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Abstract

The diagnosis of patients with malignancies relies on the results of a clinical cytological

examination. To enhance the diagnostic qualities of cytological examinations, it is important

to have a detailed analysis of the cell’s characteristics. There is, therefore, a need for devel-

oping a new auxiliary method for cytological diagnosis. In this study, we focused on studying

the charge of the cell membrane surface of fixed cells, which is one of important cell’s char-

acteristics. Although fixed cells lose membrane potential which is observed in living cells

owing to ion dynamics, we hypothesized that fixed cells still have a cell membrane surface

charge due to cell membrane components and structure. We used 5 cell lines in this study

(ARO, C32TG, RT4, TK, UM-UC-14). After fixation with CytoRich Red, we measured the

cell membrane surface charge of fixed cells in solution using zeta potential measurements

and fixed cells on glass slides, visualizing it using antibody-labeled beads and positively-

charged beads. Furthermore, we measured the cell membrane surface charge of fixed cells

under different conditions, such as different solution of fixative, ion concentration, pH, and

pepsin treatments. The zeta potential measurements and visualization using the beads indi-

cated that the cell membrane surface of fixed cells was negatively charged, and also that

the charge varied among fixed cells. The charge state was affected by the different treat-

ments. Moreover, the number of cell-bound beads was small in interphase, anaphase, and

apoptotic cells. We concluded that the negative cell membrane surface charge was influ-

enced by the three-dimensional structure of proteins as well as the different types of amino

acids and lipids on the cell membrane. Thus, cell surface charge visualization can be applied

as a new auxiliary method for clinical cytological diagnosis. This is the first systematic report

of the cell membrane surface charge of fixed cells.

Introduction

The diagnosis of patients with malignancies relies on the results of a cytological examination,

which constitutes the most important part of the patients’ clinical examination. A cytological
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examination of cytology specimens distinguishes between benign and malignant cells, based

on the presence of cellular atypia such as irregular cell shape, abnormal cytoplasm, nuclear

swelling with irregular contour and hyperchromatism [1]. Although these biological cellular

characteristics are important, the cell membrane surface, which has been so far overlooked,

may also be a part of the abnormal cytological findings in a cytological examination. Generally,

abnormal nuclear and cytoplasmic findings are associated with cell proliferation [1] and cell

differentiation [1], respectively. However, the cell membrane surface is also important for cell

adhesion, function, differentiation, and cell division.

To assess abnormalities of the cell membrane surface, we studied the cell membrane surface

charge. The surface charge can have either a negative or positive electrical state, which is deter-

mined by the balance between negatively charged and positively charged nanoparticles at the

surface. The cell membrane surface of living cells has a different electric potential to the inte-

rior of cell, namely membrane potential. The membrane potential of resting cells is usually

negative. The membrane potential has been studied well and it has been confirmed that intra-

cytoplasmic materials including ions, sugars, proteins, lipids, etc. affect the membrane poten-

tial in living cells [2–6]. For example, Paramecium moves its motile cilia and propels itself

through the water by changing its membrane potential [7, 8]. In human cells, it is well known

that a membrane potential change affects the information transmission and excitation of living

nerve cells and cardiomyocytes [9]. However, a membrane potential is only found in living

cells and cannot be detected in fixed cells in cytological specimens.

Although fixed cells do not have a membrane potential, they can have some charge on their

cell membrane surface, which is related with cellular membrane composition. This fact has

well studied in living bacterial cells, however, few studies for fixed eukaryotic cells were

reported [10–12]. Some of the cytology specimen preparation methods for liquid-based cytol-

ogy (LBC), apply negative charge on the cell membrane surface of fixed cells to attach fixed

cells on the positively-charged glass slides [13]. Except for this application for LBC, there are

no systematic studies of the membrane surface charge of fixed cells. It is possible that the cell

membrane surface charge of fixed cells is related to components of the cell membrane, such as

sugars, proteins, and lipids. Therefore, the cell membrane charge may differ among cell types,

benign or malignant cells, or differentiation states. In this study, we aimed to study the cell

membrane surface charge of fixed cultured cells. To the best of our knowledge, this is the first

systematic report of the cell membrane surface charge of fixed cells.

Materials & methods

Cell culture

We used 5 different cell lines (ARO, C32TG, RT4, TK and UM-UC-14) in this study. Table 1

shows the details of the cell lines with a brief description of the culture conditions used, according

to the instructions from the cell banks. All the cells were fixed using CytoRich Red (Becton Dick-

inson, Franklin Lakes, NJ) for 24 hours or more, at room temperature. To study the influence of

different fixatives to the cell membrane surface charge, TK cells were also fixed with 10% formalin,

Carnoy’s fixative composed of methanol and acetic acid (3:1) and PreservCyt Solution (Hologic

Japan, Tokyo, Japan). After fixation, the cells were washed 2 times with phosphate buffered saline

(PBS) (NaCl 1370 mM, KCl 27 mM, Na2HPO4112H2O 81 mM, KH2PO4 18 mM).

Measurement of the cell membrane surface charge of fixed cells

Cell membrane surface charge measurement of cells in solution. The fixed cells were

suspended in ultrapure water and the surface zeta potential was measured by Electrophoretic

Light Scattering system (Malvern Panalytical, Malvern, UK).
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Visualization of the cell membrane surface charge of each cell on glass slides. To visu-

alize the cell membrane surface change of fixed cells, we used two different types of beads: 1)

positively-charged and 2) antibody-labeled positively-charged magnetic beads (Dynabeads1,

Life Technologies, Carlsbad, CA). The magnetic beads were made of iron oxide and the surface

of the magnetic beads was treated with highly uniform polymer to make it hydrophilic.

Method used for the antibody-labeled beads. The Dynabeads1 are commercially avail-

able beads, labeled with anti-rabbit antibodies. It was confirmed that there was no antigen-

antibody cross-reactivity with human-derived cells, and that the antibodies were positively

charged in a neutral solution. We mixed 50 μL of antibody-labeled beads and 1 mL of 0.1%

bovine serum albumin (BSA) / PBS in a tube on DynaMag™-2 (Thermo Fisher scientific, Carls-

bad, CA) for 2 minutes. After removing the supernatant, the same procedure was performed

again. The mixture of the antibody-labeled beads and 1 mL of ultrapure water was added to

the cultured cells at 4˚C, for 12 hours.

Method used for the positively-charged beads. We prepared the positively-charged

beads using the following procedure. First, we mixed 10 μL of beads (Bangs Laboratories, Fish-

ers, IN) with 1 mL of 0.1% BSA / PBS in a tube on DynaMag™-2 for 2 minutes. After removing

the supernatant, the same procedure was performed again. Then, the treated beads were

mixed and stirred with White Slide Coat (Yuaikasei, Hyogo, Japan) on DynaMag™-2 for 1 min-

ute. After the mixture was allowed to stand still for 2 minutes and the supernatant was

removed, the positively-charged beads with 1 mL of ultrapure water were added to the cultured

cells at 4˚C, for 12 hours.

Measurement of the cell membrane surface charge of each cell on glass

slides

To measure the cell membrane surface charge of each cell on the glass slide, we counted the

number of beads which were attached on the cell membrane surface. Since antibody-labeled

beads showed a more stable positive charge and were more sensitive to subtle changes of the

cell surface membrane charge than beads with positively-charged beads, we counted the num-

ber of beads on the fixed culture cells which reacted with the antibody-labeled beads. The fixed

cells in the reaction solution, including the antibody-labeled beads, were filtered using a filter

(Hologic Japan, Tokyo, Japan). After the addition of 1 mL of ultrapure water, 300 μL of the cell

solution was used to prepare the cell specimen using an LBC precipitation method (Becton

Table 1. Characteristics of the cell lines used and culture conditions.

Name Derived from Culture conditions Cell bank

ARO Undifferentiated carcinoma of thyroid • DMEM + High Glucose + GlutaMAX ™ +HEPES Cell Bank of Academia Sinica

• 5%CO2, 37˚C.

C32TG Melanoma • Eagle’s minimal essential medium + FBS (10%) JCRB Cell Bank

• 5%CO2, 37˚C.

RT4 Papilloma of urinary bladder • McCoy’s 5a + FBS (10%) DS Famer Biomedical

• 5%CO2, 37˚C

TK B-cell lymphoma • RPMI + FBS (10%) JCRB Cell Bank

• 5%CO2, 37˚C.

UM-UC-14 Urothelial carcinoma of renal pelvis • MEM�E (Glutamine(2 mM))+ NEAA (1%) + FBS (10%) DS Famer Biomedical

• 5%CO2, 37

DMEM, Dulbecco’s Modified Eagle Medium; HEPES, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid; FBS, fetal bovine serum; RPMI, Roswell Park Memorial

Institute; MEM, Minimum Essential Medium; NEAA, non-essential amino acids; JCRB, Japanese Collection of Research Bioresources Cell Bank.

https://doi.org/10.1371/journal.pone.0236373.t001
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Dickinson, Franklin Lakes, NJ). The cell specimen was stained according to the Papanicolaou

staining method. We counted the number of beads which were bound to 750 cells in each cell

line.

Effects of pH, salt concentration, and protein on the cell membrane surface

charge

We assessed the effects of pH, salt, and protein in the reaction solution on the cell membrane

surface charge. The assessments were made by counting the number of beads on fixed TK

cells, in different reaction solutions with antibody-labeled beads. We prepared acidic and alka-

line solutions and assessed the effect of pH on the charge of the membrane. The acidic solution

was adjusted to pH 2.3 by adding 1 mL of acetic acid to 20 mL of ultrapure water

(8.8×10−4mol/L), while the alkaline solution was adjusted to pH 13 by adding 1 mL of sodium

hydroxide to 20 mL of ultrapure water (1.0×10−4mol/L). To assess the effect of salt concentra-

tion, we prepared a high salt concentration solution by adding twice the amount of NaCl to

PBS (NaCl 1370 mM, KCl 27 mM, Na2HPO4112H2O 81 mM, KH2PO4 18 mM) to make NaCl

saturated. Also, we assessed the effect of protein using a 10% BSA solution. We counted the

number of beads which were bound to 250 to 750 TK cells.

Effect of cell membrane structure alterations on the cell membrane surface

charge

To change the cell membrane structure, we treated fixed TK cells with 0.3% pepsin (sigma

Aldrich, St. Louis, MO) / 0.01 M HCL. The assessments were performed by counting the num-

ber of antibody-labeled beads on fixed TK cells, which were treated by 0.3% pepsin at 40˚ C,

for 30 seconds and 60 seconds. We counted the number of beads which were bound to 250 to

750 TK cells.

Differences of the cell membrane surface charge of fixed cells among the

different cell cycle phases and cell death

We determined the cell cycle status (interphase, prophase/ metaphase, anaphase and apopto-

tic) and cell death based on the nuclear morphology of fixed TK cells. We counted the number

of antibody-labeled beads on 250 interphase cells, 70 prophase/ metaphase cells, 11 anaphase

cells, and 70 apoptotic cells.

Statistical analyses

For statistical analyses, a Wilcoxon test was applied using JMP Start Statistics version 14.1

(SAS Institute, Cary, NC).

Results

Cell membrane surface charge measurement in solution

The electrophoretic light scattering analyzer showed that all of the cells fixed with Cytorich

Red ™ were negatively charged (Fig 1). Among the fixed cells in each cell line, there were vari-

ous cells with different zeta potential values. The average of three measurements and standard

deviation of the zeta potential values of each cell line were -57.89 ± 22.63 mV on ARO cells,

-40.41 ± 5.10 mV on C32TG cells, −46.99 ± 18.71 mV on RT4 cells, -40.13 ± 9.28 mV on TK

cells, and −43.03 ± 5.52 mV on UM-UC-14 cells, respectively. As shown in Fig 1, monomodal

and bimodal count rate peaks of cells with different zeta potential values were observed. In
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particular, C32TG cells and UM-UC-14 cells were monomodal and had a zeta potential of

about -40 mV, whereas ARO cells, RT4 cells and TK cells were bimodal and had zeta potentials

of about −40 mV and about −70 mV.

An electrophoretic light scattering analyzer showing that all the cells fixed with Cytorich

Red ™ are negatively charged. Among the fixed cells in each cell line, there are various cells

with different zeta potentials. Monomodal and bimodal count rate peaks of cells with different

zeta potential values are observed. The averages and standard deviations of the zeta potential

value of each cell line are as follows: -57.89 ± 22.63 mV on ARO cells, -40.41 ± 5.10 mV on

C32TG cells, −46.99 ± 18.71 mV on RT4 cells, -40.13 ± 9.28 mV on TK cells, and −43.03 ± 5.52

mV on UM-UC-14 cells, respectively.

Visualization of cell membrane surface charge of each cell on glass slides

We visualized the cell membrane surface charge of cells fixed with Cytorich Red ™ using anti-

body-labeled beads and positively-charged beads (Fig 2A and 2B). Binding of the beads to the

fixed culture cells was observed at the cell membrane surface. Since both types of beads were

positively changed, the binding observed indicated that the cell membrane surface of the fixed

cells was negatively changed. The number of antibody-labeled beads that were bound to the

cell membrane surface varied (0 to 36) among cells in the same cell line and among cells of dif-

ferent cell lines, since the beads were circumferentially or partially bound to the membrane

surface with partial or whole petal-like pattern. The average and standard deviation of the

number of antibody-labeled beads bound to each cell were 5 ± 3.78 for ARO cells, 3 ± 4.03 for

Fig 1. Zeta potential of fixed cells in several cell lines.

https://doi.org/10.1371/journal.pone.0236373.g001
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C32TG cells, 6 ± 3.99 for RT4 cells, 12 ± 7.53 for TK cells and 3 ± 2.69 for UM-UC-14 cells

(p<0.001) (Fig 3).

Representative images of the visualized cell membrane surface charge of fixed cells stained

with the Papanicolaou stain, using antibody-labeled beads (A), and positively charged beads

Fig 2. Visualization of the cell membrane surface charge of cells in 5 different cell lines.

https://doi.org/10.1371/journal.pone.0236373.g002

Fig 3. Scatter plot of the number of cell-bound antibody-labeled beads in 5 different cell lines.

https://doi.org/10.1371/journal.pone.0236373.g003
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(B) (original magnification, x400). The beads are binding to the cell membrane surface, along

the cell membrane contour, in the different cell lines (a: ARO, b: C32TG, c: RT4, d:TK and e:

UM-UC-14). The distribution of the beads is circumferential or partial with a partial or whole

petal-like pattern depending on the strength of the charge along the cell membrane contour.

A scatter plot showing the average and standard deviation of the number of cell-bound

antibody-labeled beads in each cell in 5 different cell lines. We measured 750 cells in each cell

line. The average and standard deviation of the number of antibody-labeled beads bound to

each cell were 5 ± 3.78 for ARO cells, 3 ± 4.03 for C32TG cells, 6 ± 3.99 for RT4 cells, 12 ± 7.53

for TK cells and 3 ± 2.69 for UM-UC-14 cells (p<0.001).

Effect of different fixatives on the cell membrane surface charge

The number of antibody-labeled beads bound to the cell membrane surface varied among TK

cells fixed with different fixatives (CytoRich Red, 10% formalin, Carnoy’s fixative and Preserv-

Cyt Solution). The average and standard deviation of the number of beads per cell were

12 ± 7.53 in cells fixed with Cytorich Red ™, 0 ± 0.69 in cells fixed with a 10% formalin solution,

14 ± 5.46 in cells fixed with Carnoy’s and 0 ± 0.93 in cells fixed with PreservCyt Solution

(p<0.001) (Fig 4).

A scatter plot shows the number of cell-bound antibody-labeled beads in TK cells fixed

with different fixatives. The average and standard deviation of the number of beads per cell

were 12 ± 7.53 in cells fixed with Cytorich Red ™, 0 ± 0.69 in cells fixed with a 10% formalin

solution, 14 ± 5.46 in cells fixed with Carnoy’s and 0 ± 0.93 in cells fixed with PreservCyt Solu-

tion (p<0.001).

Effect of pH, salt and protein concentration on cell membrane charge

The number of antibody-labeled beads bound to the cell membrane surface varied among TK

cells in solutions with different pH, different salt and BSA concentration. The average and

standard deviation of the number of beads bound per cell were 0 ± 0.66 in cells in a pH 2.3

solution, 0 ± 0.23 in cells in a pH 13 solution, 0 ± 1.01 in cells in a high salt concentration solu-

tion, and 0 ± 0.42 in cells in a 10% BSA solution (p<0.001) (Fig 5).

Fig 4. Scatter plot of the number of cell-bound beads in TK cells fixed with different fixatives.

https://doi.org/10.1371/journal.pone.0236373.g004
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A scatter plot shows the number of cell-bound antibody-labeled beads in fixed TK cells, in

solutions with different pH, salt and BSA concentration. The average and standard deviation

of the number of beads per cell were 0 ± 0.66 in cells in a pH 2.3 solution, 0 ± 0.23 in cells in a

pH 13 solution, 0 ± 1.01 in cells in a high salt concentration solution, and 0 ± 0.42 in cells in a

10% BSA solution (p<0.001).

Effect of cell membrane structure change on the cell membrane surface

charge

Fixed TK cells were treated with pepsin to change cell membrane structure. The number of

antibody-labeled beads decreased depending on the reaction time. The average and standard

deviation of the number of beads per cell were 1 ± 2.07 in cells in a reaction that lasted for 30

seconds and 0 ± 0.43 for those in a reaction that lasted for 60 seconds (p<0.0001) (Fig 6).

Scatter plot indicates the number of cell-bound antibody-labeled beads in fixed TK cells

treated with a 0.3% pepsin solution. The average and standard deviation of the number of

beads per fixed TK cell were 1 ± 2.07 in cells in a reaction that lasted for 30 seconds, and

0 ± 0.43 in a reaction that lasted for 60 seconds (p<0.0001).

Differences of cell membrane surface charge of fixed cells in different cell

cycle phases and dead cells

The number of antibody-labeled beads bound with fixed TK cells in anaphase was smaller

than the numbers observed in any other cell cycle phase. The average number and standard

deviation of the number of beads per cell were 10 ± 4.98 in interphase cells, 14 ± 7.77 in pro-

phase / metaphase cells, and 8 ± 4.76 in anaphase cells, respectively (p = 0.0286). We detected

almost no beads bound with apoptotic cells (Fig 7).

Visualization and scatter plot of cell-bound antibody-labeled beads in different cell cycle

stages and apoptotic cells in the fixed TK cells are shown. Representative images of the visual-

ized cell membrane surface charge of fixed cells in interphase (A), prophase / metaphase (B),

anaphase (C) and apoptotic phase (D), in fixed TK cells stained with the Papanicolaou stain

Fig 5. Scatter plot of the number of cell-bound beads in fixed TK cells in different solutions.

https://doi.org/10.1371/journal.pone.0236373.g005
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(original magnification, x400). The average number and standard deviation of the number of

beads per cell were 10 ± 4.98 in interphase cells, 14 ± 7.77 in prophase / metaphase cells, and

8 ± 4.76 in anaphase cells, respectively. Almost no beads bound to apoptotic cells.

Discussion

Cell proliferation in cancer is associated with a high membrane potential in living cells due to

activation of potassium ion channels [14, 15]. The membrane potential of living cancer stem

cells in hepatocellular carcinoma has a lower negative charge than that of normal stem cells

[16]. Thus, it has been confirmed that the membrane potential of living cells involves various

cellular biological activities [17–20]. However, fixed cells lose the dynamics of the membrane

potential, since the intracellular metabolism with ion dynamics ceases to exist. Considering a

previous report of the relation between the cell membrane surface charge of erythrocytes and

the distribution and density of sialic acid in cell membrane [21, 22], we hypothesized that fixed

cells still have a cell membrane surface charge due to the presence of structural proteins and

lipids on the cell membrane. Thus, the charge state of the cell membrane surface of fixed cells

could be affected by the structure of the cell membrane surface, which is related with cell dif-

ferentiation, cell proliferation, and malignant potential.

Although methods exist to measure the membrane potential of living cells, using micro-

pipettes and scanning ion conductance microscopy [23, 24] and dyes such as DiBAC4 [25],

they cannot be applied to measure the cell membrane surface charge of fixed cells. However,

an electrophoretic light scattering system can measure the surface zeta potential on various

particles in a liquid solution based on their electrophoretic mobility [26–29]. In this study, the

surface zeta potentials of all the fixed cells were negative. Furthermore, the zeta potential values

varied among the different cell lines and among cells of the same cell line. To analyze the rela-

tionship between cell membrane surface charge and cell morphology, we needed to develop

methods to visualize the cell membrane surface charge. Bingdi Chen et al. visualized mem-

brane potential using positively charged beads in living cells [26]. In this study, we visualized

the cell membrane surface charge of each fixed cell using both antibody-labeled beads and

Fig 6. Scatter plot of the number of cell-bound beads in fixed TK cells treated with pepsin.

https://doi.org/10.1371/journal.pone.0236373.g006
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positively-charged beads. Since antibodies are positively charged in ultrapure water, the anti-

body-labeled beads used in this study bound to the negatively charged cell membrane surface

in a similar way as positively-charged beads did.

Consistent with the results of zeta potential measurements of fixed cells, our visualizing

methods using both positively-charged beads and antibody-labeled beads, proved that the

membrane surface of fixed cells was negatively charged. The results showed no obvious differ-

ences between positively charged beads and antibody-labeled beads. However, the results of

measurements of zeta potentials and visualized beads were different regarding the cell mem-

brane surface charge of fixed cells. We hypothesized that the difference was related to whether

the cells were floating as spheres or attached to a glass slide, in a flat state. Moreover, the zeta

potential only accounts for the charge on the cell membrane surface, whereas the antibody-

labeled beads also reflected the three-dimensional structure of proteins on the cell membrane

Fig 7. Visualization of cell membrane surface change and scatter plot in different cell status.

https://doi.org/10.1371/journal.pone.0236373.g007
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surface. As shown in Fig 2, the distribution of beads, namely, the cell membrane surface

change, varied depending on the strength of the charge on the different areas along the cell

membrane contour of a fixed cell. By visualizing the cell membrane surface charge, we could

detect variations of the cell membrane surface charge associated with cell morphology.

As mentioned above, we hypothesized that by using antibody-labeled beads we could sensi-

tively visualize the biological state of the cell membrane surface, which is affected by the three-

dimensional structure of proteins as well as the different types of amino acids and lipids. Fur-

thermore, alternations of the three-dimensional structure of proteins on the cell membrane

surface by different fixative solutions and pepsin treatment, resulted in a change of the cell

membrane surface charge. Moreover, the number of beads bound to the cell membrane sur-

face was smaller in solutions of different pH and ion concentration than in ultrapure water,

since the solutions affected the electrophoretic mobility. The above results indicated that the

binding between the cell membrane surface and antibody-labeled beads was caused by posi-

tive-negative charge interactions, rather than by an antigen-antibody reaction. Thus, the

results we obtained in this study proved our hypothesis.

Cell morphology varies among the different cell types and also depends on a cell’s differentia-

tion state, processes such as proliferation, and malignant potential. The cell morphology of the dif-

ferent cell types may be related to cell membrane components, such as different proteins and

lipids. Thus, we suggest that an assessment of the cell membrane surface charge may reveal the

biological characteristics of the cells. For example, cancer cells with an abnormal morphology have

a higher density of sialic acid in their cell membranes than normal cells with normal morphology

[30]. Moreover, it has been reported that living cells change cell membrane components or charac-

teristics, such as cell membrane proteins and membrane potential during the cell cycle [31]. Con-

sistent with a previous report where living cells were used, our results in fixed cells showed

changes in the number of cell-binding beads, representing the cell membrane surface charge, dur-

ing the cell cycle. As our results demonstrated, the number of beads bound to interphase and ana-

phase cells was smaller than the number of beads bound to prophase or metaphase cells, while a

small number of beads bound to apoptotic cells. These changes in the cell membrane surface

charge suggest that the cell membrane structure changes during the cell cycle and cell death.

In conclusion, to the best of our knowledge, this is the first systematic report to prove that

the cell membrane surface of fixed cells is negatively charged, using visualization methods with

both positively-charged beads and antibody-labeled beads, as well as zeta potential measure-

ments. Moreover, the charge state on the cell membrane surface of fixed cells was affected

from the amino acid composition and three-dimensional structure of proteins on the cell

membrane surface. Our results indicate that an assessment of the cell membrane surface

charge of fixed cells can be useful when we aim to determine the biological characteristics of

different types of cells or to differentiate between cells in a different cell state, cell cycle stage,

or malignant potential, etc. Therefore, we conclude that we will be able to apply these methods

to visualize the cell membrane surface charge of fixed cells to aid clinical cytological diagnosis,

and establish a differential diagnosis between benign and malignant cells.

Acknowledgments

Authors thank the cytotechnologists in the Department of Clinical Laboratory, Wakayama

Medical University for their technical assistance, and Mr. Naoya Inoue and Ms. Natsuko

Amako in Malvern Panalytical (Hyogo, Japan) for the measurements of the zeta potential.

Author Contributions

Conceptualization: Shin-ichi Murata.

PLOS ONE Cell membrane surface charge in fixed cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0236373 July 23, 2020 11 / 13

https://doi.org/10.1371/journal.pone.0236373


Data curation: Shin-ichi Murata.

Formal analysis: Masaru Nishino, Shin-ichi Murata.

Funding acquisition: Shin-ichi Murata.

Investigation: Shin-ichi Murata.

Methodology: Ibu Matsuzaki, Shin-ichi Murata.

Project administration: Shin-ichi Murata.

Resources: Ibu Matsuzaki, Shin-ichi Murata.

Software: Shin-ichi Murata.

Supervision: Ibu Matsuzaki, Fidele Y. Musangile, Yuichi Takahashi, Yoshifumi Iwahashi,

Kenji Warigaya, Yuichi Kinoshita, Fumiyoshi Kojima, Shin-ichi Murata.

Validation: Masaru Nishino, Shin-ichi Murata.

Visualization: Masaru Nishino, Shin-ichi Murata.

Writing – original draft: Masaru Nishino, Shin-ichi Murata.

Writing – review & editing: Shin-ichi Murata.

References
1. Koss LG, Melamed MR, Ovid Technologies Inc. Koss’ diagnostic cytology and its histopathologic

bases. Philadelphia: Lippincott Williams & Wilkins,; 2006. Available from: http://ovidsp.ovid.com/

ovidweb.cgi?T=JS&PAGE=booktext&NEWS=N&DF=bookdb&AN=01382524/5th_Edition&XPATH=/

PG(0).

2. Gouaux E, Mackinnon R. Principles of selective ion transport in channels and pumps. Science. 2005;

310(5753):1461–5. https://doi.org/10.1126/science.1113666 PMID: 16322449

3. Beane WS, Morokuma J, Adams DS, Levin M. A chemical genetics approach reveals H,K-ATPase-

mediated membrane voltage is required for planarian head regeneration. Chem Biol. 2011; 18(1):77–

89. https://doi.org/10.1016/j.chembiol.2010.11.012 PMID: 21276941

4. Lodish HF. Molecular cell biology. 6th ed. New York: W.H. Freeman; 2007. xxxvii, 1150, 76 p. p.

5. Adams DS, Levin M. General principles for measuring resting membrane potential and ion concentra-

tion using fluorescent bioelectricity reporters. Cold Spring Harb Protoc. 2012; 2012(4):385–97. https://

doi.org/10.1101/pdb.top067710 PMID: 22474653

6. Blackiston DJ, McLaughlin KA, Levin M. Bioelectric controls of cell proliferation: ion channels, mem-

brane voltage and the cell cycle. Cell Cycle. 2009; 8(21):3527–36. https://doi.org/10.4161/cc.8.21.9888

PMID: 19823012

7. Naitoh Y, Eckert R. Ionic mechanisms controlling behavioral responses of paramecium to mechanical

stimulation. Science. 1969; 164(3882):963–5. https://doi.org/10.1126/science.164.3882.963 PMID:

5768366

8. Fromm J, Lautner S. Electrical signals and their physiological significance in plants. Plant Cell Environ.

2007; 30(3):249–57. https://doi.org/10.1111/j.1365-3040.2006.01614.x PMID: 17263772

9. Purves D, Williams SM. Neuroscience. 2nd ed. Sunderland, Mass.: Sinauer Associates; 2001. xviii,

681, 16, 3, 25 p. p.

10. Benarroch JM, Asally M. The Microbiologist’s Guide to Membrane Potential Dynamics. Trends Micro-

biol. 2020; 28(4):304–14. https://doi.org/10.1016/j.tim.2019.12.008 PMID: 31952908

11. van der Wal A, Minor M, Norde W, Zehnder AJB, Lyklema J. Conductivity and Dielectric Dispersion of

Gram-Positive Bacterial Cells. J Colloid Interface Sci. 1997; 186(1):71–9. https://doi.org/10.1006/jcis.

1996.4615 PMID: 9056304

12. Rijnaarts HH, Norde W, Bouwer EJ, Lyklema J, Zehnder AJ. Bacterial Adhesion under Static and

Dynamic Conditions. Appl Environ Microbiol. 1993; 59(10):3255–65. PMID: 16349063

13. Jangsiriwitayakorn P, Patarapadungkit N, Chaiwiriyakul S, Thongbor R, Sirivech P, Nititarakul L. Com-

parative Analysis of Modified Liquid-Based Cytology and CytoRich Red Preparation in Assessment of

PLOS ONE Cell membrane surface charge in fixed cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0236373 July 23, 2020 12 / 13

http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=booktext&NEWS=N&DF=bookdb&AN=01382524/5th_Edition&XPATH=/PG(0)
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=booktext&NEWS=N&DF=bookdb&AN=01382524/5th_Edition&XPATH=/PG(0)
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=booktext&NEWS=N&DF=bookdb&AN=01382524/5th_Edition&XPATH=/PG(0)
https://doi.org/10.1126/science.1113666
http://www.ncbi.nlm.nih.gov/pubmed/16322449
https://doi.org/10.1016/j.chembiol.2010.11.012
http://www.ncbi.nlm.nih.gov/pubmed/21276941
https://doi.org/10.1101/pdb.top067710
https://doi.org/10.1101/pdb.top067710
http://www.ncbi.nlm.nih.gov/pubmed/22474653
https://doi.org/10.4161/cc.8.21.9888
http://www.ncbi.nlm.nih.gov/pubmed/19823012
https://doi.org/10.1126/science.164.3882.963
http://www.ncbi.nlm.nih.gov/pubmed/5768366
https://doi.org/10.1111/j.1365-3040.2006.01614.x
http://www.ncbi.nlm.nih.gov/pubmed/17263772
https://doi.org/10.1016/j.tim.2019.12.008
http://www.ncbi.nlm.nih.gov/pubmed/31952908
https://doi.org/10.1006/jcis.1996.4615
https://doi.org/10.1006/jcis.1996.4615
http://www.ncbi.nlm.nih.gov/pubmed/9056304
http://www.ncbi.nlm.nih.gov/pubmed/16349063
https://doi.org/10.1371/journal.pone.0236373


Serous Effusion for Cancer Diagnosis. Asian Pac J Cancer Prev. 2018; 19(6):1571–5. https://doi.org/

10.22034/APJCP.2018.19.6.1571 PMID: 29936781

14. Nilius B, Wohlrab W. Potassium channels and regulation of proliferation of human melanoma cells. J

Physiol. 1992; 445:537–48. https://doi.org/10.1113/jphysiol.1992.sp018938 PMID: 1323670

15. Ouadid-Ahidouch H, Ahidouch A. K+ channel expression in human breast cancer cells: involvement in

cell cycle regulation and carcinogenesis. J Membr Biol. 2008; 221(1):1–6. https://doi.org/10.1007/

s00232-007-9080-6 PMID: 18060344

16. Bautista W, Lipschitz J, McKay A, Minuk GY. Cancer Stem Cells are Depolarized Relative to Normal

Stem Cells Derived from Human Livers. Ann Hepatol. 2017; 16(2):297–303. https://doi.org/10.5604/

16652681.1231590 PMID: 28233753

17. Wright SH. Generation of resting membrane potential. Adv Physiol Educ. 2004; 28(1–4):139–42.

https://doi.org/10.1152/advan.00029.2004 PMID: 15545342

18. Gerencser AA, Brand MD. Exploiting Mitochondria In Vivo as Chemical Reaction Chambers Dependent

on Membrane Potential. Mol Cell. 2016; 61(5):642–3. https://doi.org/10.1016/j.molcel.2016.02.026

PMID: 26942666

19. Hodeify R, Yu F, Courjaret R, Nader N, Dib M, Sun L, et al. Regulation and Role of Store-Operated Ca

(2+) Entry in Cellular Proliferation. In: Kozak JA, Putney JW Jr., editors. Calcium Entry Channels in

Non-Excitable Cells. Boca Raton (FL): CRC Press/Taylor & Francis (c) 2017 by Taylor & Francis

Group, LLC.; 2018. p. 215–40.

20. Sundelacruz S, Levin M, Kaplan DL. Role of membrane potential in the regulation of cell proliferation

and differentiation. Stem Cell Rev Rep. 2009; 5(3):231–46. https://doi.org/10.1007/s12015-009-9080-2

PMID: 19562527

21. Eylar EH, Madoff MA, Brody OV, Oncley JL. The contribution of sialic acid to the surface charge of the

erythrocyte. J Biol Chem. 1962; 237:1992–2000. PMID: 13891108

22. Cook GM. Glycobiology of the cell surface: Its debt to cell electrophoresis 1940–65. Electrophoresis.

2016; 37(11):1399–406. https://doi.org/10.1002/elps.201500476 PMID: 26717803

23. Perry D, Paulose Nadappuram B, Momotenko D, Voyias PD, Page A, Tripathi G, et al. Surface Charge

Visualization at Viable Living Cells. J Am Chem Soc. 2016; 138(9):3152–60. https://doi.org/10.1021/

jacs.5b13153 PMID: 26871001

24. Fuhs T, Klausen LH, Sonderskov SM, Han X, Dong M. Direct measurement of surface charge distribu-

tion in phase separating supported lipid bilayers. Nanoscale. 2018; 10(9):4538–44. https://doi.org/10.

1039/c7nr09522h PMID: 29461548

25. Epps DE, Wolfe ML, Groppi V. Characterization of the steady-state and dynamic fluorescence proper-

ties of the potential-sensitive dye bis-(1,3-dibutylbarbituric acid)trimethine oxonol (Dibac4(3)) in model

systems and cells. Chem Phys Lipids. 1994; 69(2):137–50. https://doi.org/10.1016/0009-3084(94)

90035-3 PMID: 8181103

26. Chen B, Le W, Wang Y, Li Z, Wang D, Ren L, et al. Targeting Negative Surface Charges of Cancer

Cells by Multifunctional Nanoprobes. Theranostics. 2016; 6(11):1887–98. https://doi.org/10.7150/thno.

16358 PMID: 27570558

27. Surma MA, Szczepaniak A, Kroliczewski J. Comparative studies on detergent-assisted apocytochrome

b6 reconstitution into liposomal bilayers monitored by Zetasizer instruments. PLoS One. 2014; 9(11):

e111341. https://doi.org/10.1371/journal.pone.0111341 PMID: 25423011

28. Bocian S, Dziubakiewicz E, Buszewski B. Influence of the charge distribution on the stationary phases

zeta potential. J Sep Sci. 2015; 38(15):2625–9. https://doi.org/10.1002/jssc.201500072 PMID:

26011770

29. Shohani S, Mondanizadeh M, Abdoli A, Khansarinejad B, Salimi-Asl M, Ardestani MS, et al. Trimethyl

Chitosan Improves Anti-HIV Effects of Atripla as a New Nanoformulated Drug. Curr HIV Res. 2017; 15

(1):56–65. https://doi.org/10.2174/1570162X14666161216142806 PMID: 27993121

30. Ray RK, Simmons RL. Differential release of sialic acid from normal and malignant cells by Vibrio cho-

lerae neuraminidase or influenza virus neuraminidase. Cancer Res. 1973; 33(5):936–9. PMID:

4703124

31. Mayhew E. Cellular electrophoretic mobility and the mitotic cycle. J Gen Physiol. 1966; 49(4):717–25.

https://doi.org/10.1085/jgp.49.4.717 PMID: 5221375

PLOS ONE Cell membrane surface charge in fixed cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0236373 July 23, 2020 13 / 13

https://doi.org/10.22034/APJCP.2018.19.6.1571
https://doi.org/10.22034/APJCP.2018.19.6.1571
http://www.ncbi.nlm.nih.gov/pubmed/29936781
https://doi.org/10.1113/jphysiol.1992.sp018938
http://www.ncbi.nlm.nih.gov/pubmed/1323670
https://doi.org/10.1007/s00232-007-9080-6
https://doi.org/10.1007/s00232-007-9080-6
http://www.ncbi.nlm.nih.gov/pubmed/18060344
https://doi.org/10.5604/16652681.1231590
https://doi.org/10.5604/16652681.1231590
http://www.ncbi.nlm.nih.gov/pubmed/28233753
https://doi.org/10.1152/advan.00029.2004
http://www.ncbi.nlm.nih.gov/pubmed/15545342
https://doi.org/10.1016/j.molcel.2016.02.026
http://www.ncbi.nlm.nih.gov/pubmed/26942666
https://doi.org/10.1007/s12015-009-9080-2
http://www.ncbi.nlm.nih.gov/pubmed/19562527
http://www.ncbi.nlm.nih.gov/pubmed/13891108
https://doi.org/10.1002/elps.201500476
http://www.ncbi.nlm.nih.gov/pubmed/26717803
https://doi.org/10.1021/jacs.5b13153
https://doi.org/10.1021/jacs.5b13153
http://www.ncbi.nlm.nih.gov/pubmed/26871001
https://doi.org/10.1039/c7nr09522h
https://doi.org/10.1039/c7nr09522h
http://www.ncbi.nlm.nih.gov/pubmed/29461548
https://doi.org/10.1016/0009-3084%2894%2990035-3
https://doi.org/10.1016/0009-3084%2894%2990035-3
http://www.ncbi.nlm.nih.gov/pubmed/8181103
https://doi.org/10.7150/thno.16358
https://doi.org/10.7150/thno.16358
http://www.ncbi.nlm.nih.gov/pubmed/27570558
https://doi.org/10.1371/journal.pone.0111341
http://www.ncbi.nlm.nih.gov/pubmed/25423011
https://doi.org/10.1002/jssc.201500072
http://www.ncbi.nlm.nih.gov/pubmed/26011770
https://doi.org/10.2174/1570162X14666161216142806
http://www.ncbi.nlm.nih.gov/pubmed/27993121
http://www.ncbi.nlm.nih.gov/pubmed/4703124
https://doi.org/10.1085/jgp.49.4.717
http://www.ncbi.nlm.nih.gov/pubmed/5221375
https://doi.org/10.1371/journal.pone.0236373

