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Received: 09 November 2015 . Tumor-derived exosomes possess significant clinical relevance due to their unique composition of
Accepted: 04July 2016 : genetic and protein material that is representative of the parent tumor. Specific isolation as well as
Published: 28 July 2016 : identification of proportions of these clinically relevant exosomes (CREs) from biological samples
. could help to better understand their clinical significance as cancer biomarkers. Herein, we present
a simple approach for quantification of the proportion of CREs within the bulk exosome population
isolated from patient serum. This proportion of CREs can potentially inform on the disease stage and
enable non-invasive monitoring of inter-individual variations in tumor-receptor expression levels. Our
approach utilises a Surface Plasmon Resonance (SPR) platform to quantify the proportion of CREs
in a two-step strategy that involves (i) initial isolation of bulk exosome population using tetraspanin
biomarkers (i.e., CD9, CD63), and (ii) subsequent detection of CREs within the captured bulk exosomes
using tumor-specific markers (e.g., human epidermal growth factor receptor 2 (HER2)). We demonstrate
the isolation of bulk exosome population and detection of as low as 10% HER2(+) exosomes from
samples containing designated proportions of HER2(+) BT474 and HER2(—) MDA-MB-231 cell derived
exosomes. We also demonstrate the successful isolation of exosomes from a small cohort of breast
cancer patient samples and identified that approximately 14-35% of their bulk population express
HER2.

Exosomes, widely recognised as nano-sized vesicles, represent one of the recently discovered modes of intercellu-
lar communication with their ability to transmitting crucial cellular information (e.g., mRNAs, microRNAs and
proteins) from parent cell to numerous distant recipient cells'-%. Notably, their unique composition derived from
the parent cell and the discovery that cancer cells secrete a larger population of exosomes compared to normal
cells has spurred interest in their use as diagnostic markers®. This active secretion of exosomes by cancer cells is
believed to have numerous functional implications which remain mostly unknown'®. Thus, to understand their
role in tumor progression, it is critically important to specifically identify the exosomes that cancer cells secrete.
Ultimately, analysis of the proportion of clinically relevant exosome subpopulations will significantly improve our
ability to diagnose the disease stage as well as devise better therapeutic strategies®=®.

The diversity in current conventional bulk isolation methods®!? such as ultracentrifugation, filtration, and
density gradient separation followed by electron microscopy!!, ELISA!?, and western blotting'® is a major source
of heterogeneity in yield and quality of the isolated exosomes. Importantly, these methods are limited by their
ability to accurately isolate exosomes and frequently involve contamination from other vesicles or debris that
necessitates subsequent purification steps. Recent progress in microfluidics'*-!® and plasmonic biosensors!*-%
have successfully demonstrated the isolation of bulk exosomes as well as exosome subpopulations from biological
samples or exosome lysates. Despite their dramatic improvements on isolation, these methods heavily rely on
profiling exosomes using either intra-vesicular protein or tumor-specific markers. This strategy however can lead
to undesired co-isolation of free proteins or other cellular moieties that also express this targeted marker. In addi-
tion, these methods have not yet addressed the quantification of the proportion of this tumor-derived subpopu-
lation with regards to the bulk exosomes population. Identifying proportions of tumor-relevant exosomes could
have direct impact with regards to identifying disease state and patient monitoring. For instance, normalising a
larger cohort of patients using such an approach can potentially enable simple segregation of patients (i.e., stage
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Figure 1. Sandwich approach for the detection of CRE. (A) Schematic representation of the sandwich
approach for the detection of exosomes in functionalized SPR chip. The chip was first functionalized with
biotinylated anti-CD9 or CD63 (Orange) using biotin-avidin chemistry. The exosomes were passed through
the SPR machine and captured by the functionalized anti-CD9 and/or anti-CD63 in the SPR chip. The HER2
specific exosomes (Brown) were detected by using anti-HER?2 (Violet) (B) Cryo-TEM image of the BT474 cell
derived exosomes.

of cancer) based on proportions of tumor-specific exosome populations. It is important to note that the variation
in the amount of bulk exosomes within a cohort of patients might affect patient stratification based on disease
stage®. However, analysing proportions of tumor vs healthy exosomes in patients could reduce this variability and
potentially improve the diagnosis standards. Further, this can also be extended in monitoring the same patient
before and after treatment simply based on the proportions of tumor-relevant exosomes. Thus, there is a need for
developing improved isolation strategies to specifically determine and analyse this population of tumor-derived
exosomes that can provide insights into their molecular function and role in cancer progression, thereby provid-
ing a potential opportunity for non-invasive diagnosis.

Herein, we present a simple and label-free approach for on-chip profiling of CRE among the bulk exosome
population isolated from patient serum using a SPR based biosensor. Figure 1A represents the sandwich meth-
odological approach for the detection of CRE. The sandwich strategy combines two subsequent steps: (i) capture
of bulk population of exosomes present in the sample by targeting a generic exosomal membrane marker, such as
CD9 or CD63, which are highly specific to exosomes and also widely expressed in exosomes released by almost
all cell types!?*%, and (ii) determine specific populations of CREs among the bulk exosome population using
cancer-specific HER2 antibody. We establish proof-of-concept of this approach using breast cancer cell-derived
exosomes and subsequently demonstrate the determination of CRE populations from patient serum samples. We
use a custom-built SPR platform to capture and detect specific populations of exosomes from these samples. SPR
is a powerful analytical approach for immunoaffinity-based assays and analysis of biomolecular interactions with
the capability to provide rapid, real-time and label-free read-outs?*-!. In SPR, the detection is based on monitor-
ing refractive index changes resulting from the capture of biomolecules onto recognition layer of the metal (typi-
cally gold) surface. This capture is associated to a mass increase at the sensing surface over time, which generates a
local change in refractive index. Since the refractive index change is directly proportional to the mass change onto
the sensing layer, it enables the real-time and label-free readout of the target biomolecules?-3.

Results

Exosome Characterization and Analysis. To generate breast cancer-specific exosomes, we isolated
exosomes from BT474 breast cancer cell-line. This cell line shows overexpression of human epidermal growth
factor receptor 2 (HER2), an important breast cancer biomarker and therapeutic target*>. HER2 expression of the
isolated exosomes was verified using western blotting analysis (data not shown). The isolated exosomes were fur-
ther characterized using cryo-transmission electron microscopy (TEM) (see Fig. 1B and Supporting Information
Fig. S1) and Dynamic Light Scattering (DLS) analysis. Cryo-TEM analysis suggested the presence of vesicles with
double-wall lipid membrane layers ranging approximately 30-200 nm in diameter. Similarly, DLS analysis sug-
gested that the isolated vesicles were mostly within the size range of 30-300 nm and the average vesicle size was
found to be 111 +3 nm (Data not shown). These measurements corroborate with previous evidences on exosome
characterization®*** and suggest the isolated vesicular population to be of exosomal origin. Thus, these isolated
exosomes were used for further capture experiments using SPR biosensor.

Isolation and Detection of Exosomes Using Sandwich Approach. To investigate the utility of our
approach in capturing exosome population, BT474 exosomes spiked in PBS (3.3 x 10* exosomes/pL) were driven
though the anti-CD9 functionalised SPR sensor. The SPR signal (i.e., SPR spectral shift=4.75nm) in Fig. 2A sug-
gests that our method is capable of capturing exosomes from spiked samples. Subsequently, captured exosomes
were detected using secondary HER2 antibody driven through the chip. The SPR signal (i.e., SPR spectral
shift =2.75nm) in Fig. 2A suggests that our approach is capable of detecting HER2 specific exosomes from the
isolated bulk exosome population. The lower spectral shift recorded upon detection using HER2 antibody (i.e.,
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Figure 2. Specificity of the assay. (A) SPR signals showing spectral shift generated by the capture of BT474

cell derived bulk exosomes (spiked in 250 pL of PBS) in SPR chip functionalized with anti-CD9 and subsequent
detection by anti-HER2 (Red) (B) SPR signals showing spectral shift generated by the capture of BT474 cell
derived bulk exosomes (spiked in 250 pL of PBS) in SPR chip functionalized with anti-CD9 (Red), without
anti-CD9 (Black). (C) SPR signals generated by BT474 cell derived exosomes (spiked in 250 uL of PBS) followed
by detection with nonspecific anti-PSA (Orange), SPR signal for the capture of MDA-MB-231 cell derives
exosomes (spiked in 250 pL of PBS) followed by the detection with anti-HER?2 (Blue).

SPR spectral shift =2.75 vs. 4.73 nm) is presumably due to the difference in size of the analytes during capture
and detection steps, in this case, exosomes and HER2 antibody. Since SPR signal is associated to the mass increase
at the sensing surface, the capture of high molecular weight exosomes in SPR chip gives rise to a higher signal
compared to the low molecular weight HER2 antibody attachment during the detection step.

Specificity of Exosome Capture. To test the specificity of our detection for HER2(+) exosomes, we per-
formed control experiments by (i) using SPR chips functionalized with and without anti-CD9 capture antibody,
(i) capturing exosomes (3.3 x 10* exosomes/pL) isolated from HER2(—) MDA-MB-231 cell lines and subsequent
detection by HER?2 detection antibody (iii) capturing exosomes (3.3 x 10* exosomes/pL) isolated from HER2(+)
BT474 cell lines and subsequent detection using a nonspecific detection antibody (i.e., anti-PSA). In all cases, we
observed negligible nonspecific binding of exosomes onto the sensor surface (Fig. 2B,C). These data suggest that
our method is specific and selective in capturing and detecting exosomes from spiked samples.

Analytical Performance of the Sensor. To investigate the dynamic range and sensitivity of our SPR
approach for the capture and detection of exosomes, designated volumes of HER2(+) exosomes were spiked
in PBS to obtain desired dilutions (3.3 x 10* exosomes/pL, 1.65 x 10* exosomes/pL, 0.83 x 10* exosomes/pL,
0.41 x 10* exosomes/pL, 2.07 x 10* exosomes/pL) and driven through the anti-CD9 functionalized SPR chip.
Dilutions were performed upon obtaining qNano measurements to calculate the approximate concentration
of exosomes in each sample. Subsequently, the isolated exosomes were detected using an anti-HER2 antibody.
Figure 3 represents the performance of SPR chip for the capture and detection of exosomes from spiked sam-
ples with good reproducibility (RSD = <5% for n=3). We found that the average SPR spectral shift ratio (R)
between the capture and subsequent detection of exosomes across various tested concentrations is 1.70 (See
Supplementary Table S1 for details). This value along with the spectral shift values for bulk exosome popula-
tion was then used to determine the maximum spectral shift (M,) which is the characteristic of the maximum
signal that can be obtained for the detection of 100% HER2(+) exosomes. These parameters (R and M,) were
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Figure 3. Lower detection limit of the assay. SPR signal showing spectral shift generated by the BT474 cell
derived exosomes in different concentration of PBS (3.3 x 10* exosomes/pL (Red), 1.65 x 10* exosomes/pL
(Blue), 0.83 x 10* exosomes/puL (Pink), 0.41 x 10* exosomes/pL (Green), 2.07 x 10® (Black) followed by SPR
spectral shift generated by HER2 detection antibody. Right panel, corresponding bar chart representing SPR
spectral shift generated by the capture of BT474 cell derived exosomes in different concentration of PBS (Red)
followed by SPR spectral shift generated by HER2 detection antibody (Black). Each data represents the average
of three separate trials (n = 3). Error bars represent the standard deviation of measurements (relative standard
deviation (%RSD) was found to be <5% for n=3).
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Figure 4. Sensitivity of the assay. SPR signal showing spectral shift generated due to the capture of designated
proportions of BT474 (HER2+) and MDA-MB-231 (HER2—) breast cancer cell line (i.e., BT474:MDA-MB-231 at
0:100, 10:90, 25:75, 50:50, 75:25, and 100:0) followed by subsequent quantification of HER2(+) exosomes by HER2
antibody 0% (Black), 10% (Orange), 25% (Pink), 50%(Green), 75% (Blue), 100% (Red). Right panel, corresponding
calibration plot. Each data represents the average of three separate trials (n= 3). Error bars represent the standard
deviation of measurements (relative standard deviation (%RSD) was found to be <5% for n=3).

utilised in our subsequent experiments for the quantification of HER2-specific exosome population from sam-
ples containing different proportions of cell derived exosomes and patient samples. Our data also demonstrate
that our approach is sensitive enough to detect HER2(+) exosomes from samples containing approximately >
2070 exosomes/puL (i.e., 1:4000 in PBS). Further, the linear dynamic range of detection was found to be 2.07 x 10°
to 3.3 x 10* exosomes/uL. We observed that at concentrations >3.3 x 10 exosomes/pL, the system was over-
whelmed with amount of target exosomes in the sample resulting in signal saturation (see Supplementary Fig. S2).
However, this level of detection is comparable with existing immunoaffinity based approaches that rely on micro-
fluidic based isolation and/or plasmonic sensor based read-outs'>-2°. With the average number of exosomes in
biological sample ranging from 1 x 10° to 3 x 10° exosomes/uL3**, we believe that our approach (LOD = 2070
exosomes/jL) is potentially suitable for analysing exosomes in clinical applications.

Isolation of Clinically Relevant Exosomes. To investigate the ability of our approach in identifying CREs
from complex samples, designated proportions of exosomes derived from HER2(+) BT474 (3.3 x 10* exosomes/pL)
and HER2(—) MDA-MB-231 (3.3 x 10* exosomes/jL) cell lines (i.e., BT474:MDA-MB-231=0:100, 10:90, 25:75,
50:50, 75:25, and 100:0) were spiked in PBS and driven through the anti-CD9 functionalised SPR chip. The SPR
spectral shift for the capture of bulk exosomes was found to be almost identical for all the samples. The isolated
exosomes were then allowed to interact with the anti-HER2 antibody to identify the proportion of HER2(+)
exosomes present in the bulk. As shown in Fig. 4, the SPR spectral shift decreased linearly with decreasing concon-
centrations of HER2(+) exosomes in the mixture and the sensor was capable of detecting as low as 10% of spiked
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HER2(+) exosomes from the isolated bulk exosome population. Further, the percentage of HER2(+) exosomes
in these samples were theoretically determined by using equation 1 and 2 (See data analysis in Methods).

Clinical Sample Analysis. Prior to analysing clinical samples, two control experiments were performed to
investigate the specificity of our approach that include: (i) SPR chip functionalized with and without capture CD9
antibody (Supplementary Fig. 3A) and (ii) SPR chips functionalized with CD9 antibody with detection being
performed using anti-PSA antibody (Supplementary Fig. 3B). HER2(+) patient sample was driven through the
chips and monitored for SPR signals. Notably, in both cases we observed negligible background signal in the
capture and detection steps. This indicates that our approach is specific in capturing exosomes of interest from
patient samples.

Finally, to demonstrate the diagnostic potential of our approach, we tested the ability of the approach to detect
CRE from patient serum samples. CRE populations were identified from six HER2(+) and two HER2(—) breast
cancer patient serum samples. Serum samples obtained from two healthy individuals were used as controls. As
can be seen in Fig. 5A,B the SPR sensor was effective in isolating bulk exosome population from patient serum
samples and healthy controls. This is evident from the similar spectral shifts obtained for all patient and healthy
control samples irrespective of their HER2 expression levels. However, the SPR signals obtained for detection
(Fig. 5A,C) using anti-HER2 were significantly higher (>10 fold) in case of HER2(+) samples in comparison
with HER2(—) and healthy control samples. The SPR spectral data analysis (See data analysis and Supporting
Information for details) suggest that the proportion of CRE population present in these HER2(+) serum samples
range from approximately 14-35% of the isolated bulk exosome population. This indicates that our approach is
effective in identifying and quantifying CREs from patient samples. Further, to confirm the exclusive capture
of exosomes and the broad applicability of our method we performed bulk exosome capture experiments using
CD63 (Fig. 5D). This is also a vesicular marker widely expressed in exosomes from virtually all tissues and fre-
quently utilised for exosome capture. CRE populations were identified from two HER2(+) and two HER2(—)
breast cancer patient serum samples. Serum samples obtained from two healthy individuals were used as controls.
As can be seen in Fig. 5E,F a similar trend in capture and detection was observed in comparison to our earlier
experiments using CD9 capture. This is evident from the similar spectral shifts obtained for all cancer patient and
healthy control samples during capture and detection steps. This indicates that our system performance is con-
sistent across different vesicular markers with no potential bias and can very well be applied for exosome analysis.

Discussion

A potential challenge in the development of a non-invasive diagnostic assay based on exosome analysis in body
fluids is the ability to identify clinically relevant population of exosomes among numerous other exosomes
secreted by almost all body cells. Research in the last decade has laid emphasis on developing new methodologies
to isolate tumor-specific exosomes from biological samples containing exosomes secreted by almost all cell types.
Advances in microfluidics and optical sensing methods have seen new technologies enabling greater robustness
and selectivity of exosome targets, with improvements in specificity and limits of detection.

Im et al. demonstrated a nano-plasmonic exosome (nPLEX) assay based on transmission surface plasmon
resonance through periodic nanohole arrays. Each array functionalized with exosome-specific antibodies ena-
bled profiling of exosome surface proteins and proteins present in exosome lysates'. Alternatively, selective
targeting of nanoparticles towards cancer cells were utilised as model systems to mimic exosome interaction
with cells and these interactions were monitored using molecular dynamic simulations and SPR approach®.
Similarly, several other immunoaflinity based SPR and microfluidic techniques have been developed for selective
screening of tumor derived exosomes!*-*. Shao et al. developed a microfluidic based detection technique utilis-
ing a nuclear magnetic resonance system to detect exosomes isolated using magnetic particle tagged antibody?!.
Other microfluidic approaches based on electric field-induced fluid flow', constrained nanochannels'>!6, cili-
ated micro-pillars'” and continuous-flow immunomagnetic bead based separation'® have successfully demon-
strated the isolation of exosomes using exosomal membrane and/or cancer biomarkers. However, these outlined
approaches only considered the isolation of tumor-derived exosomes subpopulations directly from the biolog-
ical sample (e.g., blood or serum) or from previously purified microvesicles using conventional methods (e.g.,
ultracentrifugation, exosome isolation kit). In both cases, the presence of other cellular moieties or free proteins
expressing the targeted tumor marker might result in a signal bias thereby limiting the identification of CRE
subpopulation. This remains a major technological challenge with respect to tumor exosome analysis. Thus, a
method to accurately analyse and also identify proportions of these tumor exosomes could have important impli-
cations for disease diagnostics and management. For instance, this proportion could potentially inform on the
disease stage and stimulate the development of more robust assays by accounting for inter-individual variability
on tumor receptor expression levels. In this regard, we developed this sandwich approach to isolate bulk exosome
populations using generic exosomal membrane markers and subsequently quantify the proportion of CREs con-
taining tumor-specific information using a tumor-specific detection antibody. In this study we chose HER2 as
our tumor-specific biomarker due to its relevance and importance with regards breast cancer diagnosis®. For
instance, HER2 expression levels have shown noticeable correlation on cancer spread and about 15% to 20% of
breast cancer patients demonstrate abnormally high levels of HER2 protein®. Thus, with regards to breast cancer
diagnosis, it is important to accurately determine HER2 expression level to receive appropriate drug dosage or
avoid receiving ineffective drugs if the cancer is deemed to be HER2 negative.

Using this sandwich approach, we developed a model system for the quantification of tumor-derived exosome
population among the isolated bulk population. This involved experiments using samples containing designated
proportion of exosomes derived from HER2(+) and HER2(—) breast cancer cell lines. Since the total amount of
isolated exosomes using anti-CD9 remain the same for each sample, the SPR spectral shift for bulk exosome iso-
lation was found to be similar for all tested samples. However, a linear increase in signal for HER2 detection was
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Figure 5. Detection of CRE in patient samples. (A) SPR signal showing spectral shift (blue arrows) generated
during the capture of exosomes in anti-CD9 functionalized chip followed by detection of HER2(+) exosomes
with anti-HER2 in HER2(+) (Red) and HER2(—) patient serum (Black). (B,C) Mean SPR spectral shift for (B)
capture of bulk exosomes population by anti-CD9 and (C) detection of HER2(+) exosomes in six HER2(+)
patient, two HER2(—) patient and two healthy control samples. (D) SPR signal showing spectral shift (blue
arrows) generated during the capture of exosomes in anti-CD63 functionalized chip followed by detection

of HER2(+) exosomes with anti-HER2 in HER2(+) (blue) and HER2(—) patient serum (Black). (E,F) Mean
SPR spectral shift for (E) capture of bulk exosomes population by anti-CD63 and (F) detection of HER2(+)
exosomes in two HER2(+) patient, two HER2(—) patient and two healthy control samples. Each data represents
the average of three separate trials (n = 3). Error bars represent the standard deviation of these measurements.

observed as a result of increase in the amount of HER2(+) exosomes in the samples. In order to determine the
accuracy of detection, the amount of HER2(+) exosomes detected from samples containing designated propor-
tions of HER2(+) and HER2(—) exosomes was then quantified based on theoretical predictions obtained from
SPR spectral shifts. The theoretical values for the proportion of target exosomes in each of these samples were
obtained using key parameters such as average spectral shift for exosome capture (C,) and detection (D,), and
average spectral shift ratio (R), which is a characteristic of exosome concentration in the sample (see data analy-
sis). It is important to note that the experimental (i.e., spiked proportion) and theoretically determined exosome
proportions for each sample were almost identical. This indicates that our approach may potentially be applicable
for the quantification of CRE from biological samples.

Finally, we employed this approach for the quantification of CREs from patient serum samples and observed
that the SPR sensor was effective (Fig. 5) in identifying the population of CRE’s from the bulk exosome popula-
tion. The spectral data analysis enabled the quantification of the proportion of exosomes in each of the HER2(+)
patient samples and were found to range from 14-35% of the isolated bulk exosome population. The significant
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difference in signal for HER2(4-), HER2(—) and control samples indicate that our approach can clearly distin-
guish exosomes based on their receptor expression levels. Further, considering the varied expression levels of
ubiquitous vesicular markers (e.g., CD9, CD63, CD81 etc.) depending on cell and disease types, the similar levels
of CRE populations from patient samples regardless with the use of CD63 or CD9 capture confirms that our
approach truly isolates solely exosomes and suggest the broad applicability and reproducibility of our approach.
Thus, these data indicate that our approach is suitable for exosome isolation and analysis from patient samples.
In addition to this, the ability to clearly distinguish between exosomes based on expression levels holds potential
for non-invasive disease diagnosis since current standard diagnosis protocols are based on the identification of
receptor expression levels from biopsy samples.

It is important to note that similar SPR signals were observed during CD9 and/or CD63 capture for both can-
cer and healthy patient samples (Fig. 5B,E). These similar signals observed could be a possible result of (i) system
saturation due to excessive concentrations of exosomes in the samples (Supplementary Fig. S2), and/or (ii) poten-
tial balance in number of exosomes in healthy and cancerous conditions due to inhibition of tumor exosome
secretion by previously tumor or healthy exosomes in extracellular matrix®. This balance might potentially result
in patient samples with similar levels of bulk exosomes. Thus, isolation of bulk exosomes alone would not suf-
fice for ideal diagnosis and hence, determining proportions of tumor vs healthy exosomes from patient samples
could have much more significance compared to bulk analysis approaches. Further, with the average number
of exosomes in biological sample ranging from 1 x 10° to 3 x 10° exosomes/puL****, our system performance is
very much sensitive to detect majority of exosomes from patient samples. Thus, we believe this proof-of-concept
approach for the detection performance of HER2-specific exosomes in clinical samples is specific and offers
potential for clinical diagnosis. We believe further optimization to the protocol and device geometry (e.g., length,
width, and height of sensing surface) can substantially improve the system performance to achieve a broader
dynamic range. Although the presented approach specifically focused on breast cancer, screening of exosomes
based on a larger panel of tumor markers using this approach could establish a more comprehensive framework
for broad analysis of exosomes from different cancer types.

In conclusion, we have developed a simple method for the quantification of the proportion of CRE’s from
complex biological fluids. With several immune-affinity based approaches developed over the years, we believe
our approach provides two critical improvements to existing approaches for exosome isolation: (i) quantification
of the proportion of tumor-specific exosome subpopulations with respect to bulk exosome population, (ii) ability
to identify tumor-specific exosomes on-chip avoids the need for downstream analysis, leading to an easier and
rapid approach. We have demonstrated that our approach is sensitive to detect approximately 2070 exosomes/pL
from breast cancer cell-derived exosome samples and identified the presence of approximately 14-35% of
tumor-specific exosomes from breast cancer patient serums. We believe that the approach is not just limited to
HER? specific exosome detection and can be extended towards identification of multiple tumor-specific exosome
populations from a diverse range of tumor types. In addition to this, we predict that our approach could have
broad applications in the field of cancer research and with further improvements, can potentially find its relevance
as a simple diagnostic tool during cancer diagnosis and treatment.

Methods

Cell culture and isolation of exosomes. Breast cancer (HER2(+): BT-474; HER2(—): MDA-MB-231)
and prostate cancer (PSA(+): PC3) cell lines were maintained in microvesicles depleted serum free Media 171
(Gibco, UK) supplemented with Mammary Epithelial supplement (Gibco, UK), 1% Penicillin/streptomycin and
grown in 5% CO, at 37 °C. The conditioned medium from 10° cells was collected after 60 h and centrifuged at
2000 x g for 30 min to eliminate cell contamination (e.g., cells and debris). Exosomes were isolated using Total
Exosome isolation reagent (Life Technologies) as per manufacturer’s instructions. Briefly, the supernatant was
transferred to a new tube and the isolation reagent was added to the tube in the ratio 2:1. The samples were incu-
bated overnight at 4 °C followed by filtration using 0.22 pm filter and centrifugation at 10000 x g for 1h to obtain
exosome pellets. Exosome pellets were then resuspended in 100 L PBS (10 mM, pH 7.0) and stored at —20°C
for further use.

Cryo-transmission electron microscopy (cryo-TEM) and dynamic light scattering analysis. For
cryo-TEM, 4 pL of exosome preparations were directly adsorbed onto lacey carbon grids (Quantifoil, Germany)
and plunged into liquid ethane, using an FEI Vitrobot Mark 3 (FEI Company, The Netherlands). Grids were blot-
ted at 100% humidity at 4 °C for about 3-4s. Frozen/vitrified samples were imaged using Tecnai T12 Transmission
Electron Microscope (FEI Company) operating at an acceleration voltage of 120kV. Images were taken at 30,000x
magnification, (approximate dose of 13.6 electrons/A2), using an FEI Eagle 4k CCD (FEI Company), and Serial
EM image acquisition software. For dynamic light scattering method, please see Supporting Information of ref. 14.

Device functionalization. All experiments were performed in a custom-made SPR platform®. Initially, the
SPR sensor chips (5nm Tiand 50 nm Au) were cleaned by rinsing with hot acetone, ethanol and deionised water
and dried under flow of nitrogen gas. Subsequently, the chips were dipped in piranha solution (70% H,SO,-30%
H,0,) for few seconds, rinsed with water and dried under flow of nitrogen gas. Following this step, the chip was
placed in the SPR platform and PBS buffer was flowed in continuous at a flow rate of 0.6 mL/h. Then, 250 pL sam-
ples of biotinylated BSA (100 pg/mL in PBS, Invitrogen) were directly injected in the SPR flow system at the same
flow rate. To remove nonspecific adsorption on the gold surface, 3% BSA was used to cover the remaining empty
space of the SPR gold chip. After that, streptavidin (100 pg/mL in PBS, Invitrogen) was run through the channel
to couple with the functionalised biotinylated BSA. The biotinylated anti-CD9 and/or CD63 were then conjugated
with the streptavidin to capture exosomes. The HER2 antibody is then driven through the SPR chips to detect
tumor specific exosomes. The SPR signals were monitored using custom-made Labview software.
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Sample Dilution in Concentration of the sample (no. of
PBS exosomes/pL)

1:250 3.3x10*

1:500 1.65 x 10*

1:1000 0.83 x 10*

1:2000 0.41 x 10*

1:4000 2.07 x 10°

Table 1. Concentration of exosomes in the isolated pellet measured by qNano.

Exosome capture and detection. The concentration of exosomes in the isolated pellets was obtained
using gNano measurements performed as described previously”’. Concentration measurements were obtained by
calibrating particle count rate recordings against a reference particle suspension (polystyrene beads, d=115nm).
Samples were prepared by spiking designated volumes of isolated exosomes in PBS (1 mM, pH 7.0) to obtain the
desired sample dilutions (1:250 to 1:4000) (Table 1). Serum samples (1 mL) of breast cancer patients and healthy
individuals were obtained from Ventyx Wesley Research Institute Tissue Bank, Brisbane, Australia under the UQ
HREC ethical approval number 2011001315 and Bellberry application number 2015-12-817. All the serum sam-
ples were stored in —80°C until further use. Immunohistochemical expression analysis suggested overexpression
(3+: P01-P06) and very low expression (1+; P07, P08) of HER?2 in these patient serums. All the exosome con-
taining target samples were passed through the SPR system to capture the exosomes in previously functionalised
SPR chip. Finally, the HER2 (4-) exosomes were then detected by running anti-HER2 through the SPR system.

Data analysis. The average spectral shift ratio (R) between capture and detection of exosomes was obtained
from the ratios of the SPR spectral shifts obtained during capture step using anti-CD9 (C,) and detection step
using anti-HER2 (D,) across various tested concentrations (See Table S1 in Supporting Information). The the-
oretical percentage of HER2(+) exosomes present in a given sample (e.g., designated mixture of BT474 and
MDA-MB-231cell-derived exosomes or patient samples) was then calculated by using equation 1 and 2 (see also
Tables S2 and S3 in Supporting Information).

%HER2 (+) exosomes present in sample = D,/M, x 100 (1)

D, = SPR Spectral Shift for the detection of exosomes using anti-HER2

TR @)

where, M, = Maximum SPR Spectral Shift could possibly be achieved during the read-out step using anti-HER2
(i.e., for a sample containing 100% of HER2+ exosomes)

C, = Average SPR Spectral Shift for the capture of exosomes

R=1.70 (Average Ratio between capture and detection signals obtained for HER2+ cell derived exosomes at
various tested concentrations).

References
1. Théry, C., Ostrowski, M. & Segura, E. Membrane vesicles as conveyors of immune responses. Nat. Rev. Immunol. 9, 581-593 (2009).
2. Bobrie, A., Colombo, M., Raposo, G. & Théry, C. Exosome secretion: molecular mechanisms and roles in immune responses. Traffic
12, 1659 (2001).
3. Vander Pol, E., Boing, A. N., Harrison, P,, Sturk, A. & Nieuwland, R. Classification, functions, and clinical relevance of extracellular
vesicles. Pharmacol. Rev. 64, 676-705 (2012).
4. Valadi, H. et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells.
Nat. Cell Biol. 9, 654-59 (2007).
5. Principe, S. et al. Tumor-derived exosomes and microvesicles in head and neck cancer: Implications for tumor biology and
biomarker discovery. Proteomics 13, 1608-1623 (2013).
6. Brinton, L. T., Sloane, H. S., Kester, M. & Kelly, K. A. Formation and role of exosomes in cancer. Cell Mol. Life Sci. 72, 659-671
(2015).
7. Skog, J. et al. Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic
biomarkers. Nat. Cell Biol. 12, 1470-76 (2008).
. Properzi, F,, Logozzi, M. & Fais, S. Exosomes: the future of biomarkers in medicine. Biomarkers Med. 7, 769-778 (2013).
9. Théry, C., Amigorena, S., Raposo, G. & Clayton, A. Isolation and characterization of exosomes from cell culture supernatants and
biological fluids. Curr. Protoc. Cell Biol. 30, 3.22 (2006).
10. Lane, R. E., Korbie, D., Anderson, W., Vaidyanathan, R. & Trau, M. Analysis of exosome purification methods using a model
liposome system and tunable-resistive pulse sensing. Sci. Rep. 5, 7639 (2015).
11. Wubbolts, R. et al. Proteomic and biochemical analyses of human B cell-derived exosomes. Potential implications for their function
and multivesicular body formation. J. Biol. Chem. 278, 10963—72 (2003).
12. Lamparski, H. G. et al. Production and characterization of clinical grade exosomes derived from dendritic cells. J. Immunol. Methods
270, 211—26 (2002).
13. Zhou, H. et al. Collection, storage, preservation, and normalization of human urinary exosomes for biomarker discovery. Kidney Int.
69, 1471—6 (2006).
14. Vaidyanathan, R. et al. Detecting Exosomes Specifically: A Multiplexed Device Based on Alternating Current Electrohydrodynamic
Induced Nanoshearing. Anal. Chem. 86, 11125-11132 (2014).
15. Chen, C. et al. Microfluidic isolation and transcriptome analysis of serum microvesicles. Lab Chip 10, 505-511 (2010).
16. Davies, R. T. et al. Microfluidic filtration system to isolate extracellular vesicles from blood. Lab Chip 12, 5202-5210 (2012).
17. Wang, Z. et al. Ciliated micropillars for the microfluidic-based isolation of nanoscale lipid vesicles. Lab Chip 13, 2879-2882 (2013).

oo

SCIENTIFIC REPORTS | 6:30460 | DOI: 10.1038/srep30460 8



www.nature.com/scientificreports/

18. Zhao, Z., Yang, Y., Zeng, Y. & He, M. A microfluidic ExoSearch chip for multiplexed exosome detection towards blood-based
ovarian cancer diagnosis. Lab Chip 16, 489-496 (2016).

19. Im, H. et al. Label-free detection and molecular profiling of exosomes with a nano-plasmonic sensor. Nat. Biotechnol. 32, 490-95
(2014).

20. Hosseini, A. et al. Exosome-inspired targeting of cancer cells with enhanced affinity. J. Mater. Chem. B 4, 768-778 (2016).

21. Shao, H. et al. Protein typing of circulating microvesicles allows real-time monitoring of glioblastoma therapy. Nat. Med. 18,
1835-1841 (2012).

22. Zhu, L. et al. Label-Free Quantitative Detection of Tumor-Derived Exosomes through Surface Plasmon Resonance Imaging. Anal.
Chem. 86, 8857-8864 (2014).

23. Rupert, D. L. M. et al. Determination of Exosome Concentration in Solution Using Surface Plasmon Resonance Spectroscopy. Anal.
Chem. 86, 5929-5936 (2014).

24. Noto, G. D. et al. Merging colloidal nanoplasmonics and surface plasmon resonance spectroscopy for enhanced profiling of multiple
myeloma-derived exosomes. Biosens. Bioelectron. 77, 518-524 (2016).

25. Grasso, L. et al. Molecular screening of cancer-derived exosomes by surface plasmon resonance spectroscopy. Anal. Bioanal. Chem.
407, 5425-5432 (2015).

26. Andreu, Z. & Yanez-Mo, M. Tetraspanins in Extracellular Vesicle Formation and Function. Front Immunol. 5, 442 (2014).

27. Keller, S., Sanderson, M. P, Stoeck, A. & Altevogt, P. Exosomes: From biogenesis and secretion to biological function. Immunol Lett.
107, 102-108 (2006).

28. Homola, J. Surface plasmon resonance sensors for detection of chemical and biological species. Chem. Rev. 108, 462-493 (2008).

29. Carrascosa, L. G. et al. Sensitive and label-free biosensing of RNA with predicted secondary structures by a triplex affinity capture
method. Nucleic Acids Res. 393, 1173-1182 (2009).

30. Carrascosa, L. G. et al. Molecular inversion probe-based SPR biosensing for specific, label-free and real-time detection of regional
DNA methylation. Chemn. Commun. 50, 3585-3588 (2014).

31. Sina, A. A. L et al. Methylsorb: A Simple Method for Quantifying DNA Methylation Using DNA-Gold Affinity Interactions. Anal.
Chem. 86, 10179—10185 (2014).

32. Carlsson, H. et al. HER2 expression in breast cancer primary tumours and corresponding metastases. Original data and literature
review. Br. J. Cancer 90, 2344-2348 (2004).

33. Coleman, B. M., Hanssen, E., Lawson, V. A. & Hill, A. E. Prion-infected cells regulate the release of exosomes with distinct
ultrastructural features. FASEB J. 26, 4160 (2012).

34. De Vrij, J. et al. Quantification of nanosized extracellular membrane vesicles with scanning ion occlusion sensing. Nanomedicine 8,
1443-58 (2013).

35. Huang, X. et al. Characterization of human plasma-derived exosomal RNAs by deep sequencing. BMC Genomics 14, 319 (2013).

36. Slamon, J. D. et al. Use of Chemotherapy plus a Monoclonal Antibody against HER2 for Metastatic Breast Cancer That Overexpresses
HERQ. N Engl ] Med. 344, 783-792 (2013).

37. Roberts, G. S. et al. Tunable pores for measuring concentrations of synthetic and biological nanoparticle dispersions. Biosens.
Bioelectron. 31, 17-25 (2012).

Acknowledgements

This work was supported by the UQ Postdoctoral Research Fellowship (2012001456) awarded for LGC, ARCDP
(DP120102503) and National Breast Cancer Foundation of Australia (CG-08-07 and CG-12-07) for MT. These
grants have significantly contributed to the environment to stimulate the research described here. We also
acknowledge the Queensland node of Australian National Fabrication Facility (ANFF) for SPR chip fabrication.

Author Contributions
L.G.C., M.J.A.S. and M.T. designed the experiments and supervised the project. A.A.LS., R.V. and S.D. conducted
most of the experiments. All authors discussed the data and wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Sina, A. A. L. et al. Real time and label free profiling of clinically relevant exosomes.
Sci. Rep. 6, 30460; doi: 10.1038/srep30460 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:30460 | DOI: 10.1038/srep30460 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Real time and label free profiling of clinically relevant exosomes

	Results

	Exosome Characterization and Analysis. 
	Isolation and Detection of Exosomes Using Sandwich Approach. 
	Specificity of Exosome Capture. 
	Analytical Performance of the Sensor. 
	Isolation of Clinically Relevant Exosomes. 
	Clinical Sample Analysis. 

	Discussion

	Methods

	Cell culture and isolation of exosomes. 
	Cryo-transmission electron microscopy (cryo-TEM) and dynamic light scattering analysis. 
	Device functionalization. 
	Exosome capture and detection. 
	Data analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Sandwich approach for the detection of CRE.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Specificity of the assay.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Lower detection limit of the assay.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Sensitivity of the assay.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Detection of CRE in patient samples.
	﻿Table 1﻿﻿. ﻿  Concentration of exosomes in the isolated pellet measured by qNano.



 
    
       
          application/pdf
          
             
                Real time and label free profiling of clinically relevant exosomes
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30460
            
         
          
             
                Abu Ali Ibn Sina
                Ramanathan Vaidyanathan
                Shuvashis Dey
                Laura G. Carrascosa
                Muhammad J. A. Shiddiky
                Matt Trau
            
         
          doi:10.1038/srep30460
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep30460
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep30460
            
         
      
       
          
          
          
             
                doi:10.1038/srep30460
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30460
            
         
          
          
      
       
       
          True
      
   




