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ABSTRACT View Article Online
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Facile and efficient detection of cancer cells at the early phases of a disease is one of the main
challenges in the cancer diagnostics. It is found that photoactive materials and bio-
recognition elements are two key factors for a promising photoelectrochemical (PEC)
biosensor for cancer cell detection which could play a significant role for realizing the cancer
early diagnostics with high sensitivity and selectivity. In this study, we designed a novel
label-free PEC aptamer based cytosensor for the specific detection of cancer cells like Hela
cells by using water-dispersible g-C3sNs-Agl nanocomposites as visible light-sensitive
material and anti-CEM/PTK7 aptamer as the bio-recognition element. It is observed that
when a suitable amount of Agl nanoparticles were doped in the two-dimensional graphite-
like carbon nitride nano-sheets (g-CsN4 NSs), the visible light photocurrent response could be
significantly improved. The PEC response of the as-prepared biosensor based on g-CsNa-
Agl/ITO photoelectrode was linearly proportional to the relevant cancer cells like Hela cells
in the concentration ranging from 10 to 10° cells/mL with a limit of detection of 5 cells/mL.
In addition, the g-CaNs-Agl/ITO photoelectrode and the fabricated cytosensor exhibit long-
term stability, good reproducibility, excellent selectivity, and high sensitivity, demonstrating
the successful conjugation of g-CsNs-Agl NSs with aptamer and target cancer cells in the

high performance PEC cytosensor.

KEYWORDS: g¢g-C3N4-Agl nanocomposites; photoelectrochemistry; aptamer; Hela, cancer
cells; cytosensor
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1. Introduction DOk 1010 e e
While cancer has become one of the main causes of death worldwide nowadays, more
interest has been concentrated on the early diagnosing and screening of cancer cells in recent
years. Strategies that enable early detection of cancer cells with high selectivity and
sensitivity are highly desired in cancer diagnostics and therapy.l® Measuring the specific
cellular level within the blood can help the doctor to evaluate the patient’s reaction to
treatment or predict the probability of developing a specific disease.* However, because of
costly instruments, long time analytical process, and complicated operations, traditional
analysis techniques such as polymerase chain reaction (PCR)®, immunohistochemistry® and
flow cytometer’ do not meet the requirement of point-of-care (POC) diagnostics.® Thus, the
development of a simple diagnostic tool for specific and ultrasensitive detection of cancer
cells at low cost is necessary.* Because of the advantages of simple instrumentation, low cost,
rapid analysis, and portable instruments, the photoelectrochemical (PEC) sensors have
attracted increasing research interest in recent years.® It is a newly emerging and promising
analytical technique with desirable advantages, such as lower background signal and higher

sensitivity, which is helpful and essential to be explored as an effective means for disease

early diagnosis.!®*® Typically in a PEC sensing system, a photoelectrode is employed to

Published on 12 July 2018. Downloaded by University of California - Santa Barbara on 7/16/2018 1:49:29 PM.

convert photo-irradiation to electrical signal, which is proportional to the concentration of the
analytical substrates.'> 1* Since the photoactive materials and relevant photoelectrodes play
an important role in PEC detection, graphite-like carbon nitride (g-CsNa) has recently
received much attention owing to its interesting photo-catalytic properties and special
nanostructure such as a layer spacing about 3.3 nm, a proper HOMO-LUMO energy band gap
of about 2.7 eV, weak van der Waals forces between C—N layers, and delocalized conduction
and valence bands, which are conducive to the charge transport.® In addition, g-CsNa4 is an

inexpensive. non-toxic, abundant and stable material with an easy controllable surface for
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film making.* So, as a chemically and thermally stable semiconductor, g-C3Na has, a widely
application in the fields of photoelectronic materials,}” 8 sensors,'® 20 catalysis,?12
degradation,?* 2° and so forth. Due to its macroscopic size and low photo-response, the bulk
g-CsNgs is not suitable for sensor fabrication. Recently much attention has been focused on the
application of ultrathin two-dimensional (2D) g-CsN4 nanosheets (NSs) for their unique
optical, electronic, and biocompatible properties, which made them more suitable for
practical applications regarding to the bulk materials.?® Owing to high water-dispersibility
potential of g-C3Ns, single or several layered g-CsNs nanosheets (NSs) has been further
explored for their high fluorescent quantum vyield, strong electrochemiluminescence (ECL)
activity, easy film making, photoelectrode fabrication, good biocompatibility, and improved
photo-catalytic property.2” 28

Although g-C3sN4 NSs with high PEC properties can be used as a desirable sensing system
for biological and environmental monitoring, the PEC activity of pure g-CaN4 NSs is highly
conditional to recombination rate of photogenerated electron-hole pairs. Therefore,
combining g-CsN4 with other different kinds of materials could be an effective solution to
prevent electron- hole recombination and boost the PEC property of the g-CsNa.2°

Silver halides (AgX, X = Br, 1) are well-known as important photoactive materials which
have excellent photo-catalytic property and extensive application in photography.30-32
Although AgX is strong visible light photons absorbent for electron—hole pairs generation,
pure AgBr or Agl are not stable enough under visible light as they easily be decomposed,
which hampers their applications. Fortunately, well dispersing of AgX on the supporting
materials, such as ZnO,* Ti0;,3? WO3,3* BiPO4,* Fes04 nanoparticle,®® AgsPO4,%” HoWQ4,®
zeolite,** 3 etc., can prevent their decomposition, and thus help to maintain their stability and

enhance the photo-catalytic activity.>!
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In order to attain a particular photoelectrical response to biomaterials, ;some :Big=5c "=
recognition elements such as DNA,** 41 molecularly imprinted polymers,*? antibodies,*® 44
enzymes,® and aptamers*® 4" have been coupled on photoelectrodes surface in PEC
biosensors. Among these, aptamers, the artificial oligonucleotides with high specific binding
ability comparable with antibody, can bind some specific analytes, such as organic and in-
organic chemicals, proteins, and cells.® 4 Furthermore, comparing antibodies, aptamers
propose preferable advantages, such as smaller size, higher stability, lower cost, easier
modification, nontoxicity, and lack of immunogenicity.>® > Additionally, aptamers can be
created by using cell-Selex with high affinity to the special cancer cells as targets® and these
efforts have brought a great opportunity to develop aptamer-based biosensors for early cancer
diagnosis.>® A lot of progress has been made in the fabrication of various aptamer-based
biosensors, including fluorescent sensor, colorimetric sensor,> electrochemical sensor,*
cantilever sensor,® PEC sensor®’ and fluorometric sensor.®® However, most of these
biosensors need more time consumption and costly surface confinement of aptamers via
covalent bonding,*® avidin—biotin interaction,®® or DNA—compound interactions.® Among

these, the PEC label-free biosensor can combine the advantages of PEC method and label-

free bioassay, avoiding the time consuming process of labeling the bio-recognition elements

Published on 12 July 2018. Downloaded by University of California - Santa Barbara on 7/16/2018 1:49:29 PM.

such as antibody, aptamer, cell or antigen with markers, making its construction more facile,
cheaper and faster. Accordingly, the concentrations of the antigens or cells are directly
measured through the hindrance-induced photocurrent reduction resulting from the specific
reaction between bio-recognition elements, such as antibody or aptamer as a receptor
molecule, which has already been immobilized on one side of the relevant sensor surface. 2
On the basis of the above considerations, coupling of g-C3Ns as a supporting material
with AgX was further explored in this contribution to facilitate the photoelectrochemical

response of the g-CsNs and the stability of AgX. In our previous paper, the potassium
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ferrocyanide effect in buffer solution as an electron donor for photocurrent enhancement 6f =55 ¢

C3N4 modified Indium tin oxide (ITO) photoelectrode was reported.®® In the present work,
this study was further evaluated for g-CsNs-AgX (X = ClI, Br)/ITO photoelectrodes and the
photocurrent enhancement due to potassium ferrocyanide effects were compared for each
photoelectrodes. The results of the comparisons in buffer solution and also in the present of
potassium ferrocyanide showed that the water-dispersible Agl-g-CsNs could be readily
utilized for the construction of a label-free PEC aptamer based cytosensor for specific cancer
cell detection, where the as-prepared g-CsNs-Agl NSs modified Indium tin oxide (ITO)
photoelectrode could be facilely immobilized by using low-cost and label-free anti-

SEM/PTK7 DNA aptamer.

2. Experimental

Materials and Reagents

ITO slices were purchased from South China of Hunan science and technology (Shenzhen)
Co., Ltd. (sheet resistance <6 ohm sq—1). Potassium hexacyanoferrate (II) trihydrate was
bought from Shanghai chemical reagent Co. Ltd. The anti-SEM/PTK7 oligoss DNA aptamer
with the sequence;
(5>-TAAAATACCAGCTTATTCAATTAGTCACACTTAGAGTTCTAGCTGCTGCGC

C GCCGGGAAAATACTGTACGGATAGATAGTAAGTGCAATCT-3")

was provided from Sangon biotech Co., Ltd. (Shanghai) and the aptamer powder was diluted
by applying phosphate buffer solution (PBS, pH 7.4) and then the prepared solution was kept
at -20.°C. All Analytical grade materials were applied for all the experiments and used as
received. Deionized water (18 MQ cm-1, Milli-Q, Millipore) was consumed for preparing all

the solutions.
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PEC measurements were performed using a CHI660C electrochemical workstation (CH
Instruments, Austin, TX) in conjugate with a 150 W Xe lamp (Beijing NBeT Co., Ltd. China)
for visible light illumination. Scanning electron microscopy (SEM) images were acquired by
a Hitachi S-4800 (Hitachi, Tokyo, Japan). Transmission electron microscopy (TEM) images
were obtained on a JEM-2100 TEM (JEOL, Tokyo, Japan) with an accelerating voltage of
200 kV. The energy dispersives spectroscopy (EDS) spectrum was generated with ZEISS
ultraplus (Germany) at an accelerating voltage of 20 kV. Electrochemical impedance
spectroscopy (EIS) experiments were carried out by using an Autolab PGSTAT302N system
(Eco Chemie, Netherlands), with frequency ranging from 0.01 to 105 Hz and amplitude of 10
mV. The UV-Vis absorption spectra were obtained through a Biomate 3S spectrophotometer
(Thermo Co. Ltd., US). Fluorescence (FL) measurements were performed by using a RF-
5301PC fluoremeter (Shimadzu, Tokyo, Japan). The Fourier transform infrared spectra (FTIR)
of the samples were recorded by using Bruker tensor 27 spectrometer (Germany). The
crystalline phases of g-CaN4-AgX hybrid materials were analyzed by X-ray diffraction (XRD)

by Bruker D500 diffractometer.

Preparation of bulk g-CsN4

According to the previously reported procedure,’® the bulk g-CsNs was syntesized by
polymerizing the melamine molecules under a high temperature condition. In details, using
the heating and cooling procedure with a gradient rate of about 3 °C /min for 2 h, the
melamine molecules was heated at 600 °C under air condition. The obtained yellow product

was milled in a mortar to g-C3N4 powder.

Preparation of g-CsN4-AgBr Nanocomposite
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g-CsN4-AgBr nanocomposite was synthesized as per the reported procedure with a littlese e

modifications.% Firstly, 150 mg of g-CsN4was added into 20 mL ethanol and the suspension
was sonicated for 2 h. Then, 50 mL aqueous solution of hexadecyltrimethyl ammonium
bromide (CTAB) 0.1 M was added into the resulting suspension under the continuous
magnetic stirring for 10 h. Afterwards, 50 mL aqueous solution of 0.1 M AgNOsz was
gradually added to the above mixture under stirring condition. After the addition of AgNOs
aqueous solution, the obtained suspension was stirred for 6 h. Finally, the ultimate product
was filtered, followed by three times washing with deionized water and absolute ethanol,

respectively, dried at 333 K.

Preparation of g-CsNs-Agl Nanocomposite
g-C3Ns-Agl nanocomposite was obtained as per the procedure given for the synthesis of g-
C3Ns-AgBr, but here instead of using CTAB aqueous solution, AgNO3z 0.1 M solution was

applied into the suspension.

Preparation of g-C3sNs-AgX Nanosheet Solution

The g-C3N4-AgX NSs solution was prepared as per the reported protocol.’® Preparation of a
suitable g-CsN4-AgX NSs solution was performed with the help of exfoliation process of the
as-prepared bulk g-C3Ns-AgX in water. In details, 100 mg of bulk g-C3sNs-AgX powder was
added to 100 mL water and sonicated for 16 hours. The obtained suspension was centrifuged
at about 500 rpm to remove the remaining unexfoliated parts and the large-area NSs of g-

CsNs-AgX before using for photoelectrochemical sensor application.

B01067F
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Fabrication of the PEC Aptamer based Sensor DO 101055 Ca 801067
Prior to the electrode modification, ITO electrodes were treated to increase their hydrophilic
properties. To do this, ITO electrodes were cleaned in a hot solution of 1 M KOH dissolved
in 2-propanol for 15 min under the process of sonication, washed with ultrapure water, and
dried at 70 °C for 2 h. The PEC sensor was fabricated by dropping a certain amount of
homogeneous suspension of g-CsNs-Agl nanosheets (40 pul) on a specified part of ITO slice
with a geometric area of (0.7 x 0.7 cm?). The film was firmed in the air and ready to be used
as a photoelectrode for immobilizing bio-recognition elements for cancer cell detection
propose. Then 30 puL (100 nM) sgal6 (anti-SEM/PTK7 oligoss DNA) aptamer solution was
dropped on g-C3Ns-Agl /ITO electrode surface for incubation purpose and preserved for 30

min at ambient temperature in a humid chamber to prevent water evaporation. Then the

electrode was rinsed with PBS for several times and prepared for cell detection step.

Cell Culture and Incubation on the Aptamer based Modified Electrode
The human cervical cancer (HeLa) cells were provided from Shanghai cell resource institute
for biological sciences. The cells were cultured as reported previously’ by using Dulbecco's

modified Eagle's medium (DMEM) (Hyclone) which has completed as a culture media with

Published on 12 July 2018. Downloaded by University of California - Santa Barbara on 7/16/2018 1:49:29 PM.

100 pg/mL streptomycin (Hyclone), 100 U/mL penicillin (Hyclone) and 10% fetal bovine
serum (Hyclone) in an incubator with humidified air (relative humidity of 95%) with 5% CO>
at 37.0 °C .Trypsin (0.1%, m/v) was applied to detach the cells from each other as well as
from petri dish and remove after ~10 min of treatment. Afterwards, 2 mL of pre-warmed
complete media was added to petri dish to inactivate the trypsin and pipetted over the cell
layer surface for several times to ensure recovery of >95% of cells. The cells suspension were
transferred to a tube and gently centrifuged at 1000 rpm for 5-10 min. After removing the

supernatant liquid, the cells were washed 3 times with sterile PBS (pH 7.4) to gain pure cells.
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Then the cell suspension was prepared by adding 2 mL of sterile PBS to the collgcted, CeliSo e

B01067F

precipitate and its density was determinate by means of hemocytometer. For analyzing step
the cell suspension was diluted to different cell concentration with sterile PBS.

The incubation step of aptamer-modified electrodes was performed with different
concentration of Hela cells suspension for ~15 - 20 min to obtain an immobilized cell-sensor
(ITO/g-CaNs-Agl/Aptamer/Cell). To remove nonspecifically adsorbed cells the prepared

electrodes were rinsed by using PBS with pH 7.4.

3. Results and Discussion

Materials Characterization

Detailed structural information and typical morphological differences in the texture of bulk g-
CsNs, g-C3Ns NSs, g-CsNs—AgBr NSs, g-CsNs—Agl NSs were obtained by scanning electron
microscopy (SEM) while investigation of the Agl and AgBr particles size in the structure of g-
C3N4 nanosheets was carried out by Transmission electron microscopy (TEM). Figure 1
exhibits the SEM and TEM images of bulk g-C3N4 and the bare g-C3N4 NSs as well as g-CsNs-
AgBr NSs. The differences between the SEM images of the bulk and NSs from g-C3Na reveal
water-exfoliation effect on changing the bulk g-CsNjs structure to ultrathin g-CsNs NSs. In this
Figure, bare g-C3N4 NSs displays both 2D and transparent structure compared to the bulk g-
C3N4. Similar to the bare g-CsNs NSs, g-C3Ns-AgBr NSs also exhibits 2D and transparent
structure. One can see from the TEM image of C3Ns-AgBr NSs (Figure 1E) that most of the
AgBr nanoparticles (50 nm in diameter) well combined with g-C3sNs NSs and are uniformly

distributed in the structure of g-C3N4 NSs.

10
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Agl nanoparticles

G Name

Figure 1. SEM images of (A) bulk g-CsNsand (B) g-CsN4 NSs. TEM image of (C) g-CsN4 NSs. (D)
SEM and (E) TEM images of g-C3sNs-AgBr NSs. (F) SEM and (G) TEM images of g-CaNs-Agl NSs.

Similarly, Figure 1F and 1G represents the SEM and TEM images of g-CsNs-Agl NSs.
SEM image clearly shows 2D and transparent structure of g-CaNs-Agl NSs and also displays
uniform distribution of Agl nanoparticles with a diameter of almost 70 nm in the g-C3N4 NSs
matrix. It is noted from Figure 1E and 1G that the nanoparticles of AgBr and Agl are
distributed in the surface of g-C3sNs in a fine composition, which would be advantageous for

11
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the photogenerated carrier transfer and photoactivity improvement. The composition;and's s

content of the prepared g-CsNs-Agl were obtained by EDS which weight and atomic ratio of
C, N, Ag, and I elements are clearly indicated in Figure S2 and Table S1. The composition
and content of the as-prepared g-CaNs-Agl were obtained by energy dispersives spectroscopy
(EDS) (Figure S2) which clearly indicates the weight and atomic ratio of C, N, Ag, and |
elements that are shown in Table S1. The structure of the as-prepared g-CsNs-Agl composite
was characterized by XRD. The results shown in Figure S3a indicate that the characteristic

peak of g-CsN4 around 27.4- could be clearly identified because of the pure g-C3N4 sample

which is due to the stacking of the conjugated aromatic system.®! As it can be seen in Figure
S3b after doping of Agl nanoparticles in the structure of g-CsNa4, the diffraction peaks at 26 =

22.3°, 27.3°, 39.2°and 46.2° were observed, indicating the crystal phase of the Agl

nanoparticles.

Figure S4 shows a comparison of the FTIR spectra of the pure g-CsN4 (Figure S4a) and g-
CsNz-Agl (Figure S4b) composites. In the case of pure g-CsNa, the strong bands in the 807
cmt and 1200 - 1650 cm™ region were observed, with the peaks at 1242, 1322, 1412, 1563,
and 1634 cm™, which corresponded to the typical stretching vibration modes of C=N and
C—N heterocycles.®! It could also be clearly seen that the main characteristic peaks of g-CsNg4
appeared in all g-CsNs- Agl photocatalysts. In the case of the g-CsNs-Agl composites, the
characteristic peaks of g-CsN4 have almost no shift (red shift or blue shift) after the
introduction of Agl nanoparticles. This result indicated that in the g-C3Ns-Agl system, there

was no covalent bond between g-C3N4 and Agl nanoparticles.

12
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UV-Visible Absorption, Electrochemical Impendence and Florescence Spegtroscopyiss oo
Characterizations
In PEC determinations, it is essential to identify the best absorption area for the photoactive
materials in order to choose an appropriate illuminating source. Therefore, by using UV-Vis
absorption spectroscopy, g-CsNs, g-CaNs-AgBr, and g-CsNs-Agl were characterized in the
wavelength range from 200 to 800 nm to investigate the best absorption wavelengths. UV-
Vis absorption spectra (Figure 3A) illustrates that g-CsNs, g-CsNs-AgBr, and g-CaNs-Agl
have a strong absorption peak in this wavelength range so that a visible-light source can be
useful for their excitation, revealing their proper potential to be applied as a substrate for
photoelectrochemistry. Accordingly, a commercial white-light from Xe Lamp can be used as
an effective light source to excite the relevant ITO electrodes modified with g-C3N4 / or g-
CsNs-AgBr and g-CsNs-Agl, indicating the feasibility of a cheap and convenient
photoelectrochemical sensor fabrication.

Electrochemical impedance spectroscopy (EIS) was performed to get more information
about the recombination properties and electron transfer of the electrodes. The Nyquist plots
for different modified electrodes, ITO/g-CsN4, ITO/g-C3Ns-AgBr, and ITO/g-C3N4-Agl are

exhibited in Figure 2B. The electron transfer resistance of the ITO/g-CsN4-Agl electrode is

Published on 12 July 2018. Downloaded by University of California - Santa Barbara on 7/16/2018 1:49:29 PM.

the lowest compared with those observed for others, indicating that this electrode has the
highest electron conductivity. Thus, the 1TO/g-CsNs-Agl photoelectrode has the higher
ability to accelerate electron transport and increase the separation efficiency of photo-induced

electrons and holes.

13
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Fluorescence (FL) emission spectra of the g-CsNa, g-C3Ns-AgBr, and g-CaNazAglce oo
nanosheets were also studied under excitation wavelengths from 250 nm to 420 nm. The
main FL emission peaks for g-C3sNas, g-C3N4-AgBr, and g-CsNs-Agl were recorded at 442,
446, and 446 nm, respectively (Figure S1 in the Supplementary Information), and these

intense peaks were obtained with the excitation wavelengths at 390, 378, and 365 nm,
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Figure 2. (A) UV—Vis absorption spectra of the as-prepared g-CsNa, g-CsNis-AgBr, and g-CsN4-Agl.
(B) Nyquist plots of C3Na4, C3Ns-AgBr, and CsNs-Agl modified ITO electrodes recorded in PBS

(0.1M, pH 7.4) solution.

PEC Performance of the Nanocomposites

To compare with ITO/g-CsN. electrode (scheme 1A), sensitive and stable photoelectrodes
based on visible-light-active g-CsN4-AgX (X = Br, I) nanocomposites were also fabricated on
the ITO electrodes. After the irradiation of photoelectrodes with visible light, the g-CsN4 and
AgX nanoparticles in the synthesized nanocomposites on the surface of the modified
electrodes absorbed photons to generate excited electron and hole pairs, as shown in scheme
1B. Based on the band gap energy positions, the reported conduction band (CB) and valence

band (VB) edge potentials for g-CsNs are -1.12 eV and +1.57 eV, for AgBr are 0 eV and +2.6

14
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eV, and for Agl are -0.15 eV and 2.95 eV, respectively. *° So, on the basis, of abioves: i
information, the CB and VB energy level of g-CsN4are more negative than those for AgBr
and Agl, and thus helps to easily transfer of the photogenerated electrons from CB of g-CaN4
to the CB layer of AgBr or Agl nanoparticles and vice versa, accelerate the migration of the
generated holes in the VB of AgBr or Agl nanoparticles to the VB of g-C3Ns4, which can be
beneficial for desirable photoexcited electron—hole pairs separation leading to electrons and
holes recombination decrease, as schematically represented in scheme 1B. Owing to the low

energy level related to the CB of ITO, the generated electron can easily transfer to the ITO

surface to produce photocurrent.
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G‘C}NJ NSs

Scheme 1. (A) Schematic illustration of working principle of ITO/g-CsN4 electrode. (B) Illustration of

trapping mechanism by AgX nanoparticles in the structure of g-CsNa.

Electron donor effect on PEC responses of 1TO/g-CsNas, ITO/g-C3sN4-AgBr, and ITO/g-

CsNs-Agl electrodes

15
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One of the noticeable roles of the addition of a proper electron donor substapce, to/stHess e
electrolyte (phosphate buffer) solution is cleaning the holes and reducing the electron—hole
recombination, leading to the photocurrent enhancement. Moreover, the scavenging of holes

can prevent the photo corrosion of the as-synthesized g-CsN4-Agl modified photoelectrodes,
hence a nontoxic and efficient electron donor will enhance the photocurrent intensity.

Effect of electron donor substance (potassium ferrocyanide) on the enhancement of
photocurrent was clearly illustrates in scheme 2. One can see from scheme 2A that by adding
potassium ferrocyanide as an electron donor, the generated holes in the matrix can oxidize the
Fe?* to Fe** and subsequently increases the photocurrent significantly. The effect of electron
donor on the enhancement of the photocurrent is shown in scheme 2B. So in this work, the

photocurrent was enhanced as the potassium ferrocyanide concentration was increased into

the electrolyte solution up to 0.1 M, and then a constant and stable anodic photocurrent was

observed.
A H
i g B
H- |
[ KFe(CN) b
Electron Donor

“Glgstron Donve/ -
H, 1 o
H b h
£ Fe¥ ——> Fe™ 5
\' . 8
v 2
TE I | j B h :' 050 L

! B 8" a%a =

| | e
Time
®  AgX nanoparticle
Scheme 2. (A)

G-C.N,
Photogenerated electron-hole transfer mechanism of CsN4-AgX in the presence of 0.1 M Ka[Fe(CN)s]

and (B) its corresponding photocurrent in the (a) absence and (b) presence of 0.1 M Ka[Fe(CN)].
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Investigation of Applied Potential DO 101055 Ca 801067

Applied potential is one of the major parameters that is responsive for photocurrent responses
and PEC detection sensitivity and selectivity. Figure 3A, B and C shows the considerable
effects of applied potentials on the photocurrent responses of the as-prepared photoelectrodes
in both the absence (curve a) and presence (curve b) of K4[Fe(CN)e] (0.1 M, pH 7.0). When
increasing the potential from -0.6 V to 0.2 V in PBS (curve a), a small corresponding
decrease in the photocurrent of the modified electrodes can be observed. Upon addition of
Ka[Fe(CN)e] (curve b), the photocurrent is almost constant between -0.6 V and -0.2 V, and
then it decreases dramatically. Accordingly, -0.2 V vs. saturated calomel electrode (SCE) was
chosen as an optimal potential to continue the PEC experiments by using ITO/g-C3Na, ITO/g-
C3N4-AgBr, and 1TO/g-CsNs-Agl electrodes.

Figure 3A', B' and C' shows the visible light effect on the stability of photocurrent
responses of the fabricated electrodes based on ITO/g-C3Na4 (A”), ITO/g-C3sNs-AgBr (B’), and
ITO/g-C3N4-Agl (C’). The photocurrents were measured as time (second) vs. photocurrent
(ampere), under a potential of -0.2 V in 0.1 M PBS (pH 7.4), in the absence (curve a) and
presence (curve b) of 0.1 M Ks[Fe(CN)g].

To investigate the stability and reproducibility of the photocurrent responses of the
ITO/g-C3N4, ITO/g-C3N4-AgBr, and 1TO/g-C3Ns-Agl electrodes at repeated on/off cycles of
the simulated visible light illumination, the photocurrents were measured for 500 seconds. In
the absence and presence of Ki[Fe(CN)g], ITO/g-C3N4 electrode shows a stable and
reproducible photocurrent responses, 1TO/g-C3sNs-AgBr electrode shows a gradual decrease
in the photocurrent responses regarding to the slow decomposition of AgBr under the visible
light excitation, and ITO/g-C3aN4-Agl electrode shows a high stability and reproducibility in
the photocurrent responses. Figure 3A', B' and C' clearly illustrates the significant effect of

Ks[Fe(CN)e] in the buffer solution, as K4[Fe(CN)s] can increase the photocurrents by almost
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12 times for ITO/g-C3Na4, 4 times for ITO/g-CsNa-AgBr, and 6 times for ITO/g;C3NgsA
The capability of both AgBr and Agl nanoparticles for improving the photocatalytic
properties of g-CsNs was demonstrated in Figure 3D and as it can be seen, AgBr
nanoparticles increased the photocurrent of ITO/g-C3N4 electrode almost 14 times, while Agl
nanoparticles improved it up to 50 times. Accordingly, Agl nanoparticles may also enhance
the sensitivity of this biosensing as well.

Based on the results summarized in Figure 3D, E and S5 of the Supplementary
information, C3sN4-Agl was selected as the most promising modifier for the ITO electrode and
a suitable matrix for the fabrication of label-free

employed as photoactive

photoelectrochemical aptamer based cytosensor.
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Figure 3. Applied potential effects on the photocurrent responses of the (A) ITO/g-CsNa4, (B) ITO/g-
C3N4-AgBr, and (C) ITO/g-CsNs-Agl electrodes and (A, B' and C") time-based photocurrent
responses in the potential of -0.2 V for the mentioned electrodes respectively in PBS (0.1 M, pH 7.4)
in the (a) absence and (b) presence of 0.1 M K4[Fe(CN)g] with visible light excitation. (D) Time
based Photocurrent comparison of 3 different photoelectrodes (a) ITO/C3N4, (b) ITO/CsNs-AgBr and
(c) ITO/CsN4-Agl in PBS (0.1 M, pH 7.4). (E) Peak height of the photocurrents of 3 different
photoelectrodes (a, b) ITO/C3Ns-Agl, (¢, d) ITO/CsNs-AgBr and (e, f) ITO/C3N4 in buffer solution in

the presence and absence of K4[Fe(CN)s].

Construction of PEC Aptamer based cytosensor

Published on 12 July 2018. Downloaded by University of California - Santa Barbara on 7/16/2018 1:49:29 PM.

As can be seen from scheme 3 (a, b and c) for construction of PEC cytosensor, different
materials were used to modify the electrode surface. Accordingly, the interface properties of
different stages of the biosensor fabrication such as ITO, ITO/CsNs-Agl, 1TO/C3Ns-
Agl/Aptamer, and ITO/CsNs-Agl/Aptamer/Hela cells were characterized by means of EIS,
cyclic voltammetry (CV), and PEC methods. During every construction step of the biosensor
each potential electrode was analyzed by using EIS in the frequency range from 0.01-100
kHz at potential of 20 mV in KCI (0.1 M) solution containing a redox probe of 5 mM

Ka[Fe(CN)e]/ Ka [Fe(CN)Je] (1:1) mixture. One can see from Figure 4A that bare ITO
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electrode shows the electron transfer resistance (Ret) value of 23 Q (curve a).,SuccesStulso oe:

assembly of C3Ns-Agl increased the Ret value up to 39 Q (curve b) and owing to the
absorption of aptamer on CsNs-Agl films, the Ret value of the ITO/C3Ns-Agl /Aptamer
electrode reached to 83 Q (curve c). Finally, Hela cancer cells were bonded to the aptamers
which were already immobilized on the electrode surface, and in this step the Ret value of the
electrode enhanced to 188 Q (curve d). The reason behind the Ret value increase could be
attributed to the fact that the nonconductive properties of the g-CsNs (as g-CsNs-Agl
nanocomposite), ss DNA aptamer, and Hela cells can barricade the mass transport of the
redox probe to the electrode surface and lessen the electron transfer rate, indicating the
successful assembly of the photoactive and sensing material on the electrode surface.

Typical cyclic voltammograms of the different modified electrodes were obtained after
every layer assembly of photoactive and biological species on ITO electrode, measured in
PBS (0.1 M. pH 7.4) containing 5x10™ M Ks[Fe(CN)s])/ Ka [Fe(CN)]s] (1:1) and 0.1 M KCI
solution which are shown in Figure 4B. Owing to the higher conductivity of ITO and
ITO/C3N4-Agl electrodes, the largest redox peaks are observed for these two electrodes
before immobilizing with aptamer (curves a and b). Comparing with the bare ITO electrode
(curve a), the largest peak current of ITO/C3Ns-Agl electrode (curve b) is due to the larger
surface area of ITO/C3Ns-Agl electrode because of the presence of Agl nanoparticles and its
conductive property in the structure of g-CaNs4 NSs. After the assembly of aptamer, the
photocurrent response was greatly reduced owing to the decrease in the electron transfer
capability of the modified ITO/C3Ns-Agl/Aptamer electrode (curve c). Finally, the Hela cells
were immobilized with aptamer modified electrode. As it can be seen from curve d a
significant decrease in the redox current was observed as a result of the hela cell-aptamer
binding that consequently causes decrease in the electron transfer on the surface of modified

ITO/C3Ns-Agl/Aptamer/Hela electrode. By using photoelectrochemical measurements, the

20
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fabrication process of the cytosensor was also monitored. The electrode modification-indugedss s
changes in the photocurrent are shown in Figure 4C. After adhering the g-CsNs-Agl
nanosheet to the surface of a bare ITO, a significantly enhanced photocurrent intensity was
observed which demonstrating that g-CsNs-Agl nanosheet is an ideal choice for the
construction of a photoelectrochemical biosensor (curve a). Gradual decrease in photocurrent
intensity after immobilization with the aptamer and Hela cells could be attributed to the fact
that the immobilization of these biomaterials on the surface of ITO/g-C3Ns-Agl electrode
decreases the photoactive reaction surface of 1TO/g-C3Ns-Agl available for the interaction
with light. As expected, the successive binding of the aptamer (100 nM) on the surface of the
ITO/C3N4-Agl electrode induces significant decrease in the photocurrents (curve b). After the
incubation of the obtained cytosensor with Hela cells, the photocurrent intensity further
decreases (curve c). These results demonstrate the successful fabrication of a facile and label-

free photoelectrochemical cytosensor for quantitative detection of Hela cells based on the

ITO/g-C3N4-Agl electrode.

Published on 12 July 2018. Downloaded by University of California - Santa Barbara on 7/16/2018 1:49:29 PM.
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Scheme 3. Schematic illustration of PEC Cytosensor fabrication process (a, b and c), (A), and is:s oo

B01067F

corresponding photocurrents (B).
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Figure 4. (A) Nyquist plots of EIS and (B) CV at a scan rate of 100 mV s™ in PBS (0.1 M. pH 7.4)
containing 5x10™ M Ks[Fe(CN)s]/ K4 [Fe(CN)]e] (1:1) and 0.1 M KClI for different modification steps

of layer-by-layer assembled electrode on the ITO surface (a-d); (a) ITO, (b) ITO/CsNs-Agl, (c)
ITO/C3Ns-Agl /Aptamer and (d) ITO/C3N4s-Agl/ Aptamer /Hela. (C) Photocurrent response of
ITO/C3Ns-Agl (a), ITO/C3N4-Agl /Aptamer (b), and ITO/C3N4-Agl/ Aptamer /Hela (¢) in PBS (0.1
M. pH 7.4).

Analytical Performances of the cytosensor

The efficiency of this label-free photoelectrochemical cytosensor and its reproducibility and

Published on 12 July 2018. Downloaded by University of California - Santa Barbara on 7/16/2018 1:49:29 PM.

stability for the detection of Hela cells were further exploited. The PEC Cytosensor
fabrication process and its corresponding photocurrent was illustrated in scheme 3, where the
resulted photocurrent intensity was related directly to the binding affinity between the
immobilized aptamers and the target cells. As shown in Figures 5A and Figure S6 in the
Supplementary information, our observations of the EIS measurements demonstrate a good
specific binding of aptamer with Hela cells and also negligible effect of the electrode surface
absorption, where a considerable decrease in the photocurrent could be observed upon

addition of Hela cells. It is noted that the increased number of Hella cells reacted with the
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aptamers could readily lead to a significant suppression of the photocurrent. Furthermare, ito e

can be observed from Figure 5B that the decrease in the photocurrent has a linear relation
with the logarithm of different concentration of Hela cells ranging from 10 to 1 x 10°
cells/mL, the equation of which was photocurrent (*107) = 0.4933 + 1.1686 log [cell density]
(R = 0.9751). The detection limit was calculated as 5 cells/mL (S/N = 3), according to three
times measurement of the blank signal for calculating the standard deviation (PEC signal
which was obtained when this biosensor already incubated with aptamer was treated in fresh
culture medium without cells). The analytical performance of this cytosensor was compared
to the previously reported cytosensors for the detection of the Hela cells with different
methods, as shown in table S2 of the Supplementary information. Our results also present a
favorable examination of the Hela cells with a large detection range and a comparable
detection limit with the help of sgal6 and the PEC interface. The results indicate that our
designed PEC cytosensor is very promising for applications in the cancer cell detection and

exhibits an excellent selectivity for the Hela cells.
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Figure 5. (A) Photocurrent responses of ITO/C3Ns-Agl/Aptamer after incubating with various

concentrations of the Hela cells (a) 10, (b) 1 x 10%, (c) 1 x 103, (d) 1 x 104, (e) 1 x 105, (f) 1 x 10%in

PBS (0.1 M, pH 7.4). (B) Calibration curve of the cytosensor for Hela cells detection;| corresponding
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data points and error bars is related to the average and standard deviations from four, indjvigal:® oo

experiments.

Control Experiments

The presented cytosensor also exhibited an excellent selectivity for the detection of Hela
cells, as confirmed by EIS and PEC studies. The comparison of obtained analytical signals
from the sensor for Hela cells through EIS and PEC measurements with four control human
cancer and disease cells, including breast cancer cell (MCF-7), lung carcinoma (A549),
human caucasian burkitt’s lymphoma (Ramos), and human promyelocytic leukemia cells
(HL60) shows that when these control cells at the same concentration as Hela cells, i.e., 1 x
10° cells/mL cells were incubated with the CEM/PTK7 aptamer on the modified electrode
surface, only small Ret and PEC changes (signal change < 0.5%) were observed compared
with the Hela cells immobilized with CEM/PTK7 aptamer, indicating the lack of
immobilization of the control cells with CEM/PTK?7 aptamer and the high selectivity of the
sensor toward Hela cells. Accordingly, the results of these studies introduced a reasonable
and reliable application of the fabricated cytosensor for high-sensitive diagnosis of Hela

cancer cells. The Influences of some common inorganic ions and biological compounds

Published on 12 July 2018. Downloaded by University of California - Santa Barbara on 7/16/2018 1:49:29 PM.

interferences on the designed biosensor were evaluated and these results were summarized in
Table S3.

4. Conclusion

In summary, a facile label-free PEC cytosensor was developed in this study by using g-C3N4
NSs doped with Agl NPs with an approximate average size of 70 nm. Because of the
significant role of Agl NPs on the g-CsN4 NSs structure, g-CsNs-Agl NSs exhibited intense
and stable PEC current in comparison with g-CsN4 NSs. Since one of the major challenges in
the scope of biosensors and biomedical engineering is a sensitive detection of cervical cancer

cells, an accurate and selective biosensor is designed for detecting the related cancer cells by
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using fabricated aptamer-based photoelectrochemical cytosensors. In addition, the, AEgh=5600:

affinity and specific interactions between aptamer sgal6 (anti-CEM/PTK?7) toward the Hela
cells effectively improved the sensitivity and the selectivity of the relevant cancer cell
detection when applied at the surface of the photoelectrochemical electrode as the recognition
layer. Moreover, along with the low overpotential and good reproducibility, stability, and
specificity, the designed photoelectrochemical cytosensor can determined Hela cells at the
concentrations as low as 5 cells/mL with a linear relationship between photocurrent and the
logarithmic value of cells concentration, which was found in the range of 10 to 1.0x10°
cells/ml with a low detection limit and correlation coefficient of 0.9751. In addition, simple
fabrication, selective and label-free properties of the as-prepared photoelectrochemical
biosensor made it a reliable bioanalysis tool for the Hela cells detection. To compare with the
previously reported biosensors for Hella cells diagnosis with different methods this facile
PEC cytosensor exhibits excellent efficiency that could find promising applications in related

biomedical field.
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Ilustration of PEC Cytosensor fabrication process and its corresponding photocurrents
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