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Abstract

Exosomes are cell-secreted vesicles less than 150 nm in size that contain gene-encoding and
gene-silencing RNA and cytosolic proteins with roles in intercellular communication. Interest in
the use of exosomes as targeted drug delivery vehicles has grown since it was shown that they

can bind specific cells and deliver intact genetic material to the cytosol of target cells. We isolated
extracellular vesicles (EVs), consisting of a mixture of exosomes and microvesicles, from prostate
(PC3) and melanoma (M21) cancer cell lines using serial ultracentrifugation. Interrogation via
western blot analysis confirmed enrichment of CD63, a widely recognized EV surface protein,

in the EV pellet from both cell lines. Nanoparticle tracking analysis (NTA) of EV pellets

revealed that the two cell lines produced distinct vesicle size profiles in the ~30 nm to ~400

nm range. NTA further showed that the fraction of exosomes to all EVs was constant, suggesting
cellular mechanisms that control the fraction of secreted vesicles that are exosomes. Transmission
electron microscopy (TEM) images of the unmodified PC3 EVs showed vesicles with cup-like
(i.e., nanocapsule) and previously unreported prolate morphologies. The observed non-spherical
morphologies for dehydrated exosomal vesicles (size ~30-100 nm) are most likely related to

the solid-like dense packing of proteins in exosome membranes. Solubility phase diagram data
showed that EVs enhanced the solubility of paclitaxel (PTX) in aqueous solution compared to a
water-only control. Combined with their inherent targeting and cytosol delivery properties, these
findings highlight the potential advantages of using exosomes as chemotherapeutic drug carriers in
Vivo.
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1. Introduction

Exosomes are a class of endogenous vesicles (or liposomes) generated and secreted by most
cells. They were first identified through independent studies on trafficking of transferrin,

an iron-transporting glycoprotein, in mammalian reticulocytes by the Johnstone and Stahl
groups in 1983 [1,2]. The studies revealed the presence of multivesicular bodies (MVBS)
within the cytosol, which contained intraluminal vesicles approximately 50 nm in size. The
vesicles were observed in extracellular space following fusion of MVBs with the plasma
membrane and were thus termed ‘exosomes’ [3].

Exosome formation starts with the process of endocytosis, where extracellular material

is engulfed by the plasma membrane, which invaginates into the cytosol until it pinches

off near the plasma membrane to form a new, intracellular vesicle (Figure 1). Recently
formed intracellular vesicles are shuttled to the early endosome (EE, Figure 1), a large
vesicle located at the periphery of the cell that is responsible for sorting internalized
material prior to its transport to a specified cellular location. Following sorting in EEs,
internalized material is either recycled to the plasma membrane or retained in the endosome,
which matures into a late endosome (LE). This maturation involves the acidification of
endosomes by membrane-bound proton pumps and the simultaneous invagination of the
endosome membrane to form intraluminal vesicles (ILVs, Figure 1), which gives LEs the
name multivesicular bodies (MVBs, Figure 1). Because of this mechanism of formation,
ILVs naturally contain cellular proteins, nucleic acids, and other small molecules and ions.
The majority of MVBs are shuttled to the acidic lysosome (pH 4.8). There, they fuse and
deposit their contents, including ILVs, to be enzymatically degraded in the lumen of the
lysosome. In contrast to this canonical pathway, a fraction of MVBs are shuttled to the
plasma membrane, where they fuse and release their ILV content into extracellular space.
The externalized ILVs are called exosomes (Figure 1), whose functions in inter-cellular
communication, many of which remain to be elucidated, extend beyond the cell where they
were created.

From the formation process outlined in Figure 1 it is evident that the membrane of exosomes
contains components derived from the plasma membrane [4]. Furthermore, because of

the double invagination process in exosome biogenesis, some components of the outer/
inner membrane layers of exosomes are derived from the corresponding outer/inner layers
of plasma membranes. For example, components of lipid rafts such as glycolipids and
cholesterol, as well as membrane proteins such as CD63 (which acts as a transport regulator
for numerous membrane-bound proteins and influences a diverse set of cellular activities
[5]), are shared between the outer layer of exosomes and plasma membranes.

Exosomes are involved in transfer of functional miRNA and mRNA, from donor to acceptor
cells, that alter gene expression of target (acceptor) cells, often in a cell-specific manner
[6,7,8,9,10]. The exosome-mediated modification in target cells may lead to a diverse

set of regenerative and pathophysiological outcomes. For example, exosomes derived

from mesenchymal stem cells are capable of reducing the inflammatory response in
damaged lung tissue [11]. In contrast, cancer cell exosomes are involved in the transfer
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of chemotherapeutic resistance [12] as well as the induction of neoangiogenesis in human
endothelial cells [13].

The biological function of exosomes suggests that they execute signaling at least in a
paracrine fashion, between specific cells within a given organ, and potentially in a systemic
manner, from cells in one organ to a particular cell type in another organ. It is well known
that exosomes are present in a variety of bodily fluids, such as urine and blood [14],
suggesting that systemic exosome release does occur. Further, variations in the protein, lipid,
and glycan content of the membranes of exosomes alter their biodistribution and binding
properties to target specific organ and cell types [15,16,17], suggesting naturally occurring
cell specificity. However, this specificity may not be a universal property of exosomes and
instead depend on the parent cell source [18]. Upon arriving at their target cell, exosomes
enter the cell via endocytosis and release their content to the cytosol subsequent to fusion
with the luminal membrane of cytosolic vesicles [7,19]. The underlying mechanism driving
this fusion process is not well understood, though it may be facilitated by specific surface
protein interactions dependent on the acidic conditions present in endocytic compartments
[7,10,20]. Alternatively, key lipids within the heterogeneous lipid population of exosomal
membranes may also play an essential role in the fusion process [4]. Taken together, existing
evidence points to exosomes being capable of cell-specific binding /n vivo and endosomal
escape upon entering target cells, properties which lend well to their use as drug delivery
vehicles [6,15,19].

Liposomes are currently the most extensively studied vectors (carriers) of hydrophobic and
hydrophilic drugs [21,22,23,24,25,26]. Well-known liposome formulations such as Doxil
and Myocet, with chemotherapeutic payloads encapsulated in their hydrophilic interior, are
in widespread clinical use [27]. Nevertheless, most liposomal vectors struggle with two
major barriers: achieving targeted, cell-specific delivery /n vivo and endosomal escape of
the entrapped drug-loaded vector [28,29]. As a result, exosomes, which are potentially
capable of encapsulating polar and nonpolar therapeutic molecules [19,30,31,32], have
garnered significant interest in the drug delivery field because of their natural cell specificity
and endosomal escape properties. Furthermore, being biologically derived, exosomes are
inherently biocompatible and multiple early phase clinical trials point to their good overall
safety profile [19], even though they may be weakly immunogenic because of exposed
proteins at their surface. Bolstering their natural capacities, exosomes can be engineered

to enhance existing targeting or to target cells they would not normally target [15]. Thus,
suitably modified exosomes, which constitute a novel class of cell-derived surface-decorated
liposomal vectors with a narrow size distribution between 30 nm and 150 nm, are expected
to have high potential in nanomedicine therapeutics.

Drug loading capacity of a vector is a key factor in cancer cell cytotoxic efficacy [25].
The current study was designed, in part, to assess the drug loading properties of wild-type
exosomes and in particular, their ability to load the cancer chemotherapy drug paclitaxel
(PTX). PTX is a potent hydrophobic chemotherapeutic drug for the treatment of ovarian,
breast, and non-small cell lung cancers [33,34,35,36,37,38]. The poor water solubility

of PTX necessitates the use of a carrier to deliver the drug to its target cell. Taxol®,

a formulation of PTX in a 1:1 mixture of polyoxyethylated castor oil and ethanol, was
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the most prominent PTX formulation in clinical use until 2010 [39]. Taxol is associated
with severe PTX-independent hypersensitivity, which has prompted extensive research

to develop safer carriers of PTX [34,40,41]. Liposomes, which solubilize PTX in their
hydrophobic lipid bilayers, have emerged as major PTX delivery vectors, with liposome-
PTX formulations in ongoing clinical trials in the U.S. and Taiwan [42,43]. Given the
physical similarities of exosomes and liposomes, exosomes are expected to solubilize PTX
in aqueous solution.

The present study sought to (i) establish a detailed and robust procedure for extracellular
vesicle (EV, consisting of a mixture of exosomes and microvesicles) isolation, (ii) compare
the physical properties of EVs derived from prostate cancer (PC3) and melanoma (M21)
cell lines, and (iii) assess the PTX loading capacity of wild-type EVs. While exosomes are
typically in the 30 to 150 nm range, microvesicles are vesicles with a wide distribution

of diameters in the 100 to 1000 nm range, which pinch off from the surface of cells in a
regulated process. We incubated cultured PC3 or M21 cell monolayers in exosome-depleted
media to create conditioned media (CM) containing EVs and then used serial differential
ultracentrifugation to isolate the EVs from the CM. The EV pellets (termed CM pellets)
were obtained from the media after the final centrifugation step. These pellets were either
subjected to filtration (200 nm pore size) or taken directly for content analysis.

To assess the success of our isolation procedure, we employed four assays indicative of
exosome enrichment. First, nucleic acid and protein content of CM pellets isolated from
PC3 and M21 CM were measured spectrophotometrically. Non-reducing western blot and
protein gel analysis of the isolated PC3 and M21 CM pellets were used to assess the relative
amounts of CD63 in the pellet compared to parent cells. CD63 is a known EV surface
protein whose enrichment is used as a marker [44,45]. Transmission electron microscopy
(TEM) was used to image the PC3 CM pellet to assess the morphology and obtain a size
estimate for the PC3 EVs. To quantitatively measure the size distribution of EVs from

the isolated PC3 and M21 CM pellets, we used nanoparticle tracking analysis (NTA). The
NTA data allowed us to compare the size distribution and quantity of EVs produced by
PC3 and M21 cells. To test the drug loading capacity of isolated EVs, we used differential
interference contrast (DIC) microscopy to visualize PTX crystallization and thus assess
solubility of PTX when incubated with EVs.

The EV isolation procedure we adopted generated visible pellets which contained high
concentrations of nucleic acids and protein relative to the CM supernatant. Non-reducing
western blot and protein gel experiments showed enrichment of the EV surface marker
CD63 in the PC3 and M21 CM npellet relative to the parent cell lysate. Remarkably, TEM
images of dehydrated exosomes ~30 to 100 nm in size from the pellet derived from
PC3 CM revealed non-spherical (cup-like and prolate) vesicle morphologies suggestive of
high-density packing of proteins within the membrane of exosomes. (Vesicles with lipids
in the chain melted phase would tend to show surface roughness and protrusions upon
dehydration.) NTA measurements of pellets derived from PC3 and M21 CM with and
without filtration revealed EV size distributions with > 95% and > 51% of EVs between
30 and 200 nm in diameter, respectively. A surprising finding was that despite differences
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in concentration of vesicles in PC3 and M21 CM pellets, the fraction of exosomes, i.e. of
vesicles with a size between 30 and ~ 150 nm, was very similar between the two cell types.

Our analysis of their PTX loading capacity showed that EVs stably solubilized up to 20 uM
PTX in aqueous solution for 24 h, whereas water alone only solubilized up to 10 pM PTX
over the same time period. The improved PTX solubility observed for EVS is encouraging
evidence in support of exosomes as a viable drug delivery platform.

2. Materials and Methods

2.1 Materials

Stock solutions of DOTAP and DOPC in chloroform were purchased from Avanti Polar
Lipids. A stock solution of PTX in DMSO was prepared by dissolving solid PTX (Acros
Organics) in DMSO at 10 mM. Other chemicals were purchased from Aldrich or Fisher
Scientific and used as received.

2.2 Cell culture

The human prostate cancer cell line PC3 (ATCC number: CRL-1435) and human melanoma
cell line (M21) were generously donated by the Ruoslahti Lab (Sanford Burnham Prebys
Medical Discovery Institute, La Jolla). M21 cells are a subclone of the human melanoma
line UCLA-SO-M21 derived in the lab of Dr. R. Reisfeld (Scripps Institute, La Jolla) and
originally provided by Dr. D. L. Morton (UCLA, Los Angeles). Cells were cultured in
DMEM (Invitrogen) supplemented with 10% v/v fetal bovine serum (FBS; Gibco) and

1% v/v penicillin/streptomycin (Invitrogen). Cells were cultured in T75 flasks (Corning) at
37°C in a humidified incubator with 5% CO, and split at a 1:5 ratio after reaching =80%
confluency (every 48-72 h) during maintenance and expansion.

2.3 Extracellular vesicle (EV) isolation

Exosomes have been found in fetal bovine serum (FBS) [46], meaning that FBS must be
depleted of exosomes prior to exosome conditioning to ensure that isolated EVs originate
from the intended cell source (see Figure S1 (parts A,C) in the Supplementary Information).
Successful isolation of EV pellets requires high volumes, around 200 mL, of conditioned
media (see Figure S1). Thus, exosome-depleted FBS should be prepared at sufficient
volumes to supplement at least 200 mL of media before executing the isolation protocol.
Exosome-depleted media was prepared by centrifuging FBS at 100,000 x g for 18 h and
retaining the top layer (light yellow versus darker red, see Figure S1 (parts A,C)). This

top layer was added to DMEM (Invitrogen) to a final concentration of 10% v/v exosome-
depleted FBS and 1% v/v penicillin/streptomycin (Invitrogen). Cells were expanded into
20 flasks and allowed to reach confluency, at which point the media was replaced with
exosome-depleted media at 10 mL per flask and incubated for 48 h. The resulting CM was
collected into four 50 mL conical tubes (Falcon) and centrifuged at 300 x g for 10 min

at 4°C in a Sorvall RC-5 Centrifuge with a SS-34 rotor. The supernatant was collected

and transferred to a new set of 50 mL conical tubes while the pellet was retained for
spectrophotometric analysis or discarded. This supernatant was centrifuged at 2,000 x g for
30 min at 4°C, also in a Sorvall RC-5 Centrifuge with a SS-34 rotor. Next, the supernatant
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was again centrifuged at 10,000 x g for 30 min at 4°C, also in a Sorvall RC-5 Centrifuge
with a SS-34 rotor, and the supernatant was transferred to 8 poly(carbonate) ultracentrifuge
tubes (26.3 mL, Beckman Coulter) while the pellet was retained for spectrophotometric
analysis or discarded. The supernatant was centrifuged at 100,000 x g for 70 min at 4°C

in a Beckman Coulter Optima XL-90K centrifuge with a 50.2Ti rotor, and the supernatant
was discarded while pellets were resuspended in 3 mL PBS and combined into a new
ultracentrifuge tube. The resuspended pellet was centrifuged again at 100,000 x g for 70 min
at 4°C and the supernatant was retained for spectrophotometric analysis or discarded. The
pellet was resuspended into 100 pL of PBS for spectrophotometric analysis, after which an
additional 400 uL of PBS were added for a total resuspension volume of 500 uL. FBS EV
pellets were obtained by diluting FBS depleted of exosomes using the method above and
untreated FBS in DMEM to 10% v/v and then using 50 mL of these FBS-supplemented
media as input for EV isolation, also described here. Resulting EV pellets were resuspended
in 125 L PBS for NTA analysis.

2.4 Spectrophotometric Analysis

For spectrophotometric analysis, the pellets obtained after centrifugation at 300 and
10,000 x gwere resuspended into 3 and 2 mL PBS, respectively. Following the second
centrifugation at 100,000 x g, 5 mL of the supernatant was removed from the top of

the ultracentrifuge tube and retained. This was repeated for three additional layers of

the supernatant, up to a total of 20 mL of supernatant. The remainder (x5 mL) of the
supernatant above the pellet was split into 1 mL aliquots in a similar manner (see also
Figure S3 in the Supplementary Information). Dilutions (1:2 and 1:4) of the resuspended
100,000 x g pellet were made in PBS for spectrophotometric analysis. A total of 1.5 pL of
each supernatant layer and resuspended pellet sample (see Figure S3) was used to measure
absorbance at 260 and 280 nm with a NanoDrop 1000 Spectrophotometer (Thermo Fisher
Scientific) to determine the estimated RNA and protein content using the instrument’s
software.

2.5 Western Blotting

For Western blotting, the resuspension of the EV pellet or the resuspension of the pellet
obtained after centrifugation at 300 x g (see NTA) was used undiluted, diluted 1:2 in
PBS, or diluted 1:4 in PBS. Spectrophotometric measurement showed the protein content
in undiluted, samples was approximately 6.57 mg/mL and 6.58mg/mL for the 100 pL
resuspension of the EV and full resuspension of the 300 x g pellets, respectively. A total
of 12 L of the 500 uL EV resuspension and full 300 x g resuspension samples were
mixed with 4 pL of 4x non-reducing loading buffer (Morris formulation, no DTT or
Bmercaptoethanol) and denatured at 70°C. Denatured samples were run on two freshly
prepared 10% polyacrylamide gels at 120 V for 1 h. One gel was stained overnight with
Coomassie Blue dye while the other was transferred to a nitrocellulose membrane at 50
V for 2 h. The nitrocellulose membrane was blocked with 5% wi/v non-fat dry milk in
PBS at 4 °C for 1 h and then incubated with primary antibody (anti-CD63: Invitrogen,
10628D, 1:500) in 5% wi/v non-fat dry milk in 1x PBS at 4°C overnight. After washing
three times with PBS + 0.1% v/v Triton X-100 for 10 min at room temperature, the
membrane was incubated with secondary antibody (IRDye® 680RD goat anti-mouse: Licor,
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925-68070, 1:10,000) in 5% w/v non-fat dry milk in PBS at 4 °C for 1 h. The nitrocellulose
membrane was again washed three times with PBS + 0.1% Triton X-100 for 10 min at

room temperature and then imaged with an infrared imager (LI-COR Odyssey 9120 Imaging
System) along with the Coomassie Blue-stained gels.

For TEM, a total of 4 L of the undiluted, unfiltered resuspension of the PC3 CM

pellet was fixed with 1 puL of a solution of 1% v/v glutaraldehyde in deionized water

(0.2% glutaraldehyde final), applied to grids (200 mesh formvar/carbon/copper, Electron
Microscopy Sciences), and stained with 1% w/v uranyl acetate in deionized water. TEM
grids were imaged at 100,000x magnification using a JEOL 1230 transmission electron
microscope (80 kV) and AMT image capture software. Image J (Fiji distribution) was used
to apply a scale bar to the image and measure individual particle sizes (Analyze—>Set Scale,
Measure tools).

2.7 DIC Microscopy

For DIC microscopy, a total of 1 pL of a 500, 400, 300, 200, 150, or 100 uM solution

of PTX in DMSO was added to 9 uL of an unfiltered suspension of CM pellet diluted to
~1011 particles/mL (per NTA) in deionized water, or deionized water alone in small PCR
tubes. These samples were incubated for 24 h at room temperature before imaging. After
incubation, 1 uL aliquots were placed on glass microscope slides and covered by a coverslip
kept in place by parafilm cutouts. These slides were imaged at 20x magnification on an
inverted Diaphot 300 microscope (Nikon). The kinetic phase diagrams of PTX solubility are
based on the results of two independently prepared samples.

2.8 Nanoparticle tracking analysis

For NTA samples, the unfiltered 500 pL resuspension of the CM pellet was diluted 1:500
in DI water and measured directly or filtered with a 200 nm polyethersulfone filter.

These dilutions yielded total particle concentrations of 5.4x101! to 1.1x1022 particles/mL.
FBS-derived EV pellets were diluted 1:100 in DI water and measured directly and

yielded 1.1x1010 and 7.1x1010 particles /mL for depleted and untreated FBS, respectively.
“Sonicated liposomes” were prepared by combining a 1:1 molar ratio of DOPC and DOTAP
in chloroform:methanol (3:1, v/v) at 1 mM total concentration in a small glass vial. The
chloroform:methanol solvent was evaporated for 10 min under a nitrogen stream and

the lipid was further dried in a vacuum for 16 h. The resultant film was resuspended

in deionized water (18.2 MQ cm) to 1 mM total concentration. This suspension was
sonicated for 7 minutes with a tip sonicator (Sonics and Materials Inc. Vibra Cell, 30

Watt output) to form small unilamellar vesicles. This sample was diluted 1:1,000 in
deionized water. Nanoparticle tracking analysis (NTA) of samples was performed using
the NanoSight NS300 system (Malvern) and the associated NTA 3.0 analytical software
(Malvern). Acquisition and analysis settings were kept constant between measurements,
and scattering mode was used for NTA. The concentration of particles with 0 to 1000 nm
diameter was recorded in 5 nm bins, with the reported size (diameter) at the center of each
bin. After measurement, we determined the average number of valid tracks across three
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technical replicates, defined as ten captures of 60 s length of a given biological replicate or
stock of EV isolate. The number of valid tracks was 3901 + 240 and 5962 + 33 for unfiltered
PC3 EV samples 1 and 2, and 4179 + 69 and 7914 + 110 for filtered PC3 EV samples 1
and 2. Likewise, the average number of recorded tracks was 4791 + 165 and 6253 + 95 for
unfiltered M21 EV samples 1 and 2, and 4925 + 363 and 3379 + 65 for filtered M21 EV
samples 1 and 2. These data were exported to Excel, where concentration was multiplied by
the total dilution factor prior to measurement to obtain the concentration that was present in
the original resuspension or formulation of EVs or liposomes, respectively. After adjusting
for dilution, the average concentration of particles across three technical replicates was
found for each of the two biological replicates from PC3 and M21 cells. Standard deviation
and range were determined for each biological replicate, and the standard error across the
three technical replicates was determined for the average concentration of each biological
replicate. Total particle counts were calculated by multiplying the adjusted concentration of
particles in each 5 nm bin by the original resuspension volume and then taking the sum of
each 5 nm bin within the 0 to 30 nm, 30 to 100 nm, 100 to 200 nm, 200 to 250 nm, and 250
to 1000 nm size ranges. The number of particles in these size ranges were then expressed as
fractions of the total number of particles in each whole sample (particles with 0 to 1000 nm
diameter). To estimate impurities from EVs remaining in depleted FBS, the concentration
of particles in the EV sample derived from depleted FBS was divided by the concentration
of all particles in each cell-derived EV sample and the average and standard error of these
estimates was determined.

3. Results and Discussion

3.1 Protein and RNA content of EVs isolated from cell culture

To isolate EVs from adherent cells, we used a method of differential centrifugation,
synthesizing and combining methods described previously [47,48,49]. A detailed outline
of the EV isolation protocol with our modifications, including a flowchart and photographs
of key steps and features is shown in Figure S1 in the Supplementary Information. The
procedure generated visible pellets after centrifugation at 300 and 10° x g, as identified by
circles in Figure S1, parts E and F and Figure S1, parts G and H (also Figure 2, parts E and
F), respectively. These visible pellets can be used as markers of progress during the isolation
procedure and indicate that sufficient starting material was used to obtain a concentrated
EV sample. While useful, these markers may not always be present, as variation in the
amount of EV produced by different cell types may result in an invisible pellet after the
final centrifugation step. We used this protocol to generate concentrated samples of EVs
from the human M21 (melanoma) and PC3 (prostate cancer) cell lines. Pellets produced
by these cell lines were similar upon visual inspection and quantitative measurements of
particle concentration (see below) show that similar, but not equal, quantities of EVs were
produced by M21 and PC3 cells.

Exosomes are expected to contain high concentrations of membrane and cytosolic proteins
in addition to nucleic acids (MRNA and miRNA). As a rapid and convenient means to
verify that the vesicles isolated by our protocol contained high concentrations of proteins
and nucleic acids, we compared the absorbance at 260 nm and 280 nm of resuspended PC3
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CM pellet samples to that of their parent cells and other fractions of the CM supernatant
from which they were isolated. Supernatant fractions contained at most 12.7 ng/uL RNA
and 0.15 mg/mL protein, and less than 2.5 ng/uL RNA and 0.08 mg/mL protein in all

but the two most concentrated fractions, compared with 323.2 to 358.5 ng/uL RNA and
6.58 to 6.57 mg/mL in the 300 x gand 10° x g pellets, respectively. Figure S3 in

the Supplementary Information illustrates the fractioning of the supernatant (see also the
Materials and Methods section) and compiles the spectrophotometrically determined RNA
and protein concentrations for each supernatant fraction and pellet.

The resuspension of the pellet obtained after centrifugation at 10° x g, which was expected
to contain exosomes, indeed contained higher (at least 28-fold) concentrations of RNA

and protein than the CM supernatant from which it was isolated, suggestive of successful
isolation of exosomes. The resuspensions of the pellets obtained after centrifugation at 300
and 10,000 x g, which contain parent cell material and apoptotic bodies and larger vesicles,
respectively [48], also had relatively high RNA and protein content compared to the CM
supernatant, as expected.

To confirm the presence of EVs in the isolated PC3 and M21 CM pellet, we used denaturing,
non-reducing Western blotting analysis to qualitatively compare the amount of CD63 in

the PC3 and M21 CM pellet versus the parent cells. It is important to note that antibodies
specific for CD63 bind to an epitope containing a disulfide bond. Their binding is dependent
on that bond remaining intact and therefore requires non-reducing conditions (i.e. a buffer
without DTT or B-mercaptoethanol) [50]. Figure 2 shows denatured samples of the PC3 and
M21 CM pellets and cells stained for CD63 (Figure 2A,B) and all protein content (Figure
2C,D). CD63 appeared as a diffuse band between 30 to 50 kDa for the CM pellets and 30

to 40 kDa for the cells. This range of observed sizes reflects a polydisperse protein, likely
because CD63 is glycosylated to differing extents during synthesis [51]. The CD63 content
in the PC3 and M21 CM pellet (Figure 2A,B, left three columns) was high, while it was

low in the PC3 and M21 cell samples (Figure 2A,B, right three columns). Total protein
content, however, was low in the PC3 and M21 CM pellets (Figure 2C,D, left three columns)
compared to the PC3 and M21 cell sample (Figure 2C,D, right three columns). Despite the
much lower protein content loaded in EV versus cell lanes, CD63 content was much higher
in the EV lanes. Thus, our data indicates enrichment of CD63, a known EV marker [44,45],
in the PC3 and M21 CM pellet, providing evidence of successful EV isolation.

3.2 Distinct size profiles and densities of vesicles secreted by PC3 and M21 cells

We measured the distribution of the size, defined as vesicle diameter, of EVs in diluted
samples of the PC3 and M21 CM pellets by nanoparticle tracking analysis (NTA) and
compared the observed size ranges to reported values. These diluted samples were either
analyzed directly or after filtration (200 nm pore size), to parse the effects of filtration. To
determine the relative amount of vesicles present as a result of impurities from FBS in the
culture media, we used the EV-depleted medium that PC3 and M21 cells were cultured

in as the input to an isolation and measured the content of EVs in the resultant pellet by
NTA (Figure S2). Comparing the total number of vesicles in EV samples from depleted
medium to EV samples derived from PC3 and M21 cells, we estimate that on average
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1.4 £ 0.2 % of vesicles identified in the cell-derived EVs were the result of impurities

from the FBS. A control sample of cationic liposomes (CLs), consisting of a 1:1 mixture

of the univalent cationic lipid DOTAP and the neutral lipid DOPC was also analyzed to
validate NTA against other techniques. The DOTAP/DOPC CLs were sonicated to create

a narrow size distribution with an average size below 200 nm (as measured by Dynamic
Light Scattering [25]). Figure 3 shows the concentration of EVs plotted against EV size for
PC3 CM pellet samples (Figure 3A,C), M21 CM pellet samples (Figure 3B, D), and, for
comparison, both CM pellet samples as well as control CLs (Figure 3E). The average size
of EVs in the unfiltered PC3 CM versus filtered PC3 CM pellet samples was 179.0 £ 1.7
nm and 210.7 + 0.4 nm versus 123.6 + 2.4 and 115.1 £+ 0.6 nm, while the average size of
EVs in unfiltered versus filtered M21 CM pellet samples was 216.7 = 3.2 nm and 172.1

+ 0.7 nmversus 121.1 + 1.6 nm and 128.6 £ 1.9 nm (Table S1). The standard deviations

of the unfiltered PC3 CM pellet samples were 81.1 nm and 90.3 nm, while the standard
deviations of the filtered PC3 CM pellet samples were 41.4 nm and 33.3 nm. The standard
deviation of the unfiltered M21 CM pellets were 80.8 nm and 60.3 nm, while for filtered
M21 CM pellets the standard deviations were 31.9 nm and 38.0 nm. This is in line with

the size profile expected for exosomes, which are consistently reported as being less than
~150 nm in diameter, while microvesicles are expected to be between 100 and 1000 nm in
diameter [9,18,52,53,54]. Notably, the NTA analysis revealed the presence of discrete peaks
at specific nanoparticle sizes. The presence of distinguishable peaks suggests the presence of
discrete subpopulations of EVs with more narrowly defined size ranges. Following filtration
through 200 nm pores, there was a clear and expected loss of peaks that were over 220

nm and, interestingly, changes in peak locations below 200 nm. In the case of the PC3 CM
pellet samples, discrete peaks at EV sizes of 112.5, 132.5, and 177.5 nm present in the
unfiltered sample disappeared, while peaks at 87.5 and 92.5 nm became prominent in the
filtered sample. Similarly, discrete peaks of EV sizes at 127.5, 142.5, and 182.5 nm in the
unfiltered M21 CM pellet-samples disappeared following filtration, while peaks at 97.5 and
107.5 nm appeared. The displacement of peaks below 200 nm following filtration may be
the result of rupture of specific vesicle populations upon extrusion which then reformed at
new sizes.

The NTA data showed differences in the size of major exosome subpopulations and the
particle densities of exosomes produced by PC3 and M21 cells. To better understand

these differences, we used the NTA data to calculate the total number of particles present
in 500 pL of unfiltered and filtered PC3 and M21 CM pellet resuspensions. We then
determined the contribution of 30-100 nm, 100-200 nm, 200-250 nm, and 250-1000 hm
size subpopulations to the whole population for each sample. Figure 4 visualizes this data
both directly (Figure 4A) and normalized to the total number of particles (Figure 4B).

The particle density of M21 CM pellet samples (Figure 4A, sixth and seventh columns)

is slightly higher that of PC3 CM pellet samples (Figure 4A, second and third columns).

In particular, the density of EVs with diameter 30-200 nm (the expected size range for
exosomes) was 3.96x1011 and 3.00x1011 particles/mL in the unfiltered M21 CM pellet
samples and 1.92x101! particles/mL and 2.67x1011 particles/mL in the unfiltered PC3 CM
pellet sample. This similarity in exosome production between cell lines is likely not limited
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to the cell lines we investigated, which suggests that exosomes can be isolated from a broad
range of cancer cell types at similar quantities.

In addition to the similarities in particle density between the CM pellet samples derived
from PC3 and M21 cells, the fraction of the total population that consisted of each distinctly
sized subpopulation was very similar (Figure 4B). The nanoparticle population within the
expected size range for exosomes (30-200 nm) made up around 51% and 75% versus

71% and 58% of the total population in unfiltered samples of PC3 versus M21 CM pellets
(Figure 4B, second, third, sixth, and seventh columns). The 200 nm filtration increased the
proportion of 30-200 nm particles up to around 95% of the total nanoparticle population for
both PC3 and M21 CM pellet samples (Figure 4B, fourth, fifth, eight, and ninth columns).
Ultrafiltration therefore appears effective at enriching exosomes in isolated nanoparticle
samples. An alternative explanation is that aggregates of EVs were recorded as particles
larger than 200 nm before filtration. Taken together, the results suggest that cells may have a
mechanism that controls the fraction of secreted vesicles in the 30 to 200 nm size range.

3.3 Novel morphology of exosomes imaged with TEM

A sample of the unfiltered PC3 CM pellet was imaged at 100,000x magnification using
TEM and the image was processed to analyze particle morphology and obtain size estimates.
A representative image is shown in Figure 5 together with size measurements for selected
nanoparticles that span the range of observed sizes. The EVs largely exhibit cup-shaped
morphologies (i.e., similar to nanocapsules). Others have also reported such cup-shaped
exosomes [48,55,56]. Size measurements of the PC3 CM pellet EVs in TEM images
revealed diameters ranging from 20 to 100 nm, which is smaller than the range reported

by NTA. This size difference may be due to a combination of aggregation of EVs during
NTA measurements and the vesicle shrinkage expected when using negative staining to
obtain TEM images of airdried biological vesicles [57].

Interestingly, some of the EVs display prolate shapes. \Vesicles, such as the control DOTAP/
DOPC CLs, typically adopt surface tension-mediated spherical shapes, because their lipid
bilayer membrane is in the fluid phase with chain-melted lipid tails (di-oleoyl (C18:1), with
one cisdouble bond). Though it is not expected to be their native shape, the observation

of non-spherical morphologies (i.e., the cup and prolate shapes) for the air dried EVs is
consistent with the interpretation that the exosome membranes are packed with membrane
proteins, effectively placing them in a jammed state. This would result in exosomes with
solid-like or glassy membranes that resist surface tension forces when wet and resist shape
changes upon dehydration. We note that drying of a spherical vesicle with lipids in the chain
melted phase typically leads to a shrunken vesicle with surface undulations and protrusions
due to reduced internal volume of the vesicle. In contrast, the TEM image of EVs in Figure
5 reveals prolate shapes lacking surface undulations, consistent with solid-like surfaces.

3.4 Solubility of paclitaxel in EVs

Having established a detailed protocol which isolated EVs from two cell lines, we wanted to
explore the potential of exosomes as drug nanocarriers. To do so, we assessed the ability of
EVs derived from M21 and PC3 cells to solubilize paclitaxel (PTX) in aqueous suspension
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over 24 h at room temperature. The solubility behavior of PTX in EVs is important for their
efficacy in drug delivery because PTX crystals, which form due to PTX self-association in
the membrane followed by phase separation, are therapeutically inert [25,58].

We used differential-interference-contrast (DIC) microscopy to monitor PTX solubility
through the formation of PTX crystals [25,26]. Representative DIC micrographs are shown
in Figure 6A. PTX precipitated from the solution at 30 uM or greater in all samples (Figure
6A, top row), while it remained soluble at 10 uM in water (i.e., a control sample prepared
by adding a PTX solution in DMSO to water), PC3 EV, and M21 EV samples (Figure 6A,
bottom row). We compiled the DIC data into a concentration-dependent solubility phase
diagram [25], which displays the solubilization status of various concentrations of PTX 24 h
after dilution from DMSO into water containing no EVs, PC3-derived EVs, or M21-derived
EVs after multiple trials. Examples of needle-shaped PTX crystals can be seen at 24 h

after addition of PTX to a final concentration of 30 uM in the M21 EV sample (Figure

6A, top center panel) and PC3 EV sample (Figure 6A, top right panel). These crystals

are similar to those observed in the control (plain water) sample at the same final PTX
concentration (Figure 6A, top left panel). When diluted into water from DMSO solution (to
a final volume ratio of water/DMS0=9:1), PTX displayed limited solubility of up to 10 uM
after 24 h (Figure 6A, lower left panel, where no crystals are present and 6B, left column).
We found that after 24 h, PTX remained solubilized at 15 pM in all trials with M21 and
PC3 EVs, with no evidence of crystal formation (Figure 6B, center and right column). In
contrast, crystals were observed in the control (water) sample at this PTX concentration.
Increasing the PTX concentration to 20 pM in the samples containing M21 EVs resulted

in insolubility and crystal formation in one out of two trials after 24 h (Figure 6B, center
column) but neither trial with PC3 EVs (Figure 6B, right column). Therefore, PC3-derived
EVs solubilize at least 5 pM of PTX, because our data shows that the critical concentration
for PTX crystallization is between 10 and 15 pM in water, while it is larger than 20 uM

in water with PC3-derived EVs. Taken together, these data indicate an enhanced solubility
of PTX in suspensions of M21- and PC3-derived EVs compared to water alone. NTA data
suggests a very large portion of these EVs are exosomes. Given the previously discussed
targeting and endosomal escape properties of exosomes, this enhanced solubilization further
supports the use of exosomes as chemotherapeutic drug carriers.

4. Conclusions

The serial differential ultracentrifugation protocol detailed in this study generates EVs of
~30 nm to 400 nm in size from two distinct human cancer cell lines, as measured by NTA
and confirmed by TEM. Western blotting and TEM further demonstrated that these EV's
were enriched for the EV surface protein marker CD63 and had a cup-shaped morphology
characteristic of exosomes, respectively. The quantitative NTA data presented here revealed
only minor differences in the quantity of EVs produced, suggesting that EVs can be isolated
from diverse cell types at quantities sufficient for study and therapeutic development. In
addition, the ratio of EVs 30-200 nm in size to EVs of all sizes remained nearly the same for
M21 and PC3 cells, which may result from a shared cellular control mechanism governing
the fraction of secreted vesicles that fall within the 30-200 nm size range. The size ranges of
discrete secreted vesicle populations may be related to their intended cellular uptake route;
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for example, caveolar endocytosis preferentially takes in 50-100 nm size vesicles while
alternate endocytic routes are used for larger vesicles.

The non-spherical (cup-like and prolate) shapes of the EVs we isolated are most likely a
result of the composition of exosome membranes, which are packed with proteins. This
densely packed state would produce solid or glass-like membranes consistent with the
non-spherical morphologies observed in TEM. Solubility phase diagram studies showed
enhanced PTX solubilization in EVs, which were largely exosomes according to NTA

data, suspended in aqueous solution. Thus, combined with the inherent targeting and
endosomal escape properties of exosomes, our data provides proof-of-concept support for
their use as chemotherapeutic drug carriers. Our findings pave the way for future studies

on the cytotoxic efficacy of PTX-loaded exosomes against human cancer cells such as, in
particular, studies toward developing an understanding of the dependence of exosome vector
efficacy on the physiochemical properties of exosomes, including their size, shape, and

PTX solubility properties. Understanding these relationships is crucial to the development of
exosomes as chemotherapeutic drug carriers for cancer therapies.
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Abbreviations

DIC differential interference contrast microscopy

DM SO dimethyl sulfoxide

DOPC 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine

DOTAP 1,2-dioleoyl-3-trimethylammonium propane

EV extracellular vesicles

CM conditioned media containing EVs (exosomes and microvesicles)
ILV intraluminal vesicles

LE late endosome
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M21 human melanoma cancer

MVB multivesicular bodies

NTA nanoparticle tracking analysis
PBS phosphate buffered saline

PC3 human prostate cancer

PTX Paclitaxel

TEM transmission electron microscopy
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Figure 1. Exosome Biogenesis.
After endocytosis and transition from early endosome (EE) to late endosome (LE),

invagination of the LE membrane leads to formation of multivesicular bodies (MVB)
containing intraluminal vesicles (ILVs or pre-exosomes). Secreted ILVs are termed
exosomes; they are packed with nucleic acids and decorated with certain plasma membrane
proteins.
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Figure 2. Protein expression analysis.
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Following non-reducing SDS-PAGE, we assessed protein expression using Western blot
(A,B) and Coomassie Blue stain (C,D) analysis of the unfiltered PC3 and M21 CM

pellet and cell lysate sample, undiluted and at 1:2 and 1:4 dilutions in PBS. The protein
concentration of the input samples was decreased by the factor of the listed dilution starting

at 1.31 mg/mL and 6.58 mg/mL for the EV and 300 x g pellets, respectively, as measured

- CD63

spectrophotometrically (see Figure S2 in the Supplementary Information). The resuspended

CM pellet for both cell types showed much higher CD63 content in the Western blot (A,B,

left three lanes) than the cell lysate (A,B, right three lanes). However, in the same region

of molecular weight, the EV sample had much lower total protein content (C,D, left three
lanes) than the cell lysate (C,D, right three lanes) as revealed by the Coomassie Blue stain.

Together these data demonstrate CD63 enrichment in CM pellet versus parent cells. Images

of PC3 (E) and M21 (F) CM pellets prior to washing are shown here and in the context of
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isolation in Figure S1 in the Supplementary Information. The PC3 CM pellet was used in
western blotting after washing.
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Figure 3. Nanoparticle tracking analysis.
Filtered (C,D) and unfiltered (A,B) suspensions of EVs derived from PC3 (A,C) and M21

(B,D) cells were diluted in PBS and subjected to NTA to assess their size distributions

in bins of 5 nm from 0 to 1000 nm. (E) An overlay of the plots of concentration (in
particles/mL) over size shown in parts (A)—(D) together with the size distribution of a
control sample of sonicated DOTAP:DOPC liposomes (1:1 mole ratio) at 1 mM total lipid
content (red line). For this plot, the concentrations were adjusted to reflect those in the
original resuspension of the CM pellets or, for liposomes, the undiluted sample. For clarity,
error bars were omitted from these plots. See Figure S3 in the Supplementary Information

for plots with error bars.
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Figure 4. Nanoparticle tracking data analysis.
The concentration of particles in each 5 nm bin was multiplied by 500 pL to obtain the total

number of particles in the original pellet resuspension for each sample measured. The plots
show (A) the total number of particles with diameters of 0 to 30 nm, 30 to 100 nm, 100 to
200 nm, 200 to 250 nm, and 250 to 1000 nm in each resuspension as well as the sonicated
liposome sample and (B) the number of particles in these size groups as a fraction of the
total vesicle population for each sample and the sonicated liposomes. Error bars represent
standard error for measurements of each size range of a sample. This analysis shows that
M21 cells produce slightly higher but similar numbers (about 1.4 times more) of EVs than
PC3 cells (part A). The ratio of particles 30 to 200 nm in size to all other particles was
similar between the two cell lines, at 71 and 58% of unfiltered PC3 CM pellet samples and
51% and 75% of unfiltered M21 CM pellet samples. This ratio increased to 95% and 98% of
filtered PC3 CM pellet samples and 98% and 95% of M21 CM pellet samples, respectively

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2023 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fisher et al.

Page 23

(part B). The high ratio of 30 to 200 nm particles suggests that exosomes were successfully
isolated from both cell lines. Filtration increased the fraction of exosomes in each sample, by
removing a portion of vesicles larger than 200 nm (Part B) or dispersion of EV aggregates,
which is suggested by the increase in number of 30-100 nm particles (Part A).
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Figure 5. Transmission electron micrograph of a fixed, stained (uranyl acetate) undiluted PC3
EV resuspension.

The observed sizes agree with reported exosome sizes and their cup-like morphologies
(arrows with solid lines) agree with reported morphologies. However, some particles had
prolate shapes (arrows with dashed lines), which is not a commonly reported feature of
exosomes. The existence of clusters of particles in this image suggests that exosomes
aggregate in stored samples. This may have contributed to the difference in size distribution
seen in NTA versus TEM images.
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Figure 6. PTX solubility in the presence of EVs.
Varied amounts of PTX, dissolved in a constant volume of DMSO, were added to water

(control) or an EV sample derived from PC3 or M21 cells at a concentration of ~1011
particles/mL, such that the DMSO:water ratio in the resulting samples was 1:9 (v/v). At

24 h after PTX addition, the samples were assessed for PTX crystals using differential-
interference-contrast (DIC) microscopy. (A) Representative DIC micrographs with (top row
and left image of middle row; final PTX concentration 30 uM and 15 pM, respectively) and
without (bottom row and center and right image of middle row; final PTX concentration 10
UM and 15 pM, respectively) PTX crystallization. Scale bars represent 50 pm. (B) Solubility
phase diagram constructed from DIC microscopy data, using multiple trials for each sample.
Conflicting data points are those at which PTX crystals were observed in some trials but not
in others. The extended solubility window for the EV samples indicates that EVs are capable
of solubilizing PTX added to an aqueous solution to a greater extent than water and DMSO.
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