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ABSTRACT Bladder cancer is common and has one of the highesrrence rates. Cystoscopy, the
current gold standard diagnosis approach, has ttgdeenefited from the introduction of blue lighg-a
sisted photodynamic diagnostic (PDD). While blughticystoscopy improves diagnostic sensitivity, it

remains a costly and invasive approach. Here, vesgmt a microfluidic-based platform for non-



invasive diagnosis which combines the principlé*BD with whole cell immunocapture technology to
detect bladder cancer cells shed in patient wineivo Initially, we demonstrate with model cell lines
that our non-invasive approach achieves highly iipezapture rates of bladder cancer cells based on
their Epithelial Cell Adhesion Molecule express{e®90%) and detection by the intensity levels of Hex
aminolevulinic Acid-induced Protoporphyrin IX fluescence. Then, we show in a pilot study that the
biosensor platform successfully discriminates lpatbologically diagnosed cancer patients (n=10pfro
non-cancer controls (n=25). Our platform can supii@ development of a novel non-invasive diagnos-
tic device for post treatment surveillance in patewith bladder cancer and cancer detection irepist

with suspected bladder cancer.

KEYWORDS: Bladder cancer, cystoscopy, Hexaminolevulinic Acid; immunocapture; photodynamic diagnosis;

EpCAM; biosensor, microfluidic device, plasma deposition; PplX fluorescence; biofluids

1. Introduction

Bladder cancer is amongst the 10 most common cauicateveloped countries, ranking as high as
4" for men in the U.S.(Jordan and Meeks, 2019). Ofaicers, bladder cancer is the most expensive to
treat from diagnosis to death (Sievert et al., 208ause of its particularly high recurrence ddtap
to 80% in high-grade tumours (Jung et al., 201%ixréht guidelines recommend that patients with an
intermediate-risk of recurrence undergo cystoscepiweillance every 3-6 months for 2 years, and at
least yearly thereafter (Babjuk et al., 2017). Dodd standard for initial diagnosis and follow-up i
white light cystoscopy (WLC) followed by biopsy ahistopathology, if there are suspicious lesions
(Bell et al., 2016). This approach is invasive, @&adaccuracy relies on the macroscopic visibitityhe
malignant lesions being biopsied (Dinney et alQ4)0Due to the invasive nature of the proceduae, p
tients need to be hospitalised and may experiemeplications such as infections and bleeding

(Biardeau et al., 2017). Over the last decaderdiscence-assisted cystoscopy has emerged asla vali



procedure to further improve the detection andatése of bladder cancer; compared to WLC alone
(Witjes and Douglass, 2007). Referred to as phatadyc diagnosis, blue light cystoscopy (BLC) ex-
ploits the photoactive properties of ProtoporphyXn(PpIX) to enhance the contrast between benign
and malignant tissue during cystoscopic examindi@eavlete et al., 2016). The exogenous administra-
tion of hexaminolevulinate (HAL) leads to the prefatial accumulation of fluorescent PpIX in rapidly
proliferating cells, such as those in cancerowsuéis. This accumulation leads to a distinctivefisat
rescence (maximum emission at 635 nm) when illutashavith blue-violet light (maximum adsorption
at 405 nm) (McNicholast al., 2019; Schmidbauer et al., 2004). Since its FDA approval in 2010, exten-
sive data have shown that BLC improves bladdereradetection rates. In comparison to BLC, the re-
ported sensitivity of WLC ranges from 46 to 84% ated specificity from 31 to 93% (Witjes and
Douglass, 2007). BLC performs particularly well fow-grade tumours detection, which translates to a
decrease in recurrence ratémllagher et al., 2017; Lotan et al., 2019). Now recommended in several
urological guidelines around the world, BLC conggt a significant breakthrough in bladder cancer
diagnosis. Yet, BLC remains just as invasive andentostly and time consuming than WLC alone. The
reason being that HAL requires instillation 60 ntggiprior to cystoscopy, a specialized camera and a

adapter for cystoscopy.

There is a clear need for less invasive methodslamider cancer detection and surveillance. Alt-
hough non-invasive diagnostic approaches basedinary biomarker detection have been developed,
none has been adopted into widespread clinicaltipeadue to insufficient sensitivity and specifjcit
rates compared to WLC (Bubendorf et al., 2016)ddt, only urine cytology is a standard non-invasiv
test in the clinical setting. Although the cellutgrof healthy urine is low, it is well-documentddat
bladder cancer cells are shed in the urine of camatents (Kho et al., 2019; Kiyoshima et al., 2016;
McGrew, 1961). Cytologic examination of urine speens for exfoliated bladder cancer cells has high

sensitivity in high grade bladder cancer (84%)tan and Roehrborn, 2003; Planz et al., 2005). Howev-
3



er, it has much lower sensitivity in low grade ldadcancer (16%) (Yafi et al., 2015), thus limitithg
usefulness of urine cytology as a diagnostic tesbfadder cancer (Yafi et al., 2014). In addititdme
specificity of urine cytology is variable (Barkaha., 2016) and can be influenced by common condi-
tions like urinary tract infection, stone diseas@evious instillation of either intravesical chetimera-

py or Bacillus Calmette Guerin (BCG) all of whickoorr frequently in this population. The resulting
extracellularity of the urine samples tend to alstthe cytologist field of view with cells thatteh
have similar cytomorphology as cancer cells, makimggm hard to distinguish. For these reasons, urine

cytology is used mainly as an adjunct in managiiepts with known high-grade diseases.

Interestingly, recent developments in non-invasnethods to detect bladder cancer from urine have
not attempted to solve the issues faced by claggatogy. Instead, most research has taken the-dire
tion to focus on the detection of soluble protébi@mmarkers, such as complement factor H-related pro
tein and nuclear matrix protein, (Chakraborty, Ashet al., 2019) or new omics biomarkers (Fraritzi e
al., 2016; Shen et al., 2015) in tests that typically detect DNA methylation, taion or mRNA expres-
sion using PCR, SAGE and/or mass spectrometry rdstfiGhakraborty, A. et al., 2019; Dinges et al.,
2019; Tan et al., 2018) While these tests generally have higher sengitthi&n urine cytology, they have
the disadvantage of relying on expensive reagamiscamplex analytical platforms and their overall
accuracy has not been sufficient to justify charigeagnostic or surveillance protocols, as wenky

reviewed in details.(Chan, 2020).

In contrast, inspired by recent developments irfild of circulating tumor cell capture from blood
(Arya et al., 2013) we demonstrated in previouskspthat a immunofunctionalised microfluidic chip
could be use to capture and concentrate cancersgeked in urine, thus overcoming the issue ofeext
cellularity and cytomorphology limitations faced blassic urine cytology.(Macgregor-Ramiasa et al.,

2017a) While promising, this immune-capture appno@lone could not be used as a point of care diag-



nostic tool because it lacked the specific sigresdded for the automation of the malignant celledet
tion step from the captured cell population. Ithis last roadblock that we propose to resolve hese

ing the photodynamic principle of blue light cystopy but applied ex-vivo at the single cell leval,
order to keep the whole approach non invasiventatp’s group has demonstrated that 5ALA could be
used to assist cytological examination in the sedinof urine samples processed following the same
steps as classic cytology, and using spectrophdesm® evaluate the overall fluorescence of thelevh
specimen. (Nakai et al., 2015), (Nakai et al., 20However, for this approach to be viable as ddbui
ing block for novel point of care diagnostic devit®o key challenges need to be overcome using un-
processed patient urine samples. First, whole casedls shed by the tumors must be successfully iso
lated from unprocessed urine samples. Second,ithdilcell must be distinguishable from other cell

type based on their PpIX fluorescence

The goal of this study is to develop a non-invadiexdder cancer diagnostic device which could
serve as an alternative for WLC and BLC in clinicahtexts such as routine surveillance post tumour
resection. We hypothesise that bladder cancer erliseted in the urine of patients can be seldgtive
captured via immunoaffinity on a purposely designadrofluidic platform and detecteek situusing
the photodynamic properties of HAL. To achieve tve have covalently immobilised bioactive anti-
epithelial cell adhesion molecule (EpCAM) antibadte the surface of microchannels (Ostrikov et al.,
2019). The biofunctionalization of the surface \aahieved via facile “click-type” chemistry of th@E
CAM antibodies to a thin oxazoline plasma polymela¢gregor-Ramiasa el., 2017b; Macgregor-
Ramiasa et al., 2015; Shirazi et al., 2020). These antibody decorated surfaces enable thetiselem-
munocapture of bladder cancer cells; which are known to have greater expression of the EpCAM pro-

tein on their membranes compared to other cellsegntein urine. The selective immunocapture ap-



proach employed in this endeavour is much less problematic in urine than in blood (Zhe et al., 2011)
because it takes unique advantage of the upstream filtration work performed by the kidneys which ex-
cludes circulating blood cells. The diagnostic method developed in this work uniquely takes advantage
of HAL induced cancer-specific PpIX fluorescence in the malignant cells isolated in the microfluidic
chamber for quantification. Because of this distinctive combination of technologies, we called the meth-
od Microfluidic Urinary Photo-Specific Diagnostic of bladder cancer, simply abbreviated as Mi-
croUPSD (Fig. 1). It was optimised to achieve high sensitivity and efficiency. These qualities were first
verified using model cell lines spiked into both PBS and patient urine samples. The refined diagnostic

method was then verified with patient’s urine specimens.

2. Materials and Methods

The study design and working principle of the diagnostic approach are summarised in Fig. 1.

2.1 Sensor design via Oxazoline plasma polymerization

The plastic moulded fluidic chamber (PMFC, Motherson Innovations Australia) consists of a flat lid

with 3 sets of inlets and outlets bound to a bottom plate featuring 3 channel grooves using an adhesive
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layer.

Figure 1. Schematic of the Microfluidic Urinary Photo-SeciDiagnostic (MicroUPSD) device
working principle and study design. First, patiarihe is treated with the photosensitizer prodrugH
and a nuclear stain (NucRed).Then it is passeditfirahe specially designed microfluidic chamber
functionalised with anti-EpCAM antibodies, a memiadiomarker specific for cancer cells.(Bryan et
al., 2014) . After a set incubation time, the captchannels are rinsed with PBS to dislodge chs t
are not bound to the active surface and fluoresgecitographs are recorded. The latter are then ana-
lysed for colocalised nuclear and HAL-induced flegwence in the captured cell population. The nucle-
ar stain is used to confirm that the HAL positiveits recorded are indeed cells and not debrister a
facts. The box plot results on the right show t&utts as glance for high- and low-grade bladder ca

cer, as well as other urogenital cancers (prostatd)non-cancerous participants. (1=p<0.1).

The capture channels are designed to provide ané&anfiuid flow around surface-bound cells upon
rinsing Fig. 2A andSupVid. 1). Each micro channel has a total capacity of 4818L x 3.8W x 0.53H
mm) from which 24 pL fill the imaging zone betwettyie channel wells, where the cells are counted. A
custom-built capacitively coupled bell-chamber teagvas used to deposit a thin layer of 2-methyl-2-
oxazoline (POXx) precursor onto the PMFC. The plasmas ignited for 3 minutes using a radio frequen-
cy power of 50 W (13.5 MHz) and a monomer pressafrd.3.10" mbar (Cavallaro et al., 2016;
MacGregorRamiasa et al., 2016; Macgregor-Ramiasa et al., 2015). The POx coating in thertesto-
channel was functionalized using Anti-Epithelialll@elhesion molecule antibodies (Anti-EpCAM, 10
nug/mL) by overnight incubation at 4 °C followed byhour at 37C the next day. A blocking solution,
(e.g. skim milk, 1mg/mL) was then added to the clehmith Anti-EpCAM and one of the other micro-
channels for 1h incubation. This second blockedasitannel is used as negative control. After ineuba
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tion, the block was rinsed from both channels u§g uL PBS. PBS was added to all 3 channels and

kept at room temperature for no longer than 1hreetesting.

2.2Cell line study

Human foreskin fibroblast (HFF) were cultured inlircco’s Modified Eagles Medium (DMEM).
Four bladder cancer cell lines were supplied by Eneopea Collection of Cell Cultures (ECACC;
Salisbury, United Kingdom) and purchased from CatiB Australia (NSW, Australia). RT4 (Cat No:
91091914) was cultured in McCoy’'s 5A medium, EJI8&at No: 85061108), HT1376 (Cat No:
87032402) and HT1197 (Cat No: 87032403) were cedtun Minimum Essential Medium Eagle
(MEME) with 1% MEM Non-essential Amino Acid SoluidMEM-NEAA). All cultures were supple-
mented with 10% fetal bovine serum (FBS), 2 mM utgimine, 5% penicillin-streptomycin (pen-strep)
and 5% amphotericin B solution. All cell lines wemwn at 37 °C in 5% C£in a humidified atmos-
phere. Phosphate-buffered saline (PBS) tablets, MMgen-strep (10,000 U/mL), L-glutamine (200
mM) and FBS were purchased from Life TechnologiiC( Australia). Amphotericin B solution,
MEME, McCoy's 5A medium, MEM-NEAA and fungizone veepbtained from Sigma-Aldrich (NSW,

Australia).

Flow Cytometry, Immunocytochemistry, Western Blo¢rev performed to investigate EpCAM ex-
pression in Fibroblasts, RT4, HT-1197, HT-1376 &3dd38 cell lines following established procedures,

as detailed in supplementary information.

2.3HAL Optimization

Hexaminolevulinate (HAL) hydrochloride was obtainedm Sigma-Aldrich (NSW, Australia) and
PBS was used make solutions with concentrationimgn@ to 250 uM. Cells were seeded in a 96 well

plate (Corning, NY) at 37°C in 5% G@vernight. All cells monolayers were then inculdaie their
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own serum-free medium containing different concaimans of HAL (0-250 uM) at 37°C in the dark for
30 min to 4 h. After HAL incubation, the HAL contémg medium was removed and replaced by PBS.
The plates imaged with an Olympus 1X83 invertedfescent microscope (Japan) (excitation wave-
length: 405nm, emission wavelength: 600nm with stam filter cube). To determine the PpIX fluores-
cence intensities, region of interests (ROI) weséngd for 30 randomly selected cells in each image
and the values of the average gray intensity fehes these objects were calculated using CellSens

software (Olympus, Japan). Each HAL incubation dtoa was repeated in biological triplicates.

To test trypsinized cells in suspension, the oglse resuspended in serum-free medium and were
treated with HAL as described above. After incutnatithe cells were centrifuged at 1500 rpm for & mi
and the supernatant discarded. The cells werepesdsd in PBS and transferred to a 96-well plate.
The plate was read using a specially designeddiaant microscope with appropriate LED lamps and
custom filters (Chan et al., 2019). PpIX accumolativas observed in the images and the fluorescence
intensity was measured using ImagePro Premier acft@JSA). ImagePro in-build cell counting algo-
rithm uses auto-thresholding to automatically deted calculate the average fluorescence inteonsity

all the cells present in each image. Each HAL iatiom condition was repeated in triplicates.

2.4 Capture Experiment

The selectivity of the cell capture approach wasted® with different anti-EpCAM antibodies
(AF960, Invitro Life ScienceVU-1D9, Biosensis and ABCAMMOC-31, ABCAM Australia BER-
EP4 ,ABCAM Australia HPA ,Sigma-Aldrich 22-HCLC, Thermo Scientific Australia) Cultured Isel
were collected and resuspended in PBS. Bladderecargdls were stained with 0.5 uM Nuclear-Red
and normal fibroblast HFF cells were stained witlicRlIue Live Cell Stain Ready Probes reagent (Life
technologies) following the manufacturer’s instrans. Both cell types were stained for 15 minutes a

37°C. The cells were then pelleted and washed twitie PBS prior to injection in the microfluidic
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channels. The cells were left to interact with thpture substrates for 45 minutes before rinsirth Wi
mL of PBS. All experiments were done in triplicatt®m which the averages and standard deviations

were obtained.

2.5Pilot clinical study

For the pilot clinical study, urine specimens wprespectively collected from 51 patients admitted
for cystoscopy under the care of the Urology Departt, Flinders Medical Centre in accordance with
the protocol approved by the Southern Adelaide i€in Human Research Ethics Committee
(HREC/15/SAC/478 485.15). The optimisation cohansisted of 16 patients. 5 patients had confirmed
bladder cancer and 3 patients had renal cell cam@n 8 patients had non-cancerous conditions and/or
normal cystoscopy examination. The validation cohort consisted of 35 patients; 6 patients had histo-
pathologically confirmed bladder cancer, 3 patidrdd prostate cancer and 1 patient had bowl cancer
that had invaded the bladder wall. 25 control pasidhad non-cancer conditions and/or normal cysto-
scopic examination. Each patient provided writtensent prior to the collection of the urine saniple

this proof of concept feasibility studgup Table 2 and 3 provide patient information.

30-50 mL of voided urine was collected from thetiggrants. After collection, the specimens were
kept at 4C until further processing which occurred withirn gost collection. Once received, the sam-
ples were agitated gently to resuspend any settlddrial and were processed in two ways, namely set
tling (SET) and centrifuging (CU). In the SET prood 2.5 ml of urine was transferred to a 15 mlLetub
and diluted with 2.5 ml of PBS. HAL (50M) was added to the mixture and kept in the dark1f@
hour to settle without any disturbing (Chan et 2019). 300 uL of the settled urine was then ctdigc
and 0.5 uM Nuclear-Red added. The Nuclear Red é&geused to discriminate between actual cells and
other artefacts such as debris. In the CU procedureL of urine was transferred to a falcon tub@. 5

uM of HAL was added to it and kept in the dark. Afle h incubation, the patient sample was centri-

10



fuged at 1500 rpm for 5 min. After centrifugati@n300 pL pellet of the 5 mL of centrifuged urinasv
collected and 0.5 uM Nuclear-Red added. After kswtiling and centrifuging, the test sensor micro-
channels were loaded with the stained urine sa@pbthannels for block, POx and EpCAM, each filled
with 45 pL of urine concentrate) and imaged wittuarescence microscope. Each patient sample was

processed in duplicates.

The images were analysed using Image-Pro software. first selection criterion, the software ex-
cluded objects with diameter outside of the range 33 um. Second, the remaining objects that dis-
played co-localised HAL-induced fluorescence analbdlar Red signal were manually counted as cells.
Absolute numbers of Nuclear Red and HAL-positivlisceaptured in the EpCAM and Block micro-
channels were recorded. The Block channel is ativegeaontrol to identify the level of non-specitiell
binding to the surface. The number of cells bounthe block channel and were counted and deducted
from the cell numbers in the EpCAM channel. As iadtleriterion, the test was deemed positive if the
number of positive cells bound to the EpCAM charwma$ higher than in the block channel. The Sensi-
tivity, Specificity, Positive Predictive Value (PP\and Negative Predictive Value (NPV) were caltula

ed using standard equations, as detailed in sugpltary information.

3. Results

Diagnostic Device design. The technology that forms the basis of the deverdun this study is a
polyoxazoline-based plasma polymer coating (POa) e designe@Ramiasa et al., 2015; Vasilev et
al., 2015). Plasma deposition is a versatile, sulfree and substrate independent technique winah e
bles the deposition of thin functional films withiminutes. The POx coatings plasma deposited fram th
plasma phase of 2-methyl-oxazolingd. 2B) are 50 nm thick, smooth, hydrophilic and stalmeai
range of physiologically relevant fluids, includingne SupFig. 1) (Vasilev et al., 2017). The coatings
consists of chemical groups containing carbon, erygnd nitrogen. Most importantly, the outermost

11



surface is rich in intact oxazoline rings, as demonstrated by several independent research groups,

(Macgregor et al., 2017; Zanini et al., 2016) (SupFig. 1). The latter enable the irreversible binding of

bioactive antibodies via a spontaneous “click-type” reaction occurring in PBS between the oxazoline

ring and carboxylic acid group present in the biomolecule; as previously shown via ToF-SIMS principal

component analysis (Macgregor-Ramiasa et al., 2017b; Macgregor-Ramiasa et al., 2015). The microflu-

idic device features three separated chambers to provide one positive control channel, one negative con-

trol and one test channel. All three chambers were coated with POx. In the first chamber, the unaltered

POx surface was used as a positive control because it non-specifically binds all cell types. In the test

channel, the unique reactivity of the POx surface was used to functionalise the channel with anti-

EpCAM antibody. A block solution was added in a follow-up step to block the underlying reactive POx

substrate and limit non-specific adhesion. The last channel was blocked with the same blocking solution

alone and used as negative control, offering little to no adhesion for any cell type.
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Figure 2. A. Microfluidic device design, dimensions anddluelocity contour (3D device scale profile
and velocity magnitude in Y-Z plane) for an injestrinsing rate of 10mL/min. B. Schematic of the di
agnostic device functionalisation process with plasdeposited polyoxazoline coating and surface

bound anti-EpCAM antibodies. Model system usinblioels to quantify the detection efficiency.

Selective Capture Optimisation. The capture efficiency of the platform was inigabptimised and
quantified using four bladder cancer cell lines RA41197, HT1376 and EJ138. Human foreskin fi-
broblasts (HFF) were used as a negative contrigirezl to as “healthy” henceforth. In a first stéme
different building blocks of the MicroUPSD immunoser (EpCAM-assisted immunocapture, HAL-

induced detection) have been assessed independently

The selected cell lines were characterised for BdG&pression via western blot, immunocyto-
chemistry and flow cytometry={g. 3A-C). HT1197, HT1376 and RT4 expressed EpCAM while HFF
and EJ138 did not. Other bladder cancer biomaikehsding E-CadheririBryan, 2015; Patriarca et al.,
2009), and uroplakifHoang et al., 2014; Kaufmann et al., 2000) were also tested but were not chosen
because their expression was inconsistent acrbsarater cell lines investigate@upFig. 2). From a
range of commercially available options, we testeddifferent anti-EpCAM antibodiesS(pFig. 3)
and selected the best performing one, namely thelpoal Goat anti-human EpCAM AF960, by R&D
systems. It was paired with the best performingkiltg agent, namely skim milk (Merck)SfpFig. 3).
Captures rates obtained with EpCAM AF960 antiboslyhe selective capture ligand and skim milk so-
lution as the non-specific binding blocking agerg shown inFig. 3D for HT1376, HT1197 and RT4
cancer cell lines and HFF control cells. Absolu## numbers are provided fBupTable 1. It is worth
noting that in these experiments, as well as iwvipus spiked urine experiments (Macgregor-Ramiasa
et al., 2017), every single cell captured in tharctel was individually counted. In other words, tlee

vice is capable of detecting the presence of desicgl in the microchannel, that is one cell inid5or

13



22 cells per mLSupVid 2 shows the real-time capture of cancer cells flgnomer the EpCAM surface.
The capture rates are defined as the percentagleadll dispensed in the channels that remainachto
after rinsing, which in the EpCAM-functionalisedasinel corresponds to the device sensitivity. On the
block channel, used as negative control, less T8arof all cell types remained bound after rinsiimg.
contrast, 100% of the cells remained non-speclfidabund to the POx coating, as expected for this
positive control surface. Less than 5% of the HEFsaemained bound to the anti-EpCAM functional-
ised channels, while for cancer cell lines the waptate was 90% for HT1379, 96% for HT1197 and

99% for RT4, in good agreement with the EpCAM espren levels determined via FACS analysis.

Ppl X fluorescence optimisation. The second selection criterion was for captureds del display
HAL-induced PplIX fluorescence. Cell line adhererdnolayers were incubated with exogenous HAL
to identify the optimakx vivoprocessing conditions for HAL concentration anduipation time Fig.
3E-G). The cancer cell lines displayed a higher nfeakX fluorescence than the control HFF cells at
all HAL concentrations investigated. A statistigasignificant difference in PpIX fluorescence irgp
between healthy HFF and cancer cell lines was wbthafter 2h incubation with 25 uM and 50 pM

HAL.
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Figure 3. Fibroblasts, RT4, HT-1197, HT-1376 and EJ138 EpG&dression via A. Immunocytochem-
istry staining for DAPI, Phalloidin, and EpCAM. Blow Cytometry C. Western Blot for 2@ protein
loading. Top: EpCAM expression, and bottom proteading control withg-tubulin. Lane 1: ladder.
Column 7 is PNT2, prostate normal epithelial cells. Shows the capture rate of HFF (<5%) and
HT1197, HT1376 and RT4 (>90%) in the optimised aud?SD device E. Schematic of cell preparation
with HAL for Imaging. F. Mean HAL fluorescence efl anonolayers in human fibroblast (HFF) and
four bladder cancer cell lines (HT1376, HT1197, RE4138), treated with 0-250uM of HAL for 2
hours. *=p<0.05, **=p<0.01. G. Red fluorescent Ppbbserved in all bladder cancer cell lines but not
in human fibroblast HFF cells under fluorescencenscopy, magnification 10x. H. Histogram of the
HAL-induced PplX fluorescence intensity of HFF, TTHRonocytes, PNT2 healthy epithelial cells com-

pared to Dbladder cancer cell lines HT1197 and RT4ftera 2h incubation.

However, the overall PpIX fluorescence intensityieé between cell lines, HT1376 reaching
**=p<0. 01 while the other cancer cell lines reached<0.05 significance compared to HFF. A low-
ered HAL concentration (5 uM) did not lead to sttital differences between healthy and malignant
cells while higher HAL concentrationsX00 uM) were cytotoxic as seen in preliminary wof&sasas
et al., 2001; Chan et al., 2019). In order to closely mimic the use of HAL on cancells shed in urine
samples, (Chan et al., 2020) HAL incubation coondgiwere tested on cells in suspensBupFig. 4).
Overall the fluorescence of cells in suspension atdsast three-fold higher than for cell monolaydn
these conditions, the HAL concentration gradierd higle effect on PplX fluorescence intensity and
cell integrity over the range investigated (10 0 18M). In fact, after as little as 30 minutes apdto 4
hours incubation with 50 uM HAL, the fluorescenogéensity measured in cancer cells in suspension
was significantly higher compared to that in fidesis (p<0.0001). These results indicate that when

cells are in suspension, the PpIX fluorescencdaxder cancer cell lines is significantly strongjesn
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that of HFF over a wide range of HAL concentrati@mgl incubation times. Similar results were ob-
tained when comparing the HAL-induced fluorescentensity of bladder cancer cell lines with prima-
ry normal bladder cells, both immobilised in POyatam microchannels. (SupFig 5 A and B) It is worth
noting, however, that HAL-induced PplIX fluorescenegies between cell types (Mateasik et al., 2017).
We therefore tested additional non-malignant deld, representative of other cell types that &se a
expected to be found in urine samples; namely a healthy epithelial and a monocyte cell line, PNT2 and
THP1, respectively. Histograms of PplIX fluoresceafter 2h incubation with 50uM HAL are shown in
Fig. 3H. Although there is a shift toward higher PpIX ftascence intensity for PNT2 and THP1 com-
pared to HFF, their mean fluorescence remains fggnily lower than that of the cancer cell lines

(P<0.001). BupFig.5C).

The results for the cell line experiments demonstiéhat the approach tested could efficiently and
selectively isolate cancer cells based on their Ag@&xpression and that HAL-induced fluorescence
can be used to identify the captured cancer CBEfisse results, taken together, prompted us to pdoce

to evaluate the efficacy of the new sensor platfaith clinical patient samples.

Clinical Study Having optimised the MicroUPSD platform with cities, we evaluated its capability
for the detection of urological cancers in urinenpkes from patients with and without tissue-diagrbs
bladder cancer. A total of 51 patients were endoftem the urological service of Southern Adelaide
Local Health Network (SALHN). All participants raged study information and signed a consent form.
The protocol for patient sample collection anditestvas approved by the SALHN ethics committee.
The mean age of the patients was 65, ranging frbo ®4 years old. 27% of participants were female.
The assay was tested using patients with a raragenital disorders including benign urinary tract i
fection, calculi, prostatic hyperplasia. This patieohort had a clinical indication for cystoscopiam-

ination with a broad range of clinical pathologiesluding bladder cancer. All clinical informatios-
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garding the patient cohort are providedSmpTables 2 and 3 for the optimisation and validation co-

horts, respectively.

The optimisation cohort, consisting of 16 patiemtas used to define the incubation time and thresh-
old for HAL-induced fluorescence detection. 50 nfLvoided urine sample was collected just before
cystoscopy, stored at°€ and processed within 5 hours after collectioml5of urine was centrifuged
at 20,000 X g, the supernatant discarded and thaineng 300 pL of cell-containing urine was incubat
ed for either 1h or 2h at room temperature with HBQ uM). The cell suspension was then introduced
in the MicroUPSD channels and left to interact wvittle substrates for 45 min before applying a 1 mL
PBS rinse. Some of the cells captured in the EpdAiMtionalised channel featured morphological
characteristic consistent with malignant cellsnsiional cell clusters, high nuclear/cytoplasmatia,
nuclear membrane irregularities(Zink et al., 200#)p. 4A). However, the absolute number of cells
captured, ranging from 10 to 260 per channel, diddirectly correlate with the histopathology resul
(SupFig. 6A). While the EpCAM-based capture is intended tachnthe population of cancer cells by
depleting EpCAM-negative cells found in urine, hiealepithelial cells may also bind to the surface.
These results corroborated the need for HAL-indueplX fluorescence as an additional detection cri-
terion. Histograms of the mean fluorescence intgridieach cell captured in the EpCAM channel were
generatediig. 4B andSupFig. 6BC, and the median fluorescence intensity of theuraptcell popula-
tion for each patient was calculated from experitaleduplicate Fig. 4C).An overall shift towards
higher fluorescence intensity is seen in the hrstogof patients with cancer, which translated sorall
statistical difference in the median fluorescenteamcer compared to control patients for both d¢é a
2h incubation time with HAL, p=0.052 and p=0.008spectively. In order to further correct for the
presence of healthy epithelial cells which havedoWplIX fluorescence intensity than malignant cells
the number of cells displaying fluorescence lewatlsve increasing thresholds of intensity were ioter

gated. Fluorescence intensity thresholds with ¢utaues of 3000, 3500, 4000, 4500 and 5000 were
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systematically testedsupFig. 6DE. Comparing these results with the histopatholdgitagnosis, a
threshold of 4000 a.u. was identified as the mogéBle to discriminate cancer cases from benign co
ditions after 1h incubation with HAL (p=0.07). Thissult is in good agreement with the observations
from the cell line capture experiments, where nohéhe non-malignant cell types displayed fluores-
cence above 4000 a.u. The presence of cells withPpIX fluorescence intensity in the urine of pa-
tients may be attributed to a residual non-spebificling of nonmalignant cells; typically less than 5%
according to thén vitro test results. To correct for this effect, the nemaf cells bound to the blocked

microchannel (negative control) was used as a im&selin the validation cohort.
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Figure 4. HAL-induced fluorescence in patient samples. idragraph of captured cells featuring mor-

phological characteristics consistent with malighaells (cell clusters, large nuclei compare toceyt
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plasm visible with nuclear stain in blue). B. Histogram of the mean HAL-induced PpIX fluorescence in-
tensity of the captured cells. (x axis, absolute number of cells) C. Box plot of the median fluorescence of
the captured cell population calculated from the histogram data. D. Number of cells with mean fluores-
cence above 4000 a.u. intensity threshold. (1=p<0.1, * =p<0.1)

Having established a fluorescence intensity threshold in the optimisation cohort, we moved on to assess
test performance in the validation cohort. The validation cohort consisted of 35 patients undergoing cys-
toscopy for a variety of clinical indications. 6 patients had histopathologically confirmed bladder cancer,
3 had prostate cancer and 1 with bowel cancer which had invaded the bladder wall. The results from the
MicroUPSD test were compared with those of the histopathology, cystoscopy and cytology examina-
tion, as illustrated in Fig. SA. Resected tumours or biopsy were histologically examined, staged and
graded according to the Royal College of Pathologists of Australasia classification system.(Grignon D,
2018) SupTable 3 show results of cytology, cystoscopy and histopathology, used here as the gold stand-

ard for pathological confirmation of urothelial carcinoma.
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Figure 5. A. Flow diagram depicting the steps undertaken in conventional diagnostic methods including
cytology, cystoscopy and histopathology as well as in the MicroUPSD approach. B. Representative fluo-
rescent micrograph of cells found in the Block, Pox and EpCAM microchannels, C. and D. Results of the

MicroUPSD test, showing the difference in absolute numbers of PpIX positive cells between the EpCAM
20



and block channel, for centrifuged (CU) and seti{8&T) urine samples respectively. E. and F. ROC
curve for illustration of the MicroUPSD performanitethe discrimination of cancer from benign condi-
tions for centrifuged (AUROC=0.824, 95% CI 0.6863t9617, P=0.003) and settled (AUROC=0.952,

95% CI 0.8780 to 1.000, P<0.0001) patient samples.

The number of exfoliated cells in urine is a knavwmiting factor for urinary based diagnostic meth-
ods. Thus, to increase cell concentration, urimepsas are routinely centrifuged for cytological exa
nation. However, centrifugation has the disadvantaigdamaging cell integrity and concentrating non-
specifically all material present in the urine wéahhigher density than the liquid. A gentler altgive
could be settling the patient samples (Grouweile 2011; Shaw Bagnall et al., 2015). To test this hy-
pothesis, two sample preparation methods were ase@tailed in Fig. 5A. Objects captured in thé-ant
EpCAM functionalised channel with diameters betw&eand 53 um and displaying co-localised Nu-
clearRed and HAL-induced PplX fluorescence werentedi as cancer cellBig. 5B shows representa-
tive images of the cell population found in thedddoPOx and EpCAM microchannel. The difference in
the absolute numbers of cells captured in the EpCGil blocked channel are reported=ig. 5C and
Fig. 5D for the Centrifuged (CU) and settled (SET) uriaeples, respectively. We evaluated the repro-
ducibility of the detection methods using split $é@s and showed satisfactory reproducibility. Error
bars in Fig. 5C and D were derived from these wahnical replicates. Sensitivity, specificity, pos
predictive value (PPV), and negative predictiveueaNPV) were calculated using equations 1-4, de-
fined in supplementary infomation. The clinical @@tandard diagnostic is WLC followed by biopsy
and histopathological examination if a lesion isgant. The contingency table (Table 1) summarises t
detection performance of the MicroUPSD test chiygplogy and cystoscopy compared to the gold
standard. It is worth noting that cystoscopy al@®@ot used to define diagnosis in clinical seting
Nonetheless, for the statistical analysis, we saduated the capacity of cystoscopic examination a

identifying suspicious lesions. fable 1, a WLC result was considered positive if the firghi warrant-
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ed a biopsy and histopathology examination. In itngsance, a MicroUPSD test is recorded as positive
if there are more PpIX positive cells capturednae EpCAM channel than in the negative control block

channel.

No cancer cases were missed using the MicroUP@&Ddggnsitivity and NPV was 100%), for both
the SET and CU urine processing approaches. In aosgn, the sensitivity of cytology was only 20%,
with 8 false negatives and an NPV of 76%. On theeiohand, specificity and PPV were different for
SET and CU. Centrifugation of the urine samplestte®4% specificity and 53% PPV, while settled
urine sample achieved higher specificity and PP\B8@¥ and 67%. The test accuracy in settled urine
samples implies that the proposed MicroUPSD appraauld be used with un-processed urine sam-
ples, outside of pathology labs. This could beipaldrly beneficial for its integration in point afre
devices, typically used where centrifugation is aailable in a non-hospital setting. Overall, thie
crofluidic test detected 8 cancers that conventiegtology failed to identify and had false-pos#iv

rates similar to those of cystoscopy.
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Figure 6. A. Flowchart of the pilot study showing the paotit of control and cancer cases participat-
ing in the validation cohort. B. Results of the kidPSD for the validation cohort, showing cell ctaun
for control patient with benign conditions, patentith malignancy other than TCC of the bladder, as
well as patient with low and high grade TCC. Detitesults of the statistical analysis performetth &i

Kruskal-Walls test) are provided 8upTable 4.

Further statistical analysis was performed by noigaiting the absolute number of PpIX positive cells
that were selectively captured in the EpCAM channigh co-localised NuclearRed staining. ROC
curves were constructed taking increasing numbiesglectively captured PplX cells as cut off values
Fig. 5E and F. Values of 88% specificity and 100% sensitivity wachieved for the SET urine samples
with a cut off value of three cells or more. Thesbecause false positive cases generally had loav nu
bers of cells captured. Considering the actual rarmbcaptured cells displaying co-localised Ppi a
NuclearRed fluorescence, statistically significdifferences were noted between low- and high-grade
cancer versus non-cancerous controls (Fig. 6).aeeage number of selectively captured cells was 98

for confirmed high grade cancers cases (n=4) diod Bon-cancerous patients.
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Table 1. Contingency table comparing the performance pfasgsipy, cytology, and Micro UPPD for
both SET and CU processed urine, with the histagaty gold standard. *4 patient did not undergo

cystoscopic examination.

Gold Standard
Histopathology
+ - PPV= 0.526
MicroUPSD | +| 10 | 9 19| NPV= 1.000
Cu -10 16 | 16| Sensitivity  1.000
10 25 35| Specificity  0.640
+ - PPV= 0.667
MicrouPSD | +| 10| 5 | 15| NPV= 1.000
SET -0 | 20| 20| Sensitivity  1.000
10 25 35| Specificity  0.800
+ - PPV= 1.000
Cytology +1]2 0 | 2 | NPV= 0.758
8 | 25| 33| Sensitivity  0.200
10 25 35| Specificity  1.000
+ PPV= 0.438
Cystoscopy* | +| 7 9 16 | NPV= 1.000
0 15| 15| Sensitivity  1.000
7 24 31| Specificity 0.625

4. Discussion

The diagnostic device that was developed usingudt cells performed well with actual patient
urine samples. In a small pilot cohort, it achieeadellent sensitivity for cancer detection witbwev-
er, imperfect specificity. The false-positive résubtained with the MicroUPSD did not correlatehwi
gender, or time taken from collection to analysisportantly, all false positive cases had modetate
high leucocyte counts in the dipstick urine analyest, however, not all cases of high leucocytentn
led to false positives, with 6 of the true negatiaso having high leucocyte counts. Autofluoreseen
of cells is a well-known phenomenon which appearse more pronounced in immune cells (Monici et
al., 1995; Wizenty et al., 2018). Here, it may be responsible for the false posittases recorded in pa-

tients with high leucocyte counts. Another factaiynbe the uptake of HAL by immune cells. In cell
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line experiments, we observed that monocytes displdigher HAL-induced PplX fluorescence than
other non-malignant cell types such as fibroblésig. 3H). When the initial cellularity of the satap
was particularly high, the non-specific bindingimimune cells could be a limiting factor for the Mi-
croUPSD detection approach. This could explain igynumber of false positives decreased by almost
half in the settling approach, which involves a 1:1 dilution in PBS; resulting in a lower number of cells
entering the microchannel. The variability in tHesalute number of cells shed in the urine repreaent
challenge for the MicroUPSD approach, as well dasted aspects including the need to process the
sample while fresh to avoid cell deterioration. 3&d&imitations may potentially be overcome by intro
ducing different urine processing steps (such i&mea dilution or concentration to a set cell centa-

tion) prior to introduction in the device.

Furthermore, strategies involving hardware autoomaéind software refinement could be implement-
ed to further reduce the false positive rates. dihe selection criteria used in this work (7-53 ponali-
ameter), for instance, were more permissive thasehused in commercial CTC-capture devices such as
ISET RarecellFarace et al., 2011; Shashni et al., 2018; Vona et al., 2000). The cut-off size of 53 um
was chosen to include as many diagnostically in&tive cells while excluding aggregates, large um-
brella cells and casts debris. Nonetheless, theepce in urine of normal epithelial cells represent
challenge for size-based selection, as many oftleceis overlap in size with carcinoma cells which
calls for additional selection criteria. (Anderssral., 2014) For instance, although the sizeiligion
of leucocytes overlaps with that of cancer cetlbas been shown that they are more deformablécdue
their smaller nucleus size (Phillips et al., 20I)erefore, adding a specific selection criterion riu-
cleus size and cell shape could further narrowdiknction between cancer and immune cells inr&utu

works.
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The bladder cancer cell detection approach devdlopéhis work is based on the overexpression of
EpCAM. While this is arguably the most studied amagnostically useful cancer-specific antigensit i
not specific for bladder cancer. As a result, apZEM expressing cancer cell present in urine cded
detected. Indeed, in this study cohort, three ptestancers were detected in the MicroUPSD asasell
a colon cancer case where the tumour had invadedlgidder wall. Though, the actual number of cells
captured for these four “other cancer” cases wagidhan in high grade bladder cancer cases. Furthe
investigations in a larger patient cohort will lejuired to determine if this approach can relia@ect
other cancers of different epithelial origin thaed EpCAM-positive cells in the urine and to more-p
cisely determine test sensitivity. A positive régudm the MicroUPSD test would therefore requine t
clinician to consider the origin of the malignannythe subsequent management of the patient treatme
plan.Using EpCAM as the capture antibodlso means that malignant cells which have undergpin
thelial to mesenchymal transition may be missedi(Hgt al., 2016) As observed in the cell line exper
iments, bladder cancer line EJ136 did not exprggSAM. Unlike HT1197 (grade 4 TCC), HT1376
(grade 3 carcinoma) and RT4 (transitional cell fapia) EJ138 originate from an invasive TCC. These
cells may have undergone the epithelial to mesenahyransition often associated with metastasis
which would explain a loss in EpCAM expression.dad, loss of cell adhesion have been reported in
high grade bladder tumour cells. Caused by E-cadbata-cathenin gene loss, lower cell adhesion was
identify as one possible reason for higher shedolingingHu et al., 2011; Miyake et al., 2014) While
no false negative cases were recorded in the cohastigated here, future development of the micro
USPD could involve adding a complementary anti-btalgither or both specifically target bladder or

high metastatic cancer cells.

Future work will focus on exploring the potentidltbe microUSPD approach for detecting the ex-
treme end of the spectrum, namely aggressive, addacancer that may not express EpCAM but also

low grade cancers which potentially shed much ¢edls in the urine. While the preliminary results o

26



tained here and summarized in figure 6 are promjsanfull scale clinical study would be required to

assess the potential implication the microUSPDabalve on disease management.

5. Conclusions

Current bladder cancer diagnostic methods are iveaExisting non-invasive approach such as cy-
tology or urinary biomarker detection, have limat in terms of specimen preparation complexity,
analysis costs and overall low sensitivity thatchrde them from replacing cystoscopies. The teanol
gy developed in this work allows for the non-inv&sdetection of bladder cancer from non-processed
urine samples. An immunoaffinity-based microfluigiatform was successfully used to concentrate ex-
foliated cancer cells without the need to centeftige urine specimen first, thereby overcomingtags
limitation of urine cytology. Next, HAL was used toduce cancer specific PpIX fluorescence, and a
swift analysis protocol was established which eadlbhe identification of individual cancer cellssbd
on their fluorescence intensity profile. This nesegedure allows for the detection of cancer celthw
out expensive PCR equipment and reagents, thusmwerg limitation faced by omics-based urinary
tests. In this preliminary study, the test dete@kaancer cases, with a NPV of 1 and a spedffioft
80%. The diagnostic accuracy is sufficiently high this approach to be considered for a largeraain
trial to examine its potential at detecting urog@ncancers which shed cancer cells into urine. The
method can pave the foundation of future non-inxesind cost-effective surveillance tools for urynar

cancers to be adopted in clinical practice.

SUPPORTING INFORMATION.
Flow analysis in microchannel, detailed methodsflaw cytometry, immunohistochemistry, western
blot and statistical calculation with additionattalaCoatings physicochemical characteristaion. Resu

from commercial antibody and blocks tests. Celltgap cell numbers and real time video. HAL-
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induced fluorescence analysis for cell lines inpgasion. Clinical data for optimization and validat

patients cohorts.
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Highlights

* HAL-induced PplX fluorescence was significantly higher in cancer cell lines than in
healthy fibroblast and epithelia cells.

* The technology achieved non-invasive detection of bladder cancer from non-
processed urine samples.

e Combining anti-EpCAM immunocapture with HAL-induced fluorescent detection,
the technology achieved 100% sensitivity and 80% specificity in the validation

cohort.



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




