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SUMMARY:
[bookmark: _Hlk532416929]Circulating exosomes contain factors reflecting their parent cell phenotype. Clinical translation of exosome-derived biomarkers for diseased and malignant cells is hindered by a lack of rapid and accurate quantification methods. This report describes the use of low-magniﬁcation dark-ﬁeld microscope imagery to quantify specific exosome subtypes in small volume plasma samples.

ABSTRACT:
Infected or malignant cells frequently secrete more exosomes, leading to elevated levels of disease-associated exosomes in the circulation. These exosomes have the potential to serve as biomarkers for disease diagnosis and to monitor disease progression and treatment response. However, most exosome analysis procedures require exosome isolation and purification steps, which are usually time-consuming and labor-intensive, and thus of limited utility in clinical settings. This report describes a rapid procedure to analyze specific biomarkers on the outer membrane of exosomes without requiring separate isolation and purification steps. In this method, exosomes are captured on the surface of a slide well by antibodies specific to exosome-selective membrane proteins, and then hybridized with nanoparticle-conjugated antibody probes specific to a disease biomarker of interest that is expressed on the exosome outer membrane, and the abundance of the target exosome population is determined by low-magnification dark field microscope (LMDFM) image analysis of the bound nanoparticle signal. This approach can be easily adopted for research and clinical use to analyze membrane-associated exosome biomarkers linked to disease.

INTRODUCTION:
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Exosomes are released from most cell types and play a key role in cell-to-cell communications, including pathophysiological processes associated with various diseases, since they can home to specific tissues or cell types, and contain a variety of nucleic acids, proteins, and lipids that reflect their cell of origin and can exert regulatory effects on their recipient cells 1-4. Exosomes are often secreted at elevated levels in disease states, can interact with both adjacent and distant cells, and are found at relatively high concentration in the circulation as well as most other body fluids, including saliva, urine, pancreatic and bile juice, and bronchoalveolar lavage fluid 5-11. This abundance and stability of exosomes in human body fluids, coupled with their information-rich nature, makes them ideal biomarkers for disease diagnosis and treatment monitoring.

[bookmark: OLE_LINK13][bookmark: OLE_LINK14]	This includes tumor-derived exosomes (TDEs), which contain tumor-specific or selective factors, which can serve as disease biomarkers, including tumor-associated mutant alleles. TDEs can participate in the remodeling of the tumor microenvironment to facilitate tumor development and metastasis, and regulate anti-tumor responses 12. Increased TDE secretion is a common phenotype of most cancers and several features of the tumor microenvironment, including hypoxia, acidic pH and inflammation are known to promote exosome secretion. Surprisingly, given the number of cells that secrete exosomes, an increase in total exosome level can, itself, function as a cancer biomarker. For example, a recent study found that the total EV concentration in bile juice discriminates malignant and nonmalignant in common bile duct stenosis patients with 100% accuracy 7. Similar results have been found with studies using other body fluids, including plasma. However, due to the potential for subject to subject variation, and other confounding factors, most studies investigating exosomes as disease biomarkers have focused on detection of biomarker that are selectively associated with TDEs instead of total exosome numbers.

[bookmark: _Hlk533199879]Translating exosome biomarkers into clinical practice, however, remains challenging since most reported exosome assay approaches require time-consuming and labor-intensive isolation procedures 13. Currently popular exosome isolation methods include ultracentrifugation, density gradients, size-exclusion, co-precipitation, affinity capture, and microfluidic isolation approaches. Ultracentrifugation is the “gold standard” method, and is most commonly used for exosome isolations, but this procedure is time-consuming and results in exosome damage and exosome membrane clustering, and produces exosome samples that are contaminated with proteins, lipoproteins and other factors that can influence subsequent analyses 14. Most exosome isolation methods, including ultracentrifugation, cannot separate exosomes (30 – 150 nm) from micro-vesicles (100 – 1000 nm) and apoptotic bodies (100 – 5000 nm), which arise through different mechanisms and have different functions, due to the size overlap among these groups, and the diversity of exosome itself 15. New approaches are needed to improve the sensitivity and reproducibility of exosome assays by improving exosome recovery while reducing exosome damage and contamination. New assays based on such methods should be optimized to render them suitable for translation to applications in clinical settings.

Several recent studies have proposed to employ integrated platforms to capture and analyze exosomes directly from body fluids. These methods employ microfluidic, electrokinetic, affinity capture and various other methods for exosome isolation, and electrochemistry, surface plasmon resonance, and other methods to detect captured exosomes. It is not clear how feasible many of these approaches will be in clinical settings, due to their complexity, expense, low-throughput or other issues.

We have developed a rapid and inexpensive assay that can be used for sensitive and specific quantitation of total exosomes and specific exosome subtypes, including disease-associated exosomes, such as TDEs, which requires only a small amount of sample and which employs a streamlined workflow suitable for clinical environments. In this assay, a slide is coated with antibodies that bind either an exosome-specific or disease-specific marker expressed on the exosome surface in order to directly capture target exosomes present in small volume plasma or serum samples applied to wells on the slide. Captured exosomes are then hybridized with an antibody-conjugated nanoparticle that recognizes the biomarker of interest on these exosomes, which can be either a general exosome marker or a factor specific for an exosome subtype of interest. Images of these sample wells are then captured using a dark field microscope (DFM) and analyzed to measure the light scattered from nanoparticles bound to exosomes of interest captured in each sample well 6,16,17. Notably, imaging an entire sample well by low-magnification DFM (LMDFM) avoids a selection bias encountered with high magnification DFM analyses when users must directly choose which fields to capture for subsequent image analysis. LMDFM image analysis is subject to light scattering artifacts from surface irregularities, including scratches and sample debris, but this background can be reduced using a simple noise-reduction algorithm we developed to run on the NIH image analysis program, ImageJ (https://imagej.nih.gov/ij/). This assay is designed to be compatible with automatic high-throughput analyses and can be applied to early detection of cancer or other diseases. 

This article describes how to use this assay to rapidly quantitate either total or specific exosome levels in plasma or serum samples.
  
PROTOCOL:
Human serum samples and patient demographic clinical data analyzed in this study were provided by our collaborators at Houston Methodist Hospital after patients signed a written informed consent form approved by the Institutional Review Board of Houston Methodist Hospital (IRB No. 0213−0011).

1. Preparation of nanoparticle probes

NOTE: This assay utilizes gold nanorods (AuNRs; 25 nm diameter × 71 nm length) that are covalently conjugated with neutravidin polymers (AV) and have a surface plasmon resonance peak that produces a red (641 nm peak) scattering signal upon DFM illumination.

1.1. Wash 40 L of AuNR-AV (2.56 x 1011 particles) three times with 200 L PBS (ph 7.0) by centrifugation and aspiration (8,500 × g at 4 °C for 10 minutes), followed by a final centrifugation and aspiration step after which the AuNR-AV pellet is suspended in 40 L PBS.

1.2. Mix this AuNR-AV suspension with 10 L biotinylated antibody (0.5 mg/mL) specific for an antigen on the surface of the exosome subtype of interest and 150 L of PBS and then mix at 4 °C for 2 h using a mixer to allow neutravidin-biotin binding to reach completion.

1.3. Wash the resulting antibody-conjugated AuNRs (AuNR-IgG) three times by centrifugation and aspiration (6,500 × g at 4 °C for 10 minutes), and then suspend them in 200 L PBS and store them at 4 °C until use. 

NOTE: sterile technique and short storage times must be used to avoid contamination and degradation of the AuNR-IgG. It is best to use antibody-conjugated AuNRs within 24 hours of their conjugation.

2. Preparation of EV capture slides

2.1. Dilute selected exosome capture antibodies to 0.025 mg/mL in PBS and add 1 µL/well of this dilution onto a multi-well protein A/G slide, and then incubate this slide at 37 °C for 1 h in a humidified chamber to allow capture antibody binding to protein A/G immobilized on the slide.

2.2. Aspirate wells to remove unbound antibodies, and wash wells three time by the addition and aspiration of 1 µL/well of PBS, then load each well with 1 µL of Superblock buffer and incubate the slide for 2 h at 37 °C in a humidified chamber to block any remaining protein binding sites.

2.3. Aspirate wells to remove blocking buffer, wash wells three times by the addition and aspiration of 1 µL/well of PBS, and immediately use the blocked slides for exosome capture and analysis.

3. [bookmark: _Hlk533368033]Standard curve preparation

3.1. To accurately quantify the absolute or relative abundance of a specific exosome subtype, the user must generate a standard curve with a pure exosome population that uniformly expresses the exosome surface biomarker of interest. This study analyzes the abundance of exosomes expressing a metastasis-associated membrane protein, Ephrin A2 receptor, which has a reported relationship with pancreatic cancer stage and prognosis 6,18. The human pancreatic cancer cell line PANC-1 and its exosomes are known to express this protein and isolated exosomes from this cell line were used to generate a standard curve to quantify the number of exosomes that express this protein in complex exosome samples. 
[bookmark: _Hlk533366978]
3.2. Culture cells for 48 h at 37 °C in serum-free culture media to allow exosome accumulation in the media, then isolate cell culture supernatants by centrifugation of suspension cultures or direct aspiration of culture media from adherent cell cultures.

3.3. Centrifuge collected media at 2000 × g for 30 min to remove debris and recover the supernatant. 

3.4. Filter the clarified culture supernatant through a 0.45 µm low protein binding filter unit of appropriate capacity (e.g. a 250 mL polyethersulfone vacuum filtration unit).

3.5. Concentrate the resulting filtrate by centrifugation at 3200 × g using a 100,000 nominal molecular weight limit filter system to a 250 µL final volume. 

3.6. Recover the retained volume from this filter and wash and retain exosomes captured on the filter using a 200 µL PBS wash.

3.7. Combine the concentrated and wash volumes.

3.8. Centrifuge this sample at 21,000 × g for 45 minutes and carefully recover the supernatant, taking care not to collect any precipitated material.

3.9. Centrifuge the recovery supernatant at 100,000 ×g for 3 hours to pellet the exosomes. 

3.10. Aspirate away the supernatant and collect the exosome pellet in 100 µL PBS.

3.11. Resulting exosome suspensions can be stored at 4 °C if used within 24 h or at -80 °C for long term storage. 

NOTE: Do not subject exosome samples to repeat freeze-thaw cycles.  

3.12. Quantitate an aliquot of the exosome suspension after mixing by direct measurement of exosome numbers (e.g. by nanoparticle tracking analysis or tunable resistive pulse sensing  or by measuring the protein concentration of exosome lysates by micro-bicinchoninic acid assay, or an equivalent method, as a means to approximate exosome quantity).

3.13. Generate a set of serial dilutions of the exosome suspension to allow comparison of nanoparticle signal to input exosome number or protein content.

3.14. Transfer 1 µL of each exosome standard to each of its replicate wells on the assay plate.       

4. [bookmark: _Hlk533189397]Processing of human plasma or serum samples

4.1. Collect plasma or serum samples by standard methods and store at -80 °C until needed for exosome analysis. 

NOTE: Results from serum and plasma samples are not expected to be equivalent and should not be combined, since there is a significant release of exosomes during the clotting reaction.

4.2. Rapidly thaw samples in a room temperature water bath.

4.3. Repeatedly mix the thawed samples by inversion to promote homogenous suspension.

4.4. Centrifuge plasma or serum samples at 500 x g for 15 min to precipitate protein aggregates and other debris.

4.5. Transfer an aliquot of the serum sample to a fresh tube and add PBS to generate a 1:1 dilution.

4.6. Mix the diluted sample by gently vortexing or inversion, as appropriate.

4.7. Transfer 1 µL of each plasma or serum suspension to each of its replicate wells on the assay plate.

5. Exosome capture and detection

5.1. Load wells of an antibody-conjugated and blocked slide with 1 µL/well of exosome sample, using 8 replicates per sample, and incubate the slide overnight at 4 °C in a humidified chamber.

5.2. Aspirate all sample wells and then add 1 µL PBS /well to wash cells and remove unbound exosomes and other contaminants from the loaded exosome sample.

5.3. Load sample wells with 1 µL/well of a previously prepared AuNR-IgG suspension (see section 1 above) and incubate the slide for 2 h at 37 °C in a humidified chamber.

5.4. Aspirate the nanoparticle solution and wash the slide in PBS supplemented 0.01% Tween-20 (PBST) for 10 min using a mixer.

5.5. Incubate the slide for 10 min at room temperature, then aspirate and wash all sample wells with deionized water for 10 min using a mixer, and air-dry for subsequent LMDFM imagery. 

NOTE: The slide should be protected from airborne particulates during this step, since such exposure can increase assay variability and reduce assay sensitivity.

5.6. [bookmark: OLE_LINK3][bookmark: OLE_LINK4]Inter-assay coeﬃcients of variation (CVs) are assessed from eight replicates of the same sample, and samples with CVs >20% are considered non-effective. Intra-assay experiments are repeated at least three times on three different days.

6. [bookmark: _Hlk533189709]DFM Image Capture and Processing
[bookmark: _Hlk533189785]
6.1. Capture images for exosome quantification under consistent lighting using a digital camera attached to a microscope equipped with a dark-field condenser (1.2 < NA < 1.4) and a 4× objective employing a 1/220 s exposure time. 

NOTE: These conditions were used to generate data presented in this manuscript, although similar systems and alternate exposure times may also produce useful results.

6.2. Import captured LMDFM images into the NIH ImageJ software program (https://imagej.nih.gov/ij/) and apply the “Dark Scatter Master” algorithm plugin 16,17 to analyze nanoparticle signal. Briefly, this algorithm first applies an input contour threshold that is used to detect the boundaries of the sample well to define the region of the image for subsequent analysis. The region defined by this contour region is then split to separate signal present in the red, blue and green channels of the image and the blue channel is subtracted from the red channel to remove signal arising from surface artifacts and uneven lighting from nanorod signal. This algorithm is described in detail in a 2016 report published in Analytical Chemistry by Sun et al 16 .

6.3. Mean nanoparticle intensity per image area was defined as Im=  , using the intensity (Ii) of each pixel (p) in the final measurement area.

6.4. Nanoparticle signal response (R) of final measurement area was deﬁned as R=, while is the mean Oi intensity () and is the mean Fi intensity (). The signal response (R) was used to compensate the camera filter induced intensity losses.

6.5. Use the following input parameters with the DSM algorithm to analyze the DFM scattering signal produced by the nanorods and slides described in this protocol: contour threshold (Ct) = 253.020, type = Red, center scale (S) = 0.8, Low (Lt)/High (Ht) quantification limit: 0/62.

[bookmark: _Hlk525297457]REPRESENTATIVE RESULTS:
The anti-EphA2 antibody functionalized slides (Figure 1a) captured exosomes in the samples (1 µL/well), and hybridized with anti-CD9 conjugated gold nanorods (Figure 1b). Different from high magniﬁcation imagery with unavoidable artificial bias for view selecting, we choose LMDFM imagery to quantify the entire reaction area (Figure 2). The vulnerability of LMDFM to surface artifacts and debris can be eliminated using a DSM algorithm we developed based on the NIH image analysis program ImageJ. The program is compatible to high-throughput automatic assay.

LFDFM images were captured by an Olympus IX81 microscope with a dark-field condenser and a 10 objective lens. Dark Scatter Master algorithm was used to sample image analysis. The image calculating steps are commands from ImageJ software and all input parameters are predefined process according to the requirements of experiments via graphical user interface (Figure 3). The regions of interest are defined as high intensity boundary of the image with a contour threshold by imageJ macro program. All image analyses used predeﬁned parameters and contour threshold to calculate the intensity of the nanoparticle scattering wavelength intensity.

The isolated exosomes from PANC-1 cell line were used to validate our nPES assay for exosome quantification. The capture and detection antibodies were anti-EphA2 and anti-CD9, respectively (Figure 4a). Our results suggested a linear correlation between the scatter response from DSM and the concentration of PANC-1 exosome concentration (Figure 4b). It proved that DSM analysis owns suﬃcient sensitivity to quantify exosome concentration with nPES assay.

nPES assay was conducted to directly quantify exosomes in serum samples from pancreatic cancer (PC) patients and healthy controls, without exosome purification. The capture and biotinylated antibodies are anti-CD63 and anti-CD9, respectively. Our results indicated PC patients had signiﬁcantly higher number of exosomes than control individuals (Figure 5). Our new method shows translational potential in quantification of exosome concentration and differentiation of PC patients from non-cancer. Using LMDFM imagery with nPES assay, this time saving approach allows quantification of exosomes without the burden of purification steps, which may facilitate the clinical practice in the future.  

FIGURE AND TABLE LEGENDS: 
Figure 1: Exosome quantification scheme (a) Functionalized slide with protein A/G (192 wells). (b) Sandwich structure for exosome quantification: exosomes present in a small volumes of unprocessed serum samples were captured by a tumor-specific antibody (EphA2 antibody) on the surface of a protein A/G slide, and then hybridized with an antibody conjugated with gold nanorods. The nPES assay is a purification-free procedure for detection of extracellular veicles (such as exosomes).

Figure 2: Exosome quantification by applying the DSM algorithem to LMDFM images. Low-magnification images are processed with the DSM algorithm to eliminate the artifacts (such as scratches, mixing voids, and uneven sample illumination) and background; therefore, allowing robust detection of gold nanorod signal which is highly correlated with the concentration of exosomes in each well. This figure has been adapted with permission from Sun, D. et al. Noise Reduction Method for Quantifying Nanoparticle Light Scattering in Low Magnification Dark-Field Microscope Far-Field Images. Anal Chem. 88 (24), 12001-12005, (2016). Copyright (2016) American Chemical Society.

Figure 3: The parameter setting diagram of DSM. The setting steps are native commands from ImageJ and all input parameters are selected according to the requirements of experiments via graphical user interface. This figure has been adapted with permission from Sun, D. et al. Noise Reduction Method for Quantifying Nanoparticle Light Scattering in Low Magnification Dark-Field Microscope Far-Field Images. Anal Chem. 88 (24), 12001-12005, (2016). Copyright (2016) American Chemical Society.

Figure 4: Representive images of DSM algorithm. (a) Representative images of nPES assay with exosome concentration gradient. (b) Linear correlation between the DSM response and exosome concentration from PANC-1 cancer cells. 

Figure 5: DSM response of serum samples to distinguish pancreatic cancer patients from control. Our results show that serum samples of pancratic cancer patients (N=7) had significantly more tumor derived exosome than those of healthy control (N=7). The results are presented as Mean**p=0.002 by Mann-Whitney U-test (two-sided).
This figure has been modified from [Sun, D. et al. Noise Reduction Method for Quantifying Nanoparticle Light Scattering in Low Magnification Dark-Field Microscope Far-Field Images. Anal Chem. 88 (24), 12001-12005, (2016)]

DISCUSSION:

Exosomes are investigated comprehensively and systemically as promising biomarkers for disease diagnosis and treatment monitoring. They participate in intercellular communicating and might attack the target cells in a profound and rapid way. Exosomes wildly exist in the body fluids and move freely inside body by the protection of bilayer lipid-membrane 19. Exosome isolation is the basic step for the downstream experiments. However, it is a time-consuming and labor-intensive procedure that requires advanced equipment, which restricts its clinical translation. Furthermore, current isolation methods (including ultracentrifugation, size-based isolation, microfluidics-based isolation, exosome precipitation, immunoaffinity capture-based techniques, etc.) do not always distinguish exosomes from micro-vesicles and apoptotic bodies due to the overlap of their sizes 15. A recent research designed a label-free and high-throughput nano-plasmonic exosome sensor, which can detect target exosomal markers located on periodic nanoholes based on the sectral shifts in the transmitted light 20. Different ligands were chosen to target specific exosomal protein markers in different cell lines in this research. However, tailoring the periodic nanohole structures to capture different sizes of exosomes requires highly-skilled operators and the cost of the procedure restricts its clinical use. 

We here present a novel approach that allows nanoparticle-based quantitation to be precisely analyzed from LMDFM images, with the DSM algorithm we developed. This method can provide exosome quantification compatible to high-throughput. The exosome concentration gradient from PANC-1 cells was used to validate quantification of the assay. The linear correlation (R2: 0.99) between DSM response and exosome concentration verified the quantification capacity. Then, this assay is conducted to directly quantitate serum exosomes concentration from clinical samples in pancreatic cancer (PC) patients and healthy controls. The capture and biotinylated antibodies are anti-EphA2 and anti-CD9 respectively. Our results indicate the exosome concentration can differentiate PC patients from healthy controls. Captured exosomes are then hybridized with an antibody-conjugated nanoparticle that recognizes the biomarker of interest on these exosomes, which can be either a general exosome marker or a factor specific for an exosome subtype of interest. Images of these samples are then captured using a DFM and then analyzed to measure the light scattered from nanoparticles bound to exosomes of interest  in each sample well 6,16,17. Notably, imaging an entire well by LMDFM avoids selection bias which is inherent part of high-magnification DFM analyses; when users must directly choose the fields to capture for subsequent image analysis. LMDFM image analysis is subject to light scattering artifacts from surface irregularities, including scratches and sample debris, but this background can be reduced using our noise-reduction algorithm, DSM, that runs on the NIH image analysis program, ImageJ (https://imagej.nih.gov/ij/).

Materials used in this assay:
Multi-well SuperProtein A/G slides holding 1 µL/well were purchased from Arrayit Corporation (AGMSM192BC). Nanoparticles were obtained from Nanopartz (C12-25-650-TN-DIH-50-1, 6.4 x 1012/mL). DFM images were captured with a Nikon DiR2 digital camera attached to a Nikon Ti-Eclipse microscope, with consistent lighting and a 1/220 s exposure time. The PANC-1 cell line used in this study was purchased from the American Type Culture Collection.
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