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A B S T R A C T

Enlightened by the emerging cell-ion detection based on ion-selective-electrode (ISE), an aptamer capturing and
ISE transducing (AC&IT) strategy is proposed on the porous graphene oxide (PGO) decorated ISE (PGO-ISE), its
performances in both cell and ion detections are examined by use of AS1411 targeted A549 cell detection and
iodide-ISE as proof-of-concept. Firstly, GO flakes, exfoliated from graphite by modified Hummers method, are
cross-linked by thiourea mediated hydrothermal process, to 3-dimension networked PGO which is identified by
scanning-electron-microscope, UV–visible absorbance and X-ray photoelectron spectroscopy; its enhancing ef-
fect for cell capturing is evaluated by microscopy. Then, PGO-ISE is constructed by drop-coating PGO film on the
surface of ISE and followed by covalently anchoring AS1411. Electrochemistry measurements for different state
ISE (blank, PGO coated, AS1411 anchored and A549 captured) are performed by our home-made ISE-measuring
system. It is demonstrated that the best cell-sensitivity in buffer is − 25.21 mV/log10CA549 (R2 = 0.91), re-
solution in blood is 10 cells/ml. Interestingly, due to PGO's scaffold protection to the ionophore, I--sensitivity is
preserved as − 42.98mV/pI (R2 = 0.95, pI= -log10(CI)). Theoretical explanations are provided for the double-
sensing phenomenon according to basic ISE principle. It is believed the PGO-ISE based aptamer cell sensor will
be a promising experimental means for biomedical researches.

1. Introduction

Ion selective electrodes (ISEs) are a kind of well-studied ion specific
and potentiometric electrochemical (EC) sensors (Bobacka et al., 2008).
It has been demonstrated to have promising futures in biomedical
(Dimeski et al., 2010; Wang and Zheng, 2013) and environmental
protection (Crespo, 2017). Meanwhile, the inherent simplicity coming
from its double-electrode (2E) EC setup, excited lots of interests to
develop all-solid-state (Hu et al., 2016; Gallardo-González et al., 2018),
portable (Jaworska et al., 2017) and wearable (Wang et al., 2017) ISE
systems. The emerging cell-level ion detection (Kajisa et al., 2018; Kang
et al., 2014; Takami et al., 2012) provide a non-invasive electro-
chemistry method for cytology studies ( Konry et al., 2016; Kurczy and
Ewing, 2011). Enlightened by the emerging tendency in cytological ion
detection, we are curious about the idea: is it possible to exploit ISE as a
cell-detection sensor? According to the basic ISE principle, there are
two main elements to decide ISE output voltage (Vout). One is the

electrode's surface state, the other is the process of ion exchanging (IE)
at the interface of the solid electrode and the liquid analyte (IE@SL). If
one of them is altered by the captured cells, deviated Vout (ΔVout) can be
measured, cell-detection can be realized. To the best of our knowledge,
no works about ISE based cell-detection has been reported, heretofore.

The considerations to fulfill the aim of ISE based cell's detection are
elaborated at here, by the use of aptamer probe AS1411 and non-small
lung cancer cell (A549) as proof-of-concept. AS1411 is a highly effec-
tive aptamer, proved to have high immuno-affinity with nucleolin
which is over-expressed on the membrane of many cancer cells (in-
cluding A549) (Xu et al., 2016). In the field of EC sensors, AS1411's
specificities for cancer cells have been successfully exploited as cell-
detection sensors, based on the reduced carboxylated GO modified 3E-
EC platform (Feng et al., 2011; Zhao et al., 2017a, 2017b). The con-
tributions demonstrated, AS1411 captured cells' data are transduced to
the deduced peak currents and increased electron-transfer resistors.
Thereby, it is reasonable to transfer the biomedical proofed ability of
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AS1411 to capture A549 (Xu et al., 2016) onto the ISE platform.
Moreover, a biocompatible electrode interface is necessary for

keeping cell's activity. The recently developed porous graphene oxide
(PGO) is examined, because of its performances in biosensors (Hao
et al., 2017; Hu et al., 2018), high conductivity (Cao et al., 2016), as
well as robust three-dimensional (3D) network and biocompatibility (Li
et al., 2013; Nieto et al., 2015). It will be coated on the primary ISE,
then covalently fixed by AS1411 to provide a biofunctionalized and
conductive framework. This PGO supported aptamer sensing method is
similar to the recently reported photo-electrochemical thrombin ap-
tamer sensor (Hao et al., 2017), but with a different transducing ap-
proach. Moreover, in geometry micro-pores in PGO is in the level of
several-ten to several-hundred micro-meter (Cao et al., 2016; Hao et al.,
2017; Hu et al., 2018), it is suitable for holding cancer cells (10–20 μm
in diameter). Thereby, PGO layer is a good candidate for ISE based cell
sensor. However, what kind of effect it can make on ISE still needs to be
examined.

Last but not least, an iodide ISE (I--ISE) is used as proof-of-concept,
in this work, because of iodide's clinical values and its relation with
cancer diseases (Pötzi et al., 2006). In human body, iodide-update is
driven by the transmembrane glycoprotein (sodium iodide symporter,
NIS) (Viej and Santisteban, 2018); due to NIS deficiency, it is stopped or
dramatically weakened in cancer cells (Pötzi et al., 2006), including
A549 (Zhao et al., 2017a, 2017b). Accordingly, any deviations in Vout

will be due to the number of captured A549 cells, not by their ion-
uptake. What kind of Vout deviations can be measured and the me-
chanism in it are studied in this work.

Taking all these considerations into account, an aptamer capturing
and ISE transducing (AC&IT) strategy is formed and implemented
herein. Firstly, PGO is prepared based on the modified Hummers and
hydrothermal method, then identified by UV–vis absorbance and
scanning electron microscope (SEM) and X-ray Photoelectron
Spectroscopy (XPS). Then, 3-aminopropyltriethoxysilane (APTES) and
glutaraldehyde (GA) based covalent anchoring method is used to im-
mobilize AS1411 onto the PGO decorated I--ISE (PGO-I--ISE), following
previous works in fixing single strand DNA (ssDNA) onto silicon-nitride
film (Jia et al., 2012); and PGO enhanced cell capturing effect is con-
firmed by microscope. Thirdly, the I--responding curves of ISE in dif-
ferent states are carefully measured and discussed to give a theoretic
explanation. The cells in buffer solutions and whole blood are detected
to evaluate the capability of the proposed AS1411-PGO-I--ISE as cell-
sensor, as well as the interference of blood. It is found a novel double-
sensing feature is exhibited by the PGO-ISE based aptamer cell sensor.
Good sensitivities for both I- and A549, and as low as 10 cells/ml limit-
of-detection (LOD) are measured for cell samples in buffer solution and
in blood. However, the anti-infection ability is still a challenge for the
long term blood detection, due to the contaminations from proteins or
other elements in blood. Even though, the all-solid-state merit and
double-sensing novelty in this PGO-ISE aptamer cell sensor still en-
courage us to submit it and expect it may provide a new means for
biomedical studies.

2. Materials and methods

2.1. Materials

The main chemicals in the preparation of PGO are: graphite powder
(Beijing HWRK Chem Co. Ltd., China), GA and APTES (Sigma-Aldrich,
USA), H2SO4(98.0%), hydrogen peroxide (H2O2, 30.0%) and perman-
ganate (KMnO4) 99.5% (Tianjin Chemical Reagent wholesale company,
China). The Chemicals like magnesium chloride (MgCl2), potassium
chloride (KCl), thiourea, hydrochloric acid (HCl), sodium hydroxide
(NaOH), etc., are all analytic reagents, from Tianjin wind boat chemical
reagents Technology Co. Ltd., China. All reagents are diluted in deio-
nized water (DIW). The sequence of AS1411 (Sangon Biotech Co. Ltd.,
China) is: 5′-NH2-(CH2)6-GGT-GGT-GGT-GGT-TGT-GGT-GGT-GG-3′.

The stock AS1411 solutions are prepared in 10 μM in the buffer (10mM
Tris, 2.5 mM MgCl2, 140mM KCl, pH 7.4).

2.2. Cell culture

Human lung cancer cell line A549, breast cancer MDA-MB-231,
cervical cancer HeLa, and normal cell HUVEC were purchased from the
American Type Culture Collection (ATCC, Manassas, US). A549, MDA-
MB-231, HeLa, and HUVEC were cultured in ATCC-formulated F-12K
Medium (Catalog No.30-2004), Leibovitz's L-15 Medium (Catalog No.
30–2008), Eagle's Minimum Essential Medium (Catalog No. 30-2003),
and the Endothelial Cell Growth Kit-BBE (ATCC® PCS-100-040), re-
spectively. The media were additionally provided with 10% fetal bo-
vine serum (16000-044, Gibco, US) for all cancer cell lines, and 2% fetal
bovine serum for the normal cell line. All cell lines were cultured under
a humidified atmosphere with 5% CO2. Prior to each experiment, cells
were harvested using 0.25% trypsin/EDTA (25200-056, Gibco, US) and
were enumerated by the cell counter (Countess II Automated Cell
Counters, Invitrogen). For the following experiments, cells were washed
and re-suspended in PBS or healthy whole blood at a density of 1× 105

cells per ml. The suspension was then serially diluted for an expected
number immediately before the assay. The EDTA anti-coagulant blood
was obtained from patients with cancer (Tianjin medical university
cancer institute & hospital, China), respectively, with different density.

2.3. PGO preparation

According to the modified Hummers method (Kang et al., 2017) and
the hydrothermal method (Zhao et al., 2012), the procedure for PGO
preparation is diagrammed in Scheme 1 (A). Firstly, GO exfoliated by
the double-step oxidations (Kang et al., 2017) is prepared, thoroughly
rinsed and dried; then suspended in DIW, sonicated in water-bath and
centrifuged to obtain GO suspension. Secondly, in hydrothermal pro-
cess mediated by thiourea (Zhao et al., 2012), oxygen containing
groups on "GO flakes" are craked to small and thin sheets, then cross-
linked with each other, as shown in the yellow highlighted block of
Scheme 1 (A). At last, PGO suspension is prepared in DIW (0.05mg/
ml).

2.4. I--ISE and its sensing principle

The configuration of the I--ISE is sketched in Scheme 1(B), there are
two parts in it. (1) The working electrode (WE) is comprised of AgI/
AgS2 crystalline membrane which is the ionophore for I- and weld with
core wire, and the inner solution KNO3. The peripheral area of its front
is protected by insulator, while its central part is exposed to undergo
the biochemical treatments which are represented in Scheme 1(C). (2)
The counter electrode (CE) includes the Ag/AgCl wire, being coiled
around the insulated core wire, as shown in Scheme 1(B), and the inner
solution KCl which is saturated by AgCl. The collected electronic signal
Vout is acquired by a home-made and mobile-phone controlled ISE
measuring circuit board as shown in Scheme 1(D), in which the original
analog signal of Vout is amplified and converted to digital data, and
stored in SanDisk (SD). The digitalized Vout can be plotted in-
stantaneously or reviewed at any time.

The value of Vout is the potential difference of WE and CE (named as
EWE and ECE), which are defined by the Nernst equation (Pungor and
Tóth, 1970). In which, ECE is constant since CE is encapsulated and
unchanged; EWE is (Huang and Fang, 1990):

= ° −E E RT
F

log CWE 10 I (1)

CI is the concentration (mol/L) of I- ions in liquid phase; E° is the
standard potential in close relation with the natural of ionophore (AgI/
AgS2 crystalline membrane at here); T is absolute temperature; R and F
are the universal gas constant and Faraday constant. Thereby, Vout is:
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F
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F

pIout CE
o

10 I 0 (2)

Here, E0 =ECE-E°, pI is defined as: = −pI log C10 I.

2.5. PGO-I--ISE preparation and AS1411 immobilization

(1) the primary I--ISE is cleaned by Piranha solution; (2) then

incubated in 10% APTES at 50 °C for 2 h; (3) after being rinsed by DIW,
it is incubated in 5% GA solution at room temperature for 1 h; (4) after
being rinsed by DIW, its surface is drop-coated by 150 μL 0.05mg/ml
PGO solution and dried at room temperature, then PGO-I--ISE is ready
for use; (5) operations of (2) and (3) are repeated on the PGO-I--ISE; (6)
AS1411 in different concentrations are used to incubate PGO-I--ISE of
(5) with optimized incubation time of 4 h, after being rinsing by DIW,

Scheme 1. Experimental protocols for PGO-ISE based aptamer cell sensor. (A) Chemical procedures in preparing PGO. (B) Structure of I--ISE. (C) Steps for elec-
trochemical measurements in each of ISE state: before and surface modifications, cells' capturing, they are numbered as< 1> to<4> in sequence. (D) Sketch of
the electronic setup in the home-made ISE system. The output voltage of ISE is input to a circuit board, its primary analog signal is amplified, converted to digital data
and stored in the SD card, the system can be controlled by mobile phone through "Blue tooth" block.
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AS1411-PGO-I--ISE is ready for use.

2.6. Samples for characterizations and microphotograph

(1) UV–vis samples are graphite, GO and PGO DIW suspensions in
quartz cuvettes. (2) SEM samples are the drop-coated GO and PGO films
on the glass slide, which are pretreated by Piranha solution, APTES and
GA, in sequence. (3) XPS sample is the similar PGO film as in (2). (4) Six
slide samples for the cells capturing microphotographs are prepared by
incubating the Piranha solution cleaned glass slide, PGO coated glass
slide and/or AS1411 modified glass slides in 105 cells/ml A549 PBS
solutions, respectively. Detailed operations are depicted in Fig. S3. The
slide samples are named as: (A) is coated by PGO, then modified by
AS1411 (1 μM); (B) is only modified by AS1411 (1 μM), not coated by
PGO; (C) is cleaned slide without any modification; (D) to (F) are si-
milar to (A), with the difference in AS1411 concentrations, (D) is
500 nM, (E) is 100 nM and (F) is 1 nM.

2.7. Electrochemical experiments

The main electronic experiments are sketched in Scheme 1 (C), il-
lustrations for them are presented at here.< 1>The responding of the
original I--ISE is examined firstly, as a control to evaluate the effects of
the following surface modification. The measuring operation is outlined
at here and repeated in the following steps: the cleaned device is im-
mersed into the KI solutions with different concentrations and the data
of Vout are measured and recorded by the home-made measuring
system, name as Blank.< 2>PGO-I--ISE is examined to evaluate PGO
influence on the original I--ISE sensitivity. < 3>After incubating
APTES&GA modified PGO-I--ISE in AS1411 solutions with different
concentrations, EC examinations for each of AS1411-PGO-I--ISE are
conducted.< 4>After AS1411-PGO-I--ISEs are incubated with A549
PBS and blood solutions in alternation and in different concentrations
(10–105 cells/ml). EC measurements are executed after each incuba-
tion, named as A549@PBS and A549@Blood, respectively.

2.8. Apparatus

(1) The SEM images are obtained by SEM S-3500N (Hitachi, Japan)
to examine the micro-morphology in PGO. (2) UV–vis spectrum of
graphite, GO and PGO DIW suspensions are examined by UV754N
(Shanghai Precision Science Instrument Co Ltd, China). (3) The PGO
film is characterized by Axis Ultra DLD (Kratos Analytical Ltd., UK), the
full spectrum and the core XPS spectra of C, N, O and S are achieved.
Component analyzations are executed on the core spectra by CasaXPS®.
(4) Bio-microscope WYS-CX23 (KJ Biotech, Tianjin, China) is used to
take microphotographs of the captured A549 cells on glass slides.

3. Results and discussion

3.1. UV–vis and SEM of PGO

UV–vis results are shown in Fig. 1(A). The max-absorbance wave-
length (λmax) of GO (blue line) is at about 229.6 nm; meanwhile, a
shoulder peak is found at about 282–302 nm. The PGO spectrum (red
line) is blue-shifted and narrowed, its λmax is about 201.4 nm and the
shoulder peak is found at about 215.4 nm with the width of about 8 nm.
The micro-morphological characterizations of GO and PGO are also
examined and shown in Fig. 1(B) to (D). Since we failed to find a PGO
UV–vis spectrum, the prepared PGO is identified with the references to
(Kang et al., 2017; Zhao et al., 2012).

According to the studies about modified Hummers method (Kang
et al., 2017), the blue-shift of PGO is deduced to the size-reducing ef-
fect, which is also evidenced by SEM photographs in Fig. 1(B) to (D).
However, in this work, it is not induced by the second oxidation (Kang
et al., 2017), but by the hydrothermal reaction. The large GO flakes in

Fig. 1(B) are cracked to the small sheets (Fig. 1(C) and (D)), by the
pyrolysis production (ammonia (NH3), hydrogen sulfide (H2S), etc.) of
thiourea (Zhao et al., 2012).

Moreover, H2S and NH3 produced in the hydrothermal (Zhao et al.,
2012) can effectively react with the oxygen-containing groups on GO
flake, like C-O-C, C-OH and -COOH, these reactions can reduce the
oxidation degree. Thereby, the shoulder peak is narrowed from 20 nm
in GO sample to 8 nm in PGO, the residue oxygen elements are also
evidenced by the full XPS spectrum of PGO in Fig. 2(A). That is to say,
though there is some reducing reaction during the hydrothermal pro-
cess, there are still considerable oxygen-containing groups left on PGO
flakes. At the same time, nitrogen and sulfur containing groups are
introduced onto PGO which can be identified by the following XPS
analysis given in Fig. 2.

Thirdly, the appearances of peaks in UV band indicate there are π-
π * transitions (Kang et al., 2017; Zhao et al., 2012). In "Graphite"
spectra (the black line, in Fig. 1(A)), though it seems to have an in-
creased normalized absorbance when the wavelength is lowered from
220 to 200 nm, it can not be deemed as the absorbance peak. Because
its un-normalized spectrum (Fig. S1) is flat, only vibrating between 0.25
and 0.40, and no peak exists. On the contrary, for PGO sample, the
strong peak in UV band and almost zero absorbance in the visible both
indicate that "π-π*" transition are excited. It is demonstrated, the thin
and small GO sheets are the main elements in PGO, they are loosely
cross-linked to a micro-porous structure, not tightly stacked.

Finally, the micro-porous structure in PGO is evidenced by SEM
images in Fig. 1(C) and (D), in contrast with GO SEM image (B), the
thinner and smaller sheets can be recognized easily. The size of the
pores measured in Fig. 1(C) is about 30 µm. It is just fit for housing
A549 cells, which is about 15 µm in diameter, measured by the mi-
croscope in Fig. S2.

3.2. XPS of PGO

XPS full spectrum is presented in Fig. 2(A). The two fundamental
elements are C 85.51% and O 11.35%; the elements from thiourea are N
1.39% and S 0.75%; Na 0.997% may be caused by contaminations. Core
spectra of C, O, N and S are presented in Fig. 2(B) to (E).

Firstly, the highest split-peak (284.6 eV) of C1s in Fig. 2(B) re-
presents the carbons in the honeycomb lattice of graphene (C-C or C˭C)
(Hu et al., 2018), the contents of them is much higher than the other
split_peaks (at 285.34, 286.84 and 290.14 eV). That is to say, there is an
undamaged 2-dimensional (2D) hexagon network in PGO. Meanwhile,
the lower peaks at 285.34, 286.84 and 290.14 eV are attributed to
groups of C-N, C-O, C-S and C˭O, respectively (Hu et al., 2018; Li et al.,
2017). Detailed analyzation will be presented in discussions about core
spectra of O1s, C1s and S2p.

Secondly, O1s spectrum and its split curves indicate oxygen-con-
taining groups are -COOH (@533.34), O-N (@531.44) and cluster -OH/
H2O (@535.04), as shown in Fig. 2(C). In which, -COOH groups are
introduced by the oxidation; O-N groups are introduced by the ammino
function in the hydrothermal process, while detailed N-containing
groups will be discussed in the next paragraph; water molecules in
cluster -OH/H2O groups are introduced in hydrothermal process. Be-
sides, a small peak at 537.94 eV belongs to aldehyde (-CH=O) groups
may be attributed by GA, being used to pretreat the substrate.

Thirdly, N1s spectrum and its split curves in Fig. 2(D) indicate, the
main N-containing groups are -NH2 groups (@ 400.04), being con-
tributed by the chemical reaction in the hydrothermal process. While
the two small split_peaks at 398.27 and 401.74 eV belong to the N
elements in a cyclic structure, i.e., groups of pyrimidine and quinoline
(Zhao et al., 2012).

At last, S-containing groups found in Fig. 2(E) are -SH groups (@
163.84), C-S (@165.04) and S˭O (@167.94). These groups are in ac-
cordance with the split_peaks in Fig. 2(A) and (B), which are C-S (@
286.84) and O-S (@533.34), respectively.
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The contents of these groups are summarized in Table S1. Among
them, the predominant and easy-to-functional groups are -COOH and
-NH2. According to this surface state, a traditional APTES and GA
modification method is used to form an aldehyde-unified on the PGO
film, then -NH2 modified AS1411 molecules can be covalently an-
chored.

3.3. Microscope

The microscope of A549 cells captured by different slide samples (A
to F, named in Section 2.6 (4)) are shown in Fig. 3. The number of
captured A549 cells is increased from (C) to (B) because AS1411 are
anchored on slides; it is further increased from (B) to (A) due to an extra
PGO layer coated on slide.

To further demonstrate the function of PGO to accommodate
AS1411 and captured A549 cells, PGO coated slides are incubated in
different concentrations of AS1411, which are 500 nM (D), 100 nM (E)
and 1 nM (F), as well as 1 μM (A). The captured cells on each of them
are compared in Fig. 3. With the increasing of AS1411 concentrations,
more A549 cells are captured. It indicates when the concentration of
AS1411 is lower than 1 μM, PGO is fully functionalized, in agreement
with the electrochemical results in Section 3.5.

3.4. I--responding of PGO-I--ISE and AS1411-PGO-I--ISE

ISE working principle indicates if the ionophore is covered by PGO
film, IE@SL will be hindered, then I--sensitivity will be decreased.
However, the measured results are out of our expectation.

As shown in Fig. 4, the original I--responding (59mV/pI) is not
decreased after being coated PGO film (1st_day) indicates the iono-
phore is undamaged, the IE@SL of I- between electrolyte solution and

ionophore (Huang and Fang, 1990) is permitted. Examinations in next 3
days illustrate, I--sensitivity decreases to 54mV/pI, meanwhile the
curves move up in parallel to "blank" and "1st_day". Illustrations for the
PGO induced variations of Vout are: (1) the small reducing sensitivity
(5 mV/pI) indicates there is only a little veiling effect on the ionophore;
(2) up-moving curves are caused by the dehydration of cluster OH/H2O
( in Fig. 2(C)), the hydroxyl groups are exposed, the polarity of OH
groups enhance the standard potential E° in the equations of (1) and
(2), as well as E0.

3.5. AS1411 immobilization on PGO-I--ISE

Single strand DNA(ssDNA) AS1411 is soft, covalently anchored
AS1411 molecules tend to lie on the surface of PGO-I–ISE, then more
negative charges will be induced by the negatively charged phosphate
backbone of AS1411, thereby increase E0 in Eq. (2). So, in the low
AS1411 concentrations, the I--responding curves are moved up, as
shown by the dash lines in Fig. 4(B). With the increasing of AS1411
concentrations, G-quardruplex is formed, the negative charges are ba-
lanced and the soft ssDNA molecules are turned to be hard and stand
up. So the I--responding curves fall back to PGO-I--ISE, as shown by the
short dash lines in Fig. 4(B). In the whole process, it is found, the I--
sensitivity is only decreased a little. It indicates, the IE@SL is un-spoilt,
the reason may be: the small molecules of AS1411 are anchored on
small flakes of GO sheets in PGO, they do not block IE channels on the
ionophore (AgI/Ag2S crystal membrane (Huang and Fang, 1990), at
here).

This examination also help us to determine an optimized AS1411
concentration. The curves of Vout vs. AS1411 concentration in inset of
Fig. 4(B) indicate, when the KI concentrations are not lower than
5×10−5 mol/L, the curves are in a similar profile. The changing

Fig. 1. (A)UV–vis spectra of graphite, GO and PGO. (B) SEM of GO. (C) and (D) are SEM photographs of PGO in the magnifications of 10 thousand (10 K) and 20
thousand (20 K), respectively.

R. Zhang et al. Biosensors and Bioelectronics 117 (2018) 303–311

307



trajectory of Vout indicates there are three steps: (1) at lower con-
centrations, the anchored AS1411 molecules are in ssDNA state, with
the increasing of AS1411 concentration, the number of AS1411 mole-
cules are increased; (2) at medium concentrations (100 nM to 1 μM),
the forming of G-quardruplex structure are brought about, and values of
E0 are lowered; (3) when all the anchored ssDNA molecules are hy-
bridized to G-quardruplex, no more ssDNA could be covalently bond,
then the surface potential is unchanged, thereby the curves tend to be
flat for each of the KI concentrations. According to the sensing me-
chanism of AS1411 in recognizing cancer cells (Xu et al., 2016; Zhao

et al., 2017a, 2017b; Feng et al., 2011), G-quardruplex structure is
necessary, so the optimized AS1411 concentration for the following
experiments is decided at 1 μM, in accordance with the micro-
photograph results in Fig. 2. At last, the curve at the lower KI con-
centration (5×10−6 mol/L) in inset of Fig. 4(B) is different from
others, due to the disturbance of Cl- ions which are introduced from
AS1411 incubation solutions. The experiment and result of Cl- ions'
influence are presented in Fig. S4. More experimental results for opti-
mizing incubation times are provided in Fig. S6.

Fig. 2. XPS characterizations of PGO film: (A) full spectrum; (B) to (D) are core spectra of C1s, O1s, N1s and S2p. Dot lines are measured data (MEA), the peak-split
curves are plotted by the blue, red, green and pink lines for each of the core spectra, according to necessary. The peaks on each of the split-lines are labeled by the
symbols of green star, their binding energies (BEs) are also presented in the legends of (B) to (D). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.).
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3.6. Cell detection by AS1411-PGO-I--ISE

As shown in Fig. 5(A), after being incubated in different cell's
concentrations, the I--responding curves are moved downward and in
parallel to its initial curve which is "AS1411-PGO-I--ISE". This result is
analogous to the curves in Fig. 4. It is deduced that the I- ionophore on
ISE is un-damaged, either. The captured cells are linked onto PGO film
by the high immuno-affinity, the scaffold architecture of PGO provides
a spongy-like protection for the ionophore (Huang and Fang, 1990). So,
even after being incubated with A549 solution in 105 cells/ml, I--sen-
sitivity of − 42.98mV/pI (R2 = 0.945) is still measured. The repeated
experimental results by three devices are presented in Fig. S5 to de-
monstrate the persisted I--responding.

The performance as a cell sensor is presented in Fig. 5 (B). The
measured data ("MES") of AS144-PGO-I--ISE, linear fit lines ("LF") and
the normalized data ("NOR") indicate, the higher sensitivity for A549 is
obtained in 5mM KI solution, which is about − 25.21mV/log10CA549

(R2 = 0.91). With the increasing of cells' concentration, Vout is

decreased, it indicates that a surface state changing is caused by the
captured cells. This is in accordance with increased surface impedance
reported by electrochemical impedance spectroscopy (EIS) studies
(Feng et al., 2011; Zhao et al., 2017a, 2017b).

To examine the possible interference from real samples, the whole
blood is used as the medium for cell incubation. As shown in Fig. S5(F),
in the first two rounds, Vout is lowered continuously. That indicates
there are cancer cells existing in the blood sample of patients with in-
filtrating cancer, so even no A549 is spiked into the blood sample, there
is still measurable Vout deviation. However, in the third and fourth
rounds of incubations, no cells' sensing behaviour is observed and I--
responding curves are lowered, as shown in Fig. S5(F). We deduce it is
related with the unspecific absorbed erythrocyte, platelet and protein
molecules. These materials are smaller, can enter and accumulate in the
micro-holes of PGO layer. If the blood incubation time is long enough,
the conglutinations of these materials veil the ionophore, hinder the
process of IE@SL and induce the lowered slope of Vout-pI curves, as
shown in Fig. S5(F) and Fig. 5(D). So for long-term contacting with real

Fig. 3. The microphotographs of six slide samples, according to the nomenclature in Section 2.6 (4).

Fig. 4. I--responding curves. (A) PGO-I--ISE and the primary I--ISE (Blank). PGO-I--ISE are examined immediately after being prepared (named as 1st_day), and in the
next 3 days (named as 2nd_day, 3rd_day and 4th_day). (B) AS1411-PGO-I--ISE, incubated with different concentration of AS1411 (1 n, 50 n, 100 n, 500 n, 1 μ and 10
μΜ). Inset is the curves of Vout vs. AS1411 concentrations at constant KI solutions. Error bar is RSD and n=3.
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samples, the anti-contamination treating method should be in-
vestigated. However, in the first two rounds of blood incubation, the
problem of these materials conglutination is not serious, the device can
distinguish the increased 10 cells/ml A549 in blood.

What is more, the upward moving curves, from AS1411 to 0 and 10
cells/ml shown in Fig. 5(A) and Fig. S5(A) to (C) are still obvious. By
the use of these I--responding curves in different states of ISE, the
sensing mechanism of AS1411-PGO-I--ISE for cells is summarized at
here: (1) Slopes of linear fitted curves (LFC) which are − 59 mv/pI
(Blank), − 54.2 mv/pI (PGO) and − 51.8 mv/pI (AS1411 and A549@
PBS) indicate, the primary I--sensibility is persisted. Besides, the shifting
of the curves in longitudinal direction are attributed to the surface
states' alterations which are caused by PGO deposition and AS1411
functionalization. Detailed explanations could be found in Sections 3.4
and 3.5, respectively. (2) The lowered slope of "A549@Blood"
(−37mV/pI) indicates the ionophore is damaged by the accumulated
erythrocyte, platelet or protein molecules, as illustrated in the last
paragraph. (3) The altered surface states cause the variations of the
constant part (E0) in Eq. (2), which make the parallel moving of the I--
responding curves (as shown in Fig. 5 (B)), this surface state induced
Vout changing makes a great contribution to the cell-sensing behaviour.

3.7. Application of AS1411-PGO-I--ISE as a cell sensor

The selectivity of the proposed AS1411-PGO-I--ISE for cancer cells
in blood background and the relation between the electronic signals

and the samples' clinical stages are both examined and presented in
Fig. 5(C) and (D). To avoid the potential interferences coming from
blood which has been mentioned in Section 3.6, the AS1411-PGO-I--
ISEs are one-time used for each of the bio-samples, at here.

In Fig. 5(C), cells of A549, MDA-MB-231, HeLa and HUVEC under
the blood background are used as proof-of-concepts. It could be found
that the deviation rates of Vout (ΔVout/Vout,0) for cancer cells (A549,
MDA-MB-231 and HeLa) are obviously bigger than normal cell
(HUVEC). It demonstrates that there is good selectivity for cancer cells
in the proposed PGO-I--ISE based aptamer cell sensor. Cross contrasting
of Fig. 5(B) and (C) indicates target cancer cells will induce negative
deviation rates, and more cells are in the solutions more bigger devia-
tion rates will be.

In Fig. 5(D), the clinical samples' stages (cancer stage I, II, III and
health) are found to be closely related with the measured ΔVout/Vout,0.
The higher cancer stage indicates more cancer cells should be in the
blood samples. It is found that the Vout deviation rate from the higher
stage samples are bigger than the lower stage. It is just in agreement
with the measured results in Fig. 5(B) and (C). Meanwhile, the che-
motherapy treated effect is also measured out by the decreased column
height, as shown by the label in Fig. 5(D). These results demonstrate
that this PGO-ISE based aptamer cell sensor could be developed as a
potential tool for medical laboratory.

Fig. 5. Cells detection on AS1411-PGO-I--ISE in PBS and blood samples. (A) I--responding curves of AS1411-PGO-I--ISE after being incubated in A549 solutions with
different concentrations. (B) Cell sensing features at constant KI concentrations and their normalized data. (C) The selectivity test is carried out between cancer cells
(A549, MDA-MB-231 and HeLa) and normal cell (HUVEC), in the medium of healthy blood with the concentration of 1000 cells/ml. That is, four kinds of cells are
spiked into the same healthy blood. (D) The clinical blood samples in different stages are examined, in which one of the Cancer III samples was treated by AC regimen
(the liposomes of doropepirubicin were 50mg and cyclophosphamide 800mg) chemotherapy for 3 cycles. The data points of both (C) and (D) are measured in same
KI concentration (5× 10−3 mol/L), and ΔVout/Vout,0 are calculated and plotted in the histogram, in which Vout,0 is the measured Vout just after being anchored with
AS1411. All the error bars are RSD and n=3.
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4. Conclusion

In this work, an AC&IT strategy is described and realized by the use
of the PGO modified I--ISE and AS1411 as a proof-of-concept. A novel
double sensing performance for I- and cancer cells is found to be pos-
sessed by this AS1411-PGO-I--ISE. The as-prepared PGO material are
firstly characterized by XPS, SEM and UV–vis to evidence the micro-
porous structure and components in the PGO film. The functionality of
AS1411 and PGO are evidenced by the microscope results. Through the
carefully executed electrochemical experiments, the I- responding is
found to be maintained by the PGO decorated and AS1411 functiona-
lized I--ISE, though there are deviations in their responding curves
which are attributed to the surface modifications. The surface-state
based deduction is further extended to the cell sensing mechanism in
the proposed PGO-I--ISE based aptamer cell sensor, which is evidenced
by the parallel moved I--sensing curves after incubations with cells'
solutions in different concentrations. Last but not least, the selectivity
for target cancer cells (A549, MDA-MB-231, HeLa) are examined in
blood environments, by the use of HUVEC as a control. The clinical
blood samples with different diagnostic results are also tested by the
proposed PGO-I--ISE based aptamer cell sensor. Moreover, the possible
interferences in bio-samples are also examined and presented in the
Supplementary materials. It is indicated that the discovered double
sensing performance could be developed as an interesting bio-electronic
component. However in this work, we only described the preparations,
experiments, theories and single applications about this double sensing
biosensor. In our later work, more endeavors will be put on the com-
prehensive exploitation of this double sensing feature in one biological
process.
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