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ABSTRACT: Studying bacteria−nanostructure interactions is
crucial to gaining controllable interfacing of biotic and abiotic
components in advanced biotechnologies. For bioelectrochemical systems, tunable cell−electrode architectures oﬀer a path
toward improving performance and discovering emergent
properties. As such, Sporomusa ovata cells cultured on vertical
silicon nanowire arrays formed ﬁlamentous cells and aligned
parallel to the nanowires when grown in increasing ionic
concentrations. Here, we propose a model describing the
kinetic and the thermodynamic driving forces of bacteria−
nanowire interactions.
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we have recently shown that the direct integration of the
acetogen Sporomusa ovata with high surface area, photoactive
silicon (Si) semiconductor nanowires is able to photoelectrochemically drive the biological reduction of CO2 to
acetate.3 For such applications, high surface area electrodes,
such as carbon cloth or nanostructured electrodes, are desired
to increase the performance of typically low density microbial
catalysts. Nanowire array photoelectrodes are well suited to
such a purpose, providing high photoelectrochemical performance in addition to increased surface area. Advances in these
bioelectrochemical systems will be aided ﬁrst by understanding
and controlling the interfacing of bacterium and nanowire.
As an analytical tool, the nanowire array platform oﬀers
several distinct advantages to the study of bacteria−surface
interactions. With a well-deﬁned geometry, the physical
relationship between bacteria and nanowire can be precisely
measured and analyzed to probe the underlying interaction. By
providing a surface perpendicular to the imaging plane,
vertically oriented nanowires allow for in situ optical
monitoring of cell−surface interactions without the need for
complex confocal microscopy techniques or other forms of 3D
microscopy.11 For ex situ techniques, such as scanning electron
microscopy (SEM), the low convective ﬂux through the
nanowire array reduces the disruption of cell attachment,
guarding against the formation of structural artifacts due to the
serial washing and drying steps required for ex situ high vacuum
techniques. The high surface area allows for quick measurement
of many cells at once, enabling quick statistical averaging in
order to obtain signiﬁcant results. These advantages poise

deeper understanding of the interactions of biological
systems with nanostructures has gained pertinence with
the development of (1) investigative tools designed to match
the micro- to nanometer length scale of single cells1,2 and (2)
hybrid systems that combine the catalytic and synthetic power
of microorganisms, such as bacteria, with the optoelectronic
capabilities of abiotic materials, such as inorganic nanowires.3
The majority of the work has been biomedical in nature,
devoted to understanding the interface between nanoparticles
and mammalian cells as probes of neuronal and eukaryotic cell
activity4 or to developing nanostructured surfaces designed to
prevent the growth of pathogenic bacteria.5
In contrast to the chemical and geometric antimicrobial
properties desired for applications such as biomedical devices,
the growing ﬁeld of bioelectrochemistry calls for the development of promicrobial materials to create a controllable and
favorable interaction between microorganisms and the surfaces
of electrodes.6,7 The ﬁeld of bioelectrochemistry has stemmed
from the realization that traditional oxidation−reduction
reactions, catalysts, and electrodes can be interchanged with
the biochemical reactions and enzymes that drive cellular
metabolism. This approach oﬀers the ability to use electrochemistry to both intercept and study the complex chains of
biological redox reactions, as well as augment electrochemical
systems with the vast synthetic diversity and speciﬁcity of
enzyme and whole-cell catalysis.8 In microbial fuel cells
(MFCs), bacteria attach to conductive electrodes to catalyze
the oxidation of organic matter to generate electricity.9 In
microbial electrosynthesis cells (MECs), external voltage biases
are applied to drive the biological reduction of small molecules
to synthesize commodity chemicals and fuels.10 As a ﬁrst
demonstration of a new type of hybrid artiﬁcial photosynthesis,
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Figure 1. Scanning electron microscopy (SEM) and ﬂuorescence micrographs of S. ovata on nanowire arrays. (a,b) SEM and (c,d) ﬂuorescence
images were taken of S. ovata cells grown on Si nanowire arrays of 4 μm periodicity under (a,c) normal ionic concentrations (∼100 mM) and 100
kPa H2:CO2, showing random orientations with respect to the nanowire axis, and (b,d) with +200 mM NaCl and 500 kPa H2:CO2, showing
alignment with the nanowire. Both (a,b) side view SEM and (d,e) top down in situ ﬂuorescence microscopy show alignment, with (c) unaligned
bacteria appearing as rods in ﬂuorescence micrographs, and (d) aligned bacteria appearing as circles. Scale bars are (a,b) 2 and (c,d) 5 μm.

nanoparticle−nanoparticle, protein−protein, and cell−bulk
surface interactions18,22 and oﬀers a potential route to
understanding and tuning bacteria−nanowire interactions.
In this work, we oﬀer the ﬁrst investigation into the
application of nanowire arrays to study the physical interaction
between bacteria and nanostructures at varying ionic
concentration and pressure. We demonstrate the ability to
tune the orientation of attached S. ovata cells cultured on Si
nanowire arrays of various geometries, employing facile changes
in growth conditions. This oﬀers a generalized approach to
study bacteria−nanowire or, more broadly, cell−nanostructure
interaction and self-assembly, with applications ranging from
bioelectrochemical systems to biomedical control of cell−
surface interaction.
To test the validity of our DLVO-based model, Si nanowire
arrays were submerged in growth media of varying
compositions, inoculated with S. ovata cells, and then incubated
to simulate the initial electrode colonization by bacteria typical
of many bioelectrochemical systems.3,24 The Si nanowire
dimensions (approximately 800 nm in diameter and 25−30
μm in length) were selected in accordance with the optimized
geometry for Si photocathode performance (Supporting
Information), with the periodicity of the array varied to study
the eﬀect of steric conﬁnement. After 6 days of growth,
nanowire arrays were removed from the growth media. The
resulting bacteria−−nanowire structure was analyzed by
ﬂuorescence microscopy and scanning electron microscopy
(SEM) to quantify the rod-shaped cells’ attachment orientations within the array (Supporting Information, Materials and
Methods). When cultured in normal, literature-recommended
growth media and conditions (∼100 mM ionic strength, 100
kPa H2:CO2 as growth substrate),3,10 cross sectional SEM
(Figure 1a) reveals that bacteria populate the array with
random orientations with respect to the vertical nanowires.
However, when the bacteria are grown on the array in media of

nanowire arrays as a potent tool to investigate cell−surface
interactions.
Studies of the interactions between cells and nanowires have
largely focused on the inﬂuence of geometric and steric features
of nanowire arrays in cell growth, patterning, and motility.11−15
By decreasing the spacing between vertical nanowires, bacteria
cells can become squeezed and conﬁned into a vertical
attachment, parallel to the nanowires.16 However, cell−
nanowire interactions are also greatly inﬂuenced by the myriad
of environments in which cells are naturally found. The wide
range of temperatures, pH, pressure, and salinity in which
microorganisms thrive17 are liable to alter the surface and
colloidal interactions of bacteria and nanostructures18 and bear
further scrutiny into the role of growth conditions in cell−
nanowire interactions.
The approach we have adopted to understand the eﬀect of
diﬀerent growth conditions is to model the interaction between
colloids such as bacteria and nanowires by the widely used
Derjaguin−Landau−Verwey−Overbeek (DLVO) theory,
which describes the pairwise interaction as the sum of a van
der Waals attractive force and an electrostatic repulsive force
originating from the pH sensitive, typically negatively charged
bacteria membrane and inorganic oxide surface.19−21 While the
attractive force is fairly unalterable, the repulsive force can be
readily decreased with increased ionic strength (through
increased concentrations of dissolved salts, such as NaCl).22
While this approach explicitly describes the potential energy
landscape of this bacteria−nanowire interaction, dynamic
information can be similarly derived,23 yielding predictive
power over the subtle interplay of thermodynamic and kinetic
driving forces to attachment. The reduced dimensionality of
nanowires and similar length scales to single bacteria cells allow
for facile application of one-dimensional solutions to DLVO
theory, oﬀering a quick and intuitive understanding of this
interaction. Such models have been widely used to explain
B
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Figure 2. Filamentous growth of S. ovata. (a,d) Under normal growth conditions, S. ovata form single cells approximately 2−3 μm × 0.5 μm. With
increasing (b,d) NaCl concentrations or (c,d) H2:CO2 pressure, S. ovata forms long ﬁlamentous cells. (d) Cell length histograms and two-sample
modiﬁed Kolmogorov−Smirnov test statistics were calculated, rejecting the null hypothesis at signiﬁcance α < 0.001.29 (e) The formation of these
ﬁlamentous cells is accompanied by increases in the cell doubling time. Scale bars are (a) 1 and (b,c) 5 μm.

Figure 3. Radar plots of bacteria−nanowire angle distribution. Measured angles between bacteria and nanowire axes were measured via SEM for
growth conditions of increasing NaCl concentrations, H2:CO2 pressure, or both. While increasing pressure shows little variation in the angular
distribution, increasing NaCl concentrations shows a distinct shift toward the aligned (0°) state.

bacteria appear as rods (cells lying ﬂat with respect to the
imaging plane, perpendicular to the nanowires) and (Figure
2d) parallel aligned bacteria appear as circles (a 2-dimensional
projection down the length of the bacteria cell). The agreement
between in situ ﬂuorescence microscope images and ex situ
SEM images demonstrates the ability of nanowire arrays to

increased ionic strength (the normal growth media supplemented with an additional 200 mM NaCl), the cells selfassemble onto the array in a vertically aligned orientation,
mostly parallel to the nanowires (Figures 1b and S1, Supporting
Information). These results are corroborated by in situ
ﬂuorescence microscopy in which (Figure 1c) unaligned
C
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Figure 4. Model and mechanism of bacteria−nanowire interaction. Derjaguin−Landau−Verwey−Overbeek (DLVO) model curves were generated
for bacteria attachment in a perpendicular (unaligned, ⊥) and parallel (aligned, ∥) orientation for (a) normal growth conditions and (b) +200 mM
NaCl growth media. (c) The activation energy barriers for attachment, detachment, and the secondary minima were calculated for +0 to +200 mM
NaCl, showing decreasing values at higher ionic concentrations. (d) In the proposed mechanism, (i) planktonic cells (ii) attach in the unaligned state
(kinetic product) under normal conditions. Under increased hydrostatic or osmotic pressure, (iii) ﬁlamentous cells form. At normal ionic strengths,
(iv,v) the kinetically favored unaligned state is achieved. However, at increasing NaCl concentrations, (vi) the bacteria cell enters a reversible
adhesion state, from which (vii,viii) the thermodynamically favored product is achieved. Representative SEM images for S. ovata grown at (top)
control conditions and +200 mM NaCl (bottom) on 2 μm periodicity arrays are included. Scale bars are 5 μm.

as has been observed for other bacteria species.25 Cell
ﬁlamentation has been shown to be related to pressure induced
inhibition of cell division proteins from either osmotic or
hydrostatic pressure changes during growth.26,27 To test this
possibility, S. ovata cells were also cultured under conditions of
increased hydrostatic pressure up to 500 kPa H2:CO2, achieved
by pressurizing the headspace above the culture medium.
Increased hydrostatic pressure produced similar cell ﬁlamentation (Figure 2c,d). Growth under increased osmotic and
hydrostatic pressures were characterized by increased cell
doubling times (decreased growth rate) as monitored by cell
suspension optical density (Figure 2e). Filamentous cells were
also found to eventually divide into single cells after extended
culturing time (>6 days), as well as resist ﬁlamentation with the
addition of osmolytes such as betaine, which is consistent with
previous observations of osmotic and hydrostatic pressure

reduce disruptions in cell attachment during preparation for
high vacuum techniques. Qualitatively, these results show that
increasing the ionic strength by simple addition of NaCl shifts
the bacteria−nanowire orientation from a random state (low
salt) to a parallel aligned state (high salt).
To further investigate the mechanism of this self-assembled
alignment, cell morphology and growth kinetics were measured
for planktonic cells under increasing NaCl concentrations to
determine whether salt-induced alignment was attributable to
physiological changes in the bacteria themselves. Conditions of
higher salinity were found to promote cell ﬁlamentation, as
evidenced by SEM images and broadening of cell length
histograms (Figure 2b,d), regularly producing cells upward of
2−5 times their normal length. We hypothesized that the
observed cell ﬁlamentation was attributable to the concomitant
increased osmotic pressure produced by the addition of NaCl,
D
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induced arrested cell division and ﬁlamentation.28 Such changes
in cell morphology and growth kinetics have the potential to
inﬂuence cell−nanowire interactions and must be accounted for
in subsequent analyses.
In order to deconvolute the eﬀects of reduced electrostatic
repulsion from the eﬀects of cell ﬁlamentation brought on by
increased ionic strength, cells were cultured on nanowire arrays
under conditions of increasing NaCl concentrations, increasing
H2:CO2 pressure, or both. As shown by the radar plots of
bacteria−nanowire angles measured from SEM images (Figure
3), as the ionic strength is incrementally increased, the
distribution of bacteria−nanowire angles gradually shifts from
a random (even distribution from 0° to 90°) to a preferentially
aligned distribution (large peak centered at 0°). This eﬀect
appears to be independent of the previously observed steric
control, as square periodic nanowire arrays of both 2 and 4 μm
periodicity (S. ovata diameter ≈ 0.5 μm) display similar trends
(Figures 3 and S2, Supporting Information). The eﬀect of
increasing hydrostatic pressure on bacteria−nanowire orientation was also investigated and showed minimal variation at the
same ionic strength with pressures up to 500 kPa H2:CO2. The
angle distributions were statistically analyzed by means of a
two-sample modiﬁed Kolmogorov−Smirnov (KS) test.29 For
increasing NaCl concentrations, +100 and +200 mM NaCl, the
calculated KS statistic with respect to normal growth conditions
similarly increased, rejecting the null hypothesis at a
signiﬁcance of α < 0.1 and 0.05, respectively. Distributions
between diﬀerent nanowire array periodicities and between
diﬀerent pressures showed no statistically signiﬁcant diﬀerence
(α > 0.2) (Figure S2, Supporting Information). While the eﬀect
of cell elongation and retarded growth rate brought on by
increased osmotic or hydrostatic pressure cannot be fully
discounted, these results suggest that high ionic concentrations
alone are required to produce cell alignment.
To provide a mechanistic insight into bacteria−nanowire
interactions, DLVO theory interaction energy curves were
generated to describe the thermodynamic energy landscape of
attachment (Supporting Information, Materials and Methods).
Curves were generated for normal ionic concentrations (100
mM total ionic concentration) (Figure 4a) and +200 mM NaCl
conditions (300 mM total ionic concentration) (Figure 4b), for
an unaligned conﬁguration (the bacterium perpendicular to the
nanowire, ⊥) and an aligned conﬁguration (the bacterium
parallel to the nanowire, ∥). While the energies of the primary
minima oﬀer insight into the thermodynamic stability of various
conﬁgurations, these interactions are inﬂuenced not only by
thermodynamic factors, but kinetic factors as well.
The bacteria−nanowire angle distribution was rationalized in
terms of the kinetic rates of attachment and detachment for
each conﬁguration. From this, the angle distribution will shift
toward the conﬁguration pathway with a faster eﬀective rate
(i.e., the sum of attachment and detachment rates). Analogous
to transition state theory for chemical reactions, the rate of
attachment/detachment is exponentially proportional to the
height of the activation energy barrier, ΔGattach/detach (Figure
4a).23 At normal ionic concentrations, the aligned conﬁguration
pathway is relatively slow due to the large energy barrier
(ΔGattach,∥ ≫ ΔGattach,⊥). As such, the kinetically favored
pathway with the smaller energy barrier is achieved, disfavoring
bacteria−nanowire alignment.
Because of the decreasing electrostatic repulsion with
increasing ionic strength, all free energies decrease under high
salt conditions (Figure 4c).18,22 As the ionic strength increases

from 100 to 300 mM (+0 to +200 mM NaCl), the heights of
both the aligned and unaligned pathway energy barriers
decrease. In the unaligned pathway, ΔGattach,⊥ is comparable
in magnitude to ΔGdetach,⊥, meaning this pathway is fairly
reversible. In contrast, ΔGattach,∥ ≪ ΔGdetach,∥, indicating parallel
attachment is still fairly irreversible. Thus, at this high ionic
strength, the bacteria become trapped in the orientation with
the lowest primary minimum, selecting the thermodynamically
favored attachment scheme (alignment). Also notable is the
formation of a pronounced secondary minimum, allowing the
cell to loosely associate with the nanowire in a reversible
attached state, from which the bacteria can sample several
possible attachment conﬁgurations and come to rest in the
most energetically favorable one.30 Though elongation
produced by increases in hydrostatic pressure alone is unable
to aﬀect bacteria−nanowire alignment, the eﬀect of cell
elongation under increased ionic strength (increased osmotic
pressure) cannot be wholly discounted. As cells elongate under
increased osmotic pressure, the thermodynamic driving force
and concomitant torque force toward alignment become
magniﬁed, scaling with cell surface area. Additionally, previous
work has suggested attachment eﬃciency is also mediated by
cell growth phase.31 Because of cell membrane surface charge
heterogeneities during the early stages of growth, electrostatic
repulsion is reduced, allowing faster adhesion rates. The
observed preferential alignment perhaps stems in part from
the longer growth time scale under increased osmotic pressures
(Figure 2e). From these observations, a mechanism for
bacteria−nanowire interactions is proposed (Figure 4d).
Our results have demonstrated the ability to control the
orientation of bacteria attachment to nanowires by simple
changes in ionic strength, utilizing nanowire arrays as a
platform for precise measurement of cell−surface attachment.
More generally, the applicability of DLVO theory toward cell−
nanostructure interactions demonstrated by this work provides
a well-studied predictive framework not only for investigations
of bioelectrochemical systems but also for the further
development of nanomaterials for the biomedical and
biotechnological ﬁelds, where widely varying temperatures,
pressures, pH, salinities, and surface properties are regularly
encountered. As we have shown, this predictive power enables
both the analysis of and the ability to modulate the subtle
interplay of thermodynamic and kinetic driving forces to
control this colloidal interaction. These insights into the
fundamental nature of bacteria−nanowire interactions oﬀer a
path toward designing the next generation of nanobio hybrid
systems.
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