Am J Cancer Res 2022;12(5):2068-2083
www.ajcr.us /ISSN:2156-6976/ajcr0142347

Original Article
Label-free optical redox ratio from urinary extracellular
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Abstract: Extracellular vesicles (EVs) have been studied for their potential applications in cancer screening, diagno-
sis, and treatment monitoring. Most studies have focused on the bulk content of EVs; however, it is also informative
to investigate their metabolic status, and changes under different physiological and environmental conditions. In
this study, noninvasive, multimodal, label-free nonlinear optical microscopy was used to evaluate the optical redox
ratio of large EVs (microvesicles) isolated from the urine of 11 dogs in three cohorts (4 healthy, 4 transitional cell
carcinoma (TCC) of the bladder, and 3 prostate cancer). The optical redox ratio is a common metric comparing the
autofluorescence intensities of metabolic cofactors FAD and NAD(P)H to characterize the metabolic profile of cells
and tissues, and has recently been applied to EVs. The optical redox ratio revealed that dogs with TCC of the bladder
had a more than 2-fold increase in NAD(P)H-rich urinary EVs (UEVs) when compared to healthy dogs, whereas dogs
with prostate cancer had no significant difference. The optical redox ratio values of uEVs kept at -20°C for 48 hours
were significantly different from those of freshly isolated uEVs, indicating that this parameter is more reliable when
assessing freshly isolated uEVs. These results suggest that the label-free optical redox ratio of uEVs, indicating rela-
tive rates of glycolysis and oxidative phosphorylation of parent cells and tissues, may act as a potential screening
biomarker for bladder cancer.
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Introduction flat lesions and carcinoma in situ, resulting in a
high recurrence rate of around 50% due to dif-
ficulty in tumor localization [3, 4]. Cytology
of voided urine is also used to diagnose

advanced bladder cancer. However, it lacks

Bladder cancer is the 12™ most common
cancer in humans in the United States, and
about 81,180 new cases and 17,100 deaths

are expected in 2022. The 5-year relative sur-
vival rate is significantly higher when bladder
cancer is diagnosed at an earlier stage (70%
for localized bladder cancer), whereas the 5-
year survival rate for those diagnosed with dis-
tant/metastatic bladder cancer is only 6% [1].
Currently, the preferred method for diagnosing
bladder cancer is cystoscopy, which has a sen-
sitivity range of 62 to 84% and specificity range
of 43 to 98% [2]. However, this method is highly
invasive, and has difficulty in detecting small

the sensitivity to detect it in its early stages,
with a sensitivity range of only 4 to 31% [3, 5].
Since urine can be collected repeatedly and
noninvasively, there is a strong interest in using
this biofluid as a liquid biopsy source for screen-
ing, detecting, and monitoring the progression
or regression of bladder cancers [3, 6]. Thus, a
new, accurate, and sensitive urine screening
method that could identify the presence of
bladder cancer, and even various stages, would
be of great clinical significance.
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Extracellular vesicles (EVs) are membrane-
encapsulated particles released by various cell
types into the extracellular space. Released
EVs circulate throughout the body and deliver
signals to target cells for inter-cellular commu-
nication [7]. EV content is highly heterogeneous
and can contain proteins, nucleic acids, and
metabolites from their parent cells. Since the
EV cargo originates from the parent cells, and
since EVs are abundantly found in all bodily flu-
ids, including urine, they have been increasing-
ly investigated for carrying potential diagnostic
or prognostic information about the health sta-
tus or health outcome of the individual.

Characterizing the protein and genetic material
in EVs originating from the genitourinary tract
(kidney, bladder, prostate) has been shown to
reflect various genitourinary diseases, such
as bladder cancer and kidney dysfunction [6, 8,
9]. Similarly, EVs originating from urine have
also been shown to reflect various dieseases,
such as bladder cancer and neurological dis-
eases [3, 10-13]. Small EVs (~30-100 nm), also
known as exosomes, have primarily been stud-
ied for their potential use as cancer biomarkers
because of their increased release from tumor
cells [14-17]. Large EVs (~0.1-2 ym), also known
as microvesicles, have been given less atten-
tion compared to small EVs and thus warrant
further investigation. Although small EVs or
exosomes originate from the exocytosis of mul-
tivesicular bodies and large EVs or microvesi-
cles are released directly from the plasma
membrane of the parent cell, both types of
EVs are packaged and contain cargo that
reflects the content and state of the original
parent cell [18, 19].

Various-omics such as transcriptomics, pro-
teomics, and lipidomics have been used with
EVs to find biomarkers for various cancers [20-
24]. However, many biomarkers discovered by
these methods require lysing and labeling tech-
niques, which restrict the re-use of EVs for fur-
ther analysis or for potential treatment purpos-
es. These analysis methods are also prone to
false positive or confounding signals due to the
introduced tags [25]. Therefore, label-free tech-
niques that offer the potential for retrieving
direct information from the EVs in a non-
destructive manner while maintaining their
properties for future analysis by other methods
are desired.
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While EV analysis has traditionally included
finding molecular profiles and detecting specif-
ic proteins, lipids, and nucleic acids within EVs,
or characterizing surface membrane markers
on the EVs, only a few studies have focused on
the metabolites inside EVs [8-11, 14-19, 26-
29]. Both small EVs and large EVs are known
to contain flavin adenine dinucleotide (FAD),
reduced nicotinamide adenine dinucleotide
(NADH), and reduced nicotinamide adenine
dinucleotide phosphate (NADPH), which reflect
the oxidative state, and thus the metabolic
state, of both the EV and the parent cell.
In tumors, densely packed cancer cells adapt
to hypoxic conditions by altering their aerobic
and anaerobic metabolic pathways. These
metabolic changes are thus reflected in
the concentration of electron transporters
(NAD(P)H and FAD), which could be used as
an indicator of cancer with its elevated meta-
bolic state [29-33].

Imaging and characterizing EVs can directly
provide their physical and optical properties at
the single EV level, whereas most EV content
analysis methods cannot resolve single EVs
and instead report on the average content of a
large population [26, 34]. Single EV specificity
is especially useful since EV populations are
typically highly heterogeneous. Laser trapping
enables the accurate imaging and character-
ization of single EVs [26]. However, the throu-
ghput is low. Therefore, imaging multiple EVs at
the single EV level is preferred, and more prac-
tical. In addition, imaging can provide in situ
spatial information when performed on tissue
specimens or even in vivo. However, because
of the small size of EVs, only a few imaging
studies with fluorescent labeling have been
performed [35]. For imaging EVs in situ in a
fresh resected specimen or an in vivo tissue, a
non-invasive label-free imaging method is
required to interrogate the intact tissue with-
out disturbing it. Transmission electron micros-
copy (TEM) and scanning electron microscopy
(SEM) have been routinely used to image EVs
with high resolution without labeling, but these
images lack biochemical information and are
destructive to the tissue [36, 37]. As an alterna-
tive to label-free imaging, fluorescence imaging
and bioluminescence imaging require the use
of labels or dyes to tag the EVs [38, 39], but
these perturbative methods are not highly
amenable to detecting and imaging EVs in fresh
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cell, tissue, or liquid biopsy specimens, nor
in vivo.

Simultaneous label-free  auto-fluorescence
multi-harmonic (SLAM) microscopy was shown
to successfully visualize and quantify unlabeled
singular EVs, both in vivo and in ex vivo
tissue specimens with high spatial resolution
(< BO0O nm) [29, 34, 40]. SLAM microscopy
incorporates 4 nonlinear optial imaging modali-
ties: second (SHG) and third (THG) harmonic
generation, and two-photon (2PF) and three-
photon (3PF) excited autofluorescence imag-
ing. Specifically for imaging EVs, the THG chan-
nel detects the water-lipid interfaces, providing
the morphology and locational information of
EVs, and the 2PF and 3PF channels detect the
endogenous EV-associated autofluorescence
of FAD and NAD(P)H, respectively. Furthermore,
the optical redox ratio (ORR, Equation (2)),
which is the ratio between the FAD and
NAD(P)H autofluorescence intensities, can be
determined using the 2PF and 3PF signal chan-
nels, and can even be determined for single
EVs [29, 33, 41]. The ORR is therefore sensitive
to the cellular metabolic activity, such as gly-
colysis and oxidative phosphorylation, reflected
in both the EVs and their parent cells [41, 42].

Optical characteristics of EVs, such as their flu-
orescence intensity and lifetime of NAD(P)H,
and their fluorescence intensity of FAD, have
been measured in breast cancer cell lines and
breast cancer tissues [27, 29, 34, 40, 43, 44].
For example, NAD(P)H and FAD fluorescence
intensities of breast cancer cell- and tissue-
derived EVs have been used to distinguish the
presence or absence of breast cancer, as well
as the aggressiveness of the disease [29].
Fluorescence lifetime of NAD(P)H in breast can-
cer cell-derived EVs showed that EVs exhibit
a wider range of metabolic profiles than their
parent cells [34]. Coherent anti-Stokes Raman
scattering imaging provided evidence that the
biochemical makeup of individual and popula-
tions of EVs is associated with their spatial dis-
tribution inside breast cancer tissue [44].
These studies showed the potential of using
label-free optical imaging of EVs as a platform
for cancer screening and detection. However,
previous studies focused on imaging EVs in-
side tissue with SLAM microscopy and required
excision of tissue before imaging. Advancing
this technology for use with liquid biopsy speci-
mens, such as for urinary EVs (UEVs), has the
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advantage of being patient-friendly and non-
invasive, and shifting the application of this
novel technology from being a diagnostic
modality to being a screening modality. Imaging
and characterizing uEVs from urine samples
would also avoid two of the primary constraints
of optical imaging, those being limited imaging
depth penetration and limited acquisition time.

Client-owned canines were investigated in this
feasibility study to explore the concept of using
label-free SLAM imaging and characterization
of uEVs for bladder cancer screening. Canines
are a suitable model because the volume of
urine produced is sufficient for isolation of
EVs, and naturally occurring bladder and pros-
tate cancer cases in canines are representa-
tive cancer models that can be related to
humans [45-47]. Also, dogs are the only other
large mammal that frequently develops pros-
tate cancer, and have been used regularly for
pre-clinical studies [46]. Transitional cell carci-
noma (TCC), which develops from urothelial
cells inside the bladder, is the most common
type of bladder cancer in both humans and
dogs, comprising about 90% of bladder cancer
cases [47]. Muscle-invasive TCCs are the most
common type of TCC in dogs while one-quarter
of human TCCs are muscle-invasive [47]. TCC in
humans and dogs is comparable in terms of
risk factors, histology, mutation profiles, clini-
cal presentation, and metastatic sites [47-49].
Therefore, urine from healthy, TCC-bearing, and
prostate cancer-bearing dogs was examined in
this study.

In this feasibility study, SLAM microscopy was
used to image and analyze the physical and
optical properties of ukEVs from canines to
assess whether the measured ORR could be
used as a screening biomarker of genitourinary
cancer. Related to the collection, handling, and
storage of UEVs, we also evaluated the impact
of the analyte storage conditions on the repeat-
ability and reliability of the ORR measurements
by SLAM. This represents the first study to
characterize UuEVs from dogs using label-free
nonlinear optical microscopy.

Materials and methods
Dog urine collection

Voided urine samples (ranging from 15 to
180 mL) were collected from 11 client-owned
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Table 1. Canine patient demographics. MC: Male castrated, FS: female spayed

Diagnosis Age (years) Sex Species
Transitional cell carcinoma of the bladder 10 FS Miniature Pinscher
Transitional cell carcinoma of the bladder 7 FS Airedale Terrier
Transitional cell carcinoma of the bladder 11 FS Mixed breed
Transitional cell carcinoma of the bladder 11 MC Scottish Terrier
Prostate carcinoma 8 MC Mixed breed
Prostate carcinoma 9 MC Labrador Retriever
Prostate carcinoma 8 MC Mixed breed
Healthy control 4 MC Mixed breed
Healthy control 4 FS Mixed breed
Healthy control 3 FS Golden Retriever
Healthy control 5 FS Mixed breed

dogs according to a study protocol approved by
the Institutional Animal Care and Use Com-
mittee at the University of lllinois at Urbana-
Champaign. Prior to enrollment in the study,
informed owner consent was obtained. Four
dogs with TCC of the bladder and three dogs
with prostate carcinoma comprised the genito-
urinary cancer group (Table 1). Four healthy
dogs without any symptoms of disease com-
prised a control group. Dogs were determined
to be healthy based on a lack of abnormal
health history and physical and chemical exam-
ination findings, including urine dipstick testing
(Clinitek Status, Siemens, Germany). Urinalysis
confirmed that all of the healthy dogs had nega-
tive blood, leukocyte, and nitrite levels.

Urinary EV (UEV) isolation

Urinary EVs were isolated using a differential
velocity centrifugation method with increasing
relative centrifugation force (g) following a
previously published method (Figure 1) [50].
Urine was diluted with PBS to a total volume of
50 mL and was centrifuged in Protein LoBind
tubes (Eppendorf, USA) at 800 x g (Universal
320 R, Hettich, Germany) for 10 minutes at
4°C. The supernatant was then centrifuged at
2,000 x g for 30 minutes at 4°C and the pellet
was re-suspended in 100 pL of PBS (Figure 1,
Fraction 1). Supernatant was collected in poly-
allomer (PA) thin-wall tubes (Thermo Scientific,
USA) and centrifuged at 12,000 x g (Sorvall
WX+ Ultracentrifuge Series, ThermoFisher,
USA) for 1 hour at 4°C. Pellets were re-sus-
pended in 100 yL of PBS (Figure 1, Fraction 2),
while the supernatant was collected in PA thin-
wall tubes and centrifuged at 120,000 x g for
80 min at 4°C. Supernatant was removed and
the pellet was re-suspended in 100 yL of PBS
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(Figure 1, Fraction 3). A centrifuge with a swing-
ing bucket rotor was used for obtaining all
fractions.

Preparation of samples for imaging

Unless specified, uEVs for imaging were derived
from Fraction 2 shown in Figure 1.

To test the reproducibility of optical measure-
ments from uEVs from urine collected at differ-
ent time points, a total of four urine samples
(ranging from 60 to 180 mL urine) were collect-
ed from the same healthy dog. The first urine
sample was collected in the morning of the first
day and the second urine sample was collected
6 hours later. Two days later, a third urine sam-
ple was collected in the morning and the fourth
urine sample was collected 6 hours later.

For the uEV storage test at -20°C, uEVs were
isolated immediately after collection from
another healthy dog and divided into nine ali-
quots. Three aliquots were imaged fresh, the
second group of three were imaged after 24
hours of storage, and the remaining group of
three were imaged after 48 hours of storage.

The uEV samples were thawed on ice after
being stored at -20°C. Before imaging, uEVs
were embedded in glycerol to reduce the
Brownian motion, which is the random motion
of particles in a medium. Brownian motion of
UEVs can cause motion artifacts during image
acquisition if they are not immersed in a vis-
cous substance [34]. This was done by heating
1 mL of 99.0% molecular biology grade glycerol
(Sigma, USA) on a hotplate at 50°C for 1 min,
and then placing 80 pL of warm glycerol in a
0.5 mL protein LoBind tube (Eppendorf, USA).
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Figure 1. Scheme for uEV isolation and SLAM image analysis. Isolation method of uEVs is shown with different
fractions. Image processing was done by using the THG channel for masking the 2PF and 3PF channels in order
to acquire the localized autofluorescence intensities and calculate the ORRs, which can then be presented in both

image and histogram formats. Scale bar = 10 pm.

Once the glycerol had cooled to approximately
18°C, 20 pL of uEV was mixed into the 80 uL of
glycerol and stirred together, then transferred
onto the microscope cover glass.

SLAM microscope imaging parameters

The optical imaging hardware and setup used
in this study were the same as reported in our
previous study [29]. Briefly, an industrial fiber
laser (Satsuma, Amplitude Systemes, France)
with an average power of 3.34 W was operated
at a 20 MHz pulse repetition rate. The laser
beam was sent into a photonic crystal fiber
(PM-LMA-15, NKT Photonics, Denmark) to gen-
erate a coherent supercontinuum with high
peak-power optical pulses. These supercontin-
uum pulses were then sent through a 640-pixel
4-f pulse shaper (MIIPS Box640, BioPhotonics
Solutions Inc., USA) to select and compress
the wavelength band of 1110 + 30 nm. The
average power of this band after the pulse
shaper was approximately 180 mW. A galva-
nometer-driven mirror pair (6215H, Cambridge
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Technology, USA) enabled raster scanning of
the beam across the imaged sample. The
beam was delivered to an inverted multiphoton
objective (XLPLN25XWMP2 25X, N.A. = 1.05,
Olympus), which resulted in an average power
of 14 mW at the sample. The microscope had a
lateral resolution of ~500 nm.

Urinary EVs embedded in glycerol were placed
on a coverslip above the objective lens. The
imaging plane was set at 50 ym above the
cover glass for all samples. The typical field-of-
view of this microscope was 200 um x 200 ym
with a sampling interval of either 100 nm
or 500 nm. Four sequential sets of long-
pass dichroic mirrors and bandpass filters
(365-375 nm filter for THG, 420-480 nm
for 3PF, 540-570 nm for SHG, and 580-640 nm
for 2PF) (Semrock Inc, USA) separated the col-
lected multimodal multiphoton signals and
directed them each to four photon-counting
photomultiplier tubes (H7421-40, Hamamatsu,
Japan). A 3-D piezoelectric stage was used for
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mosaic imaging to collect image data from larg-
er areas of the samples. A resulting field-of-
view of 1. mm x 1 mm was obtained per sample
by taking a 5 x 5 mosaic image. Pixel dwell time
was 20 us and the acquisition time for each
4-channel image was 8 s.

SLAM microscope detection limit

Standardized beads (NIST traceable size stan-
dards, Thermo Scientific) with sizes of 100,
200, and 500 nm were imaged using the SLAM
microscope. The signal-to-noise ratio of each
particle was calculated from the THG channel
using the following Equation (1):

/lpam'cle (1)

Signal - to - noise ratio =
Ubackground

Where M articre is the mean THG intensity of the
particle and O, ackground is the standard deviation

of the THG intensity outside the particle.
Image analysis and statistical methods

MATLAB and R were used for data analysis.
Masks of the imaged particles were made by
thresholding the THG channel of the mosaic
images (Figure 1). Particles larger than 2 ym
were digitally removed from the image data.
The number of UEVs in each image was quanti-
fied using the THG mask. Masked 2PF and 3PF
signals were used for calculating the ORR of
each EV using Equation (2).
Optical redox ratio (ORR) = —2%
lape T I3p¢ (2
_ FAD
~ FAD + NAD(P)H

The multiple measurements of the ORR, one
for each individual EV, were plotted as a histo-
gram ranging from O to 1. A receiver operating
characteristic (ROC) curve for distinguishing
bladder cancer from healthy controls was
generated to determine the optimal threshold
for NAD(P)H-rich EVs. The resulting cut-off for
NAD(P)H-rich EVs was then selected as 0.78 to
provide the best-performance of differentiating
TCC of the bladder from healthy control. The
Shapiro-Wilk test was used to determine nor-
mality. One-way ANOVA, Welch two-sample
t-test, paired t-test, paired-sample sign test,
Kruskal-Wallis test, and Kolomogorov-Smimov
test were performed for statistical compar-
isons.
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Size and concentration characterization of
UEVs

The size and concentration of UEVs were deter-
mined using transmission electron microscopy
(TEM), dynamic light scattering (DLS), and
nanoparticle tracking analysis (NTA). TEM
imaged fixed EVs with high resolution (~0.2 nm)
by using an electron beam. DLS and NTA mea-
sured the size of the UEVs in solution by analyz-
ing the scattered light from the particles. DLS
was performed using the manufacturer proto-
col (Litesizer 500, Anton Paar). Urinary EVs
were diluted to a volume of 1 mL and loaded in
a disposable spectrometer cuvette for mea-
surement. Side scatter at a 90° measurement
angle with 1 min of acquisition time was per-
formed. NTA was performed using the manu-
facturer protocol (NanoSight NS300, Malvern
Panalytical). Settings for NTA included a syringe
pump speed of 75, camera level of 13, detec-
tion threshold equal to 3, and a temperature of
21.5°C. NTA measurements were recorded 6
times with 30 seconds per track.

Results

Urinary EVs from dogs with TCC of the bladder
had a higher percentage of NAD(P)H-rich EVs

Freshly isolated uEVs from dogs with TCC of
the bladder and prostate cancer, as well as
from healthy control dogs, were imaged using
SLAM microscopy. The label-free optical signa-
tures were then used to calculate their ORRs
(Figure 2). Figure 2A shows the schematic of
heterogeneous uEVs with different ORRs.
Figure 2B is a representative ORR image of
uEVs imaged by SLAM microscopy. The location
and ORR of a single uEV is shown in the inset
magnified image. Figure 2C-E are the represen-
tative ORR histograms of uEVs derived from
healthy control dogs, and from dogs with TCC of
the bladder and prostate cancer, respectively.

NAD(P)H-rich EVs were defined as uEVs with an
ORR less than 0.78, and the relative amount
(percentage) of NAD(P)H-rich uEVs in each
sample was calculated. This decision threshold
was selected to have a high Fl-score (0.8196)
for distinguishing dogs with TCC of the bladder
from healthy control dogs (Figure 3). The area
under the curve (AUC) of a ROC curve for
distinguishing bladder cancer-bearing dogs
from healthy control dogs was 0.8663.
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Figure 3. ROC curve analysis for determining the optimal threshold of
NAD(P)H-rich EVs. (A) True positive rate (TPR) and true negative rate (TNR)
per threshold for NAD(P)H-rich EVS. (B) ROC curve of sensitivity (TPR) versus

4.5, P = 0.005. A statistical
power analysis with a power of
95% and an alpha level of

specificity (false positive rate, FPR).

The mean percentage of NAD(P)H-rich uEVs
from the healthy control group (number of
dogs n = 4) was 35.38% while the mean per-
centage of NAD(P)H-rich uEVs from the groups
with TCC of the bladder (n = 4) and prostate
cancer (n = 3) were 84.91% and 63.80%,
respectively (Figure 2F). The Shapiro-Wilk nor-
mality test showed that all three groups had a
normal distribution (P > 0.05). Urinary EVs from
dogs with TCC of the bladder had a 2.4-fold
higher percentage of NAD(P)H-rich EVs com-
pared to that of healthy control dogs. The Welch
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0.05 showed that a sample

size of n = 3.3 was needed to
find the difference between the control group
and the TCC of the bladder group. Therefore,
our sample size of n = 4 for this comparison
was sufficient. The post-hoc statistical power of
this study was 98.9%, and the effect size
(Cohen’s d) was large (g = 1.49).

Imaging and characterizing uEVs with SLAM
microscopy

Sedimented pellets after the 2,000 x g, 12,000
x g, and 120,000 x g centrifugation steps

Am J Cancer Res 2022;12(5):2068-2083
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contained: apoptotic bodies and cell debris
(Figure 1, Fraction 1), large EVs also known as
microvesicles (Figure 1, Fraction 2), and small
EVs also referred to as exosomes (Figure 1,
Fraction 3), respectively [51]. Each fraction was
imaged with SLAM microscopy (Figure 4A-C).
Fraction 2 was determined to be both pure
and highly visible in SLAM microscopy, unlike
Fraction 1 which showed poor purity. Fraction 3
was not visible with SLAM microscopy due to
the small particle sizes and their correspond-
ingly small volumes and small quantities of
NAD(P)H.

According to the SLAM image (Figure 4A)
and the NTA data (Figure 4F), Fraction 1
had particles larger than 2 ym. These large
particles were likely to be cellular fragments
or apoptotic bodies, which resulted in the rela-
tive impurity of particles and sizes observed in
this fraction. Therefore, Fraction 1 was not
used for further analysis. Particle sizes in
Fraction 2 ranged from 50 nm to 2 ym and
particle sizes in Fraction 3 were smaller
than 200 nm (Figure 4F). Despite the high
uniformity of particle size and concentration
(> 10° particles/mL) of Fraction 3 particles,
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SLAM could not detect these very small
particles (Figure 1, Fraction 3), which were
well below the detection limit of the SLAM
microscope (~200 nm) and contained an
undetectably small volume of autofluorescent
biomolecules. The larger EVs in Fraction 2
had both the size (> 200 nm) and concentration
(> 108 particles/mL) suitable for SLAM imaging
(Figure 1, Fraction 2).

A representative SLAM image of uEVs in the
THG channel is shown in Figure 4B. The mor-
phological characteristics of UEVs, their size
and shape, were measured using TEM, DLS,
and NTA. Round and cup-shaped morphologies
of UEVs were observed with TEM (Figure 4D),
confirming that the particles imaged were
EVs as described and shown in previous
studies [37]. The size of UEVs measured by the
peak intensity of DLS was 622.6 nm and the
mean size measured by TEM and NTA was
207.5 £ 48.0 nm and 209.6 + 6.2 nm, respec-
tively (Figure 4D-F). DLS factors more on highly
scattering sample and due to the polydispersity
of uEVs, DLS showed a larger size compared to
the other methods.
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Figure 5. Reproducibility of label-free SLAM for gener-
ating histograms of the ORR from uEVs. Histograms
of ORRs of uEVs are shown for measurements at
(A) O min, (B) 5 min, (C) 10 min after the first imag-
ing trial.

Factors affecting ORR of uEVs

Since SLAM microscopy can detect NAD(P)H
and FAD autofluorescence in EVs, the ORR can
be calculated using Equation (2) [29]. Repro-
ducibility of the ORR for different conditions
and factors was evaluated. First, reproducibility
of the SLAM system was tested by repeatedly
imaging UEV samples (n = 3) in triplicate at
5-minute intervals (Figure 5). The paired-sam-
ple sign test showed no significant differences
between imaging sessions (P > 0.05).

The reproducibility of the uEV isolation proce-
dure was tested by dividing the same urine
sample into 3 vials before the isolation step.
uEVs were then isolated and imaged separate-
ly. The paired-sample sign test showed no sig-
nificant differences between isolation proce-
dures (P > 0.05).

To test the reproducibility of the ORR from a
single dog under naturally varying physiological
conditions, four different time points were
selected to examine the effect of urine collec-
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tion time. Urine samples from a healthy dog
were collected in the morning (O hours) and
afternoon (6 hours after the first collection) on
the first day, and the same timed collections
were conducted two days later (48 and 54
hours after the first collection). Freshly isolated
UEVs were imaged with SLAM and histograms
of their representative ORRs are shown in
Figure 6A-D, where each histogram shows a
distribution of values from a single collection
period. The ORRs of uEVs ranged from 0.2
to 1.0. ORR histograms (n = 12) exhibited a
bimodal shape with peaks at 0.54 = 0.07
(coefficient of variation CV% = 12.2%) and
0.89 + 0.02 (CV% = 2.5%). The percentage of
NAD(P)H-enriched uEVs was not significantly
different between collection times (paired
t-test, P > 0.05) (Figure 6E).

The average concentration of uEVs quantified
from SLAM images was 450 + 10 particles/
mm? and the average concentration of UEVs
calculated from NTA was 4.88 x 10%° + 1.59 x
10° particles/mL.

The effect of storing isolated uEVs on the ORR
was also investigated. Isolated uEVs were
stored at -20°C for 24 hours and 48 hours
before imaging. ORR histograms of samples
stored at -20°C are shown in Figure 7A-C.

The percentage of NAD(P)H-rich EVs were cal-
culated (Figure 7D). After storing uEVs for 24
hours, the percentage of NAD(P)H-rich EVs
decreased by 8.1%. When uEVs were stored
for 48 hours, there was a significant change in
the ORR distribution. Despite an apparent
increase in the total number of uEVs, likely due
to increased fragmentation over time, the per-
centage of NAD(P)H-rich EVs decreased by
31.4%, which was significantly different com-
pared to the fresh uEVs (paired t-test, P < 0.05).

Discussion

In this study, large uEVs (microvesicles) from
canine urine samples were imaged and charac-
terized using label-free SLAM microscopy to
investigate their optical signatures and the
ORR as a potential biomarker for bladder can-
cer screening. To the best of our knowledge,
this is the first study to image and characterize
canine uEVs with this label-free nonlinear opti-
cal microscopy technique, opening the oppor-
tunity for using this technique to characterize
uEVs in other malignancies or disease states in
both canine models and in humans. In addition
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to demonstrating that it is
possible to image and char-
acterize isolated uEVs with
SLAM microscopy, we found
that the ORRs of uEVs could
be used to differentiate uEVs
from healthy dogs and dogs
with TCC of the bladder.

SLAM microscopy is unique in
its ability to spatially map the
autofluorescence intensity of
the metabolic coenzymes
FAD and NAD(P)H in EVs.
Multiphoton-induced autoflu-
orescence imaging of FAD
and NAD(P)H has been used
to characterize the metabolic
profile of various cells and
tissues, specifically by calcu-
lating the ORR [29, 30]. In
this study, the ORRs of sin-
gle uEVs were calculated and
represented in histograms
for visualization and com-
parative analysis (Figure 2).
The ORR distribution found
in uEVs from genitourinary
(bladder and prostate) can-
cer-bearing dogs and healthy
controls were compared to
examine the cancer screen-
ing potential of this method.
In genitourinary cancer-bear-
ing dogs, the mean ORR of
UEVs decreased and the
percentage of NAD(P)H-rich
UEVs increased compared to
uEVs from healthy dogs with
no known history of cancer.
Urinary EVs from dogs with
TCC of the bladder showed a
significant difference in the
percentage of NAD(P)H-rich
EVs compared to uEVs from
healthy control dogs. Relati-
vely higher NAD(P)H levels
and lower ORRs are associat-
ed with cancer-related chang-
es in cellular metabolism [29,
41, 52]. This suggests that
higher NAD(P)H levels in can-
cerous cells are reflected in
the uEVs that those cells pro-
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duce. The collection, imaging, and character-
ization of uEVs with label-free SLAM micro-
scopy therefore represents a new method to
screen for metabolically-related changes that
are occurring in the parent cells.

In the cases of cancer-bearing dogs, isolated
uEVs contain a combination of EVs derived
from both cancer cells and normal cells.
Although the proportion of cancer cells may
be small, cancer cells have been shown to
generate significantly more EVs than normal
cells [53]. Previous studies have additionally
shown evidence for cancer biomarkers in
uEVs [3, 14-16]. EVs indicative of increased
cellular metabolic activity have a lower mean
ORR and a higher percentage of NAD(P)H-rich
EVs, and are hypothesized to be related to can-
cer cells, whereas EVs with higher ORR values
are more likely from normal, non-cancerous
cells [29]. The uEVs from all samples showed
broad distributions of ORR values (Figure 2C-E).
This reflects the heterogeneous nature of EVs,
and the differences in cellular metabolic signa-
tures in the EVs and their parent cells.

While uEVs from bladder cancer-bearing dogs
showed a significant difference (P < 0.01) in
the percentage of NAD(P)H-rich EVs compar-
ed to those from healthy controls, uEVs from
prostate cancer-bearing dogs did not have a
significant difference (P > 0.05) in the percent-
age of NAD(P)H-rich EVs, compared to the
healthy control dogs (Figure 2F). This may be
due to the mixed population of cancer-cell
derived EVs and normal cell-derived EVs found
in urine. As shown in Figure 2E, uEVs from pros-
tate cancer-bearing dogs have a bimodal distri-
bution of ORRs, likely due to the mixture of nor-
mal EVs and prostate cancer-associated EVs.
The left peak of the lower ORR comes from the
cancer-associated EVs and the right peak of
the higher ORR comes from the normal cell-
derived EVs. The percentage of NAD(P)H-rich
EVs is determined by the ratio of these EV
sources. In particular, two of the three prostate
cancer-bearing dogs in Figure 2F had a high
percentage (> 60%) of NAD(P)H-rich EVs, indi-
cating increased metabolic activity related to
cancer cells. These cases are likely when iso-
lated uEV samples are rich with the prostate
cancer cell-associated EVs. Whereas in one
prostate cancer-bearing dog case, normal cell-
associated EVs overwhelmed, resulting in a low
percentage (< 60%) of NAD(P)H-rich EVs.
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Unlike uEVs from the bladder (TCC in this study),
which can be directly released into the urine
and excreted, prostate cancer-associated uEVs
must move through the prostatic ducts and
into the urethra to end up in urine, or use an
unknown pathway to reach the bladder [12].
Moreover, prostatic fluids are not always
released into the urethra during urination. As a
result, prostate cancer-associated uEVs are
less likely to end up in urine, and the majority of
UEVs in some prostate cancer-bearing dogs
have a similar level of NAD(P)H-rich EVs as the
control. In addition, prostatic adenocarcinoma
and prostatic TCC arising from the prostatic
urethra are difficult to distinguish, so it is pos-
sible that the small number of cases here
included a mix of these two subtypes of pros-
tate cancer in dogs. It is also likely that uEVs
originating from a prostate carcinoma may
pass into the blood or lymphatic circulation and
then ultimately be excreted via the kidneys.
For these reasons, UEVs collected from pros-
tate cancer-bearing dogs may contain fewer
cancer related uEVs compared to uEVs from
bladder cancer-bearing dogs. Future work
will build on previous research [54] and use
SLAM microscopy to examine the relationship
between prostate cancer and prostate cancer-
related uEVvs.

While initial results show that SLAM microsco-
py can be used to differentiate uEVs from
healthy and bladder cancer-bearing dogs,
there are several challenges and possible
variations in EV studies that must be consid-
ered, such as the isolation methods and the
various subpopulations of EVs, to broaden
this method for screening for other types of
cancer. In this study, EV isolation of the differ-
ent fractions was performed using the differen-
tial ultracentrifugation method. This method
was chosen because it is the most commonly
used method of isolating EVs and does not
require tagging. However, this method does not
provide the highest purity. For example, immu-
noaffinity capture-based techniques filter out
EVs and result in higher specificity of EV sub-
populations [55]. Investigating uEVs with this
method may lead to better separation of pros-
tate cancer uEVs from the uEVs from healthy
controls. However, additional filtering steps in
higher-purity techniques result in lower concen-
trations of isolated EVs, which means the initial
urine volume needed to capture enough EVs for
analysis will increase. Future work will continue
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to explore the effect of different isolation meth-
ods on the results obtained with SLAM micros-
copy and further investigate different subpopu-
lations of EVs.

Subpopulations of EVs are generally classified
by their biogenesis mechanism and/or their
size [51]. While the majority of studies have
focused on small EVs (exosomes), the diagnos-
tic potential of large EVs (microvesicles) has
not yet been fully explored. Previous studies
showed that large EVs have similar proteins,
nucleic acids, and lipid patterns as their cells of
origin, and were different in composition than
the small EVs [18, 19, 56]. For this reason,
large EVs have potential as screening biomark-
ers since they carry information that can be
used to make inferences about their cells of
origin. While the optical resolution of SLAM
microscopy was around 500 nm, the detec-
tion limit of SLAM microscopy, defined as the
smallest object with a signal-to-noise ratio
greater than one, was calculated to be around
200 nm using standardized polystyrene beads
of various sizes. Even though the EVs were
below the imaging resolution of the system,
their signal could still be detected if a sufficient
volume of material was present. For this rea-
son, large EVs could be imaged while small
EVs could not be detected with this imaging
method. EVs showed up as a single pixel or a
few pixels in the SLAM images, but with multi-
ple signals from each of the 4 SLAM channels.
This matches well with the results in Figure 4,
which indicate that SLAM can detect large EVs,
but not the small EVs from Fraction 3, which
does not contain EVs larger than 200 nm. Thus,
only large EVs are appropriate for label-free
imaging and characterization with SLAM micro-
scopy, given the imaging parameters of our
system. However, with ongoing advances in
super-resolution optical imaging techniques,
future work will develop and explore the use of
super-resolution SLAM microscopy for detect-
ing the small EVs (exosomes) and compare the
optical signatures between different subpopu-
lations of EVs.

Additionally, the repeatability and robustness
of using SLAM microscopy to image and char-
acterize the ORRs of uEVs was examined by
investigating different urine collections from
the same dog, and by investigating the effect
of storage on isolated uEV samples. In these
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samples, the ORR did not change significantly,
regardless of the collection time of the urine,
whether it was at different times during a sing-
le day, or between different days (Figure 6).
However, the number of uEVs increased when
freshly isolated uEVs were stored/frozen
(Figure 7). These results were consistent with
previous studies [55, 57]. Also, when uEVs
were stored at -20°C, the mean ORR increas-
ed and the percentage of NAD(P)H-rich EVs
decreased. The changing optical signatures of
UEVs following storage/freezing might be relat-
ed to how freezing affects EV encapsulation of
NAD(P)H and FAD, or there may be metabolic
changes during storage which could affect the
metabolite concentrations. Previous studies
have additionally examined EV storage [54,
57], yet none have used functional metrics
such as the optical metabolic imaging done in
this study with SLAM microscopy. In view of
these initial results, it is suggested that only
fresh uEVs be used for this label-free ORR
characterization, largely because this method
is sensitive to the quantity and autofluorescent
properties of the metabolically functional bio-
molecules NAD(P)H and FAD. Further investiga-
tion is needed to better understand the mecha-
nisms by which the ORRs change after uEv
storage.

In summary, we demonstrated the potential of
using the ORRs of UEVs as a new biomarker for
bladder cancer screening. Previous studies
examining the optical characteristics of EVs
showed promising evidence for using EVs as a
diagnostic biomarker for breast cancer [29, 40,
43]. Isolated EVs from breast cancer cell lines
and breast tissues showed increased levels of
NAD(P)H inside the cancer-associated EVs [29,
34, 40, 43]. Along with these previous studies
of the optical characteristics of EVs in breast
cancer, we are further broadening the use of
label-free nonlinear optical imaging and char-
acterization of NAD(P)H and FAD in uEVs as a
screening tool of other cancers. This noninva-
sive approach of characterizing EVs from urine
samples allows for ready clinical translation,
unlike tissue imaging studies, since urine can
easily and painlessly be collected with little
inconvenience for human subjects. This pre-
clinical study successfully showed evidence for
using the ORR of uEVs as a screening tool for
TCC of the bladder in dogs, and provided a
basis for similar studies to be performed with
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human subjects in the future. Although this
proof-of-concept study was completed with a
relatively small number of canine patients of
various age, sex, and breed, it can be further
advanced by controlling for more demographic
variables, and by increasing both the number of
patients and the types of diseases. We have
investigated various factors which may change
the ORR signatures of UEVs such as the storage
conditions. In the future, we plan to examine
additional conditions that may affect the ORR
signatures, such as a urinary tract infection or
inflammatory conditions. We anticipate the
broader use of UEVs as a biomarker for other
cancers and disease processes, since EVs are
known to be generated throughout the body,
and carry signatures of their parent cell of ori-
gin and any active disease process. Thus, this
study provides evidence for EV-related liquid
biopsy screening, and the development of
label-free optical imaging and characterization
tools that can aid in the screening and early
detection of cancers to improve health out-
comes for patients.
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