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Abstract

Extracellular vesicles (EVs) can represent a novel source of disease biomarkers, and are under 

intensive study for their clinical potential. Most EV-based cancer diagnostic studies have focused 

on establishing EV assays that detect increased expression of a single cancer-associated marker or 

marker signatures based on multiplex detection of these biomarkers. EV biomarker readouts can 

be obscured by high background signal leading to false positives, and may markedly differ 

between analyses due to variation in sample purity during EV isolation. This can obstruct the 

comparisons among studies and lead to conflicting conclusions. This work reports that the nucleic 

acid to protein UV absorption ratio of an EV is a cell-specific EV characteristic. This EV 

collective attribute can be measured at low-cost to discriminate EVs derived from malignant and 

non-malignant cells rather than employing single markers that may be cancer- or subtype-specific. 

Our work also highlighted the application for accessing purity in EV preparations irrelevant to EV 
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yield. It can be employed to distinguish from patients with and without malignant disease upon 

analysis of EVs isolated from their serum samples.
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1. Introduction

Extracellular vesicles (EVs) carry biomolecules that play important roles in cell-to-cell 

communication, including tumor initiation, progression, and metastasis (Brinton et al., 2015; 

Kondratov et al., 2017; Minciacchi et al., 2015). Since EVs shuttle factors that are 

characteristic of their cell or tissue origins (de Candia et al., 2013; Muralidharan-Chari et al., 

2010; van der Pol et al., 2012), circulating EVs have strong potential as novel biomarkers for 

minimally invasive cancer diagnosis. Tumor-derived EVs present in peripheral blood have 

demonstrated a strong association with clinical diagnosis and prognosis (Coumans et al., 

2010; Enciso-Martinez et al., 2020). Most EV-based cancer diagnostic studies have focused 

on establishing EV assays that detect increased expression of a single cancer-associated 

marker (protein, RNA or miRNA, or mutant DNA allele), or marker signatures based on 

multiplex detection of single biomarker types. However, such single marker approaches or 

limited biomarker panels may miss a significant fraction of cancers that exhibit genetic or 

phenotypic heterogeneity. EVs are usually characterized by their membrane factors (Melo et 

al., 2015) or their cargoes (Taylor and Gercel-Taylor, 2008) when analyzed by molecular 

methods, and most translational studies have focused on the analysis of EV surface proteins 

(Castro-Marrero et al., 2018; Hoshino et al., 2015; Liang et al., 2017; Liu et al., 2020; Melo 

et al., 2015; Rupp et al., 2011; Sun et al., 2020; Sun and Hu, 2018) or intravesicular 

nucleotide cargoes (Chevillet et al., 2014; Donovan et al., 2015; Kahlert et al., 2014; Lässer 

et al., 2011; Miranda et al., 2010; Pefanis et al., 2015; Shao et al., 2015; Valadi et al., 2007). 

Distinctive properties of intact EVs derived from nonmalignant versus malignant cells have 

not been employed as diagnostic biomarkers, although more than 14,000 EV-related studies 

were published in 2019.

One major issue hindering the development of clinical assays is that most preliminary 

studies employ variable EV isolation procedures that can produce EV samples that produce 

conflicting results. Standardized protocols that yield EV samples with consistent purity, 

quality, and yield are essential for the development of clinical applications. Colorimetric 

assays (Zendrini et al., 2020), nanoflow cytometry (Tian et al., 2020), nanomechanical 

microscopy (Ridolfi et al., 2019; Whitehead et al., 2015), Fourier-transform infrared 

spectroscopy (Paolini et al., 2020), Raman spectroscopy (Enciso-Martinez et al., 2020; 

Gualerzi et al., 2019), and MALDI (Zhu et al., 2019) studies attempted to provide solutions, 

but are constrained by either complicated labeling procedure or delicate equipment that 

would limit their use in clinical settings.

In this study, we describe a simple approach to assess EV purity and discrimination different 

EV populations based on the characteristic nucleic acid-to-protein ratio (NPr) of specific 
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EVs, as assessed by UV absorbance at 260 nm and 280 nm, respectively. Since nucleic acids 

and amino acids with aromatic rings exhibit absorbance maxima at these two wavelengths, 

while phospholipids, the major component of the EV membrane, exhibit low UV absorbance 

(McHowat et al., 1996), this approach permits dye-free analysis of EV composition, with 

research and clinical implications. We demonstrate that spectrophotometric EV NPr values, 

as a cell line-specific collective attribute rather than single factors, can evaluate EV purity, 

and differentiate EVs derived malignant and non-malignant cells when analyzing cell culture 

and patient samples. The findings indicate that EV NPr values evaluated by standard UV 

spectroscopy can function as a simple and inexpensive measure of EV purity, and provide 

proof-of-concept data that EV NPr values may have clinical utility for noninvasive cancer 

diagnosis improvement.

2. Material and methods

2.1. EV isolation from culture media

EV samples were isolated from independent replicate cultures maintained under the same 

conditions. Briefly, cells were grown in culture media supplemented with serum to a culture 

density of 107 cells, washed three times with pH 7.0 phosphate-buffered saline (PBS), and 

then cultured for 48 h in serum-free media to collect EVs during cell starvation. To collect 

EVs from cells not under nonstarvation conditions, the cells were PBS washed, and cultured 

for 48 h in media supplemented with 10% EV-depleted FBS (Thermo Scientific, US). After 

48 h, culture supernatants were collected and centrifuged at 400 g for 15 min to pellet cells, 

centrifuged at 8,000 g for 40 min to remove cell debris, concentrated with 100 kDa 

centrifugal filter units (Merck Millipore Ltd) by centrifugation at 21,000 g for 60 min. 

Concentrated supernatants were then centrifuged at 110,000 g for 120 min, and resulting EV 

precipitates were collected, dissolved in 100 μL PBS (pH 7.4), and stored at 4 °C until 

analysis within the same day. TEM, nanoparticle tracking analysis, and Western blot 

analyses were used to validate the characteristics of isolated EV samples (Fig. S1).

2.2. EV isolation from serum

Cryopreserved human serum samples (600 μL) were thawed and mixed by gentle vortexing, 

centrifuged at 135 g for 15 min, supernatants were centrifuged for 45 min at 9400 g, after 

which supernatant was carefully isolated to avoid the separated lipid layers and debris pellets 

and then centrifuged supernatant for 3 h at 100,000 g at 4 °C, or for 9 h. EV pellets were 

resuspended in 100 μL PBS (pH 7.0) and resuspended EVs were stored at 4 °C until analysis 

within the same day. EVs were isolated from 600 μL to achieve stable EV NPr readouts (Fig. 

S2).

2.3. Protein/DNA/RNA extraction, EV quantification, and NPr measurement

Aliquots of isolated EVs (30 μL each from the 100 μL EV stock sample isolated from 107 

cells) were incubated with M-PER mammalian protein extraction reagent (Thermo 

Scientific) for 30 min in an ice bath and protein lysate concentrations were measured by 

bicinchoninic acid (BCA) assay (micro BCA Kit, Thermo Scientific). Total EV DNA and 

RNA was isolated using the AllPrep DNA/RNA Mini Kit (Qiagen, USA) by suspending 40 

μL of isolated EVs in 200 μL of RLT-Plus buffer, homogenizing samples at maximum power 
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for 1 min, loading lysates onto isolation columns, and eluting RNA and DNA with 50 μL EB 

buffer and 30 μL of nuclease-free water, respectively. DNA/RNA concentrations were 

quantified by light absorption using a Nanodrop 8000 Spectrophotometer (Thermo Fisher 

Scientific). Concentrations and size distributions of EVs were assessed by nanoparticle 

tracking analysis using a NanoSight NS300 (NanoSight Ltd., Amesbury, UK) to analyze 

replicate EVs samples diluted 200-fold in PBS. Five PBS blank samples were measured 

between each EV sample to avoid cross-contamination, and five repeat NPr readings were 

recorded and calculated for each 2 μL EV sample from a 100 μL EV stock sample isolated 

from 107 cells or 600 μL of human serum or plasma using a Nanodrop 8000 

Spectrophotometer.

2.4. mtDNA/nDNA quantification

mtDNA content was determined by quantitative polymerase chain reaction (qPCR) of MT-

ND1(Taqman™ assay ID: Hs02596873_s1) and normalized against the nuclear GAPDH 

gene (TaqMan™ assay ID: Hs02786624_g1). DNA (5 ng) was amplified in technical 

triplicates in 10 μL reactions using TaqMan™ Universal Master Mix II on the Applied 

Biosystems (Foster City, CA) Quantstudio 6 real-time PCR system. Final Ct values were 

corrected and assessed for reaction efficiency based on standard curves of both sequence 

products (Fig. S3). The PCR products were confirmed by gel electrophoresis and 

subsequently were extracted from agarose gels using the QIAquick Gel Extraction Kit 

(Qiagen, Chatsworth, CA) and further confirmed by microcapillary gel electrophoresis on an 

Agilent 2100 Bioanalyzer system using the ‘high-sensitivity’ DNA chips (Agilent). mtDNA/

nDNA was evaluated as 2(CtND1—CtGAPDH+1)

3. Result and discussion

3.1. UV nucleic acid to protein absorption ratios of EVs are cell-specific

EVs derived from cancer cells are reported to contain more DNA than those from non-

malignant cells (Thakur et al., 2014). We analyzed EVs isolated from four pancreatic cell 

lines: a pancreatic cell line derived by immortalization of primary ductal pancreatic cells 

(HPNE, non-malignant), and three representative primary pancreatic ductal adenocarcinoma 

(PDAC) cell lines with different genotypes (PANC-1, BxPC-3, MIA PaCa-2). Analysis of 

the DNA and protein content of these EVs was performed by separate isolation and 

quantification procedures, which determined that the EV DNA-to-protein ratio ranged from 

1:99 in HPNE EVs to 1:9 in MIA PaCa-2 EVs with PANC-1 and BxPC-3 demonstrating 

intermediate values of 1:49 and 1:12, respectively (Fig. 1a). Such DNA-to-protein ratio 

measurements require isolation and quantification steps that are subject to significant 

variation (Fig. S4). We therefore examined whether we could distinguish EVs isolated from 

malignant and non-malignant pancreatic cell lines using a simple, dye-free 

spectrophotometric assay. This approach analyzed the maximum 260 nm-280 nm 

absorbance ratio of an EV sample to evaluate its relative nucleic acid-to-protein ratio (NPr), 

since nucleic acids and proteins primarily absorb near 260 nm and 280 nm, respectively.

This absorption spectroscopy approach, which is commonly used to characterize the 

molecular content of purified samples (Schmid, 2001), is sensitive and nondestructive, and 
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requires only small amounts of material for analysis (1 μL). Samples primarily composed of 

nucleic acid or protein respectively exhibit absorption A260/A280 ratios (NPr) >1.5 and < 

0.8, while those with mixed compositions exhibit intermediate values that reflect the relative 

composition of nucleic acid and protein in the specimen (Patterson and Mura, 2013). 

However, the absorption spectrum was not well accepted to identify EVs because of the 

quantity dependency (Fig. 1b). Since the major component of the EV membrane is low-UV-

absorbing phospholipids, NPr values should primarily reflect the nucleic acid and protein 

composition of an EV sample. NPr values of EVs isolated from the four pancreatic cell lines 

exhibited differential variability at EV concentrations below 108 EVs/mL due to limitations 

of the detector, but were highly reproducible for EVs derived from each cell line when 

measured at higher EV concentrations, with EVs from the three tumor cells exhibiting 

higher NPr values (Fig. 1c). These NPr values thus have the potential to serve as an 

identifier that distinguishes EVs derived from each of these cells, and potentially other cells, 

due to their composition differences.

DNA has been reported to represent the bulk of EV nucleic acid (Thakur et al., 2014), and 

we found that the EV RNA content fell below the limit of detection in our analysis (UV 

absorption and bioanalyzer). EV NPr values and EV DNA/protein ratios determined with 

purified EV material demonstrated a strong linear correlation (R2 = 0.8, Fig. 1d), suggesting 

that NPr can reliably evaluate the relative amount of DNA to protein in isolated EVs. 

DNase/RNase digestion revealed these samples contained varying amounts of extravesicular 

nucleic acid, as indicated by NPr decreases following the digestion (Fig. 1e). However, 

relative NPr value differences among these cell lines persisted following digestion, 

indicating that most EV-associated nucleic acid detected in these samples was intravesicular 

EV cargo. Spectrophotometric NPr EV value thus appears to be a useful means for EV 

discrimination, given its minimal sample requirement and the concentration-independent 

stability of the detected values when analyses are performed above a minimum EV 

concentration threshold (Fig. 1f).

3.2. Mitochondria DNA contributes to EV NPr

NPr increases detected for EVs from malignant PDAC cell lines were associated with 

increased EV DNA-to-protein ratios, which may reflect changes in DNA contributions from 

the nucleus (nDNA) or mitochondria (mtDNA) (Sansone et al., 2017). Mitochondrial 

metabolism plays a central role in cancer development and progression, and increased 

mitochondrial abundance is a common characteristic of tumors that exhibit worse clinical 

outcomes (Carew and Huang, 2002; Vyas et al., 2016). Larger NPr values observed in 

PDAC-derived EVs could thus reflect increased mtDNA content, since all three PDAC cell 

lines revealed greater mitochondrial density than the non-malignant HPNE cell line when 

analyzed by microscopy (Fig. 2a and S5) and flow cytometry (Fig. 2b and S6). Similarly, 

mtDNA to nDNA ratios were increased 11 × and 5 × when comparing MIA PaCa-2 versus 

HPNE cells and EVs, respectively (Fig. 2c). Since relative mitochondrial protein content of 

MIA PaCa-2 cells and their EVs increased by 1.4 × and 1.75 × versus that of HPNE cells 

and their EVs (Fig. 2d), it is reasonable to postulate that mtDNA (compared with 

mitochondrial proteins) contributes to the high NPr value of the EVs from PDAC cells.
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We thus evaluated the contribution of mtDNA to EV NPr, by comparing mtDNA depleted 

MIA PaCa-2 cells (ρ0) with the wild type (WT). The mitochondrial mass density of ρ0 

declined versus WT (Fig. 2a and f) with decreased cytoactivities (Fig. S7). The mtDNA of 

the ρ0 was depleted, but the mitochondrial protein was not (Fig. 2e and g). The lower NPr of 

po EVs compared with WT (Fig. 2h) suggested that mtDNA contributes to the high NPr of 

EVs from malignant cells.

3.3. NPr functions as a cell-specific EV quality assessment measure

EV content is expected to reflect the composition of its cell at the time of its secretion, and 

variations in the physiologic state of a cell can thus affect EV cargoes. However, variation in 

the collection conditions and isolation procedures can significantly impact the EV sample 

compositions, and thus the analysis results based on these EVs. The current practice of EV 

quality assessment and integrity checking is by accessing individual markers, but it is 

impossible to propose universal markers of one or the other type of EVs(Théry et al., 2018). 

We hence examine the possibility of using NPr as a practical quality assessment to ensure 

consistent EV production in research.

We analyzed NPr response to the collection conditions affecting EV constitute. Most EVs 

isolated from cultured cells are isolated under serum starvation to avoid contaminating 

secreted EVs with serum-derived EVs. Serum starvation altered EV NPr values, which 

rapidly decreased and then stabilized at lower levels (Fig. 3a), perhaps reflecting changes in 

cytosolic DNA levels or sorting in these cells. EVs isolated from actively growing HPNE 

and PDAC cells cultured with EV-depleted serum (Fig. 3b), however, demonstrated NPr 

relationships similar to those observed in EVs isolated under starvation conditions (Fig. 1e), 

indicating that cell starvation-induced NPr changes were similar among all these cells. NPr 

values for EVs derived from HPNE and PDAC cell cultures exhibited low variation when 

EVs were isolated from the same cell lines under equivalent culture conditions and using a 

consistent protocol (starvation or nonstarvation). However, variation in EV isolation 

procedures could significantly alter the composition of EV fractions, by differentially 

enriching certain EV subtypes or altering the amount and type of extravesicular 

contaminants present in these fractions. Since NPr values for EVs of a given cell line are 

stable when EVs are collected under constant growth conditions, NPr changes for purified 

EV fractions from these cells could reveal the degree and type of EV contamination. 

Reducing extravesicular nucleic acid or protein contamination by DNase/RNase digestion or 

washing steps, respectively reduced (Fig. 1e) or increased (Fig. 3c) absolute NPr values of 

EV samples. NPr values could therefore assess sample purity and the type and relative 

degree of sample contamination for EVs derived from a single cell type. Spiking EV 

fractions with known amounts of nucleic acid or protein also resulted in predictable effects 

on NPr values (Fig. 3d), where the amount of contamination by the dominant material could 

be predicted by Albert’s law (see Supporting Information). A similar modeling approach 

(see Supporting Information) was also be employed to determine the relative proportions of 

two EV populations (e.g. malignant and nonmalignant cell EVs) with different NPr values in 

a mixed population (Fig. 3e). Thus, in a sample with single EV population, NPr can access 

purity of the EVs by indicating nucleic acid and protein contaminations. Based on this data, 

NPr may serve to evaluate the purity and relative protein or nucleic acid contamination of 
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EVs isolated from cell culture experiments and could evaluate the relative contribution of 

EVs derived from defined cell cultures.

EVs present in blood samples derive from multiple cell types and represent a more 

heterogeneous mixture and background for EV diagnostics. Notably, though, NPr values 

differed by only 1.79% between matched serum and plasma EV samples (Fig. 3f). Serum 

EVs also revealed low within- and between-run coefficients of variation across a broad EV 

dilution range, varying from 0.06 to 0.69 at the high end to 2.74 and 5.56 at the lowest limit 

of detection (Supporting Information, Table S1). NPr values varied more significantly when 

EVs were isolated from serum stored at 4 °C for a week – a common limit for clinical 

analysis – exhibiting a 2.99% maximum within-run variation (Fig. 3g). Centrifugation time 

can be a major source of variation for EVs isolated by ultracentrifugation, but NPr values 

were not markedly altered by extended ultracentrifugation time (Fig. 3h). Taken together, 

these data suggest that NPr values for serum- or plasma-derived EV samples are sufficiently 

reproducible to allow their use in clinical applications.

3.4. NPr can identify serum containing PDAC-derived EVs

Since NPr values of EVs isolated from PDAC cells and serum are stable and reproducible, 

we analyzed the NPr values of EV samples isolated from the serum of PDAC patients or 

individuals with nonmalignant conditions that have similar symptom profiles (disease 

controls) to determine if NPr values could distinguish these groups. Mean NPr values of 

serum EVs derived from these two groups did not significantly differ (Fig. 4b, lower panel). 

However, since PDAC-derived EVs are expected to constitute a small fraction of the total 

serum EV population, the NPr signal contributed by these EVs could be masked by 

heterogenous NPr signals arising from the bulk of circulating that derive from non-

malignant cells. Serum EV isolates were thus immunoprecipitated to enrich for EVs 

expressing EpCAM (Fig. 4a), an epithelial cell marker that is overexpressed on most PDAC 

tumors (Costa-Silva et al., 2015; Hoshino et al., 2015), finding that the change in NPr value 

pre-versus post-enrichment (∆NPr%) was significantly larger in serum EVs isolated from the 

PDAC group (Fig. 4b, upper panel). The ∆NPr% values observed in the PDAC and disease 

control groups exhibited substantial overlap, however, which could reflect the heterogeneity 

of disease in these two populations that exhibit similar symptoms, and may be further 

complicated by other factors that might influence NPr values and circulating EV 

composition, including age, gender, BMI, hypertension and other physiologic parameters.

The correlation of serum ∆NPr% with two PDAC biomarkers (CA19-9 and LIPase) in this 

cohort also improved after enrichment for EpCAM + EVs, although these correlations 

remained low (Fig. 4c). The low correlations raised the potential for a complementary 

noninvasive diagnostic method using NPr of circulating tumorous EVs with IP enrichment. 

Evaluation of the ability of serum ∆NPr% and CA19-9 values to distinguish individuals with 

PDAC from a disease control population, found that both factors exhibited similar diagnostic 

performance when employed alone, but enhanced performance when used in combination 

(Fig. 4d).
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4. Conclusion

Our results indicate that the nucleic acid to protein ratio of isolated EVs, as evaluated by 

their 260 nm/280 nm absorbance ratio, is a stable characteristic of specific cell populations 

when EV samples are collected under constant conditions. This measure has the potential to 

serve as a means of evaluating the purity of EV samples isolated from cell lines, and as a 

cancer screening approach pending large scale validation studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. EV NPr values distinguish EVs of malignant and non-malignant cells of the same lineage.
(a) DNA and protein composition of isolated EVs (n = 3/group). (b) The absorption 

spectrum of diluted EVs. The spectrum is EV concentration-dependent. (c) Mean (solid line) 

and SE (shaded area) of NPr values relative to EV concentration (n = 5/group). Cell-specific 

EV NPr proximate to constant when EV concentration > 108/mL. (d) Correlation of EV 

DNA/Protein mass ratio and NPr values, which is the rationale to use NPr for relative EV 

nucleotide quantification. (e) NPr values detected with and without DNase/RNase treatment 

to remove extravesicular nucleic acids (n = 5/group). Extra-EV nucleotides contamination 
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does not mask out EV NPr difference between malignant and non-malignant cells. (f) 

Scheme of spectrophotometric NPr value for EV discrimination. Data points represent mean 

± SE.
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Fig. 2. Mitochondrial effects on EV composition and NPr.
(a) Representative confocal images depicting mitochondria (green) and nuclei (blue) in the 

indicated cell types. Scale bar: 10 μm. The malignant cell is mitochondrial rich compared to 

the non-malignant cell. Wild type (WT) MIA PaCa-2 cell is mitochondrial rich compared to 

mitochondrial DNA depleted cells (ρ0). (b) and (f) Flow cytometry analysis of mitochondrial 

density normalized by cell size. (c) and (g) mtDNA/nDNA ratio and (d) and (e) 

mitochondrial protein composition of HPNE and MIA PaCa-2 cells and their EVs. (h) NPr 

comparison between WT and ρ0. Mitochondrial DNA contributes to EV NPr of malignant 
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cells (mean ± SE; n = 4/group). (For interpretation of the references to colour in this figure 

legend, the reader is referred to the Web version of this article.)

Sun et al. Page 15

Biosens Bioelectron. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. NPr as a measure of EV purity.
(a) The collection condition affects EV NPr value. PANC-1 NPr decreased in relation to 

starvation time. (b) NPr difference between malignant and non-malignant EV was not 

masked out by changing the collection condition. NPr values of EVs isolated from cells 

maintained under nonstarvation conditions (n = 5). (c) NPr values were increased by wash 

steps corresponding to reduced protein contamination. (d) EV NPr affected by adding 

contaminants (nucleotides and protein) following the nonlinear model as reflected by 

Alber’s law (Supporting Information). (e) NPr reflected the relative abundance of MIA 
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PaCa-2 EVs in mixed EV samples containing MIA PaCa-2 and HPNE EVs. NPr indicates 

the relative purity of a specific EV population in a mix. (f) NPr values of EVs purified from 

healthy human serum and plasma. (n = 6). (g) Stability of NPr values in relation to storage 

time at 4 °C for weeks (n = 5). (h) NPr values in response to ultracentrifugation time during 

EV isolation (n = 5). Increasing ultracentrifugation time escalated EV yield but not NPr. 

Data points represent mean ± SE.

Sun et al. Page 17

Biosens Bioelectron. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Serum NPr may serve as biomarker for PDAC diagnosis.
(a) Schematic of EV enrichment by immunoprecipitation (IP). Tumorous EV was enriched 

and detected after IP. (b) NPr values of total serum EVs isolated from PDAC patients (n = 

19) and disease controls (Ctrl, n = 19), and the change in NPr (∆NPr%) after enrichment for 

EpCAM + EVs. Data points represent mean ± SE. **, p < 0.005 by two-tail Studenťs t-test. 

(c) Correlation of the PDAC associated markers CA19-9 and LIPase with ∆NPr% (IP+) and 
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NPr (IP−), (d) Receiver-operating characteristic (ROC) curve analysis for the ability of the 

indicated factors to distinguish serum of PDAC cases from that of disease controls.
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