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Bladder cancer has the highest recurrence rate of any cancer. The American Urological Association

recommends cystoscopic surveillance every 3–6 months for 3 years, and at least once a year thereafter,

particularly for high-risk patients; however, cystoscopy is invasive, expensive, and is not without

insignificant morbidity for the patient. Urine cytology is often used as an adjunct to cystoscopy; however,

it has a low sensitivity in detecting low grade bladder cancers. Recent studies have investigated the

application of Raman micro-spectroscopy for the detection of bladder cancer via urine cytology, and it

has been demonstrated to significantly improve the diagnostic sensitivity of urine cytology for low grade

bladder cancer under ideal experimental conditions. In this paper we attempt to move Raman micro-

spectroscopy a step closer to the clinic by systematically examining the potential of this technology to

classify low and high grade bladder cancer cell lines under the stringent clinical conditions that can be

expected in the standard pathology laboratory, in terms of consumables, protocols, and instrumentation.

We show that the use of glass slides, traditional fixing agents, lengthy exposure to urine, red blood cell

lysing agents, as well as common cell deposition methods, do not significantly impact on the diagnostic

potential of Raman based urine cytology. This study suggests that urine samples prepared with the

ThinPrep® UroCyte™ method and analysed with Raman micro-spectroscopy could provide a useful

alternative to cystoscopy for long term bladder cancer surveillance.
1 Introduction

Bladder cancer, otherwise known as urothelial carcinoma (UC),
is the seventh most common cancer in the UK, with approxi-
mately 10 000 people being diagnosed every year, the majority
of which are males. UC has the highest recurrence rate of any
cancer, and it has been reported as the most expensive malig-
nancy from diagnosis to death for health care systems, costing
the NHS in the UK approximately £ 55 million a year.1–3 Urine
cytology coupled with cystoscopic examination is the standard
for bladder cancer diagnostics. However, cystoscopy is invasive,
expensive, and may miss some at lesions. Approximately 75%
of patients present with supercial disease (Ta or T1), known as
non-muscle invasive bladder cancer (NMIBC), and the majority
of new diagnoses do not require a radical cystectomy with
urinary diversion. These patients are managed with an
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endoscopic procedure via the urethra, known as a trans-urethral
resection of the bladder tumour (TURBT), which ‘scrapes’ the
tumour from the lining of the bladder, ensuring that the deep
margins of the tumour are completely resected, and the
surrounding abnormal or dysplastic mucosa is adequately
fulgurated.

Voided urine cytology is a useful non-invasive adjunct in the
diagnosis of UC. Examination of voided urine for exfoliated cells
has high sensitivity in high grade tumours, but low sensitivity in
low grade tumours.4 Diagnostic delays lead to delayed
management of the cancer with resultant poorer outcomes for
the patient. Therefore, early detection of urothelial lesions is
important in order to optimise patient treatment, reduce costs,
and to improve patient anxiety.

Of particular concern for public health systems interna-
tionally is the approach to surveillance for patients previously
diagnosed and treated for NMIBC. This particular subset of UC
has a high rate of recurrence, and therefore, these patients
remain on costly invasive cystoscopic surveillance programmes
for the remainder of their lives. Previous research has been
carried out into the usefulness of urinary cytology versus
cystoscopy in the follow-up of NMIBC.5,6 However, urinary
cytology is limited by its low sensitivity for low grade tumours,
and whilst urinary biomarkers have produced better results for
detecting these tumours, they are still unable to detect half of
Anal. Methods, 2016, 8, 4991–5000 | 4991
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the low grade tumours that have been identied by cystos-
copy.5,7 According to current knowledge, no urinary marker can
replace cystoscopy during follow-up, or help to lower cysto-
scopic frequency in a routine fashion.8

1.1 Standard urine cytology

Urinary cytology is usually requested for patients with unex-
plained hematuria, irritative voiding symptoms, patients sus-
pected of bladder cancer, and patients monitored for bladder
tumour recurrence. The predominant cellular component of
urine cytology is normal urothelial cells, which can vary greatly
in numbers, sizes, and shapes. Inammation, infective patho-
gens, and blood components are also found across many
samples. The process of isolating, and identifying, urothelial
tumour cells within a voided urine sample can be challenging,
particularly for low grade UC.

Cytologically, high grade UC is relatively easy to diagnose
due to the presence of anaplastic cells. These cells have high
nucleus to cytoplasm (N/C) ratios; the nuclei are oen eccentric
with large irregular nucleoli. On the other hand, low grade UC is
more difficult to diagnose; these tumours are cytologically
characterised by increased cellularity, and the presence of an
increased number of urothelial clusters that may or may not be
papillary. The cells in these clusters have high N/C ratios with
nuclei bulging out of the cytoplasm. Carcinoma in situ (CIS) is
a at lesion, and is the precursor to most invasive urothelial
cancers. Cytology plays an important role in the detection of
urothelial CIS since these lesions may be multifocal and not
visualised on cystoscopy. These cells are large with high N/C
ratios.9 Other types of urothelial malignancies that may be
present include squamous carcinoma, adenocarcinoma, small
cell carcinoma, lymphoma, or metastatic tumour cells from
different neoplastic primaries.

The specicity of cytology is greater than 90% and the
sensitivity is�80% for high grade UC; however, the sensitivity is
20–50% for low grade UC.10 The main reason for this is due to
the fact that low grade tumour cells have a similar cytomor-
phology to normal urothelial cells, and the observation of
increased cellularity or papillary fragments, which are associ-
ated with UC, may instead be related to lithiasis, infection, or
urinary tract instrumentation. The cohesive nature of low grade
tumours may also result in less cells being shed into the urine.2

Urinary cytology is useful, particularly as an adjunct to
cystoscopy, when a high grade malignancy or CIS is present.
Positive voided urinary cytology can indicate a urothelial
tumour anywhere in the urinary tract; negative cytology,
however, does not exclude the presence of a tumour. Cytological
interpretation is highly user dependent.11 Evaluation can be
hampered by low cellular yield, urinary tract infections, stones,
recent intravesical instrumentation, or instillations, but in
experienced hands specicity exceeds 90%.12

1.2 Raman based urine cytology

Raman micro-spectroscopy is a powerful technique for the iden-
tication and classication of cancer cells and tissues. Raman
spectroscopy is based on the inelastic scattering of light, and
4992 | Anal. Methods, 2016, 8, 4991–5000
occurs when incident laser photons interact withmolecular bonds
in the sample, resulting in emitted photons of a different energy,
which can be used to identify biomolecular changes within cells as
they progress from a healthy to a cancerous state. In recent years,
the applications of Raman micro-spectroscopy, whereby a Raman
spectroscopy system is integrated with a microscope, to biological
cells has increased, withmany reporting the application of Raman
micro-spectroscopy to analyse and accurately classify cervical,
bladder, and oral cytological samples.10,13–15

Multivariate statistical analysis is oen applied to Raman
spectroscopic data for classication. This involves the applica-
tion of pattern recognition techniques, such as Principal
Components Analysis (PCA) or Linear Discriminant Analysis
(LDA), in order to identify subtle changes across datasets that
can be used to accurately differentiate between different path-
ological groups and subgroups.16

Recent studies based on the application of Raman micro-
spectroscopy to urine cytology have shown good results for ana-
lysing and classifying disease in bladder cells. In 2008, Harvey
et al.17 used Raman optical tweezers to trap and analyze both live
and chemically xed bladder cell lines, and were able to differ-
entiate between normal and cancerous cells. In 2009, Harvey
et al. continued to develop this application by performing
a comparison between SurePath™ (Becton Dickinson, US) and
formalin xing agents, as well as monitoring the effect of urine
exposure times on bladder cell lines.18 They discovered spectral
contamination present in the spectra recorded from SurePath
xed cells, which was not found in the formalin group. The
authors also compared unxed cells that were exposed to urine
for a range of time points from 15min to 12 h, and based on a PC-
LDAmodel, it was reported that, in general, the prediction values
did not deteriorate over 12 h. In 2011, Canetta et al.19 applied
modulated Raman micro-spectroscopy to bladder cell lines that
were exposed to urine xed with PreservCyt™ (0234004, Hologic,
Screenlink Healthcare, UK). Based on PCA of themodulated data,
they were able to distinguish between two cell lines with >80%
sensitivity and specicity aer 6 h exposure to urine.

Shaprio et al.20 were the rst group to apply Raman micro-
spectroscopy to fresh epithelial cells from human urine
samples. Voided urine samples were obtained from
340 patients, and Raman spectra were recorded from unxed
cells on aluminium slides, and based only on the 1584 cm�1

Raman peak, they reported classication between healthy and
cancerous cells with >90% sensitivity and specicity.
1.3 Experimental motivation

The objective of this paper is to investigate if Raman micro-
spectroscopy can successfully classify low and high grade cell
lines under the stringent conditions imposed by a typical
pathological laboratory. In order to achieve this, four experi-
ments that systematically examine the performance of Raman
based urine cytology for cell classication across a range of
parameters are proposed.

A comparison between air dried, formalin xed, and Pre-
servCyt xed UC cells is the basis of our rst experiment. The
impact of formalin xation has previously been investigated
This journal is © The Royal Society of Chemistry 2016
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with Raman micro-spectroscopy,21 however, to the best of our
knowledge, PreservCyt has never been previously compared
with air-dried and formalin xed cells with Raman micro-
spectroscopy. This initial study allows for the identication of
biomolecular differences that are introduced to the UC cell
samples by these xation methods, and provides information
on the impact these changes have on the capacity to classify
between low and high grade UC cell lines. In order to minimise
the number of variables in this initial experiment, these cells
were not exposed to urine.

An important consideration is the length of time that cells can
remain within the urine solution before Raman based classi-
cation becomes unreliable. It has previously been shown that it is
possible to distinguish between different cell types aer exposure
to urine using Ramanmicro-spectroscopy.18–20However, it should
be noted that these previous studies dealt with cells that were
exposed to urine for relatively short periods of time. In order to
analyse urine samples from a clinic, it is impractical to design
a Raman study based around fresh, unxed samples; this is due
to the rapid deterioration of cells in urine, and the fact that
recording all cells on a slide using Raman micro-spectroscopy is
typically a time-consuming process. To overcome this problem,
standard urine cytology involves the addition of a preserving
agent into the urine collection vial, with cells being xed again
aer the urine solution has been decanted.2,22–24 However, the
impact of these agents on the recorded spectra, and the capability
of multivariate statistical algorithms to classify different cell
types aer xing, must be considered. Therefore, the second
experiment deals with the impact of urine on cells over 72 h
following PreservCyt xation, with 72 h representing the
maximum expected time frame for the transfer of a urine sample
from the clinic to the lab for analysis.

Urine cytology is usually performed with a liquid based
processing technique such as SurePath or ThinPrep. These
systems are designed to prepare uniform monolayer cells onto
glass slides with minimal cell debris or blood residue in the
background. SurePath is a density gradient based cell enrich-
ment process that xes cells with an ethanol based solution,
whereas ThinPrep is a lter based cell concentration technique
that uses the methanol based solutions PreservCyt and
CytoLyt™ (0236004, Hologic, Screenlink Healthcare, UK).25

ThinPrep UroCyte is the standard method used for the prepa-
ration of urine samples with the ThinPrep 2000 (T2) machine.

The third investigation in this study involves preparing
urine/cell solutions with the ThinPrep UroCyte method for
Raman micro-spectroscopy. There are two subgroups within
this experiment: (i) application of only PreservCyt, and (ii)
application of both PreservCyt and CytoLyt; this enables a make
direct comparisons of both methods, and the impact of CytoLyt
on UC cells can be identied in isolation.

Hematuria is the most common symptom present in
patients diagnosed with UC, occurring in approximately 90% of
cases.26 Whilst hematuria may be intermittent for patients, it is
important to consider the impact of red blood cells in urine
when analysing these samples using Raman micro-spectros-
copy. Red blood cells are known to produce a large signal that
can oen swamp the weak Raman spectrum obtained from
This journal is © The Royal Society of Chemistry 2016
epithelial cells. Urine solutions that contain blood can be
treated with red blood cell lysing agents such as the combina-
tion of H2O2, ethanol, and industrial methylated spirits as re-
ported by Bonnier et al.,13 or CytoLyt, which is part of the
standard ThinPrep cytology method. In the nal experiment,
the impact of both scant and frank hematuria on Raman
spectra of UC cell lines is investigated. Samples are processed
using the ThinPrep UroCyte method, in conjunction with
CytoLyt in order to lyse any red blood cells that may be present.

2 Methods
2.1 Sample preparation

2.1.1 Cell culture. Bladder cell lines T24 (high grade UC)
and RT112 (low grade UC) were obtained from Cell Lines Service
(CLS GmBH, Germany) and were cultured in 1 : 1 mixture of
DMEM and Hams-F12 medium supplemented with 5% fetal
bovine serum and 2mM L-glutamine. Flasks were maintained in
a humidied atmosphere with 5% CO2 at 37 �C. When both cell
lines reached between 80–100% conuency, the culture
medium was removed, and the cells were rinsed with sterile
PBS. Trypsin–EDTA (0.5%) was added to the ask, which was
incubated at 37 �C until the cells had completely detached (not
exceeding 15 min). An equal volume of 5% serum-containing
medium was added to the ask to neutralise the trypsin
enzyme. The contents of the ask were transferred into a sterilin
container and centrifuged (1200 rpm, 5 min). The supernatant
was removed, and the cell pellet was resuspended in fresh
medium. This solution was centrifuged, the medium was dec-
anted, and the cells were resuspended in 1 ml PBS. This step
was repeated and the cell pellets were then processed as
explained later in Sections 3.1.2–3.1.6.

2.1.2 Fixing agents. In order to compare between air dried,
formalin xed, and PreservCyt xed cells, the samples were
prepared as follows:

(A) Air dried: the cell pellet was suspended in 2 ml PBS,
followed by centrifugation. The PBS was decanted, and the cell
pellet was resuspended in 1 ml PBS. 30 ml of this cell suspension
was dropped onto a glass substrate and le to air dry at room
temperature for 2–3 hours.

(B) Formalin xation: 10% neutral buffered formalin
(HT501128, Sigma Aldrich, US) was passed through a 0.2 mm
lter (Minisart lters, Sigma Aldrich, US) in order to remove any
large salt crystals present in the solution. The cell pellet was
suspended in 2 ml of formalin and le for 10 min at room
temperature. The solution was centrifuged, decanted, and the
cells were resuspended in 2 ml PBS. The resulting solution was
again centrifuged, decanted, and the cells were resuspended in
1 ml PBS. 30 ml of this cell suspension was dropped onto a glass
substrate and le to air dry at room temperature for 2–3 hours.

(C) PreservCyt xation: the cell pellet was suspended in 20ml
of PreservCyt and le for 15 min at room temperature. The
solution was centrifuged, decanted, and the cells were resus-
pended in 2 ml PBS. This solution was centrifuged, decanted,
and the cells were resuspended in 1 ml PBS. 30 ml of this cell
suspension was dropped on to a glass substrate, and le to air
dry at room temperature for 2–3 hours.
Anal. Methods, 2016, 8, 4991–5000 | 4993

https://doi.org/10.1039/c5ay03300d


Analytical Methods Paper

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 M
ay

no
ot

h 
U

ni
ve

rs
ity

 o
n 

12
/1

7/
20

24
 4

:0
6:

53
 P

M
. 

View Article Online
2.1.3 Urine exposure times. In order to prepare urine
samples containing UC cells, the cell pellet was suspended in
10 ml articial urine (AU-001, Biopanda Diagnostics, UK) and
5 ml PreservCyt. These samples were stored in the fridge for 5 h,
24 h, and 72 h respectively. Samples were then centrifuged,
decanted, and the cell pellet was resuspended in 20 ml Pre-
servCyt and le at room temperature for 15 min. The resulting
solution was centrifuged, decanted, and the cell pellet was
resuspended in 1 ml PBS. A nal centrifugation step was carried
out, followed by decantation, and resuspension in 50 ml PBS.
This entire volume was then dropped onto a glass substrate and
le to air dry at room temperature for 2–3 hours.

2.1.4 ThinPrep UroCyte. In order to prepare urine samples
containing UC cells with the ThinPrep UroCyte method, the cell
pellet was suspended in 10 ml articial urine and 5 ml Pre-
servCyt, and stored in a fridge for 24 h. Samples were then
centrifuged and the supernatant decanted. In order to compare
the differences between cells exposed only to PreservCyt, and
those exposed to both PreservCyt and CytoLyt, the samples were
prepared as follows:

(A) Two or three drops of the cell pellet was suspended in
a 20 ml PreservCyt vial and le at room temperature for 15 min.
The vial was inserted into the T2 and the cells were transferred
onto a ThinPrep glass slide.

(B) The cell pellet was vortexed and resuspended in 30 ml
CytoLyt. The solution was centrifuged and decanted, and two or
three drops of the cell pellet were resuspended in a 20 ml Pre-
servCyt vial and le at room temperature for 15 min. The vial
was inserted in the T2 system and the cells were transferred
onto a ThinPrep glass slide.

2.1.5 Hematuria. In order to compare the impact of scant
hematuria and frank hematuria present in urine samples, UC
cells were suspended in 10 ml articial urine, 5 ml PreservCyt
and either 0.5 ml whole blood (creating a pink solution to
represent scant hematuria), or 3 ml whole blood (producing
a deep red solution representing frank hematuria). All samples
were centrifuged and decanted. The cell pellet was vortexed and
resuspended in 30 ml CytoLyt. The resulting solution was
centrifuged, decanted, and two or three drops of the cell pellet
was resuspended in a 20 ml PreservCyt vial and le at room
temperature for 15 min. The vial was inserted in the T2 system,
and the cells were transferred onto a ThinPrep glass slide.
Fig. 1 Schematic of the conventional Raman micro-spectroscopy
set-up used in this study. OI, optical isolator; LP, line pass filter; ND,
neutral density filter; L, lens; M, mirror; DB, dichroic beamsplitter; DS,
dichroic short pass filter; MO, microscope objective; HL, halogen
lamp; CA, confocal aperture; LgP, long pass filter; DC, digital camera.
2.2 Raman spectral acquisition

A custom-built Raman micro-spectroscopy system was
employed for all measurements in this study, as shown in Fig. 1.
This system consists of a 150 mW laser with 532 nm wavelength
laser (Laser Quantum, Cheshire, UK; Torus), spectrograph
(Andor Technology, Belfast, UK; Shamrock 500) operating with
a 600 lines per mm grating, and a cooled CCD camera (Andor
Technology, Belfast, UK; DU420A-BR-DD) operating at �80 �C,
with spectra recorded using the Andor Solis soware system. All
measurements were recorded using a 50�/0.8 Olympus
UMPlanFl microscope objective and a 100 mm confocal aper-
ture. The confocal aperture (CA) is used to ensure that the light
reaching the spectrograph has originated from a specic three
4994 | Anal. Methods, 2016, 8, 4991–5000
dimensional location within the biological sample. The
confocal aperture serves to provide a spatial resolution of
�3 mm, and helps to reduce the background signal emanating
from the sample substrate and from optical elements in the
Raman system. The long pass lter (Semrock, US; LP03-532RU-
25) and dichroic beamsplitter (Semrock, US; LPD-01-532RS)
were chosen to lter out the laser wavelength from reaching the
spectrograph, while transmitting the longer Raman scattered
wavelengths. The dichroic short pass lter (Edmund Optics, US;
69-202) reects all wavelengths greater than 500 nm while
allowing shorter wavelengths from the halogen lamp to pass
through, which permits imaging of the sample of the digital
camera (Basler, Germany; acA2000-340km). Spectra were
recorded within the 600–1800 cm�1 range with an acquisition
time of 5 s each. Two spectra were recorded from the same
location within the nucleus of 50 cells from each slide.
2.3 Data processing

The recording of two spectra facilitates the removal of cosmic
rays as described by James et al.27 Following this, an extended
multiplicative signal correction (EMSC) algorithm was applied
to remove the glass signal and the slowly varying baseline from
each Raman spectrum.28–30 This algorithm computes a back-
ground signal made up of an N order polynomial (to remove the
baseline signal), and a weighted glass signal (recorded from
a clean glass slide). The EMSC algorithm applied a least squares
t to (i) a reference Raman spectrum, (ii) the glass signal, and
(iii) an N order polynomial. The weight of (i) and (ii), as well as
the coefficients of the polynomial are returned by the EMSC
algorithm. The reference spectrum provides a basis for all other
spectra to be tted; the reference spectrum chosen here is based
on the mean of a dataset of T24 cells recorded on CaF2. In order
to remove any potential bias, the same reference spectrum was
This journal is © The Royal Society of Chemistry 2016
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used for all experiments in this study. We have found that
similar results are achieved using an alternative reference
spectrum based on another epithelial cell type recorded on CaF2.
Following a least squares determination of the “best t” for
a given spectrum, components (ii) and (iii) are subtracted from
the raw spectrum. The value of N is dataset dependent, with
higher order polynomials required for accurate modelling of the
baseline signal across some datasets. It has been shown else-
where that the use of high values of N (up to N ¼ 7) does not
result in over-tting with EMSC.28 For this study, a 1st order
polynomial was used in the EMSC subtraction algorithm for all
datasets, except for the case of T24 and RT112 formalin xed on
glass, which had a particularly strong baseline signal due to
experimental parameters on that given day; in this case N was
chosen to be 7. Fig. 2 demonstrates the results of the EMSC
algorithm when applied to raw Raman spectra for the removal of
the simultaneous glass and baseline signals. Additionally, all
spectra were smoothed with a Savitzky–Golay lter (k¼ 5; w¼ 7).

In order to compare the spectra recorded across the various
parameters discussed in this paper, and in order to determine
the impact of these parameters on the classication of both cell
lines, a combination of PCA and LDA was applied to the two
groups in each of the four experiments. The sensitivity and
specicity values were determined based on a leave-one-out cross
validation method, as described in more detail elsewhere.31,32
2.4 Haematoxylin & eosin (H&E) staining

Following Raman spectral acquisition, all samples prepared
with the ThinPrep UroCyte method were H&E stained.33 This
was achieved by placing the slides into 95% alcohol for 10 min,
Fig. 2 A demonstration of the EMSC algorithm applied for the removal o
corrected T24 cells following PreservCyt fixation; (b) raw and EMSC cor
and reference spectrum are applied to both datasets, with the reference

This journal is © The Royal Society of Chemistry 2016
and then washed with water. Slides were placed into Harris
haematoxylin (Sigma Aldrich, US) for 5 min, and then trans-
ferred into water before being submerged into 1% acid–alcohol
for 1 s, washed with water, and placed into water for 5 min to
‘blue’ the haematoxylin. Slides were placed into 1% eosin
(Sigma Aldrich, US) for 3 min in order to counterstain the
cytoplasm, following which the slides were submerged in water
for 1 s, 95% alcohol for 1 s, and 100% alcohol for 1 s. The slides
were placed into 100% alcohol for 5 min, and were then
transferred into a bath of xylene (Sigma Aldrich, US) for 3 min,
and a second bath of xylene for a further 3 min. Finally, the
slides were removed and a coverslip applied with DPXmounting
medium (Thermo Fisher Scientic, Ireland) and were le to dry.
Following staining, cells were examined under a photo-
microscope, with a 40� microscope objective, for changes
relating to different stages of cancer such as abnormal cellular
shape and size, abnormal nuclei, and cellular arrangement/
distribution. The amount of residual blood cells present on the
slide from hematuria contaminated samples was also moni-
tored. Alternatively, slides could have been stained with Papa-
nicolaou (Pap) if this method was preferred.
3 Results
3.1 EMSC background subtraction

Fig. 2 demonstrates the application of the EMSC algorithm for
the removal of the glass signal from Raman spectra,34 along
with the slowly varying baseline signal for both T24 and RT112
datasets, based on one reference spectrum. As shown here, the
glass signal, present within 1050–1150 cm�1 region has been
f the glass and baseline signals from Raman spectra; (a) raw and EMSC
rected RT112 cells following PreservCyt fixation. The same glass signal
spectrum based on the mean of T24 cells recorded on CaF2.

Anal. Methods, 2016, 8, 4991–5000 | 4995
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reduced signicantly, in addition to a reduction in the variance
seen across each dataset.
Fig. 4 Mean spectrum of T24 and RT112 UC cells after exposure to
urine and PreservCyt for 5 h, 24 h and 72 h; all cells were drop-dry
deposited onto glass slides.
3.2 Fixing agents

The spectra shown in Fig. 3 represent the mean Raman spectra
recorded from T24 UC cells for the cases of air dried, formalin
xed, and PreservCyt xed respectively. Raman spectra of
formalin xed cells were found to be most similar to air dried
cell spectra with no signicant differences observed. PreservCyt
xed cells were found to have differences in the intensity of
some peaks within the ngerprint region; an increase can be
seen in the peaks at 1093 cm�1 and 1250 cm�1, which relate to
PO2 stretching (DNA/RNA), and a decrease in peaks at 750 cm�1,
1310 cm�1, 1340 cm�1, and 1580 cm�1, corresponding to tryp-
tophan, guanine, adenine, and bending modes of phenylala-
nine.35 All T24 and RT112 spectra for each xing method are
shown in the ESI.†

For each xation method, a PC-LDA training model was
implemented based on a leave-one-out cross validation in order
to classify T24 and RT112 UC cells, with associated PCA scores
and coefficients available in the ESI.† The resulting sensitivities
and specicities were 100% and 98.0% for air dried cells, 98.0%
and 100% for formalin xed cells, and 100% and 100% for
PreservCyt xed cells. These classication values indicate that
the three xing agents measured here have no signicant
impact on the ability of PC-LDA to classify spectra across both
cell types. This demonstrates that PreservCyt xation of cells,
a common preservation method used across clinics today, can
be integrated into Raman micro-spectroscopy. Interestingly, as
shown in the ESI,† the PC scores for PreservCyt cells are most
similar to air-dried cells, which shows that although PreservCyt
xation changes the spectra more signicantly than formalin
xation, it appears to more accurately preserve the spectral
differences that are seen between T24 and RT112 aer air-
drying.
Table 1 Sensitivity and specificity values for T24 and RT112 cell lines
after urine exposure based on a PC-LDA model with leave-one-out
cross validation, for the drop-dry and ThinPrep deposition methods

Sens. Spec.
3.3 Urine exposure times

The associated mean spectra for both cell lines following urine
exposure for 5 h, 24 h, and 72 h are shown in Fig. 4; individual
cell spectra can be found in the ESI.† For each exposure time,
Fig. 3 Mean spectrum of air dried T24 cells (black), formalin fixed T24
cells (red), and PreservCyt fixed T24 cells (green). All cells were drop-
dry deposited onto glass slides.

4996 | Anal. Methods, 2016, 8, 4991–5000
a PC-LDA training model was implemented based on a leave-
one-out cross validation, and the corresponding sensitivities
and specicities are listed in Table 1, where it can be seen that it
is still possible to accurately differentiate between both cell
lines aer 72 h (PCA scores and coefficients are available in the
ESI†). Interestingly, when the data from all three time durations
is combined, the classication accuracies remain above 90%,
which indicates that PreservCyt can preserve cells in urine for
up to 3 days without signicantly altering the cell biochemistry
or the diagnostic potential of the method.
3.4 ThinPrep UroCyte

Fig. 5 shows themean spectra recorded from T24 and RT112 UC
cells aer exposure to urine and PreservCyt for 24 h, with and
without the addition of the red blood cell lysing agent CytoLyt,
followed by ThinPrep processing. Here, it can be seen that
CytoLyt has no signicant impact on UC cells, and no spectral
contributions were observed from cells that were exposed to
Drop-dry method
T24 – 5 h urine exposure 97.9% 94.2%
RT112 – 5 h urine exposure 94.2% 97.9%
T24 – 24 h urine exposure 97.9% 96.1%
RT112 – 24 h urine exposure 96.1% 97.9%
T24 – 72 h urine exposure 100% 100%
RT112 – 72 h urine exposure 100% 100%
T24 – combined urine exposure times 91.5% 93.2%
RT112 – combined urine exposure times 93.2% 91.5%

ThinPrep method
T24 – 24 h urine – PreservCyt only 94.3% 100%
RT112 – 24 h urine – PreservCyt only 100% 94.3%
T24 – 24 h urine – PreservCyt and CytoLyt 96.0% 96.0%
RT112 – 24 h urine – PreservCyt and CytoLyt 96.0% 96.0%
T24 – both ThinPrep samples 88.4% 99.0%
RT112 – both ThinPrep samples 99.0% 88.4%

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Mean spectra of T24 and RT112 UC cells after exposure to urine
and PreservCyt for 24 h, followed by ThinPrep processing with and
without the addition of the red blood cell lysing agent CytoLyt.
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CytoLyt compared with those exposed to PreservCyt alone. The
spectra recorded from ThinPrep processed slides were more
consistent than those measured with the drop-dry method, i.e.
a smaller standard deviation was measured across the spectra
from both T24 and RT112 (see ESI†). It is possible that this is
due to the uniform monolayer deposition method employed by
the T2 machine compared to the random distribution of cells
that can accumulate on the slide aer the drop-dry method.

A PC-LDA model was generated based on a leave-one-out
cross validation method for both of these methods individually
and combined, and the results are displayed in Table 1, with
PCA results available in the ESI.† The sensitivities and speci-
cities found are greater than 88%.

Fig. 6 shows the images obtained from these slides aer H&E
staining (aer Raman spectral acquisition); distinct differences
can be seen between both cell lines in terms of cellular shape
and size, along with more abnormal nuclei present in T24 UC
cells, as expected. The cells do not appear to have been photo-
damaged by the laser, which indicates that a cytopathologist
should still be able to perform standard urine cytology
Fig. 6 Images obtained from H&E stained UC cells after Raman
spectral analysis, prepared with the ThinPrep UroCyte method. (A)
RT112 cells and (B) T24 cells without CytoLyt; (C) RT112 and (D) T24
cells with CytoLyt. Scale bar ¼ 100 mm.

This journal is © The Royal Society of Chemistry 2016
diagnostics on slides that have been stained following Raman
spectral acquisition, thus allowing for both Raman and stan-
dard urine cytology to be performed on the same slide.

3.5 Hematuria

Spectra recorded from cells obtained from ThinPrep processed
urine samples replicating scant and frank hematuria are shown
in Fig. 7. Here, it can be seen that cells obtained from a urine
sample with scant hematuria appear to be free from any
contamination; this is due to the effective removal of many of
the red blood cells present in the sample using CytoLyt.
However, for the frank hematuria sample, several additional
peaks have been observed that correspond to the presence of
residual components of blood cells, a further breakdown of the
peaks associated with blood cells can be found elsewhere.36 This
result indicates that samples that have relatively high blood cell
concentrations are not suitable for diagnostics with Raman
micro-spectroscopy, although further investigation into addi-
tional CytoLyt washes, or the use of H2O2 as suggested by
Bonnier et al.,13 could possibly help to remove residual blood
from these samples.

Fig. 8 shows the H&E stained images obtained from both
samples containing scant and frank hematuria respectively.
Here, small regions of blood remain visible within the scant
hematuria sample, but the majority of UC cells in this sample
appear to be isolated from the blood regions. The frank
Fig. 8 H&E stained images of (A) RT112 cells from a scant hematuria
urine sample, and (B) T24 cells from a frank hematuria urine sample.
Both samples were processed with CytoLyt and the ThinPrep method.
Scale bar ¼ 100 mm.

Fig. 7 Mean spectrum of T24 and RT112 UC cells after exposure to
urine and PreservCyt for 24 h with the addition of blood to replicate
scant and frank hematuria. All samples were ThinPrep processed with
the red blood cell lysing agent CytoLyt.

Anal. Methods, 2016, 8, 4991–5000 | 4997
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hematuria sample, however, has a low UC cell yield, and
contains large regions of blood contamination. It is possible
that this is due to large amounts of blood cell components
gathering on the ThinPrep lter, resulting in less space for the
UC cells. This demonstrates the importance of removing blood
cells with a lysing agent as well as applying additional washes to
further remove this contamination.
4 Conclusion

In this paper the ability of Raman micro-spectroscopy to
discriminate between low and high grade bladder cancer cell
lines with a high degree of accuracy has been demonstrated,
even within the practical constraints of a typical pathology
laboratory. Four separate experiments were conducted that
validate the performance of Raman based classication when
applied as an adjunct to the standard practice of urine cytology.

In the rst experiment, it was concluded that the Raman
spectra obtained from cells following xation, using the
commercial methanol based xative, PreservCyt, are not
signicantly different to those recorded from air dried cells and
formalin xed cells, with negligible differences in statistical
classication accuracies observed. A PCA based analysis
revealed that the statistical variation between the two datasets
was better preserved by PreservCyt xation when compared with
air dried cells, despite the fact that PreservCyt introduces
greater alteration of the spectra compared with formalin. This is
an important result; not only does it demonstrate that Raman
micro-spectroscopy can easily be adopted into the standard
urine cytology protocol within a clinical setting, but it also
provides an alternative to the use of formalin, a common xa-
tive of choice in Raman based cell studies,21,22,24 which is
a known carcinogen.37While it has been shown by Harvey et al.18

that the alcohol based xative SurePath could be used as part of
the BD SurePath liquid-based Pap test, SurePath produced
a large signal within the ngerprint region, which makes Pre-
servCyt a preferable xative for urine cytology samples.

In the second experiment, it was shown that UC cells can be
exposed to urine for up to 3 days in the presence of PreservCyt
without signicantly altering the cellular biochemistry. The
ability to accurately classify between two cell lines aer expo-
sure to urine for 5 h, 24 h, and 72 h has not been signicantly
affected (see Table 1). Interestingly, the results in Table 1
indicate that the sensitivities and specicities increase slightly
with longer urine exposure times; however, is more likely to be
related to minute changes in the system's alignment or sample
preparation methods rather than an improved accuracy that
corresponds directly to urine exposure times. Therefore, the
combined sensitivities and specicities (91.5% and 93.2%
respectively) are a better representation of this method. This
result indicates that it may be possible to transport urine
samples from a clinic into a Raman lab within a realistic time
frame. It is impractical to consider analysing urine samples that
have not been exposed to a preservative unless the samples will
be processed within a few hours of urine collection due to the
rapid deterioration of cells in urine.38
4998 | Anal. Methods, 2016, 8, 4991–5000
Additionally, in a clinical setting, the urine collection
method is important to avoid unwanted contaminants from
entering into the sample such as bacteria, fungal infections,
and other genital contamination. Therefore, it is typically rec-
ommended that patients follow the “clean catch”, “mid-stream”

method. The urine sample should then to be stored in a 2 : 1
ratio with PreservCyt to avoid further cell degradation.

In the third experiment, it was demonstrated that the
ThinPrep UroCyte method can be applied in combination with
Raman micro-spectroscopy resulting in spectra that have
a smaller standard deviation than that obtained from cells
deposited onto a slide via the drop-dry method. This is most
likely due to the uniform monolayer deposition method
employed by ThinPrep, as seen in Fig. 5. ThinPrep also provides
a cleaner background, increased cellularity, better preservation,
and facilitates easier and faster preparation.25

The two chemicals employed by the ThinPrep UroCyte
method have little impact on the Raman spectra obtained, and
no signicant impact in diagnostic classication results were
observed. Uniform cellular distribution resulted in smaller
deviations in the background signal when compared to the
spectra obtained from cells deposited onto a slide via the drop-
dry method. Cells did not require any washing steps aer xa-
tion in PreservCyt with ThinPrep due to its lter based prop-
erties, whereas drop-dried cells needed further washing with
PBS in order to avoid spectral contamination from the Pre-
servCyt solution. Additional washing steps could result in
a reversal of the xation process of PreservCyt.

The sensitivity and specicity values calculated for ThinPrep
prepared samples, as shown in Table 1, are greater than 88%.
Whilst these results are slightly lower than those found for the
drop-dry method, ThinPrep offers many other advantages that
make it a preferable deposition method for Raman micro-
spectroscopy. These advantages include ease of preparation,
which is particularly important in a busy clinic, the inclusion of
red blood cell lysing agents, and a monolayer distribution of
cells across the slide where one focal depth is sufficient to
analyse most of the cells on the slide.

In the nal experiment, the impact of hematuria on the
spectra recorded from UC cells obtained from a urine sample
was investigated. Approximately 90% of patients diagnosed
with bladder cancer will present with hematuria. Therefore, it is
inevitable that Raman spectra will have to be recorded from
patients with blood in their urine. The amount of blood will vary
from patient to patient, resulting in urine of a mild pink colour
(scant hematuria) to deep red (frank hematuria), with the most
severe cases resembling the colour of coffee. In this experiment
it was shown that urothelial cells can be easily separated from
blood in scant hematuria samples using ThinPrep with CytoLyt,
as can be seen in Fig. 8(A). However, it is more difficult to fully
remove red blood cells from frank hematuria samples, resulting
in urothelial cells being deposited on to the slide in very close
proximity to regions of blood residue (Fig. 8(B)). The conse-
quence of this is that the Raman spectra obtained from UC cells
are contaminated by spectral peaks associated with blood.
Additional CytoLyt washes should help to further eliminate this
problem, but it may be necessary to wait for the patient to
This journal is © The Royal Society of Chemistry 2016
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provide a sample at a later date when their levels of hematuria
have lowered, e.g. aer an antibiotic for infection, or medication
for kidney stones, etc.

There are additional factors associated with urine cytology
samples which have not been considered here, such as the
ability to identify UC cells that are randomly distributed across
a slide containing healthy urothelial cells, squamous and
glandular cells, renal tubular cells and casts, inammation, or
infection. It must also be noted that in this paper, and in
previous literature on Raman based urine cytology, the number
of cells to be recorded from each slide has not been considered
in great detail. Shapiro et al. reported recording only ve cells
per slide; however, since it is possible for the majority of uro-
thelial cells in a typical sample to be non-cancerous, it is
unknown how these ve cells were chosen or identied.20 An
important problem with standard urine cytology is the inability
to differentiate between healthy cells and low grade cancer cells
under a microscope, and this task becomes more difficult when
the cells are unstained, as required by Raman micro-spectros-
copy. Therefore, one reasonable approach may be to record
spectra from every available urothelial cell on the slide, and to
monitor if any of these cells are classied as cancerous by the
trained statistical algorithm. If a cell is identied as such, the
corresponding patient could then be agged for further inves-
tigation. Alternatively, it may be possible to train image pro-
cessing algorithms to identify cells of interest.

Similarly, the number of patients that should be used to
accurately train a classier needs to be further examined.
Beleites et al. reported that a sample size of 75–100 is typically
needed to verify the accuracy of a classier.39 However, it is
difficult to train a classier from urine cytology samples due the
low sensitivities associated with the standard urine cytology
method; thus, training of algorithms based on biopsy and tissue
samples with a known pathological status may be preferable.

In summary, the combination of Raman micro-spectroscopy
and the ThinPrep UroCyte method provides an ideal platform to
replace cystoscopy for bladder cancer surveillance, particularly
for high-risk patients who otherwise would require frequent
repeat cystoscopic procedures. Raman based urine cytology
provides all of the advantages associated with standard urine
cytology, i.e. ease of procurement, non-invasive and low cost, as
well as the advantages of high sensitivity and specicity typically
associated with cystoscopy. This technique would help to
signicantly lower the nancial burden associated with bladder
cancer surveillance for health care systems worldwide, as well as
improving the patient's quality of life.
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