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Abstract

Pancreatic cancer is a highly lethal malignancy. Lack of early diagnostic markers makes timely 

detection of pancreatic cancer a highly challenging endeavor. Exosomes have emerged as 

information-rich cancer specific biomarkers. However, characterization of tumor-specific 

exosomes has been challenging. This study investigated the proof of principle that exosomes could 

be used for the detection of pancreatic cancer. Label-free analysis of exosomes purified from 

normal and pancreatic cancer cell lines was performed using surface enhanced Raman 

Spectroscopy (SERS) and principal component differential function analysis (PC-DFA), to 

identify tumor-specific spectral signatures. This method differentiated exosomes originating from 

pancreatic cancer or normal pancreatic epithelial cell lines with 90% accuracy. The cell line 

trained PC-DFA algorithm was next applied to SERS spectra of serum-purified exosomes. This 

method exhibited up to 87% and 90% predictive accuracy for HC and EPC individual samples, 

respectively. Overall, our study identified utility of SERS spectral signature for deciphering 

exosomal surface signature.
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Pancreatic cancer is characterized by insidious onset and relentless progression. According 

to the American Cancer Society (ACS), this disease is the third-leading cause of cancer 

death in both men and women, with an estimated 44,330 deaths in 2018.1 As per ACS 

statistics, for all pancreatic cancer diagnoses, the five-year survival rate is 8% and falls to 

3% when the diagnosis is made after metastasis has occurred.1

The only curative option for this lethal malignancy is surgical resection. Surgical resection 

of the primary tumor, before it has given off metastases, confers the largest increase in 

overall patient survival.2 Unfortunately, surgery is often not possible. At the time of initial 

discovery, primary tumors have often locally invaded to the point of being nonresectable 

and/or have produced metastases. The primary reason for this is the predominantly 

asymptomatic nature of the early disease. Congruently, symptoms, when present, are mild 

and ambiguous such as nausea, malaise and right upper quadrant pain.3 Only in later stages 

do patients experience more dramatic clinical symptoms such as jaundice, cachexia, and 

migratory phlebitis. Thus, it is important to develop non-invasive and label-free tools for the 

early detection of pancreatic cancer. A liquid biopsy based tumor biomarker for the 

screening and early diagnosis of pancreatic cancer is a promising area of research that could 

change the outcome of this lethal malignancy and improve patient survival.

Among a variety of serum-based cancer markers put forth as possible means of pancreatic 

cancer detection,4 exosomes are highly sought after and valuable targets. Exosomal genesis 

begins as vesiculation of late endosomes. They are a product of the inward pinching of the 

endosomal membrane and subsequently released to the extracellular space via direct fusion 

with the external cellular membrane.5 Inherent in this mechanism of creation is that the 

intravesicular contents of exosomes mirror the cell of origin. A variety of functions have 

been attributed to exosomes including intercellular communication,6 pathogen transmission,
7 and immune response induction.8 Recently, the functional capabilities of exosomes have 

been extended to include a role in the progression and metastasis of various cancers.9–11 

Because of this, many investigators have begun to examine the potential of exosomes as 

cancer markers.12–15

A portion of circulating RNA and DNA (extracellular nucleic acids found in serum) is 

located within these membrane-bound vesicles, and studies have focused on their genomic 

profiles.16,17 Further, these vesicles are easily accessible via non-invasive liquid biopsies 

involving saliva, blood, urine, breast milk, and ascitic fluid.18,19 The available exosome 

characterization technologies including ELISA, immunoblotting, and electron microscopy 

require intensely concentrated samples and exceedingly high yield to be accurate. In 

conjunction, the characterization of the entire exosomal pool from plasma that contains 

exosomes from both normal and malignant cells introduces another layer of complexity for 

the molecular profiling of cancer specific exosomes. Consequently, the present approaches 

limit the diagnostic potential of exosomes for assessment of tumor diagnosis and prognosis. 
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New techniques are being investigated for better characterization and analysis of cancer-

derived exosomes to distinguish them from those of normal physiologic origin.

One technique with unique attributes that makes it a promising candidate for exosome 

analysis is Raman spectroscopy.20 This is a vibrational technique that measures inelastically 

scattered photons after a sample interacts with incoming monochromatic laser light. These 

photons change their energy by exciting vibrational modes of molecules. The result is a 

Raman spectrum that corresponds with known vibrations of specific chemical groups. Such 

a spectrum can accurately identify the molecular composition of a sample. Of great 

importance is that Raman spectroscopy is a label-free and a non-destructive technique. This 

holds a translational advantage in that immediate analysis of exosomes is possible without 

undue risk for the patient or long waiting periods. Raman scattering can also provide a 

unique signature based on the molecular composition of a sample. Hence, this method can 

differentiate exosomes as a function of the membrane lipid/protein content along with other 

various surface modifications. Finally, the Raman signal can be enhanced by several orders 

of magnitude by employing noble metal nanoparticles (Au/Ag) or rough nano-structures. As 

a result, only a small concentration of exosomes in a sample is needed for the detection and 

analysis.

The primary limitation of this method is weak Raman scattering efficiency (lower than 1 in 

107 photons). In the presence of surface plasmon on metallic (usually Au or Ag) 

nanoparticles or nanostructured surfaces, Raman signals can be significantly enhanced. This 

phenomenon is called surface enhanced Raman scattering and the technique is called surface 

enhanced Raman spectroscopy (SERS).21,22 This technology has been widely studied and 

applied for many years; however, it has only recently been employed to analyze exosomes. 
23,24 When combined with multivariate analytical techniques that can condense the large 

amount of spectral information gathered, SERS can serve as a valuable tool to separate 

exosome subpopulations and can potentially be utilized for the characterization of exosomes 

for cancer diagnoses.

One method for the mathematical processing of SERS data is principal component 

discriminant function analysis (PC-DFA).25,26 With this technique, principal component 

analysis (PCA) is performed initially on SERS spectra. This reduces total variables 

considered and accentuates the amount of variation within a data set. In so doing, it allows 

for the identification of the combination of variables contributing the greatest to the overall 

variance measured between samples. PCA conducts a linear (orthogonal) transformation on 

the SERS data, compressing a multitude of correlated variables (i.e. Raman shift peaks) into 

linearly uncorrelated variables known as principal components (PCs). PCs can then be used 

as input independent variables for discriminant function analysis (DFA). This method 

provides classification efficacy via a cross-validation or external-validation method.

In our experiment, we utilized SERS and PC-DFA to characterize subpopulations of 

exosomes from various cellular origins as well as patient sera. The SERS spectra of 

exosomes, derived from one healthy and two pancreatic cancer cell lines, were successfully 

characterized and classified by a PC-DFA algorithm. Further, the PC-DFA algorithm trained 

from the three cell lines was applied to the SERS spectra of exosomes isolated from 
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pancreatic cancer patient serum samples to investigate the diagnostic efficacy of exosome 

spectral signatures.

Methods

Exosome isolation from cell medium and serum

Three hundred ml of cell medium was centrifuged in 50 ml aliquots at 11,200 G for ten 

minutes at 4 °C to remove dead cells and cellular debris. The supernatant was then filtered 

and concentrated. The exosomes were isolated using a sucrose density gradient as detailed 

earlier.27 The purified particles were washed using 10 mM Borate Buffer, resuspended in 50 

μl of buffer and stored at –20 °C.

Exosomes were isolated from benign control patients and pancreatic cancer patients with 

early stage (IA-IIB) disease (IRB # 517–15-EP). For the isolation of exosomes from serum, 

one ml of patient serum was added to 1.5 ml PBS and centrifuged at 500 G for 10 min at 

4 °C. The supernatant was collected and then centrifuged at 12,000 G for 20 min at 4 °C. 

Again, the supernatant was collected and centrifuged at 100,000 G for six hours at 4 °C. The 

pellet that formed was suspended with 3 ml PBS and centrifuged for the final time at 

100,000 G for two hours at 4 °C. From here the exosome pellet was treated with the same 

density gradient steps as described for isolation from cell medium. The particles from each 

fraction were resuspended in 50 μl of PBS and stored at –20 °C.

Transmission electron microscopy (TEM)

For TEM analyses, 6 μL of purified exosome preparation was loaded onto the TEM copper 

grid and allowed to dry for three minutes followed by removal of excess sample. Nanovan 

vanadium negative stain (6 μL) was then added to the grid and allowed to rest for one minute 

when excess was removed and the grids were then incubated for five minutes. Samples were 

then analyzed by a Tecnai G2 Spirit transmission electron microscope (FEI Inc., Hillsboro, 

Oregon, USA).

Atomic force microscopy (AFM)

The overall negative charge of exosomes was exploited for depositing them on positively 

charged mica substrate modified with aminopropylsilatrane (APS) and prepared as described 

in previous publications.28 Exosome samples (5 μL) were left to incubate for a total of 2 

min. Excess samples were washed with DI water and dried under argon flow. AFM images 

were acquired using a MultiMode AFM NanoScope IV system (Bruker Instruments, Santa 

Barbara, CA, USA) operating in tapping mode with a 1.5 Hz scanning rate using a 

TESPA-300 probe from Bruker with a resonance frequency of 320 kHz and a spring 

constant of about 40 N/m. Images were processed using the FemtoScan Online software 

package (Advanced Technologies Center, Moscow, Russia).

Nano particle tracking analysis (NTA)

The number and size of the purified exosome samples were measured with a NanoSight 

LM10 Nanoparticle Analysis System and processed with NTA 2.3 Analytical Software 

(Amesbury, Wiltshire, UK). The purified samples were diluted at 1:200 in PBS. A 1 mL 
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syringe was used to inject the particle chamber with the diluted sample for NanoSight LM10 

readings.

SERS measurement

Ti/Au 40 nm/100 nm coated 25 mm × 75 mm × 1.1 mm microscope slides were purchased 

from Deposition Research Lab Inc. (St. Charles, MO, USA). 10 nm AuNPs coated with 

Branched Polyethyleneimine (BPEI) were purchased from nanoComposix, Inc. (San Diego, 

CA USA). A 250 μL amount of 10-nm-diameter Au nanoparticles was centrifuged at 5500 

RPM for 10 min and the supernatant was subsequently removed. The pellet was suspended 

with 250 μL of 2 mM Borate Buffer and this mixture was spun at 5500 RPM for 10 min. The 

supernatant was again removed and the pellet was suspended in 250 μL of 2 mM Borate 

Buffer. Exosomes from each cell line were then added to the mixture in a 1:1 ratio. These 

samples (5 μL each) were dropped onto the gold slides and allowed to incubate overnight at 

room temperature. They were allowed to dry completely and then stored at 4 °C prior to 

SERS measurement.

The SERS measurements were conducted using a commercial microscope (Renishaw InVia 

Reflection, Wotton-under-Edge, United Kingdom) with 785-nm diode laser excitation. The 

laser power was set to be 10 mW. The laser beam was focused by a 50× microscope 

objective with a numerical aperture of 0.75 (Leica n PLAN EPI 50×/0.75. Buffalo Grove, IL, 

USA) to a spot size of around 1 μm in diameter. They were recorded with an acquisition 

time of 1 s and accumulated 10 times.

SERS spectra processing and PC-DFA

The raw spectra were baseline corrected via the Vancouver Raman algorithm with 5-point 

boxcar smoothing along with fifth order polynomial fit. Normalization of spectra was 

conducted via the standard normal variant method thus removing multiplicative error while 

maintaining the same level of contribution to the measurement for each spectrum.25

The preprocessed spectra were then analyzed by the PC-DFA method utilizing the 

“mixOmics” package in R software. The PCA reduced the dimensionality of the SERS 

spectrum from 1004 variables (from 719 cm–1 to 1800 cm–1) to 20 PCs. These 20 PCs were 

further analyzed by DFA for development of a classification model. Classification efficacy 

was evaluated by cross-validation and external validation for the cell lines and patient serum 

samples, respectively.

Standard cell culture and immunoblot techniques are described in supplementary materials.

Results

Exosome characterization

Exosomes were isolated from cell culture supematants of representative pancreatic cancer 

cell lines CD18/HPAF and MiaPaCa, as well as from the untransformed pancreatic epithelial 

cell line HPDE by diffusion gradient ultracentrifugation as described in the experimental 

section. Size and concentration of the exosomal isolates were discerned through the use of 

nanoparticle tracking analysis (NTA) that revealed the CD18/HPAF cell line derived 
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exosomes modal hydrodynamic size to be 132 nm (Figure 1, A) (MiaPaca and HPDE 

exosomes modal hydrodynamic size was 221 nmand261 nm respectively, Supplementary 

Figure 1). Morphology and size of the extracellular vesicles were visualized with 

transmission electron microscopy (TEM) (Figure 1, B). The particles from all three cell lines 

were circular with a central concavity giving a characteristic exosomal “cup shape” 

appearance. The larger exosome sizes measured via NTA can be attributed to vesicular 

agglomeration in NTA making them appear larger and the preparation of the samples 

required for TEM, causing exosomal dehydration resulting in vesicular shrinkage as well as 

the cup shape appearance.

Further characterization of the exosomes was conducted by immunoblotting 10 μg of each 

sample fraction from the density gradient ultracentrifugation (Figure 1, C). Accepted 

tetraspanin protein markers, CD9 and CD63, along with the adhesion molecule EpCAM29 

were used as proof of the presence of exosomes within the sample fractions. As seen in the 

figure, all three of these markers were prominent in fractions three and four denoting high 

exosome concentration within these fractions. Of these, fraction three was chosen to be 

utilized in the subsequent SERS experiments. Interestingly, exosomes from both CD18/

HPAF as well as MiaPACa were positive for Glypican 1, a marker shown to be 100% 

specific to pancreatic cancer.13 The immunoblot did confirm the presence of this antigen on 

the exosomes thus increasing their diagnostic significance and possible utilization as 

pancreatic cancer biomarkers.

Finally, characterization of purified exosomes was conducted via atomic force microscopy 

(Figure 1, D). AFM confirmed that the exosomes bind to the gold surface which is required 

for the SERS process and further that the concentration of particles was adequate for SERS 

address coverage.

Surface enhanced Raman spectroscopy of exosomes

For characterizing SERS signatures of exosomes, Raman shifts in the range of 719–1800 

cm–1 were measured from 33 samples of exosomes derived from CD18/HPAF, 31 samples 

from MiaPaCa, 35 samples from HPDE, and 22 from the control (AuNPs only) within the 

Raman shift range of719–1800 cm–1. These individual SERS spectra were averaged for each 

exosome population, as well as for the control (Figure 2, Standard deviation associated with 

the means for each of the samples and control are shown in Supplementary Figure 2). 

Interestingly, variations in peaks (amplitude and Raman shift value) were noted both 

between the control and exosome populations and also between the exosome population 

samples themselves, thus providing the foundation for differential characterization of the 

particles.

In the 719–1800 cm–1 region, spectra exhibited peaks characteristic of vibrations 

corresponding to lipids and proteins which are the major contributors of exosome surface 

composition. For example, vibrations due to the C-C skeletal stretching appear as peaks at 

1051 cm–1 and 1124 cm–1. Another peak that can be clearly distinguished lies at 1450 cm–1, 

which is due to CH2 bending vibration and is very typical of lipids.30 The peaks in the 

1300–1400 cm–1 region can be attributed to CH2 twisting vibrations. An intense peak at 830 

cm–1 is also observed corresponding to C-O-O vibration typical of phospholipids.31
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High reproducibility and consistency for SERS measurements were observed 

(Supplementary Figure 3) providing validity to each individual SERS peak as specific to that 

sample exosome population and not merely arising from background noise. Although most 

repeated peaks of each group were identified, not every spectrum exhibited all of these 

specific peaks and not every specific peak was surface enhanced. The possible reason for 

this variable peak enhancement could be the randomness in the interaction and subsequent 

bonding between gold nanoparticles and exosomes. To address this issue, adequate spectral 

number and whole fingerprint spectral data were acquired for multivariate analysis. Of note, 

in addition to common spectral features across exosome populations, distinct differences in 

peaks’ profiles and intensities were observed in SERS. This observation highlights the 

ability of Raman spectroscopy to distinguish exosomes by their lipid composition. To 

increase the SERS output, we have used gold nanoparticles as well as gold substrate as an 

improvement over the previous design. 23 To identify differential peaks associated with 

pancreatic cancer, principal component and differential function analyses were conducted on 
the collected SERS data.

Principal component and differential function analyses (PCA-DFAs)

After pre-processing of the raw SERS spectra, PCA was used to reduce the number of 

variables considered from 1004 variables to 20 PCs, which counted for 88.2% of the total 

variance. Principal Component #1(PC #1) contained the most important data with 35.4% of 

the total variance. The next two PC #2 and PC #3 represented 14.4% and 6.6% of the total 

variance, respectively. A three dimensional (3D) PCA plot for the first three PCs (PC #1, PC 

#2, and PC #3) is shown in Supplementary Figure 4. Although these three PCs contributed 

56.4% of the total variance, it is still not enough for high-efficiency classification. Twenty 

PCs were chosen for the trade-off between low data dimensionality and high variance 

observed in samples.

The PC-DFA plots for the three discriminant function classifiers (DA1, DA2, and DA3) of 

the total 121 spectra from four groups (HPDE, CD18/HPAF, MiaPaCa, and Control) are 

shown in Figure 3. The exosome groups and control group are clearly separated by DA1 and 

DA2 (Figure 3, A and B) due to the absence of exosome peaks within the control group, 

leading to a distinct spectral pattern. The exosome subpopulations formed discrete clusters 

and separated from each other by all the classifiers, as shown in the 3-dimensional PC-DFA 

plot (Figure 3, D). Corresponding loading spectra are shown in Supplementary Figure 5. The 

classification accuracy was calculated via cross-validation method and is shown in Table 1. 

As shown, only one spectrum of healthy cell-derived exosomes was misclassified as having 

a cancer cell origin. Congruently, six spectra of cancer cell-derived exosomes were 

misclassified as having a healthy cellular origin, with none of these being CD18/HPAF 

spectra (MiaPaCa spectra were classified as healthy six times, and as CD18/HPAF spectra 3 

times). The overall accuracy of PC-DFA classification was 90.0% for the three cell line and 

the control. Since CD18/HPAF and MiaPaCa are cancer cell lines and HDPE is a healthy 

cell line, the sensitivity and specificity are calculated to be 90.6% and 97.1% respectively, 

regardless of the control.
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To investigate the potential diagnostic efficacy, exosomes were isolated as described in the 

experimental section from the sera of ten healthy subjects and ten early-stage pancreatic 

cancer patients. The presence, size, and number of exosomes in these samples were verified 

with NTA (Figure 4, A). Though the size and concentration were less than what was 

measured for cell line derived exosomes, their presence was confirmed by direct 

visualization by TEM, where the vesicles exhibited the characteristic “cup shape” 

morphology (Figure 4, B). Adhesion to the gold substrate surface and adequate SERS 

address distribution were verified by AFM (Figure 4, C).

For each of the twenty exosome samples purified from sera, 10–20 SERS measurements 

were collected for external validation. The PC-DFA algorithm, trained from the previous 

SERS of cell line exosomes, was applied to the SERS measurements of the patient sera 

exosome samples. With the application of this algorithm, the SERS spectra measured from 

exosomes derived from serum exhibited a range of predictive accuracies. HC samples ranged 

from 20% to 87% characterization efficiency while EPC sample characterization efficiency 

was from 30% to 90% (see Table 2).

Discussion

Label-free technologies offer many advantages that are amenable to the characterization and 

utilization of liquid biopsies as diagnostic markers. Conventional methods such as 

immunohistochemistry, flow cytometry, PCR, and immunoblotting use known targets of 

interest which require predetermined markers or probes. Unfortunately, the quantity of 

cancer originating exosomes purified from patient serum is minimal compared to those 

arising from normal tissue. Because of this, the ability to collect adequate material for 

assessment via the aforementioned technologies is greatly diminished. Further, the narrow 

focus of these technologies inherently limits the possible information gathered from a given 

sample and precludes the possibility of discovery. Conversely, label-free modalities 

circumvent the requirement of predetermination, thereby offering a relative and universal 

metric by which all species are measured and compared.

Many investigators have recognized the value in label-free techniques and as such, a variety 

of methods have recently been evaluated. Surface plasmon resonance is used in the 

quantification and detection of multiple serum-based biomarkers by refractive index changes 

predicated on binding interactions.32 Surface proteomics is a technique that involves 

“shaving” proteins off the surface of exosomes.33 Mass Spectrometry is then utilized to 

discern the identity of the shaved proteins that may subsequently be used as cancer specific 

biomarkers. Also, species-specific impedance biosensors have been utilized in the pursuit of 

biomarkers.34 This study utilizes the label-free technique of SERS which is uniquely suited 

for exosomal characterization due to its high sensitivity, molecular signature specificity, and 

ability to be amplified. This method can take advantage of the differing, yet unknown, 

characteristics of exosomes and separate exosomes predicated on spectral differences. Our 

SERS substrate is comprised of two components: gold slide surface and 10 nm AuNP’s. The 

minimal SERS activity inherent to 10 nm AuNPs is amplified by the presence of the gold 

slide surface in a “mirror” geometry. Plasmonic coupling of nanoparticle modes with the Au 

substrate provides a red shift in plasmonic resonance matching our excitation at 647 nm. A 
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much larger SERS signal is observed when this tandem method is used. We have utilized 10 

nm AuNPs to benefit from positive charges of BPEI modified NP’s, the only size 

commercially available at the time. We did this because positively charged nanoparticles 

bind to the surface of negatively charged exosomes. Additionally, small nanoparticles bound 

to exosomes provide a large number of “hot spots”.

Though the specific molecules that contribute to the variance in SERS spectra are unknown 

at this time, the Raman spectral shifts offer an insight into possible species. Lipids and 

proteins are the primary molecules that comprise the exosomal surface. This surface 

composition is highly variable between cancer and normal exosomes and is the reason 

behind SERS spectral variance. For example, peaks associated with C-C skeletal stretching 

and CH2 bending are characteristic for the presence of lipids and a peak associated with C-

O-O vibrations alluded to the presence of phospholipids. Changes in the relative amounts of 

these molecular species, or even species ratios, can confer a measurable and useful amount 

of overall spectral variance.

Previously, Park et al. conducted an elegant study that investigated PCA of SERS and the 

ability to differentiate exosomes originating from healthy cells vs. those originating from 

lung cancer cells. 23 Their work proved the utility of PCA of SERS to accurately 

characterize exosomes originating from healthy or lung cancer cells. However, the study was 

unable to translate the findings from pure cell line exosome populations to those purified 

from patient sera. Another study conducted by Stremersch et al. combined partial least 

squares discriminant analysis to SERS of exosomes.35 They showed that pure populations of 

exosomes purified from melanoma or red blood cells could be accurately separated; their 

method was also not applied to exosomes from patient sera. The study put forth in this paper 

is a proof-of-concept experiment, proving the power and potential for PC-DFA of exosomal 

SERS to serve as a means to diagnose pancreatic cancer at an early stage, when curative 

resection is still possible, that heretofore had not been successful. To corroborate these 

findings, previous studies have shown that cancer-specific exosomes are present in patient 

serum23,33 and that pancreatic cancer specific profiling of serum-purified exosomes for 

oncogenic mutations is feasible. 15

Lower prediction efficacies were observed when the PC-DFA was applied to SERS of 

patient sera. This is a direct result of the diverse origin of exosomes in patient serum. In 

addition, the sera from cancer patients, especially from those with early-stage disease, 

inherently have a larger portion of exosomes arising from normal epithelium rather than 

tumor cells. This increases the complexity of the SERS spectra and therefore the difficulty of 

algorithmic determination increases significantly. Even so, this study opens the door to a 

novel cancer detection method. Congruently, the trend of multiple testing outcomes (i.e. 

characterization as HC or EPC) from a single patient could serve as a means of allying or 

increasing suspicion of cancer. Use of this technique in high-risk patients and/or those with 

high-risk features could give insight into the disease gestalt.

The practical use of this technology and lack of specificity can be ameliorated via multiple 

means and are possible future directions for this research. The first will be to conduct an 

intragroup comparison between well characterized and poorly characterized samples, as 
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determined by the current PC-DFA algorithm. This will elucidate peaks or areas within the 

spectra that may be diminishing assay efficacy. Second, we will establish an exosomal SERS 

spectral library collected from a large sample set of healthy individuals and pancreatic 

cancer patients of various stage and use those for the basis of the PC-DFA predictive 

algorithm. Additionally, larger serum sample volumes may be used to increase the total 

amount of pancreatic cancer originating exosomes. Further investigation is planned to 

discover if different metrics such as proteomics, metabolomics and RNA sequencing of 

exosomal contents, would improve on the aforementioned sensitivity and specificity of 

SERS PC-DFA. Alternative methods of purification include exosome specific ELISA and 

magnetic bead isolation, to purify directly from serum. Implementing these methods would 

allow for more facile isolation. Finally, we plan to investigate other various biological 

sources of exosomes, such as urine and ascites, and apply PC-DFA.

In conclusion, surface enhanced Raman spectroscopy, in conjunction with PC-DFA 

methodology, was applied for the classification of exosomes derived from a healthy cell line 

and two pancreatic cancer cell lines via a cross-validation method. The sensitivity and 

specificity were 90.6% and 97.1%, respectively. Moreover, a proof-of-concept experiment 

was conducted to investigate the diagnostic efficacy of the SERS spectra of exosomes 

collected from pancreatic cancer patient serum samples when the PC-DFA algorithm was 

applied. The present work demonstrates that exosomes can be analyzed by SERS and 

combined with PC-DFA as a liquid biopsy based detection of pancreatic cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Physical and biochemical characterization of exosomes from pancreatic cancer cell line 

CD18/HPAF. Exosomes were purified via density gradient ultracentrifugation from cell line 

supernatant. (A) Nano particle tracking analysis (NTA) showing size distribution of purified 

exosomes. (B) TEM showing spherical consistency and size homogeneity along with 

individual vesicle morphology of purified particles. (C) Immunoblotting of density gradient 

purified fractions for exosomal markers (CD63 and CD9), adhesion molecule (EpCAM) and 

pancreatic cancer associated marker (Glypican 1). CD18/HPAF exosomes were positive for 

CD9, CD63, EpCAM and Glypican 1. CD18/HPAF cell line lysate was taken as control for 
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immunoblotting studies. (D) AFM images of exosome deposited onto gold slides displaying 

presence and adequate coverage of exosomes for SERS.
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Figure 2. 
Characteristic surface enhanced Raman spectra (SERS) of exosomes from normal and 

pancreatic cancer cell line. Averaged SERS spectra for the four exosome populations: Gold 

nanoparticles only were used as a control, and all SERS of exosomes was conducted on 

sucrose density gradient purifed particles. For the experiment, 33 sample spectra of CD18/

HPAF, 31 from MiaPaCa, 35 from HPDE, and 22 from the control were obtained and pre-

processed. The variations in spectral pattern (amplitude and shift value) are noted between 

the control and exosome populations and also between the individual exosome populations 

within samples, thus providing the foundation for differential characterization of the 

particles.
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Figure 3. 
Discriminant Function Analysis (DFA) plots for each exosomal population and control 

(AuNPs only). Principle Component Analysis (PCA) was first conducted on raw SERS 

spectra from both normal human pacreatic ductal epithelial cell line (HPDE) and pancreatic 

cancer cell lines (CD18/HPAF, MiaPaCA) to reduce the dimensionality of the data from 

1004 individual wavenumber variables (from 719 cm–1 to 1800 cm–1) to 20 PCs. The PCs 

were used as the input independent variables for DFA. (A) 2D DFA plot of DA1 vs. DA2. 

(B) 2D DFA plot of DA1 vs. DA3. (C) 2D PC-DFA plot of DA2 vs. DA3. (D) 3D DFA plot 

of DA1 vs. DA2 vs. DA3. These graphical representations visually display the capability of 

the PC-DFA algorithm to efficiently separate differing exosomal subpopulations based on 

SERS spectra.
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Figure 4. 
Morphology and characterization of serum derived exosomes purified by differential 

ultracentrifugation. (A) NTA showing size distribution of exosomes purified from patient 

sera; (B) TEM showing spherical individual vesicle morphology purified from patient sera; 

and (C) AFM of substrate surface (gold) displaying presence and adequate coverage of 

exosomes for SERS.
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