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�edevelopment of simple, rapid, and low costmethods for early detection, identi	cation, andmeasurement ofmultiple biomarkers
remains a challenge to improve diagnosis, treatment monitoring, and prognosis of cancer. Biosensing technology, combining
the properties of biological systems with functional advanced materials, guarantees rapid, reproducible, and highly sensitive cell
detection. In this study, we developed silicon-based biochips for prostate cancer PC3 cells detection by using cytokeratin 8/18
and Urotensin Receptor (UTR) as markers in order to obtain a biochip-based diagnostic system. Spectroscopic ellipsometry and
�uorescence microscopy were used to characterize surface homogeneity and chemical properties. Cell detection was investigated
by optical microscopy. Moreover, synthetic �uorescently labeled peptides were prepared and used for developing faster and lower-
cost identi	cation assay compared with classic ELISA immunoassay. Results showed an eective immobilization of PC3 cells on
silicon surface and the speci	c recognition of these cells by �uorescent Urotensin II (4–11). In conclusion, this strategy could be
really useful as diagnostic system for prostate cancer.

1. Introduction

Prostate cancer is themost commonmalignant tumor inmen
and for this reason it is one of the most studied types from
the point of view of diagnostics and therapeutics. In the last
two decades, prostate cancer diagnosis has been based on
the detection of serum prostate-speci	c antigen (PSA) levels
and digital rectal examination. Unfortunately, the use of PSA
levels in clinical practice remains controversial since several
conditions (including medications, ejaculation, and prostate
manipulation) can alter its levels [1].

In malignant tumors, the presence of metastasis accounts
for the majority of cancer-related deaths owing to poor
response to anticancer therapies [2]; therefore early detection
of metastasis plays a key role in increasing survival in many
cancers [3]. Prostate cancer cells are frequently present in
peripheral blood circulation of men with advanced disease;
metastatic deposits occur preferably in the bones leading
to 84% of men’s death and are directly responsible for a

signi	cant morbidity in time to death [4, 5]. Epithelial cells
of prostate rapidly bind the endothelium by an integrin-
mediated process [6, 7]. Once bound, they migrate through
the endothelial layer and then can in	ltrate the bonemarrow,
peripheral blood, lymph nodes, stomach, or the penis to form
metastases. Prostate cancer cell lines can be classi	ed as to
theirmetastatic destination: PC3, deriving by bonemetastasis
typically associated with advanced tumor and LNCaP that
derive by lymph nodemetastasis occurring in the early stages
of tumor [8].

In this light, these cells represent a good in vitromodel for
the design and evaluation of new assays to detect diagnostic
or prognostic markers in prostate cancer.

�e characterization of ligand-receptors interactions in
tumor cells could become useful in the diagnosis of tumors
and in directing the choice of opportune therapeutic options
[9–13]. Epithelial cells in general, and epithelial derived tumor
cells in particular, express the epithelial cell adhesion protein
(EpCAM) and dierent cytokeratins (CKs), which are absent
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Figure 1: Schematic representation of biochip-based detection assay.

in normal white blood cells [14]. In particular, keratin 8
and keratin 18 (CK8/18) are the 	rst pair to be expressed
in embryogenesis; they are involved in dierent regulatory
functions, such as protein targeting/tra�cking and apoptosis
[14]. Further, CK8/18 are overexpressed in adenocarcinomas
and contribute to neoplastic transformation [14]. Growing
interest of scientist is shown also for Urotensin II (UT-II)
receptors. Urotensin II (UT-II) and its receptor (UTR) are
involved in the occurrence and development of dierent
epithelial cancers. It was reported that cell growth, motility,
and invasiveness in human bladder, prostate, and colorectal
cancer cells were regulated by U-II/UTR axis. Moreover, our
recent data suggested that UTR acts as a prognostic marker
in human prostate adenocarcinoma patients [15].

Biosensors and biochips are emerging as eective tools for
biomedical research and diagnostics having such advantages
as low costs and short analysis times, and they are more and
more used as commercial medical diagnostic devices [16].

Biosensors are analytical devices constituted by the
molecular recognition element and the transducer material.
�e recognition elements can be biological molecules, such
as DNA single strand, proteins, enzymes, and even whole
cells that are coupled to dierent modes of transduction.
Transduction mode can include dierent approaches, such
as electrochemical, optical, and mass measurement. �e
biological event induces a measurable change in a solution
property, which the transducer converts into an electrical
signal that can be quanti	ed [17]. Biosensors are easy to
use and miniaturize and guarantee robust results compared
with classical analytical techniques such as immunohisto-
chemistry or ELISA [18]. In the last years, several label-
free biosensing devices have been developed in order to
detect clinical relevant molecules (including glucose, HCG,
or cardiac markers for diabetes and cardiac diseases) [19, 20].

Here, we propose developing a device based on crystalline
silicon-based biochips for prostate cancer PC3 cells detection
by using CK8/18 and UTR as markers in order to obtain a
new diagnostic system. �is will lead to the development of
basic diagnostic kits that will be of help in the diagnosis of
cancer and/or to the discovery of novel markers.�e strategy
includes the chemical functionalization of the silicon surface
by using bifunctional linker molecules, the anchoring to the
functionalized surface of speci	c antibodies, and the assay
of the biochip activity by evaluating its ability to reveal the
corresponding antibody expressed on membrane cells.

2. Materials and Methods

2.1. Biofunctionalization of Silicon Wafer. Crystalline silicon
(cSi) (0.001Ωcm resistivity, ⟨100⟩ oriented, 500 �m thick)

surface was passivated by thermal oxidation at 1050∘C for
5 hours under nitrogen �ux of 16.99 l/h and oxygen �ux
of 0.2 l/min. Silicon dioxide was treated in piranha solution
(H2SO4 : H2O, 4 : 2) at room temperature (RT) for 30minutes
in order to activate Si-O-Si in Si-OH groups on silicon
surface. A�er extensive washes with distilled water and
drying under N2, chips were treated with a solution of 5%
APTES ((3-aminopropyl)triethoxysilane) (Sigma Aldrich) in
anhydrous toluene for 30 minutes at room temperature.
Subsequently, the chips were washed with anhydrous toluene
three times, cured on heater at 100∘C for 10 minutes, and
washed again twice with anhydrous toluene. �e chips were

then treated with cross-linker BS3 (bis[sulfosuccinimidyl]
suberate) (�ermo Scienti	c) 1.6mM in PBS 1x pH = 7.4
at 4∘C for 5 h, washed three times with PBS 1x and once
with deionized water. �ree chips were incubated at 4∘C
overnight with FITC- (�uorescein isothiocyanate-) labeled
protein A (PrA∗) (Sigma Aldrich) diluted in PBS 1x pH =
7.4 at three concentrations (sample C1: 1mg/mL; sample C2:
2mg/mL; sample C3: 3mg/mL) and then they were washed
three times with PBS 1x and once with deionized water. As
reference sample for �uorescence measurements a biochip
functionalized up to BS3 (sample C4) was used. A�er this
experiment, four new chips were functionalized as described
above using protein A (PrA) from S. aureus (Sigma Aldrich)
at 2mg/mL. �ree chips were incubated with monoclonal
anti-CK8/18 antibody (CK3-3E4) from Miltenyi Biotech at
three dierent concentrations (sample A: 25 �g/mL, sample
B: 50 �g/mL, and sample C: 100 �g/mL) at 4∘C overnight and
then they were washed three times with PBS 1x and once with
deionized water. As experimental control for detection assay
one chip was functionalized up to PrA (sample D).

2.2. Cell Culture. �ehumanprostate androgen-independent
PC3 cell line was obtained by ATCC. PC3 cells were grown in
DMEM supplemented with 10% heat-inactivated fetal bovine
serum, 20mM HEPES, 100U/mL penicillin, 100mg/mL
streptomycin, 1%L-glutamine, and 1% sodiumpyruvate. Cells
were cultured at 37∘C in a 5% CO2 -95% air environment in a
humidi	ed incubator.

2.3. Immobilization of PC3 Cells. Samples A, B, C, andDwere

incubatedwith PC3 cells at a concentration of 5∗106 cells/mL
in PBS 1x for 2 hours (schematic representation of detection
assay of PC3 cells made on silicon-based biosensors was
shown in Figure 1) and then biochipswerewashed three times
with PBS 1x and once with deionized water.

2.4. Peptides Synthesis. Urotensin II (4–11) was obtained by
solid-phase peptide synthesis as previously reported [21].
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Scheme 1: Synthesis of Urotensin II (4–11) with 5(6)-carboxy�uorescein on solid-phase.

Incorporation of the 5(6)-carboxy�uorescein label at the N-
terminal position of Urotensin II (4–11) and H-Gly-Gly-
Urotensin II (4–11) was performed following the procedure
previously reported [22], that is, using 10 equiv of 5(6)-
carboxy�uorescein (Acros), 10 equiv of HOBt (GL Biochem,
China), and HBTU (GL Biochem, China) for 5 h resulting in
a yield of about 65% in the carboxy�uoresceination reaction.
Puri	cation was achieved using a semipreparative reversed-
phase high-performance liquid chromatography (HPLC) C18
bonded silica column (Vydac 218TP1010; �e Separations
Group Inc., Hesperia, CA, USA). �e puri	ed �uorescein-
peptide was 99% pure as determined by analytical reversed-
phase HPLC.�e correct molecular weight was con	rmed by
mass spectrometry and amino acid analysis. Peptide labeling
process is reported in Scheme 1.

2.5. Peptide Assay. �e peptides were incubated at room
temperature for 30 minutes on biochips with higher immo-
bilization of PC3 cells (samples B and C) and then the
�uorescence was evaluated. �e peptide without spacer arm
was incubated on sample C and the peptide with spacer arm
on sample B.

2.6. Spectroscopic Ellipsometry. Spectroscopic ellipsometry
(SE) measurements were performed by a Jobin Yvon
UVISEL-NIR phase modulated spectroscopic ellipsometer
apparatus, at an angle of incidence of 65∘ over the range
300–1600 nm with a resolution of 5 nm.

2.7. Optical Microscopy. Optical microscopy analysis was
made by means of a Leica DM6000 M microscope equipped
by Leica DFC 280 digital camera system. �e magni	cation
used for acquisition was 10x and acquisition of images was
made in bright 	eld.

2.8. Fluorescence Microscopy. Fluorescence analysis was per-
formed by means of a Leica Z16 APO �uorescence macro-
scope equipped with a camera Leica DFC300. �e 	lter

Table 1: Spectroscopic ellipsometry measurement of chemical
layers growing.

Sample �
ox
(nm) �

APTES
(nm) �

BS3 (nm) �
PrA

(nm)

C1 32.56 ± 0.02 6.1 ± 0.2 0.9 ± 0.1 1.5 ± 0.3
C2 33.17 ± 0.02 4.83 ± 0.06 0.6 ± 0.1 1.3 ± 0.1
C3 32.75 ± 0.01 4.48 ± 0.08 0.48 ± 0.03 1.44 ± 0.04
C4 32.05 ± 0.01 5.4 ± 0.2 0.7 ± 0.3 —

used for the acquisition was I3 consisting in a 450–490 nm
bandpass excitation 	lter, a 510 nm dichromatic mirror, and a
515 nm suppression 	lter.

3. Results and Discussion

Functionalization strategy started with evaluation of PrA
concentration needed to homogeneously cover the silicon
support surface. PrA properly interacts with the constant
fragment (Fc) region of the antibodies [22–24], and thus it
allows the right spatial orientation of the antibody on solid
supports. PrA has been bound on silicon surface by standard
silanization chemistry; the functionalization process is shown
in Figure 2. Silanol groups (Si-OH) were activated by piranha
solution, since they are more reactive with respect to Si-O-
Si bonds of silicon dioxide. A self-assembling silane, namely,
APTES, has been used in order to obtain a homogeneous
amino-terminal surface. �e biochips were then treated with
a homobifunctional cross-linker, BS3, bringing a sulfo-�-
hydroxysulfosuccinimide (sulfo-NHS) group that is able to
react with primary amines at pH 7–9 to form stable, covalent
amide bonds [25]. PrA has primary free amine groups on
the side chain of lysine, which can bind sulfo-NHS group on
biochip surface.

FITC-labeled PrA was used for functionalization of
biochips. Chemically modi	ed surface of biochips was char-
acterized by �uorescence and ellipsometry measurements.
Results of spectroscopic ellipsometry are reported in Table 1;
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Figure 2: Reaction scheme of functionalization process.

in detail, about 5-6 nm of amino-terminal APTES silane is
present on each surface and an increase of 0.5–1 nmdue to the
addition of BS3 cross-linker can be observed.�e quantitative
data are obtained by sampling the biochip surface in at least
three points; taking into account millimeter dimensions of
ellipsometer light spot, we found that the functionalization
is quite regular and reproducible on a macroscopic scale, at
least for chemical compound layers. Even if the three biochips
were functionalized by dierent concentrations of PrA∗, the
increase in layers thickness is very similar, ranging from 1.3
to 1.5 nm. In this view, we could conclude that ellipsometric
measurements are not useful for evaluation of the best PrA
concentration. On the other hand, �uorescence data, shown
in Figures 3(a) and 3(b), displayed quite dierent intensities
of �uorescence: sample C1 (chip functionalized by 1mg/mL
concentration of PrA∗) had a �uorescence (�uorescence
intensity = 370.9 a.u.) lower than sampleC2 and consequently
a lower degree of functionalization; sample C2 (2mg/mL
concentration of PrA∗) showed the presence of homogeneous
and strong �uorescence (�uorescence intensity = 389.8 a.u.);
sample C3 (chip with 3mg/mL concentration of PrA∗)
presented clearly visible �uorescent clusters, which explain
the highest �uorescence observed (�uorescence intensity =
460.8 a.u.) but also represent an excess of PrA that makes the
surface poorly homogenous. �e control sample C4 (func-

tionalized up to BS3) did not show any auto�uorescence (�u-
orescence intensity = 9.7 a.u.). Quantitative �uorescence data

Table 2: Cell counting of immobilized cells made by ImageJ
so�ware.

Sample Number of cells

A (25 �g/mL of CK3-3E4) 693

B (50 �g/mL of CK3-3E4) 3604

C (100�g/mL of CK3-3E4) 6858

D (CTR) 83

were summarized in Figure 3(b). As a result of homogeneous
and good degree of functionalization, silicon biochips were
functionalized by 2mg/mL PrA in subsequent experiments.

In the last step of biochip functionalization (Figure 2),
three dierent concentrations of antibody anti-CK8/18 (CK3-
3E4) were tested in order to evaluate biochips sensitivity
a�er interaction with PC3 cells that express CK8/18 on their
membrane. �e speci	city of CK3-3E4 antibody was previ-
ously tested by performing FACS analysis on blood samples,
as shown in Figure 7 where the binding event between the
cells expressing CK8/18 and the antibody CK3-3E4 is evident.
A�er PC3 cells incubation, silicon surfaces were observed
through optical microscopy and cells automatically counted
by ImageJ freeware so�ware (Table 2). Due to function-
alization with dierent antibodies concentrations, biochips
showed very distinct ability in cell capture (Figure 4): biochip
with lower concentration of CK3-3E4 (sample A) showed
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Figure 3: (a) Images of biochips �uorescence a�er �uorescent PrA binding. Sample C1: biochip functionalized with PrA∗ at 1mg/mL. Sample
C2: biochip functionalized with PrA∗ at 2mg/mL. Sample C3: biochip functionalized with PrA∗ at 3mg/mL. Sample C4: reference biochip
functionalized up to BS3. In all images, error bar is 50 �m. (b) Histogram representation for �uorescence intensity of samples obtained by
ImageJ so�ware.

poor ability in binding cells, while biochips with higher
concentrations of CK3-3E4 (sample B and C) presented
increasing ability in blocking cells. �e control biochip,
functionalized up to PrA (sample D), was not able at all to
detect cells. By plotting these data, we can estimate a kind of
device theoretical sensitivity relative to the ratio cells cap-
tured/antibody concentration. Figure 8 shows plot represen-
tation of cells number that was immobilized on biochips
against antibody concentration used during functionalization
process. OriginLab so�ware was used to 	t experimental
points in Figure 7 by the following equation:

	 = 

1 + ��−�� . (1)

�e 	rst derivative of (1) is an estimation of sensitivity:

�	
� = 
 ⋅

�
4 = 157.5 ± 0.6 cell/ (�g/mL) ,

(
 = 6924 ± 5, � = 0.0910 ± 0.0003) .
(2)

Functionalized biochips can be considered the 	rst example
of a lab-on-chip device for the detection of circulating PC3
cells. In order to avoid false positives due to aspeci	c binding
event between biochip surface and other circulating cells, we
proposed a cell recognition assay through the use of synthetic
�uorescently labeled peptides that speci	cally bind UTR on
cell membrane. �e speci	c binding of this labeled peptide
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Figure 4: Optical microscopy images a�er PC3 cells immobilization. Sample A: biochip functionalized with antibody concentration at
25 �g/mL. Sample B: biochip functionalized with antibody concentration at 50 �g/mL. Sample C: biochip functionalized with antibody
concentration at 100�g/mL. Sample D: biochip functionalized up to PrA. In all images, error bar is 50�m.
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Figure 5: Schematic representation of (a) peptide assay made on generic cell immobilized on biosensor, (b) direct ELISA immunoassay
made on generic cell immobilized on biosensor, and (c) sandwich ELISA immunoassay made on generic cell immobilized on biosensor. �e
schematization is in scale.

to UTR was previously demonstrated by performing binding
assay [15] [patent PCT/EP2008/051541].

A schematic representation of this assay compared with
common ELISA immunoassays is represented in Figure 5.
�e peptide assay is one step and needs only one �uorescently

labeled peptide (Figure 5(a)), whereas sandwich ELISA (Fig-
ure 5(b)) needs antibody bound on plate surface that interacts
with antigen on cell membrane and then an enzyme-linked
antibody that produces labeled complexes (at least a three-
step assay), and direct ELISA immunoassay (Figure 5(c))
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Figure 6: (a) Images of biochips �uorescence a�er FITC-labeled peptides binding. Sample B: biochip functionalized with antibody
concentration at 50�g/mL and bonded with peptides with spacer arm. Sample C: biochip functionalized with antibody concentration at
100 �g/mL and bonded with peptides without spacer arm. In both images, error bar is 50 �m. (b) Histogram representation for �uorescence
intensity of samples obtained by ImageJ so�ware.

uses antibody linked to enzyme that converts an uncolored
substrate in a labeled product (a two-step process) [26]. Both
ELISA immunoassays require high costs for reagents and
long times for performing experiments; on the contrary, the
proposed peptide assay requires only one incubation with the
labeled peptide, so that it could be fast and cheap. In detail,
twoFITC-labeled peptideswere used for cell recognition a�er

PC3 immobilization on biochip surface. �e peptides used
represent two forms of �uorescent humanUrotensin II (4–11);
one was synthetized with a spacer arm (Gly-Gly) and the
other one without it, as reported in Scheme 1. Figure 6 shows
�uorescence images of sample B incubated with spacer arm
peptide and sample C incubated with peptide synthesized
without spacer arm together with their, respectively, �uo-
rescence intensities. Even if sample B shows a �uorescence
intensity quantitatively greater than sample C (�uorescence
intensity of sample B is 391 a.u.; �uorescence intensity of
sample C is 359 a.u.), the background �uorescence due to
binding of peptide with surface must be taken into account.
Sample C clearly exhibits a higher �uorescence signal on
immobilized cells and lower background �uorescence. Even

if both peptides identify PC3 cells bound on the biochip
surface, these results demonstrate that peptide synthesized

without spacer arm is more e�cient and speci	c against false
positives.

4. Conclusions

In this experimental work, we explored the functionalization
strategy for detecting prostate cancer PC3 cells on crystalline
silicon biochip. Recent studies demonstrated that Urotensin
II receptor predicts the clinical outcome of prostate cancer
patients, so it is a helpful biomarker for PC3 recogni-
tion. Spectroscopic ellipsometry and �uorescent microscopy
quanti	ed the thickness of biochemical layers and the rough-
ness of surfaces. Optical microscopy demonstrated that PC3
cell line could bind functionalized solid support and the num-
ber of detected cells critically depended on concentration of
anticytokeratin 8/18 gra�ed on silicon surface. Furthermore,
�uorescence data con	rmed the use of synthetic labeled
Urotensin II (4–11) in rapid, easy, and low cost assay for
PC3 cells recognition due to their ability to bind selectively
UTR on cells membrane.�ese results demonstrated that the
proposed strategy could be really useful as diagnostic system
for prostate cancer. Moreover, even if the PC3 circulating
cells could be really few, there are a lot of micro�uidic
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implemented methods to concentrate these cells and thus
make the proposed diagnostic test feasible [27].
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