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Correlation between electrical 
characteristics and biomarkers 
in breast cancer cells
Yang Wang1, Ying Li1, Jie Huang3, Yan Zhang4, Ren Ma1, Shunqi Zhang1, Tao Yin1, 
Shangmei Liu2, Yan Song2* & Zhipeng Liu1*

Both electrical properties and biomarkers of biological tissues can be used to distinguish between 
normal and diseased tissues, and the correlations between them are critical for clinical applications of 
conductivity (σ) and permittivity (ε); however, these correlations remain unknown. This study aimed 
to investigate potential correlations between electrical characteristics and biomarkers of breast 
cancer cells (BCC). Changes in σ and ε of different components in suspensions of normal cells and BCC 
were analyzed in the range of 200 kHz–5 MHz. Pearson’s correlation coefficient heatmap was used to 
investigate the correlation between σ and ε of the cell suspensions at different stages and biomarkers 
of cell growth and microenvironment. σ and ε of the cell suspensions closely resembled those of 
tissues. Further, the correlations between Na+/H+ exchanger 1 and ε and σ of cell suspensions were 
extremely significant among all biomarkers (pε < 0.001; pσ < 0.001). There were significant positive 
correlations between cell proliferation biomarkers and ε and σ of cell suspensions (pε/σ < 0.05). The 
microenvironment may be crucial in the testing of cellular electrical properties. ε and σ are potential 
parameters to characterize the development of breast cancer.

With the discovery of marked differences between the electrical impedances of malignant breast tissues and 
healthy tissues1,2, bioelectrical impedance technology has emerged as a new approach for breast cancer detec-
tion. This technology is noninvasive, cost-effective, safe, informative, and easily acceptable to both doctors 
and patients3. The conductivity (σ) and permittivity (ε) of different biological tissues not only vary in terms 
of frequency, but also change with their physiological and pathological states; therefore, these can be used as 
indicators for biomedical or clinical applications to detect and diagnose diseases4. Although certain frequency 
ranges of electrical properties have been linked to pathological states of tissues, reports correlating σ and ε with 
physiological and pathological characteristics of cells are rare5. However, for realizing clinical applications of σ 
and ε, it is critical to understand these correlations.

Tissue physiological status, such as the statuses of cellular activities6, membrane proteins7, and extra-cellular 
matrix8, have been reported to correlate with electrical characteristics. Wang et al. found that σ of liver cancer 
tissues increased in the frequency range of 10 Hz to 100 MHz as cell activity decreased6, and that the changes 
in σ and ε were more sensitive under 1 MHz. Weyer et al. found that overactivation of ion channel protein on 
human embryonic kidney (HEK) 293 cell membrane leads to increased extracellular σ9. The electrical properties 
of breast cancer were found that changes in the number of proteins on the cell membrane of breast cancer cells 
at different stages had no significant effect on σ10. Meanwhile, breast cancer cytoskeleton studies have found that 
increasing the density of the cytoskeleton leaded to decreased σ11. They sought to investigate the effects of breast 
cancer cell structure and membrane protein quantity of σ. Breast cancer has unique characteristics of tumors, 
such as unlimited proliferation, abnormal energy metabolism and acidic microenvironment12. These are the 
main pathological features that distinguish tumors from normal tissues. However, they did not investigate the 
correlation between the pathological changes in these tumorigenesis processes and electrical properties.

In order to reflect the changes of electrical properties caused by pathological changes of cells, the measure-
ment methods of cell σ are mainly divided into single cell and cell suspension. The results of single cell electrical 
properties of breast cancer showed that electrical properties can distinguish different stages of breast cancer. 
In order to overcome the measurement error of electrical characteristics caused by different growth cycles of 
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single cells, cell suspension resuspended with isotonic solution was used13. The electrical characteristics of breast 
cancer cell suspension showed that σ of MDA-MB-231 breast cancer cell was lower than that of normal breast 
cancer cell MCF-10A, abnormally. Although σ error of the cell suspension resuspended with isotonic solution is 
reduced, the measurement of electrical properties at the cellular level remains a challenge. Because the electrical 
properties that are measured in tissue come not only from the cell but also from the microenvironment that the 
cell is in14. However, the electrical properties measurement in cell level does not take into account of the influ-
ence on σ by the cell microenvironment, while the material exchange with the microenvironment is inevitable 
during the cell growth process.

Therefore, in this study, we aimed to establish a method to measure σ and ε of breast cancer cells with tumor 
microenvironment, and find the correlation between cell σ and biomarkers expressed during breast cancer devel-
opment. The electrical characteristics of normal and breast cancer cells with different degrees of malignancy were 
detected between 200 kHz and 5 MHz. The changes in σ and ε of different components in cell suspension were 
analyzed and their correlations with biochemical parameters (biomarkers) of breast cancer cells were systemati-
cally evaluated using biology heatmap, which aims to provide biological basis for the clinical application of the 
potential diagnostic method based on electrical characteristics.

Results
Conductivity and permittivity of breast cells in 200 kHz–5 MHz.  Experimental conditions are cru-
cial for the impedance measurements. In addition to controlling the measured temperature, we measured the 
activity of the cells within 2.5 h (Fig. S1). It was found that there was no significant change in cell activity during 
this period. The effect of the radio frequency (RF) we used on the cell suspension system was further examined. 
Cell activity results showed that radiofrequency reduced cell activity, but not significantly (Fig. S2). RF also had 
no significant effect on the acidity of the medium (Fig. S3). On this basis, σ and ε of the breast cell lines with 
low metastasis (MCF-7) and high metastasis (MDA-MB-231) were measured in the frequency range of 200 kHz 
to 5 MHz and compared with those of the normal glandular mammary epithelial cell line (MCF-10A; Fig. 1).

The σ of each cell suspension increased slightly when the frequency was between 200 kHz and 1 MHz, and 
plateaued for frequencies beyond 1 MHz (Fig. 1a). The σ of MCF-10A cells was the lowest in the whole frequency 
range, while σ of MCF-7 cells with low metastasis was higher than that of MCF-10A, but much lower than that of 
the highly metastatic MDA-MB-23l breast cancer cells, indicating that cell σ was positively correlated to metas-
tasis of breast cancer cells. The ε of all cell lines rapidly decreased with increasing frequency from 200 kHz to 
2 MHz, and gradually levelled off at frequencies above 2 MHz (Fig. 1b). In particular, the differences in ε among 
the two breast cancer cells and normal cells decreased remarkably. Moreover, the ε of the three types of breast 
cells in suspensions were consistent with those for the σ. The normal breast cell suspension had the lowest ε and 
the breast cancer cell suspension with the highest metastasis had the highest ε.

The σ and ε of the breast cells group were shown in Fig. 1c,d. Compared with the cell suspensions group, the 
MDA-MB-231 cells group showed lowest σ and the MCF-7 cells showed the highest σ (Fig. 1c). The trend of ε in 
the cells group was consistent with that in breast cell suspensions (Fig. 1d). However, the difference between the 
ε of the MDA-MB-231 and MCF-7 cells group was smaller than that in their cell suspensions.

The σ and ε of the cell media group were also measured (Fig. 1e,f). The results were consistent with those of 
the breast cells suspension group. The σ and ε of MDA-MB-231 cells were much higher than those of MCF-7 
cells, particularly in terms of the magnitudes compared to those in the cell suspensions group.

Conductivity and permittivity of breast cells at 1 MHz.  The σ and ε of the three groups were com-
pared and analyzed at 1 MHz (Fig. 2)6. The trend of σ and ε mentioned above can be clearly observed at the dif-
ferent cell stages. Looking at the σ or ε of three groups of the same cell species, we found that the data of the cell 
suspension group were more comprehensive. The cell suspensions group was more representative as a whole. In 
addition, the σ of the cell media group were higher than those of the cells group at 1 MHz; this was particularly 
evident in the MDA-MB-231 cell lines (Fig. 2a), in which σ were more similar to those of the cell suspensions 
group, demonstrating the influence of culture medium.

Migration and expression of Ki67 and cyclinD1.  The migration rate of breast cancer cells with dif-
ferent degrees of malignancy during 72 h culture was compared with that of normal breast cells (Fig. 3a). The 
migration rate of MDA-MB-231 cells, which had the highest transference rate, was the fastest and the gap was 
reduced rapidly. The migration rate was slower for MCF-7 cells, but much faster than that of MCF-10A cells. 
Normal mammary MCF-10A cells were almost nonmigratory during the 72 h of culture.

The cell proliferation rates of the three types of breast cells were also measured using CCK-8 assay (Fig. 3b). 
MDA-MB-231 cells had the highest growth rate during the 6 days of culture. Similar to the cell migration study, 
the proliferation rates of breast cells were correlated with and accelerated by the increase in malignancy.

The expression of the cell proliferation protein Ki67 and cell cyclin protein cyclinD1 were shown in Fig. 3c. 
The degree of protein expression was quantified in comparison to the actin control; the expression levels of both 
Ki67 and cyclinD1 increased with increase in cell malignancy. These results were consistent with those of cell 
proliferation and migration rate.

Changes in lactic acid and NHE1 levels in the acidic microenvironment.  As shown in Fig. 2, the 
conductivities and dielectric properties of the cultured medium contribute remarkably to these of the cell sus-
pension Tumor microenvironments are typically acidic. In this study, changes in the culture media pH for three 
types of breast cells during culture were measured; the decrease in pH was shown in Fig. 4a. The pH values of the 
three culture mediums decreased as malignancy increased.
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The expression level of Na+/H+ exchanger 1 (NHE1), which transports H+ to the extracellular space, was 
determined by Western blot assay (Fig. 4b). The degree of NHE1 protein expression in comparison with actin 
control was quantified. The expression level of NHE1 increased with increase in cell malignancy, thus explaining 
the decrease of pH in the culture media.

Figure 1.   σ and ε of normal glandular mammary epithelial cell MCF-10A, breast cancer cell MCF-7, and 
MDA-MB-231 in the frequency range 200 kHz–5 MHz. Variation trend of σ and ε in cell suspensions group 
(a,b), cells group (c,d) and cell medium group (e,f). (Data are means ± SD, n = 10).
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Abnormal glucose metabolism in tumor cells affects the acidic tumor microenvironment. Tumor cells undergo 
aerobic glycolysis to produce large amounts of lactic acid, which may affect the electrical properties of the cell 
suspension. The lactic acid levels in the three types of breast cell cultures were compared (Fig. 4c). There was no 
statistical difference in lactate output between normal MCF-10A and MCF-7 cells. Lactate excretion in MDA-
MB-231 cells with high transferability was significantly higher than that in the other two types of cells. The 
expression of lactate dehydrogenase A (LDHA)15 was shown in Fig. 4d. LDHA expression was consistent with 
the lactic acid measurement; its expression was lower in MCF-7 cells than in normal MCF-10A cells, although 
there was no significant difference between the two groups. LDHA expression is regulated by hypoxia-inducible 
factor alpha (HIF-1α)16,17. The expression of HIF-1α was very low in MCF-10A cells, and the level of expression 
increased as the degree of malignancy of the breast cancer cells increased.

Correlations between the conductivity and permittivity of breast cells and biomarkers.  To 
understand the relationship between the biological markers expressed by the three groups of breast cells and 
their σ and ε, we generated biological heatmaps of Pearson correlation coefficient, including the correlations 
between migration rate, pH change, lactate production, and expression of Ki67, cyclinD1, NHE1, LDHA, 
HIF-1α, and σ and ε of cell suspensions, cells, and culture medium at 1  MHz (Fig.  5). The most significant 
correlation between σ and cell suspension was the expression of NHE1 (pσ < 0.001). The significant correlation 
between σ of cell medium was the production of lactic acid and the expression of NHE1 (pσ < 0.01, pσ < 0.01, 
respectively). Figure 5 clearly showed a negative correlation between cell σ and the levels of lactic acid, HIF-1α, 
and NHE1 (pσ < 0.05).

Figure 5 showed that the expression of NHE1 is significantly correlated with the ε of cell suspension 
(pε < 0.001). The most significant correlation between the ε of cell culture media was lactic acid metabolism 
regulated by HIF-1α (pε < 0.001). The migration rate of cell lines was significantly correlated with the dielectric 
properties of cells (pε < 0.001).

In cell suspensions, the correlation between the σ and ε and NHE1 was more significant than those with 
other biomarkers.

Figure 2.   Comparison among the σ and ε of the three types of cells, cell media, and cell suspensions at 1 MHz. 
(a) Comparison among σ. (b) Comparison among ε. (Data are means ± SD, n = 10).
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Discussion
The technology of bioelectrical impedance has attracted much interest owing to its potential for use in disease 
detection. Bioimpedance analysis show that the electrical properties of normal tissue, surrounding tissues, and 
carcinoma are different. Understanding the electrical behavior of mammary tissue and cells will aid the develop-
ment of a noninvasive technique for early breast cancer detection. However, there is limited understanding of the 
correlation between the electrical characteristics of breast cancer tissues and the clinical pathological observa-
tions or the biological biomarkers used in clinical practice. In this study, the correlations between σ and ε and 
several biomarkers, including those involved in cell proliferation and microenvironment of cell growth, were 
investigated using cells at different stages of breast cancer development. Our results showed that the σ and ε of 
breast cancer cell suspension were consistent with those of breast cancer tissue18. Moreover, the changes in σ and 
ε during breast cancer development were closely related to the biomarkers of cell proliferation and cell growth 
microenvironment. The understanding obtained through this study will help apply bioelectrical characteristics 
in the development of breast cancer diagnosis tools.

σ and ε of breast cancer cells in the current study were consistent with previously reported results. Due to 
enlarged nuclear folding and increased membrane permeability in MDA-MB-231 cells, the σ of MCF-7 was 
higher than that of normal breast cells (MCF-10A), while the σ of MDA-MB-231, which had the highest metas-
tasis, was the lowest10. However, this was inconsistent with the σ of breast cancer tissues19. Understandably, the 
characteristics of breast cancer tissues cannot be completely simulated by the suspended breast cancer cells in 
an isotonic salt solution, and the electrical characteristics of breast cancer cells cannot fully represent those of 
breast cancer tissues. In addition to the breast cancer cells, the living environment for cells in breast cancer tis-
sues exert influence. As expected, σ and ε of breast cancer cell suspensions, which increased with increase in the 
degree of breast cancer malignancy, were consistent with the electrical characteristics of breast cancer tissues 

Figure 3.   Migration and expression of Ki67 and cyclinD1 in three types of breast cells. (a) Micrographs 
of the migration of three types of breast cells (MCF-10A, MCF-7 and MDA-MB-231) during 72 h culture. 
Comparison of the migration rate in terms of area coverage calculated using Image J, as shown in the right. 
(Data are means ± SD, n = 6). (b) The growth curves of the three types of breast cells during 6 days of culture. 
(Data are means ± SD, n = 3). (c) Western blot of Ki67 and cyclinD1. The expression levels of Ki67, cyclinD1 in 
comparison with actin control for three cell types were quantified using Image J and presented below. (Data are 
means ± SEM, n = 3). *p < 0.05; **p < 0.01; **p < 0.001.
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reported previously18. These results suggested that the σ and ε of breast cancer tissues may be closely reflected 
by the interaction of the cells that constitute them and their cellular microenvironments.

To verify our hypothesis, σ and ε of the cell culture media were analyzed. Results showed that the σ and ε of 
the cell culture media were consistent with those of the cell suspensions and breast cancer tissues. Since the bio-
molecules, materials, and energy are continuously exchanged between cells and their own microenvironment20, 
the microenvironment for cell survival cannot be ignored when analyzing the electrical characteristics of tissues 
at the cellular level. In fact, the σ of the cell culture solution contributed significantly to the overall σ. Therefore, 
study on the electrical characteristics of breast cancer cell suspension should be preferably considered as a whole, 
instead of cells alone, as it exhibited greater resemblance with breast cancer tissue. At the same time, the results 
have shown that the σ of cell suspensions, cells and cell media was significantly correlated with acidic microen-
vironment biomarkers. Therefore, the cell microenvironment cannot be excluded in the measurement of tissue 
σ, and also, the microenvironment must be taken into account on the establishment of cell model.

σ and ε can be effectively used to distinguish normal tissue from tumor tissue, although there is no systematic 
study on the correlation between σ and ε and tumor biological characteristics at present. Qiao et al.10 found that 
changes in the number of proteins on the membranes of breast cancer cells at different stages had no significant 
effect on σ. However, Weyer et al.9 found that overactivation of ion channel protein on human embryonic kidney 
293 cell membrane led to an increase in extracellular σ. This suggests that changes in the number of proteins on 
the membranes are probably not associated with σ. However, ion channel proteins are related to the change of 
σ. In addition, a major factor affecting σ is electrolytes. And hence, the acidic microenvironment which may be 
a kind of tumor’s electrolytes is a major feature of tumors. Therefore, we speculated that physiological activity 
markers that may cause changes in hydrogen ion concentration in tumors are related to electrical properties. 
Therefore, we analyzed the correlation of biomarkers with σ and ε in some characteristics of tumor cells, including 
proliferation (KI67, cyclinD1), migration, acidic microenvironment (pH, NHE1), hypoxia microenvironment 
(HIF-1α), and abnormal energy metabolism (LDHA).

The most basic characteristic of tumors is their indefinite proliferation12. Ki67 is a cell proliferation antigen, 
which has been recognized as an early diagnostic indicator21 in the standard pathological assessment of breast 
cancer. CyclinD1 is a G1/S phase specific and highly conserved cyclin, and its expression rate has been used to 

Figure 4.   Changes in lactic acid and NHE1 levels in the acidic microenvironment of three types of cells. (a) 
Decrease in pH of culture media for 3 types of breast cells. (b) Western blot of NHE1. (c) The amount of lactic 
acid secreted in the three types of cell media. (d) Western blot of LDHA and HIF-1α. (Data are means ± SEM, 
n = 3). *p < 0.05; **p < 0.01; **p < 0.001.
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reflect the degree of tumor malignancy22,23. The rapid proliferation and migration of breast cancer cells require 
a large amount of energy24,25, resulting in a large accumulation of H+ and lactic acid in MDA-MB-231 cells26,27 
(Fig. 6). This process will greatly increase the concentration of H+ in the cell. This may alter the electrical 

Figure 5.   R and p values between the electrical characteristics of breast cells and biomarkers at 1 MHz. (a) 
Heatmap of r values. (b) Heatmap of p values.
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properties of the cell. At the same time, monocarboxylate transporter 4 (MCT4) is responsible for the transport 
of lactic acid and H+28, but the large accumulation of lactic acid makes MCT4 unable to undertake the transport 
of H+29. In order to maintain intracellular acid homeostasis, NHE1 is overexpressed and becomes the main 
hydrogen ion transporter in breast cancer cells30–33. We also observed a significant increase in NHE1 expression 
in MDA-MB-231 cells. Further, after H+ transport occurs in breast cancer, the concentration of H+ in the cell 
decreases and reverts to basicity. As a result, the concentration of H+ outside the cell goes up. This process may 
alter the electrical properties of the cell’s microenvironment. It has been reported that extracellular acidity is 
reduced after NHE1 expression is inhibited in breast cancer MCF-7 and MDA-MB-231 cells34. NHE1 becomes 
a key protein in changing H+ concentration inside and outside breast cancer cells. Overall, the increase of cell 
suspension σ together with the increase of malignant degree of breast cancer cells may be related to the large 
production and continuous transport of H+, and NHE1 may play a key role in the change of cell suspension σ. 
Consequently, NHE1 exhibited an extremely significant positive correlation with σ and ε of the cell suspension. 
σ and ε showed significant positive correlation with the above-mentioned proteins, which promote the develop-
ment of breast cancer cells.

In this study, by comparing the electrical properties of different cell suspension components, it was found 
that the trend of σ and ε in cell suspension was consistent with those of biological tissue in the frequency range 
of 200 kHz–5 MHz. Further, the characteristics of cells and microenvironment were analyzed, and σ and ε of the 
cell suspension were found to have the most significant correlation with NHE1 among all the markers. Among 
the markers of microenvironment, the ionic marker NHE1 had the strongest correlation with σ and ε. Among the 
cell growth markers, the correlation between migration rate and σ and ε was the most significant. This indicated 
that the influence of microenvironment on σ and ε of a cell suspension cannot be ignored. However, 2D cell 
culture limits the cell density, making it impossible to structurally mimic the tissue more closely. Thus, future 
work should focus on studying the correlation between electrical properties and biomarkers in animal models 
using minimally invasive carrier electrodes. Collectively, the significant positive correlations between electrical 
properties and biomarkers proved that σ and ε are important indicators for the occurrence and development of 
breast cancer.

Materials and methods
Cell culture.  Human breast cell lines MCF-10A, MCF-7, and MDA-MB-231 were purchased from Cell 
Resource Center, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences/Peking Union Med-
ical College (Beijing; China). MCF-10A is a normal glandular mammary epithelial cell line, while MCF-7 and 
MDA-MB-231 are breast cancer cell lines with low and high degrees of division, respectively. MCF-10A and 
MCF-7 cells were cultured in Roswell Park Memorial Institute 1640 medium (RPMI 1640; Gibco; USA) and 
MDA-MB-231 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco). Both cultures 
were supplemented with 10% fetal bovine serum (FBS; BI), 100 units/mL penicillin, and 100 μg/mL streptomy-
cin. Cells were cultured in 5% CO2 humidified incubator (Thermo; Germany) at 37 ℃.

To prepare cell samples, 8 mL cell suspensions (105 cells/mL) were plated on a 10 cm culture dish and 
incubated at 37 ℃. After 72 h, the cells were digested with trypsin and centrifuged at 500g for 5 min at room 
temperature. The supernatants were collected and used as suspension media.

Detection of electrical characteristics.  In this study, there were three groups with different types of 
samples: (A) cells group, in which three breast cell lines were collected in phosphate-buffered saline solution 
(PBS; Gibco)35; (B) cell suspensions group, in which the same breast cells were resuspended in their superna-
tants; (C) cell medium group, consisting of the supernatants collected from the cultures of three breast cell lines.

Figure 6.   Schematic diagram of proteins promoting tumor development.
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The dielectric properties of the three sample groups were measured using a liquid measuring device (16452A; 
KEYSIGHT; USA) connected to an electrical impedance analyzer (E4990A; KEYSIGHT).

The equipment was fully calibrated for air, with open circuit to short circuit settings. The initial air calibration 
range was 34.9 pF ± 25%; after careful control of humidity and air compositions, the test system was stabilized 
in the range of 32 pF ± 1 pF. The calibration was performed and adjusted to the acceptable range before each 
measurement. The measurement chamber was sterilized using 75% ethanol before testing.

The cell suspensions in each test were carefully shaken to ensure uniform distribution. A continuous liquid 
intake method was adopted to prevent the cells from settling to the bottom. Ten complete electrical impedance 
measurements were obtained from 3.8 mL cell samples, with frequencies varying from 200 kHz to 5 MHz; there 
were 195 frequency points with linear intervals.

The relative dielectric constants and dielectric losses of cell samples were obtained from the measurement 
directly. Then, σ of cells was calculated using the following relationship:

where σ is conductivity of the sample, ω is the angular frequency, and ε′′r  is the dielectric loss. ε0 is the dielectric 
parameter of vacuum.

Cell migration assay.  Cells were seeded in 6-well plates at a density of 5 × 105 cells/well. When approaching 
full confluence, six intersecting lines were scratched with 10 μL pipette tips. After replaced by the serum-free 
medium, images were first taken at 4 h and then every 8 h for two consecutive days using an optical microscope. 
Then, the areas and distances between the separated cells were measured at each time point using Image J.

Cell proliferation assay.  Breast cells were seeded into a 96-well plate at a density of 2000 cells/well and the 
cell proliferation was measured using Cell Counting Kit-8 (CCK8) cell viability kit every 24 h for 5 days. At each 
time point, fresh CCK8 medium was added to the 96-well plate according to the manufacturer’s instruction and 
the cells were incubated at 37 ℃ for 2 h. When absorbance was measured at 450 nm, the amount of formazan 
produced was directly proportional to the cell number.

Extracellular pH detection.  Next, 8 mL cell suspensions were seeded in culture dishes at a density of 105 
cells/mL and incubated in 5% CO2 humidified incubator at 37 ℃ for 3 days. The culture medium was used as the 
test control and 3 mL supernatant culture solution was injected into the measurement chamber at room tem-
perature (25 ℃ ± 1 ℃). The pH meter (METTLER TOLEDO; Switzerland) was calibrated using pH calibration 
solutions (pH of 4.01, 7.00, or 9.01). The pH values of the samples were recorded accordingly.

Extracellular lactic acid assay.  The lactate production levels were determined using a Lactate Assay kit 
(Biovision, Milpitas, CA, USA). The cells were cultured in a 6-cm culture dish at a density of 106 cells/dish at 37 
℃ in a 5% CO2 humidified incubator. After 24 h, the culture medium was replaced with serum-free DMEM/1640 
medium and then incubated for 8 h. The cell sample was centrifuged at 500g for 5 min to obtain the culture 
medium supernatant. The lactic acid content was measured following the manufacturer’s instruction. The optical 
density (OD) at 570 nm was measured using Varioskan flash (Thermo; USA).

Immunoblotting.  Western blotting was used to analyze the proliferation (Ki67, cyclinD1) and microenvi-
ronment biomarkers (Na+/H+ exchanger 1, NHE1; lactate dehydrogenase A, LDHA; hypoxia-inducible factor 
alpha, HIF-1α) of three breast cells.

Cell lysate (Beyotime; China) with protease inhibitor (Biosharp; China) was added to the collected cells, 
which were fully lysed at 4 ℃ for 30 min. These were centrifuged for 10 min at 8000g at 4 ℃. The bicinchoninic 
acid (BCA; TIANGEN; China) method was used to determine the protein concentration. After all samples were 
adjusted to the same concentration, 1/4 v/v dodecyl sulfate, sodium salt-polyacrylamide gel electrophoresis (SDS-
PAGE) sample loading buffer (Beyotime) was added to denature the samples for 10 min at 95 ℃. The proteins 
were separated by SDS-PAGE gel electrophoresis (Bio-Rad; USA) and transferred to polyvinylidene fluoride 
membrane (PVDF; Millipore; USA) by wet method.

To display proteins of different sizes on a single membrane, the membranes were cut prior to antibody 
hybridization. The membranes were incubated overnight at 4℃ with primary antibodies, including Anti-actin 
(CST; 3700T), Anti-Ki67 (Affinity Biosciences; AF0198), Anti-cyclinD1 (abcam; ab16663), Anti-NHE1 (abcam; 
ab67314), Anti-LDHA (abcam; ab101562), and Anti-HIF-1α (abcam; ab1). After washing with TBST three times 
for 10 min each time, horseradish peroxidase (HRP) conjugated secondary antibody (abcam) was added and 
incubated for 1 h at room temperature. Then, the film was covered with enhanced fluorescent color solution 
(Tanon; China) for development.

Statistical analyses.  All data were processed and analyzed using the SPSS software (IBM Corp; Armonk; 
NY) and GraphPad Prism 7 (GraphPad Software; USA). The means and standard deviations were obtained. 
Using ImageJ software, western blot grayscale and the cell area from scratch in the cell migration measurement 
were determined. A student’s t test was used to compare the differences between the two groups.

σ = ωε0ε
′′

r



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:14294  | https://doi.org/10.1038/s41598-021-93793-6

www.nature.com/scientificreports/

Received: 20 February 2021; Accepted: 28 June 2021

References
	 1.	 Du, Z., Wan, H., Chen, Y., Pu, Y. & Wang, X. Bioimpedance spectroscopy can precisely discriminate human breast carcinoma from 

benign tumors. Medicine 96, e5970. https://​doi.​org/​10.​1097/​MD.​00000​00000​005970 (2017).
	 2.	 Martellosio, A. et al. Dielectric properties characterization from 0.5 to 50 GHz of breast cancer tissues. IEEE Trans. Microw. Theor. 

Tech. 65, 998–1011. https://​doi.​org/​10.​1109/​TMTT.​2016.​26311​62 (2017).
	 3.	 Zou, Y. & Guo, Z. A review of electrical impedance techniques for breast cancer detection. Med. Eng. Phys. 25, 79–90. https://​doi.​

org/​10.​1016/​s1350-​4533(02)​00194-7 (2003).
	 4.	 Hu, G. & He, B. Magnetoacoustic imaging of electrical conductivity of biological tissues at a spatial resolution better than 2 mm. 

PLoS One 6, e23421. https://​doi.​org/​10.​1371/​journ​al.​pone.​00234​21 (2011).
	 5.	 Pathiraja, A. A., Weerakkody, R. A., von Roon, A. C., Ziprin, P. & Bayford, R. The clinical application of electrical impedance 

technology in the detection of malignant neoplasms: A systematic review. J. Transl. Med. 18, 227. https://​doi.​org/​10.​1186/​s12967-​
020-​02395-9 (2020).

	 6.	 Wang, H. et al. Correlation between the dielectric properties and biological activities of human ex vivo hepatic tissue. Phys. Med. 
Biol. 60, 2603–2617. https://​doi.​org/​10.​1088/​0031-​9155/​60/6/​2603 (2015).

	 7.	 Garner, A. L. et al. Ultrashort electric pulse induced changes in cellular dielectric properties. Biochem. Biophys. Res. Commun. 
362, 139–144. https://​doi.​org/​10.​1016/j.​bbrc.​2007.​07.​159 (2007).

	 8.	 Gleixner, R. & Fromherz, P. The extracellular electrical resistivity in cell adhesion. Biophys. J. 90, 2600–2611. https://​doi.​org/​10.​
1529/​bioph​ysj.​105.​072587 (2006).

	 9.	 Weyer, M. et al. Quantitative characterization of capsaicin-induced TRPV1 ion channel activation in HEK293 cells by impedance 
spectroscopy. Anal. Bioanal. Chem. 408, 1–10. https://​doi.​org/​10.​1007/​s00216-​015-​9094-3 (2016).

	10.	 Guofeng, Q. et al. Bioimpedance analysis for the characterization of breast cancer cells in suspension. IEEE Trans. Biomed. Eng. 
59, 2321. https://​doi.​org/​10.​1109/​TBME.​2012.​22029​04 (2012).

	11.	 Gharooni, M. et al. Bioelectronics of the cellular cytoskeleton: Monitoring cytoskeletal conductance variation for sensing drug 
resistance. ACS Sens. 4, 353–362. https://​doi.​org/​10.​1021/​acsse​nsors.​8b011​42 (2019).

	12.	 Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: The next generation. Cell 144, 646–674. https://​doi.​org/​10.​1016/j.​cell.​2011.​
02.​013 (2011).

	13.	 Qiao, G., Duan, W., Chatwin, C., Sinclair, A. & Wang, W. in J. Phys. Conf. Ser. 012081.
	14.	 Casey, S. C. et al. Cancer prevention and therapy through the modulation of the tumor microenvironment. Semin. Cancer. Biol. 

35(Suppl), S199–S223. https://​doi.​org/​10.​1016/j.​semca​ncer.​2015.​02.​007 (2015).
	15.	 Manerba, M. et al. Metabolic activation triggered by cAMP in MCF-7 cells generates lethal vulnerability to combined oxamate/

etomoxir. Biochim. Biophys. Acta Gen. Subj. 1863, 1177–1186. https://​doi.​org/​10.​1016/j.​bbagen.​2019.​04.​008 (2019).
	16.	 Nam, K., Oh, S. & Shin, I. Ablation of CD44 induces glycolysis-to-oxidative phosphorylation transition via modulation of the 

c-Src-Akt-LKB1-AMPKα pathway. Biochem. J. 473, 3013. https://​doi.​org/​10.​1042/​bcj20​160613 (2016).
	17.	 Prado-Garcia, H., Campa-Higareda, A. & Romero-Garcia, S. Lactic acidosis in the presence of glucose diminishes warburg effect 

in lung adenocarcinoma cells. Front. Oncol. 10, 807. https://​doi.​org/​10.​3389/​fonc.​2020.​00807 (2020).
	18.	 Surowiec, A. J., Stuchly, S. S., Barr, J. B. & Swarup, A. Dielectric properties of breast carcinoma and the surrounding tissues. IEEE 

Trans. Biomed. Eng. 35, 257–263. https://​doi.​org/​10.​1109/​10.​1374 (1988).
	19.	 Morimoto, T. et al. Measurement of the electrical bio-impedance of breast tumors. Eur. Surg. Res. Eur. Chir. Forsch. Rech. Ehir. Eur. 

22, 86–92. https://​doi.​org/​10.​1159/​00012​9087 (1990).
	20.	 Lane, A. N., Higashi, R. M. & Fan, T. W. Metabolic reprogramming in tumors: Contributions of the tumor microenvironment. 

Genes Dis. 7, 185–198. https://​doi.​org/​10.​1016/j.​gendis.​2019.​10.​007 (2020).
	21.	 Yerushalmi, R., Woods, R., Ravdin, P. M., Hayes, M. M. & Gelmon, K. A. Ki67 in breast cancer: Prognostic and predictive potential. 

Lancet Oncol. 11, 174–183. https://​doi.​org/​10.​1016/​s1470-​2045(09)​70262-1 (2010).
	22.	 Mills, J. N., Rutkovsky, A. C. & Giordano, A. Mechanisms of resistance in estrogen receptor positive breast cancer: Overcoming 

resistance to tamoxifen/aromatase inhibitors. Curr. Opin. Pharmacol. 41, 59–65. https://​doi.​org/​10.​1016/j.​coph.​2018.​04.​009 (2018).
	23.	 Yu, J. et al. Extracellular 5’-nucleotidase (CD73) promotes human breast cancer cells growth through AKT/GSK-3β/β-catenin/

cyclinD1 signaling pathway. Int. J. Cancer 142, 959–967. https://​doi.​org/​10.​1002/​ijc.​31112 (2018).
	24.	 DeBerardinis, R. J. & Chandel, N. S. Fundamentals of cancer metabolism. Sci. Adv. 2, e1600200. https://​doi.​org/​10.​1126/​sciadv.​

16002​00 (2016).
	25.	 Pavlova, N. N. & Thompson, C. B. The emerging hallmarks of cancer metabolism. Cell Metab. 23, 27–47. https://​doi.​org/​10.​1016/j.​

cmet.​2015.​12.​006 (2016).
	26.	 Liberti, M. V. & Locasale, J. W. The Warburg effect: How does it benefit cancer cells?. Trends. Biochem. Sci. 41, 211–218. https://​

doi.​org/​10.​1016/j.​tibs.​2015.​12.​001 (2016).
	27.	 Rankin, E. B. & Giaccia, A. J. Hypoxic control of metastasis. Science 352, 175–180. https://​doi.​org/​10.​1126/​scien​ce.​aaf44​05 (2016).
	28.	 Benjamin, D. et al. Dual inhibition of the lactate transporters MCT1 and MCT4 is synthetic lethal with metformin due to NAD+ 

depletion in cancer cells. Cell Rep. 25, 3047-3058.e3044. https://​doi.​org/​10.​1016/j.​celrep.​2018.​11.​043 (2018).
	29.	 Corbet, C. & Feron, O. Tumour acidosis: From the passenger to the driver’s seat. Nat. Rev Cancer 17, 577–593. https://​doi.​org/​10.​

1038/​nrc.​2017.​77 (2017).
	30.	 Schito, L. & Rey, S. Hypoxic pathobiology of breast cancer metastasis. Biochim. Biophys. Acta. Rev. Cancer. 1868, 239–245. https://​

doi.​org/​10.​1016/j.​bbcan.​2017.​05.​004 (2017).
	31.	 Stock, C. & Pedersen, S. F. Roles of pH and the Na/H exchanger NHE1 in cancer: From cell biology and animal models to an 

emerging translational perspective?. Semin. Cancer Biol. 43, 5–16. https://​doi.​org/​10.​1016/j.​semca​ncer.​2016.​12.​001 (2017).
	32.	 Fuster, D. G. & Alexander, R. T. Traditional and emerging roles for the SLC9 Na+/H+ exchangers. Pflugers Arch 466, 61–76. https://​

doi.​org/​10.​1007/​s00424-​013-​1408-8 (2014).
	33.	 Swietach, P. What is pH regulation, and why do cancer cells need it?. Cancer. Metastas. Rev. 38, 5–15. https://​doi.​org/​10.​1007/​

s10555-​018-​09778-x (2019).
	34.	 Rolver, M. G., Elingaard-Larsen, L. O., Andersen, A. P., Counillon, L. & Pedersen, S. F. Pyrazine ring-based Na(+)/H(+) exchanger 

(NHE) inhibitors potently inhibit cancer cell growth in 3D culture, independent of NHE1. Sci. Rep. 10, 5800. https://​doi.​org/​10.​
1038/​s41598-​020-​62430-z (2020).

	35.	 Hussein, M. et al. Breast cancer cells exhibits specific dielectric signature in vitro using the open-ended coaxial probe technique 
from 200 MHz to 136 GHz. Sci. Rep. 9, 4681. https://​doi.​org/​10.​1038/​s41598-​019-​41124-1 (2019).

Acknowledgements
Authors gratefully acknowledge the supports from the National Natural Science Foundation of China (81172004, 
61701545, 81927806), the CAMS Initiative for Innovative Medicine (2017-I2M-3-020), Key Problem of Natural 
Science Foundation of Tianjin (19JCQNJC12900).

https://doi.org/10.1097/MD.0000000000005970
https://doi.org/10.1109/TMTT.2016.2631162
https://doi.org/10.1016/s1350-4533(02)00194-7
https://doi.org/10.1016/s1350-4533(02)00194-7
https://doi.org/10.1371/journal.pone.0023421
https://doi.org/10.1186/s12967-020-02395-9
https://doi.org/10.1186/s12967-020-02395-9
https://doi.org/10.1088/0031-9155/60/6/2603
https://doi.org/10.1016/j.bbrc.2007.07.159
https://doi.org/10.1529/biophysj.105.072587
https://doi.org/10.1529/biophysj.105.072587
https://doi.org/10.1007/s00216-015-9094-3
https://doi.org/10.1109/TBME.2012.2202904
https://doi.org/10.1021/acssensors.8b01142
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.semcancer.2015.02.007
https://doi.org/10.1016/j.bbagen.2019.04.008
https://doi.org/10.1042/bcj20160613
https://doi.org/10.3389/fonc.2020.00807
https://doi.org/10.1109/10.1374
https://doi.org/10.1159/000129087
https://doi.org/10.1016/j.gendis.2019.10.007
https://doi.org/10.1016/s1470-2045(09)70262-1
https://doi.org/10.1016/j.coph.2018.04.009
https://doi.org/10.1002/ijc.31112
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1126/science.aaf4405
https://doi.org/10.1016/j.celrep.2018.11.043
https://doi.org/10.1038/nrc.2017.77
https://doi.org/10.1038/nrc.2017.77
https://doi.org/10.1016/j.bbcan.2017.05.004
https://doi.org/10.1016/j.bbcan.2017.05.004
https://doi.org/10.1016/j.semcancer.2016.12.001
https://doi.org/10.1007/s00424-013-1408-8
https://doi.org/10.1007/s00424-013-1408-8
https://doi.org/10.1007/s10555-018-09778-x
https://doi.org/10.1007/s10555-018-09778-x
https://doi.org/10.1038/s41598-020-62430-z
https://doi.org/10.1038/s41598-020-62430-z
https://doi.org/10.1038/s41598-019-41124-1


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:14294  | https://doi.org/10.1038/s41598-021-93793-6

www.nature.com/scientificreports/

Author contributions
Z.L., Y.W. and Y.S. conceived the study. Y.W. analysed the data and wrote the paper and performed the experi-
ments. Y.L., J.H., Z.L. and Y.T. edited the manuscript. Y.Z., R.M. and S.Z. assisted with sample processing. S.L. 
supervised the study. All authors read and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​93793-6.

Correspondence and requests for materials should be addressed to Y.S. or Z.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-93793-6
https://doi.org/10.1038/s41598-021-93793-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Correlation between electrical characteristics and biomarkers in breast cancer cells
	Results
	Conductivity and permittivity of breast cells in 200 kHz–5 MHz. 
	Conductivity and permittivity of breast cells at 1 MHz. 
	Migration and expression of Ki67 and cyclinD1. 
	Changes in lactic acid and NHE1 levels in the acidic microenvironment. 
	Correlations between the conductivity and permittivity of breast cells and biomarkers. 

	Discussion
	Materials and methods
	Cell culture. 
	Detection of electrical characteristics. 
	Cell migration assay. 
	Cell proliferation assay. 
	Extracellular pH detection. 
	Extracellular lactic acid assay. 
	Immunoblotting. 
	Statistical analyses. 

	References
	Acknowledgements


