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ABSTRACT Although the volume of living cells has been known to heavily influence their behavior and fate, a method allowing
us to control the cell size in a programmable manner is still lacking. Here, we develop a technique in which precise changes in
the cellular volume can be conveniently introduced by varying the voltage applied across a Nafion membrane that separates the
culture medium from a reservoir. It is found that, unlike sudden osmotic shocks, active ion transport across the membrane of
leukemia K562 cells will not be triggered by a gradual change in the extracellular osmolarity. Furthermore, when subjected to
the same applied voltage, different lung and nasopharyngeal epithelial cancer cells will undergo larger volumetric changes
and have a 5–10% higher death rate compared to their normal counterparts. We show that such distinct response is largely
caused by the overexpression of aquaporin-4 in tumor cells, with knockout of this water channel protein resulting in a markedly
reduced change in the cellular volume. Finally, by taking into account the exchange of water/ion molecules across the Nafion film
and the cell membrane, a theoretical model is also proposed to describe the voltage-induced size changes of cells, which explain
our experimental observations very well.
INTRODUCTION
Cells must maintain their volume to perform biological
duties and survive. Changes in intracellular ion concentra-
tion can profoundly affect protein functions (1,2) and, even-
tually, influence the fate of the cell such as proliferation and
death (3–5). As such, finding ways to control the volume of
cells could be important in the development of new strate-
gies to direct their activities. Currently, the most convenient
and popular way to alter the cellular volume is via osmotic
shocks, that is, by the sudden addition/withdrawal of salt
to/from the culture medium (6–8). Interestingly, a recent
study has revealed that variations in the surrounding hydro-
static pressure can also lead to volumetric change of live
cells (9). A common theme of these approaches is that,
essentially, a step change to the microenvironment of cells
(i.e., osmolarity or hydrostatic pressure) is introduced. How-
ever, it is unlikely that the cell volume can be controlled in
a programmable manner (for example, to vary reversibly or
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cyclically) via such methods, a feature that is critical for
interrogating and exploiting different phenomena associated
with size change of cells, as well as revealing the mecha-
nisms behind the size change.

For example, it is well-documented that active cross-
membrane transport of ions will be triggered by osmotic
shocks to restore (or delay) the imposed volumetric change
(2,3,6). However, the fundamental issue of whether such
so-called regulatory response of cells will be activated by
a gradually varied surrounding osmolarity remains unclear.
In addition, since changes in the cellular volume must
involve water influx/efflux into/from the cell, the presence
and functioning of membrane water channel proteins—
aquaporins (AQPs)—could play an important role in this
process (10,11). As such, it is conceivable that tumor and
healthy cells may respond distinctly to the same volume-
changing cue given that higher expression levels of AQPs
have been found in different cancer cell lines, including
colorectal (12) and lung carcinoma (11,12) cells. Evidently,
finding answers to these questions will be of great interest
both fundamentally and therapeutically.

In this study, we present a novel, to our knowledge,
method to introduce precise changes in the cellular volume
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via electroosmotic manipulation. Specifically, an experi-
mental setup, shown in Fig. 1 A (refer to Section A in the
Supporting Material for fabrication details), was designed
where two identical culture chambers are separated by a
Nafion membrane (permeable to cations only (13,14)). A
voltage difference is then applied across the partition film,
leading to a net flux of cations from one compartment to
the other and eventually altering their osmolarity levels.
Notice that, compared to conventional approaches (15,16)
where salts or ultrapure water were suddenly added to the
culture medium, here, the extracellular osmolarity is varied
in a gradual manner. To maintain the viability of cells, the
whole setup is kept inside a mini-incubator (Mini incubator,
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Gentaur, Brussels, Belgium) with temperature (37�C) and
CO2 (5%) control. We show that the magnitude of size
change of suspension leukemia cells can be accurately cali-
brated against the applied voltage, and the process is well
explained by a simple model. The technique is then used
to examine the response of tumor nasopharyngeal and
lung epithelial cells, along with their normal counterparts.
Interestingly, it is found that active ion exchange across
the membrane of these cells will not be triggered by a
gradual variation in the surrounding osmolarity. In addition,
due to the overexpression of aquaporin-4 (AQP4), cancer
cells will undergo larger volumetric changes and have a
5–10% higher increase in the death rate.
FIGURE 1 (A) Schematic diagram of the experi-

mental setup for regulating the volume of cells via

electroosmotic manipulation. A Nafion membrane,

permeable to cations, is used to separate two culture

compartments (4 � 4 � 4 cm3 sterile polystyrene). A

voltage difference was applied across the membrane

to drive the movement of cations, alter the medium

osmolarity, and, eventually, control the size of cells.

(B) Temporal evolutions of the concentrations of

Naþ, Kþ and Ca2þ, measured by ion-selective elec-

trodes (see Section A in the Supporting Material), in

the left and right compartments. Data shown here are

based on 10 independent trials where the standard de-

viation is represented by error bars. To see this figure

in color, go online.
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MATERIALS AND METHODS

Please see the Supporting Materials and Methods for details.
RESULTS

Volumetric response of suspension leukemia
cells under electroosmotic manipulation

To confirm that the medium osmolarity is varying gradually
in our setup, changes in the concentration of Naþ, Kþ,
and Ca2þ (three major cation species) in both chambers
were monitored by ion-selective electrodes (LAQUAtwin
Compact Sodium/Potassium/Calcium Ion Meter, Horiba,
Kyoto, Japan). As shown in Fig. 1 B, application of the
voltage will indeed induce gradual changes in the concentra-
tion levels of these cations in the culture fluid. In addition,
our results also suggest that, compared to sodium and potas-
sium, the density of calcium is an order of magnitude lower.

The radius evolution of chronic myelogenous leukemia
K562 cells (cultured in the left chamber of our apparatus)
in response to a suddenly applied voltage of 2V or �2V,
which was held for 1 h before removal, is given in Fig. 2,
A and B. Clearly, the cell reacts to the applied voltage by
gradual swelling or shrinkage until it reaches a steady-state
volume after ~15 min. Interestingly, cells can more or less
recover to their original size once the voltage is removed,
suggesting that the volumetric change is reversible. The
steady-state cell radius as a function of the applied voltage
is given in Fig. 2 C, which shows that the size of cells varies
linearly with the voltage in the range �2 V to 2 V. However,
changes in the cell radius become saturated when higher
voltages are used.

The observed volumetric change of cells was likely due to
the voltage-induced transport of cations across the Nafion
film, which altered the extracellular osmolarity (refer to
Fig. 1 B) and eventually led to a water efflux from (or influx
into) the cell. As pointed out earlier, unlike traditional
approaches where sudden osmotic shocks were introduced
to cells, here the osmolarity level in the culture fluid
changed gradually even though the voltage was switched
on in a step-function manner. As such, an interesting
question that naturally arises is whether cells will respond
differently to a gradual or sudden increase/decrease in the
surrounding osmolarity. To address this issue, we compared
the size changes of cells after voltage removal under two
conditions. In the first case (condition A), cells were trans-
ferred to a glass-bottom petri dish (Nalge Nunc, Rochester,
NY) containing the same medium that was used in the cul-
ture chamber initially. Note that by doing so, we effectively
changed the extracellular osmolarity back to its original
value in an abrupt manner. In the second approach (condi-
tion B), cells were maintained in the chamber after voltage
removal, i.e., allowing the medium osmolarity to gradually
recover to its initial level. Surprisingly, despite the fact that
the same steady-state radius was reached eventually, the size
change of the cells under Condition A became much slower
compared to that under Condition B (refer to the amplified
plot in Fig. 2 B).

It is well known that as a mechanism for cells to maintain
their volume, cross-membrane ion exchanges could be acti-
vated in response to osmotic shocks. To test whether this is
the reason for the distinct volumetric behaviors observed
here, we monitored how the concentrations of intracellular
potassium (Kþ) and sodium (Naþ) (two major ion species
in the cytosol) evolve using well-established protocols
(17,18) (refer to Section B in the Supporting Material for
details). After that, the numbers of Naþ and Kþ inside the
cell can be calculated by multiplying the measured concen-
trations with the cellular volume. Interestingly, it was
observed that the total numbers of intracellular Naþ and
Kþ underwent a sudden increase/decrease before returning
to their original levels slowly when cells were transferred
to fresh medium (i.e., condition A; refer to Fig. 2, D and
E). In particular, these two numbers were found to reach
their maximum/minimum within ~3–5 min (see the ampli-
fied plots in Fig. 2, D and E), which is comparable to the
characteristic time associated with the volume regulatory
response of cells, i.e., ~1–10 min, depending on cell type
(2,16). In comparison, the intracellular sodium and potas-
sium numbers remained unchanged when cells were
kept in the original chamber after voltage removal (i.e., con-
dition B). This indicates that active cross-membrane ion
exchange was not triggered in cells during gradual changes
of the extracellular osmolarity, and without such ion trans-
port, a high osmolarity differential was maintained across
the cell membrane, causing more rapid water efflux/influx
and faster size changes of the cells observed in Fig. 2 B.
With the switching on of active cross-membrane ion trans-
port as a response to a step change in the extracellular
osmolarity by transferring cells to fresh medium, the trans-
membrane osmolarity differential was partially restored to
the normal value, and hence, water efflux/influx and size
change of the cell became slower.
Theoretical model of cell-size manipulation by
electroosmotic transport

Given that the majority of cations in the medium should
be monovalent cations (refer to Fig. 1 B), the cation flux
I(t) across the Nafion membrane can be approximately ex-
pressed as (19)

IðtÞ ¼ G

h

�
kBT

ze
ln

�
cLþ

cRþ

�
þF0

�
; (1)

where G and h are the conductance and thickness of the film,
quantities that have been measured recently (14,20), F0 is
the cross-membrane electrical potential difference, and
cLþ and cRþ are the concentrations of cations in the left
and right compartments, respectively. Note that in addition
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FIGURE 2 (A) Representative micrographs showing

the reversible size change of K562 cells induced by

applied voltage of 2 Vor�2 V, which was removed after

60 min. (B) Evolution of the mean radius of K562 cells,

normalized by its initial value, r0¼ 10.5 mm. The ampli-

fied plot shows how the cell radius returned to its orig-

inal value when the voltage was removed after 1 h

(condition B). In comparison, the size recovery of cells

transferred to a fresh medium immediately after voltage

treatment (condition A) is also given. (C) Steady-state

cell radius as a function of the voltage amplitude.

(D and E) Total number of intracellular sodium (D)

and potassium (E) ions, normalized by their initial

values, in K562 cells, where symbols represent the

same experimental conditions as specified in (B). Cell

radii shown in (B) and (C) were based on measurements

on 30 cells (p < 0.05), whereas a total of 4000 cells (in

two separate trials) were examined by flow cytometry to

render the results given in (D) and (E), with p < 0.01.

To see this figure in color, go online.
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FIGURE 3 (A) Schematic diagram illustrating how cells respond to

electroosmotic manipulation. When a positive voltage is given, the cations

travel from the left to the right compartment, resulting in cL < cR, and

hence, the cells swell according to the decreased surrounding osmolarity.

Alternatively, when a negative voltage is given, cL > cR, the cells shrink

accordingly. (B) Size change of K562 cells triggered by the applied voltage.

Measurement data are represented by markers, whereas theoretical predic-

tions are obtained by choosing the parameters shown in Table S1. (C)

Normalized concentration of cations in the left chamber (i.e., cLþ), as a

function of time, under different applied voltage. Data shown here are based

on measurements of Naþ, Kþ, and Ca2þ (assuming that the density of other

cation species follows the same percentage change; refer to Fig. 1 B). To see

this figure in color, go online.
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to cations, there will also be anions and macromolecules
in the culture fluid that cannot pass through the Nafion mem-
brane. As such, we denote cL and cR as the concentrations of
all ions in the two chambers. In this case, the evolution of
cLþ can be described by

dcLþ

dt
¼ Am

VLðtÞ
IðtÞ
e
; (2)

with e, Am, and VL being the unit charge of an electron, the
total area of the Nafion membrane, and the fluid volume in
the left compartment. In addition to cation translocation,
transport of water molecules will also be triggered in this
process, leading to a rate change of VL of the form (19)

dVL

dt
¼ AmLp

�
rg

VL � VR

Ac

� �
cL � cR

�
kBT

�
þ AmbIðtÞ;

(3)

where the first bracketed term on the righthand side corre-
sponds to the flow induced by cross-membrane hydrostatic
and osmotic pressure differences, whereas the second term
comes from the fact that when passing through the mem-
brane, ions will drag water molecules along with them.
Here, r is the density of water, g is the gravitational accel-
eration, Ac is the horizontal cross-sectional area of the two
(identical) chambers, and Lp and b stand for the water and
electroosmotic permeability of the Nafion membrane,
respectively. It must be pointed out that our observations
and simulations all suggest that changes in VL are very small
(<1–2%) and hence can be neglected.

With the evolution of cLþ at hand, the volumetric change
of cells can then be determined by tracking the water efflux
from (or influx into) the cell (9). Specifically, treating the
cell as a droplet enclosed by an elastic membrane layer,
permeable to water molecules only, its size change can be
described by

dr

dt
¼ �Lw

��
cL � c0in

r30
r3

�
kBT þ 2g

r

�
; (4)

where Lw is the water permeability of the cell membrane, c0in
is the initial intracellular ion concentration, g stands for the
membrane tension, and r and r0 represent the cell radius
after and before the voltage is applied. Note that here, no
ion exchange is assumed to take place across the cell mem-
brane, as suggested by our observations (Fig. 2, D and E).
Similar to the methods in (5,9), we proceed by assuming
g ¼ gA þ gM, where gA is the constant tension generated
by active actomyosin contraction and gM ¼ Kðr2 � r2uÞ=r2u
corresponds to the passive stress from the deformation of
the cell cortex (Fig. 3 A), with K and ru being the so-called
area expansion modulus of the membrane (21) and the
radius of an ‘‘unstretched’’ cell, respectively. The values
of all parameters adopted in this study, compared favorably
to those reported in the literature, are gathered in Table S1.
We must point out that because of ion shielding, the cross-
membrane potential difference defined in Eq. 1 is different
from the applied voltage, and hence, direct measurement
of F0 was conducted in this study (Fig. S3 in Section C).
In addition, the initial cation concentration in both chambers
was taken to be 380 mM, higher than the measured value of
Naþ, Kþ, and Ca2þ together (~236 mM; refer to Fig. 1 B),
which is reasonable given that the culture fluid contains
many other cation species.

The predicted cell radii, as functions of time under
different voltages, are plotted in Fig. 3 B along with the
measurement data. Furthermore, temporal evolution of
Biophysical Journal 110, 2769–2778, June 21, 2016 2773
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cLþ (normalized by its initial value, 380 mM) is also shown
in Fig. 3 C. Clearly, a good match between theory and exper-
iment has been achieved.
Cancer cells show greater volumetric response to
electroosmotic manipulation due to the
overexpression of water channel protein
aquaporin 4

To explore the idea of whether the technique developed here
can be used to direct the behavior of living cells for potential
FIGURE 4 (A) Micrographs showing the morphological changes of A549 cell

change of nasopharygneal carcinoma (HONE1 and HK1), lung carcinoma (A549

ized normal lung (HBE) cell lines after 1 h voltage treatment. Note that the cellul

section shown in the inset. Here, n indicates the number of independent measur

change of total intracellular Naþ and Kþ numbers in different carcinoma and no

increase in the death population of cells under an applied voltage of 2 Vand �2

figure in color, go online.
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clinical applications, we proceeded to examine the response
of one lung (A549) and two nasopharyngeal epithelial car-
cinoma (HONE1 and HK1) cell lines (refer to Section D
in the Supporting Material), along with one immortalized
normal lung (HBE) and two immortalized normal nasopha-
ryngeal cell lines (i.e., NP69 and NP460), under an applied
voltage of 2 Vor�2 V for 60 min. Micrographs showing the
morphology of A549 cells at different time points of voltage
treatment are given in Fig. 4 A. To monitor the volume
change of these adherent cells, trypsinization was carried
out and the detached cells were then forced to flow through
s under the applied voltage. (B) Histogram showing the percentage volume

), immortalized normal nasopharyngeal (NP69 and NP460), and immortal-

ar volume is estimated from the length of cells in microchannels with a cross

ements and *p < 0.05 from the paired t-test. (C) Bar graph illustrating the

rmal cell lines, with triplicate tests carried out in each case. (D) Percentage

V, respectively, where 10,000 cells were examined in each trial. To see this
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microchannels of 10 mm in width and 5 mm in depth (see
Fig. 4 B and Section E in the Supporting Material) where
the cellular volume can be conveniently estimated from
the cell length. Interestingly, it was found that, compared
to their normal counterparts, carcinoma cells underwent
larger swelling/shrinkage under the same applied voltage
(Fig. 4 B). However, similar to suspension K562 cells, the
total numbers of Naþ and Kþ (measured by the protocol
detailed in Section B in the Supporting Material) in all the
cell types examined here remained almost the same after
the voltage treatment (Fig. 4 C), suggesting that a much
more pronounced change in the concentration level of these
intracellular ions was induced in cancer cells than in the
corresponding normal ones. As such, it is conceivable that
the applied voltage will alter the behavior of tumor cells
more significantly. Indeed, a noticeable increase in the death
rate, evaluated by propidium iodide (PI) assay (Section F
in the Supporting Material), was found among cancer cells
(Fig. 4 D) after 1 h voltage treatment.

Given that changes in the cellular volume must involve
water influx/efflux into/from the cell, the distinct response
exhibited by carcinoma and normal cells may be due to
the different expression levels of water channel proteins—
AQPs (10,11)—in their membranes. In fact, four types of
aquaporins (i.e., AQP1, AQP2, AQP3, and AQP4) have
been found to exist in human nasopharyngeal and lung car-
cinoma cell lines (10,22,23), with AQP1, AQP2, and AQP4
mainly responsible for cytoplasmic water transport, whereas
AQP3 also participates in the cross-membrane exchange
of glycerol and possibly other small solutes (24,25). We
proceeded by focusing on AQP1, AQP2, and AQP4, and
performing the enzyme-linked immunosorbent assay to es-
timate their concentrations (Section G in the Supporting
Material) in various cell lines. Interestingly, significantly
more AQPs were found in carcinoma cells than in their
normal counterparts, and AQP4 was the most abundant
among them (Fig. 5 A). To further confirm this, quantitative
polymerase chain reaction (qPCR; Section H in the Support-
ing Material) and Western blotting (Section I in the Support-
ing Material) were also conducted to determine the density
of AQP4 in nasopharyngeal (HONE1 and HK1) and lung
(A549) carcinoma cell lines versus their normal counter-
parts (NP69, NP460, and HBE), and RNA expression in
HONE1 versus NP69 and A549 versus HBE pairs. Again,
results from these tests demonstrate that the expression
level of AQP4 in normal cells is much lower than that in
cancerous ones (Fig. 5, B and C).

Next, we knock down the AQP4 channels in HONE1 and
A549 cells by small interfering RNA (refer to Section J in
the Supporting Material for details) and then monitor how
these genetically modified cells respond to the imposed
electroosmotic manipulation. Successful AQP4 knockout
was confirmed by western blotting (Fig. 5 D) as well as
qPCR (Fig. 5 E). As shown in Fig. 5 F, deletion of the
AQP4 gene resulted in a reduced volume change (by at
least ~20%) of carcinoma cell lines under the same applied
voltage. Furthermore, the size change of AQP4-deleted
A549 cells, in this case, became more comparable to that
exhibited by the corresponding normal HBE cell line
(Fig. 5 G). In light of our model, this interesting finding
can be understood by realizing that the water permeability
(Lw) of the cell membrane will be greatly reduced if all
AQP4 channels have been knocked out, which, eventually,
leads to much slower changes of the cellular volume.

We must point out that cells were immediately transferred
from one device to another in the solution form when their
volume, ion concentrations, and death population were
measured. Furthermore, the transfer process was conducted
inside the incubator with temperature and CO2 controlled to
limit any possible change of cell state during the manipula-
tion. Indeed, as demonstrated by our control experiments
(Fig. 3 B; Fig. S4), the size and intracellular contents of
cells will remain unchanged during the test if no voltage
is applied. Finally, because the experimental setup was de-
signed and used for the first time, to our knowledge, special
attention has been paid to make sure that findings and con-
clusions obtained are valid and robust. Specifically, in addi-
tion to a series of control experiments mentioned above,
results presented here are based on a relatively large number
of independent measurements, and a statistical confidence
of no less than 95% has been achieved in all cases (refer
to Figs. 2, 3, 4, and 5).
DISCUSSION

In this study, we introduce a novel, to our knowledge, method
was developed by which to regulate the volume of live cells
via electroosmoticmanipulation. Specifically, using aNafion
membrane to separate the cell-culture chamber from a me-
dium reservoir, we demonstrated that translocation of cations
across the Nafion film can be induced by an applied voltage,
leading to a gradually varied extracellular osmolarity and
eventually size change of the cell. Furthermore, we showed
that the magnitude of volume reduction/increase of cells
can be accurately calibrated against thevoltage and the defor-
mation process is well described by a simplemodel that takes
into account cross-membrane exchange of ions and water
molecules. Compared to traditional approaches, in which
the size change of the cells is often triggered by the sudden
addition/withdrawal of salt to/from the culture medium,
the technique presented here allows us to control the cell
volume in a programmable manner and hence could serve
as a powerful tool in regulating the progression of various
cellular processes and helping to elucidate the mechanisms
behind these processes.

In particular, we showed that no apparent cross-mem-
brane transport of Naþ and Kþ in chronic myelogenous leu-
kemia K562 and various epithelial cells took place when a
gradual change in the surrounding osmolarity was intro-
duced. It must be pointed out that recent experiments have
Biophysical Journal 110, 2769–2778, June 21, 2016 2775



FIGURE 5 (A) Concentrations of water channel proteins AQP1, AQP2, and AQP4 in carcinoma (HONE1, HK1, and A549) and normal (NP69, NP460, and

HBE) cell lines determined by ELISA assay quantification. **p< 0.01 and ***p< 0.001; n represents the number of independent trials where 3� 106 cells

were examined in each trial. (B) (Top) Western blotting showing the expression level of AQP4 in different cell lines. (Bottom) Densitometric quantification

of the Western blotting bands. The values of AQP4 are normalized against b-actin for each sample (n ¼ 5/group, *p < 0.05). Here, b-actin is served as

the loading control reprobed by stripping. (C) RNA expression of AQP4 in HONE1 versus NP69 and A549 versus HBE cell line pairs evaluated by

qPCR. (D) (Top) Expression levels (fromWestern blotting) of AQP4 in AQP4-knockout A549 and HONE1 cells, as well as in their parental cell lines, treated

with empty liposomes. (Bottom) Densitometric quantification of the Western blotting bands. The values of AQP4 are normalized against b-actin for each

sample (n ¼ 5/group, *p < 0.05). (E) The efficiency of AQP4 knockdown evaluated by qPCR. (F) Histogram showing the percentage change in the volume

of lung carcinoma (A549) and nasopharyngeal carcinoma (HONE1) cell lines with AQP4 knockdown by small interfering RNA (AQP4D), along with cells

treated with empty liposomes (Control), under an applied voltage of 2Vor -2V for 60 min. (G) Temporal evolution of the normalized volume of carcinoma

(A549), normal (HBE), and AQP4-knockout tumor (AQP4DA549) cells under an applied voltage of 2Vand �2V, respectively. Data shown here were based

on measurements on 30 cells (p < 0.05). To see this figure in color, go online.
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convincingly demonstrated that various cell-volume regula-
tory ion channels, such as VRAC and Piezo, can all be acti-
vated if the membrane tension reaches a threshold value
(26,27). As such, our finding suggests that the tension level
within the cell membrane is not high enough to trigger these
channels during the electroosmotic manipulation. One
possible explanation is that the swelling-induced stretching
of the cell membrane may have been offset by lipid renewal
(via endo- and exocytosis for example). Indeed, it has been
2776 Biophysical Journal 110, 2769–2778, June 21, 2016
reported that endocytosis has a half-life of 10–60 s (28,29),
and that exocytosis appears to take place on a timescale
of ~100 s (30); both are much faster than the volumetric
deformation of cells in our experiment. In addition, to
make sure that the appearance of the electric field does
not interfere with the functioning of ion channels; and
hence influence our conclusion, we have conducted an addi-
tional experiment where a microfluidic mixer was used to
add sucrose to the culture medium at different perfusion
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rates (refer to Section K in the Supporting Material). Inter-
estingly, a similar decrease in the volume of K562 cells
(compared to that shown in Fig. 2) was observed. Further-
more, despite some fluctuations, no apparent change in the
total number of intracellular Naþ and Kþ was detected dur-
ing this process (see Fig. S6), further supporting the notion
that no cross-membrane ion exchange will be triggered by a
gradually varied extracellular osmolarity.

More interestingly, it was found that, under the same
applied voltage, cancerous nasopharyngeal (HONE1 and
HK1) and lung (A549) epithelial cells will undergo larger
volumetric changes and exhibit a more pronounced increase
in the death rate compared to their normal counterparts (i.e.,
NP69 and NP460, and HBE cells). We further demonstrated
that the distinct volumetric response observed here is largely
due to the overexpression of water channel protein AQP4 in
tumor cells. In particular, genetic knockdown of AQP4 leads
to a considerably reduced volume change (by at least ~20%)
in cancer cells. The high death rate among carcinoma cell
lines under voltage treatment is likely due to larger changes
in the concentration of intracellular content (recall that tumor
cells undergo more severe volumetric deformations). For
example, it is well-documented that apoptosis will be trig-
geredwhen cells are dehydrated or under prolonged exposure
to hypertonic environment (3,6). On the other hand, evidence
has also shown that hypoosmotic stress can lead to necrotic
cell death (31,32). Although the exact mechanisms remain
to be determined, our study clearly demonstrated that selec-
tive killing of epithelial cancer cells might be achieved
through electroosmotic manipulation. Whether similar find-
ings will be obtained on other types of tumor cells and
whether the technique developed here can lead to potential
clinical applications are all questions of great interest.

Finally, in addition to providing a physical explanation
for the observed volumetric response of cells, as well as
identifying important factors governing this process, the
model developed here could also be useful in the design
and interpretation of future experiments. For example, key
quantities such as the membrane permeability of different
suspension cells, which are hard (if not impossible) to mea-
sure biochemically, can be estimated by comparing theory
with experiment. In addition, model predictions can provide
guidance for the temporal profile of the applied voltage for
achieving desirable size evolution of cells.
SUPPORTING MATERIAL

Supporting Materials and Methods, six figures, and one table are avail-

able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(16)

30288-0.
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A. Fabrication of the electro-osmotic manipulation device 
 

Two identical plastic chambers (with dimension of 4cm x 8cm x 4cm), separated by a 

partition wall, were fabricated by laser cutting (Universal Laser Systems). A 3.4-cm 

hole was drilled in the partition wall allowing water and ion exchange between two 

chambers to take place through a Nafion membrane (Nafion® 117 perfluorinated 

membrane, Sigma), glued on the wall to cover the hole. The two chambers were then 

connected with a D.C. power supply (Kikusui Electronics Corp.) so that a voltage 

difference can be applied across the membrane. Before the test, the device was rinsed 

by 70% ethanol and washed with 1x Phosphate Buffer Saline five times, followed by 

2-hour UV irradiation for sterilization. 

 

B. Intracellular ion concentration measurement 

1 × 107 synchronized K562 cells were harvested and preloaded with CoroNa Green 

(6µM, 1h) for Na+ and PBFI-AM (6µM, 1h) for K+ prior to the test (16, 17). The 

preloaded cells were then subjected to applied voltage (2.0 or -2.0 V) with different 

durations. Immediately after voltage treatment, two thousand cells, containing PBFI 

(340-350nm) or CoroNa (488nm), were sequentially excited and their emissions at 

425nm (PBFI) or 516nm (CoroNa) were recorded, as shown in Fig. S1. Intracellular 

concentrations of potassium and sodium were then determined via the method 

developed in (16) with the so-called dissociation values for each species taken as the 

same as those used in (16) and (17). The total number of intracellular ions (𝑁𝑖𝑖𝑖) can 



then be estimated as 

 

                𝑁𝑖𝑖𝑖 = 𝑀𝑖𝑖𝑖𝑉𝑐𝑐𝑐𝑐 × Avogadro’s number              [S1] 

 

where 𝑀𝑖𝑖𝑖 is the measured molar ion concentration and 𝑉𝑐𝑐𝑐𝑐 represents the cell 

volume, calculated from the radii of cells measured by light microscopy. 

 

Fig. S1 Fluorescent images of labeled potassium and sodium ions at different time 

points during voltage treatment. Note that, here cells were maintained in the culture 

chamber after voltage removal (i.e. Condition B).   



Interestingly, as shown in Fig. S2, although the cell size and concentration levels of 

intracellular K+ and Na+ all vary during electro-osmotic manipulation, the total 

numbers of these two ion species inside the cell remain more or less unchanged.  

 

Fig. S2 (A) – Evolution of the radius of K562 cells (normalized by its initial value 

𝑟0 = 10.5 𝜇𝜇) under an applied voltage of 2V or -2V, which was removed after 1 h. 

(B) – Normalized concentration of K+ (by its initial value of 317 mM) inside the cell 

during electro-osmotic manipulation.  (C) – Normalized concentration of Na+ (by 



its initial value of 121 mM) inside the cell during electro-osmotic manipulation. (D) – 

Total number of intracellular K+ ion. (E) – Total number of intracellular Na+ ion. 

Cell radii shown in (A) were based on measurements on 30 cells (𝑝 < 0.05), while a 

total of 4000 cells (in two separated trials) were examined by flow cytometry to 

render the results given in (B) and (C) with 𝑝 < 0.01.  



C. Measuring the cross-membrane potential difference 

It is well-known that the phenomenon of ionic shielding will take place around 

electrodes immersed in electrolytic medium. As such, the potential difference across 

the Nafion membrane is expected to be different from the applied voltage. To address 

this issue, the electric potential (with respect to a reference ground value) at different 

separation distance from the membrane was directly measured by a Reference 

Electrode (INSESA Instrument) in our experiments. As illustrated in Fig. S3, the 

potential drop becomes more or less constant at locations more than ~0.5 cm away 

from the membrane. We took this value as the effective cross-membrane potential 

difference, i.e.Φ0, in Eq. [1]. 

 

Fig. S3 Measured electric potential as a function of the relative distance from the 

Nafion membrane.  



 

D. Cell culture. Nasopharyngeal and lung normal-cancer pair cell lines are used in 

this study. In particular, HONE1 and HK1 were derived from nasopharyngeal 

carcinoma (NPC) patients and they were paired with the normal immortalized 

nasopharyngeal epithelial cell lines (NP69 and NP460 with gene transfection by SV40 

and telomerase genes respectively). Non-small cell lung carcinoma cell line, A549, 

was paired up with immortalized normal lung cell line HBE, derived by transfecting 

bronchial epithelial cells with H-Ras gene. HONE1 and HK1 were cultured in 

RPMI1640 medium (Gibco) supplemented with 10% fetal bovine serum, FBS (Sigma) 

and 1% antimycotic antibiotic solution (Sigma). NP69 was cultured in 

Keratinocyte-SFM medium (Gibco) supplemented with human recombinant 

Epidermal Growth Facter 1-53 (Gibco) and Bovine Pituitary extract (Gibco). NP460 

was cultured in a 1:1 ratio of Defined Keratinocyte-SFM (Gibco) and EpiLife medium 

(Gibco) supplemented with EpiLife Defined Growth Supplement, i.e. EDGS (Gibco). 

A549 was in DMEM Glutamax® medium (Gibco) supplemented with 10% FBS 

(Sigma) and 1% antibiotic solution (Sigma). HBE was cultured in Minimum Essential 

Medium (MEM), supplemented with 10% FBS. 

 

 

 



E. Microfluidic device for cell volume estimation. 

Micro-channels (with actual dimensions given in the inset of Fig. 4B) were created 

following a general PDMS chip fabrication process (S1, S2). Specifically, the master 

template was developed on a silicon wafer by standard photolithography (SUSS 

Microtec MA6) and deep reactive ion etching (STS ICP DRIE Silicon Etcher). The 

resulting chambers for cell loading are 80 μm wide and 15 μm deep while the 

microchannel is 200 μm long, 10 μm wide, and 5 μm deep. To help releasing the 

PDMS replica from the master, the silicon wafer was treated with 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma) and put in a vacuum chamber 

for one hour. Next, PDMS base and curing agent (Sylgard 184, Dow Corning) were 

mixed with a weight ratio of 10:1, degassed for 30 min, and poured onto the master. 

After curing the mixture in a 65 ºC oven for 4 hours, the PDMS was peeled off from 

the wafer and cut into small pieces of chips with a blade and holes were punched with 

a pan needle. The PDMS replica was cleaned by adhesive taper and sonicated in 

ethanol for 1 min. Finally, the PDMS replica and cover glass (170 μm, Deckglaser) 

were treated with O2 plasma for 2 min at 300 mTorr separately and bonded together. 

To maintain the hydrophilicity, the bonded chip was stored in DI water.  

 

In our experiment, after trypsinization, cells were loaded into the channel where the 



cell length (i.e. distance between two poles) is measured optically. 15 cells were 

measured and a statistical confidence level of no less than 97% by t-test was achieved. 

 

As a control experiment, the size and intracellular content of K562 cells cultured in 

the chamber of our setup without any voltage applied were also monitored. As shown 

in Fig. S4, no apparent change in the cellular volume was detected. In addition, the 

total numbers of intracellular potassium and sodium ions also remain unchanged. 

These evidence indicate that cells did not change their state during the manipulation.    

 

 

 

 

 

 

 

 

 

Fig. S4 Measured radii (A) and total number of intracellular K+ (B) and Na+ (C) of 

K562 cells cultured in our experiment setup without any applied voltage. 



F. Cell viability analysis.  

Cells were washed with PBS and stained with Propidium Iodide (PI, Sigma, 10µg/

mL). Triplicated experiments were performed and 20,000 cells were analyzed by flow 

cytometry to estimate the death percentage among them.  

 

 

G. ELISA assays for protein quantification.  

The concentrations of AQP1, AQP2 and AQP4 proteins were quantified by the 

standard ELISA kits (Abnova). Specifically, cell samples were lyzed with Cell 

Extraction Buffer (Novex) and centrifuged to remove solid particulates. 100uL of 

concentration standardized AQPs proteins, including AQP1, AQP2 and AQP4 

(Abnova), and lysed cell samples were loaded on each well of the assay plate 

pre-coated with antibodies that specifically recognize each corresponding AQP 

protein (Abnova). After that, 100µL of Avidin-HRP (Abnova) is added to each 

microplate well and incubated to yield a protein-conjugated complex as a substrate for 

labeling. Then, 90µL of TMB substrate solution was also added for labelling. The 

enzyme-substrate reaction was terminated by the addition of 50μL sulphuric acid 

solution and hence the color change. The protein concentration is proportional to the 

optical density present in the sample, which can be calculated from the calibrated 

curves obtained by examining standard AQP samples with spectrophotometry at a 



wavelength of 450 nm (Fig. S5). 

 

 

Fig. S5 Calibration curves of AQP proteins from ELISA assays. Protein concentration 

of the respective AQP proteins were calculated from the calibration function obtained. 

  



H. qPCR for RNA expression determination.  

Total RNA was extracted using the RNeasy Micro Kit (Qiagen) and on-column 

DNase I digestion was performed following the manufacturer's instruction. Next, total 

RNA was eluted in 14 µL RNase-free water and the RNA concentration was 

determined by Qubit® RNA Assay Kit by Qubit® Fluorometer (Life technologies). 

cDNA was synthesized from 500ng of total RNA in a total volume of 100 µL using 

SuperScript III Reverse Transcriptase (Life technologies). 

 

After that, RT-qPCR was carried out using QuantiFast Probe PCR Kit (Qiagen) and an 

ABI Prism 7000 Sequence Detection System (Applied Biosystems) for the relative 

quantification of targeted genes. All assays were performed with 1 μL of cDNA in 

25 μL reactions and the RNA expression of AQP4 was probed by predesigned primer 

and probe (TaqMan® Gene Expression Assay, Assay ID: Hs00242342_m1). 

Specifically, the TaqMan Gene Expression Assay was done in triplicate for each 

sample where 18S rRNA (QuantiFast Probe Assays, QF00530467 Qiagen) served as 

the endogenous control gene to normalize the data. CT values were obtained by the 

positive reaction of PCR assay and defined as the number of cycles required for the 

fluorescent signal to cross the threshold, e.g. the background level. Each replicate CT 

was normalized by the average CT of 18S rRNA (on a per plate basis), that is by 



subtracting the average CT of 18S rRNA from each replicate to give the ∆CT which is 

equivalent to the log2 difference between endogenous control and target gene (S3, S4). 

Assays were run with ABI Prism 7000 Sequence Detection System (Applied 

Biosystems) under universal cycling conditions (95°C for 3 min, followed by 

40 cycles at 95°C for 10 sec and then 60°C for 30 sec). 

  



I. Western blotting.  

Western blot analysis was conducted to determine the expression levels of specific 

proteins in the sample cell lines, including HONE1, HK1, NP69, NP460, A549, HBE 

and AQP4-knockdown cells (i.e. HONE1(AQP4D) and A549(AQP4D)). In particular, 

proteins were harvested at a density of 4 × 107  cells/mL, where all cells were 

already lysed by ice-cold NP-40 buffer supplemented with phosphatase and protease 

inhibitors (50 mmol/L sodium vanadate, 0.5 mM phenylmethylsulphonyl fluoride, 2 

mg/mL aprotinin, and 0.5 mg/mL leupeptin). The extracted proteins were then 

separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 

electrotransferred and immobilized on a nitrocellulose membrane. The membrane was 

blocked with 5% non-fat milk in phosphate-buffered saline containing 0.1% Tween 20 

(PBS-T) and incubated at 4 °C with shaking for 12 hours. The membrane was then 

washed in PBS-T and hybridized with primary antibodies to AQP4 (Sigma) diluted to 

suitable concentrations in PBS-T for 16 hours. After that, the samples were incubated 

with their corresponding secondary anti-rabbit antibodies for 30 minutes. The Western 

blot was stripped by Stripping Buffer (Invitrogen) and re-probed with beta-actin 

antibody (Invitrogen) to check for equal loading of total proteins. 

  



 

J. Genetic knockout of AQP4 by siRNA.  

Sixty-millimeter plates of confluent A549 cells were treated with 4 nmol/L AQP-4 

siRNA (Invitrogen, Sequence: CCGCUGGUCAUGGUCUCCUGGUUGA) for 24 

hours where molecules were loaded by Lipofectamine 2000 (Invitrogen) according to 

the manufacturer’s instructions. After that, cells were grown in the culture flasks in 

OptiMEM serum free medium (Gibco) for another 24 hours where the transfection 

efficiency can be examined by real-time PCR (refer to Supplementary Materials G). 

The cell culture was maintained to achieve >90% cell viability. The dead cells were 

labeled by Trypan blue labeling and counted by hemocytometry. 

  



 

K. Osmolarity manipulation experiment by microfluidic mixer 

 

To make sure that the appearance of the electric field does not interfere with the 

functioning of ion channels and hence influence our conclusion, we have conducted 

an additional experiment where a microfludic mixer was used to add sucrose to the 

culture medium. Specifically, the cell culture chamber was connected with a syringe 

pump (LongerPump) and a microfluidic controller (LongerPump) in this case. 

Concentrated 1M sucrose solution was prepared by adding 1.71g of sucrose powder 

(Sigma, Cat#S0389) into 5mL Milli-Q water. The solution was further filtered by 

0.22µm pore membrane filter (MF-Millipore Membrane Filter) to ensure sterile 

condition. The solution was then loaded in the syringe and pumped at a perfusion rate 

of 10.3µL/min, 20.5µL/min or 41.0µL/min into the culture chamber, i.e. a 2mL 

confocal dish (Nunc). As such, the effective increase in the medium osmolarity, 

Cincrease, at the end of perfusion can be calculated as 

 

Cincrease = C0 × 𝑃𝑓 𝑡𝑓
𝑉0+𝑃𝑓𝑡𝑓

              [S2] 

 

where C0 is the initial concentration of sucrose (1M), 𝑃𝑓 is the perfusion rate, 𝑡𝑓 is 

the perfusion time and 𝑉0 is the initial volume of the medium inside the chamber (2 



mL). Given that the sucrose solution was pumped into the culture chamber for 30 

minutes, the total increase in the extracellular osmolarity is estimated to be 133.8 mM, 

235.2 mM and 380.8 mM (corresponding to a perfusion rate of 10.3µL /min, 

20.5µL/min and 41.0µL/min) respectively. Interestingly, similar decrease in the 

volume of K562 cells (compared to that shown in Fig. 2) was observed, refer to Fig. 

S6B-C. Furthermore, despite some fluctuations, no apparent change in the total 

number of intracellular Na+ and K+ was detected during this process (Fig. S6E and 

S6G), further confirming the notion that no cross-membrane ion exchange will be 

triggered by a gradually varied extracellular osmolarity. 

 



 

Fig. S6  (A) – Flow chart of using a microfluidic mixer to regulate the cell volume. 

(B) – Representative micrographs showing the size change of K562 cells under 

different sucrose perfusion rates. (C) – Change of the mean radius of K562 cells, 

normalized by its initial value 𝑟0 = 10.5 𝜇𝜇. (D) – Fluorescent images of labeled 

intracellular potassium ions at different time points. (E) – Total number of 

intracellular K+, normalized by its initial value. (F) – Fluorescent images of labeled 



intracellular sodium ions at different time points. (G) – Total number of intracellular 

Na+ , normalized by its initial value. Cell radii shown in (C) was based on 

measurements on 30 cells (𝑝 < 0.05), while a total of 4000 cells (in two separated 

trials) were examined by flow cytometry to render the results given in (E) and (G) 

with 𝑝 < 0.01. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S1: List of parameters adopted 
 

Parameters Sym Adopted values Reference values Source 

Initial intracellular 

ion 

concentration 

cin0  600 mM 600 mM (9, S5, S6) 

Initial concentration 

of all ions in the left 

and right 

compartment 

𝑐0𝐿 , 

 𝑐0𝑅 
880 mM  

Fitting to exp. 

data 

Initial cation 

concentration in the 

left and right 

compartment 

𝑐0𝐿+, 

 𝑐0𝑅+ 
380 mM 

Na+ K+ 

Fitting to exp. 

data 143.4 mM 84.6 mM 

Initial cell radius of 

K562 cells 
r0 10.5 µm 

 

Directly 

measured 

Water permeability 

of cell membrane 
Lw 

8 × 10−14 

Pa−1 s−1m 

in the order of 

10−14 Pa−1 s−1m 
(S7) 

 

Stretching rigidity 

 

K 39 pN/µm 39 pN/µm (S8) 

Initial overall 

cortical tension 
γ0 182 pN/µm 182 pN/µm (9) 

Actomyosin tension 𝛾𝐴 57.2 pN/µm 
31.5% of the overall 

cortical tension 
(S8) 

Electric 

conductance of 

Nafion membrane 

𝐺 16 Ω−1𝑚−1 8-16 Ω−1𝑚−1 (15) 

Electro-osmotic 

permeability* 
β 5 × 10−6

𝑐̅
 m3/𝐶 

5 × 10−6

𝑐̅
 m3/𝐶 (S9) 

Area of the Nafion 

membrane 
𝐴𝑚 900 × 10−6m2  

Experimental 

condition 

Water permeability 

of Nafion 

membrane 

Lp 1.6 × 10−13
m2

Pa ⋅ s
 1.6 × 10−13

m2

Pa ⋅ s
 (20) 

Initial volume of 

left and right 
𝑉0𝐿 ,𝑉0𝑅 64 cm3 64 cm3 

Experimental 

conditions 



compartment 

Horizontal 

cross-section area 

of two chambers 

𝐴𝑐 16 cm2 16 cm2 
Experimental 

condition 

Thickness of the 

Nafion membrane 
ℎ 0.1 mm 0.1 mm 

Experimental 

condition 

 
* Electro-osmotic permeability is dependent on 𝑐̅, the mean concentration of cations. 
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