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The real-time and label free detection abilities of surface plasmon resonance (SPR) biosensors provide a

way of evaluating the influence of some genes’ expression on anti-tumor drug cytotoxicity. However,

studies in this field are lacking. Connexin 43 is a tumor suppressor gene and the mechanism of its effect

in cisplatin cytotoxicity is still unclear. A phase SPR biosensor was used to determine the influence of con-

nexin 43 expression on cisplatin cytotoxicity in three cancer cell lines. The results showed that the SPR

signal curves have two stages. In the first hour, the SPR signal shows dramatic changes which are related

to connexin 43 expression. In the subsequent stage, the SPR signal slowly declines and is related to apop-

tosis. Comparison of SPR measurements from several conventional biological assays showed that con-

nexin 43 expression can affect cellular response to cisplatin in the period of oxidative stress, and results in

the cells being more sensitive to cisplatin. The conclusion is further confirmed by long-term SPR

measurement results and cellular morphological changes.

1 Introduction

The surface plasmon resonance (SPR) biosensor is a valuable
tool for monitoring biological reactions because of the advan-
tages of its real-time and label free detection. The SPR bio-
sensor has been successfully used in cytobiology for several
years.1 In a previous study, an SPR biosensor was used to
measure the cellular response to the cytotoxicity of cetuximab,
an anti-tumor drug.2 However, this study only provided the
initial methodology and did not include detailed analysis. Pre-
vious studies have shown that expression of some tumor sup-
pressor genes can affect the cytotoxicity of anti-tumor drugs.3

To the best of our knowledge, studies on the mechanisms of
cytotoxicity by a method with real-time detection ability are
lacking. It is speculated that the mechanism of cytotoxic
response can be determined in more detail using the real-time
detection ability of SPR biosensors.

Connexin 43 (Cx43) is a member of the gap junction
protein family of connexins4 and is a predictive factor for
chemotherapy in many tumors.5 Cx43 is the most expressed

member of the connexin family6 and the predominant
connexin isoform in many cell types.7,8 Connexins form an
intercellular channel called gap junction intercellular com-
munication (GJIC).9 GJIC is permeable to a variety of cyto-
plasmic molecules and is involved in the cytotoxicity of several
drugs.10–13 GJIC function can be enhanced or modified by
several agents14–16 and upregulated by connexin expression.
Increased Cx43 expression can sensitize many tumors to
chemotherapeutic agents17 but can also cause other tumors to
become drug resistant.18 The underlying mechanisms are still
unclear. For example, cisplatin is a typical chemotherapeutic
drug and its cytotoxicity is related to GJIC function,10 but the
mechanism needs to be further investigated.

In the present study, the expression of Cx43, a major
protein component of GJIC, in the cytotoxicity of cisplatin was
examined. The cellular response to cisplatin was also moni-
tored and analyzed using a phase SPR biosensor.

2 Materials and methods
2.1 Reagents and antibodies

All cell culture media, trypsin and antibiotics were purchased
from Gibco (Grand Island, NY, USA), and fetal bovine serum
(FBS) was purchased from HyClone (Logan, UT, USA). Rabbit
anti-Cx43 polyclonal antibody, rabbit anti-caspase-3 polyclonal
antibody, rabbit anti-β-actin polyclonal antibody, anti-rabbit
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IgG-peroxidase, Hoechst 33342, poly-L-lysine, methyl thiazolyl
tetrazolium (MTT), neomycin (G418), oleamide and retinoic
acid were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Rabbit anti-ATPase β3(Na+/K+) polyclonal antibody was pur-
chased from GeneTex (Irvine, CA, USA). ProteoExtract® Native
Membrane Protein Extraction Kit and Immobilon membranes
were purchased from Merck Millipore (Bedford, MA, USA).
G418 sulfate was purchased from Calbiochem (San Diego, CA,
USA). pTARGET™ Mammalian Expression Vector was pur-
chased from Promega (Madison, WI, USA). Lipofectamin™
Reagent, CellTracker CM-Dil and Calcein-AM were purchased
from Invitrogen (Carlsbad, CA, USA). ECL Plus substrate,
bicinchoninic acid (BCA) reagents and RIPA lysis buffer were
purchased from CWBio (Beijing, China). Cisplatin was pur-
chased from Qilu Pharmaceutical (Jinan, China). Reactive
Oxygen Species assay kit and Caspase 3 Activity assay kit were
purchased from the Beyotime Institute of Biotechnology
(Shanghai, China).

2.2 Cell lines

Human non-small cell lung carcinoma cell line A549, human
colorectal carcinoma cell line HCT106 and human breast duct
carcinoma cell line BT549 were purchased from the Shanghai
Institutes for Biological Sciences, Chinese Academy of
Sciences. The A549 and HCT106 cell lines were cultured in
Dulbecco’s Modified Eagle medium supplemented with 10%
FBS, 100 U per mL penicillin and 100 μg per mL streptomycin.
The BT549 cell line was cultured in RPMI 1640 medium
supplemented with 10% FBS, 100 U per mL penicillin and
100 μg per mL streptomycin.

2.3 Vector construction and transfection

The complementary DNA of the human Cx43 coding region
was amplified by the polymerase chain reaction using the fol-
lowing primers: forward 5 forward of the human Cx43 co and
reverse 5 and reverse the human Cx43 polymerase chain reac-
tion products were purified and inserted in the pTARGET™
vector. Expression vectors were transfected into cells using
Lipofectamine™ Reagent. After transfection, cultures were
selected with 400 μg per mL G418. Cells of subclones were
diluted and seeded to obtain further clones.

2.4 Western blot analysis

Cell membrane proteins were extracted using the Proteo-
Extract® Native Membrane Protein Extraction Kit according to
the manufacturer’s instructions. Protein content was quanti-
tated using BCA reagents. Protein samples (50 μg) were boiled
in sodium dodecyl sulfate (SDS) loading buffer, separated on
SDS-polyacrylamide gel electrophoresis (PAGE) gels, and trans-
ferred to Immobilon membranes by a semi-dry blotting
method. The membranes were probed with anti-Cx43 (1 : 4000
dilution) and anti-ATPase β3 primary antibodies (1 : 4000
dilution) and the anti-rabbit IgG-peroxidase secondary anti-
body (1 : 10 000 antibody) using standard techniques. ATPase
β3 was used as a loading control. The signals were visualized

using electrochemical luminescence with the ECL plus and
exposed film.

2.5 “Parachute” dye coupling assay

Functional GJIC was examined as described by Hong et al.10

Transfected cells were grown to confluence in 6-well plates.
Two fluorescent dyes, CM-Dil and Calcein-AM, were used to
determine the GJIC function. CM-Dil is a membrane dye that
cannot spread to coupled cells. Calcein-AM can be converted
intracellularly into the GJIC permeable dye, calcein. Donor
cells in one well were stained with fresh culture medium con-
taining 10 μg per mL Calcein-AM and 5 μg per mL CM-Dil for
30 min at 37 °C. After incubation, donor cells were washed
three times with culture medium to remove unincorporated
dye. Donor cells were trypsinized and seeded onto a monolayer
of receiver cells grown in another well. The ratio of donor to
receiver cells was 1 : 150. GJICs between donor and receiver
cells were allowed to form for 4 h at 37 °C. GJIC function was
measured using a fluorescence microscope (Olympus CKX41).
The red fluorescence of CM-Dil was used to identify donor
cells and the green fluorescence of calcein-AM was used to
calculate the average number of illuminant receiver cells
around each donor cell. This number was considered as a
degree of GJIC function. Two GJIC regulators, retinoic acid and
oleamide, were also included in these assays. Retinoic acid is a
GJIC potentiator and was used at a 10 μM working concen-
tration and oleamide is a GJIC inhibitor and was used at
25 μM working concentration.

2.6 Cisplatin treatment and MTT assay

Cisplatin stock solutions were prepared fresh at 1 mg mL−1 in
phosphate buffered saline (PBS) and added to wild type (WT)
and transfected cell lines at the following working concen-
trations: 2 μM in BT549 cells, 5 μM in A549 cells, and 15 μM in
HCT106 cells. Cisplatin treated cells were incubated in a
carbon dioxide (CO2) incubator for 24 h.

Cells were cultured in a 96-well microtiter plate under
nearly 100% culture density in which GJIC formation was poss-
ible. Oleamide and retinoic acid were used to adjust the GJIC
function. The MTT assay was performed as described by Kim
et al.19 MTT solution (20 μL of 5 mg mL−1) was added to each
well 24 h after cisplatin exposure, and the cells were incubated
for 4 h at 37 °C. After the supernatant was removed, 100 μL of
dimethylsulfoxide was added to dissolve the crystals. After
10 min of slow vibration, the absorbance was monitored at a
wavelength of 490 nm. The percentage of cell survival was cal-
culated by defining the absorption of cells not treated with cis-
platin (control) as 100%. Measurements were performed in
triplicate.

2.7 Apoptosis evaluation using caspase-3 detection and
Hoechst 33342 staining

Cellular apoptosis was determined using caspase-3 activation20

and Hoechst 33342 staining assays.21 Cleavage of caspase-3
was measured using western blot analysis.20 Cells were
harvested at 0, 3, 6, 7.5, 9, or 12 h after treatment with cispla-
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tin and lysed with RIPA lysis buffer. Crude cytosol fractions
were separated on a 12% SDS gel (20 μg per lane) and exam-
ined using western blot analysis. Caspase-3 antibody was used
at a 1 : 4000 dilution, the anti-β-actin antibody was used at a
1 : 3000 dilution and anti-rabbit IgG-peroxidase was used at a
1 : 10 000 dilution.

Caspase-3 enzyme activity was measured using the Caspase-3
Activity Assay Kit.20 In brief, 30 μg of the cellular total protein
of each sample was incubated with 10 μl of Ac-DEVD-pNA
(2 mM) substrate in a total volume of 100 μl of assay buffer for
1.5 h at 37 °C. pNA was detected using a colorimetric method
at 405 nm in order to calculate the caspase-3 enzyme activity.

For staining assays, living cells were directly stained with
Hoechst 33342 at a working concentration of 1 μg mL−1 for
20 min and then examined with a fluorescence microscope.
Apoptotic cells, which have shrunken nuclei with chromatin
condensation, were counted to calculate the apoptosis rate.

2.8 Measurement of intracellular reactive oxygen species

The level of intracellular reactive oxygen species (ROS) was
quantified using a Reactive Oxygen Species Assay Kit.23

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) has no fluo-
rescence signal and can be oxidized by ROS in viable cells to
2′,7′-dichlorofluorescein which is highly fluorescent at 530 nm.
Cells were washed three times with serum free medium.
DCFH-DA, diluted to a final concentration of 10 μM with
serum free medium, was added and incubated in a 37 °C incu-
bator for 30 min. After washing three times with PBS to
remove DCFH-DA which did not enter the cells, the fluo-
rescence intensity was measured every 2 min using a micro-
plate reader (485 nm excitation and 535 nm emission).
Cisplatin with a final concentration indicated in section 2.6
was added to the medium after a negative control period of
10 min. Rosup, a positive control supported by the kit, was
used with a final concentration of 0.1 mg mL−1 as an external
oxidant molecule. Measurements were performed in triplicate.

2.9 SPR biosensor

The differential interference phase-sensitive SPR biosensor
established in a previous study2 was used to measure the cells.
Briefly, the response unit (RU) of the system, which is the
phase shift caused by the SPR phenomenon, can be obtained
using a Mach–Zehnder configuration. The microfluidic system
has a single channel, which was bonded on a glass slide
coated with a 45 nm thick gold film to fabricate the sensor
chip (Fig. S1†). Through the standard molding process,22 nega-
tive photoresist SU-8 (MicroChem) and polydimethylsiloxane
(PDMS) (Dow Corning) were used to form the microfluidic
channel. The channel was about 2 cm in length, 1.8 cm in
width and 150 μm in height. It has a steamlined structure to
avoid the occurrence of bubbles which can affect the RU level.
To realize fluid circulation, both ends of the PDMS body were
perforated by two fused silica capillary tubes and connected
to two polytetrafluoroethene (PTFE) microbore tubes (Cole-
Parmer Instrument Company) to extend the circulation. All the
junctions were sealed using electronic sealant (Dow Corning)

to prevent possible leakage. To meet the needs of long-term
measurements, the sensitivity and stability of the system were
determined to the level of 10−6 refractive index units (RIU) and
7.25 × 10−6 RIU, respectively, during the 6 h measurement
process (Fig. S1†).

2.10 SPR analysis of cellular response to cisplatin

The sensor chip was treated with 0.02 mg mL−1 poly-L-lysine
overnight and washed twice with Hank’s balanced salt solution
(137.93 mM NaCl, 5.33 mM KCl, 4.17 mM NaHCO3, 0.441 mM
KH2PO4, 0.338 mM Na2HPO4, 5.56 mM D-glucose). Cells were
trypsinized and seeded on the chip surface coated with poly-L-
lysine. For adhesion of cells onto the chip surface, the micro-
fluidic channel was filled with culture medium and main-
tained at 37 °C in a 5% CO2 incubator for 8 h. After the cells
were completely adhered to the chip surface with a strength of
100%, culture medium containing cisplatin was injected to
treat the cells at 20 μL min−1 and SPR signals were recorded
for 6 h. Air conditioning was used to maintain the temperature
at 37 °C. Experiments were performed in triplicate for each cell
type. Cell types for SPR analysis included A549-WT, HCT106
(HCT106-WT), and BT549 (BT549-WT) cells and cells trans-
fected with Cx43 expression vectors (A549-Cx43, HCT106-Cx43,
and BT549-Cx43). For further comparison, WT and Cx43-trans-
fected cells were photographed every 0.5 h during the 6 h
process of cisplatin treatment using fluorescence microscopy
(Olympus CKX41).

3 Results
3.1 Confirmation of transfection and GJIC function

Previous studies showed that expression of the Cx43 is reduced
in many cancers, such as human mammary carcinoma,24 lung
cancer,25 and colorectal cancer.26 Therefore, A549, HCT106,
and BT549 cells were selected for analysis in this study. Mem-
brane expression of Cx43 in WT and Cx43-transfected cells was
evaluated using western blotting (Fig. 1). A549-WT cells
showed a detectable level of endogenous expression of Cx43
whereas HCT106-WT and BT549-WT cells showed no endogen-
ous Cx43 expression. All transfected cell lines showed high
levels of Cx43 expression.

The “Parachute” dye-coupling assay revealed a positive cor-
relation between GJIC function and Cx43 expression (Fig. 2).
All Cx43-transfected cell lines had higher levels of GJIC func-
tion than their WT counterparts. The effects of retinoic acid
and oleamide on GJIC were also tested and results confirmed
that retinoic acid acts as a GJIC potentiator and oleamide as a
GJIC inhibitor.

3.2 Effects of GJIC on cisplatin induced cellular apoptosis

Next the effect of GJIC function in the cytotoxicity of cisplatin
was determined.

MTT assays confirmed various levels of cellular apoptosis in
the three WT cell lines treated with cisplatin, and all Cx43-
transfected cell lines were more sensitive to cisplatin than
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their WT counterparts (Fig. S2†). In general, retinoic acid pre-
treatment of Cx43-transfected cells showed higher sensitivity
to cisplatin, whereas pretreatment with oleamide showed pro-
tective effects against cisplatin.

Cleaved caspase-3, caspase-3 enzymatic activity (Fig. 3 and
4) and Hoechst 33342 staining (Fig. S3†) assays showed similar
results. Measurements of cleaved caspase-3 and caspase-3
enzymatic activity at various times after cisplatin treatment
revealed that Cx43-transfected cell lines tended to show
slightly earlier and/or increased caspase-3 activation compared
with their WT counterparts. Addition of retinoic acid to Cx43-
transfected cells resulted in earlier caspase-3 activation,
whereas oleamide treatment resulted in delayed caspase-3 acti-
vation. Fig. S3† shows images of cells undergoing late apopto-
sis induced by cisplatin for 24 h as assayed by Hoechst 33342
staining. In all cisplatin treated cell types, a considerable pro-
portion of cells displayed characteristics of apoptosis with frag-
mented and condensed nuclei. Furthermore, the cytotoxicity
of cisplatin was associated with enhanced GJIC. Cx43-trans-
fected cells showed higher apoptotic rates compared to WT
cells, and modulation of GJIC function by retinoic acid or oleo-
mide was also related to apoptotic rate.

3.3 GJIC enhances cisplatin induced oxidative stress

The ROS level of cells with different GJIC function were
measured during cisplatin treatment. Fig. 5 shows that the
ROS level was increased during the first hour of cisplatin treat-
ment in all cells. The ROS level of the “Cx43” group was higher
than that of the “WT” group in the three cell lines after cispla-
tin treatment. The cells of the “Cx43” group were pretreated
with retinoic acid or oleamide before further analysis. Retinoic
acid pretreated cells have higher ROS levels than untreated
cells and oleamide pretreated cells have lower ROS levels than
untreated cells.

3.4 SPR analysis of cellular response to cisplatin

Next SPR measurements of cells treated with cisplatin (Fig. 6)
were performed. The RU of all cells ascended quickly in the
first hour and then declined gradually over time. A peak RU
value emerged at about 40 min after cisplatin treatment. Two
values were determined for analyses: the RU peak value
(“Max”) and the difference between “Max” and RU at 6 h
(“Decline”). Comparing the signal curves with previous results,
the peak timing and shape of the curves showed no relation to
regulator treatments, but GJIC function and regulator treat-
ment influenced “Max” and “Decline”. GJIC function contrib-
utes to cisplatin cytotoxicity based on Fig. 3–5, S2 and S3.†
Comparing the signal curve results with the apoptosis assays,
cells with more sensitivity to cisplatin had higher “Max” and
“Decline” values, which was verified using the Student’s t test
(Fig. 6D). Next the morphologic changes of WT and Cx43-
transfected cells (Fig. S4†) were examined and these findings
were compared with the SPR curves. Regulators had a con-
siderable effect on SPR signal curves in the first hour, which is
during the period of oxidative stress caused by cisplatin,27 and
the morphologic changes may relate to caspase-3 activation
(Fig. 7).

4 Discussion

Cx43 is an important component of GJIC and can be overex-
pressed in cells to upregulate GJIC.28 Indeed, these results
showed that GJIC function was upregulated in all three Cx43-
transfected cell lines, even in A549 cells, which express
endogenous Cx43. GJIC function of Cx43-transfected cells can
be effectively adjusted by specific regulators if the regulators
are added early. Thus, a system comprising cell lines was
established with comparatively high or low Cx43 expression
and Cx43-stimulated GJIC function that could be adjusted by
regulators, allowing for further analysis and SPR
measurement.

The cytotoxicity of the anti-tumor drug cisplatin can be
enhanced by GJIC.29,30 Consistent with this study, our MTT
and Hoechst 33342 staining assays showed that upregulation
of Cx43 expression enhanced the cytotoxicity of cisplatin.
These results are similar to those obtained by Tong et al.30

However, this study expanded these findings by examining the
effects at later time points and in response to treatment with
various regulators. The effect of Cx43 enhancement of GJIC on
cisplatin cytotoxicity and the effect of GJIC regulators on cis-
platin cytotoxicity were both comprehensively determined.
These results can be used for comparison with the following
SPR measurements.

To analyze apoptosis during the early stages, western blot-
ting was used to detect caspase-3 cleavage in all cell types at
various time points. Caspase-3 plays a direct role in apopto-
sis,31 and its cleavage is widely used to indicate the stage of
apoptotic progress.32,33 Thus, cells that are more sensitive to
cisplatin show earlier caspase-3 cleavage and higher cleavage

Fig. 1 Cx43 expression in the membrane of WT and Cx43-transfected
cells. (A) Western blot analysis of A549, BT549, and HCT106 cell lines
transfected with Cx43 expression vectors. Na+/K+ APTase β3 subunit
served as loading control. (B) Cx43 expression level was determined
using Quantity One software (Bio-Rad Laboratories) and was normalized
by Na+/K+ ATPase expression level.
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levels. The caspase-3 assays were consistent with MTT and
Hoechst 33342 staining assays.

Some biological detection methods with real-time ability,
such as flow cytometry or fluorescence microscopy, require
radioactive labelling needed. Labelling affects the measure-
ment results and cell viability, but the SPR biosensor is a label
free method and can avoid these problems. Compared with
other novel optical methods, such as optical tweezers,34

optical stretcher35 and deformability cytometry,36 the SPR bio-
sensor has better real-time ability to monitor cellular
responses to drugs. The SPR biosensor can measure RIU near
chip surface (about 200 nm) in real time and export data as
RU, so it can be used to measure living cells. The changes of
intracellular material and cellular morphology both contribute
to RU variation.1 Long stability times and high sensitivity are
both needed for successful SPR applications in cytobiology, as
reactions between cells and agents can require long exposure
times. The SPR sensor used in this research is a phase-modu-

lated SPR sensor based on a Mach–Zehnder configuration.
Because unwanted disturbances are common to both beams of
the Mach–Zehnder configuration, they can be canceled using
phase subtraction.37 The background noise can be effectively
eliminated by the configuration so that the SPR sensor can dis-
criminate samples with 10−6 RIU difference and has a 7.25 ×
10−6 RIU stability at 6 h. These performance indices meet the
requirements for cytobiology reaction measurements.

The cells for SPR measurement were cultured on a glass/
gold/poly-L-lysine surface which is a widely used structure in
SPR biosensors to culture cells.1 PDMS was also a typical
material used to make cell culture channels of SPR bio-
sensors.38 The cells without cisplatin treatment were used as
control groups to exclude the effects of these artefacts on the
cells. The SPR signal of the control groups decreased much
slower than that of the other groups within the first 6 h during
SPR measurement, so the effect of the incubation conditions
can be ignored. These results showed two stages detected by

Fig. 2 “Parachute” dye-coupling assay. (A1–3) The dye transfer distances through GJIC were measured in three cell lines by “Parachute” dye coup-
ling assays. Cells were transfected with control vectors (WT) or Cx43 expression vectors (Cx43) and treated with retinoic acid (10 μM) for 24 h or
oleamide (25 μM) for 1 h before the assay. The dye transfer distance was longer in cells overexpressing Cx43 compared with WT cells. Retinoic acid
treatment of Cx43-transfected cells (Cx43-R) significantly enhanced the dye coupling while oleamide treatment (Cx43-O) inhibited dye coupling.
(B1–2) GJIC function in three cell lines transfected with control (WT) or Cx43 expression vectors (Cx43) or transfected with Cx43 and treated with
retinoic acid (R) or oleamide (O). Columns show the mean from five independent experiments and standard deviations are shown as bars. **P < 0.05,
significantly different from the Cx43 group of the same cell line. GJIC functions of all Cx43 transfected cells were higher than WT cells. Retinoic
acid and oleamide showed considerable enhancement and inhibition effects, respectively, on GJIC in Cx43-transfected cells. The scale bars rep-
resent 10 μm.
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the SPR sensor in the cellular response to cisplatin: the initial
rapid increase of RU at around 40 min, and the subsequent
gradual decline of RU. Comparison of SPR measurement
curves with our previous biological experiments showed that
“Max” and “Decline” values are both related to GJIC function.
Furthermore, cells with a higher GJIC function have higher
“Max” and “Decline” values and are more sensitive to
cisplatin.

The essence of real-time SPR detection curves is RIU vari-
ation of cells,1,39 so WT and Cx43 cells were photographed
using microscopy every 30 min after cisplatin treatment to
compare the curves. Cells gradually shrunk and the gap
between cells also gradually enlarged, suggesting that GJIC
also continuously declined. However, the intercellular gap was
not too wide during the time frame of the first stage to affect
GJIC function, and therefore GJIC may affect cytotoxicity at the
early stage of cisplatin treatment. However, decrease of RU in

the second stage corresponded to these cellular morphological
changes.

The large variations of RU in the first stage may be because
of oxidative stress induced by cisplatin, which is one of the
first responses of cells upon treatment with cisplatin.27 GJIC is
permeable to several small molecules that could be involved in
cisplatin induced oxidative stress. One of these molecules is
glutathione, which is a likely candidate to protect against oxi-
dative stress40 and has shown considerable alterations in some
cancer cells in the first hour after cisplatin treatment.41

However, GJIC can also enhance the cytotoxicity of cisplatin.
For example, Ca2+ ions are the most probable death messen-
gers spread through GJIC42 and the concentration of Ca2+ also
changes in the early stage of cisplatin treatment.43 Thus, GJIC
has two different effects on oxidative stress, and the dominant
effect will determine cellular sensitivity to cisplatin. This effect
is shown by the SPR measurements and is confirmed by the

Fig. 3 Caspase-3 cleavage in response to cisplatin treatment. Western blot analysis of caspase-3 cleavage in three cell lines treated as indicated
after exposure to cisplatin for the indicated times. Cells were transfected with control vector (WT) or Cx43 expression vector (Cx43). Cx43-trans-
fected cells were treated with retinoic acid (10 μM) for 24 h before cisplatin exposure (R24), 12 h before cisplatin exposure (R12) or at the same time as
cisplatin exposure (R0); Cx43-transfected cells were also treated with oleamide (25 μM) 1 h before cisplatin exposure (O1), at the same time as cispla-
tin exposure (O0) or 1 h after cisplatin exposure (O−1). Crude cytosol fractions (20 μg per lane) were separated on 12% SDS gels.

Paper Analyst

Analyst This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 2
0 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

ol
lo

ng
on

g 
on

 0
4/

05
/2

01
6 

11
:2

3:
48

. 
View Article Online

http://dx.doi.org/10.1039/c6an00264a


results of the Student’s t test. Briefly, GJIC enhances cyto-
toxicity in cells that have a higher “Max” in Cx43-transfected
cells than WT. The following apoptosis state can also be evalu-
ated by SPR signal curves.

In the second stage, the RU decline may be mainly caused
by caspase-3 activation. Cisplatin treatment can increase
caspase-8 and caspase-9 activity, which can be both regulated
by oleamide and retinoic acid.28 Activation of caspase-8 and
caspase-9 can both activate caspase-3, resulting in morphologi-
cal changes44 that relate to RIU. The level of caspase-3 acti-
vation is also affected by GJIC function, and these activation
level differences relate to different morphological changes,
which are associated with RU decline. In addition, for the ana-
lysis of “Decline” values, a control group (no cisplatin treat-
ment) of each cell line was used to evaluate the influence of
SPR measurement on cells, and the RU variations of the three

control groups were all less than 0.8 RU, which is very low
compared with the values of other groups. Thus, the influence
of SPR measurement on cells is too small to affect the results.

The cytotoxicity of anti-tumor drugs is always affected by
tumor-suppressor gene expression,45 and the cytotoxicity of
cisplatin is also affected by Cx43 expression.29 The mechanism
can be conveniently determined by real-time monitoring of the
whole reaction with no lost information which is always lost in
conventional biological methods. In this study, a SPR bio-
sensor with real-time detection ability was used to evaluate the
effect of Cx43 expression or GJIC function on cisplatin cytoxi-
city. It was found that the adjustment of Cx43 expression
mainly affected the SPR signal at the time of oxidative stress.
This suggests that Cx43 expression may enhance the oxidative
stress caused by cisplatin in these three cell lines, and whether
Cx43 expression enhances or reduces cisplatin cytotoxicity in

Fig. 4 Caspase-3 enzymatic activity after cisplatin treatment. After exposure to cisplatin for 0–12 h, the caspase-3 activity in the three cell lines was
determined by measuring the amount of p-nitroaniline (pNA) resulting from cleavage of the conjugated substrate (Ac-DEVD-pNA). A standard curve
and a colorimetric assay were used to determine relative protease activity of caspase-3. The activation index was determined as the ratio between
the activity in treated cells and untreated cells (0 h, which is not shown in the figure). *P < 0.05, compared with untreated cells.

Fig. 5 Effect of GJIC function on ROS production during cisplatin treatments in HCT106, BT549 and A549 cells. The data showed kinetics of ROS
production in cells as a function of time. Cells were incubated for 30 min in the presence of DCFH-DA, washed and their fluorescence was measured
every 2 min for a negative control period of 10 min. There is no data at the time between 10 min and 15 min because time was needed to add cispla-
tin to the medium. A positive control was obtained by adding 0.1 mg mL−1 of rosup as an external oxidant molecule. The groups of “R” and “O” were
the cells, which were pretreated with retinoic acid (10 μM) for 24 h or oleamide (25 μM) for 1 h before the assay. All data were normalized by the
mean value of data in the negative control period.
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other cells can be also determined by the “Max” value. Thus,
this work provides a real-time and fast detection method to
determine how the expression of a tumor related gene affects
the cytotoxicity of an anti-tumor drug, which is important in
the mechanism of drug resistance.

Evaluating cellular responses to drugs is crucial for chemo-
therapy46 and drug screening.47 Several methods have been
used for detecting cellular responses to drugs, including
western blot, cell viability assays, immunofluorescence, and
flow cytometry. But these methods only detect a certain
protein or index. The SPR biosensor provides the RIU vari-
ations of cells in real time. Comparison of the results of this
study with the results of the traditional biological methods
shows that the SPR biosensor can provide the overall status of
the integral cell. Some studies have proved that the RIU vari-
ations are related to a certain index48 when cells are treated by
a certain agent. In this study, the RIU variations were proved to
be related to cellular responses to cisplatin. This suggests that
the RIU of cells may be a useful reference index to supplement
the lack of biological methods in therapeutic evaluation of
anticancer drugs.

5 Conclusions

The real-time detection ability of SPR biosensors is a powerful
tool to monitor the entire process of the cellular response to
drugs to determine cytotoxicity mechanisms. In this work, the
responses of three cancer cell lines to cisplatin were measured
using a phase-modulated SPR sensor with a 7.25 × 10−6 RIU
stability at 6 h and 10−6 RIU sensitivity, to determine the effect

Fig. 6 SPR measurement results. The response of the three cell lines to cisplatin was measured. Oleamide (O) or retinoic acid (R) was added at
three time points before cisplatin treatment. Two values were determined for analyses: the RU peak value (“Max”) and the difference between “Max”
and RU at 6 h (“Decline”). C: control group, cells with no cisplatin treatment. R–C: cells treated by retinoic acid. O–C: cells treated by oleamide. (A)
HCT106 cell line; (B) BT549 cell line; (C) A549 cell line; (D) Analysis of results. Differences between groups were identified using the Student’s t test;
Cx43 transfection was compared with WT, oleamide treatment was compared with Cx43 transfection, and retinoic acid treatment was compared
with Cx43 transfection. The results of “R–C” and “O–C” were similar to the results of “C”, so they are not listed in the table. *P < 0.05. When
“Decline” values were used for comparison, all “Decline” values were subtracted from the value of control group.

Fig. 7 The relationship between SPR signal curves and cellular
response to cisplatin in three cell lines. The rapid changes of RU within
the first hour occur at the same time as oxidative stress is induced by
cisplatin. The slow decline of RU is caused by morphologic changes that
relate to caspase-3 activation.
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of Cx43 expression on cisplatin cytotoxicity. Traditional bio-
logical assays and SPR biosensor measurements both showed
that Cx43 expression can enhance cisplatin cytotoxicity in
these cell lines. Analyses of SPR signal curves further con-
firmed that Cx43 expression can enhance the oxidative stress
induced by cisplatin. These results suggest that the SPR bio-
sensor can be a useful tool to determine the influence factors
and mechanisms of drug cytotoxicity by its real-time detection
ability.
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