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Linking aggregation of Aspergillus niger spores
to surface electrostatics: a theoretical approach
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Abstract

The effect of medium pH on conidial aggregation during submerged cultivation of Aspergillus niger is considered to
originate from the electrostatic surface properties of the spores. As previously shown, these properties are greatly
influenced by the presence of a melanin-containing surface coating covering the outer spore wall layer. The present
study was designed to elucidate the impact of such a coating on the spores’ surface potential and their electrostatic
repulsion under acidic conditions. A Poisson–Boltzmann model was proposed and potential profiles across the
surface coating of noninteracting and interacting spores were calculated. The surface potentials thus obtained were
in line with the observed pH dependence of the zeta potential. This dependence was consistent with the outcome of
aggregation experiments. Apparently contradictory results regarding the zeta potential and the aggregation behavior
of the spores were obtained when the ionic strength was varied. However, both of these observations could be
explained by the model.
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Background
Forces originating from the electric surface charge of fun-
gal spores are generally suspected to play a key role in
both spore–surface [1-4] and spore–spore [4-6] attrac-
tion. Characterization of these forces is, hence, of great
interest, especially in consideration of biofilm formation
[7] and spore aggregation during submerged cultivation
[8]. Unfortunately, little is known about the electrostat-
ics of fungal spore surfaces. In the case of the biotech-
nological workhorse Aspergillus niger, the tendency to
form conidial aggregates at the early stage of cultivation
has long been recognized [9] and aggregation behavior
was attributed to electrostatic surface properties [10-12].
However, there is presently no uniform explanation link-
ing the pH dependence of these properties to that of the
aggregation behavior during cultivation.
A common approach to assess the charge properties

of microbial cells is to experimentally determine their
electrophoretic mobility or zeta potential. In the case
of hard particles, where fixed charges are assumed to
be located in a plane, the zeta potential can be used
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to predict aggregation behavior on the basis of conven-
tional DLVO theory. In contrast, in models of biological
cells, it is typically assumed that fixed charges are dis-
tributed throughout an ion-penetrable surface layer of
finite thickness [13-16]. This has two prominent conse-
quences from a theoretical point of view. On the one
hand, the attribution of the cells’ electrophoretic mobility
or zeta potential to a single potential value with distinct
physical meaning, like the surface potential, is valid only
under certain circumstances [17]. On the other hand,
electrostatic repulsion between the cells can no longer
be predicted from the zeta or surface potential alone
[18].
In a previous study, we investigated the origin of

the electric surface charge of A. niger spores under
acidic conditions [19]. In these investigations, the typ-
ical electrophoretic behavior of the spores, which is
characterized by negative mobilities over a wide range
of pH values [10,12,20], was traced to the presence of
melanin pigments. These pigments were found to be
located in a distinct layer on top of the outer spore
wall layer, where they contribute to the net surface
charge by partial dissociation of melanin-bound carboxyl
groups.

© 2013 Wargenau et al.; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.
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In the present study, we examined the electrostatic
effect of such a melanin-containing surface coating
on the surface potential and aggregation behavior of
the spores in acidic environments. We used Poisson–
Boltzmann mean-field theory [21] to calculate the
potential profiles across the spore–solution and spore–
spore interfaces of noninteracting and interacting spores
and compared the theoretical outcomes with data
from electrophoretic measurements and aggregation
experiments.

Theory
Electrostatic surface model
An electrostatic model of the spore surface was built
in accordance with our previous findings [19]. The
model consists of a planar plate covered by an ion-
penetrable coating of thickness δ. The coating contains
uniformly distributed fixed ionizable groups at density
∣ρfix,0/e∣, where e is the elementary charge and ρfix,0
denotes the space charge density at complete dissocia-
tion. Additionally, a constant surface charge density σ

is considered at the inner boundary of the coating to
allow for an electric field contribution from the spore
wall.

Poisson–Boltzmannmodel
Consider two similar parallel spore surfaces immersed in a
symmetrical electrolyte and separated at a distance d−2δ,
as indicated in Figure 1. Taking the z axis as perpendicular
to the surfaces and choosing z = 0 at the outer spore wall
boundary of one spore surface, we can express the electric
potential between the spore walls through the following
Poisson equations:

d2�(z)
dz2 = − 1

ε0εr
[ρ+(z) + ρ−(z) + α(z)ρfix,0 ]

for 0 < z < δ, (1)

d2�(z)
dz2 = − 1

ε0εr
[ρ+(z) + ρ−(z) ]

for δ < z < d/2. (2)

In these equations, ρ+(z) and ρ−(z) describe the z-
dependent space charge densities of positive and negative
mobile ions, α(z) is the position-dependent degree of
dissociation of the fixed ionizable groups (here carboxyl
groups), ε0 denotes the permittivity of free space, and εr
denotes the relative permittivity of the solution and sur-
face coating. Note that, for reasons of symmetry (�(z) =
� (d − z)), only half of the region between the outer spore
wall layers is regarded.
If we define the electric potential to be zero in the bulk

solution (e.g., at z = d/2 for d − 2δ → ∞) and assume that
mobile charges obey a Boltzmann distribution, we may
express their respective charge densities by

ρ+(z) = +∣ν∣b+(z)eNAC∞I e−
∣ν∣e�(z)

kT , (3)

ρ−(z) = −∣ν∣b−(z)eNAC∞I e+
∣ν∣e�(z)

kT , (4)

where NA denotes the Avogadro constant; k, the
Boltzmann constant; T, the temperature; ∣ν∣, the absolute
value of the ion’s valence; and C∞I , the molar concentra-
tion of cations and anions in the bulk solution. b+(z) and
b−(z) are dimensionless functions taking values between

OL

σ

ρfix + ρ+ + ρ-

δ

ρ+ + ρ-

0 d/2
z

SC EL ρρfix + + ρ

d
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Figure 1 Schematic representation of the Poisson–Boltzmannmodel for the investigation of the potential distribution across the
spore–solution or spore–spore interface of noninteracting and interacting A. niger spores. The electric potential is considered to arise from
three different charge contributions: (i) a surface charge density σ at the outer boundary of the outer spore wall layer (OL), (ii) the nonuniform space
charge density of ionized fixed carboxyl groups in the surface coating (SC), ρfix, and (iii) the space charge densities ρ+ and ρ− , covering the charge
contributions from mobile positive and negative ions in the electrolyte solution (EL) and in the ion-penetrable surface coating.
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0 and 1 for 0 < z < δ and equal unity for δ < z <
d/2. Physically, these functions can be viewed as intrinsic
position-dependent partition coefficients describing local
diminished ion solubilities in the surface coating [22].
The contribution from fixed charges in the surface

coating may also be expressed as a function of the elec-
tric potential [21]. Combining the law of mass action
of the corresponding dissociation equilibrium with the
Boltzmann distribution for hydronium ions leads to

α(z) = 1
C∞H3O+

Ka
e−

e�(z)
kT + 1

, (5)

where Ka is the equilibrium constant of the dissociation
reaction and C∞H3O+ is the bulk concentration of hydro-
nium ions.
Substituting equations 3, 4, and 5 into equation 1

and equations 3 and 4 into equation 2 finally yields the
Poisson–Boltzmann equations of the model system:

d2�(z)
dz2 = − 1

ε0εr
∣ν∣eNAC∞I

× ( b+(z)e− ∣ν∣e�(z)kT − b−(z)e+ ∣ν∣e�(z)kT )

− 1
ε0εr

ρfix,0
C∞H3O+

Ka
e−

e�(z)
kT + 1

for 0 < z < δ,

(6)

d2�(z)
dz2 = 2

ε0εr
∣ν∣eNAC∞I sinh( ∣ν∣e�(z)

kT )
for δ < z < d/2. (7)

Boundary conditions result from continuity in the elec-
tric potential and the electric field at z = δ, that is,

�(z → δ
−) = �(z → δ

+), (8)

d�(z)
dz ∣

z→δ−
= d�(z)

dz ∣
z→δ+

, (9)

as well as from electroneutrality, which implies

d�(z)
dz ∣

z=d/2
= 0, (10)

d�(z)
dz ∣

z=0
= − σ

ε0εr
. (11)

The latter condition stems from the requirement that
the electric field at z = 0 is twice the electric field arising
from the spore wall. This requirement together with the
other boundary conditions and the differential equations
6 and 7 determines the desired potential distribution.

Interacting vs. noninteracting case
The Poisson–Boltzmann model described above provides
solutions not only for the case of an interacting spore sur-
face but also for the case of a noninteracting spore surface.
Those are obtained for d − 2δ → ∞.
For an interacting surface, we will further distinguish

between the case where the surface is in direct contact
with its counterpart, meaning d − 2δ = 0, and the case
where the surfaces are separated at a distance d − 2δ > 0.
In the former, depending on the balance between all
interfacial forces, the surface coating may be compressed.
To account for this possibility, we introduce the quanti-
ties ρ∗fix,0 and δ∗, which, respectively, represent the space
charge density of fixed charges at complete dissociation
and the thickness for the uncompressed surface coating.
Furthermore, we assume that the uniform density of the
fixed ionizable groups increases proportionally to the
ratio of compression. The actual charge density of fixed
charges at complete dissociation is then given by

ρfix,0 = ρ
∗
fix,0

δ∗

δ
. (12)

Methods
Microorganism, cultivation, and preparation of spore
suspensions
Spores of Aspergillus niger AB1.13 [23] were kindly pro-
vided by P. J. Lin and R. Krull (Institute of Biochem-
ical Engineering, Technische Universität Braunschweig,
Germany). The cultivation on agar plates, the harvesting,
and the determination of the spore concentration of final
suspensions were carried out in the same manner as that
described in Lin et al. [24], except that the plates were
incubated for 4 days.
For the purpose of electrophoretic measurements and

aggregation experiments, the spores were centrifuged and
resuspended in different aqueous solutions by ultrasoni-
cation. The solutions contained either a mixture of NaCl
and HCl (pH 2–3.5) or NaCl only (pH 5, determined
by comparison with buffered suspensions of known pH
using methyl red as an indicator). Sonication was per-
formed with a Labsonic L sonicator (B. Braun, Melsungen,
Germany) at 0.2 W mL−1 for 20 min with stirring and
cooling with ice water.

Zeta potential determination
Suspensions with a spore concentration of 106 mL−1
were used formeasuring electrophoretic sporemobility by
means of a Zeta Master S (Malvern Instruments, Malvern,
UK). Zeta potentials were calculated by the Smoluchowski
equation [25] from the mean of 4–5 measurements.

Aggregation experiments
Spore aggregation was assessed in a baffled blade-stirred
vessel, designed in accordance with the dimensions given
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in Zlokarnik and Judat [26]. Spore suspensions with a vol-
ume of 500 mL and a spore concentration of 5× 106 mL−1
were stirred at 500 rpm (corresponding to a volumetric
power input of approximately 1.8 kW m−3) and ambient
temperature. Samples were taken at different time inter-
vals using an inoculation loop, transferred to glass slides,
and photographed under an inverted microscope after the
settling of the spores.
To evaluate the degree of aggregation at steady-state

conditions, photographs of samples obtained after 80, 100,
and 120 min of stirring were analyzed. The number of iso-
lated spores, N1; and the number of aggregates consisting
of two spores, N2; three spores, N3; and four spores, N4,
were counted within a uniform area containing a total of
at least 500 spores. The number of spore pairs built during
settling, Ns

2, was estimated for the purpose of correcting
the counted number of pairs using the assumption that
2Ns

2 ≈ N0
1 −N1 ≈ PN0

1(N0
1 −1). Here,N0

1 denotes the num-
ber of single spores before settling and P is the probability
that the centers of two single spores within the analyzed
area were at distance r < 4.6 μm, which was the criterion
applied to define aggregates during counting. The fraction
of spores present in the aggregates at each time point was
then estimated by using

Nag
Ntot

≈ 2N2 − 2Ns
2 + 3N3 + 4N4

N1 + 2N2 + 3N3 + 4N4
. (13)

Determination of potential distributions
To obtain potential distributions that satisfy equations
6 to 11, a numerical approach was followed. With this
approach, the equations were not solved directly, but
rather solutions were obtained by solving the concentra-
tion profiles of mobile ions. A detailed description thereof
can be found in the electronic supplementary material
(see Additional file 1).
All calculations were performed for T = 298.15 K, εr =

78.4, ∣ν∣ = 1, ρ∗fix,0 = −108 C m−3, and Ka = 10−4.3 mol L−1
(note that the two latter quantities were estimated from
the results of titration and extraction experiments [19]).
b+(z) and b−(z) were chosen to equal unity for all values
of z unless stated otherwise.

Results
Zeta potential
The electrophoretic mobilities of spores were determined
in aqueous solutions of different pH and NaCl concentra-
tions. The corresponding zeta potentials as calculated by
the Smoluchowski equation are given in Figure 2. All val-
ues observed were negative and decreased with increasing
pH. By considering the dependence on the ionic strength
at constant pH, a clear trend of decreasing potentials with
decreasing NaCl concentration was seen for the two lower
pH values. Although the same trend was basically true
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Figure 2 Electrophoretic behavior of A. niger spores. Shown is the
zeta potential as a function of NaCl concentration, determined at pH
2.5 (◆), pH 3 ( ), pH 3.5 ( ), and pH 5 ( ).

for pH 3, the reduction of the NaCl concentration from
0.05 to 0.01 mol L−1 led to comparatively little change in
the potential. At pH 2.5, even a small increase in the zeta
potential was noted for the same reduction in NaCl con-
centration, resulting in a minimum zeta potential value at
0.05 mol L−1.

Spore aggregation
To assess the impact of the electrostatic surface properties
of the spores on their aggregation behavior, the aggre-
gation tendencies at different pH values were studied in
a turbulent stirred vessel. The amount of spores present
in the aggregates at steady state was found to be high-
est at pH 2.5 and lowest at pH 5, as can be seen from
Figure 3a. At pH 5, no or very little aggregation occurred,
as indicated by the slightly negative ratio of aggregated
spores (note that negative values of Nag/Ntot may occur
in the case of low aggregation because of uncertainties
in the statistical correction for misclassification of spore
pairs). This tendency is generally in line with expectations
from obtained zeta potential values. However, aggrega-
tion behavior observed for varying NaCl concentrations
at pH 2.5 (Figure 3b) indicated a more complex relation
to corresponding electrokinetic data. The estimated ratio
of aggregated spores increased by a factor of ∼3 when the
NaCl concentration was increased from 0.01 to 0.154 mol
L−1 and again decreased by a similar factor when theNaCl
concentration was further increased to 0.5 mol L−1.

Influence of the pH Value on the potential distribution at
noninteracting spore surfaces
In the presentmodel, we have considered the effect of bulk
pH on the z-dependent degree of ionization in the surface
coating. Additionally, a variable surface charge density has
been introduced to account for a pH-dependent charge
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Figure 3 Spore aggregation in stirred suspensions of different
pH and NaCl concentrations. Diagrams show means and standard
deviations (error bars) of estimated relative amounts of spores
present in aggregates after 80, 100, and 120 min of stirring (steady
state). The pH-dependent data (a) refer to a NaCl concentration of
0.154mol L−1 and the data determined as a function of salt
concentration (b) refer to a pH of 2.5.

contribution from the sporewall. However, as discussed in
our previous paper [19], the thickness of the surface coat-
ing may also change with the solution pH. This assump-
tion is based on the observation that partial ionization of
melanin-associated carboxyl groups is accompanied by an
irreversible release of melanin pigments.
Figure 4 elucidates the impact of the thickness of the

surface coating on the potential distribution at the spore
surface. In principle, two general cases can be distin-
guished: 1. In the “thin coating” case, the surface potential
(�(z = δ)) depends on the charge contribution of the
spore wall as well as on the thickness of the surface coat-
ing. 2. In the “thick coating” case, we assume the coating
to be large enough that, owing to the shielding effect of
counterions, the electric field vanishes almost completely
far inside. In this instance, the surface potential will be
more or less independent of the charge contribution from
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Figure 4 Influence of the thickness of the surface coating on the
electric potential distribution at low bulk pH. Each diagram shows
potential profiles as determined for several different electric field
contributions of the spore wall. Calculation conditions are as follows:
σ = 0.02 C m−2 ( ), 0.015 C m−2 ( ), 0.01 C m−2 ( ), 0.005 C
m−2 ( ); δ = 10 nm (a), 5 nm (b), 3 nm (c); C∞H3O+

= 10−2.5 mol L−1;

C∞I = 0.05 mol L−1.
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the spore wall and also of the actual thickness of the
coating.
An example for a thick coating is given in Figure 4a.

Under the chosen bulk solution conditions (C∞I = 0.05
mol L−1, C∞H3O+ = 10−2.5 mol L−1) a value of δ of 10 nm is
large enough that an effective surface charge density in the
range of 0.005 to 0.02 C m−2 has virtually no effect on the
surface potential. Moreover, in agreement with the afore-
mentioned, the minimum potentials inside the coating,
ranging from -3.31 to -3.45 mV, lie close to the poten-
tial of completely vanishing electric field. This theoretical
value, which we will further denote as the layer poten-
tial �l, is determined to be -3.61 mV by the following
electroneutrality expression [21]:

−2eNAC∞I sinh(e�l
kT ) + ρ0

fix
C∞H3O+
Ka

e−
e�l
kT + 1

= 0. (14)

Solutions obtained for δ = 5 nm and δ = 3 nm under oth-
erwise identical conditions, in contrast, show a significant
dependence on the surface charge density (Figure 4b and
c). Particularly, the profiles determined for δ = 3 nm make
it clear that with a thin coating positive surface potentials
can occur at low bulk pH values owing to a positive charge
contribution from the spore wall.
The direct influence of the bulk pH on the electric

potential across the spore–solution interface was inves-
tigated for δ = 5 nm and σ = 0 (where again C∞I was
chosen to be 0.05 mol L−1). Solutions obtained in such a
way can be viewed as general interfacial electric potential
profiles of a thick coating. This is because the potential
values achieved for z = 0 are very close to the theo-
retical layer potential (�(z = 0) − �l < 0.1 mV) and,
hence, approximately reflect the boundary conditions of
respective infinite-thick coatings.
The solutions, which are depicted in Figure 5 (solid

curves), indicate the expected qualitative dependence of
the surface potential on the bulk pH. The increase in
the degree of dissociation of ionizable groups reduces the
potential on the surface and inside the coating. However,
as can be seen from the same diagram (cf. dashed curves),
this reduction is less pronounced than would be the case
for a potential-independent degree of dissociation, that is,

α(z) = const = 1
C∞H3O+

Ka
+ 1

. (15)

Even if such an assumption is physically less meaning-
ful, comparison of the obtained profiles with the potential
distributions obtained by assuming a potential-dependent
dissociation of the ionizable groups elucidates to which
extent the decrease in layer and surface potential is attenu-
ated by the counteracting effect of less ionization at lower
potentials.
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Figure 5 Effect of the bulk pH on the electric potential across the
interface between the surface coating and the solution. Profiles
obtained under the assumption of z-dependent ionization ( ) are
displayed together with the respective solutions for α(z) = const
( ) (see text). Calculation conditions are as follows: σ = 0; δ = 5
nm; C∞H3O+

= 10−2.5 mol L−1 (a), 10−3 mol L−1 (a), 10−3.5 mol L−1 (b),

10−5 mol L−1 (b); C∞I = 0.05 mol L−1.

Influence of the ionic strength on the potential distribution
at noninteracting spore surfaces
Besides investigating the specific effects of the solution
pH, we determined electric potential profiles of varying
ionic strength for the case of a relatively low bulk pH value
and a positive surface charge density.
As shown in Figure 6, the way in which the bulk ion con-

centration influences the surface potential in this case is a
question of the thickness of the surface coating. When the
coating is sufficiently thin so that the potential does not
decay to negative values, the surface potential will gener-
ally rise with decreasing counterion concentration. This
means that the highest surface potential will occur for the
lowest ionic strength.
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Figure 6 Influence of the bulk ion concentration on the electric
potential profile at low bulk pH and different thicknesses of the
surface coating. Calculating conditions are as follows: σ = 0.02 C
m−2; δ = 10 nm (a), 5 nm (b), 3 nm (c); C∞H3O+

= 10−2.5 mol L−1;

C∞I = 0.02 mol L−1 ( ), 0.05 mol L−1 ( ), 0.12 mol L−1 ( ).

Figure 6c depicts the results of an example calculation
with δ = 3 nm, σ = 0.02 C m−2, and C∞H3O+ = 10−2.5

mol L−1. Under these circumstances the surface poten-
tial is positive for C∞I values of 0.02 and 0.05 mol L−1,
whereas it is approximately zero for a C∞I of value 0.12
mol L−1. According to expectations, the surface potential
is greatest for C∞I = 0.02 mol L−1. However, the oppo-
site is true for the same conditions except that δ = 10
nm (Figure 6a). Here, the surface potential is smallest for
C∞I = 0.02 mol L−1 and highest for C∞I = 0.12 mol L−1.
This particular behavior can be explained by consider-
ing once more electroneutrality in a thick coating. Under
the assumption of a Boltzmann distribution of mobile ion
concentrations, a reduction in the bulk ion concentration
reduces the potential at which the total mean charge of the
positivemobile ions counteracts themean charge of all the
negative ions. The profiles given in Figure 6b can be inter-
preted as an intermediate case. In this example, where
δ = 5 nm, potentials are found to be quite similar in the
region near the surface but still show interesting depen-
dence on the bulk ion concentration. As can be seen from
the inset of this diagram, the smallest surface potential is
obtained for C∞I = 0.05 mol L−1.
In addition to the above-discussed unspecific effect of

the electrolyte ions, the solubility properties of the ions in
the surface coating may also affect the surface potential.
Figure 7 shows potential distributions for the calculation
of which, ion solubilities of both positive and negative
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Figure 7 Impact of diminished ion solubilities on the electric
potential distribution at low bulk pH. Profiles obtained for the
cases where negative and positive mobile ions ( ) or negative
mobile ions only ( ) possess lower solubilities in the coating are
given in comparison with the respective solution for the case of
uniform ion solubilities ( ). Diminished solubilities were
exemplarily considered by intrinsic partition coefficients that were 0.5
in region I and increased linearly from 0.5 to 1 across region II.
Calculation conditions are as follows: σ = 0.02 C m−2; δ = 10 nm;
C∞H3O+

= 10−2.5 mol L−1; C∞I = 0.05 mol L−1.
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mobile ions or only negative mobile ions were assumed to
be diminished. More precisely, the corresponding intrin-
sic partition coefficients were specified to be of value 0.5
within the inner half and to increase linearly from 0.5 to 1
within the outer half of the surface coating. The value of δ
was chosen to be 10 nm and C∞I was set to 0.05 mol L−1,
while σ and C∞H3O+ were chosen as above. Comparing the
profiles obtained for the symmetric (b+(z) = b−(z) ≤ 1)
and asymmetric (b−(z) ≤ 1 and b+(z) = 1) cases to that
obtained for the case of undiminished solubilities (b+(z) =
b−(z) = 1) makes it clear that under these conditions, a
more significant change in the potential distribution and,
hence, in the surface potential is to be expected when
only negative mobile ions exhibit a diminished solubility.
This can be ascribed to the additional effect of the posi-
tive mobile ions to retard the decay of the potential, which
will be most pronounced when their solubility remains
undiminished.

Potential distribution and electrostatic pressure between
two spores
When two identically charged hard particles immersed
in an electrolyte solution approach each other, the over-
lap of electric double layers will generally lead to an
increase in the absolute value of the electric potential and
also in the counterion concentration between them. As
a consequence, the electrostatic stress acting on the par-
ticles’ surfaces will no longer compensate for the excess
osmotic pressure, resulting in a repulsive force. This force
will steadily increase with decreasing distance and with
decreasing ionic strength. In the case of two interact-
ing spores, however, corresponding dependencies may be
more complex, especially at pH values where we assume a
positive charge contribution from the spore wall.
To consider the distance dependence of electrostatic

spore–spore interaction at constant bulk ion concentra-
tion we focus on the midplane potential �m, that is, the
electric potential at z = d/2. From equation 10, the electric
field at this position is zero and hence so is the electro-
static stress. This implies that the electrostatic pressure
between the spore surfaces is fully determined by the
excess osmotic pressure at this position, and therefore, it
is directly related to the midplane potential via [21]

P = 4NAC∞I kT sinh2 (e�m
2kT ) . (16)

Figure 8 illustrates the change in the midplane potential
with the distance between the surfaces, when σ = 0.02 C
m−2, δ∗ = 5 nm, C∞H3O+ = 10−2.5 mol L−1, and C∞I = 0.05
mol L−1. The figure indicates that the midplane poten-
tial first decreases from zero to negative values as the
spore surfaces are brought together but is then shifted
in the opposite direction upon further reduction in d.
Despite assuming an increased density of carboxyl groups
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Figure 8 Dependence of the electric potential distribution on
the distance between two interacting spore surfaces. Calculation
conditions are as follows: σ = 0.02 C m−2; δ∗ = 5 nm; C∞H3O+

= 10−2.5

mol L−1; C∞I = 0.05mol L−1; d = 24 nm ( ), 12 nm ( ), 10 nm
( ), 5 nm ( ), 4 nm ( ).

for δ < δ∗, the midplane potential eventually changes its
sign. Note that there is no electrostatic force acting on the
surfaces at the distance at which the midplane potential
crosses zero. In all other cases, the resulting electrostatic
pressures will be repulsive
To elucidate the dependence of the repulsion on the bulk

ion concentration at low pH, we determined the potential
distributions and calculated the corresponding electro-
static pressures for the same conditions as above, except
that C∞I was varied and d was kept constant at either 10
or 5 nm.
The resulting data plotted in Figure 9 reflect the com-

plex dependence of electrostatic repulsion on the bulk ion
concentration and the wall-to-wall distance between the
interacting spore surfaces. In the case of uncompressed
surface coatings in contact (d = 10 nm), the pressure
passes through a maximum at a bulk ion concentration of
about 0.1 mol L−1. When choosing d = 5 nm, the same
maximum occurs at an approximately three-fold higher
value, while the pressure is minimal at around 0.1mol L−1.
As revealed by the corresponding potential distribu-

tions, the minimum originates from the crossing of the
midplane potential through zero. The position of the
obtained maxima, by contrast, cannot be deduced from
the behavior of the midplane potential alone. This is
because of the direct effect of the bulk ion concentration
on the excess osmotic pressurewhen�m ≠ 0 (see equation
16). The reason for their occurrence can be understood,
however, by noting that the midplane potential becomes
minimal after changing its sign from positive to negative.
This can be in turn explained in terms of the different
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dependence of themidplane potential on the bulk ion con-
centration for �m ≫ �l and �m ≈ �l. Whereas in the
former case, at lower concentrations, the midplane poten-
tial is dominated by the decay of the potential and will
thus decrease with increasing concentration, the opposite
is true at concentrations at which the midplane potential
behaves like the layer potential.

Discussion
Most microbial cells feature a pH-dependent electric
surface charge when immersed in aqueous solutions.
This phenomenon can be attributed to the ionization of
surface-associated basic and/or acidic functional groups.
As the positive contribution of basic groups is more pro-
nounced at lower pH and as negative charges from acidic
groups dominate at higher pH, a cell that contains both
basic and acidic groups at its surface is expected to exhibit
a positive surface potential at lower pH values and a neg-
ative surface potential at higher pH values [27,28]. Some
fungal spores, however, show electrokinetic behavior that
indicates negative surface potentials down to pH values
of 3 and smaller [11,29]. The same applies to the conidia
of A. niger, which even appear to possess negative surface
potentials down to a pH of 2 [10,12,20]. In our previous
study [19], we traced this particular behavior to the pres-
ence of a melanin-containing surface coating on top of the
outer spore wall. It was found that the zeta potential of
the spores at pH 2 was shifted from a negative to pos-
itive values when the amount of melanin pigments was
reduced by the preceding pigment extraction at higher
pH values. From the results of an electrokinetic inves-
tigation of a melanin-deficient mutant [4] and chemical
analysis of the extracted material, it was concluded that

the surface potential of A. niger spores at low pH values
is mainly determined by a net positively charged outer
spore wall and a surface coating containing only acidic
groups.
In the present study, the electrostatic interplay between

the outer spore wall and the surface coating under acidic
conditions was examined quantitatively via a Poisson–
Boltzmann model. The negative charge within the coating
was assumed to arise from carboxyl groups with a pKa
value of 4.3 [19]. A possible contribution from melanin-
associated hydroxyl groups was neglected owing to the
relatively high pKa value of such weak acids. With this
approach, we were able to model the expected shift in the
surface potential from negative to positive values at low
pH by reducing the thickness of the surface coating at a
constant density of the carboxyl groups.
For comparing theoretically obtained surface potentials

with the zeta potentials determined from electrophoretic
data, one has to consider, in particular, the specific fea-
tures of soft surfaces. In the case of cells carrying an
ion-penetrable charged surface layer, the possible rela-
tive motion of the solution within the layer may account
for an electrophoretic behavior that differs significantly
from that of hard particles [17]. Hence, the simplifica-
tion that electrophoretic mobility solely results from fluid
movement beyond the surface, as assumed by the Smolu-
chowski equation, will not necessarily provide a good
approximation. Surface potentials obtained for solutions
of pH 2.5, pH 3, and pH 3.5 at a bulk ion concentration
of 0.05 mol L−1 are nonetheless quite comparable to their
respective zeta potentials. Experimental data are only 2.2
to 3.5 mV smaller. Moreover, under the assumption of a
finite fluid drag inside the coating, a negative deviation of
the zeta potential as calculated from the Smoluchowski
equation would even be expected theoretically for a given
distribution similar to those depicted in Figure 5 [30].
The zeta potential determined at pH 5 is, however, 18.8
mV greater than the corresponding surface potential. This
notable difference cannot be ascribed to the simplified
interpretation of experimentally determined mobilities. A
possible explanation may lie in the extraction of melanin,
which is muchmore pronounced at pH 5 than at the lower
pH values [19]. If it is supposed that pigment release not
only reduces the thickness of the coating as presumed
above but also leads to a certain thinning of the coating,
then the associated loss of charge would clearly entail an
increase in the surface potential.
Regardless of the actual values of the surface poten-

tial at pH 5, it may be assumed from aggregation data
that electrostatic interactions account for the absence of
spore aggregation at this pH. The tendency of decreasing
amount of spores present in aggregates with increas-
ing pH is fully in line with expectations from electroki-
netic data. By contrast, Grimm et al. [12] and Seviour
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and Read [10], who both investigated aggregation of
A. niger spores in culture media, were unable to link
the observed pH dependence to electrostatic repulsion.
In fact, they observed the opposite aggregation behav-
ior. This difference is particularly remarkable in view of
the results by Jones et al. [11], who found that incu-
bation of A. niger spores in culture medium of pH
6.5 even caused a significant decrease of their respec-
tive electrophoretic mobilities in weakly acidic buffers.
On the basis of this finding, it seems reasonable that
reversible alterations in the electrostatic properties of
the spores—and not biological alterations—are respon-
sible for the apparently contradictory aggregation ten-
dencies observed in certain media. Such alterations
could arise from the specific adsorption of ions. Fungal
melanins are well known for their ability to bind spe-
cific metal ions such as copper, calcium, magnesium, or
zinc ions [31], which are typically present to a greater
or lesser extent in culture media. Accordingly, it is quite
conceivable that under certain cultivation conditions, spe-
cific cation adsorption shifts the net charge of the sur-
face coating in the positive direction and, hence, the
pH of minimum electrostatic repulsion toward higher
values.
As there appears to be nomarked affinity of sodium ions

for melanin [32-34], we focused our theoretical investi-
gations on the effect of electrolyte concentration on the
diffusive behavior of the mobile ions. In fact, our model,
which does not account for adsorption effects, is also
able to provide an explanation for the dependence of the
zeta potential on the NaCl concentration. This is easi-
est to understand by considering the cases for σ ≲ 0
and σ > 0. In the former, the potential will be nega-
tive throughout the whole coating and, consequently, the
potential near the surface will qualitatively depend on
the bulk ion concentration as in the example shown in
Figure 6a. Accordingly, it is expected to decrease with
decreasing bulk ion concentration. This was obviously
also true for zeta potentials obtained at pH 5 for instance.
Since electrophoretic measurements of an albino mutant
with similar background resulted in negative zeta poten-
tials at this pH [4], it is most likely that the effective surface
charge density at the boundary to the outer wall layer is
actually negative. At pH 2.5, where albino spores exhib-
ited a positive zeta potential, however, the electrophoretic
mobility of the melanized spores first decreased but then
increased again when the NaCl concentration was further
reduced from 0.05 to 0.01 mol L−1. A possible explana-
tion within the framework of our model is the influence
of the thickness of the surface coating on the dependence
of the bulk ion concentration on the surface potential for
σ > 0. If we presume that the thickness of the surface
coating varies from spore to spore and that a number
of spores possess positive surface potentials at a certain

low electrolyte concentration, the tendency of decreasing
average mobility with decreasing electrolyte concentra-
tion will undoubtedly be attenuated or even reversed by
the mobility increase of the spores possessing the positive
surface potentials. Nonetheless, it should be noted here
that, as demonstrated in Figure 6b, a minimum can even
occur in the theoretical case where all spores exhibit more
or less the same surface properties. Although it appears
unlikely with respect to our previous investigations [19]
that the large majority of the spores possess a surface coat-
ing approximately 5 nm thick, such a situation is quite
conceivable for the case in which ion solubilities in the
surface coating are assumed to be diminished. Especially
for the hypothetical case where chloride ions only show
a diminished solubility, the associated reduction in the
decay of the potential would shift the range of thicknesses
at which the surface coating features such intermediate
character to greater values.
Even though the observed pH-dependent aggregation

tendency is found to be in good agreement with the con-
ventional predictions based on the zeta potential, the
dependence of spore aggregation on the NaCl concen-
tration at a pH of 2.5 is difficult to deduce from direct
comparison with zeta potentials. Within the framework
of the classical colloidal theories for hard particles, it
is predicted that both the zeta potential and the aggre-
gation rate show a monotonic dependence on the salt
concentration. More precisely, the absolute value of the
zeta potential is expected to decrease with the increasing
salt concentrations, while the aggregation rate is expected
to increase. The dependence of the aggregation rate on
the salt concentration is explained using the DLVO the-
ory. According to this theory, the electrostatic energy
barrier between two like-charged particles is more pro-
nounced when the bulk ion concentration is lower and
the thickness of the diffuse double layer is greater. If
electrostatic attraction effects are prevalent, on the other
hand, aggregation can also be accelerated with decreas-
ing ionic strength. Prominent examples of such behavior
include the attachment of oppositely charged polyelec-
trolytes to the surfaces of like-charged particles [35,36];
in this particular case, it is believed that the electrostatic
attractions arise from the resulting lateral surface charge
inhomogeneities.
It is quite conceivable that similar inhomogeneities

also affect the aggregation behavior of the spores. How-
ever, we hypothesize that the observation of an aggrega-
tion maximum can best be explained by considering the
actual charge distribution along the surface normal. This
notion is supported by the theoretical results presented
in Figure 9. These results clearly indicate that with a con-
stant distance between the spores, the repulsion reaches a
maximum, and under certain circumstances, also a mini-
mum with a reduction in the bulk ion concentration. The
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occurrence of a pressure minimum at a bulk ion concen-
tration of order 0.1 mol L−1 in turn may be related to the
observed aggregation maximum. Based on our theoreti-
cal assumptions this would most likely be the case when
the surface coatings are compressed. To comprehend why
a reduced repulsion under these sterically unfavored con-
ditions can potentially entail an aggregation maximum,
one should keep in mind that the equilibrium distance
between two interacting spores will be a question of
the entirety of reversible interactions. These interactions
additionally involve attractive van der Waals and, proba-
bly, also attractive hydrophobic interactions [6]. The addi-
tion of these position-dependent interactions gives a theo-
retical equilibrium distance at which the binding between
the spores is most stable. By taking into account that for
a certain constant bulk ion concentration, the midplane
potential between two approaching spores crosses zero at
a certain distance, it is plausible that one can associate
a bulk ion concentration with each equilibrium distance
such that there will be no additional electrostatic repul-
sion. At smaller or greater bulk ion concentrations, the
binding would then most likely be less stable, and thus,
an aggregation maximum is to be expected at exactly this
bulk ion concentration.

Conclusions
In order to comprehend the effect of pH and ionic strength
on the aggregation behavior of A. niger spores, we inves-
tigated their electrostatic surface properties in simple
electrolyte solutions and compared these properties with
the results of aggregation experiments.
We found a strong dependence of the aggregation

behavior on the pH value. At pH 5, where we expect a rel-
atively high negative surface potential due to an increased
ionization of melanin bound carboxyl groups, very little to
no aggregation occurred. The highest aggregation, on the
other hand, was observed for pH 2.5. At this pH we expect
the spores to possess a surface potential around zero.
It is remarkable to note that spore aggregation, nonethe-

less, showed a clear dependence on the electrolyte con-
centration at pH 2.5, indicating electrostatic interactions
to still be relevant. With the increase in electrolyte con-
centration, the tendency to form aggregates first increased
and then decreased. While such behavior can hardly be
explained by theories that assume the surface charge to
be located in a single plane, our model, which accounts
for the effects of a nonuniform charge distribution within
a certain depth below the actual surface, predicts the
occurrence of an aggregation maximum.
Thus, this work not only demonstrates the relevance

of electrostatic interactions for A. niger spore aggrega-
tion, but also exemplifies the importance of knowledge on
the origin and spatial distribution of the surface charge
in cell–cell interactions. In particular, for melanized cells,

we suggest that a differentiated consideration of charge
contributions is a prerequisite for understanding the
influence of electrostatic interactions on microbial cell
aggregation.
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