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Imaging of exosomes adsorbed onto C-CP fibers 

While the size distributions of the D. discoideum EVs were very similar to those 

previously reported by Tatischeff et al. 38, the standard method of verifying the presence 

of EVs or exosomes generally includes NTA size distribution results in conjunction with 

Western Blot verification of the presence of known exosomal protein markers, and a 

TEM micrograph to visualize and verify sizes of individual vesicles. However, this trio of 

a b

c d

Figure 2.3. Representative nanoparticle tracking analysis (NTA) size 
distributions. a) differential centrifugation, b) Qiagen exoEasy Maxi kit, c) 
centrifuged milieu + PET C-CP fibers, and d) filtered Milieu + PET C-CP 
fibers. 
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Figure 3.10. Super-resolution confocal fluorescence microscopy of 
IHOE-CD81-GFP and SKOV-3-CD9-RFP-expressing small extracellular 
vesicles on PET C-CP fibers. Super-resolution confocal fluorescence 
microscopy of (a) IHOE-CD81-GFP sEVs, (b) non-transduced IHOE sEVs 
(non-fluorescent), (c) PBS (d) SKOV-3-CD9-RFP sEVs, (e) non-transduced 
SKOV-3 sEVs (non-fluorescent) and (f) PBS spun down onto PET C-CP 
fibers in a micropipette tip format. Images a, b, and c were captured under 
GFP imaging conditions (see Materials and Methods) and images d, e, and f 
were captured under RFP imaging conditions. Arrows indicate distinct 
exosomal adherence regions along the fibers. 
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IHOE-CD81-GFP and SKOV-3-CD9-RFP sEV mixed samples spun onto PET C-

CP fibers demonstrated similar patterns to the IHOE-CD81-GFP and SKOV-3-CD9-RFP 

samples alone (see Figure 3.11). The mixed samples demonstrated fluorescent particles 

within both the green emission range (500-541 nm, see Figure 3.11a) and red emission 

range (564-628 nm, see Figure 3.11b). An overlaid image of the green and red emission 

channels (see Figure 3.11c), revealed the presence of green and red fluorescent particles 

in both overlapping and distinct locations along the fibers (see arrows on Figure 3.11).  
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Figure 3.11. Super-resolution confocal fluorescence microscopy of IHOE-
CD81-GFP and SKOV-3-CD9-RFP small extracellular vesicles on PET C-CP 
fibers. Super-resolution confocal fluorescence microscopy of IHOE-CD81-GFP 
and SKOV-3-CD9-RFP sEVs mixed prior to being spun down onto PET C-CP 
fibers in a micropipette format. Observations in (a) green and (b) red channels were 
(c) overlaid showing distinct exosomal adherence locations along the fibers 
(arrows) 
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Selective immunoaffinity capture of sEVs 

 Following determination of average fluorescence values for the sample area of the 

controls for normalization (Figure 3.6), immunoaffinity capture experiments were set up 

as described in Figure 3.1 using nitrocellulose strips dotted with the antibodies listed in 

Table 3.1. IHOE-CD81-GFP and SKOV-3-CD9-RFP sEV samples were added to 

separate nitrocellulose antibody-dotted capture strips (see Figure 3.1a and Table 3.1) and 

imaged with multichannel widefield fluorescence microscopy (see Figures 3.12-3.16, 

Table 3.2). In a separate experiment, IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs 

were mixed prior to addition to a single nitrocellulose antibody-dotted capture strip (see 

Figure 3.1b and Table 3.1) and imaged with multichannel widefield fluorescence 

microscopy (see Figures 3.17-3.18, Table 3.2). The positive control capture antibody 

against tGFP (rabbit anti-tGFP) demonstrated significant GFP fluorescence intensity 

when incubated with IHOE-CD81-GFP sEVs alone (see Figure 3.12a) or with a sample 

containing both IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs (see Figure 3.12c), as 

compared to the negative PBS controls (no antibody, IHOE-CD81-GFP or SKOV-3-

CD9-RFP sEV samples; see Figure 3.12e,f). Similarly, the positive control capture 

antibody against RFP (rabbit anti-RFP) demonstrated significant mCherry fluorescence 

intensity when incubated with SKOV-3-CD9-RFP sEVs alone (see Figure 3.12h) or with 

a sample containing both IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs(see Figure 

3.12j), as compared to the negative PBS controls (no antibody, IHOE-CD81-GFP or 

SKOV-3-CD9-RFP sEV samples; see Figure 3.12k,l). No spectral crossover was 

observed between the red and green channels (see Figure 3.12g,i,b,d) Fluorescence of the 
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captured IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs appeared to be more 

homogeneous as opposed to punctate in nature as compared to IHOE-CD81-GFP and 

SKOV-3-CD9-RFP sEV samples dotted directly onto a nitrocellulose surface without 

specific capture antibodies (Figure 3.6). 
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Figure 3.12. Immunoaffinity blot capture using rabbit anti-tGFP and 
rabbit anti-RFP antibodies. IHOE-CD81-GFP and/or SKOV-3-CD9-RFP 
sEVs were isolated by UC and captured on a nitrocellulose membrane using 
rabbit anti-tGFP or rabbit anti-RFP antibodies. Each type of sEV was exposed 
to antibody-dotted nitrocellulose for 2 hours at a protein concentration of 125 
µg/mL followed by a 1 hour wash in TBS-Tween. GFP images were obtained 
using a 100 ms exposure and mCherry images were obtained using a 2 s 
exposure. 
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 CD63 is a generic exosomal marker protein. When rabbit anti-CD63 antibodies 

were used to capture IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs, there was 

significant relative fluorescence intensity for IHOE-CD81-GFP sEVs (Figures 3.13-3.14, 

Table 3.2) and mixed IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs (Figures 3.17-

3.18, Table 3.2) in the green channel. Rabbit anti-CD63 dots also demonstrated 

significant relative fluorescence intensity for SKOV-3-CD9-RFP sEVs (Figures 3.15-

3.16, Table 3.2) and mixed IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs (Figures 

3.17-3.18, Table 3.2) in the red channel. The rabbit anti-CD63 normalized relative 

fluorescence intensity for IHOE-CD81-GFP sEVs in the green channel and the 

normalized relative fluorescence intensity for SKOV-3-CD9-RFP sEVs in the red 

channel were not significantly different (see Figures 3.13-3.16). Likewise, the rabbit anti-

CD63 normalized relative fluorescence intensities in both the green and red channels for 

mixed IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs were not significantly different 

(see Figures 3.17-3.18).  
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Figure 3.13. IHOE-CD81-GFP sEVs immuno-captured on a nitrocellulose 
membrane and imaged with multichannel microscopy. IHOE-CD81-GFP 
sEVs were exposed to antibody-dotted nitrocellulose for 2 hours at a protein 
concentration of 125 µg/mL followed by a 1 hour wash in TBS-Tween. GFP 
images were obtained using a 100 ms exposure and mCherry images were 
obtained using a 2 s exposure. 
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Figure 3.14. Normalized relative fluorescence intensities of IHOE-CD81-GFP 
immuno-captured on a nitrocellulose membrane and imaged with multichannel 
microscopy. IHOE-CD81-GFP sEVs were captured and imaged on a nitrocellulose 
test strips. sEVs were exposed to the multiple antibody-dotted nitrocellulose test 
strip for 2 hours at a protein concentration of 125 µg/mL followed by a 1 hour wash 
in TBS-Tween. GFP (green bar) images were obtained using a 100 ms exposure and 
mCherry (red bar) images were obtained using a 2 s exposure. (* - Significantly 
different from PBS control and corresponding fluorescence channel data based on a 
one-tailed t-test) 
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Figure 3.15. SKOV-3-CD9-RFP sEVs immuno-captured on a nitrocellulose 
membrane and imaged with multichannel microscopy. SKOV-3-CD9-RFP 
sEVs were exposed to antibody-dotted nitrocellulose for 2 hours at a protein 
concentration of 125 µg/mL followed by a 1 hour wash in TBS-Tween. GFP 
images were obtained using a 100 ms exposure and mCherry images were 
obtained using a 2 s exposure. 
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Figure 3.16. Normalized relative fluorescence intensities of SKOV-3-CD9-
RFP sEVs immuno-captured on a nitrocellulose membrane and imaged with 
multichannel microscopy. SKOV-3-CD9-RFP sEVs were captured and imaged 
on nitrocellulose test strips. sEVs were exposed to multiple antibody-dotted 
nitrocellulose test strips for 2 hours at a protein concentration of 125 µg/mL 
followed by a 1 hour wash in TBS-Tween. GFP (green bar) images were obtained 
using a 100 ms exposure and mCherry (red bar) images were obtained using a 2 s 
exposure. (* - Significantly different from the PBS control, based on a one-tailed 
t-test; **- Significantly different from PBS control and corresponding 
fluorescence channel data based on a one-tailed t-test) 
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Dot blots with antibodies against the ovarian cancer sEV marker proteins, CD24, 

Her2, L1CAM, and EGFR, demonstrated significantly greater red relative fluorescence 

intensities when incubated with the SKOV-3-CD9-RFP sEVs than green relative 

fluorescence intensity when incubated with IHOE-CD81-GFP sEVs (see Figures 3.13-

3.16, Table 3.2). Similarly, the dot blots demonstrated significantly greater red relative 

fluorescence intensity than green relative fluorescence intensities when incubated with 

mixed IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs (see Figures 3.17-3.18, Table 

3.2). Dot blots with mouse anti-L1CAM antibody did not show significantly greater red 

relative fluorescence intensity than green fluorescent intensity when incubated with 

mixed IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs. However, the mouse anti-

L1CAM dot blots did show slightly lower mean red relative fluorescence intensity with 

higher variance when incubated with mixed IHOE-CD81-GFP and SKOV-3-CD9-RFP 

sEVs compared to dot blots with mouse anti-Her2 and mouse anti-EGFR (see Figure 

3.17-3.18, Table 3.2). Dot blots using ovarian cancer sEV marker antibodies 

demonstrating significant relative fluorescence intensities following sEV incubations had 

normalized relative fluorescence intensities ranging from approximately 0.10 to 0.24 

(a.u.) (see Figures 3.15-3.18, Table 3.2). 
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Figure 3.17. IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs immuno-
captured on a nitrocellulose membrane and imaged with multichannel 
widefield fluorescence microscopy. IHOE-CD81-GFP and SKOV-3-CD9-RFP 
sEVs were mixed prior to capture on a single test strip. Mixed sEVs were exposed 
to multiple antibody-dotted nitrocellulose for 2 hours at a protein concentration of 
125 µg/mL followed by a 1 hour wash in TBS-Tween. GFP images were obtained 
using a 100 ms exposure and mCherry images were obtained using a 2 s exposure. 

 



150 
 

 

  

Figure 3.18. Normalized relative fluorescence intensities of mixed IHOE-CD81-
GFP and SKOV-3-CD9-RFP sEVs captured by ovarian cancer EV marker 
antibodies. IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs were mixed prior to 
capture on a single test strip. Mixed sEVs were exposed to antibody-dotted 
nitrocellulose for 2 hours at a protein concentration of 125 µg/mL followed by a 1 
hour wash in TBS-Tween and then imaged using multichannel widefield 
fluorescence microscopy. GFP (green bar) images were obtained using a 100 ms 
exposure and mCherry (red bar)  images were obtained using a 2 s exposure. (* - 
Significantly different from the PBS control, based on a one-tailed t-test; **- 
Significantly different from PBS control and corresponding fluorescence channel 
data based on a one-tailed t-test) 
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 Sample Type 

 GFP Filter Set mCherry Filter Set 

Capture Antibody IHOE-CD81-
GFP 

IHOE-CD81-
GFP 

+ 
SKOV-3-
CD9-RFP 

SKOV-3-
CD9-RFP 

IHOE-CD81-
GFP 

+ 
SKOV-3-
CD9-RFP 

Rabbit anti-tGFP 1.082 1.592 0.001 0.007 

Rabbit anti-RFP -0.005 -0.002 0.843 1.109 

Rabbit anti-CD63 0.061 0.075 0.119 0.101 

Mouse anti-CD24 0.012 0.020 0.174 0.241 

Mouse anti-Her2 0.009 0.011 0.125 0.139 

Mouse anti-L1CAM 0.003 -0.004 0.154 0.100 

Mouse anti-EGFR 0.006 0.010 0.108 0.144 

PBS 0.004 0.004 0.009 -0.002 

Table 3.2. Relative fluorescence intensities (a.u.) of captured IHOE-CD81-GFP 
and SKOV-3-CD9-RFP sEVS using multichannel widefield fluorescence 
imaging with GFP filter set (450-490 nm excitation/500-550 nm detection) and 
mCherry filter set (540-580 nm excitation/592-667 nm detection) 
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Discussion 

Although there is currently no agreement or official guidelines on the 

classification of EV populations, there is consensus on the need for new EV isolation 

methods, particularly those with greater specificity, selectivity, purity, and yield. In 

response, immunoaffinity sEV isolation techniques have emerged as promising methods 

with respect to sEV specificity and selectivity and have demonstrated results similar to or 

better than those of ultracentrifugation.50 Thus far, immunoaffinity capture techniques 

have largely been dominated by magnetic bead and microfluidics approaches. Magnetic 

bead approaches have demonstrated high capture efficiency and sensitivity due the to 

enhanced surface area available for capture and mixture homogeneity.62 Microfluidics 

devices employing immunoaffinity approaches in tandem with other separation factors, 

including size, density, hydrophobicity, and biochemical profile, may allow for the 

greatest specificity and selectivity and may prove ideal for diagnostic purposes. Strategies 

employed in these methods include generic capture of sEVs using tetraspanin marker 

antibodies followed by tumor-specific marker identification, as well as sEV capture using 

tetraspanin and tumor-specific markers simultaneously. While both strategies have 

certain advantages, recent studies appear to primarily focus on tetraspanin capture alone 

prior to tumor-specific sEV marker identification. This workflow is likely due to low 

overall sEV yield values. 

As new EV isolation and quantification methods are designed, they will require 

more systematic comparison protocols for overall efficacy evaluation. The overall goal of 

this study was to develop a model system (IHOE-CD81-GFP- and SKOV-3-CD9-RFP-
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expressing cells) to produce fluorescent sEVs for use in optimization of the newly 

developed PET C-CP EV isolation platform. Specifically, this model system, by 

distinguishing between cancerous and non-cancerous cell-derived sEVs via fluorescence, 

will be used to develop the selective capture component of the PET C-CP EV isolation 

platform in a quick and cost-effective manner prior to patient sample investigation. Once 

refined, selective OC-specific capture antibodies coupled to the isolation platform may be 

able to streamline EV capture and be employed for early OC diagnosis. The aims of this 

work included establishment and verification of the IHOE-CD81-GFP- and SKOV-3-

CD9-RFP-expressing cell lines for production of fluorescently-labelled sEVs, 

demonstration of the ability of PET C-CP fibers to capture IHOE-CD81-GFP and SKOV-

3-CD9-RFP sEVs effectively, and demonstration of OC-specific antibody capture and 

discrimination of IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs, thus demonstrating 

the ability to distinguish between non-cancerous and cancerous cell-derived sEVs. This 

study details the development of a model system that can be used to further develop the 

PET C-CP EV isolation platform by improving selectivity and specificity and allowing 

for its optimization prior to testing with highly variable and costly patient samples.  

Development and analysis of the cell line model system 

In order to engineer non-cancerous (IHOE) and cancerous (SKOV-3) cell lines to 

release fluorescent sEVs for downstream selective capture, generic endosomal proteins 

were identified as candidates for addition of fluorescent tags. Both CD81 and CD9 are 

tetraspanin proteins that, due to their involvement in endosomal vesicle transport, are 

expressed on plasma membrane components of cells. They are both reported sEV 
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markers, are typically highly expressed in populations of sEVs, and are often used as 

protein controls in sEV experiments.63, 64 Specifically, IHOE cell sEVs contain high 

amounts of CD81 and SKOV-3 cell sEVs are highly enriched in CD9.65 Therefore, to 

create fluorescent sEVs from IHOE and SKOV-3 cells, IHOE and SKOV-3 cells were 

transduced with commercially obtained pCT-CD81-GFP (CYTO124-VA-1, System 

Biosciences, Palo Alto, CA) or pCT-CD9-RFP (CYTO125-VA-1, System Biosciences, 

Palo Alto, CA) plasmids, respectively. The plasmids were designed by System 

Biosciences to add fluorescent tags to the C-terminus, intracellular domains of the 

specific tetraspanin proteins (CD81 and CD9).66 Each plasmid was independently 

prepackaged into an HIV lentiviral construct purchased from System Biosciences to be 

used for transduction of the appropriate cell line. To assess the optimal multiplicity of 

infection (MOI, the ratio of virus particles to cells) required, transduction efficiency was 

calculated using the pre-packaged control plasmids, pCT-Cyto-GFP (CYTO118-VA-1, 

SBI, Palo Alto, CA) and pCT-Cyto-RFP (CYTO119-VA-1, SBI, Palo Alto, CA) for the 

IHOE and SKOV-3 cells, respectively. pCT-Cyto-GFP showed an optimal transduction 

efficiency at an MOI of 5 and pCT-Cyto-RFP showed optimal and maximum 

transduction efficiency at an MOI of 10. Given these results, an MOI of 5 for pCT-CD81-

GFP and IHOE cells and a MOI of 10 for pCT-CD9-RFP and SKOV-3 cells were chosen 

for future experiments.  

IHOE cells and SKOV-3 cells were successfully transduced with either pCT-

CD81-GFP or pCT-CD9-RFP, respectively, selected for plasmid expression with 

puromycin, and subjected to limited dilution cloning. Clones with the highest cell lysate 
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fluorescence intensities, as measured using a Biotek Synergy H1 Hybrid Reader (Biotek, 

Winooski, VT), from identical cell densities were chosen for use in subsequent 

experiments. Laser scanning confocal images of IHOE-CD81-GFP and SKOV-3-CD9-

RFP cells, as seen in Figures 3.2 and 3.3, demonstrate the successful cell transductions 

and expression patterns of fluorescently-labelled CD81 and CD9 in the IHOE and 

SKOV-3 cell lines. As the CD81 and CD9 transmembrane proteins are typically enriched 

in extracellular vesicles, they would be expected to be expressed in many small, punctate 

transport vesicles across the cell, resulting in scattered, intense fluorescence spots as 

opposed to uniform fluorescence expression throughout the cytoplasm. The micrographs 

of the IHOE-CD81-GFP and SKOV-3-CD9-RFP expressing cells (see Figures 3.2 and 

3.3) as compared to the micrographs of the IHOE-Cyto-GFP and SKOV-3-Cyto-RFP 

expressing control cells (general cytoplasm expression; see Figures 3.2 and 3.3) 

demonstrate these expected localization patterns. TEM imaging (see Figure 3.4) of sEVs 

isolated from IHOE-CD81-GFP and SKOV-3-CD9-RFP cells demonstrated typical 

“dimpled” EV morphology and maintenance of EV structure. Additionally, IHOE-CD81-

GFP and SKOV-3-CD9-RFP sEV samples demonstrated higher relative fluorescence 

intensity per µg of protein than cell lysates from the corresponding cell types (see Figure 

3.7), further indicating that the expressed CD81-GFP and CD9-RFP proteins are 

localized to extracellular vesicles, rather than generically expressed throughout the 

cytoplasm.  

An important step in the development of a new cell line is to verify that the 

engineered cell line expresses the correct recombinant proteins using semi-quantitative 
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methods. However, there are several factors that make this challenging for sEV specific 

recombinant proteins. First, sEVs can be difficult to quantify due to their size and 

heterogeneous makeup and, to date, there is no reliable method for accurate 

quantification.67 Thus, obtaining a correct measure of protein concentration per vesicle is 

difficult. Furthermore, it can be problematic to normalize protein data against standard 

loading controls when dealing with sEVs, as there is significant variation in sEV protein 

expression and enrichment, which can also be influenced by different sEV isolation 

methods.68 Even when populations of sEVs are isolated from the same cell type, there can 

be considerable variation between resulting isolate densities due to the crude, and 

sometimes difficult, isolation processes often employed. While antibodies against 

standard loading control proteins, such as IgG or GAPDH, can be used in certain 

situations, the replication of samples is not always reliable or trustworthy for semi-

quantification via western blot analysis.40, 64, 69-71 Despite these issues, in an effort to 

move forward with fundamental research, the EV community has deemed certain sEV 

markers, such as CD81 and CD9, as suitable loading controls for sEV research.72 

However, when using these loading controls, it is important to understand that they are 

quite limited as they are only reliable when comparing sEVs from the same source or cell 

type. With this in mind, any attempt to normalize or quantify this data based on western 

blot band intensity would be unreliable. Therefore, there was no attempt to quantify or 

statistically compare intensity values among western blot results. All western blot results 

were evaluated only for specific protein presence or absence with limited relative 

comparison based on amount of total protein loaded in each well. 
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To verify the recombinant protein expression of CD81-GFP and CD9-RFP in the 

IHOE-CD81-GFP and SKOV-3-CD9-RFP cells and sEVs, western blots using primary 

antibodies against tGFP or RFP (see Figure 3.5) were performed. As seen in Figure 3.5a, 

probing IHOE-CD81-GFP sEVs with rabbit anti-tGFP reveals bands at approximately 24 

kDa, 41 kDa, 55 kDa, and > 62 kDa as compared to the non-transduced control IHOE 

sEVs and cell lysate controls. The copGFP tag is a monomer with a molecular weight of 

26 kDa and the CD81 protein has a molecular weight of 26 kDa.57, 59 Thus, CD81 with 

the addition of a GFP molecule should have a molecular weight of ~52 kDa. According 

to the manufacturer’s instructions, rabbit anti-tGFP antibody only detects copGFP under 

non-reduced conditions. During western blots, reduced conditions are used to break the 

disulfide bridges that maintain protein tertiary structure73 but, in some cases, they may 

restrict antibody access to the protein epitope. Therefore, the western blot was run under 

non-reduced conditions to preserve protein disulfide bridges and maintain antibody 

access to the epitope. This can change the migration properties of the recombinant CD81-

GFP protein as the two disulfide bonds of the CD81 portion do not unfold properly, 

causing an uneven charge distribution across the entire molecule.59 A change in the 

migration properties can lead to a slightly higher indicated size than expected (~55kDa), 

as was observed. The IHOE-CD81-GFP cell lysate sample displayed a similar, albeit less 

intense band at ~55 kDa, representative of CD81-GFP as well. As non-transduced control 

IHOE sEVs and cell lysate did not display any bands, western blot evidence suggests that 

the CD81-GFP recombinant protein is being successfully expressed in the IHOE-CD81-

GFP cells. Furthermore, GFP fluorescence is detected in the IHOE-CD81-GFP cell 
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micrographs (see Figure 3.2) and IHOE-CD81-GFP sEVs and cell lysate dotted on 

nitrocellulose (see Figure 3.6 and 3.7), suggesting CD81-GFP is being expressed in the 

IHOE-CD81-GFP cells.  

The RFP tag used in this experiment has a molecular weight of approximately 27 

kDa and CD9 molecules have a molecular weight of approximately 25 kDa.17, 60, 61 

Therefore, CD9-RFP molecules should have a theoretical molecular weight of ~52 kDa. 

SKOV-3-CD9-RFP sEVs and cell lysate probed with rabbit anti-RFP show a band at 

approximately 54 kDa (see Figure 3.5b, band VI), suggesting that CD9-RFP molecules 

are present in the sEV and cell lysate samples. Moreover, RFP fluorescence is also 

detected in SKOV-3-CD9-RFP cell images (see Figure 3.3) and in micrographs of 

SKOV-3-CD9-RFP sEVs and cell lysate (see Figure 3.6 and 3.7) dotted on nitrocellulose, 

further suggesting that CD9-RFP is being expressed in the SKOV-3-CD9-RFP cells.  

To investigate the potential additional feature of using IHOE-CD81-GFP and 

SKOV-3-CD9-RFP sEVs for testing the PET C-CP EV isolation platform, protein 

concentrations were compared to relative fluorescence intensities as a means for simple 

sEV quantification. The fluorescently-labeled IHOE-CD81-GFP and SKOV-3-CD9-RFP 

sEVs demonstrated a high correlation between protein content and relative fluorescence 

compared to non-fluorescent IHOE and SKOV-3 sEV controls (see Figure 3.8), 

suggesting that the relative fluorescence of IHOE-CD81-GFP and SKOV-3-CD9-RFP 

sEVs may be an alternative means of sEV quantification. Although protein concentration 

is by no means considered an accurate method of sEV quantification, it does provide an 

sEV concentration approximation and is widely reported in literature. With the use of 
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fluorescence detectors (which are already incorporated into the PET C-CP fiber HIC 

isolation platform reported in Chapter 2), sEV fluorescence protein correlation may hold 

value as a simple method of sEV quantification approximation during PET C-CP fiber-

based EV isolation. 

Taken together, these results demonstrate that IHOE-CD81-GFP and SKOV-3-

CD9-RFP cells were successfully established and verified to express the fluorescent tags 

on the appropriate proteins (CD81-GFP and CD9-RFP). Therefore, IHOE-CD81-GFP 

and SKOV-3-CD9-RFP cells may assist in the development of the PET C-CP EV 

isolation platform through EV binding verification via fluorescence imaging and EV 

quantitative analysis through fluorescence detection. However, in order for the sEVs 

derived from the IHOE-CD81-GFP and SKOV-3-CD9-RFP cells to be utilized for 

evaluation of PET C-CP fibers, they must first be captured on the fiber surfaces.  

PET C-CP fiber-based sEV capture 

To evaluate the PET C-CP fiber utility for EV separation of and compatibility 

with IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs, IHOE-CD81-GFP and SKOV-3-

CD9-RFP sEVs were isolated by UC and spun down through PET C-CP fibers in a 

micropipette tip format (see Materials and Methods). Under SEM observation, IHOE-

CD81-GFP (see Figure 3.9a) and SKOV-3-CD9-RFP (see Figure 3.9b) sEVs demonstrate 

capture without significant morphological damage. Some vesicle aggregation on the 

fibers is observed but is likely due to the tendency for UC to cause vesicles to aggregate 

prior to spinning through the C-CP fibers. 
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While this study did observe GFP and RFP extracellular vesicle aggregates and 

vesicles in close proximity through fluorescent microscopy, it is important to note that 

single vesicle observation is not possible with a limit of resolution of approximately 150 

nm using the Leica SP8 Hyvolution super-resolution imaging system and software. 

However, in future studies, the addition of stimulated emission depletion (STED) super-

resolution to the existing Leica SP8, with resolutions down to 50 nm, may make 

individual vesicle imaging of fluorescent sEVs possible and allow samples to be more 

easily distinguishable.74, 75 With this in mind, IHOE-CD81-GFP and SKOV-3-CD9-RFP 

vesicles, again collected by UC and spun down through PET C-CP fibers, were observed 

using super-resolution (~150 nm) fluorescence confocal microscopy. Initial observation 

of PBS controls revealed significant autofluorescence from the PET fibers in both the 

green (see Figure 3.10c) and red (see Figure 3.10f) channels with RFP emission 

wavelengths displaying greater intensity than GFP emission wavelengths. However, after 

application of the IHOE-CD81-GFP (see Figure 3.10a) and SKOV-3-CD9-RFP (see 

Figure 3.10a) sEVs, groups of fluorescent particles could be observed beyond the fiber 

autofluorescence. To verify that the IHOE-CD81-GFP and SKOV-3-CD9-RFP samples 

were not emitting significant autofluorescence, non-transduced IHOE (see Figure 3.10b) 

and SKOV-3 (see Figure 3.10e) sEVs, collected by UC and spun down through PET C-

CP fibers were observed under the same fluorescence imaging conditions. Non-

transduced IHOE and SKOV-3 sEVs did not display any evidence of additional 

fluorescence as compared to the PBS controls. This further demonstrates that the 

fluorescent particles observed in the IHOE-CD81-GFP and SKOV-3-CD9-RFP sEV 
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sample micrographs are fluorescently-labelled sEVs captured on the PET C-CP fiber 

surfaces (Figures 3.10a,c). This observation is further confirmed by SEM images (see 

Figure 3.9) and the previous protein and fluorescence analyses of the IHOE-CD81-GFP 

and SKOV-3-CD9-RFP sEVs (see Figures 3.2, 3.3, 3.5-3.7). In addition, mixed IHOE-

CD81-GFP and SKOV-3-CD9-RFP sEV samples were spun down on PET C-CP fibers 

and imaged under the same conditions as the IHOE-CD81-GFP and SKOV-3-CD9-RFP 

samples alone (see Figure 3.11). After overlaying the channels, both GFP and RFP sEVs 

can be observed in separate and coinciding locations, suggesting that, while there is 

significant overlap, IHOE-CD81-GFP and SKOV-3-CD9-RFP vesicle groupings may be 

distinguished from each other on fiber surfaces using super-resolution confocal 

microscopy.  

As these results show, IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs are 

captured on the surface of PET C-CP fibers and can be detected and distinguished using 

fluorescence microscopy. The addition of the fluorescent labels do not appear to impede 

the adherence of the tagged sEVs to the PET C-CP fiber surfaces, therefore, the model 

fluorescent sEVs provide a useful tool for validation and optimization of the PET C-CP 

fiber-based EV isolation platform. Additionally, the ability to readily distinguish between 

non-cancerous and cancerous cell-derived sEVs via green and red fluorescence provides 

a means of evaluating the specificity of exosomal biomarker antibodies for use in lateral 

flow assay-based ovarian cancer diagnostics. 
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Selective immunoaffinity capture of sEVs 

 Like any complex system, access to a complete dataset would be ideal 

when observing the properties of a population. However, as sampling can rarely, if ever, 

include every member of a population, statistical analysis is used to look for patterns and 

correlations that may explain or predict characteristics and sub-populations based on a 

few variables. In lieu of technology capable of selectively identifying the proteome of 

individual sEVs and for clinical practicality, only a few parameters are employed to 

distinguish cancerous and non-cancerous sEVs. Although the number of parameters is 

limited, as OC is a heterogeneous disease with many subtypes and origins, multiple 

markers would be more effective for early screening. Here, selective immunoaffinity 

capture provides a means to identify sEV sub-populations via multiple biomarker 

antibodies with the goal of distinguishing between cancerous and non-cancerous ovarian 

cell-derived sEVs and translating that technology to the PET C-CP EV isolation platform. 

As only a fraction of an sEV population may express a specific OC tumor-specific 

sEV marker, such as CD24 or Her246, 76, sEV capture using only one of these sEV OC 

markers may lead to lower numbers of captured sEVs, resulting in low signal and 

decreased disease screening success. Generic sEV markers, such as CD9, CD81, and 

CD63 are present in a higher proportion of sEVs31, 64, 77 and would likely lead to higher 

capture yields. However, ovarian cancer tumor-specific sEV marker capture may allow 

for greater sEV population selectivity. The immunocapture experiment described here 
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employs strategies from other sEV lateral flow and immunoaffinity blot techniques and 

provides a means for validating the model sEV system for use in the development of 

immunoaffinity capture and isolation techniques for ovarian cancer diagnostics.78, 79  

 To provide a means of appropriate comparison and normalization of sEV 

immunocapture, dotting of concentrated IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs 

on nitrocellulose was used to set a threshold of maximum fluorescence intensity (Figure 

3.6). (Of note, IHOE-CD81-GFP and SKOV-3-CD9-RFP sEV samples captured on 

nitrocellulose were imaged with exposure times of 100 ms and 2 s, respectively. The 

discrepancy in these exposure times was appropriated to account for the differences in 

documented brightness between copGFP (42 cm-1 M-1)57, 58 and mRFP (12.5 cm-1 M-1)60 

molecules and any potential quenching due to the molecular environment in vitro). The 

ability to selectively capture GFP- or RFP-expressing sEVs from independent and mixed 

IHOE-CD81-GFP and SKOV-3-CD9-RFP sEV (see Figure 3.1 for experimental setup) 

samples via a dot blot immunoaffinity assay using rabbit anti-tGFP and rabbit anti-RFP 

antibodies was successfully demonstrated These positive controls show that the dot blot 

technique can be used to visually confirm the capture of specific sEVs based on their 

protein expression.  

 Once it was demonstrated that selective capture of IHOE-CD81-GFP and SKOV-

3-CD9-RFP sEVs  was possible via rabbit anti-tGFP and rabbit anti-RFP antibodies (see 

Figure 3.12, Table 3.2) the next step was to show that specific capture of the cancer and 

non-cancer cell-derived sEVs could be performed using antibodies to known ovarian 

cancer exosomal biomarkers. In addition to using specific ovarian cancer biomarkers, a 
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known universal exosomal biomarker was also investigated as a capture antibody. In this 

manner, the capture results from mixed cancer and non-cancer cell-derived sEV samples 

may be interpreted in terms of capture specificity. The universal exosomal biomarker, 

CD63, was selected as a positive control for the validation of the study dot blot assays. 

For the control assays, IHOE-CD81-GFP and SKOV-3-CD9-RFP sEVs were 

immunocaptured from both independent (see Figures 3.13-3.16, Table 3.2) and mixed 

(see Figures 3.17-3.18 , Table 3.2) samples on dot blots with rabbit anti-CD63 antibody.64 

When imaged, the dot blots displayed similar fluorescence intensities for all of the 

samples. Although CD63 expression likely differs somewhat between the IHOE-CD81-

GFP and SKOV-3-CD9-RFP cells, positive fluorescence in both the red and green 

channels for the mixed samples indicates that CD-63 can be used as a positive control for 

the immunocapture assays. This positive control antibody may be used to show that sEVs 

are present and that the capture assay is working properly, just as the positive control line 

functions in a lateral flow immunoassay. 

The potential to differentiate between IHOE-CD81-GFP and SKOV-3-CD9-RFP 

sEVs was assessed using antibodies to various known ovarian cancer tumor-specific 

exosomal marker proteins.  CD24, Her2, EGFR, and L1CAM molecular markers have all 

been identified in previous studies as candidate biomarkers for the diagnosis and 

prognosis of ovarian cancer.17, 23, 46, 76, 80-82 Therefore, dot blots using antibodies to these 

ovarian cancer exosomal marker proteins were designed to test whether or not 

immunoaffinity assays could be used to specifically capture cancer-cell derived sEVs 

(see Figures 3.13-3.18, Table 3.2). For these assays, individual and mixed samples of 
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IHOE-CD81-GFP (non-cancerous cell-derived) and SKOV-3-CD9-RFP (cancerous cell-

derived) sEVs were added to the dot blots. Dot blot results for the non-cancer cell-

derived (IHOE-CD81-GFP) sEVs alone showed no red fluorescence and significant green 

fluorescence only for dots containing antibodies to CD63 (control). This indicates that 

these non-cancer cell-derived sEVs were captured by the antibody to the generic 

exosomal marker tetraspanin protein, CD63, but were not captured by antibodies to any 

of the ovarian cancer exosomal marker proteins (CD24, Her2, EGFR, L1CAM). 

Conversely, the dot blot results for the cancer cell-derived (SKOV-3-CD9-RFP) sEVs 

alone showed no green fluorescence and significant red fluorescence for the dots 

containing antibodies to the CD63 control and for all of the dots containing antibodies to 

the ovarian cancer exosomal marker proteins (CD24, Her2, EGFR, LICAM). Finally, the 

dot blot results of a mixture of the non-cancer and cancer cell-derived sEVs showed 

significant green and red fluorescence for the dots containing antibody to CD63, while 

significant fluorescence was only seen in the red channel for the dots containing 

antibodies to the ovarian cancer marker proteins. These results indicate that sEVs from 

the model cell lines may be employed in the future development and optimization of 

lateral flow immunocapture assays for rapid, early ovarian cancer diagnostics. 

Compared to the utilization of single markers, use of a multiplexed approach to 

identify multiple exosomal biomarkers at once may diagnose a greater proportion of 

ovarian cancers.16 In this case, a panel of tumor-specific protein markers was successfully 

used to differentiate between cancerous and non-cancerous sEVs. Multiple marker “hits” 

provides greater assurance that less false negative test results will occur. As cells in the 
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tumor environment may undergo changes that can lead to differences in exosomal 

biomarker expression83-85, screening for a panel of biomarkers can increase the overall 

robustness of an exosomal liquid biopsy-based diagnostic test.9, 22, 38, 40  

The impact of IHOE-CD81-GFP and SKOV-3-CD9-RFP cell lines and immunoaffinity 

capture on development of a PET C-CP fiber-based EV isolation platform 

The IHOE-CD81-GFP and SKOV-3-CD9-RFP cell lines developed in this study 

provide an extremely valuable tool for the development, optimization, and proof of 

concept testing of the PET C-CP EV isolation platform, and its potential use in a simple, 

cost effective, early ovarian cancer diagnostics test. As the Marcus group has previously 

shown, antibodies may be grafted onto the surfaces of the PET C-CP fibers or 

alternatively to channeled films for selective protein capture.86-90 This study shows that 

sEVs expressing biomarker proteins may be selectively captured using immobilized 

antibodies. The model system may be used to produce sEVs for laboratory use instead of 

having to rely on expensive, limited availability human patient samples. Specifically, the 

incorporation of fluorescent markers into sEVs and the proven utility of the tagged sEVs 

for self-reporting immunocapture characterization studies provide a framework to further 

investigate selective sEV capture parameters, PET C-CP fiber and film-based sEV 

selective capture and separation, diagnostic accuracy, and clinical replication. Moreover, 

multiplexed immunoaffinity capture using OC tumor-specific EV markers has 

demonstrated the potential for these methods to distinguish between malignant and 

benign tumor cell-derived sEVs. The IHOE-CD81-GFP and SKOV-3-CD9-RFP cell 

model system may also allow for advancement of EV imaging and quantification via 
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efficient sample prep, easier live cell imaging, and quantitative fluorescence correlations. 

The versatility of the sEVs generated by these cell lines will prove useful as new 

applications come to light and the EV community begins to focus more on selective EV 

capture and super-resolution microscopy.  
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