugation is the most commonly used EV isolation 
method [24]. EVs were precipitated in 29.9 mL OptiSeal™ 
Polypropylene tubes (Beckman Coulter) by 2 h of ultracen-
trifugation at 100,000×g at 4 °C (Type 70 Ti rotor, adjusted 
k-factor 90, max. acceleration, max. deceleration, Beckman 
Coulter) [25, 26]. After the first spin, the supernatant was 
aspirated. The EV pellet was resuspended and washed with 
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Fig. 1  Workflow of EV isolation protocol starting from kidney tissue. 
1 Sample preparation: normal kidney or kidney tumor is collected in 
PBS and cut into 2–3 mm fragments. Tissue pieces are collected by 
centrifugation and the PBS removed by aspiration. 2 Incubation: the 
tissue pieces are incubated in DMEM with Collagenase D (20  mg/
mL) and DNase I (40 U/mL) for 30 min. The tissue is removed from 
the conditioned media by a 70 µm strainer. 3 Differential centrifuga-
tion: non-EVs are precipitated by sequential centrifugation and dis-

carded after each step, retaining the supernatant for subsequent 
centrifugation steps (three times). 4 Filtration: the supernatant is 
syringe-filtered with a 0.8  µm filter followed by a 0.45  µm filter. 5 
Ultracentrifugation: EVs are isolated from supernatant by ultracen-
trifugation for 2 h. The supernatant is now aspirated. The EV pellet 
is retained, washed with PBS, and then precipitated again by 2 h of 
ultracentrifugation. PBS phosphate-buffered saline, DMEM Dulbec-
co’s modified Eagle’s medium. Courtesy of T.H. Phelps
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PBS followed by another 2-h ultracentrifugation step at same 
settings. The EVs were resuspended in 100 µL PBS, col-
lected, and either immediately used or stored at − 80 °C.

Quality control of isolated EVs

Isolated EVs were characterized according to the guide-
lines set by the International Society for EVs [22]. We have 
submitted all relevant data of our experiments to the EV-
TRACK knowledgebase (EV-TRACK ID: EV190079) [27]. 
Nanoparticle Tracking Analysis (NTA) and the Flow Nano 
Analyzer were used to determine particle concentration and 
particle size distribution. Transmission Electron Microscopy 
(TEM) assessed the morphology of EVs. Protein content 
of the EV sample was analyzed by Western blot. Detailed 
descriptions of the protocols are as follows:

Nanoparticle tracking analysis

Samples were analyzed using the NanoSight NS300 (Mal-
vern Panalytical) according to the manufacturer’s instruc-
tions (NanoSight NS300 User Manual, MAN0541-02-EN, 

2018) [28]. Briefly, 10 µL of each EV sample was diluted 
resulting in a particle per frame rate between 20 and 100 
particles/frame. After manual adjustments of image focus, 
particles were distinctly visible. Three 60-s videos were 
recorded of flowing particles at syringe flow rate 50 using 
the sCMOS camera (screen gain 3 and camera level 9) and 
an embedded green 532 nm CW laser. NanoSight software 
(NTA 3.4 Build 3.4.003) was used to analyze the videos 
(screen gain 10 and detection threshold 4 gave 10–100 dis-
tinct particle cores with less than five false positives). The 
particle concentrations were normalized for starting tissue 
weight, conditioned media volume, volume of EV resuspen-
sion, and dilution necessary for adequate NTA-reading.

Flow nano analyzer

EV samples were diluted 1:100 and analyzed using the 
Flow Nano Analyzer (NanoFCM Inc.) according to manu-
facturer’s protocol [29]. Briefly, the lasers were calibrated 
using 200 nm control beads (NanoFCM Inc.), which were 
then analyzed as a reference for particle concentration. 
Additionally, a mixture of different sized beads (NanoFCM 

Fig. 2  EV isolation protocol 
steps explained from a particle 
size perspective. Sequential 
centrifugation steps with 
increasing speed (500, 2,000, 
and 10,000×g) enable exclusion 
of larger non-EV that would 
otherwise be co-isolated. Exclu-
sion of live cells, dead cells 
and apoptotic bodies, and small 
debris, requires sacrifice of 
some large EVs within the ecto-
some range. The filtration steps 
(800 and 450 nm pore size) 
reduce chances of co-isolation 
of particles that are larger but 
did not precipitate well enough. 
Finally, ultracentrifugation at 
100,000×g pellets the other par-
ticles, mostly EVs smaller than 
450 nm. For reference, EV sizes 
are shown: exosomes (green) 
40–150 nm and ectosomes (pur-
ple) 100–1,000 nm. Non-EV 
(cells and cellular debris) pre-
sent in our sample are discarded 
by these steps. However, the 
abundance of smaller non-EV 
can vary between biofluids and 
require additional separation 
methods. APT apoptotic bodies, 
EXO exosome. Courtesy of T.H. 
Phelps
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Inc.) was analyzed to set reference for size distribution. PBS 
was analyzed as background signal and subtracted from the 
other measurements (see Online Resource 2, Supplemen-
tary Fig. 3). The samples were diluted resulting in a particle 
count within the optimal range of 4,000–14,000. Particle 
concentration and size distribution were calculated using 
the NanoFCM software (NanoFCM Profession V1.0) and 
normalized for starting tissue weight, conditioned media vol-
ume, volume of EV resuspension, and dilution necessary for 
adequate NanoFCM-reading.

TEM

Two microliters of each EV sample were diluted 1:5 in PBS. 
A sample was adsorbed to an ultra-thin carbon-coated 400 
mesh copper grid that was glow discharged (EMS Glo-
Qube™) by floatation for 2 min. Grids were quickly blot-
ted on filter paper and rinsed three times in tris-buffered 
saline (TBS) for 1 min. The grids were stained in two con-
secutive drops of 1% uranyl acetate with methylcellulose 
(filtered twice through 0.22 µm filter). The excessive stain 
was quickly blotted and aspirated. When completely dry, the 

grids were imaged using a Philips CM-120 TEM operating 
at 80 kV with an AMCT XR80 CCD sensor.

Western blot

Membrane and cytosolic fractions of MCF7 cells (HTB-
22™, ATCC) were acquired using the Mem-PER™ Plus 
Membrane Protein Extraction Kit (ThermoFisher Scientific) 
to serve as positive and negative controls. Samples were 
lysed using 10 × RIPA buffer (Cell Signaling Technology) 
with HALT™ Proteinase and Phosphatase Inhibitor Cock-
tail (ThermoFisher Scientific). Protein concentrations were 
determined by Pierce™ BCA Protein Assay (ThermoFisher 
Scientific) according to manufacturer’s instructions. Ten 
micrograms of EV protein lysate were run on a 12% SDS 
Mini-PROTEAN® TGX Stain-Free™ Protein Gel (Bio-Rad 
Laboratories) under non-reducing and denaturing conditions. 
Each gel contained Chameleon Duo Pre-stained Protein Lad-
der (LI-COR Biosciences) and positive and negative control 
lysates, MCF7 membrane, and cytosolic fractions, respec-
tively. The protein was transferred to a nitrocellulose mem-
brane (Trans-Blot® Turbo™ Mini Nitrocellulose, Bio-Rad 

Fig. 3  Our EV isolation protocol starting from tissue is reproduc-
ible based on particle concentrations. a Total particle concentration 
(in p/mL) of EVs isolated from parallel processed technical repli-
cates of normal kidney tissue (1a–c) measured by NanoSight. b Total 
particle concentration of normal kidney EVs (1a–c) measured by 
NanoFCM. c. Total particle concentration of EVs isolated from paral-
lel processed technical replicates of RCC tissue (2a–c) measured by 
NanoSight. d Total particle concentration of RCC EVs (2a–c) meas-

ured by NanoFCM. e Particle size distribution of normal kidney EVs 
(1a–c) measured by NanoSight. f Particle size distribution of normal 
kidney EVs (1a–c) measured by NanoFCM. g Particle size distribu-
tion of RCC EVs (2a–c) measured by NanoSight. h Particle size dis-
tribution of RCC EVs (2a–c) measured by NanoFCM. Data are cor-
rected for starting tissue mass, conditioned media volume, volume of 
EV resuspension, and dilution necessary for measurement. The num-
bers in the graphs indicate the mode of particle size distribution
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Laboratories) using the Trans-Blot® Turbo™ Transfer Sys-
tem (Bio-Rad Laboratories). The membrane was blocked 
in casein blocking buffer (Sigma-Aldrich) for 1 h at room 
temperature. The membrane was incubated overnight at 4 °C 
with primary antibodies against CD63 (1:250, ThermoFisher 
Scientific, Cat. # 10628D), CD81 (1:200, Santa Cruz, Cat. 
# sc-7637), Flotillin-1 (1:5,000, Abcam, Cat. # ab133497), 
Calnexin (1:2,000, Abcam, Cat. # ab22595), or GAPDH 
(1:2,000, Cell Signaling Technology, Cat. # 2118). After 
three 10-min washes in TBS with 1% Tween-20® (TBS-
T), the blots were incubated with secondary antibodies: 
IRDye® 680RD Goat anti-Mouse IgG, (1:20,000, LI-COR 
Biosciences, USA, Cat. # 92,668,070) and IRDye® 800CW 
Goat anti-Rabbit IgG (1:15,000, LI-COR Biosciences, Cat. # 
92,632,211). After three 10-min washes in TBS-T, the blots 
were imaged using the Odyssey® 9120 Infrared Imaging 
System (LI-COR Biosciences).

Results

Tissue processing and EV isolation protocol 
is technically reproducible

For the assessment of technical reproducibility of the isola-
tion protocol, normal kidney tissue from one patient was 
split into three parts that were processed for EV isolation 
and analyzed separately. Tumor tissue from a second patient 
was likewise analyzed as three replicates.

After isolation of normal kidney EV (kidney EV), the 
total particle concentration of the replicates was consist-
ent with less than fourfold differences among replicates 
(Fig. 3a, b). Particle concentration measured by NanoSight 
was 1.44 × 1010 ± 2.51 × 109 p/mL (mean ± SD) after nor-
malization. Particle count of identical samples meas-
ured by NanoFCM was 1.67 × 1010 ± 6.89 × 109  p/mL 
(mean ± SD). We found a similar consistency in total par-
ticle concentration in replicates of tumor EVs, with differ-
ences among replicates less than twofold (Fig. 3c, d). The 
total particle concentration measured by NanoSight was 
1.80 × 1010 ± 3.59 × 109 p/mL (mean ± SD) and by NanoFCM 
was 1.68 × 1010 ± 4.18 × 109 p/mL (mean ± SD). Addition-
ally, both NanoSight and NanoFCM showed a consistent 
particle size distribution within the technical replicates of 
normal and RCC EVs (Fig. 3e–h). Although the measured 
modes, or peak diameters, of the particle size distribution 
were consistent within the replicates measured by the same 
method, there was a difference between the two methods. 
In identical samples measured by both methods, NanoSight 
generally estimated the most abundant particle diameter 
to be larger than NanoFCM did. Additionally, these peaks 
measured by NanoSight demonstrated a higher variation 
(131–168 nm, Fig. 3e, f), where the modes of the particle 

size distribution measured by NanoFCM showed little vari-
ation (57–59 nm, Fig. 3g, h).

Successful EV isolation from tissue of multiple 
patients

We isolated sufficient kidney and RCC EVs from tissue of 
three patients for downstream analysis. We used NanoSight 
and NanoFCM to assess matched tissue pairs from three 
patients (Pts. 2–4). Comparison of particle concentrations 
of kidney EVs and RCC EVs for each patient demonstrated 
differences smaller than twofold using both NanoSight 
and NanoFCM (Fig. 4a, b). For Pt. 2, normalized particle 
concentrations of kidney EVs were 1.56 × 1010 p/mL and 
1.84 × 1010 p/mL by NanoSight and NanoFCM, respectively 
(Fig. 4a, b). Pt. 2 RCC EV particle counts were calculated 
as the average of the replicates (Fig. 3c, d) and the parti-
cle concentrations were 1.80 × 1010 p/mL and 1.68 × 1010 p/
mL measured by NanoSight and NanoFCM, respectively 
(Fig. 4a, b). Particle concentrations by NanoSight of nor-
mal kidney EVs of Pts. 3 and 4 were 2.23 × 109  p/mL 
and 2.04 × 109 p/mL, respectively (Fig. 4a). Measured by 
NanoSight, the particle concentrations of RCC EVs of Pts. 
3 and 4 were 2.67 × 109 p/mL and 1.19 × 109 p/mL, respec-
tively (Fig. 4a). Measured by NanoFCM, the concentra-
tions of the normal kidney EVs were 8.98 × 109 p/mL of 
Pt. 3 and 5.64 × 109 p/mL of Pt. 4 (Fig. 4b). Measured by 
NanoFCM, the concentrations of RCC EVs of Pt. 3 and 4 
were 8.61 × 109 p/mL and 3.46 × 109 p/mL, respectively 
(Fig. 4b). Overall, the measurements by NanoSight and 
NanoFCM of particle concentrations of identical samples 
were similar, as no difference was greater than fivefold. The 
particle size distribution of the pairs was assessed by both 
methods (Fig. 4c–h). Per patient, the size distribution of nor-
mal and RCC EVs were similar, as demonstrated by overlap 
of the curves. The mode of particle size distribution meas-
ured by NanoSight (133–162 nm) varied more than modes 
measured by NanoFCM (53–59 nm).

Protein analyses confirm the presence of CD63, 
CD81, and flotillin‑1 in EV samples

Kidney EVs and RCC EVs of all patients were assessed for 
three established EV protein markers (CD63, CD81, and 
flotillin-1) and one non-EV marker (calnexin) to demon-
strate EV purity. Calnexin is a protein associated with the 
endoplasmatic reticulum and could be released by cells suf-
fering mechanical damage (i.e., during tissue preparation). 
All EV samples, including technical replicates of normal 
kidney EVs (1a–c) and tumor EVs (2a–c) as well as EVs 
isolated from paired tissue of multiple patients (Pts. 2–4), 
were positive for flotillin-1, CD63, and CD81, indicating the 
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presence of EV proteins (Fig. 5a, b). Furthermore, all of the 
samples were negative for calnexin.

TEM confirms presence of membranous vesicles 
in our EV samples

On TEM images of negatively stained EV samples, we 
observed cup-shaped particles in different sizes (Fig. 6a, 

Fig. 4  Successful EV isolation of tissue from multiple patients (n = 3) 
measured by two methods. a Total particle concentration (in p/mL) 
of EVs isolated from normal kidney tissue and RCC of 3 patients (Pt. 
2–4) measured by NanoSight. b Total particle concentration of EVs 
isolated from normal kidney tissue and RCC of 3 patients (Pt. 2–4) 
measured by NanoFCM. c–e Particle size distribution of normal kid-

ney EVs and RCC EVs of Pt. 2–4 measured by NanoSight. f–h Par-
ticle size distribution of normal kidney EVs and RCC EVs of Pt. 2–4 
measured by NanoFCM. Data are corrected for starting tissue mass, 
conditioned media volume, volume of EV resuspension, and dilution 
necessary for measurement. The numbers in the graphs indicate the 
mode of particle size distribution
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b). The cup shape indicates an intact bilipid membranous 
vesicle, but dehydrated and, therefore, not perfectly spheri-
cal. These EVs are present in all our EV samples isolated 
from RCC and normal kidney tissue. In some of the images, 
protein aggregates are visible (Fig. 6b).

Discussion

The variation of EV isolation protocols used by different lab-
oratories leads to heterogeneous and irreproducible results 
[22, 30]. The complexity of the various studied biological 
samples contributes to this, as well as the length of isolation 

protocols with many steps. Therefore, the standardization of 
protocols is necessary.

The concept of studying EVs secreted directly by tissue 
is relatively novel. In 2017, Vella et al. used frozen human 
brain tissue to study EVs [31]. More recently, Jang et al. 
studied EVs from metastatic human melanoma and Jingushi 
et al. isolated EVs from human kidney tumors [21, 32]. 
Although Jingushi et al. reported successful EV isolation 
from RCC, we found it necessary to optimize available pro-
tocols to reduce non-EV contaminants to acceptable levels. 
EV isolation from clear cell renal cell carcinoma (ccRCC) 
tissue, the most common histological RCC subtype, is 
particularly challenging due to the intracellular lipids that 
give the ccRCC cell its white, “clear” appearance under a 

Fig. 5  Protein analyses confirm 
EV proteins are present in 
samples while cell debris 
marker is absent. Western blots 
of flotillin-1, CD63, CD81, and 
calnexin of a EVs isolated from 
replicates of normal kidney 
tissue (kidney EV 1a–c) and 
kidney tumor (RCC EV 1a–c); 
b EVs isolated from 3 different 
patients’ kidney tissue pairs 
(normal and tumor). MCF7 
membrane and cytosolic protein 
fractions served as positive and 
negative controls, respectively. 
GAPDH staining was used as a 
loading control for the cellular 
fractions. Pt. 2 normal kidney 
was ran on the same gel as the 
replicates in a. The image of the 
controls and RCC EV 2c were 
repeated for clarity. Kid normal 
kidney EVs, RCC  kidney tumor 
EVs
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microscope. Release of these lipids during tissue process-
ing, i.e., cutting, can result in high contamination [33, 34]. 
If liberated lipids were present, they disrupted the sample 
processing by floating during centrifugation steps that are 
performed to discard precipitated non-EVs (Fig. 1, step 3). 
When these larger non-EV contaminants are left present in 
supernatant during low-speed differential centrifugation, 
they will be co-isolated with the EVs during ultracentrifuga-
tion. Therefore, we included additional steps in our isolation 
protocol to reduce contamination while maintaining suffi-
cient EV yield for downstream analysis. We included enzy-
matic tissue digestion with Collagenase D and DNase I to 
prevent cluster formation due to free DNA that both require 
incubation at 37 °C instead of the 4 °C used in other kid-
ney processing methods. In addition, we used multiple low-
speed centrifugation steps to increase chance of precipitating 
debris and to allow more opportunities to remove floating 
lipids by careful aspiration. We only performed the aspira-
tion when necessary, i.e., when the lipids were visible and 
had turned the clear-conditioned media into an emulsion. 
Finally, after the multiple centrifugation steps, we added two 
filtration steps to further reduce the presence of lipids, lead-
ing to macroscopic reduction in the turbidity of the tissue-
conditioned media (see Online Resource 2, Supplementary 

Fig. 4). Especially in the case of a lipid-rich tumor, up to 
25% of conditioned media is lost by aspiration and clogged 
filters. For consistency, we normalized all particle counts by 
the volume of media actually used for ultracentrifugation.

The particle concentration measurements of technical 
replicates (normal kidney or RCC tissue) by NanoSight 
and NanoFCM were consistent with differences of less than 
tenfold, indicating robust reproducibility of isolation pro-
cedures. To our knowledge, this is the first report of using 
NanoFCM to assess EVs isolated from kidney (tumor) tissue 
or any tissue. We found that NanoFCM has some advantages 
over NanoSight, such as lower required input sample vol-
ume and higher sensitivity. Where the NanoSight uses an 
algorithm to calculate particle diameter, NanoFCM uses a 
mixture of reference beads to calculate the size. In our data, 
the NanoFCM calculated particle size distributions more 
consistently than NanoSight.

Using both methods, we observed a difference in particle 
concentration among the patients. These likely demonstrate 
true biological differences, because differences within each 
patient (between normal and RCC EVs) are less than two-
fold, while differences among patients varied more (1.5 to 
10-fold). With these methods, we consider differences less 
than tenfold as similar. Patient-to-patient variability may be 

Fig. 6  Transmission electron 
microscopy images confirm 
presence of negative-stained 
EVs, seen as cup-shaped vesi-
cles. a Representative widefield 
and close-up of normal kidney 
EVs. b Representative widefield 
and close-up of RCC EVs. 
White arrows indicate small 
EVs. Black scale bar represents 
500 nm. White scale bar repre-
sents 100 nm
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technical (e.g., processing time from excision to incubation 
start) or biological (e.g., metabolic state and kidney func-
tion). Previous reports showed increased EV concentrations 
in cancer patients’ plasma compared with healthy donors, 
depending on tumor burden [15]. In tissue, we found no dif-
ferences in concentration between normal kidney EVs and 
RCC EVs from the same patient, as differences were not 
greater than twofold in favor of normal kidney EVs. Poten-
tial reasons that the RCC EVs concentrations were lower 
include cell numbers, tissue vitality, and sampling bias. 
We normalized particle counts by 1 g of tissue, which most 
likely translates into a difference between cell numbers of 
used tumor and normal tissues. Tissue vitality influences 
EV secretion, as non-vital tissue secretes fewer small EVs 
and more apoptotic bodies. The tumor tissue often has small 
sections of necrosis and hemorrhage, especially in high stage 
RCC that we carefully attempted to exclude from further 
processing. However, standardization of sampling location 
is difficult. Within the heterogenic tumor tissue, it is easier 
to miss necrotic areas by macroscopic assessment leading 
to a sampling bias.

Conclusions

In this study, we optimized a protocol to isolate EVs from 
kidney and RCC tissue. This new method improves previ-
ously reported protocols with additional steps to reduce 
contaminants in the EV product. Characterization of our 
isolation product confirms successful isolation of EVs with 
minimal contamination. The particle yield of our protocol is 
consistent and high as assessed by both standard and novel 
methods. We expect that our protocol can contribute to bio-
logical studies in kidney cancer and can aid the discovery of 
liquid biopsy RCC biomarkers.
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