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 As one of the major causes of cancer-related death, gastrointestinal cancer seriously impacts 
the quality of human life.  Moreover, in the majority of patients, the disease is in an advanced 
state at the time of diagnosis.  The only available treatment for such patients is systemic 
chemotherapy, which may cause various side effects.  Thus, the need for fast evaluation 
functions of different medicines and developing new drugs have become urgent in recent 
years.  In this study, four different anti-cancer reagents, namely, compound Kushen injection 
(CKI), cinobufacini injection, transforming growth factor-β1 (TGF-β1), and 5-fluorouracil (5-
FU), were each tested with a cell-based biosensor to investigate their therapeutic effects on 
gastrointestinal cancer cells.  From the impedance results, we could infer that chemotherapeutic 
agents could induce cell apoptosis, disrupt cell cycle, and inhibit cell adhesion capacity.  By 
combining impedance spectra with an appropriate impedance circuit, the function of 5-FU on 
cell death and adhesion could be preliminarily investigated.  Because the impedance sensing 
is in real time, has high throughput, and is easily manipulated, the developed cell-based 
impedance biosensor could be used as a suitable and promising alternative to end-point assay in 
the preclinical research of medicines, including the development of new therapeutic regimens.

1. Introduction

 Gastrointestinal cancer is one of the most commonly diagnosed cancers, and one of 
the highest causes of cancer death for both men and women.(1–4)  It was reported that 
there were more than 49000 deaths due to gastrointestinal cancer in the United States in 
2016.(5,6)  Moreover, in the majority of these patients, the disease was in an advanced state 
at the time of diagnosis.  These sufferers had few opportunities for surgery, because the 
success rate of surgical treatment is very low.  The only available treatment for them was 
systemic chemotherapy.(4)  Although one of the most important treatment methods clinically, 
chemotherapy has serious side effects.  For gastrointestinal cancer, the most commonly used 
drugs are 5-fluorouracil (5-FU) and oxaliplatin (L-OHP), which could inhibit cell proliferation, 
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block the cell cycle, and interrupt DNA replication.(7–10)  However, 5-FU often harms the 
kidneys and digestive system, while L-OHP may cause hematologic toxicity and gastrointestinal 
tract toxicity.(11–13)  It is urgent to investigate new effective drugs to improve the life quality of 
patients.
 In addition to chemical medicines, other kinds of drugs have also been investigated in recent 
years, such as some Chinese traditional medicines and biologics, including compound Kushen 
injection (CKI), cinobufacini injection, and growth factors.(14–17)  These Chinese traditional 
medicines could inhibit protein synthesis in cancer cells through DNA and RNA routes, and 
ultimately induce the apoptosis of cancer cells.  Moreover, clinical studies showed that both CKI 
and cinobufacini injection could attenuate the side effects of chemotherapy and radiotherapy, 
thus improving the quality of life.(18,19)  Growth factors, such as transforming growth factors-β 
(TGF-βs) and fibroblast growth factors (FGFs), are secreted polypeptides and are involved 
in a variety of important cellular functions, including cell proliferation, differentiation, and 
apoptosis.(15,20,21)  Therefore, detecting the impacts of these reagents on different cancer cells 
could provide a new way to explore the mechanism of cancer therapy.
 Because of the extensive experimental process and stringent laboratory conditions, 
conventional methods, such as f luorescent imaging, radioactive detection, and animal 
experiments, do not meet the demands of assessing the efficacy of different medicines rapidly 
and continuously.  In contrast to these end-point assays, biosensors with whole living cells 
have proven to be powerful and efficient tools for the real-time and label-free monitoring of the 
weak cell responses to drugs or other environmental stimuli.  To achieve sufficient detection for 
interpreting the early effects of drugs on cells for cancer therapy or anti-cancer drug screening, 
various strategies have been explored.(22–26)  Among them, biosensors based on the electric cell-
substrate impedance sensing (ECIS) technique are  promising for monitoring cell proliferation, 
morphology, motility, and apoptosis induced by different medicines.  They can rapidly quantify 
the toxicity and selectivity of potential medicines to targeted cells, and could be used as a 
potential alternative to end-point assay in preclinical research, the development of new drugs, 
and toxicological testing.  
 In this study, using a cell-based impedance biosensor, the cytotoxic effects of four different 
chemotherapeutic agents, namely, 5-FU, CKI, cinobufacini injection, and TGF-β1, on 
gastrointestinal cancer cells were detected and analyzed.  Through the detection of the time- 
and concentration-dependent impedance changes of cancer cells on interdigitated electrodes 
exposed to different drugs, the condition of the cells could be evaluated, and may also be 
used to continuously monitor cell viability and evaluate the functions of anti-cancer drugs.  
By revised impedance circuit modeling, the impedance changes of the cell-based biosensor 
were extracted and analyzed under stimulation by 5-FU.  By directly showing the state of 
gastrointestinal cancer cells treated with different medicines, this research is significant for the 
in vitro exploration of the anti-cancer mechanism of medicines, especially Chinese traditional 
medicines and biologics.
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2. Materials and Methods

2.1 Reagents 

 The following reagents were used: 5-FU injection (Tianjin Jinyao Amino Acid Co., Ltd., 
China), CKI (Shanxi Zhendong Pharmaceutical Co., Ltd., China), cinobufacini injection (Anhui 
Jinchan Biochemistry Corporation, China), and TGF-β1 (Abcam, Cambridge, MA).  All of these 
reagents were diluted with culture medium into different concentrations.  Cells in a negative 
control group were treated with culture medium.  

2.2 Impedance sensor and cell culture

 The sensor comprising an electronic plate (E-Plate 16) with interdigitated electrodes at the 
bottom of 16 wells was obtained from ACEA Biosciences (USA) [Fig. 1(a)].  Each well had 
a volume of 243 ± 5 μL to culture cells on electrodes.  The interdigitated electrodes at the 
bottom of the wells had the shape of a circle on a line [Fig. 1(b)].  The interdigitated electrodes 
covered approximately 80% of the bottom area of each well, providing maximal sensitivity for 
the detection of the electrochemical reactions at the electrode interface and relatively uniform 
distribution of the electric field.  
 Colorectal cancer cells (LS180, SW620) (American Tissue Culture Collection, CCL131) 
were maintained in Roswell Park Memorial Institute (RPMI)-1640 medium supplemented 
with 10% fetal calf serum (FCS; heat-inactivated), 100 units/mL penicillin G, and 100 μg/mL 
streptomycin.  All cells were cultured at 37 ℃ in a humidified atmosphere containing 5% CO2.  
Cancer cells were planted in the microchamber wells of the sensor device at a density of 1 × 105 
cells/mL monitored by a standard hemacytometer.  After seeding, the cells underwent a time-

Fig. 1. (Color online) Impedance sensor and cell culture.  (a) E-Plate 16 device of cell-based impedance biosensors 
with interdigitated electrodes cultured with cancer cells.  (b) Schematic of cell deposition, growth, and proliferation 
on the electrodes with the detected cell growth curve.

(a) (b)
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dependent morphology change, and 24 h later, they were spread over the electrode [Fig. 1(a)].  
System impedance was measured on the Zahner ZENNIUM electrochemical workstation (Zahner 
Elektrik, Germany) with tested frequency from 1 kHz to 1 MHz.  The real-time impedance 
response of 10 kHz to cell deposition, growth, and proliferation on the electrode surface is 
shown in Fig. 1(b).  All the measurements were performed at 37 ± 0.2 ℃ in an incubator.

2.3 Cell index detection

 Before cell seeding, a background resistance was recorded by adding 240 μL of cell culture 
medium.  Then, an equal volume of cell suspension was added into different wells, and the 
recording of cell index (CI) at a fixed frequency (10 kHz) every 10 min was started to obtain 
real-time recordings using an iCELLigence system (ACEA Biosciences, USA).

 cell b
b

Z ZCI = Z
−

 (1)

Here, Zcell represents the resistance of the system in the presence of cells, and Zb represents the 
resistance of the system before cell seeding.  
 After 24 h, the culture medium in each plate well was refreshed.  Cell culture medium and 
culture solution containing different anti-cancer drugs were injected alternately.  In the control 
experiments, the cancer cells were treated with culture medium.  The cell index was recorded 
for another 24 h.  The toxicity reflected by the cell index was the gross cytotoxicity of different 
drugs of different concentrations, which had effects on the cell biological status including cell 
viability, cell number, morphology, and adhesion.(26–28)

3. Results and Discussion

3.1 Impedance circuit modeling

 During the electrochemical measurement, an alternating voltage (20 mV) was applied.  
Generally, culture medium on electrodes is equivalent to a simple circuit containing a solution 
resistance (Rs) and a constant phase element (CPE) [Fig. 2(a)].  When the gastrointestinal cancer 
cell suspension solution was added to each plate well, round cells would gradually attach and 
spread over the electrodes.  On the basis of the pioneer work of Giaever and Keese,(29,30) various 
impedance models of cells were simplified to be a resistor–capacitor (RC) parallel circuit at last.  
It is one of the most common impedance circuits used to characterize the properties of cells.  
Besides Rs and CPE, the impedance in the presence and absence of the cells is distinguished by 
the cell impedance, which is composed of Rc and Cc [Fig. 2(b)].  Finally, cells reached a state 
with the largest contact area [Fig. 2(c)], and electric current could only flow through the cell 
interval, which lead to another resistance Rb that can be used to evaluate the tightness of the 
attachment between cells and electrodes.  Thus, the revised electrical circuit was used to discuss 
the cell adhesion, spreading, and micromotion referring to the results of simulations using 
Zveiw (Scribner Associates Inc., US).  The detailed parameters of the circuit could be used to 
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explain changes in the cell conditions, including those of the membrane and nucleus, owing to 
anti-cancer drugs at the same time.
 As a powerful method for the characterization of the structural features of the sensing 
interface, impedance spectra can be used to explain the mechanism of biochemical processes 
occurring at the electrode-solution interfaces.(26,31)  Examination of the impedance changes 
enables the analysis of interfacial changes originating from biorecognition events or cell 
adhesion at electrode surfaces and provides real-time and kinetic information of cell behaviors.  
Thus, the cell-based impedance biosensors could be used to monitor the conditions of cancer 
cell attachment, cell proliferation, and cell detachment by exposing cells to different medicinal 
compounds.  

3.2 Impedance detection and analysis of Chinese medicines

 Generally, cell impedance was affected by multiple parameters, including cell number, 
adhesion, and morphology, all of which can be influenced by cytotoxic compounds.(27)  Through 
real-time monitoring, cell index was found to reflect the overall condition of cancer cells.  
During the first 24 h, cancer cell proliferation, attachment, and spreading on the electrodes 
resulted in impedance increases (Fig. 3).  However, when cancer cells in plate wells were treated 
with different medicines at different concentrations, the cell index showed various changes 
depending on the mechanism of the compound action.  Over the lengthy course of toxicant 
exposure, the attached and infected cells eventually die and/or cannot bind firmly to the gold 
electrodes, corresponding to a gradual decrease in cell index.  

Fig. 2. (Color online) Cell morphology and equivalent circuits on electrodes.  (a) Culture medium on electrodes 
with equivalent circuit.  (b) Cell morphology and its equivalent circuit when cells are suspended in medium.  (c) 
Cell morphology and its equivalent circuit when cells are attached to electrodes.  RS refers to the resistance of the 
culture medium, CPE, Rc, and Cc are the resistance and capacitance of cells, respectively, Rb is the resistance both 
between adjacent cells and between cells and electrodes.  

(a) (b) (c)
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 Compared with the control group without any medicine, both CKI and cinobufacini 
injection had considerable effects on colon cancer cells.  We could also infer that with higher 
concentrations of these two drugs, the more the impedance changed.  Additionally, changes 
in the cell impedance depended on how much of the drugs the cells were exposed to, and for 
how long.  With CKI treatment, however, the decrease in the cell index was very different from 
that in the case of cinobufacini injection, which indicated that these two traditional Chinese 
medicines have distinct mechanisms and curative effects.  
 As shown in Fig. 3(a), the sharp decline in the CKI cell index at the volume ratio of 50% 
might be caused by multiple factors, such as a decrease in cell number, reduction in spreading 
area, and attenuation of adhesive forces.  The results indicated that CKI could destroy the 
cytoskeleton, and even induce cell apoptosis.  The impedance changes also appeared in a time-
dependent pattern, especially at the drug concentration of 10%.  With longer action time of the 
drug, CKI could also cause cancer cell apoptosis.  However, when the drug concentration was 
5%, colon cancer cells would still be alive after 24 h, which suggested that the main function of 
CKI at low concentrations is as a cytostatic.
 CKI is extracted from the root of two herbs, Sophora flavescens and Heterosmilacis 
japonica. It had been extensively used alone or in combination with chemotherapy or 
radiotherapy in Chinese clinical settings for many years.(18,32)  The primary components of the 
medicine are matrine and oxymatrine that suppress tumor cell growth by inducing apoptosis 
and inhibiting adhesion.  The changes in the cell index indicated that CKI has a significant 
antitumor activity and that impedance sensing is a promising method for exploring the CKI 
function.
 The injection of cinobufacini, an aqueous compound extracted from the skin of the 
Asiatic toad Bufo bufo gargarizans Cantor, is also widely used in clinical cancer therapy in 
China.(33,34)  Different from CKI, upon cinobufacini injection treatment, the cancer cell index 
did not decrease, but remained in a relatively steady state during measurements [Fig. 3(b)].  
Compared with the control group, the cell index of cancer cells slightly increased after injecting 
cinobufacini.  More importantly, only small differences were observed between the impedance 
spectra after cinobufacini injection at different concentrations, 50, 10, and 5%.  The results 

Fig. 3. (Color online) Cell index with CKI (a) and cinobufacini injection (b); the legend shows the volume ratio of 
medicine in culture medium.

(a) (b)

Compound Kunshen
injection injection
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suggested that the effect of cinobufacini on human SW620 cells is predominantly disruption of 
the cell cycle and suppression of cell division, with little influence on the cytoskeleton.  This is 
in agreement with previous research, which indicated that cinobufacini affects the cell surface, 
induces cell cycle arrest at the S phase, and inhibits cellular proliferation significantly.(35)

 Taken together, the above results suggested that CKI induces the apoptosis of colon cancer 
cells, whereas cinobufacini mainly inhibits cellular proliferation.  By monitoring the impedance 
changes of colon cancer cells, the cytotoxic effects of the two kinds of traditional Chinese anti-
cancer drugs were analyzed.  The results provided experimental evidence of the efficacy of CKI 
and cinobufacini in the treatment of colon cancer cells.  Compared with conventional methods 
used in cancer cell biology, including methyl thiazolyl tetrazolium (MTT), radioactive detection, 
fluorescent imaging, and even animal experiments,(36–38) the cell-based biosensor offers a real-
time, inexpensive, and easy method of continuously monitoring cell conditions.  

3.3 Impedance sensing of growth factor

 Because of the control of a wide range of biological functions, regulation of cellular 
proliferation, survival, migration, and differentiation through signaling, various growth factors 
were treated as important cancer therapeutic targets, such as TGF-βs and FGFs.(15,20,21)  Here, 
we take TGF-β1 as an example to investigate the effect of TGF-βs on colon cancer cells.  
TGF-β1 solution was prepared at 6 different concentrations with culture medium.  
 As shown in Fig. 4, there was a gradual increase in the normalized cell index when only 
culture medium was applied.  For low concentrations, 0.01, 0.025, and 0.05 μg/mL, of TGF-β1, 
the normalized cell index also increased, but at a much lower rate than that of the control group (Fig. 
4).  Meanwhile, the ability to inhibit the growth of colon cancer cells is shown in concentration- 
and time-dependent manners.  For high concentrations, 0.5 and 0.25 μg/mL, however, the 
normalized cell index increased substantially, which indicated that TGF-β1 at high concentration 
could prompt cell growth effectively.  When the concentration of TGF-β1 was about 0.1 μg/mL, 
changes in the cell index were almost the same as that with culture medium.  From the results, 
we could infer that TGF-β1 could trigger a variety of different cellular responses depending on 
its concentration.  

Fig. 4. (Color online) Normalized cell index of cancer cells with TGF-β1 at different concentrations.
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 TGF-βs are multifunctional cytokines important in diverse biological processes, including 
development, differentiation, and immunoregulation.  Their signaling is one of the key pathways 
altered in inflammatory bowel disease-associated colorectal cancer.(39)  For TGF-β1 in this 
study, it was essential to maintain homeostasis between cell growth and apoptosis.  Indeed, 
it played dual roles in cancer cell proliferation, and the provided signals for cell survival or 
apoptosis were dependent on cell type and condition.(20,40,41)  The results obtained with the 
cell-based biosensor indicated that the effects TGF-β1 on colon cancer cells were dependent on 
concentration.  It was in accordance with the fact that all human tumors overproduce TGF-β1, 
whose autocrine and paracrine actions promote tumor cell invasiveness and metastasis.(20)  
Therefore, impedance sensing offers an easy way to evaluate the function of the TGF-β 
signaling cascade in gastrointestinal carcinogenesis and provides some new molecular insights 
that may aid efforts towards targeted antitumor therapies.

3.4 Impedance model analysis

 5-FU has been the mainstay in gastrointestinal cancer treatment over the last 40 years.  It is 
converted to three major active metabolites: (1) fluorodeoxyuridine monophosphate (FdUMP), (2) 
fluorodeoxyuridine triphosphate (FdUTP), and (3) fluorouridine triphosphate (FUTP).  FUTP 
can disrupt RNA synthesis.  FdUMP can inhibit the action of thymidylate synthase (TS), a 
nucleotide synthetic enzyme, and FdUTP can be directly misincorporated into DNA.  Hence, 
the therapeutic target of 5-FU is the cell nucleus.(27)

 In our study, impedance changes of 5-FU had their own characteristics, from which we could 
also infer that the mechanism of action is at the cell nucleus.  The changes in the normalized 
cell index of 5-FU depend on its concentration.  Higher concentrations correspond to a 
larger impedance change (Fig. 5).  Additionally, after a short time of increase, the impedance 
decreased slowly, indicating cell apoptosis.  However, from the cell index, it was difficult to 
distinguish whether the main factor was cell death or detachment.
 Here, an equivalent electrical circuit [shown in Fig. 2(c)] was used to investigate the 
responses of the cancer cells under treatment with medicine.  Taking the impedance data of 

Fig. 5. (Color online) Cell index changes in cancer cells with 5-FU at different concentrations.
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5-FU at 12.5 mg/mL as an example, we regarded the characteristics in analogy with the curves 
of the circuit and summarized the fitted parameters of some important elements in Table 1, to 
investigate the cytotoxicities of drugs.
 In the fitted results, the decrease in Rb, 15%, indicated that under treatment with 5-FU, 
cells detached from the electrodes.  Additionally, changes in Cc and Rc represented the overall 
characteristics of cancer cells.  The capacitance of cells decreased by 68%, indicating a 
considerable reduction in the lipid bilayer capacitance, which was mainly influenced by the 
capacitances of the cell and the nuclear membrane.  Compared with Cc, the resistance of cells (Rc) 
increased little, about 39%.  Actually, cell death caused a reduction in Rc, while cell detachment 
from electrodes led to a larger resistance.  Therefore, cell detachment played an important role 
in the increase in cell resistance.  On the other hand, 5-FU can stop the cell proliferation by 
blocking the cell cycle after DNA replication, which leads to increasing resistance of the cell 
nucleus.  Through the analysis of these detailed parameters of the impedance model, therapeutic 
targets and the efficiency of 5-FU could be investigated preliminarily.  Therefore, by combining 
the fitted results of the model with the changes in the cell membrane and nucleus under 
treatment, this circuit model could be extended to the analysis of other medicines in the future.
 The anti-cancer reagents CKI, cinobufacini injection, TGF-β1, and 5-FU have different 
therapeutic targets, which could cause various cytotoxic effects on colon cancer cells.  From 
the impedance spectra of the cell-based biosensor, diverse changes in cancer cells could be 
identified.  The sharp decline in the impedance spectra with CKI indicated that CKI could 
suppress cell growth by inducing apoptosis and inhibit the adhesion capacity.  The gentle 
changes in the impedance spectra with cinobufacini injection suggested that it could only 
disrupt the cell cycle and suppress cell division.  TGF-β1 played dual roles in cancer cell 
proliferation depending on its concentration.  In contrast, 5-FU affects the cell nucleus and 
could suppress cell growth.  By combining this cell-based biosensor with impedance model 
analysis, a promising method of function mechanism investigation in new medicine research 
was explored.  It may possibly promote the development of diagnostics and therapies for colon 
cancer.
 Compared with traditional viability assays (end-point viability readout), such as the WST-
1, the cell-based biosensor, which is simple, sensitive, and low in cost, could be applied for 
studying the real-time and kinetic information of cell behavior, such as cell proliferation, 
morphology, and motility.(26,42)  The ability of rapidly quantifying the toxicity of potential 
anti-cancer medicines to targeted cancer cells would provide an efficient method for the rapid 
screening of drugs in preclinical research.

Table 1
Impedance fitted results with parameters of cells and cell adhesion.

Cc/F Rc/Ω Rb/Ω
Before 1.9 × 10−7 6.1 × 102 1.3 × 102

After 6.1 × 10−8 8.5 × 102 1.1 × 102

Changes Decrease by 68% Increase by 39% Decrease by 15%
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4. Conclusion

 With the cell-based impedance biosensor, the cytotoxic effects of different reagents, namely, 
CKI, cinobufacini injection, TGF-β1, and 5-FU, on gastrointestinal cancer cells could be 
evaluated.  Different drugs at various concentrations caused diverse pharmacodynamics in colon 
cancer cells, which could be inferred from the patterns of impedance changes.  By combining 
impedance spectra with appropriate impedance circuit modeling, we could preliminarily 
estimate the effects of different medicines on targeted cancer cells.  Because the impedance 
sensing is in real time, has high throughput, and is easily manipulated, this biosensor could be 
used as a suitable and promising alternative to end-point assay in the preclinical research of 
medicines, including the development of new therapeutic regimens.
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