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a b s t r a c t

In this paper, we rationally design a novel G-quadruplex-selective luminescent iridium (III) complex for
rapid detection of oligonucleotide and VEGF165 in microfluidics. This new probe is applied as a con-
venient biosensor for label-free quantitative analysis of VEGF165 protein from cell metabolism, as well as
for studying the kinetics of the aptamer–protein interaction combination with a microfluidic platform. As
a result, we have successfully established a quantitative analysis of VEGF165 from cell metabolism. Fur-
thermore, based on the principles of hydrodynamic focusing and diffusive mixing, different transient
states during kinetics process were monitored and recorded. Thus, the combination of microfluidic
technique and G-quadruplex luminescent probe will be potentially applied in the studies of in-
tramolecular interactions and molecule recognition in the future.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Proteins serve as the molecular “workers” of cells that play
important roles for carrying signals, chemical messengers, and
regulating the functions in cells. Detection and quantification of
proteins during cellular metabolism will be beneficial to under-
stand the cell culture conditions and reflect the resultant effects on
the productions (Burleigh et al., 2011; Cairns et al., 2011; Gambhir
et al., 2003), which will promote the understanding of cancer
disease-related biological processes (Ghesquière et al., 2014; Jain
et al., 2012; Oladipupo et al., 2011; Papadopoulos et al., 2012), and
also reveal the intracellular biochemical reaction rates (DeBer-
ardinis and Thompson 2012; Paige et al., 2012; Wu et al., 2013;
Papadopoulos et al., 2012). Recently, in-depth insights into cell
metabolism become an important tool in the disease-marker dis-
covery in the basic and applied biomedical researches (Chen et al.,
2012; Xu et al., 2014; Ning et al., 2014). In general, traditional
approaches for the determination of protein and nucleic acid
Ma),
interactions are commonly implemented by gel retardation,
DNASE1 foot-printing, methylation interference, chromatin im-
mune precipitation. Most of them are tedious, time-consuming,
and high cost. An efficient and simple strategy for rapid and sen-
sitive detection of cancer-related proteins is, thus, an urgently
required.

Nucleic acid aptamers are single-stranded oligonucleotides
from DNA/RNA libraries, which can bind specific molecular targets
(Freeman et al., 2012; Iliuk et al., 2011). Due to their high affinity
and specificity, aptamers have been most widely used for disease
diagnosis, cell therapy, drug delivery and biosensors. More im-
portantly, functional nucleic acid (FNA), which is aptamer as-
sembled with DNAzyme (Aleman-Garcia et al., 2014; Nakayama
and Sintim 2009) is available for catalyzing chemical reactions by
binding the targets. Meanwhile, because the long-lived phos-
phorescence allowing for distinguishing fluorescent environment,
large Stokes shifts can reduce self-quenching, and modular
synthesis that can easily change the photophysical and molecular
recognition properties without labour-intensive synthetic proto-
cols (Leung et al., 2013; Ma et al., 2014), photoluminescent iridium
(III) complex has attracted more and more interests in lumines-
cence signaling and sensory applications. We report herein the
synthesis and application of a novel G-quadruplex-selective
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Fig. 1. G-quadruplex probe 1 for VEGF165 assay in the microchip. (A) Schematic
illustration of VEGF165 assay based on G-quadruplex probe 1. (B) The profile of
microfluidic mixing device. The center inlet was applied to introduce VEGF165 so-
lution. The side inlet2 was used to introduce DNA solution, while complex 1 was
injected from side inlet1. Solutions can be rapidly mixed in the mixing region.
Extended observing channel prolongs the observation time up to minutes.
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luminescent iridium (III) complex 1 for label-free, rapid and sen-
sitive determination of VEGF165 from cell metabolite. The me-
chanism of this assay is illustrated in Fig. 1, and the structure of
iridium (III) complex 1 in Fig. 2A. Nowadays, quantitative in-
vestigation of the interplay of protein and nucleic acid shows great
promises for revealing the potential mechanism of cellular sig-
naling process. For example, quantitative investigation of the in-
terplay of protein and nucleic acid shows great promises for re-
vealing the potential mechanism of cellular signaling process. For
these reasons, monitoring the interactions of protein and nucleic
acid will facilitate to understand the dynamic equilibrium of
protein-nucleic acid complex or protein folding pathways, and to
elucidate the transitions occurring between different conforma-
tional states (Hwang and Myong 2014; Konishi et al., 2012; Schuler
and Hofmann 2013). Meanwhile, because protein-nucleic acid in-
teraction occurs at the moment when protein molecules promote
a DNA/RNA conformational transition (Hofmann, et al., 2010;
Lipman et al., 2003), dynamic resolution of the instruments is
required on milli-/micro- second scale resolution (Vahidi, et al.,
2013; Zhang et al., 2014). It is a huge challenge by the existing
method. Recently, microfluidic mixing is emerged as an excellent
method for observing transient states of protein and nucleic acid
complexes (Gambin, et al., 2010; Johnson, et al., 2002; Xia, et al.,
2005; Wunderlich et al., 2013) due to the following advantages:
(i) eliminating turbulence and enhancing laminar and steady fluid
flow in microchannel, providing the possibility of building a
mathematical model for complex geometries; (ii) precisely con-
trolling flow rates at a short diffusion time allows them to achieve
the accurate results within milli-/micro-second scale and little
effect on surrounding environments; (iii) easily recording the re-
action process by emplacing different observation positions along
the microchannel; (IV) only an extremely small sample volume
(microliters) is required for each assay, resulting in minimizing
reagent and sample consumption. However, despite its high scale
resolution and its broad dynamic range, the stability of the system
is limited especially in the multiplex inlets. In this context, the U
sharp channels are designed at nearby the inlets. The adding
U-sharp channels alter the pressure of the system, resulting in
greatly improving the stability of the system.

Vascular endothelial growth factor (VEGF165), a kind of glyco-
lated protein, is a crucial angiogenic mitogen over-expressed in the
tumor cells, and can induce their migration, excessive prolifera-
tion, invasion and metabolism in the body (Choi et al., 2013;
McCarthy, 2012; Saharinen et al., 2011). Moreover, various kinds of
VEGF165 aptasensor have been developed (Cho et al., 2012; Free-
man et al., 2012; Iliuk et al., 2011; Kwon et al., 2012). As a proof-of-
concept, VEGF165 is selected as a model analyte of glycolated
protein. The cell metabolite VEGF165 was analyzed based on a new
synthesized iridium (III) complex and a fragment of FNA. The ir-
idium (III) complex was a G-quadruplex-selective luminescent
probe. The FNA fragment is hairpin structure including VEGF165
aptamer, G-quadruplex sequence and its complementary se-
quence. The usage of this aptasensor can specifically detect
VEGF165 with low background because the hairpin structure can-
not bind to iridium (III) complex, and hairpin structure of fragment
is not easy to degrade. The high luminescent signal can be only
recorded when it is in the present of VEGF165 because the hairpin
structure was destroyed. Furthermore, we designed a microfluidic
device for monitoring protein–nucleic acid interactions. The ap-
plication of U-sharp channels greatly improve the stability in the
system, and the frequency of every transients can be recorded
combination with iridium (III) complex 1. The results showed that
our designed device can not only provide a highly sensitive system
for kinetic study of protein-DNA complexes especially in cases
where reagents or samples are in limited supply, but also for cell
metabolites analysis.
2. Experimental section

2.1. Cell culture

CaSki cell line was purchased from Cancer Institute & Hospital
Chinese Academy of Medical Science (Beijing, China). CaSki cells
were cultured in DMEM media supplemented with 1% fetal bovine
serum (FBS), 100 μg/mL penicillin, and 100 μg/mL streptomycin.
CaSki cells were also cultured with the final concentration
10 μg/mL of paclitaxel. Cells were maintained in a humidified at-
mosphere with 5% CO2 at 37 °C.

2.2. Iridium complex 1 synthesis

The complex 1 were prepared according to literature methods
(Ma et al., 2014), but the ligand is different. All complexes are
characterized by 1H NMR, 13C NMR and high resolution mass
spectrometry (HRMS). Complex 1. Yield: 57%. 1H NMR (400 MHz,
Acetone-d6) δ 8.44–8.42 (d, J¼8.0 Hz, 2H), 8.15 (s, 2H), 8.09–8.05
(m, 4H), 7.88 (s, 2H), 7.64 (s, 10H), 7.18–7.14 (t, J¼8.0 Hz, 2H), 6.76-
6.70 (t, J¼8.0 Hz, 2H), 5.78-5.76 (d, J¼8.0 Hz, 2H),2.38 (s, 6H); 13C
NMR (400 MHz, Acetone-d6) δ 164.8, 164.0, 163.9, 161.4, 159.8,
153.7, 153.6, 151.2, 150.9, 148.6, 139.7, 135.8, 129.7, 129.6, 129.0,
128.5, 128.0, 127.8, 125.0, 123.8, 123.7, 123.5, 113.7, 113.5, 98.6, 98.3,
98.1, 27.2; HRMS: Calcd. for C48H32F4IrN4 [M–PF6]þ: 933.2192,
found: 933.2224; elemental anal. (C48H32N4IrPF10) C, H, N: calcd:
53.48, 2.99, 5.2; found: 53.23, 3.07, 5.25.



Fig. 2. The selectivity of iridium complex 1. (A) The structure of iridium complex 1. (B) The fold increase in luminescence emission of 1 with different kinds of DNA; (C) The
luminescence intensity of 1 bind to G1′. (D). The luminescence intensity of 1 bind to G1, G2, G3, respectively. The concentration of 1 was 4.00 μM. The concentrations of
various kinds of DNA were 5.00 μM.
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2.3. Single-molecule spectroscopy for VEGF165 assay

Complex 1 (excitation, 310 nm; emission, 516 nm), oligonu-
cleotide solution and VEGF165 were introduced into the channel by
a Harvard pump (PHD 2000 programmable). A fluorescence mi-
croscope (Leica DMI 4000B, Wetzlar, Germany) was used to ac-
quire single molecule luminescence spectra data, and a CCD
camera was equipped to obtain image and movie of the micro-
fluidic devices. Signals generated under a 310 nm laser excitation
and were collected by a CCD camera. These data were reorganized
to give luminescence intensity time trajectories of individual
molecules. The luminescence intensities were binned and fitted to
four Gaussian distributions respectively, representing intensities of
the complex 1 only, 1 with DNA, 1 with VEGF165 and 1-DNA with
protein bound. Relative frequency analysis was conducted to de-
termine the sensitivity in each structural change event. Moreover,
data of time dependent-luminescent intensity were also recorded
by fluorescence spectrophotometer (Hitachi F-7000), with time
resolution of 0.002 s.
3. Results and discussion

3.1. Oligonucleotides and switch-on iridium (III) probe for VEGF165
assay

The G-quadruplex is a DNA/RNA secondary structure formed by
guanine-rich sequences, and consists of square-planar arrange-
ments of guanine nucleobases stabilized by Hoogsteen hydrogen
bonding and monovalent cations (Davis 2004; Ma et al., 2008). In
this work, we hypothesis that aptamer of VEGF165, G-quadruplex
and its complementary sequence can form the stable hairpin
structure. The aptamer sequence of VEGF165 would be in loop area.
In the presence of VEGF165, the hairpin DNA was opened, and
G-quadruplex structure would be formed. Then the special Irdium
complex 1 would bind to G-quadruplex structure and generate to
strong luminescence. In the absence of VEGF165, hairpin structure
can not be opend, resulting in weak luminescence in Fig. 1A.
Therefore, different oligonucleotide sequences (G1, G2, G3 and
G1′) were designed in Table S1. The selectivity of luminescent ir-
idium (III) complex 1 was confirmed by different kinds of oligo-
nucleotides including double-stranded DNA, single-stranded DNA,
and various G-quadruplex DNA in Fig. 2B. It was found that iridium
(III) complex 1 can selectively recognize G-quadruplex structures
such as PS2.M and Pu27, resulting in strong luminescence at
520 nm. On the other hand, complex 1 had low background lu-
minescent signal in buffer solution (100 mM Tris–HCl, 150 mM
KCl, pH 8.0) or in the presence of single-stranded DNA (ssDNA) or
double-stranded DNA (dsDNA). Absorption spectra of 2 μM



Fig. 3. (A) At turning 3, time dependent- luminescence images of sample traces representing the interaction among VEGF165, DNA and 1. The time set as zero when the
samples were beginning to meet. When the solutions begin to meet, the pump was powered off on instant. Picture was taken every 0.125 s. (B) The time-dependent intensity
during 2 s after mixing VEGF165, DNA, and 1.
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complex 1 in acetonitrile were showed in Fig. S1. Interestingly, the
emission wavelength of 1 was observed to shift to 516 nm when
the complex flowed into a microchannel, with its intensity greatly
decreased, which was attributed to the absorption of lumines-
cence by PDMS in Fig. S2.

In absence of VEGF165, the signals of G1, TBA and PS2.M were
highest, and then PU27 and G2, indicating that G1 and G2 may
initially exist as G-quadruplex structures because all of these oli-
gonucleotide contained G-quadruplex sequence. And PS2.M, Pu27,
and TBA have been well proved to be G-quadruplex (Fig. 2B). In the
presence of 13.00 nM VEGF165, the intensities of G1 and G2 were
weak, demonstrating the failed designing of G1 and G2 oligonu-
cleotides (Fig. 2D). Fig. 2C showed that in the presence of VEGF165,
the intensity was greatly increased by the application of G1′ and 1,
indicating that G1′ can be used for VEGF165 assay. Meanwhile, the
intensity of G3 was lower in the absence of VEGF165, but was
greatly enhanced upon the addition of oligonucleotide. These re-
sults showed that G3 would also be suitable to VEGF165 assay. In
applying G1′ and G3 to detect VEGF165, we found the limit of de-
tection (LOD) of G1′ was lower than that of G3 (Fig. S3), therefore,
G1′ was applied in the following experiments. Furthermore, the
concentration of 1 was optimized, and the control experiment was
performed in the absence of the correspondent concentration of
VEGF165. We found that 3.00 μM of 1 gave a lower background
signal and a wider linear range comparing with 4.00 μM and
5.00 μM of 1 (Fig. S4). Thus, 3.00 μM of 1 was used for the VEGF165
assay.

3.2. Design of microfluidic device for VEGF165 assay

Our microfluidic device allows the entire changes of protein–
induced DNA interactions to be monitored, and intermediates
detected, which was manufactured by standard soft-lithography
technology in Fig. S5 (Lin et al., 2014; Wang et al., 2014). By con-
trolling the flow rate, we ensured that the initiation for DNA
folding observation was completed before the earliest change in
DNA or protein conformation began. Fig. 1B presents the layout
and key elements of the device (the details was provided in sup-
porting information 3.1 part and Fig. S6). Fig. S6B shows mixing
channel with 40 mm width allowing for rapid samples exchange.
The resolution time between adjacent collection points in our
device is 1.0 ms, which is enough for study the interaction of
protein and DNA (Gambin et al., 2011). Furthermore, the con-
centration of DNA was optimized in Fig. S7 (the details provide in
the Supporting information Part 3.3), the time required for mixing
can be accurately calculated at different observation position, and
was simulation on COMSOL in Fig. S8. The details were provided in
3.2 part of Supporting information.

The little changes of flow rate would affect the interaction rate
of protein and DNA. Thus, the stability of flow rate was studied.
The stability of flow rate depended on the fabrication of microchip
and the precision of pump. The rate of transporting the solution to
the microchip relied on the precision of pump. Furthermore, the
fabrication of microchip mainly affects on the channel pressure
(Pa), and then influenced the fluctuation of flow rate. Highly
precise pump and the short U-sharp channels were applied. Very
little changes of the flow rate in the system under different inlet
velocities from 0.5 μL/min to 20 μL/min were observed in Fig. S9,
all of the deviation of the measured flow rate was lower than
0.05% (n¼3), indicating that the designed microdevice is suitable
for the investigation of protein and DNA interplay. To further study
the effect of flow rate on mixing and reaction efficiency, 10.00 pM
VEGF165, 5.00 μMDNA, and 3.00 μM complex 1were diluted in the
red, green, and blue dyes separately to mimic the protein-DNA
reaction. Fig. S10 shows at turning 1 and 2, the color in the middle
of channel is deeper than that in the edges, indicating that the
reaction would firstly accomplish in the middle, but not complete
in the edges of channel. But the color was uniformed at the
turning 5 with 1 μL/min infusion rate. However, there were still
some color differences at the turning 7 with 2 μL/min infusion
rate. The results demonstrated that flow rate is a major factor in-
fluencing the rate of VEGF165 and DNA reaction because the flow
rate affects the solution diffusion rate and the mixing speed. And a
low flow rate will improve reaction efficiency. The application of
1 μL/min for following experiments was determined by the
shortest travel distance in channel for a complete reaction. More
details were provided in Supporting information 3.3 parts.

3.3. Kinetic study of protein-DNA

We investigate the dynamics interaction of VEGF165 and DNA
by single-molecule instrument (FV1200 laser scanning micro-
scope, Olympus, Japan), with the data processing as well as gen-
eration of corrected transfer efficiency histograms by fluoview
ASW 4.0 software. When the solutions began to meet, we set the
time as 0 s. And the same moment we powered off the pump on
instant to collect the data. In order to monitor the interaction
procedure, the observation position was set at turning 3, and the
observation time was extended to 2 s. As shown in Fig. 3, the
signal was barely increased from 0.375 s to 0.500 s, representing
that VEGF165 had bonded to a portion of one DNA chain. Then,
VEGF165 would slide to a particular space of DNA (0.500–1.000 s),



Fig. 4. The kinetic study of protein-DNA interaction. (A) The luminescence spectrum of VEGF165, DNA and complex 1 during 250 s. (B) The relative frequency of 1, VEGF165
and DNA complex against time. (C) and (D) represent transfer efficiency histograms at turning 3 for the time of 0.250 s, and 0.375 s, respectively. (E), (F), and (G) represent
transfer efficiency histograms at turning 3, turning 4, turning 5 for the time of 0.500 s, respectively. 1: among VEGF165, DNA, and 1; 2: between DNA and complex 1; 3:
between 1 and VEGF165; 4: only complex 1. M1: complex 1; M2: the 1 and VEGF165 complex; M3: the 1 and DNA complex; M4: 1, VEGF165 and DNA complex. Every point was
tested three times. Precise positioning of laser focus was limited by minimal movement of 0.5 mm in microscopy platform.

X. Lin et al. / Biosensors and Bioelectronics 79 (2016) 41–47 45
open the hairpin structure, and form the G-quadruplex, inducing
iridium complex bond to G-quadruplex, resulting in high intensity
(1.000 s). When the time was extended to 2.00 s, the whole
channel was fulfilled with protein-DNA complex. When the lu-
minescence in Fig. 3A was translated to the intensity, the intensity
was greatly increased at 1.000 s, indicating the quantum jumps
happened. In order to further study the kinetics of VEGF165 and
DNA, the relative frequencies of them were analyzed by transfer
efficiency histograms (Wunderlich et al., 2013). They show the
intensity of 1, 1 and DNA complex, 1 and VEGF165 complex, and 1,
DNA and VEGF165 complex were corresponding to I¼0.8�104,
I¼1.12�104, I¼1.01�104, and I¼5.8�104, respectively (Fig. 4C–
G). Furthermore, it also shows the proportion of populations (re-
lative frequency) was changed depending on the time and the
position. When the observation location was fixed at turning 3, the
luminescence was mainly depending on complex 1 at 0.250 s
(Fig. 4C), while it was mainly 1 and VEGF165 complex (Fig. 4D) at
0.375 s, suggesting temporal varied dynamics. When the time was
fixed at 0.500 s, the relative frequencies of different observation
points were analyzed. 1 and VEGF165 complex appeared at turning
4 and increased at turning 5 (Fig. 4F and G). The 1, DNA and
VEGF165 complex appeared at turning 5, but it cannot be observed
at turning 3 and 4. These results showed that the time and the
distance affected sample mixing and then influenced the interac-
tion between VEGF165 and DNA.

To study the interaction of the 1, DNA and VEGF165 complex,
the time was extended to 45 s at turning 3. From Fig. 4B, the fre-
quency was slowly increased during 1.0 s, and greatly enhanced at
1.0 s, and then maintained till 3 s. This is consistent with the Fig. 3,
which explained the luminescence enhancement. However, the
luminescence was enhanced again at 3.0 s, indicating that VEGF165
bond to DNA completely and formed G quadruplex at 1.0 s, and the
reaction reached equilibrium. The images of 1-DNA and
1-DNA-VEGF165 showed that their intensity was greatly changed
during 3 s mixing in Fig. S11. This implied that VEGF165 induced
changes of DNA conformation, causing luminescence signal en-
hancement. These results demonstrated our designed device can
be applied to study the interaction between protein and DNA. It
also suggested that our hypothesis of VEGF165 assay based on DNA
is feasible. To further understand the kinetics profile, the lumi-
nescence spectra for the interplay between protein and DNA was
detected by fluorescence spectrophotometer at turning 3 in
Fig. 4A. The populations of complex 1, 1 and DNA complex, 1 and
VEGF165 complex, and 1, DNA and VEGF165 complex were found in
one test, suggesting that the interaction happened among complex
1, DNA, and VEGF165, which confirmed the kinetics study in the
single molecule level in Figs. 3 and 4B–G.

3.4. Specificity, sensitivity and recovery

From the kinetic analysis of VEGF165 and the hairpin structure
DNA, we found that the DNA can be applied to analyze VEGF165
protein from complex matrix. Then, the specificity of the system
was investigated by the influence of various proteins. 5.00 μM
DNA with 3.00 μM complex 1 and different target species were
investigated. Fig. 5A shows that the luminescence response of the
system to VEGF165 (26.00 pM) was over ten-fold stronger than
those to other proteins and molecules including immunoglobulin
G (IgG), concanavalin A (Con. A), adenosine triphosphate (ATP),
bovine serum albumin (BSA), thrombin, platelet-derived growth
factor-BB (PDGF-BB) and ascorbic acid (260.00 pM). It demon-
strated that G1′ has an excellent selectivity for VEGF165.

The quantitative analysis was assessed by the luminescence
intensity of targets with different concentrations of VEGF165 pro-
tein (0.00, 0.52, 5.20, 13.00, 26.00, 52.00, 65.00, 78.00 pM). As
shown in Fig. 5B, there was a good linear correlation of
y¼68.03xþ5041.53 (R2¼0.983) in the range from 0.52 to
52.00 pM with low relative standard deviations (RSDs) between
2.9% and 6.3% (n¼3). By calculation of signal to noise ratio at 3, the
limit of detection was 0.17 pM (�6.50 pg/mL, the molecular



Fig. 5. Analysis of VEGF165 based on DNA G1′ and complex 1. (A) The selectivity of the system. The system contained 3.00 μM 1, 5.00 μM DNA, 26.00 nM VEGF165, while
interfering species were set at 260.00 nM. (B) The linear range of the system from 0.52 nM to 78.0 nM. The system included 3.00 μM 1, 5.00 μM DNA, and several con-
centration of VEGF165. The linear equation was y¼68.03xþ5041.53 (R2¼0.983). The LOD was calculated by3 fold of the ratio for signal to noise.

Table 1
Recovery of VEGF165 in cell medium.

Conc. (pM) I/I0 Standard I/I0 Recovery (%) RSD

0.52 1.15 1.09 106.24 0.02
5.20 1.51 1.41 106.81 0.10

13.00 1.82 1.64 111.09 0.03
26.00 2.08 2.35 88.58 0.01
52.00 2.56 3.19 80.28 0.37
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weight of VEGF165 is �38.2 KD). The sensitivity of the proposed
method may be suitable for analyzing cell secretion because the
concentration of VEGF165 in common cell medium was about
1.0 ng/mL. To mimic real samples and assess the accuracy of es-
tablished method by the recovery, various concentrations of
VEGF165 were spiked into DMEM cell medium by the standard
addition method and were determined by the established method
in Table 1. The recoveries of VEGF165 from cell secretions ranged
from 80.28% to 111.1% with the RSDs between 0.02% and 3.76%
Fig. 6. Analysis of VEGF165 from cell mediumwith paclitaxel. (A) Analysis of VEGF165 from
cells cultured in DMED medium with 10 μg/mL paclitaxel. Control was set as cell me
contained 1% FBS and 10 μg/mL paclitaxel. The red dashed area displayed the damage of c
in this figure legend, the reader is referred to the web version of this article.)
(n¼3), indicating that the established method can be applied for
VEGF165 from complex matrix.

3.5. Real sample analysis

The DMEM cell medium and cell medium with pacilitaxel were
used to culture CaSki cells, respectively. Then, cell medium was
collected every 24 h for analyzing metabolites VEGF165 protein. As
shown in Fig. 6A, the concentrations of VEGF165 ranged from
8.32 pM to 13.11 pM (320.00–504.23 pg/mL) for cell cultured
without paclitaxel, and 7.62 pM to 10.67 pM (293.07–
410.38 pg/mL) for cell cultured with the finally concentration
10 μg/mL paclitaxel, which indicated that the established method
could monitor cell secretions. Furthermore, the concentrations of
VEGF165 were increased with increasing time with culture medium
without paclitaxel, and the concentrations of VEGF165 were gra-
dually decreased with increasing time by paclitaxel effects. These
results demonstrated that paclitaxel was useful for inhibition of
the secretion VEGF165 of tumor cell, which were consistent with
cell medium. (B) CaSki cells cultured in DMED mediumwithout paclitaxel.(C) CaSki
dium contained 1% FBS without paclitaxel. 10 μg/mL paclitaxel was cell medium
ell microtubules by 10 μg/mL paclitaxel. (For interpretation of the references to color



X. Lin et al. / Biosensors and Bioelectronics 79 (2016) 41–47 47
the reports. These results may be due to that paclitaxel is a mitotic
inhibitor that stabilizes cellular microtubules, and interferes with
the normal breakdown of microtubules in Fig. 6B. Thus, paclitaxel
inhibits tumor cell to secret VEGF165 protein. All of VEGF165 protein
detection was confirmed by ELISA kit from R&D system, Inc. (USA).
The LOD and the linearity range of the established method were
comparable to those of the ELISA assay in Fig. S12 although the
intensities ratio from the developed method were over than those
from ELISA. We deduced that the higher intensity ratio of the es-
tablished method may be due to iridium (III) complex itself has a
certain luminescence, but ELISA detection has no such
luminescence.
4. Conclusions

In summary, the G-quadruplex specific probe complex 1 (ir-
idium (III) complex 1) has been successfully developed to achieve
dynamically monitoring DNA and VEGF165 protein interactions
from milliseconds to minutes on the microfluidic device. For data
analysis, a comprehensive profile of the reaction transfer was de-
monstrated by photon counting histograms, luminescence life
spectrum, and correlation analysis. In the kinetic analysis, the
profile of DNA and protein interaction was also provided, and the
quantitative analysis of cell secreted VEGF165 was achieved. Con-
sequently, we hopefully anticipate that this designed device and
G-quadruplex-selective luminescent iridium (III) complex will find
more applications in resolving questions concerning complex
mechanisms in biomolecular reactions, and can be applied to other
cancer related-protein analysis.
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