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Abstract

The potentiostatic control of surface charge density and interfacial tension of an electrode immersed in an aqueous electrolyte solution
offers a possibility for direct studies of non-specific interactions in cell adhesion. Unicellular marine alga, Dunaliella tertiolecta
Ž .Chlorophyceae of micrometer size and flexible cell envelope was used as a model cell and 0.1 M NaCl as supporting electrolyte. The
dropping mercury electrode acted as in situ adhesion sensor and the electrochemical technique of chronoamperometry allowed
measurement of the spread cell–electrode interface area and the distance of the closest approach of a cell. The adhesion and spreading of
a single cell at the mercury electrode causes a displacement of counter-ions from the electrical double layer over a broad range of the

Ž 2.positive and negative surface charge densities from q16.0 to y8.2 mCrcm . The flow of compensating current reflects the dynamics
of adhesive contact formation and subsequent spreading of a cell. The adhesion and spreading rates are enhanced by the hydrodynamic
regime of electrode’s growing fluid interface. The distance of the closest approach of an adherent cell is smaller or equal to the distance
of the outer Helmholz plane within the electrical double layer, i.e. 0.3–0.5 nm. There is a clear evidence of cell rupture for the potentials
of maximum attraction as the area of the contact interface exceeded up to 100 times the cross-section area of a free cell. q 2000 Elsevier
Science S.A. All rights reserved.
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1. Introduction

Many of essential features of cell deformation due to
adhesion can be considered in the context of an abstract
representation of cells as complex fluid cores surrounded

w xby composite membrane-cortical gel layers 1 . Cells with
a flexiblerfluid membrane can initially form adhesive
contact with the substrate with little or no tension to
oppose deformation. The extent of initial contact will be
determined by the amount of membrane area in excess of
the area required to enclose the volume as a perfect sphere.
The additional contact with the substrate will require the
membrane to stretch and thus, tension will increase until
equilibrium is established between the mechanical energy
of deformation and the free energy reduction from adhe-
sion. Extensive theoretical and experimental works, com-
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ing from the studies of vesicles, provide valuable insight
w xinto the physical mechanisms of cell adhesion 2,3 . In the

case of strong adhesion, curvature energy could become
irrelevant and then adhesion of the vesicle resembles wet-

w xting by liquid droplets 2 . Very strong adhesion always
leads to vesicle rupture. The recent experiments performed

w xusing atomic force microscopy 4 allowed visualisation of
vesicle adhesion at micarwater interface directly with a
nanometer vertical and lateral resolution. Immediately, the
vesicle adhered on the mica surface ruptured sponta-
neously and deformed to a flat supported bilayer on the
mica.

Our interest in adhesion at mercury electroderaqueous
electrolyte interface was motivated by discovering in sea-

w xwater polydispersed surface-active constituents 5,6 , which
w xalso include living algal cells and undergo aggregation 7 .

According to their electrochemical response, surface-active
particles resemble oily droplets of micrometer dimensions.

w xIn the case of adhesion of droplets at the electrode 8 , the
area of the interacting interface can increase dramatically
as a result of spreading and single adhesion events can be
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studied by measuring current–time signals due to a dis-
Ž .placement of the interfacial charge Fig. 1A

d A
I sy s 1Ž .D Hgd t

where I is the displacement current, A is the area of theD

interacting interface, t is time and s is the surfaceHg

charge density of the mercury electroderaqueous elec-
trolyte interface. According to the modified Young–Dupré

w xequation 9,10 , the total Gibbs energy of interaction be-
tween a droplet and the aqueous mercury interface is

yDGsA g yg yg 2Ž . Ž .12 13 23

where g , g and g are interfacial tensions at mer-12 13 23

curyrwater, mercuryrnon-polar organic liquid and non-
polar organic liquidrwater interfaces, respectively. The
expression in parenthesis is equal to the spreading coeffi-
cient

Ssg yg yg . 3Ž .12 13 23

For positive values of S, the organic droplet will spread
spontaneously and displace ions and water molecules from

the interface. For S-0, the spreading process will not
proceed spontaneously.

In a 0.1 M NaCl supporting electrolyte, the interfacial
tension varies over a range of at least 100 mJrm2 by

Ž .varying the electrode potential E since

EX
" X0g sg y s d E 4Ž .H12 12 Hg "

0

where g 0 is interfacial tension at E , the potential of12 pzc

zero charge of the electrode, and EX sEyE .pzc

If g is independent of the applied potential, the13

spreading coefficient S and thus the adhesion of droplets
from dispersion will be controlled by g only. This was12

confirmed by the wetting behaviour of hydrocarbon
droplets at the mercury electroderaqueous electrolyte in-

w xterface 11 . Excellent agreement was obtained for critical
interfacial tension of wetting determined from critical po-

Ž .tentials at dropping mercury electrode DME and the
prediction based on the Good–Girifalco–Fowkes equation
w x Ž12 for the mercuryrwaterrhexadecane system 418.26

Ž . Ž .Fig. 1. Schematic diagram of attractive interactions with a positively charged mercury electrode of a dispersed droplet A and a cell B , in an aqueous
electrolyte solution. The electrical signal is caused by the double-layer charge displacement from the contact area A .C
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2 .mJrm . At the negatively charged DME, critical interfa-
cial tension of wetting is 418.2 mJrm2 and at the posi-
tively charged DME, 418.9 mJrm2. These experimental
findings prove unambiguously that adhesion and spreading
of hydrocarbon droplets at mercury electrode result in
intimate contact between mercury and hydrocarbon, i.e. the
adhesion in proper physico-chemical sense.

w xA recent electrochemical study 13,14 demonstrated a
great similarity between attachment mechanisms of oil
droplets and those of living cells suspended in aqueous
electrolyte solutions. The electrochemical approach offers

w xa possibility for direct studies of adhesion processes 15,16
of individual cells by potentiostatic control of the surface
charge density and the interfacial energy of the mercury
electrode aqueous interface. Mechanism of the double-layer
charge displacement during a cell adhesion at the mercury
electrode is presented by a simplified scheme in Fig. 1B.
The flow of current will be directly related to the forma-
tion of adhesion contact and subsequent spreading of a
cell. The area of the contact interface formed, A , canC

then be determined from the amount of displaced charge,
q . The displaced charge is determined from the areaD

Ž .under the adhesion signal Fig. 1A

t qt1
q s idt . 5Ž .HD

t1

If we assume that the fraction of the electrode surface
covered by the spread cell is uncharged, i.e. a complete

w xcharge displacement, as in the case of oil droplets 8 , the
area of the contact interface, A isC

qD
A s . 6Ž .C

sHg

The dropping mercury electrode with its dynamic inter-
w xface 17 can mimic the interfacial dynamics of natural

w xfluid interfaces 18 . Here, we test the applicability of the
dropping mercury electrode in studying adhesive contact
and spreading of individual cells.

2. Materials and methods

2.1. Cell cultures and cell suspensions

We used laboratory cultures of unicellular marine algae
Ž .Dunaliella tertiolecta Butcher Chlorophyceae , Isochrysis

Ž .galbana Prymnesiophyceae and Cryptomonas maculata
Ž .Cryptophyceae . D. tertiolecta and C. maculata, with
their cell sizes in the range 6–12 and 20–30 mm, respec-
tively, were obtained by courtesy of Dr. John Green from
Plymouth Culture Collection, Plymouth Marine Labora-
tory. An alternative source of D. tertiolecta was Culture
Collection, Biglow Laboratory for Ocean Sciences. I. gal-
bana, cells size 3.7–7.5 mm, was obtained from AMirnaB
Rovinj.

w xThe cells were grown in F-2 medium 19 in batch
cultures at ambient conditions. Cell density in culture
reached up to 2=106 cellsrml after 8–14 days of growth.
The cells were separated from the growth medium with

Ž .mild centrifugation 1500 g, 5 min . The loose pellet was
washed several times with filtered seawater. Stock suspen-
sions contained 1–6=107 cellsrml. Diluted suspensions
submitted to electrochemical measurements were con-
trolled by standard microscopic techniques in terms of cell
densities and viability.

2.2. Electrochemical measurements

The measurements were performed in a standard
Methrom vessel with 20 ml volume of cell suspension. The
double-layer charging current transients were measured
after careful deairation of aqueous electrolyte solution by a
stream of nitrogen in order to eliminate traces of dissolved
oxygen. The aliquot of stock cell suspension was added
directly into the deairated solution, prior to electrochemical
measurement. The aqueous solution contained 0.1 M NaCl
and 5 mM NaHCO to maintain pH at 8.2. Water used for3

preparation of the solutions was ultra-pure MilliQ water.
Measurements were performed at 208C and 258C.

A fast dropping mercury electrode with drop life 2.0 s,
flow rate 6.03 mgrs and maximum surface area 4.57
mm2, was used in electrochemical measurement with 0.1
M AgrAgCl electrode as a reference in a three electrode
configuration. All potentials are referred to the AgrAgCl

Ž .electrode. Data for the interfacial tension g and surface12
Ž .charge density of the mercury electrode s were takenHg

w xfrom literature 20,21 . We tested double-layer charging
Ž .over the lifetime of our electrode 2 s in pure electrolyte

and obtained a good agreement with the literature data.
A PAR 174A Polarographic Analyzer was used for

measurements of current–time transients at a constant
potential. The fast transients were recorded and stored
using a Nicolet 3091 digital oscilloscope with time resolu-
tion of 20 ms per point for recording single adhesion
signals and 500 ms per point for recording current–time

Ž .curve over a whole drop lifetime 2 s . Because of the
stochastic nature of the processes in cell suspensions, at
least 30 current–time curves were recorded in each experi-
mental run.

3. Results and discussion

D. tertiolecta is a unicellular marine alga, AnakedB
nanoflagellate of maximum dimension 6–12 mm, that does
not possess rigid cell wall but a fluid cell envelope, as
shown by the electron micrograph, in Fig. 2. Electron

w xmicrographs under even higher magnification 22 showed
that the cell envelope has a monolayer structure with an

˚estimated thickness of 90 A. The possibility of slight
amounts of peripheral material attached to the cell enve-



( )V. SÕetlicic et al.rBioelectrochemistry 53 2000 79–86ˇ ´82

Fig. 2. Electron micrograph of thin section through D. tertiolecta cell, showing the cell membrane and details of cell structure; magnification 18,000= ,
Ž .bar denotes 1 mm courtesy of Dr. Mercedes Wrischer .

lope could not be completely dismissed. The D. tertiolecta
cells are suitable for electrochemical detection because of
their size, membrane properties and euryhaline nature. The
cells are simple to grow in the laboratory as axenic culture
and in aqueous electrolyte solutions, they form stable
suspensions of single cells due to pronounced cell motility.

The double-layer charge displacement measurements
were carried out in oxygen-free suspensions of cells in
order to eliminate any interference of the faradaic current
of oxygen reduction. The content of surface-active extra-

w xcellular products 23 in the suspensions was below the
level that could hinder cell adhesion by simultaneous

w xadsorption of molecules during a 2-s DME lifetime 13 .
Microscopic control of measured suspensions confirmed
that the shape and the motility of cells were not changed
after a series of electrochemical measurements that lasted
up to 20 min.

The electrochemical response in a cell suspension is
illustrated in Fig. 3 by a segment of a current–time curve
where the sequence of adhesion signals appeared. The
curve was recorded at potential y400 mV, where mercury
surface is positively charged, s sq3.8 mCrcm2. EachHg

spike-shaped signal corresponds to the double-layer charge
displacement by attachment of a single particle. The sig-
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ŽFig. 3. Current–time curve at the positively charged electrode Esy400
2 .mV, s sq3.8 mCrcm recorded in deairated cell suspension ofHg

5.4=105 cellrml in 0.1 M NaCl. Adhesion signals appear as spikes
superimposed on a flat background current.

nals are of a similar shape characterised by a steep rising
portion followed by a slower decay of displacement cur-
rent. Subsequent signals on the same i–t curve do not
seem to influence one another.

To prove that the recorded signals originate from adhe-
sion of individual cells, we chose to analyse suspensions
with increasing cell density in the range from 104 to
6=106 cellsrml. Due to the inherently stochastic nature
of the cell encounters with the electrode, we recorded
series of 30 i–t curves on consecutive mercury drops. The
average number of adhesion signals per one drop lifetime
is expressed as the attachment frequency. Fig. 4 shows the
relationship between cell density and signal frequency.
There is a linear correlation between the signal frequency
and the cell density.

Because the signals are similar in shape and amplitude,
and because their frequency of appearance is linearly
proportional to the cell density, it follows that each signal
corresponds to the adhesion of a single D. tertiolecta cell.
If the adhesion signals in Fig. 3 originate from the double-
layer charge displacement, they should disappear com-

Fig. 4. Adhesion signal frequency vs. cell density of D. tertiolecta
suspensions in 0.1 M NaCl. Thirty current–time curves were analysed for
each cell density; bars denote standard deviations.

pletely at the potential of zero charge and should be
reversed at the negatively charged electrode. Indeed, sig-
nals could not be detected at E . The adhesion signalspzc

recorded at y800 mV, where the electrode is negatively
charged, are shown in Fig. 5. They appear as mirror
images of the signals in Fig. 3. This further means that at
positively and negatively charged electrode, the distance of

Žthe closest approach the gap between the cell and the
.electrode is equal or less than the distance of the plane

going through the charge centres of hydrated counter-ions
w xnearest to the electrode 24,25 .

The signals in Figs. 3 and 5 resemble those in disper-
Ž .sions of oil droplets by their short duration milliseconds

and by their appearance at very irregular intervals. The
signals recorded in D. tertiolecta cell suspensions differ
only slightly in the peak current and duration, indicating
attachments from a nearly monodispersed particle popula-
tion. A similarity of signals shape and duration to those of
droplets of insoluble organic liquids implies that the under-
lying mechanism of cell adhesion should involve the same
sequence of events: fast initial attachment and deformation
followed by a slower spreading forming the contact inter-

Ž .face of a finite area Fig. 1 .
We further recorded the adhesion signals in a broad

range of applied potentials, from 0 to y1.8 V. In this
potential window, the surface charge density of DME
adopts the values from q22 to y24 mCrcm2, and the
interfacial tension varies in the range from 267.7 to 426.7

2 Ž Ž ..mJrm Eq. 4 . The adhesion signals appeared only in
the potential range between y85 and y920 mV. Within
the potential range of adhesion, the signal amplitude and
direction depend on the surface charge of the electrode.
Fig. 6 shows dependence of signal amplitude in suspension
of 2.7=105 cellsrml. At potentials more positive than
y85 mV and more negative than y920 mV, signals could

Ž .not be detected above the noise level typically "50 nA .
The cells behave as inert particles.

By analogy with hydrocarbon droplets, the condition of
non-adherence can be expressed in terms of interfacial

Ž .tension at the mercuryrwater interface g and interfa-12
Ž .cial tensions of cells acting at cellrwater g and23

Ž .cellrmercury interface g as a negative value of spread-13
Ž Ž ..ing coefficient, S Eq. 3 : g yg yg -0. The criti-12 13 23

cal potential of adhesion at the positively charged DME

ŽFig. 5. Current–time curve at the negatively charged electrode Esy800
2 .mV, s sy6.5 mCrcm recorded in deairated cell suspension ofHg

5.4=105 cellrml in 0.1 M NaCl.
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Fig. 6. Potential dependence of adhesion signal amplitudes in oxygen-free
cell suspension in 0.1 M NaCl, cell density 2.7=105 mly1. Each point
represents the mean value of 10 consecutively recorded signals. Runs of
30 i – t curves were made at potentials where adhesion signals could not
be detected.

corresponds to g s394 mJrm2 and at the negatively12

charged DME to 407 mJrm2, as evaluated from the
electrocapillary data. With the non-polar liquids, the criti-
cal g values are equal at positively and negatively12

w xcharged DME 26 . The difference in critical g values in12

the case of D. tertiolecta could be ascribed to electrostatic
interactions—attractive at positively charged electrode and
repulsive at negatively charged one, since the cell exterior
bears a negative charge at neutral pH. The exact value of
the cell surface charge density could not be obtained by
electrophoretic measurement due to autonomous move-
ments of the living cells.

Within the potential range of adhesion, the signal fre-
quency changes in a similar way as the amplitude, imply-
ing that collision frequency of the cells depends on the

Fig. 7. Dependence of adhesion signal frequency of D. tertiolecta cells
on applied potential in oxygen-free cell suspension in 0.1 M NaCl, cell
density 2.7=105 mly1. Ten consecutive current–time curves were anal-
ysed and bars denote standard deviation. Insert: plot of surface charge

< < Ž .density absolute values, s I and interfacial tension at DME, gHg 12
Ž .^ vs. applied potential in 0.1 M NaCl.

Table 1
Analysis of representative series of adhesion signals of D. tertiolecta
cells

Current Duration Displaced Contact area
4 2Ž . Ž . Ž .i mA t ms charge A 10 cmP C

Ž .q nCD

1.3 4.4 0.7 1.84
1.4 6.0 1.2 3.16
1.2 4.0 1.0 2.63
1.2 5.2 1.0 2.63
1.2 4.4 1.0 2.63
1.15 4.4 0.95 2.52
2.2 5.6 1.1 2.89
1.6 5.2 1.2 3.16
1.35 4.4 0.9 2.37
1.35 5.2 1.4 3.68
1.65 6.8 1.4 3.68
1.55 5.2 1.3 3.42

Signals were recorded in suspension of 5.4=105 cellsrml in 0.1 M NaCl
at Esy400 mV, where the initial surface charge density of the mercury
electrode is s sq3.8 mCrcm2.Hg

Ž .potential as well Fig. 7 . Signal frequency reaches maxi-
mum values at potentials between y300 and y400 mV,
where interfacial tension of DME is close to its maximum

Ž .value electrocapillary maximum , and the hydrophobic
interaction is expected to prevail in cell adhesion. At the
potential of zero charge of DME, E signal frequencypzc

drops to zero, although g reaches its maximum and12

should favour cell adhesion. The explanation is obvious: at
Ž .the potential of zero charge of DME E , there is nopzc

surface charge to be displaced. When the measurements
were performed in air saturated suspension, the adhesion
signals were recorded at E as transient enhancements ofpzc

w xoxygen-reduction 13,14 . Nevertheless, recording the cur-
rent of double-layer charge displacement in oxygen-free
suspensions has the advantage in the fact that the adhesion
signal is not affected by the transport processes of redox
species from the aqueous phase.

The results of signal analysis in terms of peak current
Ž . Ž . Ž .i , duration t , displaced charge q and final area ofp D

Ž .the contact interface A at the positively and the nega-C

tively charged electrode are given in Tables 1 and 2,

Table 2
Analysis of a series of adhesion signals of D. tertiolecta cells at
Esy800 mV, where the initial surface charge density of the mercury
electrode is s sy6.5 mCrcm2

Hg

Current Displaced charge Contact area
4 2Ž . Ž . Ž .i mA q nC A 10 cmP D C

y1.2 y1.4 2.15
y0.8 y0.94 1.45
y1.2 y1.2 1.85
y1.05 y1.06 1.63
y1.35 y1.16 1.78
y0.9 y1.0 1.54

Signals were recorded in suspension of 5.4=105 cellsrml in 0.1 M
NaCl.
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Fig. 8. Histograms of sizes of cell contact areas at the positively
Ž 2 . Ž 2 .s sq3.8 mCrcm and the negatively s sy6.5 mCrcmHg Hg

charged electrode.

respectively. q was obtained by graphical integration ofD
Ž .adhesion signals precision 0.05 nC , and A was calcu-C

Ž .lated according to the Eq. 6 . The histogram of cell
contact areas in Fig. 8 illustrates the size distribution:
1.84–4.2=10y4 cm2 at the positively charged electrode
and 1.54–2.2=10y4 cm2 at the negatively charged elec-
trode. It is a remarkable result that for a given potential,
the A values have such a narrow size distribution. TheC

small variation in A could be ascribed to a typicalC

variation of cell sizes in culture alone. However, nearly
twofold decrease of A values at the negatively chargedC

electrode reflects a lower degree of spreading. Electrostatic
repulsion between cells carrying negative charge and the
negatively charged electrode in addition to a lower g12

Ž Ž ..value Eq. 3 at y800 mV is the reason for the differ-
ence in A values. The A values are further compared toC C

the size of a free D. tertiolecta cell cross-section, which is
;50 mm2. At the positively charged electrode, A ex-C

ceeds cross-section area of a free cell by two orders of
magnitude. Evidently, the cell ruptured during the spread-
ing process.

The contact interface determination in suspensions of
different algal strains is illustrated by typical sets of data in
Table 3. Signals of larger and smaller species, all of them
having a flexible cell envelope, showed correlation be-
tween magnitude of adhesion signal and the contact area
with the cell size.

4. Concluding remarks

We have presented measurement of single cell adhesion
in real time, from the initial attachment to a finite state of
spread cell, at the growing mercury drop electrode that
acted as in situ adhesion probe. Unicellular marine algae of
micrometer size and flexible cell envelope, such as D.
tertiolecta, suspended in aqueous electrolyte acted as a
monodispersion of flexible particles and showed similari-
ties in their adhesion mechanism to oil droplets. The
adhesion and spreading of a single cell caused measurable
displacement of surface charge of the electrode at a frac-
tion of the electrode surface for a range of positive and

Žnegative electrode surface charge densities from q16.0 to
2 .y8.2 mrcm . The electrochemical technique allows pre-

cise measurement of the contact between the cell and the
substrate in terms of the area of the contact interface and
the distance of the closest approach.

For the range of maximum attractive interaction, around
the potential of zero charge of the electrode there is clear
evidence of cell rupture, as the area of contact interface

Ž .exceeds by far up to 100 times the cross-section area of a
free cell. It is known that a cell ruptures when the cell
surface area increases 10 times. The short time scale of
adhesion and spreading of cells at the mercury electrode
Ž .typically 5–10 ms is due to the hydrodynamic regime of

w xelectrode’s growing fluid interface 17 , enhancing the
w xadhesion and spreading rates 14,27 .

The distance of the closest approach of an adhered cell
can be estimated with certainty as equal or smaller than the

Žouter Helmholtz plane of the electrical double-layer the
distance of the plane going through the charge centres of

.the counter-ions nearest to the electrode , i.e. 0.3–0.5 nm.
As the adhesion signals of cells resemble those of hydro-
carbon microdroplets, we assume that molecular contact is
established between the electrode surface and the cell

Table 3
Ž .Comparison of contact areas A of algal cells of different species at the positively and the negatively charged electrode surfaceC

y4 2Ž . Ž .Algal cells Length mm Contact interface 10 cm

Electrode charge Electrode charge
2 2s sq3.8 mCrcm s sy6.5 mCrcmHg Hg

D. tertiolecta 6–12 2.88"0.53 1.73"0.23
aD. tertiolecta 6–9 1.25"0.23 0.68"0.15

I. galbana 3.7–7.5 1.02"0.6 0.57"0.3
C. maculata 12–20 7.83"3.61 3.64"0.81

aSource: Bigelow Laboratory for Ocean Sciences.
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material. However, at present there is no direct evidence
that displacement of water molecules from the electrode
surface takes place simultaneously with the counter-ions
displacement.
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