
G

B

D
n
c

W
a

b

a

A
R
R
A
A

K
R
S
H
G
N
D

1

h
e
d
o
m
2
a
a
2
m
c
t
v
c
s

i
T

0
d

ARTICLE IN PRESSModel

IOS-3970; No. of Pages 7

Biosensors and Bioelectronics xxx (2010) xxx–xxx

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journa l homepage: www.e lsev ier .com/ locate /b ios

etection of effect of chemotherapeutic agents to cancer cells on gold
anoflower patterned substrate using surface-enhanced Raman scattering and
yclic voltammetry

aleed Ahmed El-Saida, Tae-Hyung Kimb, Hyuncheol Kima,b, Jeong-Woo Choia,b,∗

Interdisciplinary Program of Integrated Biotechnology, Sogang University, #1 Shinsu-Dong, Mapo-Gu, Seoul 121-742, Republic of Korea
Department of Chemical & Biomolecular Engineering, Sogang University, #1 Shinsu-Dong, Mapo-Gu, Seoul 121-742, Republic of Korea

r t i c l e i n f o

rticle history:
eceived 14 April 2010
eceived in revised form 12 July 2010
ccepted 22 July 2010
vailable online xxx

eywords:

a b s t r a c t

In vitro assays have generally been carried out for cytological diagnosis and for evaluation of the cytotoxic
effect of chemotherapeutic agents as an alternative to animal experiments. In this study, a method for
fabrication and application of a gold nanoflower array on an ITO substrate for evaluation of the effect
of chemotherapeutic agents on cancer cell behavior by the surface-enhanced Raman scattering (SERS)
analysis, as well as the electrochemical detection was described. Due to the increased sensitivity provided
by gold nanoflower substrates, the effect of chemotherapeutic agents at low concentration level was
aman spectroscopy
ERS
epG2 cell
old nanoflower
anobiochip
rug discovery

successfully detected based on SERS technique. This substrate was found to give enhanced Raman spectra
with high surface plasmon field in the near infrared (NIR) spectral range, which minimize fluorescence
interference and photo-toxicity. Cyclic voltammetry (CV) was further performed for confirmation of
results obtained by SERS assay and showed increased intensity of current peaks for various concentrations
at low levels. The developed Au nanoflowers modified ITO substrates developed in this study could be
used as a simultaneous SERS and CV substrate to determine the effects of chemotherapeutic agents on

cancer cells.

. Introduction

There has been considerable interest in development of
ighly sensitive and selective methods for monitoring of the
ffect of anticancer drugs with short detection time, leading to
evelopment of many cell-based assays for effective detection
f cell viability (Choi et al., 2004). Optical and spectroscopic
ethods including counting assay, MTT (3-(4,5-dimethylthiazol-

-yl)-2,5-diphenyltetrazolium bromide) assay (Liu et al., 2009),
poptosis enzyme-linked immunosorbent (ELISA) assay (Frankfurt
nd Krishan, 2003), spectrophotometric methods (Sankar et al.,
003), fluorescent microscopy (Fohlerová et al., 2007) or confocal
icroscopy (Prasad and Quijano, 2006) have been widely used for

larification of the exact relationship between cells and drugs or
Please cite this article in press as: El-Said, W.A., et al., Biosens. Bioelectron.

oxins. Although these optical and spectroscopic methods have pro-
ided reliable and reproducible results for detection of cell viability,
omplicated sampling procedures are required due to the neces-
ity for exogenous fluorophores that provide only limited cellular
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information. Non-optical methods based on electrochemical tools
such as electrochemical impedence spectroscopy (EIS), amperom-
etry, and cyclic voltammetry (CV) which can detect the cell viability
without fluorescence dyes, have been developed (Arndt et al., 2004;
Karasinski et al., 2005; Kaya et al., 2003; Thielecke et al., 2001). In
our previous work, viability changes of HeLa and HepG2 cancer cells
exposed to anticancer drugs were successfully analyzed using cyclic
voltammetric technique (El-Said et al., 2009a,b). However, because
the current peak from cyclic voltammetry represents cell viability
only via electron transfer between cell and electrode surface, dif-
ferent effects of various kinds of drugs on cancer cells cannot be
monitored by electrochemical methods (Yea et al., 2007).

Raman spectroscopy is a powerful analytical technique that
enables a rapid, reagent-free and non-destructive analysis of living
cells (Thomas, 1999). The fundamental principle of this spectro-
scopic technique is based on the inelastic scattering of photons from
molecules in the sample activated by the laser source. Hence, bio-
chemical composition of cells can be thoroughly studied by analysis
of each peak from Raman spectra, which is not available with other
(2010), doi:10.1016/j.bios.2010.07.089

optical, biological or electrical methods (Smith and Dent, 2005). A
number of studies have reported on Raman spectroscopy as a tool
for cell analysis these include examination of cell populations in
suspension (Short et al., 2005; Krishna et al., 2006), single fixed cells
(Krafft et al., 2005), dried cells (Schuster et al., 2000), cytospun cells

dx.doi.org/10.1016/j.bios.2010.07.089
dx.doi.org/10.1016/j.bios.2010.07.089
http://www.sciencedirect.com/science/journal/09565663
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Crow et al., 2005), and living and dead cells (Notingher et al., 2002).
aman spectroscopy as a candidate for studying the effects of differ-
nt anticancer drugs on cell viability has greeted very promise, due
o the fact that different toxic agents or drugs will cause different
ffects on living cells and further induce changes in biochemi-
al composition, which can readily be detected by Raman spectra
ithout invasive procedures. However, application of Raman spec-

roscopy to cell-based analysis is very limited due to its weak and
nstable signal.

Surface-enhanced Raman scattering (SERS) phenomenon offers
n exciting opportunity to overcome the critical disadvantages of
his normal Raman spectroscopy. Using the SERS technique, the
aman signal is enhanced by the structured metal surface and
an be detected effectively by low laser power with short sig-
al acquisition time available for biological applications (Volkan
t al., 2000). Electromagnetic field enhancement “field enhance-
ent” has been reported as one of the major SERS enhancement
echanisms. Field enhancement occurred at the surface of metal-

ic nanoparticles (NPs) as a consequence of the interaction between
aser radiation and electrons on the metal surface for activation
f surface plasmons or collective oscillations of metal electrons.
ggregation of metallic NPs has been reported to generate very

ntense and enhanced Raman signals at the junction between two
Ps, which are normally called ‘hot spots’ (Jiang et al., 2003).

For this reason, a great deal of attention has been focused
n synthesis of shape-controlled SERS structures with different
orphologies including spherical gold (Au) NPs, nanospheres,

anorods or nanostars for examination of their Raman enhancing
apabilities, which are greatly influenced by their shape (Orendorff
t al., 2006; Tiwari et al., 2007). However, fabrication of SERS-active
ubstrates was found to have a number of problems, including poor
ignal enhancement, uniformity or reproducibility and further pro-
ess for removal of the template and byproducts. Therefore, an
dvanced method for fabrication of the SERS-active surface is still
equired for more effective enhancement of Raman signals.

Here, we report on a simple, one step and template-free method
or fabrication of a highly sensitive Au nanoflower modified ITO
ubstrate and its applications for monitoring the effects of three
ifferent anticancer drugs on HepG2 cell. Au nanoflower array
odified ITO substrate was developed based on electrochemical

eposition of Au from Au3+ solution in presence of polyethylene
lycol (PEG) as a surfactant on an ITO surface. This Au nanoflower
eposited ITO substrate has shown a broad absorption band from
he visible to the NIR region. Since the NIR laser is fluorescence free
nd can also penetrate much deeper into the sample, biochemical
omposition and/or its variance can be analyzed more effectively
ithout cellular damages. Living HepG2 cells were immobilized on

n Au nanoflower patterned ITO substrate for use as a cell-based
hip for study of the various effects of anticancer drugs on cell via-
ility depending on differing action mechanisms. Due to significant
ignal enhancement provided by the Au nanoflower deposited ITO
ubstrate, the effects of anticancer drugs at low concentration level
n target cells can be successfully detected using a SERS technique,
hich was validated using an electrochemical method.

. Materials and methods

.1. Materials

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O,
Please cite this article in press as: El-Said, W.A., et al., Biosens. Bioelectron.

9.9+ %), 5-fluorouracil, 11-mercaptoundecanoic acid (MUA), and
hosphate buffered saline (PBS) (pH 7.4, 10 mM) solution were
urchased from Sigma–Aldrich (St. Louis, MO, USA). Hydroxyurea
nd cyclophosphamide monohydrate were purchased from Cal-
iochem (Germany). Polyethylene Glycol (PEG, MW = 200) was
 PRESS
electronics xxx (2010) xxx–xxx

obtained from Yakuri Pure Chemicals Co. Ltd. (Osaka, Japan). All
other chemicals used in this study were obtained commercially as
reagent grade.

2.2. Cell culture

HepG2 cells collected from human liver were cultured in DMEM
supplemented with 10% heat inactivated fetal bovine serum (FBS;
Gibco, Carlsbad, CA, USA) and 1% antibiotics (Gibco). Cells were
maintained under standard cell culture conditions at 37 ◦C in
an atmosphere of 5% CO2. The medium was changed every 2
days.

2.3. Electrochemical measurements

All electrochemical experiments were performed using a
potentiostat (CHI-660, CH Instruments, USA) controlled by
general-purpose electrochemical system software. A homemade
three-electrode system consisted of an Au nanoflower coated ITO
bottom as a working electrode, a platinum wire as the auxiliary
electrode and Ag/AgCl as the reference electrode. Measurements
were carried out to study the electrical properties of living cells
and the effect of anticancer drugs on their behavior in normal lab-
oratory conditions. PBS (10 mM, pH 7.4) was used as an electrolyte
at a scan rate of 20 mV/s.

2.4. Fabrication of gold nanoflowers array modified ITO substrate

ITO-coated glass substrates were cleaned by sonication for
15 min using 1% Triton X-100 solution, deionized water (DIW)
and ethanol sequentially, and then by basic piranha solution
(1:1:5, H2O2:NH3:H2O) for 30 min at 80 ◦C. Finally, the substrates
were cleaned by DIW and then dried under a N2 stream to
obtain a clean ITO surface. Au nanoflower arrays were electro-
chemically deposited on ITO substrates (20 mm × 10 mm) using
a 0.5 mM HAuCl4 aqueous solution containing PEG (20 �L/ml)
as a surfactant. The potential was maintained at −1.3 V (vs.
Ag/AgCl) and the deposition temperature was controlled for main-
tenance at 25 ◦C in an electric-heated thermostatic water bath.
In order to remove any surfactant traces that may have been
adsorbed on the Au nanoflower modified ITO surface, the sub-
strates were rinsed in DIW and then boiled for 5 min with
isopropyl alcohol. The active area for electrochemical deposi-
tion of Au nanoflowers was 10 mm × 10 mm, and their surface
morphologies were analyzed by a scanning electron micro-
scope (SEM) (ISI DS-130C, Akashi Co., Tokyo, Japan). A cell
culture chamber unit with the dimensions of 1 cm × 1 cm × 1 cm
(width × length × height) was attached to the Au nanoflower/ITO
surface using polydimethylsiloxane (PDMS). Cells were transferred
into the chip at a known cell density by infusion of new culture
medium.

2.5. Raman spectroscopy

Biochemical composition of living HepG2 cells and the effect of
chemotherapeutic agents on the cancer cells were investigated by
Raman spectroscopy using Raman NTEGRA spectra (NT-MDT, Rus-
sia). The maximum scan-range, XYZ was 100 �m × 100 �m × 6 �m,
(2010), doi:10.1016/j.bios.2010.07.089

and the resolution of the spectrometer in the XY plane was 200 nm
and along the Z axis was 500 nm. Raman spectra were recorded
using NIR laser emitting light at a 785 nm wavelength. Ten scans
of 5 s from 600 cm−1 to 1700 cm−1 were recorded and the mean of
these scans was used.

dx.doi.org/10.1016/j.bios.2010.07.089
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ig. 1. (a) SEM topography of Au nanoflower array modified ITO substrate, inset SEM
nd (– – –) Au nanoflower/ITO substrates. (c) SERS spectra of MUA immobilized on

. Results and discussion

.1. Fabrication of gold nanoflower array modified ITO and its
lasmon absorption

Au nanoflower arrays were fabricated by deposed of Au from
u3+ ions aqueous solution in the presence of PEG as a surfactant
ased on an electrochemical deposition method. Fig. 1a shows a
opographic SEM image of the Au nanoflower array fabricated on
he ITO surface representing a uniform distribution of nanoflowers
ith about diameter of 50–80 nm.

Recent studies have reported that surface plasmon absorption of
he nanostructures change according to their size, shape, and com-
osition (Link et al., 1999). Spherical Au NPs show an absorption
and within the range from ac. 510 nm to 550 nm based on their
ize (Jain et al., 2006; Okamoto and Yamaguchi, 2003), while Au
anorods have two surface plasmon absorption bands in the visi-
le and NIR regions at 515 nm and 680 nm, respectively (Link and
l-Sayed, 2005; Muskens et al., 2008).

The absorption spectra of Au nanoparticles/ITO substrate
emonstrated a weak surface plasmon absorption band within
he visible region at 520 nm (Fig. 1b). However, Au nanoflow-
rs/ITO substrate showed two surface plasmon absorption peaks;
Please cite this article in press as: El-Said, W.A., et al., Biosens. Bioelectron.

strong broad peak in the NIR region (700 nm) due to longitudinal
scillation of the conduction band electrons, and a weak nar-
ow wavelength band at around 540 nm contributed by transverse
lectronic oscillation. The longitudinal absorption band is more
ensitivity to the local dielectric environment than the absorp-
ge of single Au nanoflower. (b) UV–vis spectra of (–) Au spherical nanoparticles/ITO
nanoflowers/ITO and (– – –) Au nanoparticles/ITO substrates.

tion band of spherical nanoparticles (Link and El-Sayed, 1999).
Because the enhancement of surface electric field depends on the
surface plasmon excitation, Au nanoflowers may strongly absorb
the energy and scatter electromagnetic field. Moreover, the longi-
tudinal absorption band of Au nanoflowers/ITO substrate (700 nm)
overlapped with the excitation wavelength from a diode laser
(785 nm), which may be another enhancement factor. Hence, we
can expect that Au nanoflowers/ITO substrate may lead to a high
enhancement of Raman signals compared to that of Au nanoparti-
cles/ITO substrate.

In order to prove this, Raman signal of MUA layer self-assembled
on both Au nanoflowers/ITO substrate and Au nanoparticles/ITO
substrate were measured to compare the enhancement of Raman
signal induced by the structural differences of Au deposited on ITO
substrate (Fig. 1c). The result demonstrated that the MUA layer
on Au nanoflowers/ITO substrate caused a significant increase of
the intensity of the overall spectra (Fig. 1c). This result indicated
that, the focus of the NIR laser on Au nanoflower arrays can induce
strong surface plasmon effects and cause highly enhanced Raman
scattering, which enables intensive SERS-based study of living cells
without potential cell damage.

3.2. Raman spectra of living HepG2 cells
(2010), doi:10.1016/j.bios.2010.07.089

The SERS mechanisms were reported to involve two major
enhancements (Campion and Kambhampati, 1998; Kneipp et al.,
1999); an electromagnetic enhancement called as “electric effect”
and the chemical enhancement called as “charge-transfer effect”. It

dx.doi.org/10.1016/j.bios.2010.07.089
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Table 1
Peak assignments for living HepG2 cell SERS spectra.

Raman shift (cm−1) Assignment

1620 Amide I, C C Try, Trp
1560 Amide II, Trp
1485 G, A
1452 Deoxyribose: deformation (CH2)
1413 Deoxyribose: stretching COO−

1353 CH3CH2 twist
1323 G
1292 Lipid CH bend, A, Pro.: CH def
1257 T, A, Pro.: Amide III �-sheet
1191 Nucleotides: base str. (CN)
1179 Pro.: Tyr, Phe
1152 Proteins: str. CN/CC
1120 Pro.: C–N str. deoxyribose: str. C–O
1079 Lipids, chain C–C str. deoxyribose: C–O,

C–C str. Glycos. phosphate: str. PO−
2

1033 Pro.: C–H in-plane Phe, deoxyribose:
str. (CO)

1006 Pro.: sym. ring br Phe
960 Pro.: C–C str. �-helix
908 Pro.: ring str. (CC),
885 Deoxyribose: C–O–C ring
824 Phosphate: O–P–O str. RNA
772 U, C, T ring br.
ig. 2. SERS spectra of living HepG2 cells immobilized on an Au nanoflower array
odified ITO.

as found that the electromagnetic enhancement plays as key role
n the SERS effect (Otto et al., 1992).

The Au nanoflower structures with diameter of 50–80 nm are
ar more small compared to the wavelength of the excitation laser
785 nm), and hence allows the excitation of the Au nanoflower’s
urface plasmon which could be localized and increase the concen-
ration of the electric field density. Due to the difference in dielectric
onstants between the Au nanoflowers surface and the surround-
ng media (Otto et al., 1992), the electromagnetic energy density
n the Au nanoflowers could be a source for the electromagnetic
nhancement that mainly contribute to SERS effect. Moreover, Au
anoflowers have high value of surface roughness due to its struc-
ural characteristics and finally induce the changes of electric field
hat can radiate both in a parallel and a perpendicular direction to
he surface. So, if an incident photon falls on the roughened sur-
ace, the excitation of plasmon resonance of the metal may occur
nd will allow scattering.

Distribution of biopolymer in living HepG2 cells was studied
sing SERS spectra based on NIR laser (785 nm) within spec-
ral range from 600 cm−1 to 1700 cm−1. SERS spectra of living
epG2 cells consist of a series of bands corresponding to all
iopolymers found in cells (Fig. 2). Nucleic acids can be identi-
ed by analysis of characteristic peaks corresponding to nucleotide
nd sugar-phosphate backbone vibrations. The main peaks are
ound at 1079 cm−1 (phosphodioxy group PO−

2 ) and 824 cm−1

–O–P–O– phosphodiester bonds in RNA). The spectra of proteins
re dominated by peaks corresponding to Amide I (1620 cm−1) and
mide III (1257 cm−1) vibrations. Amino acids can be identified
y peaks corresponding mainly to phenyl groups, such as pheny-

alanine (1006 cm−1), tryptophan (772 cm−1) and C–H vibrations
1452 cm−1). Raman peaks of lipids are present at 1452 cm−1 and
620 cm−1 (C C stretching), and belong to vibrations of the hydro-
arbon chains. Carbohydrates can also be detected by identification
f Raman peaks of sugars, especially the C–O–C vibrations of the
ugar rings (800–1450 cm−1). The peak assignments of the spectra
re presented in Table 1 (Xie et al., 2009).

.3. Effect of different chemotherapeutic agents on Raman
pectra of HepG2 cells
Please cite this article in press as: El-Said, W.A., et al., Biosens. Bioelectron.

Different toxic chemotherapeutic agents have different effects
n living cells and induce different biochemical changes in rela-
ion to cell death mechanisms. Detection of changes in biochemical
omposition of cancer cells based on Raman spectroscopy could
vercome the limitations of the other biosensor techniques, which
748 T (ring breathing)
670 T, G
646 Tyr: CC twisting

are limited with regard to detection and discrimination of a vari-
ety of toxic agents. Raman spectroscopy also has proven its ability
for sensing molecular changes in cells exposed to anticancer drugs
(Notingher et al., 2003; Verrier et al., 2004; Uzunbajakava et al.,
2003).

Three different anticancer drugs (5-fluorouracil (5-FU), hydrox-
yurea (HU), and cyclophosphamide) were selected as represen-
tative anticancer drugs for the study of their different effects on
HepG2 cancer cells based on SERS techniques using Au nanoflower
modified ITO substrates as a SERS-active surface. 5-FU is a key
inhibitor of the pathways involved in biosynthesis of pyrimidine
and purine. Inhibition of these pathways leads to a decrease of
building blocks for DNA, and finally effect DNA synthesis. So, the
decrease in the relative intensity of Raman bands corresponding to
DNA bases (Raman shifts at 646 cm−1, 1323 cm−1 and 1485 cm−1)
can be expected due to the effects of 5-FU on cancer cells. HU is
another effective inhibitor of DNA synthesis in HepG2 cells and
leads to unbalanced growth and abnormal production of mRNAs
and proteins (Hatse et al., 1999). So, the relative intensity values
of the Raman peaks corresponding to RNAs and proteins as well as
DNAs can be expected to decrease at the treatment of HU anticancer
drug. Cyclophosphamide, a toxic nitrogen mustard derivative, is
widely used in cancer chemotherapy, because its cross-links DNA
double strands and leads to breakage of the DNA backbone, which
result in severe mutations (Rua et al., 2000; Ren et al., 1999). There-
fore, the treatment of cyclophosphamide may induce the decrease
in the intensity of Raman peaks corresponding to DNAs as same
as 5-FU does. In order to investigate the different responses from
HepG2 cells after exposure to three kinds of drugs by the SERS tech-
nique, HepG2 cells were allowed to attach and grow for 24 h on Au
nanoflower/ITO substrates, and fresh culture medium containing
1 mM of 5-FU, HU or cyclophosphamide was supplied; SERS sig-
nals were then measured after 24 h. The medium was removed and
cells were washed three times with PBS, which will be used dur-
ing SERS measuring for elimination of the effect of the medium
(2010), doi:10.1016/j.bios.2010.07.089

on SERS signals. The measured Raman spectra represented that,
many biochemical changes after treatment with anticancer drugs,
and difference in biochemical composition was evident, partic-
ularly at Raman bands associated with DNA, RNA, proteins and

dx.doi.org/10.1016/j.bios.2010.07.089
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ig. 3. (a) SERS spectra of living HepG2 cells exposed to 1 mM of hydroxyurea, 5-flu
ontents of Raman peaks from HepG2 cells treated with 1 mM of cyclophosphamid
ifferent experiments.

hospholipids. HU showed the highest effects due to its ability for
nhibition of key steps in the pathways associated with pyrimidine
iosynthesis that lead to inhibition of DNA synthesis. Fig. 3a shows
hat, the treatment of anticancer drugs results in the decrease in
he relative intensities of Raman peaks at 670 cm−1, 748 cm−1,
323 cm−1, and 1485 cm−1, corresponding to DNA bases as well
s at 1079 cm−1 attributed to the O–P–O phosphodiester bonds.
n addition, decreases in the relative intensities of Raman peaks,
006 cm−1, 1033 cm−1, 1079 cm−1, and 1292 cm−1, corresponding
o proteins were also observed. The decreased amount of proteins

ay be caused by the inhibition activity of anticancer drugs for
NA synthesis, because DNA is the original template for protein

ynthesis. These sequential inhibition activities of anticancer drugs
nally lead to the cell death, which is detectable using Raman
cattering due to the decrease of Raman active species. Raman
pectra of HepG2 cell treated with cyclophosphamide showed a
ecrease of peak intensities assigned to phosphate and deoxyri-
ose at 824 cm−1, 885 cm−1, 1079 cm−1, 1452 cm−1 and 1485 cm−1.
he decrease of Raman peak was especially evident at spectral
ange from 1150 cm−1 to 1375 cm−1, corresponding to proteins and
ipids. Among the three different anticancer drugs tested here, 5-FU

as found to give lowest effects on cancer cell viability refer to the
aman peaks at 646 cm−1, 908 cm−1, 1323 cm−1 and 1353 cm−1,
ue to its specific inhibition mechanism which mainly block the
NA and RNA synthesis of cells in S-phase only. Because cell cycles
annot be synchronized without any additional treatment, cells
n various phases will be less affected by 5-FU compared to the
ther drugs, and cause the least effects for decreasing the viability
f cancer cells. Fig. 3b shows the intensities of Raman peaks cor-
esponding to the changes of biochemical composition in HepG2
ells, which was treated with cyclophosphamide, 5-FU, and HU.
hese results completely match the previous studies focused on the
echanism of anticancer drugs (Scherf et al., 2000), hence proved

he high sensitivity of Au nanoflower modified ITO substrate as a
ERS-active surface which can be used as a effective tool for drug
creening and drug discovery simply and sensitively.

.4. Real time monitoring of the effects of anticancer drugs on
epG2 cells by Raman spectroscopy
Please cite this article in press as: El-Said, W.A., et al., Biosens. Bioelectron.

Time-dependent effects of HU were monitored by analysis of
iochemical changes in living HepG2 cells exposed to a 200 �M
olution of HU for 24 h. Molecular mechanisms involved in cell
eath are represented by a decrease of Raman peaks associated
ith proteins and DNA (Fig. 4a). DNA disintegration of cells exposed
acil, and cyclophosphamide, cells were treated for 24 h. (b) Changes in biochemical
uorouracil, and hydroxyurea. Data represent the mean ± standard deviation of ten

to anticancer drug was detected by a decrease of peak inten-
sity corresponding to phosphodiester bonds and by differences in
backbone vibrations of DNA bases, such as the 772 cm−1 peak for
–O–P–O– bond, as well as the DNA bases. Other spectral differences
assigned to protein structures, such as phenylalanine at 1006 cm−1

and C–H deformation at 1323 cm−1 were also observed (Notingher
et al., 2003; Verrier et al., 2004). These results demonstrated that
our Au nanoflower array/ITO substrates could be used for develop-
ment of cell-based biosensors for in situ monitoring of statistical
effects of the drug exposure.

3.5. Cyclic voltammetry behavior of HepG2 cells

HepG2 cells at a density of 2.1 × 104 cell/ml, the same as for
Raman detection, were seeded on the working electrodes (Au
nanoflower/ITO and bare ITO electrode) for 2 days, and then
exposed to the voltammetric assay for detection of redox prop-
erties of HepG2 cells, which may be related to redox enzymes in
HepG2 cells, such as NADH dehydrogenase (ubiquinine) flavopro-
tein 2 and quinone oxidoreductase-like (QOH-1) (El-Said et al.,
2009a,b). Fig. 5a and b shows cyclic voltammograms of HepG2
cells immobilized on bare ITO and Au nanoflower/ITO electrodes,
respectively. HepG2 cells on the bare ITO electrode showed a weak
cathodic peak at +0.04 V and an anodic peak at +0.15 V (Fig. 5a). On
the other hand, HepG2 cells on the Au nanoflower/ITO electrode
were found to give a very strong cathodic peak at +0.08 V and an
anodic peak at +0.19 V (Fig. 5b). The Au nanoflower modified ITO
electrode increased the active surface area for electron transfer, and
hence increased sensitivity of CV compared to the bare ITO elec-
trode. Increased sensitivity of the redox peak was approximately
194% higher than that of a bare ITO electrode.

3.6. Electrochemical detection of HepG2 cell proliferation and the
effects of anticancer drugs

In order to study proliferation of HepG2 cells on the Au
nanoflower/ITO surface using a CV assay, HepG2 cells were grown
on Au nanoflower/ITO surfaces for 4 days. Proliferation rate was
then determined based on CV measurement with respect to differ-
ent incubation times. Fig. 5c shows the cyclic voltammograms of
(2010), doi:10.1016/j.bios.2010.07.089

HepG2 cells after incubation for 2, 3 and 4 days, indicating that the
current peak increased with respect to increase of incubation time
related to cellular viability and proliferation.

After confirmation of the ability of CV assay for monitoring of
cell viability, HepG2 cells treated with anticancer drugs to con-

dx.doi.org/10.1016/j.bios.2010.07.089
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ig. 4. (a) SERS spectra of HepG2 cells after treatment with 200 �M hydroxyurea
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cell-based biosensor for screening the effect of drugs on cell via-
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rode. (b) Control HepG2 cells immobilized on an Au nanoflower array modified ITO
e after incubating for 2 (. . .), 3 (– – –) and 4 days (–). (d) HepG2 cells immobilized
ment with 200 �M hydroxyurea for (– –) 3 h (– – –), 6 h (. . .), 9 h (– · – ·), 18 h (– · · –)
rd deviation of three different experiments.

dx.doi.org/10.1016/j.bios.2010.07.089


 ING

B

nd Bio

4

p
c
c
w
A
t
c
m
b
a
d
o
p
w
e
s
d
b
c
s
a
f
u
f
h

A

t
(
o
E
E
p

R

A

C
C
C

C., 2003. Biopolymers 72, 1–9.
ARTICLEModel

IOS-3970; No. of Pages 7

W.A. El-Said et al. / Biosensors a

. Conclusions

In this study, we introduced a simple synthetic method for
reparation of Au nanoflower modified ITO substrates by electro-
hemical deposition for enhancement of Raman signals from living
ancer cells. The wavelength of the NIR laser was found to overlap
ith the wavelength for inducing the surface plasmon effects of the
u nanoflower array modified ITO surface, enabling sensitive detec-

ion of changes in biochemical composition in living cells without
ellular damages in short detection time. Hence, the Au nanoflower
odified ITO substrate was directly applied for detection of via-

ility change in living HepG2 cells exposed to different kinds of
nticancer drugs, and caused different effects for cells that were
etectable using the SERS technique. Different effects of three kinds
f anticancer drugs were successfully detected by analysis of each
eak of the SERS signals; and anticancer drugs used in this study
ere found to have significant effects on the nucleus of HepG2 cells,

specially for disintegration of DNA structure or prevention of its
ynthesis. These negative effects on cellular chromosomes led to
ecreased cell viability and/or proliferation, which were confirmed
y cyclic voltammetry. Compared to bare ITO electrode, electro-
hemical signals from Au nanoflower modified ITO electrode also
howed significantly increased signals, confirming its unlimited
bility for enhancement of both optical and electrochemical signals
rom cells. Our study based on SERS and electrochemical techniques
sing Au nanoflower modified ITO substrate can be readily applied
or sensitive in vitro drug screening with multiple detection and
igh sensitivity.
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