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Abstract The interaction between metal nanoparticles
and bacteria belongs to the central issues in a dynami-
cally growing bionanotechnological research. Herein,
we investigated the adhesion efficiency of gold nano-
particles (30 nm) for various bacterial strains, both
Gram-positive (Bacillus subtilis, Staphylococcus
carnosus) and Gram-negative (Neisseria subflava,
Stenotrophomonas maltophilia). The thorough micro-
scopic (SEM/TEM) observations revealed that the nano-
particles do not penetrate into the bacterial cells but
adhere to the walls. Large differences in the adhered
nanoparticles amount were observed for the investigated
strains (B. subtilis >> S. carnosus > N. subflava > S.
maltophilia). A direct correlation between the number
of the attached nanoparticles and the ζ-potential of the
bacterial strains was found, and the results were ratio-
nalized in terms of the DLVO model. The calculated
DLVO energy profiles revealed that the activation bar-
riers for the adhesion process are rather small (1.45–
1.55 kT), and the primary energyminima of 120–170 kT
are favorable for the effective adsorption process. The
established linear correlation between the nanoparticles
adhered to the cell surface and the size of the critical

volume around the bacterial cell, where the attraction
forces dominate, implies that the observed dramatic
differences in the attachment efficiency result from the
availability of the nanoparticles in the critical volume of
the surrounding suspensions. Owing to non-specific
interactions governed by the ζ-potential mainly, the
obtained results can be readily extended for the other
bacteria–nanoparticle systems, providing a rational
background for future advances in bacteria detection
and thorough characterization via SERS method as well
as for nanoparticles assemblies towards nanoelectronics.
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Introduction

In the wide range of microorganisms, bacteria are ex-
tensively investigated for many decades in the context
of their surface colonization ability, leading to the for-
mation of biofilms and the associated hazard of infection
(Donlan and Costerton 2002). Recently, there is a grow-
ing research interest in the interaction between bacteria
and nanoparticles of various chemical nature (metallic,
oxides, sulfates, etc.) (Barnes et al. 2013; von Moos
et al. 2014; Calatayud et al. 2014). Such investigations
have a strong impact in many areas of nanoscience,
including toxicology, pharmacology, nanomedicine,
biotechnology, environmental sciences, chemistry, and
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even geology (Rai et al. 2009; Nath and Banerjee 2013;
Judy and Bertsch 2014;Wadhwani et al. 2016). Bacteria
are unicellular prokaryotic organisms surrounded by the
cell membrane, cell wall, and cell envelope in some
cases (Silhavy et al. 2010). In general, there are three
main morphological types of bacterial cells that can be
distinguished: spheres (cocci), rods (bacilli), and spirals
(spirilla) (Young 2006). Depending on the composition
of their cell walls, bacteria are divided into two major
categories: Gram-negative (G−) and Gram-positive). In
Fig. 1, simplified differences in the cell wall structure of
those two groups are shown.

Amajor component of the bacterial cell walls, in both
G+ and G− bacteria, is the polymer peptidoglycan. The
G+ bacteria have thick cell walls, which consist of a
large multilayer region of peptidoglycan with a wall
teichoic acid (WTA) and lipoteichoic acid (LTA), at-
tached to the peptidoglycan layer and to the cell mem-
brane, respectively. The G− bacteria have a thin layer of
the peptidoglycan, situated between the cell and outer
membranes, in the region called periplasmic space (the
specific feature of G−), filled with gel-like periplasm.
Instead of teichoic acids, the G− bacteria synthesize
lipopolysaccharides (LPS), which form distinct domains
(marked in green) within the outer phospholipids bilayer
(Fig. 1) (Malanovic and Lohner 2016). Bacterial cell
wall plays a crucial role in the cell protection against the
negative impact of physical, chemical, and biological
factors, controlling the characteristic shape of the cells.
The additional vital function of the cell walls associated
with the adhesion to any surface owing to the presence
of adhesins, i.e., specific macromolecules responsible
for adhesive interactions at the interface (Moriarty et al.
2011; Braslavsky et al. 2016).

In the adhesion process, the molecular properties of
the bacterial cell surface are of crucial importance.

Besides hydrophobicity, the surface charge defines the
prime variable typically used for the evaluation of the
bacterial adhesion process (Spriano et al. 2017). Usual-
ly, bacteria exhibit an overall negative charge when
measured in water suspension at physiological pH. In
the case of the G+ bacteria, the phosphoryl groups
located in the LTA and WTA tails play an important
role in the generation of the net negative charge of the
cells. For the G− bacteria, the negative charge results
from the ionization of the phosphoryl and 2-keto-3-
deoxyoctonate carboxylate groups present in the LPS
chains (Wilson et al. 2001). However, the surface charge
measured as a ζ-potential (zeta potential) depends on the
bacterial strain and its particular surface characteristics
(Kłodzińska et al. 2010; Khelissa et al. 2017). The
electrochemical behavior of bacterial cell surfaces is
particularly important for the application of nanoparti-
cles (NPs) as antimicrobial agents (Ramasamy et al.
2016; Mmola et al. 2016), in the detection of viruses,
bacteria, and spores (Sajjanar et al. 2015; Donmez et al.
2017) or even for the production of NPs inside the
microorganism (Nangia et al. 2009; Durán et al. 2011;
Deplanche et al. 2012; Srivastava et al. 2013; Jung et al.
2018).

Following the rough definition (The European
Commission 2011), objects are defined as NPs when
their dimension is smaller than 100 nm. Owing to their
high stability and spectacular catalytic and plasmonic
behavior, one of the best characterized and intensively
investigated are nanoparticles of gold (AuNPs) (Carrière
2012). Because of their biocompatibility, AuNPs are
also widely investigated in medicine, including cancer
therapies, pharmacology, and advanced diagnostics
(Dykman and Khlebtsov 2011; Saha et al. 2012; Gatea
et al. 2015; Sajjanar et al. 2015; Bozorgmehr et al.
2016). Bare AuNPs general ly exhibi t weak

Fig. 1 Differences between
Gram-positive and Gram-
negative bacterial cell walls
(Lovering et al. 2010; Clifton
et al. 2013)
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antimicrobial properties (Zhang et al. 2015), but ones
functionalized with antibiotics or other ligands they can
be successfully used as targeting drug delivery systems
(Pradeepa et al. 2016; Faisal et al. 2018), antimicrobial
agents (Bresee et al. 2011; Li et al. 2014; Ramasamy
et al. 2014), or for photothermal therapy and tissue
imaging (Loeb et al. 2018; Yang et al. 2018; Zhu et al.
2018).

However, the growing applications of NPs unavoid-
ably lead to their systematic accumulation in the envi-
ronment. Although some studies suggest weak toxicity
of AuNPs (Ramasamy et al. 2016; Faisal et al. 2018),
the majority of scientific reports reveal negative impacts
on aquatic organisms, mammals, and humans (Bar-Ilan
et al. 2009; Bozich et al. 2014; von Moos et al. 2014;
Aruoja et al. 2015; McCracken et al. 2016). Therefore,
there is an urgent need to identify and quantify the
principal parameters governing the NPs interaction with
the biological surfaces such as bacterial cell walls (Xing
et al. 2018). Most of the previous studies are focused on
the interaction between NPs and bacteria, leading to an
apoptotic disintegration of the bacterial cell walls (cells
death) (Chwalibog et al. 2010; Miller et al. 2016; López-
Lorente et al. 2019). Yet, we believe that such knowl-
edge may be used for designing microorganism-based
effective systems, not only for the mere capture of NPs
from the environment but also for the development of
new functionalities associated with a controlled disper-
sion of NPs of various size, shape, and chemical nature
(Polish Patents Applications P.426130 from 29
June 2018 and P.424760 from 5 March 2018).

The aim of this study was to substantiate the interac-
tion of the G+ and G− bacteria with the gold nanopar-
ticles and to identify the key descriptors responsible for
the nanoparticles attachment efficiency. The results are
accounted for in terms of the DLVO (Derjaguin–Lan-
dau–Verwey–Overbeek) model.

Materials and methods

Bacterial strains

The reference strains used in the study were Staphylo-
coccus carnosusDSM 20501 (Deutsche Sammlung von
Mikroorganismen und Zellkulturen), Stenotrophomonas
maltophilia ATCC®13636 (American Type Culture
Collection), Neisseria subflava ATCC® 14221, and
Bacillus subtilis ATCC® 6633. All selected for

investigation are environmental, non-pathogenic, and
aerobic bacteria, and are used in a variety of
applications.

Culture preparation

The strains were incubated in Bacto™ Tryptic Soy
Broth (TSB, Becton Dickinson) for 24 h (S. carnosus,
B. subtilis) or 48 h (S. maltophilia, N. subflava) at 37 °C
under gentle shaking. Bacteria were harvested by cen-
trifugation at 4200 rpm for 5 min and washed three
times with deionized water. Afterwards, the cell pellets
were re-suspended in deionized water and diluted to an
optical density OD600 of 0.5 corresponding to the cell
concentration of ~ 3 × 108 CFU/mL (colony forming
units) according to McFarland standards. Bacterial sus-
pensions were plated on agar plates and counted to
confirm the cells concentration independently. The pre-
pared suspensions (~ 3 × 108 CFU/mL) were used in all
the protocols, described in details in the following sub-
sections: “Characterization of bacterial zeta potential,”
“Scanning electron microscopy,” “Transmission elec-
tron microscopy.”

Characterization of bacterial zeta potential

The zeta potential of the investigated bacteria in water
suspensions was determined via electrophoretic light
scattering in Zetasizer Nano ZS (Malvern Instruments,
Malvern) equipment, always in the same conditions, i.e.,
temperature, growth phase of bacteria, preparation time,
and pH. The ζ-potential value is an average of at least
three independent experimental series for each bacterial
strain (more than 15 independent measurements). The ζ-
potential values of bacterial suspensions were measured
before each experiment, following the protocols de-
scribed in details in the “Scanning electron microscopy”
and “Transmission electron microscopy” subsections.

Synthesis of gold nanoparticles

HAuCl4 solution (99%) supplied by Sigma-Aldrich and
trisodium citrate dihydrate (99%) supplied by Avantor
Performance Materials Poland S.A. were used as sub-
strates for the preparation of gold nanoparticles as de-
scribed elsewhere in more detail (Bastús et al. 2011).
Shortly, gold seeds were synthesized by injecting
HAuCl4 (1 mL, 25 mM) into sodium citrate (150 mL,
2.2 mM) at 100 °C. Once the synthesis was finished, the
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reaction mixture was cooled down to 90 °C. Then, 1 mL
of sodium citrate solution (60 mM) and once more 1 mL
of a HAuCl4 solution (25 mM) were sequentially added
with the time interval of 2 min. The resulting particles
were coated with negatively charged citrate ions (cap-
ping agent) and hence are well suspended in H2O. After
30 min, the reaction was finished, and aliquots of 2 mL
were extracted for further characterization by nanopar-
ticle tracking analysis (NTA) and transmission electron
microscopy (TEM).

Finally, the prepared suspension of AuNPs was
contacted with various bacterial strains for 15 min, fol-
lowing the protocols described in details in the “Scan-
ning electron microscopy” and “Transmission electron
microscopy” subsections.

Nanoparticle tracking analysis

The AuNP size distribution was determined using the
LM10 Nanosight instrument (Malvern Instruments Ltd)
equipped with a sCMOS camera (Hamamatsu Photon-
ics, Hamamatsu, Japan) and a 450-nm blue laser. The
obtained data were processed with NTA software (ver-
sion 3.1 Build 3.1.45). The samples were sonicated for
15 min before analysis. The viscosity settings for water
were automatically corrected for the experiment temper-
ature (22 °C). The size distribution was measured with
the camera shutter setting of 1232 and the gain of 219. A
single experiment consisted of 3 movies at 25 frames/s
and a duration of 30 s.

Characterization of gold nanoparticles in suspension

The zeta potential (ζ-potential) of the suspended gold
nanoparticles was measured via electrophoretic light
scattering by means of a Zetasizer Nano ZS (Malvern
Instruments). The pH of the suspension was 6.5.

Scanning electron microscopy

The investigated bacterial strains were cultured on a
glass substrate and then fixed for the SEM observations
according to the protocol described elsewhere (Chissoe
et al. 1994; Fischer et al. 2012). Briefly, samples on a
glass substrate were fixed in 3% buffered glutaralde-
hyde for 24 h, and then carefully washed two times with
Dulbecco’s Phosphate Buffered Saline (DPBS). They
were next dehydrated in the water-alcohol solutions
with gradually increasing ethanol concentration (50,

60, 70, 80, 90, 96, and 100%) for 10 min each. Finally,
the samples were dried using hexamethyldisilazane
(HMDS). The prepared samples were mounted on a
SEM holder by using adhesive carbon tape and carbon
conductive paint. Prior to the observations, the speci-
mens were coated with a thin layer of gold (approxi-
mately 15 nm) with the use of sputter-coater (Quorum
Q150T S).

For SEM observations of the bacteria coated with Au
nanoparticles, the preparation procedure was simplified
to avoid removal of the adsorbed NPs from the bacterial
walls. Therefore, the bacteria were cultured on a con-
ductive ITO (indium tin oxide) substrate, the superna-
tant was removed, and 1 mL of AuNP suspension was
added. After 15 min of incubation (room temperature)
with the AuNPs, the solution was removed, and the
bacterial samples were dried in the air.

The samples were characterized with the use of the
field-emission scanning electron microscope (FE-SEM,
Hitachi S-4700). The SEM microphotographs were an-
alyzed using the Java open-source ImageJ software
1.51 k (Eliceiri et al. 2012). The obtained images
allowed for the evaluation of the average area of indi-
vidual bacterial cells and the number of the adsorbed
AuNPs. The quantification of the adsorption efficiency
(expressed as the number of NPs per μm2 of the bacte-
rial surface area) was determined by analyzing at least
ten bacterial cells from three independent experimental
series for each of the investigated bacterial strain.

Transmission electron microscopy

Transmission electron microscopy (TEM) observations
were carried out using a Tecnai Osiris instrument (FEI)
with the X-FEG Schottky field emitter operated at an
accelerating voltage of 200 kV. Samples for TEM char-
acterization were prepared by the standard procedure
described elsewhere (Romero-Brey and Bartenschlager
2015). The investigated bacterial strain suspensions (af-
ter the 15 min contact with the AuNPs suspension) were
washed three times in DPBS, fixed in 3% buffered
glutaraldehyde for 24 h. The pellets were washed three
times in DPBS, rinsed with 1% osmium tetraoxide
solution in DPBS for 2 h, and washed again with DPBS.
Samples were dehydrated in the water-alcohol solutions
with gradually increasing ethanol concentration (50, 60,
70, 80, 90, 96, and 100%) for 15 min each. The pellets
were rinsed with propylene oxide (20 min) and incubat-
ed in 1:1 propylene oxide/resin ratio overnight
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(Durcupan, Sigma-Aldrich). Then, samples were incu-
bated in 100% resin at 37 °C for 24 h and then 60 °C for
48 h. The samples were sectioned using an ultramicro-
tome (Leica) equipped with the glass-edged knife
(Diatome). The ultrathin lamellas were placed onto Cu
TEM slots with the carbon-coated membrane and
stained with lead citrate and uranyl citrate for contrast
enhancement.

Results and discussion

Bacteria characteristics

For the present study, only non-pathogenic bacteria,
naturally occurring in the environment were used. The
selected bacterial strains differ in their cell wall struc-
ture, zeta potential, cell morphology (spherical or rod-
shaped), and growth kinetics (stationary phase after 24
or 48 h). The representative SEM microphotographs of
the investigated bacterial cells are presented in Fig. 2.

In the upper panel, the groups of tested bacteria
(S. maltophilia, N. subflava, S. carnosus, B. subtilis)
are shown, whereas the lower panel illustrates the dif-
ferent morphologies of the corresponding single cells in
more detail. S. maltophilia is a rod-shaped G− aerobic
and motile bacteria occurring naturally in soil, water,
and plants. In line with the literature data, the estimated
average length of a single cell ranges between 0.5 and
1.5 μm. N. subflava is a non-pathogenic G−, aerobic
coccus, grouped in pairs (diplococci) with an average
diameter in the range of 0.5–1 μm. S. carnosus, a typical

G+ coccus, is spherical in shape and forms grape-like
clusters. The average size of a single cell ranges between
0.5 and 1.5 μm. Finally, B. subtilis is a G+ rod-shaped
(1.5–3.0 μm) aerobic microorganism, which naturally
occupied soil and plants. As a consequence of various
size and morphology, the selected bacteria N. subflava,
S. carnosus, S. maltophilia, B. subtilis occupy a signif-
icantly different surface area of a substrate: 0.64; 0.79;
1.43, and 1.48 μm2, respectively.

Zeta-potentials of the bacterial strains

The interaction between bacteria and nanoparticles is
mediated by electrostatic/dispersive forces between the
bacteria and NP surface functional groups (Hwang et al.
2012). Therefore, sensible information about an average
surface charge, crucial for the electrostatic interaction
between nanoparticles and biological moieties, can be
gained from the zeta potential values (Kłodzińska et al.
2010). Therefore, this parameter was measured for all
the bacterial strains and AuNPs used in this study. The
measured values of the ζ-potential of the bacteria
suspended in deionized water at physiological pH value
of 6.5 ± 0.1 are in the range from – 41mV (B. subtilis) to
− 37 mV (S. carnosus), whereas significantly higher
values were determined for N. subflava (− 30 mV) and
S. maltophilia (− 26 mV). The obtained results are in
line with the reported zeta-potential for various bacterial
strains, which changes from − 3 to − 50 mV (Ahimou
et al. 2007; Nguyen et al. 2011; Hua et al. 2017). Since
the actual value of ζ-potential strongly depends on the
physicochemical conditions of the suspension, all the

Fig. 2 SEMmicrophotographs of bacterial strains used in the study: S. maltophilia, N. subflava, S. carnosus, B. subtilis showing groups of
cells (upper panel) and single cells (lower panel)
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measurements were standardized with respect to the
electrolyte type and concentration. Due to the different
chemical nature of the G+ and G− bacterial walls (see
Fig. 1), the accumulated surfaces charges (both nega-
tive) are substantially different with the lower values
obtained for the G+ strains. The observed differences in
the ζ-potential have a strong impact on the bacterial
adhesive properties, as discussed below.

Characteristics of the gold nanoparticles

In order to evaluate the adhesive properties of the inves-
tigated bacterial strains, monodisperse AuNPs were
used. As described elsewhere (Hwang et al. 2012), size
and surface charge of NPs are two main factors playing
a critical role in their adsorption on the bacterial surface.
As presented in Fig. 3, the average size of the synthe-
sized AuNPs, assessed from the NTA measurements,
was 50 nm (± 0.7 nm), and their average concentration
was equal to 7.5 × 1012/mL. For more in-depth insight
into the size distribution and morphology, TEM obser-
vations were performed, and the results are presented in
the insets of Fig. 3.

Insets a and b (Fig. 3) clearly illustrate a
rhombicuboctahedral morphology typically observed
for Au nanoparticles (Louis and Pluchery 2012) and
reveal a smaller diameter (~ 30 nm), when compared
with the results obtained from the NTA measurements.
Indeed, the NTA-determined size represents the hydro-
dynamic diameter of the particle, always of the higher
value. It should be noticed, however, that both the
complementary methods revealed the narrow size dis-
tribution of the synthesized Au nanoparticles, as de-
scribed elsewhere (Bastús et al. 2011), with the charac-
teristic value of the ζ-potential equal to − 7 mV (±
0.6 mV).

Interaction between bacterial walls and nanoparticles

In order to quantify the number of gold nanoparticles
adsorbed on various bacterial strains, SEM microphoto-
graphs of the investigated bacteria after incubation in the
AuNP suspension were analyzed. Figure 4 shows rep-
resentative examples of the bacterial cells decorated
with the gold nanoparticles.

It can be easily noticed that the investigated bacteria
exhibit dramatically different affinity to gold nanoparti-
cles attachment on their surfaces. Taking into account
that the NP suspension and the conditions of all the
incubation experiments (temperature, time, and pH)
were kept the same, it is clear that the various bacterial
strains captured the substantially different amount of
gold nanoparticles. Notably, the G+ bacteria
(S. carnosus and B. subtilis) adhered muchmore AuNPs
when compared with the G− ones (S. maltophilia and
N. subflava). These observations were corroborated by
more detailed TEM investigations of the bacteria coated
with AuNPs. In Fig. 5, the cross sections (~ 60-nm-thick
lamellas) of single resin-embedded cells of the studied
bacteria decorated with AuNPs are presented. They
illustrate the somehow different shape of the bacterial
cells than observed in SEM images, but it should be
taken into account that the cells were cross-sectioned at
random orientations. The SEM and TEM microscopic
observations revealed that the nanoparticles do not pen-
etrate into the bacterial cells. This can be explained by
relatively big nanoparticles size (30 nm) compared with
the pores in the cell wall (4–16 nm) (Turner et al. 2013),
and short time of incubation (15 min).

In accordance with the model of the bacterial walls
presented in Fig. 1, for the G− species (S. maltophilia
and N. subflava), significantly thinner cell wall structure

Fig. 3 Size distribution profile of AuNPs measured with the NTA
method. Inset a: TEM image of the prepared AuNPs. Inset b: size
distribution of AuNPs
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of about 20 nm is observed, whereas for the G+
(S. carnosus and B. subtilis) the walls are in the range
of 30–50 nm. Such a feature is characteristic for the G+
strains due to the thick peptidoglycan layer situated
above the cell membrane. In general, the TEM images
confirmed the SEM observations revealing the various
numbers of NPs adhered on the bacterial cells. Whereas
for the S. maltophilia, N. subflava, and S. carnosus, the
adhered nanoparticles are well separated by a distance
from several to tens of their dimensions; in the case of
B. subtilis, a pronounced load of nanoparticles leads to
the surface agglomeration of the excessive gold
nanoparticles.

The microscopic observations of the adhered AuNPs
to the bacterial cell walls were quantified as a number of
nanoparticles covering 1 μm2 of the projected bacterial
surface area. The results are summarized in Fig. 6 (grey
bars).

The highest number of the NPs attached to the cell
wall surface was observed for B. subtilis (103 NPs) and
the lowest for S. maltophilia (60 NPs). For N. subflava
and S. carnosus, the intermediate values of ~ 1.5 × 102

NPs and ~ 4.0 × 102 were observed, respectively. In the

same figure, the experimental values of the ζ-potential
for the investigated bacterial strains are also shown (red
plot). The trend in the amount of AuNPs adhered to the
bacterial cell surface B. subtilis >> S. carnosus >
N. subflava > S. maltophilia correlates well with the
values of ζ-potential: the higher the negative charge is,
the higher the adhesion extends. It may be thus conclud-
ed that the ζ-potential plays the role of a simple, concise
descriptor of the adsorption process in the bacteria–
nanoparticle systems.

The bacteria and nanoparticles being suspended in
the aqueous solution can be treated as interacting col-
loidal particles, and their behavior can be accounted for
in terms of the DLVO model as a reasonable approxi-
mation. The potential interaction energy profiles be-
tween bacteria and nanoparticles were calculated based
on the Derjaguin–Landau–Verwey–Overbeek (DLVO)
theory (Israelachvili 2011; Hwang et al. 2012; Ohshima
2014). The total interaction energy (Vtot = VEL + VLW)
results from electrostatic repulsive interactions (VEL)
and attractive London-van der Waals forces (VLW).
Based on previous studies (Hwang et al. 2012), the
model for two interacting spherical particles with the

Fig. 4 SEM microphotographs of the investigated bacterial strains coated with gold nanoparticles

Fig. 5 TEM microphotographs of single resin-embedded bacterial cells decorated with gold nanoparticles. Red markers indicate the
thickness of cell walls
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radii a1 (bacteria) and a2 (nanoparticle) separated by the
distance d can be approximated as

VLW ¼ −
A a1a2ð Þ

6d a1 þ a2ð Þ
VEL ¼ πεa1a2 ζ21 þ ζ22

� �

a1 þ a2ð Þ
2ζ1ζ2
ζ21 þ ζ22

ln
1þ exp −κdð Þ
1−exp −κdð Þ þ ln 1−exp −2κdð Þf g

" #

where A is the Hamaker constant calculated as described
elsewhere (Ohshima 2014) (1.72 × 10−20 J); ε is
expressed as the product of the relative permittivity of
the medium εr, which is 80 for water at 20 °C, and the
permittivity of a vacuum ε0 (8.854 × 10−12 C2/Jm); and
ζ1 and ζ2 are the zeta potentials of bacteria and nanopar-
ticles, respectively, whereas κ is the inverse Debye
−Hückel length (729 nm for pH = 6.5) calculated ac-
cording to (Israelachvili 2011). The Hamaker constant
for this system, where the bacterial cells are interacting
with nanoparticles in water, was calculated following
the formula (Ohshima 2014):

A132 ¼
ffiffiffiffiffi
A1

p
−

ffiffiffiffiffi
A3

p� � ffiffiffiffiffi
A2

p
−

ffiffiffiffiffi
A3

p� �

where A132 is the Hamaker constant for the interaction
between bacteria (A1 = 5.2 × 10−20 J) (Farahat et al.
2009) and gold nanoparticles (A2 = 45.3 × 10−20 J)
(Israelachvili 2011) separated by a water medium
(A3 = 3.7 × 10−20 J) (Israelachvili 2011). The value of
Hamaker constant for bacterial cells was adapted from
a similar research focused on the interaction of various
bacterial strains with surfaces. Additionally, we
checked several other Hamaker values (Liu et al.
2007; Farahat et al. 2009; Harimawan et al. 2013;
Yoshihara et al. 2015) within the range of 10−23–
10−20 J and found out that both the trends in critical
radius and the primary energy minima are not sensi-
tive to A1, at least in the realistic range for bacteria.
Thus, in our opinion, the DLVO model is helpful in
interpreting our experimental findings.

For calculations, the spherical shapes of bacteria with
an equivalent radius of 400, 440, 460, and 520 nm were
assumed for N. subflava, S. carnosus, S. maltophilia,
and B. subtilis, respectively. The latter value was
assessed as an average radius of a model spherical cell
corresponding to the actual cylindrical/spherical bacte-
rial shapes with the same volume. The resultant DLVO
energy profiles as a function of a separation distance for
the tested bacterial strains interacting with AuNPs are
presented in Fig. 7.

The calculated DLVO energy profiles exhibit rather
small activation barriers of 1.45–1.55 kT at 500–800 nm
(inset a) and the sufficiently deep primary energy min-
ima of 120–170 kT (inset b) for the adsorption process
to be effective. It is also worth to underline that the depth
of the observed primary minima for each of the bacterial
strain is in line with the amount of the adhered nanopar-
ticles observed in the microscopic measurements (see
Figs. 4, 5, and 6).

Fig. 6 The relationship between bacterial zeta potential (red plot)
and the amount of adhered AuNPs (grey bars). Sm, S. maltophilia;
Ns, N. subflava; Sc, S. carnosus; Bs, B. subtilis

Fig. 7 Potential energy profiles for bacteria–AuNP interactions
calculated based on the DLVO theory. Sm, S. maltophilia; Ns,
N. subflava; Sc, S. carnosus; Bs, B. subtilis
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In Fig. 8, a reasonably good linear correlation of the
number of gold nanoparticles as a function of a critical
radius (rcrit) to the third power is shown. The critical radius
is defined by a formula: rcrit

3 =R3 − a13, where R is des-
ignated by a location of energy maxima in DLVO profile
for each bacteria of radius a1 (see upper inset in Fig. 7).
The value of rcrit

3 gauges the critical volume around the
bacterial cell, where the attraction forces dominate. It may
be interpreted in terms that the observed differences in the
attachment efficiency for various strains result from the
availability of the nanoparticles in the critical volume of
the suspension surrounding the bacterial cells.

It is worth noting that the obtained results have more
general relevance and practical applications. Indeed,
owing to a non-specific bacteria–nanoparticle interac-
tion governed by the ζ-potential essentially, the
established relationships can be readily extended for
other systems. Due to the remarkable adhesion proper-
ties of B. subtilis, we can explain why these specific
microorganisms are predestined as a template to ag-
glomerate Au nanoparticles into organized long ribbons,
as shown elsewhere (He et al. 2006). Understanding the
bacteria–nanoparticles interactions are especially impor-
tant for designing of biocompatible and stable biosen-
sors. The subject is intensively investigated nowadays,
and there are several examples illustrating the applica-
tions of AuNPs in colorimetric biosensors array (see,
e.g., Verma et al. 2016). The presented results provide
the basis for future advancement of a fast, simple, label-
free method of bacteria detection in clinical diagnostics
and environmental monitoring (Li et al. 2015). Besides
the biosensors, the effective adhesion of AuNPs to bac-
terial walls can also help in a thorough biochemical

characterization of bacteria via SERS method, as
discussed elsewhere (Lin et al. 2014; Zhou et al. 2015).

Conclusions

In this paper, the adhesion efficiency of gold nanoparti-
cles (30 nm) for Gram-positive (B. subtilis, S. carnosus)
and Gram-negative (N. subflava, S. maltophilia) bacte-
rial strains was examined. It was found out that among
the investigated strains the attachment efficiency de-
creases in the order B. subtilis >> S. carnosus > N.
subflava > S. maltophilia. A direct correlation between
the number of the attached nanoparticles and the ζ-
potential of the bacterial strains was established, and
the results were accounted for within the DLVO theory.
The small activation barriers for the adhesion process
(1.45–1.55 kT), together with rather deep primary ener-
gy minima (120–170 kT) are favorable for the effective
adsorption process. The linear correlation between the
nanoparticles adhered to the bacterial cells surface and
the size of the critical volume around the bacterial cells
where the attraction forces dominate implies the dramat-
ic differences in the attachment efficiency result from
the availability of the nanoparticles in the critical vol-
ume of the surrounding suspensions.
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