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bstract

This paper presents an overview of the main actions and projects of the ANR TECSAN “CancerSensor” during the 2011–2014 period. The
roject aims to develop and validate a quantitative, non-invasive therapeutic tool to detect selected urinary modified nucleosides as biomarkers of

olorectal cancer chemotherapy and to monitor in fine the efficiency of the chemotherapy. A methodology has been developed to generate a bulk
coustic wave molecularly imprinted polymer sensor (SAW-MIP) for the detection of various nucleosides and nucleotides of interest. A rapid and
ensitive mass spectrometry method has been also developed.

 2014 Elsevier Masson SAS. All rights reserved.
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.  Introduction

Modified nucleosides, derived predominantly from trans-
er ribonucleic acid (tRNA), have been shown to be excreted
n abnormal amounts in the urine of cancer patients. Around
0 of them have been already used as tumour markers for
nstance: for breast cancer [1,2], for colon and liver cancer
3], for lung cancer [4]. Pseudouridine, 1-methyladenosine,
-methylguanosine, 2-methylguanosine, 1-methylinosine, 2-
yridone-5-carboxamide-N1-ribofuranoside are some of the
odified nucleosides (Fig. 1). These modified nucleosides can-

ot be reutilized or further degraded, but they are excreted in
he urine as intact molecules because they do not have a salvage

athway [5]. The urinary excretion of such modified nucleosides
s relatively low but it is an indication of the higher turnover rate
f tRNA in tumour tissues [6].
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Although different analytical techniques have been reported
or the determination of urinary nucleoside levels, their
etection is still challenging due to the low level of mod-
fied nucleosides but also to the complexity of urine (in a
ess intend, blood) biological matrix. Actual well-established
nalytical techniques (SPE-HPLC-UV, CE-UV, LC-MS/MS,
C-MS/MS) are restrictive. Thus, to develop and validate a
uantitative, non-invasive diagnosis tool to monitor the effi-
acy of chemotherapy in patients with colorectal cancer, we
ave developed an acoustic-biosensor based on molecularly
mprinted polymers (MIP). It includes advances which will
ake the sensitivity down to a low-concentration single-molecule
evel.

.  Results  for  the  period  2011–2014
From 10 selected modified nucleosides mainly found in
atients with histological diagnosed malignant tumours (colo-
ectal cancers), we wish:
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Fig. 1. Most common nuc

 to develop an acoustic-sensor and reagent strips for a new
simple, sensitive, non-invasive, cost-effective and real-time
urinalysis of trace modified nucleosides tumour cancer;

 to use molecularly imprinted polymer technology, which has
demonstrated speed and selectivity, to fix it on the acoustic-
sensor or on a reagent strips;

 to use those tools to the analysis of more than 3000 uri-
nary samples from patients under chemotherapy for colorectal
cancer;

 to use those tools to correlate the chemotherapy treatment with
the circadian time of infusion and the circadian variations of
clearance.

During the last period, we have developed (1) various MIP
or nucleosides detection, (2) a bulk acoustic wave MIP sensor
or the adenosine-5’-monophosphate (AMP) (taken as a model);
3) a new rapid and sensitive mass spectrometry quantitation of
ucleosides with direct urine injection.

.1.  Design  of  various  MIP  of  nucleosides

The molecularly imprinted polymer (MIP) generates “tailor-
ade” receptors created to recognize and rebind a target
olecule (substrate) with high selectivity and affinity. The prin-

iple is to imprint a target molecule called “template” in a
hree-dimensional polymer network. After extraction of the
template”, the obtained cavity is complementary to the tem-
late (by electrostatic bonds) in terms of size, conformation,
nd given functional groups position. This “molecular mem-
ry” printed on a polymer is then likely to highly selectively
ecognize and bind the original template. The selectivity of
he MIP depends on various factors, such as the size and

hape of the cavity and rebinding interactions. The technology
as been adopted with specific selectivity to prepare sorbents,
oatings, and stationary phases in the field of analytical chem-
stry [7]. For instance, molecularly imprinted polymers (MIPs)

w
M
D

 

e urinary cancer markers.

ere prepared for adenosine-5’-monophosphate (AMP). Differ-
nt functional monomers interacting with the phosphate moiety
ere tested, and the MIP giving the best specific binding of AMP
as composed with one equivalent of 2-(dimethylamino)ethyl
ethacrylate (DMAEM - a ternary amine-based functional
onomer that can be ionized under pH 8.4) and ten equiva-

ents of acrylamide compared to AMP. The imprinted polymer
as selective for AMP towards others nucleotides or deoxy

nalogues [8] (Fig. 2).
Similar approaches were done to imprint pseudouridine,

nd various purine nucleosides (guanosine, 8-hydroxy-2’-
eoxyguanosine, N1-methyl guanosine, N7-methyl guanosine).
or purine nucleosides, two compositions were tested, using

 simple functional monomer like methacrylic acid (MAA)
nd ethylene glycol dimethacrylate (EGDMA) as crosslinker.
ccordingly, two ratios of template/monomer/crosslinker where

ested in two porogen types because of the problems in solubility.
s porogens, acetonitrile and 30/70 (v/v) methanol/acetonitrile
here used. Azobisdimethylvaleronitrile (ABDV) was used

s low temperature thermal initiator. To compare the effect
f different polymer formations on the rebinding efficiency,
long with traditional bulk polymers synthesis a precipitation
olymerization was also assayed. Polymers where tested and
haracterized by HPLC chromatography (HPLC analysis using
IPs as stationary phases, frontal analysis of MIPs), and by solid

hase extraction (SPE) method to assess the extraction efficiency
nd applicability of the synthesized polymers. The solvent used
as organic phase composed of 1% acetic acid in acetonitrile.

.2.  Design  of  a  bulk  acoustic  wave  MIP  sensor  for
etection of  AMP
The present work deals with the development of a Love-
ave MIP-based sensor platform for the detection of Adenosine
ono Phosphate (AMP) as a model of target in liquid medium.
eposition process and characterization of the MIP layer, as
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Fig. 2. Schematic representatio

ell as real-time response of the MIP-coated sensor to various
oncentrations of AMP have been investigated:

 Love-wave device: the sensor is composed of a microelec-
tronic component (Surface Acoustic Wave or SAW device)
coated with a polymeric thin film as recognition layer. The
118 MHz SAW device [9] is based on the propagation of a
surface guided shear horizontal wave (Love-wave) suitable
for liquid applications, generated piezoelectrically with inter-
digitated electrodes (IDTs). This delay-line is mounted in an
oscillating configuration for real-time monitoring with good
resolution;

 Sensitive MIP film: a process for thin film MIP coating based
on commercial nucleotides AMP as a nucleoside analog was
developed. Thin and porous AMP-based MIP layers, localized
on the propagation path between input and output IDTs, were
successfully spin-coated on the sensor surface;

 Microfluidic set up: a chip with a microfluidic chamber
(Fig. 3) is maintained by pressure above the sensor. This chip
is made out of polydimethylsiloxane (PDMS) using a standard
soft lithography process [10]. Two syringe pumps linked to
an actuated valve inject the selected liquid: buffer solution
(acetic acid/hydroxylamine 1 mM pH 7) or AMP in buffer
solution, into the microfluidic chip with 5 �L/min flow rate.

Optical profilometry and Scanning Electron Microscopy

SEM) on the MIP-coated films showed their surface mor-
hology. Then, the characterization of the MIP-coated SAW
ensors under solvents vapors (Ethanol, Toluene), revealed simi-
ar behavior compared to mesoporous titania coatings and put to

m
a

r

printed strategy for AMP [8].

vidence the MIP rebinding ability [11]. Finally, on Fig. 4 is rep-
esented the real-time response of the acoustic wave oscillator
ith MIP for different concentrations of AMP. The MIP-based

ensor showed a frequency shift of 150 Hz for 5 ppm AMP
oncentration.

This oscillator configuration and microfluidic chip allow
etection of nucleotides in real time compared with static mea-
urements reported in [12]. Further studies aim systematic
easurements for repeatability characterization, then AMP-
IP layer replacement by a nucleoside-based MIP layer.

.3.  Liquid  chromatography-mass  spectrometry  methods
or urinary  biomarkers  detection

A reference method for the absolute quantification of selected
odified nucleosides as potential biomarkers in human urine

as been developed by liquid chromatography coupled to mass
pectrometry.

We first developed a classical approach for absolute quan-
ification by LC-MS/MS using a triple quadrupole instrument
perated in the selected reaction monitoring (SRM) mode. How-
ver, sensitivity and specificity issues (interferences due to the
resence of endogenous isobaric compounds, i.e., having the
ame nominal mass than the nucleosides to monitor) led us to
top using the triple quadrupole analyzers and to continue our
ethod development on a Q-Exactive (an Orbitrap based instru-

ent, ThermoFisher Scientifics, Courtaboeuf, France), which is

n ultra-high resolution mass spectrometer.
In recent years, significant progress has been made in high-

esolution mass spectrometers with especially higher sensitivity
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Fig. 3. Description of the experimental m

Fig. 4. Real-time frequency of the acoustic wave oscillator with MIP for different
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3.  Future  plans  (work  in  progress)
oncentrations of AMP.

nd duty cycle, making the Orbitrap mass analyzer a powerful
ool for qualitative/discovery metabolomics. Quantification on
RMS instruments is most often done in the SIM and/or full

can modes. It means that the two stages of mass filtering (as
one on a QqQ instrument) are avoided and selectivity is solely
ased on the capability of the high resolution and high mass
ccuracy to separate the ions of interest from background ions.
s a consequence of the full scan acquisition and the absence
f ion fragmentation, HRMS offers some attractive features
or endogenous metabolites quantification, with for instance
he monitoring of virtually all ions generated during electro-
pray ionization, even those with low fragmentation efficiency,

 constant scan time regardless of the number of monitored com-
ounds, and without any compound specific optimization [13].
here is also a clear advantage of HRMS for isobaric compound
aving similar MS/MS spectra [13b], due to the capacity of the
nstrument to extract ion chromatograms with a very narrow m/z
indow (a few ppm). On the contrary, SRM can differentiate iso-

ers by looking at typical fragment ions while full scan HRMS

annot [14]. d
icrofluidic monitoring apparatus.

The recently developed Q-Exactive [15], composed of the
rbitrap mass analyser combined with a quadrupole mass filter

s front-end, should further increase sensitivity and linear-
ty performance of HRMS based quantification. Clearly, the
uadrupole mass filtering is beneficial for SIM acquisition in
omplex samples by selecting a restricted m/z range and there-
ore enriching low abundant analytes before their introduction
nto the Orbitrap mass analyzer [16]. For this reason, we choose
o develop and validate the quantification of urinary nucleosides
sing such an instrument.

Among the nine targeted nucleosides to be monitored, 3 of
hem were selected to be used as labeled internal standards
or the entire quantification process (Adenosine [ribose-13C5],
OH, 2’deoxyguanosine (15N5) and 1-methyl-adenosine-D3).
wing to the fact that nucleosides are highly concentrated in

he urine, this allowed us to avoid a sophisticated and time
onsuming sample preparation. The solid phase extraction pre-
iously performed on a OASIS MCX cartridge at the beginning
f the method development, was replaced by a simple urine
ilution in water by a factor of 5. Then, a 10 �L aliquot
f the diluted urine was injected into the analytical system.
he ultra-high pressure chromatographic (UHPLC) method was
eveloped using a reverse phase column. The separation was
erformed on a column Acquity UPLC BEH Shield® 1.7 �m
.1 ×  100 mm (Waters, France). Mobile phases were distributed
n a gradient mode (Dionex Ultimate 3000 system). Detection by
igh-resolution mass spectrometry in full scan mode is accom-
lished using a Q-Exactive (Orbitrap technology, ThermoFisher
cientifics) after ionization in positive mode. The total analysis
untime was 7 minutes (Fig. 5).

This method was successfully validated according to the
uropean recommendations (www.ema.europa.eu/docs/en
B/document library/Scientific guideline/2011/08/WC50010
686.pdf).
In the next future, we will continue our activities on three
irections:

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2011/08/WC500109686.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2011/08/WC500109686.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2011/08/WC500109686.pdf
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Fig. 5. MS chromatograms of the 9 monitored nucleosides. Nucleosides

 the development of an acoustic wave MIP sensor for pseu-
douridine nucleoside, which is predominantly found in urine
from cancer patients;

 as the liquid chromatography-mass spectrometry methods
for urinary biomarkers detection is now available, it will be
applied for the analysis of urine samples collected from large
cohorts of cancer patients;

 apart from detecting and identifying tumour markers in the
urine samples, the effect of circadian chemotherapy on the
amount of cancer markers, using the developed tools will be
explored. In fact, the circadian timing system is composed
of molecular clocks, which drive 24-h changes in xenobiotic
metabolism and detoxification, cell cycle events, DNA repair,
apoptosis, and angiogenesis. As a result, circadian timing can
modify 2- to 10-fold the tolerability of anticancer medications
in experimental models and in cancer patients.

This is to date an almost unexploited dimension for diagnosis
nformation. By combining and supporting these novel optical
ethods with state-of-the-art affinity molecule MIP technol-

gy, tumour biomarkers, acoustic-biosensor, will be exploited
o extract a maximum amount of information out of very small
mounts of sample material. Last, involvement of pharmaceuti-
al companies will be encouraged, so as to broaden our view in
etection of biomarkers and in use of acoustic wave MIP sensors
or medical applications, favor the valorization of our research.
iven the high incidence of cancer (including colorectal cancer),

his project has a very high relevance on medical end-users.
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