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Abstract

Exosomes biomarkers mediating important biological process, especially in the systemic disease
diagnostics and therapeutics, yet the protective exosomal vesicle structure hinders rapid, simple
detection of the harbored molecules. We have established a new method, the electric field-induced
release and measurement (EFIRM), which can simultaneously disrupt exosomes to release the
contents and on-site monitoring the harbored exosomal RNA/proteins biomarkers. When exposed
to a nonuniform electrical field, exosomal RNA and proteins are rapidly released. Bio-recognition
of these biomolecules is carried out concurrently. We tested the hypothesis that the lung cancer
cell line, H460 stably transfected with hCD63-GFP, would shed hCD63-GFP expressing
exosomes that could be detected in serum and saliva. We confirmed /n vivo that H460-CD63-GFP
shed exosomes were transported to blood and saliva. This result demonstrates for the first time
tumor-shed exosomes were detected in saliva, in addition to blood, presenting a new translational
utility of exosome-based biomarker detection in saliva.
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1. Introduction

Exosome research, based on detection of encapsulated biomarkers, has shown great potential
in disease therapeutics and diagnostics (personalized medicine) (Rosell et al., 2009).
Exosomes are lipid-encapsulated microvesicles that are released by various cells into body
fluids (Fevrier and Raposo, 2004; Smalheiser, 2007; Stoorvogel et al., 2002; Valadi et al.,
2007; van Niel et al., 2006), including blood (Taylor and Gercel-Taylor, 2010), urine
(Miranda et al., 2010; Pisitkun et al., 2004), milk (Johansson et al., 2006), and saliva (Lau
and Wong, 2012; Palanisamy et al., 2010; Sharma et al., 2010). By remote communication
via the harbored bio-molecules, exosomes regulate a variety of cellular pathways in recipient
cells (Gibbings et al., 2009; Schorey and Bhatnagar, 2008; Smalheiser, 2007; van Niel et al.,
2006) that relate to the progression and prognosis of disease conditions. The particular lipid
composition of the vesicle and the presence of the harbored protein, nucleic acid, and other
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constituents confer protection to the vesicle against degradation and contribute to its stability
in the extracellular environment (Houseley et al., 2006; Schmid and Jensen, 2008).
Therefore, for translational and clinical applications, exosome diagnostics requires: (1)
rapid, exosome-specific extraction, (2) simple, effective biomarker release from exosomes,
and (3) highly sensitive, specific detection of endogenous bio-molecules. Conventional
exosome diagnostic methods comprise a two-step procedure, including exosome extraction
from body fluids, followed by the specific detection of harbored biomarkers that are
associated with a variety of diseases (Chen et al., 2010). These technologies are labor-
intensive and may be complicated by interference. To increase our understanding of
exosome-associated biology and cellular communicative processes, there is an urgent need
for a rapid, simple, accurate, real-time method for monitoring exosome-harbored
biomolecules.

The vesiclar structure of exosomes hinders the detection of exosome-harbored bio-
molecules. Therefore, for detection and quantification, it is necessary to release the harbored
bio-molecules. Detection sensitivity is closely related to the efficiency of the releasing
process. One of the traditional methods for releasing the vesicle encapsulated constituents is
to apply lysis reagents. The lysis reaction time typically varies from several minutes to
several hours. This lysis process may compromise the stability of the bio-molecules after
release from the exosome into the lysis milieu. The rapid degradation of released bio-
molecules implicates a need for detection technologies that can make accurate assessments
within seconds to minutes. Our previous studies showed that mMRNA levels were reduced to
less than 40% within 1 min of release from macromolecules into saliva (Park et al., 2006).
Stabilization reagents are therefore necessary for accurate exosome biomarker detection.
The combination of exosome releasing agents and stabilization reagents renders the process
complicated and in addition, may introduce interference.

An electric field, particularly one with a non-uniform profile, can stimulate vesicle
deformation in biological samples and direct the flow of the released bio-molecules (Wei et
al., 2009a, 2006). An electric field can cause redistribution or polarization of lipid vesicular
structures that protect bio-molecules. The non-uniform electrical field will either rupture the
membrane or disrupt the tertiary structure of the exosomal lipid bilayer, which causes
temporary pore formation; in both cases, the harbored bio-molecules can be released. By
applying a special cyclic square wave electrical field (csw E-field), we have shown that
mMRNA could be released directly from exosome in the saliva sample (Wei et al., 2009a).
The total release process lasted approximately 200 s. In addition, unlike the high voltage
associated with a direct current electric field, the csw E-field generates voltage on the order
of several hundred mV, which is non-disruptive for most biomolecules.

In this paper, we report the development a method for directly detecting harbored exosomal
bio-molecules with electrical field-induced release and measurement (EFIRM). We utilized
affinity-CD63-based magnetic beads to extract the exosomes from biological samples. A
csw E-field is then applied to release, collect, and incubate the exosome-harbored
biomolecules (Wei et al. 20093, b). To demonstrate the analytical performance of EFIRM,
we performed detection of exosomal GAPDH mRNA, a housekeeping gene mRNA present
in most exosomes and the stably transfected hCD63-GFP fusion protein expressed as an
exosomal surface protein marker.

2. Materials and methods

The technology described here integrated exosome extraction enhanced with electrical field
and magnetic bead combined with simultaneous biomolecule release and detection. The
detection was performed with amperometric electrochemical sensor technology (Wei et al.,

Biosens Bioelectron. Author manuscript; available in PMC 2013 October 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wei et al.

Page 3

2009b) based on an array of 16 bare gold electrode chips and workstation (GeneFluidics,
USA). Each unit of the array had a working electrode, a counter electrode, and a reference
electrode, which are all bare gold prior the treatment. The entire procedure is illustrated in
Scheme 1 and the detailed experimental procedure is described in the supplementary
documents.

2.1. Magnetic bead-based exosome extraction

For rapid, effective extraction, magnetic bead-based technology was applied to isolate and
accumulate exosomes. The magnetic beads (Invitrogen, USA) were approximately 1-2 ym
in diameter, measured by TEM. Briefly, the streptavidin-coated magnetic beads (Invitrogen,
USA) were mixed with biotinylated anti-hCD63, which is specific to human CD63 (Ancell,
USA) on a mixer for 30 min at room temperature. Then, 10 pL of samples, including serum,
or saliva were incubated with the anti-hCD63-conjugated magnetic beads in casein-PBS
(Invitrogen, USA). Samples were mixed for 2 h at room temperature to form exosome—
magnetic bead complexes. Next, exosome—magnetic bead complexes were attracted onto the
electrochemical sensor by applying an array of magnets. The unattached species were
removed by washing.

2.2. Exosomal GAPDH mRNA release and measurement

For GAPDH mRNA detection, the electrodes were pre-coated with a matrix of conducting
polymer. The surface of the electrode was pre-coated with oligonucleotide capture probes
with sequences specific for human GAPDH and a biotin label at the 5" end. The
immobilization of the capture probe was carried out in an electrochemical polymerization by
applying a csw E-field for 20 cycles of 9 s at =300 mV followed by 1 s at +200 mV (200 s
total) (Wei et al., 2009b). After the exosome extraction step, the exosome—-magnetic bead
complex was collected onto the capture probe-coated electrode with an array of magnets
placed underneath the electrochemical sensor. When loading the sample onto the electrode,
10 nM of detector probe (with a fluorescein-labeled 3’ end) was mixed in with the exosome—
magnetic bead complexes. The csw E-field was then applied to release the harbored
GAPDH mRNA from the exosomes. The csw-E field was 20 cycles of 9 s at =300 mV
followed by 1 s at +200 mV (200 s total).

Capture probe: 5'-Biotin-AGGTCCACCACTGACACGTTG
Detector probe: 5'-GCAGTGGGGACACGGAAGGCC-Fluorescein-3’

In parallel, samples from the same batches were lysed with 0.5% Triton-X 100 (Sigma,
USA) for 20 min at room temperature to compare release and protection efficiencies.

The released MRNA hybridized with the oligonucleotide capture and detector probes. Then,
we added 150 unit/ml of anti-fluorescein antibody conjugated to horseradish peroxidase
(HRP; 1:1000 dilution; Roche, USA). Finally, the 3,3",5,5'-tetramethyl-benzidine (TMB)
substrate for horseradish peroxidase was loaded, and an amperometric signal was readout.
(Scheme 1c)

2.3. EFIRM measurements of exosomal hCD63-GFP

For the hCD63-GFP protein detection, there was no need to disrupt the endosome, because
the protein was membrane-bound and the GFP portion was accessible to the medium.
Therefore, the rabbit anti-GFP antibody conjugated to HRP (Invitrogen, USA) was mixed
with the exosome-hCD63-magnetic bead complex in solution for 1 h at room temperature.
After washing, the mixture was collected on the electrodes with the applied magnetic field.
Then, the TMB substrate was added, and amperometric measurements were carried out.
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GFP protein levels are expressed relative to the negative control. This was calculated as the
ratio between the sample and the blank casein PBS buffer.

3. Results and discussion

3.1. Affinity capture of exosomes by immuno anti-CD63-magnetic beads

Effective exosome extraction requires efficiency and specificity. Magnetic beads are
efficient tool for exosome extraction, because they facilitate exosome capturing and
isolation via exosome surface biomarkers. We conjugate anti-human CD63 antibody
(hCD63) to magnetic beads to capture exosomes that expressed exosome membrane-
expressed CD63 (Schorey and Bhatnagar, 2008) (Scheme 1).

Transmission electron microscopy (TEM) was used to examine exosomes after extraction
from human saliva with anti-hCD63 antibody-conjugated magnetic beads (Fig. 1a and b).
CD63 is a typical exosomal surface marker (Denzer et al., 2000b; Escola et al., 1998). The
TEM images showed exosomes located on the surface of the magnetic beads. The sizes of
the extracted particles ranged from 70 to 100 nm, consistent with the size distribution of
typical exosomes (Johansson et al., 2006; Ogawa et al., 2008; Schorey and Bhatnagar, 2008)
(Fig. 1b). The exosome extraction efficiency was approximately 85%, determined by
comparing the levels of hCD63 found in extracted exosomes to the levels found in exosome-
depleted human saliva (Supplementary Fig. 1S). To demonstrate the specificity of the
magnetic bead-based exosome extraction, anti-hCD63 coated magnetic beads were applied
to mouse saliva, which lacks the hCDG63 protein. The TEM results showed no mouse-saliva
exosomes attached to the beads (Fig. 1c). Furthermore, when beads were coated with
streptavidin only without anti-hCD63, no structures resembling exosomes were observed
(Fig. 1d).

The traditional methods for extracting exosomes from body fluids are based on ultra-
centrifugation or precipitation (Gonzalez-Begne et al., 2009; Palanisamy et al., 2010).
Multiple steps of ultra-centrifugation can isolate vesicles with the size characteristics of
exosomes with additional bio-imaging or molecular biology analyses. Recently, other
methodologies have been developed, including precipitation combined with centrifugation
(Taylor and Gercel-Taylor, 2010). Those technology are not based on specificity and are
time consuming, usually takes several hours to several days.

In contrast, the magnetic bead based extraction is based on affinity capture of exosome-
specific markers, like CD63, which appear on most types of exosomes (Denzer et al.,
2000a). The total exosome-extraction time (from sample loading) was 30 min at room
temperature. The EFIRM has major advantages over the conventional ultra-centrifugation
and precipitation based methodologies. For exosomes without the surface marker CD63,
other capture probes can be attached to the magnetic bead, like exosome-specific lectin
(Caby et al., 2005; Kesimer et al., 2009; Wubbolts et al., 2003) (also see Supplementary Fig.
3S).

3.2. Release of harbored mRNA from human saliva exosomes via csw electrical field

Previous studies suggested that the vesicle structure of exosomes protects exosomal mMRNA
from degradation agents in the surrounding mileu (Park et al., 2009). For example, Triton-X
100 has been shown to disrupt the integrity of salivary exosomes, but this leads to
endogenous RNA degradation by RNases in the saliva matrix (Park et al., 2006). Therefore,
a rapid release process and immediate detection are necessary to effectively measure and
quantify exosomal mRNA. We tested whether the csw E-field would facilitate the release
and detection of RNA from human saliva exosomes (Fig. 2a). For comparison, the release
efficiency was measured using Triton-X 100-based lysis carried out on the same human
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saliva exosomes, captured by the same magnetic beads, and performed in parallel with the
csw E-field assay. We probed for GAPDH mRNA, because it is present in most exosomes.
The released RNA would hybridize to a DNA probe complementary to the mRNA target,
and the amount would be measured with a quick readout. The results would provide proof-
of-concept that EFIRM technology could be used to detect exosome-harbored mRNA, or
not.

The exosome—magnetic bead complexes were examined by TEM before and after treatment
with the csw E-field or Triton-X 100 (Fig. 2b). After both treatments, the exosomes on the
beads were no longer observed. Measurements of released RNA (filled bars) are presented
as the ratio between the mRNA signal and the blank control (casein PBS buffer with no
exosomes). Positive controls (without [w/o] electrical field treatment in the release step,
open bars) were undegraded mRNA measured in untreated exosome samples; therefore,
these mMRNAS were not exposed to saliva enzymes. The levels of GAPDH mRNAs were
measured at different time points by EFIRM after the application of electrical field or Triton
X-100 (Fig. 2c). The results showed that the initially high GAPDH mRNA levels decreased
gradually over the incubation time for both E-field and Triton X-100 disrupted samples. In
contrast, the untreated exosomes (positive controls) maintained constant GAPDH mRNA
levels during the experiment. These data suggested that both E-field and Triton-X detergent
released the GAPDH mRNA from human saliva exosomes (see also Supplementary Fig.
2S). With exposure to the saliva, the signals dropped to less than 40% within one min. After
20 min, the readouts decreased down to the background level. The kinetics of the GAPDH
mMRNA signal decay supported the assumption that the exosome protected and stabilized
endogenous mRNA. Without the exosome protection, the harbor GAPDH mRNA will
rapidly decay.

The relative GAPDH levels were similar when released by either the E-field or by Triton X
lysis. This indicated that the two methods had similar efficacies for releasing RNA from
exosomes. However, the electric field is directly applied to the extracted exosomes, without
introduction of extra reagents; thus, the whole process takes about 200 s at room
temperature, which facilitates multiple, parallel sample analysis. In contrast, traditional
assays for exosomal mRNA/protein detection are typically performed for 1-24 h, and
additional reagents and methods must be applied, like Western blotting or ELISA for protein
detection and g-PCR for nucleic acid detection.

3.3. Performance of EFIRM technology to simultaneously detect exosomal surface
proteins and harbored mRNA

The sensitivity of EFIRM for detecting exosomal GAPDH mRNA and hCD63-GFP protein
was determined by benchmarking the results against conventional methods of Western
blotting for detecting the hCD63-GFP protein and nested g-PCR for detecting the GAPDH
mRNA. Western blotting and EFIRM showed similar protein detection sensitivities at the
same dilutions (Fig. 3a). The electrochemical level of GAPDH mRNA by EFIRM and the
CT value on a log10 scale from g-PCR also showed a similar trend, but different
concentrations (Fig. 3b). These results demonstrated that the sensitivity of EFIRM was
comparable to that of conventional methods for detecting both mRNA and GFP protein.

We then tested the discriminating ability of EFIRM technology for detecting human protein
(hCD63-GFP) and mRNA (hGAPDH mRNA) endosomal targets in the presence of
interfering mouse exosomes. The detection probes were based on human-specific sequences
for the GAPDH mRNA and the human CDG63 protein. EFIRM measurements were
performed on exosomal hCD63-GFP protein and GAPDH mRNA on mixtures of human and
mouse exosomes at different ratios. The corresponding electrochemical signals are presented
in Fig. 3(c) and (d) vs the ratio between human and mouse exosome. The pure human
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exosomes (ratio=1) showed higher signal intensities than the pure mouse exosomes (ratio=0)
(Fig. 3c and d). Even when the human exosomes were highly outnumbered by mouse
exosomes (human exosome: mouse exosome=0.2), the signal remained above 2 standard
deviations from the pure mouse exosome sample. This result showed that the EFIRM
technology was highly specific in the detection of both human GAPDH mRNA and hCD63-
GFP protein.

3.4. EFRIM technology for detecting exosomal hCD63-GFP in body fluids

We explored a translational application of EFIRM to address a central question in salivary
diagnostics: can saliva be used to detect distal systemic diseases. The hypothesis to be tested
is that does tumor-shed exosomes traffic through the body of the host via the vasculature can
further traffic into saliva, contributing the exosomal content to saliva constituents. This
hypothesis was tested using EFIRM technology with an /n vivo mouse tumor model system.
Nude mice were with the human lung cancer cell line H460 expressing hCD63-GFP. Nude
mice were injected intrapleuraly with 1 x 106 H460 human lung cancer cells (7=9) or 100 pl
saline (/=11). After 20 days, serum and saliva were collected. EFIRM was then to measure
hCD63-GFP positive exosomes in mouse saliva and serum. Fig. 4 shows the correlation
between exosomal hCD63-GFP levels in saliva and serum. All samples from tumor bearing
group had measurable hCD63-GFP levels by EIFRM in both serum and saliva.

Each point represents the ratio of electrochemical current readings from serum (X-axis) and
saliva ( Y-axis). Relative values of the signal were calculated and nomarlized then the blank
control was substracted with signal measured from casein—PBS buffer. Data points close to
the line (slope=1) indicate that the serum and saliva had similar protein concentrations; data
points below the line indicate a higher signal in serum than in saliva, and vice versa. The
linear fitting was carried out between the saliva and the serum relative readout (/”=0.79).
Therefore, the human CD63-GFP-exosome levels from serum and saliva was fairly well
correlated in the 20 mouse samples (both serum and saliva were measured for each mouse).
Furthermore, the mice injected with hCD63-GFP and those injected with saline (control
group) showed significant differences in the hCD63-GFP positive exosomes in both serum
and saliva. The low values measured in the saline group suggested that the saline injection
did not generate high GFP signals in either serum or saliva. The detection required only 10
pl of raw sample in an on-site measurement. The time from the raw sample loading to
detection was approximately 3 h. This data suggested that GFP in exosome shed by distal
tumor can traffic into the vasculature. More importantly it is the first demonstration that
distal tumor-shed GFP in exosome can traffic further into saliva and that the serum and
saliva quantitation of tumor-derived exosome is fairly linear.

4. Conclusions

The molecules harbored in exosomes play important roles in biological science. A highly
desirable goal for exosome research is the rapid, simple, simultaneous tracking and
quantification of exosome harbored molecules. In this work, we present the electric field
induced release and measurement (EFIRM) technique for measuring harbored biomolecules
in exosomes. EFIRM uses an electrical field to simultaneously disrupt exosomes to release
the contents and measure the harbored exosomal RNA/proteins. With EFIRM, we confirmed
that /n vivo H460-CD63-GFP shed exosomes were transported to blood and saliva, which
demonstrates for the first time tumor-shed exosomes were detected in saliva, in addition to
blood

The translational application of EFIRM its detection of tumor-shed GFP from exosomes in
the serum and saliva of tumor-bearing mice in a linear manner is a significant step towards
credentialing the use of saliva and its constituent biomarker for systemic disease detection. It
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also opens up a novel facet of molecular diagnostics in that the non-invasive detection of
tumor-specific constituents of protein, microRNA, mRNA as well as tumor-specific
mutation profiles maybe feasible in saliva.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1000 nm

Fig. 1.

Transmission electron microscopy (TEM) images of magnetic bead based exosome
extraction with (a) exosomes (arrows) from human saliva with anti-nCD63-conjugated
magnetic beads; (b) magnified view of human exosomes (arrows) on a bead; (c) mouse
saliva after extraction with no apparent exosome and (d) human saliva after extraction with
magnetic beads coated only with streptavidin (negative control).
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Fig. 2.

E-field and Triton X-100 lysis compared for releasing exosomal GAPDH mRNA from
human saliva. (a) Schematic illustration of an exosome disrupted with E-field and RNA
released. (b) TEM images before (left) and after (right) E-field (top) or Triton X-100
(bottom) treatment. (i and iii) Exosomes (arrows) attached to anti-hCD63 magnetic beads; (ii
and iv) Exosomes were disrupted after treating with (ii) a csw E-field for 200 s, or (iv) with
Triton-X 100 for 20 min. The background is the lacey support film for TEM. (c) GAPDH
mRNA by EFIRM (top) or Triton X-100 (bottom).
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Fig. 3.

EFIRM compared to Western blot and g-PCR measurements for detection of hCD63-GFP
protein and GAPDH mRNA in exosomes shed from H460 cells. (a) Titration of the GFP
moiety of hCD63-GFP by EFIRM and Western blotting. (b) Titration of GAPDH mRNA by
EFIRM and g-PCR. Data in (a) and (b) are fitted by a linear model. The PCR readout is
presented on a log scale. The human specificity of EFIRM measurements was tested by
detecting human exosomal (¢) CD63-GFP protein and (d) GAPDH mRNA in mixtures of
endosomes from human lung cancer H460 cells and interfering exosomes from mouse Lewis
lung carcinoma LL2/LLC1 cells.
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Fig. 4.

Correlation between human CD63-GFP levels in saliva and serum measured with EFIRM
technology. Samples are from mice that had been injected with a human lung cancer cell
line that expressed CD63-GFP (solid squares) or with saline alone (cross and circles). The
linear fitting was carried out between the saliva and the serum relative readout (/2=0.79).
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Scheme 1.

Schematic of the electric field-induced release and measurement (EFIRM) system. (a) Anti-
hCD63 antibodies conjugation and exosome extraction; (b) magnetic force assisted exosome
extraction and electric filed induced release and (c) amperometric readout of the anti-human
CD63 beads with human, mouse, casein PBS and blank samples. Signals were readout by
anti-hCD63-HRP.
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