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Abstract The mechanical behavior of a living cell

is highly dynamic and constantly adapts to its local

environment. Changes in temperature and chemical

stimuli, such as pH, may alter the structure of the cell

and its mechanical response. Thus, the mechanical

properties may serve as an indicator for the cellular

state. We applied dielectrophoretic forces to suspen-

sion cells by means of two microelectrodes. The

resultant stretching was analyzed on consecutive

cultivation days with respect to the influence of

medium consumption. Systematic experiments

clearly showed that the medium consumption

affected the viscoelastic properties of the investigated

human leukemia cells HL-60. The shift in pH value

and the culture medium depletion were identified as

potentially responsible for the differing temporal

development of the cell deformation. Both factors

were investigated separately and a detailed analysis

indicated that the changes observed in the cellular

stiffness were primarily attributable to nutrient

depletion.
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Introduction

The viscoelasticity of cells plays a crucial role in their

behavior and is a key factor in the regulation of the

shape of resting and moving cells. It is determined in

a complex way by the membrane, organelles, the

nucleus and the filamentous cytoskeleton that inter-

connects all these elements and extends through the

viscous cytosol.

It was common knowledge at the turn of the last

century that mechanical forces are important factors

in biology, since they serve as regulators at the cell

and molecular levels (Ingber 2003; Suresh et al.

2005). For example, cell-generated tensional forces

are thought to regulate functions as diverse as

chromosome movements, cell proliferation, tissue

morphogenesis, cell contractility and motility (Ing-

ber 2003). The application of external mechanical

stimuli can induce biochemical reactions, including

the synthesis of new biomolecules. Thus, physical

forces and change in cell mechanics play a funda-

mental role in the normal or pathological develop-

ment of cells.

Various techniques have been developed to ana-

lyze the mechanical properties of cells and their

influence on the cellular functions, such as atomic

force microscopy (Rotsch et al. 1997), micropipette

aspiration (Hochmuth 2000), substrate deformation

(Brown 2000), magnetic twisting cytometry

(Puig-De-Morales et al. 2001; Wang et al. 1993),

optical stretcher (Guck et al. 2005) etc.
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In contrast to most inanimate systems, the mechan-

ical behavior of a living cell cannot be characterized

simply in terms of fixed mechanical properties, as the

cell structure is a dynamic system that adapts to its

local mechanochemical environment (Van Vliet et al.

2003). Changes in chemical stimuli, including pH,

temperature and biomolecular activity, can alter the

structure of the cell and its mechanical response.

In this paper, we present an approach to charac-

terize the influence of external factors on the

mechanical properties of cells and in particular the

effect of the culture conditions on the deformability

of cells.

Here, deformation was elicited by means of

dielectrophoresis, i.e. the electric force exerted

between two microelectrodes (Pethig and Markx

1997). In the inhomogeneous electric field around the

microelectrodes, polarizable objects, like living cells,

may be attracted to the electrode edges (positive

dielectrophoresis, pDEP). In the gap between the two

electrodes, the cells then undergo a stretching through

the interaction of charges at the interface between cell

and buffer with the electric field (Gimsa and Wachner

1999; Thom and Gollek 2006). By means of this

novel dielectrophoretic stretcher, we investigated the

influence of the pH value and nutrient depletion on

the stiffness of cells in culture.

In this study we used the human leukemia cell line

HL-60 as a model system and measured the evolution

of cellular stiffness over several cultivation days.

Theory

The motion of an uncharged particle in an inhomo-

geneous electric field is called dielectrophoresis (Pohl

1978). The origin of the force causing this motion lies

in the interaction of the electric field with charges

induced in the particle. The magnitude and direction

of this force depend on the electric properties of the

particle—permittivity, electric conductivity and

size—and those of its surrounding medium. If the

polarizability of the particle exceeds that of the

suspension medium it is attracted towards regions of

stronger electric field (pDEP). The magnitude and

frequency of the applied electric field also influence

the dielectrophoretic force.

The cell membrane can be modeled as an electric

circuit with a resistance and a capacitance in parallel.

Thus, a frequency range exists in which the capac-

itive reactance of the membrane begins to short-out

the membrane resistance and the field penetrates into

the electrically conducting cytoplasmic electrolyte.

So, in this range, the particle is more polarizable than

the surrounding medium and pDEP occurs. There-

fore, the cytosolic electric conductivity is the main

determinant of the deformation response (Sukhoru-

kov et al. 1998).

We also used this range of frequencies to avoid

potentially adverse effects on the living cells caused

by membrane polarization.

Materials and methods

Cell culture

Cells of the human leukemia cell line HL-60 (DSMZ,

Braunschweig, Germany) were cultivated in RPMI

1640 medium supplemented with 10% fetal bovine

serum (Biochrom, Berlin, Germany) and were kept in

25 cm2 plastic flasks under a 5% CO2, 95% air

atmosphere at 37 �C in a humidified incubator. HL-60

cells were seeded at a density of 5 9 104/mL. The

cells remained in culture for up to 5 days.

Cell preparation

For the experiments, the cells were cultivated

according to different protocols, described in the

following:

Protocol A: After 1 day in culture, the cells were

supplied with the used-up medium removed from a

4-days-old cell culture.

Protocol B: After 4 days in culture, the cells were

supplied with fresh medium.

Protocol C: The pH value of 5-days-old medium

was measured. By adding hydrochloric acid (HCl),

the pH value of fresh medium was adjusted to the

value of the old medium. One-day-old cells as well

as 4-days-old cells were cultivated for 24 h with

the adjusted medium.

Protocol D: The cells were cultivated using 6-well

microtiter plates with well inserts with 1 lm pore

size. The medium was removed daily on five

consecutive cultivation days and the cells were

supplied with fresh medium.
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Experimental procedure

The required aliquot of suspension cells (105 cells)

was transferred by centrifugation into an isotonic

solution consisting of 0.3 M inositol and PBS. The

amount of the latter was titrated to obtain an electric

conductivity of 5.5 mS/m. Finally, 0.5 weight percent

of a commercially available, soluble polymer (Cyto-

con, Perkin Elmer, Hamburg, Germany) was added

that effectively reduces non-specific sticking of the

cells to the microchip surfaces.

Microchip

The dielectrophoretic stretchers were purpose-made,

planar microstructures of two microelectrodes with a

gap of 20 lm between them (Fig. 1). They were

made of 20 9 20 mm2 glass slides plated with

indium tin oxide, a transparent conductive material

(Schott AG, Gruenenplan, Germany). The structures

were processed by UV ablation with a pulsed KrF

laser at 248 nm (Lextra 100, Lambda-Physik Goet-

tingen, Germany). Silicone troughs with a volume of

approximately 200 lL were mounted on the slides

after processing to reduce buffer evaporation effects

during the experiments.

Image processing

Optical microscopy was performed using a micro-

scope equipped with a 209/0.35 objective (BX40

Olympus, Hamburg, Germany). The images were

recorded by a computer-controlled CCD camera

(Orca ER, Hamamatsu Photonics) controlled by a

program provided by the camera manufacturer (Sim-

ple-PCI). The chip electrodes were connected to a

function generator set to 15 MHz and a square

waveform (33120A, Agilent). The voltage applied

was 4 Vrms. The data are presented as the mean value

±s.e.m.

Results and discussion

Through the action of convection, the cells in the

silicone trough come close to the gap between the

microelectrodes and there experience the dielectroph-

oretic force which attracts them towards the nearest

electrode edge. When the cells reach the gap, the field

between the electrodes causes a cell elongation, as

described earlier (Sukhorukov et al. 1998). This

elongation e is measured as the change Dl in the long

axis of the cell normalized by its initial length l0. We

analyzed this dielectrophoretic stretching on a single-

cell level as a measure of the mechanical properties

of HL-60 cells.

The standard procedure is to split these cells in

culture every 3 days. We compared cultivation dura-

tions without splitting of up to 5 days. To investigate

the influence of the cultivation day on the viscoelas-

ticity of the cells, we electrically stretched samples of

cells for 90 s on the cultivation days 2–5.

The experiments showed that the cellular stiffness

effectively depends on the cultivation day: the longer

the cells were cultivated without splitting, the softer

they appeared in the electric field (Fig. 2).

The next step was to investigate to which changes

in the medium that occur over time the differences in

the stretching response were due. For this approach,

cells cultivated for 1 day as well as cells cultivated

for 4 days were prepared according to the protocols

described in the ‘‘Materials and methods’’ section and

summarized in Table 1.

In each case, the stretching of the cells was

measured 24 h after the application of the respective

protocol.

Fig. 1 a Experimental set-up. b Purpose-made microchip

employed in the experiments
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We found that the cells cultivated according to the

protocol B were stiffer than control cells that had

been without fresh medium for 5 days. Conversely,

cells prepared according to the protocol A responded

softer to the electric deformation than control cells in

2-days-old medium (Fig. 3).

The purpose of medium change in cell culture is to

maintain the correct pH value and to replenish

nutrients. Therefore, these two factors were sepa-

rately investigated next, to determine which of them

causes the change in the cellular stiffness of the

HL-60 cells.

Influence of the pH value

The pH value of the cell culture medium was

measured daily for five cultivation days. The values

decreased from 7.6 to 7.1.

By means of adding HCl, fresh medium was

obtained with the same pH value as that of 5-days-old

medium (7.1) as described in protocol C. The cells

were cultured for 24 h according to the protocol C.

Subsequently, they were stretched (Fig. 4) and the

results were compared to the corresponding data

shown above (Fig. 3).

From these experiments, the two following com-

parisons can be made: as depicted in Fig. 4a, 2-days-

old cells cultivated according to the protocol C were

stiffer than 2-days-old cells cultivated according to

the protocol A (with the same pH value of 7.1).

Conversely (Fig. 4b), 5-days-old cells cultivated

according to the protocol B (pH 7.6) and according

to the protocol C (pH 7.1) showed comparable

results, i.e. an increased stiffness, although in both

cases the cells were in fresh medium. These results

show that in the range that we investigated the pH

value was not the factor responsible for the cellular

rigidity. Instead, the rigidity was apparently influ-

enced primarily by whether the medium was fresh or

not, irrespective of its pH value.

Influence of nutrient depletion

The next step was to investigate whether the differ-

ences in the stretching behavior of HL-60 cells were

caused by nutrient depletion of the medium. For this

purpose, we cultivated the cells according to protocol

D. Every 24 h, a sample of the cells was stretched.

No difference was observed in the resulting defor-

mation curves (Fig. 5). This in turn strongly suggests

Fig. 2 Deformation e of HL-60 cells on different cultivation

days. a Deformation on the second and fifth cultivation day

(Cd). The difference in stiffness of the cells is clearly visible

after 10 s. The gap between the upper and lower electrode is

20 lm. b Deformation as a function of time. There was a

considerable loss in cellular rigidity when the cells were

cultivated without splitting (n C 13)

Table 1 Cell cultivation protocols for preparation of the experiments

1-Day-old cells 2-Days-old cells 3-Days-old cells 4-Days-old cells

Protocol A 4-Days-old medium

Protocol B Fresh medium

Protocol C Medium with modified pH Medium with modified pH

Protocol D Fresh medium Fresh medium Fresh medium Fresh medium
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that the viscoelasticity of the HL-60 cells is primarily

determined by nutrient depletion.

Evidently, the purely mechanical characterization

by stretching provides no information on intracellular

reasons for the change in cellular stiffness. However,

general conclusions can be drawn from studies

showing that not only metabolic enzymes but also

structural proteins are both spatially and functionally

organized into dynamic complexes that assemble and

disassemble dependent upon the supply status of the

cell (Narayanaswamy et al. 2009). During times of

starvation, cells increasingly degrade otherwise stable

proteins (Gottesman and Maurizi 2001). The actin

cytoskeleton is highly responsive to a vast number of

signaling pathways that coordinate the rapid assem-

bly and disassembly of filaments and regulate their

incorporation into various structures such as stress

fibers. This network is also subject to degradation

processes during starvation. When glucose is

depleted, F-actin disappears (Sagot et al. 2006). In

the light of these results, we suppose that in our

experiments HL-60 cells cultivated in aging medium

undergo a cytoskeletal protein degradation that in

turn causes a progressive structural softening. This,

Fig. 3 a Experimental data for cells stretched on the second

cultivation day. These 2-days-old cells were either grown in

fresh medium (2d-old, n = 13) or in 5-days-old medium (i.e.

nutrient depleted, n = 10). The latter exhibit a clearly reduced

cellular rigidity, in particular in the first 40 s of the stretching.

b Cell stretching on the fifth cultivation day. These cells had

either been exposed to the same medium for 5 days without

exchange (n = 16) or they had been supplied with fresh

medium 24 h before the measurements (n = 13). A tendency

towards an increased stiffness is visible in the experiments

using the cells supplied with fresh medium. It can be

interpreted as a recovery from the effect of old medium

Fig. 4 a HL-60 cells on the second cultivation day in either

5-days-old medium (open circles, n = 10) or in pH-reduced

fresh medium (full triangles, n = 22). The two media had the

same pH value but different effects on the cellular stiffness.

The fresh medium was the decisive factor in the HL-60 cell

rigidity, as shown in (b). Here, the two 5-days-old HL-60

populations exhibited the same electric deformation, although

the pH values of the media were different. Both populations

were cultivated in fresh medium for 24 h (n C 13)

Cytotechnology (2010) 62:257–263 261

123



then, becomes visible when the cells are stretched on

different cultivation days.

Conclusion

Cells were stretched between microelectrodes

through dielectrophoresis and the responses to

stretching after cultivation without splitting the cells

of up to 5 days were compared.

By using HL-60 cells as model system, we

obtained reliable data that showed that cellular

stiffness effectively depends on the cultivation dura-

tion. This allowed assessing that the chemical

environment of the cells influenced their viscoelastic

properties over time.

The pH value and the culture medium depletion

were identified as potential factors responsible for the

different deformation over time. Both aspects were

investigated separately. The results showed that the

rigidity was primarily influenced by whether the

medium was fresh or not, irrespective of its pH value

which only had a minor influence on the cellular

rigidity. The analysis of the response to stretching of

cells which were continuously supplied with fresh

culture medium for the entire cultivation duration

strongly suggests that the changes in the stiffness of

the HL-60 cells in our experiments were primarily

attributable to nutrient depletion.
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