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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 ^-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 k7), and the primary energy minima 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
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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 C-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.

Keywords Biointerface • Bacteria cell wall • 
Nanoparticles • Surface charge • Zeta potential • DLVO 
theory • Nanobiotechnology

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 bio films 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.) (Bames 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 Baneijee 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.

A major 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 o f 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 o f 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 Ç-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; Durän 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. 
2 016). B are A uN Ps g en era lly  ex h ib it w eak

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 dmg 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 o f 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 A pplications 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 (Deijaguin-Lan- 
dau-Verwey-Overbeek) model.

Materials and methods

Bacterial strains

The reference strains used in the study were Staphylo
coccus carnosus DSM 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

J Nanopart Res (2019) 21: 186

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 OD60o of 0.5 corresponding to the cell 
concentration of ~3 x 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 x 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 o f 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 (,-potential value is an average of at least 
three independent experimental series for each bacterial 
strain (more than 15 independent measurements). The C- 
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

HAuC14 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 (Bastùs et al. 2011). 
Shortly, gold seeds were synthesized by injecting 
HAuC14 (1 mL, 25 mM) into sodium citrate (150 mL, 
2.2 mM) at 100 °C. Once the synthesis was finished, the

Page 3 o f 12 186

^  Springer

78



ARTICLE I

186 Page 4 o f  12 J Nanopart Res (2019) 21: 186

reaction mixture was cooled down to 90 °C. Then, 1 mL 
of sodium citrate solution (60 mM) and once more 1 mL 
of a HAuCfr 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 H20 . 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 (^-potential) o f 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 o f 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 pm2 of the bacte
rial surface area) was detennined 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 o f200 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.

J Nanopart Res (2019) 21: 186

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 pm. N. subflava is a non-pathogenic G -, aerobic 
coccus, grouped in pairs (diplococci) with an average 
diameter in the range of 0.5-1 pm  S. carnosus, a typical

Fig. 2 SEM microphotographs o f 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)

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 pm. Finally, B. subtilis is a G+ rod-shaped 
(1.5-3.0 pm) 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 pm2, respectively.

Zeta-potentials o f 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, cmcial 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 Ç-potential of the bacteria 
suspended in deionized water at physiological pH value 
of 6.5 ±0.1 are in the range from -  41 mV {B. subtilis) to 
-3 7  mV (S. carnosus), whereas significantly higher 
values were determined for N. subflava ( -3 0  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 Ç-potential strongly depends on the 
physicochemical conditions of the suspension, all the
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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 C-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 x 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 o f Fig. 3.

Fig. 3 Size distribution profile o f AuNPs measured with the NTA 
method. Inset a: TEM image o f the prepared AuNPs. Inset b: size 
distribution o f AuNPs

Insets a and b (Fig. 3) clearly  illustra te  a 
rhombicuboctahedral morphology typically observed 
for Au nanoparticles (Louis and Pluchery 2012) and 
reveal a smaller diameter (-3 0  nm), when compared 
with the results obtained from the NTA measurements. 
Indeed, the NTA-determined size represents the hydro
dynamic diameter o f 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 (Bastüs et al. 2011), with the charac
teristic value of the C-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 nanopartic les. N otably, the G+ bacteria  
(S. carnosus and B. subtilis) adhered much more 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 o f 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
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Fig. 4 SEM microphotographs o f the investigated bacterial strains coated with gold nanoparticles

of about 20 nm is observed, whereas for the G+ same figure, the experimental values of the C-potential
(S. carnosus and B. subtilis) the walls are in the range for the investigated bacterial strains are also shown (red
of 30-50 nm. Such a feature is characteristic for the G+ plot). The trend in the amount of AuNPs adhered to the
strains due to the thick peptidoglycan layer situated bacterial cell surface B. subtilis »  S. carnosus >
above the cell membrane. In general, the TEM images N. subflava > S. maltophilia correlates well with the
confirmed the SEM observations revealing the various values of Ç-potential: the higher the negative charge is,
numbers of NPs adhered on the bacterial cells. Whereas the higher the adhesion extends. It may be thus conclud-
for the S. maltophilia, N. subflava, and S. carnosus, the ed that the ^-potential plays the role o f a simple, concise
adhered nanoparticles are well separated by a distance descriptor of the adsorption process in the bacteria-
from several to tens of their dimensions; in the case of nanoparticle systems.
B. subtilis, a pronounced load of nanoparticles leads to The bacteria and nanoparticles being suspended in
the surface agglomeration of the excessive gold the aqueous solution can be treated as interacting col-
nanoparticles. loidal particles, and their behavior can be accounted for

The microscopic observations of the adhered AuNPs in terms of the DLVO model as a reasonable approxi-
to the bacterial cell walls were quantified as a number of mation. The potential interaction energy profiles be-
nanoparticles covering 1 pm2 of the projected bacterial tween bacteria and nanoparticles were calculated based
surface area. The results are summarized in Fig. 6 (grey on the Deijaguin-Landau-Verwey-Overbeek (DLVO)
bars). theory (Israelachvili 2011 ; Hwang et al. 2012; Ohshima

The highest number of the NPs attached to the cell 2014). The total interaction energy (V ot = V + VLW)
wall surface was observed for B. subtilis (103 NPs) and results from electrostatic repulsive interactions (VEL)
the lowest for S. maltophilia (60 NPs). For N. subflava and attractive London-van der Waals forces (VLW).
and S. carnosus, the intermediate values of ~ 1.5 x 102 Based on previous studies (Hwang et al. 2012), the
NPs and ~ 4.0 x 102 were observed, respectively. In the model for two interacting spherical particles with the

Fig. 5 TEM microphotographs o f single resin-embedded bacterial cells decorated with gold nanoparticles. Red markers indicate the 
thickness o f cell walls
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Fig. 6 The relationship between bacterial zeta potential (red plot) 
and the amount o f adhered AuNPs (grey bars). Sm, S. maltophilia; 
Ns, N. subflava; Sc, S. carnosus', Bs, B. subtilis

radii aj (bacteria) and a2 (nanoparticle) separated by the 
distance d  can be approximated as

v l w  =  M a w )

6d(a\ +  a2)

yEL =  ^ . ^ ( C f  +  Cl) r ^ ln l+ e x p ( - ^ )  _exp(_2Krf)} 
{al + a 2) C Î + C 2 l-e x p (-« d ) 1 "

where A is the Hamaker constant calculated as described 
elsewhere (Ohshima 2014) (1.72 x IO-20 J); e is 
expressed as the product of the relative permittivity of 
the medium sn which is 80 for water at 20 °C, and the 
permittivity o f a vacuum e0 (8.854 x 10- 1 2  C2/Jm); and 
£1 and (2 are the zeta potentials of bacteria and nanopar
ticles, respectively, whereas n  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):

^ 1 3 2  =  ( « )

where A132  is the Hamaker constant for the interaction 
between bacteria (A\ = 5.2 x 10- 2 0  J) (Farahat et al. 
2009) and gold nanoparticles (A2  = 45.3 x 10~ 2 0  J) 
(Israelachvili 2011) separated by a water medium 
(A3 = 3.7 x 10- 2 0  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 ÎO-23-  
ÎO- 2 0  J and found out that both the trends in critical 
radius and the primary energy minima are not sensi
tive to Ai, at least in the realistic range for bacteria. 
Thus, in our opinion, the DLVO model is helpful in 
interpreting our experimental findings.

Springer

For calculations, the spherical shapes of bacteria with 
an equivalent radius o f400, 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 k ra t 500-800 nm 
(inset a) and the sufficiently deep primary energy min
ima of 120-170 k r  (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. 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: rent3 = R3 ~ ci\, where R is des
ignated by a location of energy maxima in DLVO profile 
for each bacteria of radius aj (see upper inset in Fig. 7). 
The value of rclit3 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 Ç-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

Fig. 8 The number o f nanoparticles adhered to various bacterial 
strains as a function o f the critical radius o f the surrounding sphere 
where the attractive forces between bacteria and gold nanoparticles 
dominate (see text for more detail)

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 Ç- 
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 k7), together with rather deep primary ener
gy minima (120-170 k7) 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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In this w ork  w e h ave  investigated  the  effect o f oxygen p lasm a trea tm en t o f graphenic  surfaces an d  the  in 
troduction  o f functional groups o n  changes in  w o rk  function, w ettab ility , surface free  energy  and  bacteria l 
adhesion. The plasm a param eters w ere  ad justed  (genera to r pow er: <  6 0  W, exposure tim e: <  20  m in) to  lim it 
the m odifications to the  surface w ith o u t changing  the  b u lk  structure . The p a ren t an d  m odified graphenic  su r
faces w ere tho rough ly  characterized  by  pR am an spectroscopy, therm ogravim etry , scanning  electron  m icroscopy, 
con tac t angle, X-ray pho toelectron  spectroscopy, w ork  function and  m icrobiological tests. I t w as found th a t  even 
th e  short tim e o f p lasm a m odification  resu lts in  a  significant increase in  w o rk  function, surface free energy  and  
hydrophilicity . The changes in  surface chem istry  s tim ula te  also substan tia l changes in  b acteria l adhesion . The 
strong rela tionsh ip  betw een  w ork  function  an d  adhesion  o f bac te ria  w as observed fo r a ll the  investigated  stra ins 
(Staphylococcus epidermidis, Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli) w hereas the  bacteria l 
co lonization  tren d  correla tes w ith  the  bacteria l zeta  po ten tial. The bacteria-graphenic  surface in te rac tio n  is 
discussed in  term s o f  to ta l in te rac tio n  energy. The resu lts po in t o u t the  w ork  function  low ering  o f the  graphenic  
b iom aterial surface as a n  effective s tra tegy  fo r the  infection  risk  lim itation .

1. In troduction

The medical device industry has m ade enormous progress during 
the past decades, owing to the gained knowledge on the development of 
advanced materials technologies. Biomaterial devices and implants are 
investigated and used widely to improve patients' treatment, recovery, 
and quality of life [1-5]. Among a  wide range of biomaterials (e.g. 
m etal, ceramic, polymer, carbon-based) graphenic surfaces are o f great 
interest due to their advantages such as good mechanical properties, 
large surface area, electrical and thermal conductivity, as well as tun
able surface functionalities which play a  pivotal role in regenerative 
medicine applications [1,6,7]. Graphene-based biomaterials are ex
tensively investigated in recent years in the context of biological and 
medical applications such as, but not limited to stem cells differentia
tion, muscle tissue engineering, bone regeneration, drug delivery, gene 
therapy, phototherm al therapy, dentistry, and bio-imaging [8-12]. Al
though graphene family materials have great potential in biomedical 
applications, there is a strong need to investigate their biological 
properties [9,13,14].

The m ajor issue concerning the use o f implantable materials is the 
infection risk and subsequent complications described as surgical-site 
infections (SSI) including implant and biomaterials-associated

infections (BAI) [15-17]. According to the European Centre for Disease 
Prevention and Control, the SSI are the most common and in majority 
associated with additional treatm ent procedures, prolonged hospitali
zation, increased treatm ent costs, and higher mortality [18-20]. De
pending on the surgical procedure type, the SSI can reach up to 9% 
yearly [18] and cause 8% of all deaths implicated by nosocomial in
fections [2 1 ].

Pathogens most frequently causing BAI include Gram-positive bac
teria, like Staphylococcus epidermidis, Staphylococcus aureus, Enterococcus 
spp., Streptococcus spp., and Gram-negative bacteria, such as 
Pseudomonas aeruginosa, Escherichia coli, Klebsiella spp., Enterobacter 
spp. [18,22,23]. The prevention of bacteria-associated infections be
comes more challenging due to their growing antibiotics resistance. 
Although there are several novel approaches to design surface with 
antibacterial properties including microbicidal surfaces coated with 
biocides [24-26], m icrobe-resistant surfaces with antiadhesive prop
erties [27,28] and multifunctional materials combining both ap
proaches [29,30], there is still a need to investigate mechanisms of 
interaction between bacteria and surfaces [14,31-33]. Although a  lot of 
effort is put into the research on the BAI, there is still a lack of a uni
versal solution to the problem, therefore the research on fundamental 
interactions may definitely contribute here. This is of particular
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importance since the issue is unresolved so far and prevention guide
lines are missing even in the newest SSI recommendations (Centers for 
Disease Control and Prevention 2017) [20].

The adhesion of microorganisms to the m aterial surfaces is a  com
plex biological process affected by many factors such as m aterial 
composition, surface topography, electrostatic charge, surface free en
ergy, wettability, and also the type o f adjacent tissue [34-37]. Gen
erally, biofilm formation consists of several subsequent steps including 
mass transport of bacteria to the surface, reversible cells' adsorption, 
changing to irreversible adhesion, microcolony formations leading to 
final biofilm production [34,36,38,39]. The phenomenon of initial step 
corresponding to early adhesion of bacteria to the surface is mediated 
by attractive and repulsive forces and explained based on the Deija- 
guin-Landau-Verwey-Overbeek (DLVO) theory. In order to obtain reli
able and comprehensive picture the nature, range and energetics of 
dominating interactions a t the biomaterial-bacteria interface have to be 
determined.

Several strategies to control the bacterial adhesion to biomaterials 
have been proposed so far [22,31,40-43]. One of the promising ap
proaches is to tune the properties of biomaterials surfaces towards 
particular biological applications by chemical modifications [39]. In 
the case of carbon-based biomaterials, such modifications consist in the 
formation of specific surface moieties, e.g. functional groups [44] an d / 
or anchoring of biologically active molecules [45]. Among the wide 
range of surface functionalization methods, currently the most uni
versal and efficient is oxygen plasma [46,47]. The most im portant 
practical advantage of low-pressure oxygen plasma, comparing with 
w et chemical methods, is definitely short functionalization time, pre
cise control o f the modification, and easy scale-up [48,49]. Moreover, 
cold plasma allows avoiding chemicals and producing waste, which are 
harm ful to the environment. On the other hand, the careful plasma 
parameters optimization for each functionalization process and specific 
m aterial is essential. Controlled introduction of oxygen surface species 
allows for tuning the surface properties such as electrodonor properties, 
wettability, polarity and as a consequence biocompatibility [50].

The aim of this study is to identify the key factors mediating the 
bacteria adhesion to functionalized graphenic surfaces. Precise control 
of surface oxygen concentration has been achieved by adjusting the 
oxygen plasma parameters. The investigations on biological response 
were focused on the initial step of bacteria colonization, which is cru
cial in infection and biofilm formation. In order to obtain the general 
model of bacteria adsorption, the investigations were carried out with 
the use of various pathogenic bacteria strains and a wide range of 
oxygen-modified graphenic surfaces. Such an approach allows for 
identifying key surface-related descriptors which have to be taken into 
account when designing novel implantable devices. The acquired 
knowledge is necessary for biocompatible surfaces w ith a low affinity 
towards bacteria.

2. E xperim ental

2.1. Samples preparation and modification

The conductive graphenic sheets supplied by Graphene Laboratories 
(Calverton NY, USA) were used in the study. The thickness of the ma
terial was 25 pm and a density of 2 g e m -3 . The samples used in all 
protocols and methods were in the form of squares (1 cm x  1 cm). In 
order to introduce oxygen species into the investigated graphenic 
sheets, the commercial cold plasma system (Femto-Diener Electronic 
GmbH, Nagold, Germany) was used. The experimental setup, plasma 
glow and idea of surface functionalization by oxygen are shown in 
Fig. 1.

The generator frequency was 40 kHz, the maximum tem perature in 
the plasma cham ber was kept below 30 °C. The plasma parameters 
(generator power, oxygen partial pressure, exposure time) were ad
justed to achieve different modification levels in the electrodonor

W. Pajerski, et al

properties of investigated graphene sheets, according to the parameters 
described elsewhere [51]. The modification of the carbon surface with 
oxygen plasma leads to the introduction of surface polar oxygen func
tional groups. The formed Csurf + -  Oadatom8~ dipoles result in the 
negative potential barrier and thus the work function, which is minimal 
energy required to electron escape from the surface to the vacuum 
level, increases. The changes in work function are directly related to the 
num ber o f surface functional groups (Helmholtz relation) [52-54]. In 
Table 1 all the samples are listed together w ith the plasma parameters 
used for their modifications.

Directly after the modification, samples were investigated w ith the 
methods described in detail below. The applied protocols of the oxygen 
plasma surface modifications were found to be reproducible within the 
experimental error.

2.2. Methods

2.2.1. SEM observations
The investigated graphenic materials before and after micro

biological investigations were characterized by the field-emission 
scanning electron microscope (FE-SEM, Hitachi S-4700). The samples 
with bacteria were fixed for the SEM observations following the pro
tocol described elsewhere [55,56]. Briefly, samples were immersed in 
the fixative (3% buffered glutaraldehyde in Dulbecco's Phosphate Buf
fered Saline (DPBS, Lonza)) for 4 h, and then twice-washed w ith DPBS. 
Afterwards, dehydration was carried out w ith graded concentrations of 
water-ethanol solutions (50, 60, 70, 80, 90, 96, and 100%) for 10 min 
each. The prepared samples were attached to SEM holder using ad
hesive carbon tape and sputter-coated with a  —15 nm  layer of gold 
(Quorum Q150T S).

2.2.2. pRaman spectroscopy
The pRaman measurements were carried out a t room temperature 

using a Renishaw InVia spectrom eter coupled to the confocal micro
scope. The 514.5 nm Argon ion laser with 1800 L/mm grating and 50 x 
magnification lens was applied. Raman scattered light was collected in 
the characteristic for carbon materials range 1000-3500 cm -1 . For 
each sample, nine scans were accumulated to maximize signal to noise 
ratio.

2.2.3. X-ray photoelectron spectroscopy (XPS)
For determ ination of the surface elemental composition o f in

vestigated graphene samples before and after plasma modification, the 
XPS measurements were performed. The analysis was conducted in a 
UHV cham ber (the vacuum level above 5 x  10 ~9 mbar). The device 
was equipped with a SESR4000 analyzer (Gammadata Scienta). The 
XPS spectra were recorded using the monochromatized Al-Ka source 
(1486.6 eV) working a t 250 W with a  pass energy of 100 eV for the 
narrow  and survey scans. The resulting XPS spectra were calibrated for 
the C ls peak a t 284 eV of the adventitious carbon and analyzed using 
Casa-XPS 2.3.15 software.

2.2.4. Water contact angle measurements and surface free energy (SFE) 
calculations

The contact angles were measured using a goniometer (Surftens 
Universal Instrument, OEG GmbH, Frankfurt (Oder), Germany) in order 
to determine changes in wettability and surface free energy (SFE) of the 
investigated graphene samples. The static contact angles for five 2.0 pL 
drops of two liquids (deionized w ater and diiodomethane) for each 
sample were measured and analyzed using windows image processing 
software (Surftens 4.3). The final contact angle value was an average of 
a t least three independent experimental series for each sample ( > 1 5  
independent measurements for each liquid). The SFE was calculated 
using the Owens-Wendt method.

Materials Science & Engineering C 113 (2020) 110972
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Fig. 1. The plasma reactor used in the study (a), graphenic sample during oxygen functionalization in plasma chamber (b) and the schematic visualization of the 
surface treatment process (c).

Table 1
Samples used in the study and the parameters for their modifications.

Sample3 Generator Pressure/ Time/s Work Surface
power/W mbar function/ concentration of

eV functional
groupsb/N-cm “ 2

G4.4 _ _ _ 4.4 _
G4.5 2 0.14 2 4.5 1.041013
G5.0 2 0.14 6 5.0 4.851013
G5.4 20 0.20 2 5.4 9.321013
G5.7 60 0.20 300 5.7 1.231014
Gô.o 60 0.50 1200 6.0 1.621014

a The number in sample label subscript indicates the work function value 
(see below).

b The surface coverage was evaluated following the Helmholtz formula [54]: 
À0 = Nep/eo where A<Z> is the change in the work function [J], N  is the number 
of adsorbed atoms per unit square, e is the elementary charge, p is the dipole 
moment [C-m] and e0 is the vacuum permittivity.

2.2.5. Work function measurements
The work function values (d>) o f the investigated graphene samples 

were determined based on measurements of the contact potential dif
ference (Vcpd) carried out by the Kelvin m ethod with a KP6500 probe 
(McAllister Technical Services). As a reference electrode (<Pref  ~  4.3 eV) 
the stainless-steel plate (diam eter =  3 mm) was used. This area cor
responds to the material surface covered by ~ 106 bacterial cells, thus 
providing good statistics for evaluation of bacterial adhesion. The 
gradient of the peak-to-peak versus backing potential was set to 0.1 , the 
frequency at 114 Hz and the amplitude a t 40 a.u. The work function 
values were calculated as an average of 60 independent measurements 
for each sample based on the relation: 0 sampie =  ®ref ~  zVcpd- The 
measurements were performed a t ambient conditions (atmospheric 
pressure, room temperature).

2.3. Microbiological tests

2.3.1. Bacterial cultures preparation
The reference microorganisms used in the study were Staphylococcus 

aureus DSM 24167 (Deutsche Sammlung von Mikroorganismen und 
Zellkulturen), Staphylococcus epidermidis ATCC® 700296 (American 
Type Culture Collection), Pseudomonas aeruginosa ATCC® 27853 and 
Escherichia coli ATCC® 25922 (Fig. 2). The strains were incubated at 
37 °C for 24 h in Bacto™ Tryptic Soy Broth (TSB, Becton Dickinson). 
Bacterial cells were harvested by centrifugation (13000 rpm, 5 min) 
and thrice-washed with DPBS. Then, the bacterial pellets were re
suspended in DPBS and diluted to obtain bacterial suspensions of 
~ 3 T 0 s CFU/mL (colony forming units) corresponding to 0.5 McFarland 
standard. The prepared bacterial suspensions were used in micro
biological tests.

2.3.2. Bacterial zeta potential characterization
The bacterial zeta potential (0.5 McFarland in DPBS) was de

termined via electrophoretic light scattering in Zetasizer Nano ZS 
(Malvern Instruments, Malvern). All the measurements w ere performed 
in the same conditions, i.e. bacterial growth phase, pH and tem pera
ture.

The experiments were repeated a t least three times to obtain the 
average value of the zeta-potential for each investigated bacterial 
strain.

2.3.3. Bacterial adhesion
The influence o f oxygen plasma treatm ent on bacteria adhesion to 

tested graphenic surfaces was investigated using a fluorescent micro
scope (1X51 Olympus). The graphenic sheets samples (1 cm x  1 cm) 
were incubated immediately after the oxygen plasma modification with 
prepared bacterial suspensions (37 °C, 1 h) in the sterile 24-well plates. 
For each graphenic modification, the tests were performed in tripli
cates. To assure the reproducibility of the measurements three in
dependent microbial tests were performed. Each time three graphenic 
sheets were modified and then the bacterial adhesion was evaluated. 
After the incubation, samples were gently washed in order to remove all 
non-attached microorganisms, fixed with 96% ethanol (POCH SA) and 
stained with the propidium iodide (PI, Sigma-Aldrich). At least 15 
randomized images were taken for each sample and the area occupied 
by the bacteria was counted using Java open-source ImageJ software 
1.51 k [57].

3. R esults and  discussion

Raman spectroscopy is the m ost suitable technique, commonly used 
for monitoring the structural changes of carbon-based materials upon 
functionalization [58]. Therefore, the effect of plasma treatm ent on the 
structure of investigated graphenic sheets was examined by pRaman 
spectroscopy (Fig. SI). The obtained Raman spectra for all graphenic 
materials exhibit characteristic for sp2 carbon m aterials peaks a t around 
1580 cm - 1  and 2725 cm -1 . The former band (G) comes from the first
order Raman scattering process and is related to in-phase vibration of 
the graphite lattice whereas the latter band (2D) arises from the second- 
order two-phonon process [59,60]. Only the application of prolonged 
plasma treatm ent and higher generator power results in slight changes 
on the graphenic surface (samples G5.7 - G6.o)> Thus, the additional band 
(D) at 1350 cm -1 , indicated disorder degree in sp2 carbon systems, can 
be noticed. Nevertheless, the low intensity of D band together with 
m inor changes for the 2D band, demonstrated that upon applied plasma 
parameters the bulk structure of the investigated graphenic materials 
remained intact. Whereas the Raman spectroscopy is sensitive for 
carbon structural changes, it does not provide the information about the 
surface modifications.

In [51], the Laser Desorption/Ionization Mass Spectrometry was 
applied to m onitor the effect o f plasma modification of graphite, clearly
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Fig . 2 . R epresentative scanning e lectron  m icroscopy im ages o f bac te ria  cells, on  the  graphenic  surfaces, selected for th e  study  (a - P. aeruginosa, b  - E. coli, c - S. 
epidermidis, d  - S. aureus) show ing differences in size and  shape.

Fig . 3 . XPS resu lts  show ing th e  differences in  surface com position (carbon and 
oxygen con ten t) o f  the  p a ren t (G44) and  oxygen-plasm a m odified graphenic 
surfaces together w ith  the rep resen tative narro w  scans fo r the  O ls  an d  C ls  
peaks (insets) for sam ple G5 4.

showing the incorporation of surface hydroxyl groups. Additionally, the 
thermogravimetric-differential thermal analysis (TG/DTA) o f tem pera
ture-programmed oxidation for plasm a-treated and untreated graphenic 
surfaces exhibits the same profiles (see Fig. S2), confirming that the 
bulk of the m aterial remains unchanged upon interaction w ith plasma.

The chemical nature of the functional groups introduced via plasma 
treatm ent was further investigated by XPS. Since the graphenic material 
exhibit a flat surface, the XPS results can be reliably quantified. In Fig. 3 
the XPS results for parent graphenic (G4.4) and oxygen plasma-treated 
samples (G4.5 - G6.o) are summarized in terms of carbon and oxygen 
surface concentration changes. For the unmodified graphenic surfaces, 
the m ain constituting element (99.2% at.) was identified based on C ls 
peak a t a binding energy of 284.0 eV (which can be attributed to sp2 
hybridized graphite-like carbon atoms) [61]. After exposure to plasma, 
a  substantial increase in the O ls  peak intensity a t binding energy 
—532 eV is observed for all of the investigated samples and the oxygen 
surface concentrations follow the trend 2.9, 3.3, 3.9, 6.2, 6 .6% at. for 
G4.5, G5.0, G5.4, G5.7 , G 6 .o samples, respectively. The deeper insight into 
the nature o f oxygen-containing functional groups formed at graphenic 
surfaces was obtained by the deconvolution of XPS C ls peaks. For the 
oxygen-plasma treated samples, additional maxima were observed at 
—285.2 eV and 290.0 eV, corresponding to C — O and O —C =  0 , re
spectively [62]. These results are in line with the previously reported 
results for similar carbon surfaces [63,64].

The introduction of oxygen functional groups on the graphenic 
surfaces has a significant influence on the hydrophilic properties of the

Fig. 4 . C ontact ang le  (a) and  surface free energy  values (b) for p a re n t (G4.4) and 
plasm a-m odified graphen ic  surfaces (G4.5 - Gö.o)-

m aterial (Fig. 4). The w ater contact angle for unmodified surface (G4.4) 
was found to be 94.5° ±  1.4° which classifies the m aterial as a hy
drophobic. Even a short exposition (several seconds) to oxygen plasma 
allows for turning the surfaces into hydrophilic. The values o f the water 
contact angle (WCA) decreased to the range of 40.1°-50.8° for G4.5 - 
G5.4 samples. The plasma treatm ent w ith more severe conditions 
(power: 60 W) resulted in further reduction of WCA to 18.9° ±  2.1° 
(G5.7) and eventually to 7.6° ±  0.9° (G6.0). The decrease in contact 
angle was also observed for diiodomethane. As expected, for the non
polar solvent the changes were substantially smaller (Fig. 4), the
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measured initial diiodomethane contact angle (G4.4) was 38.5° ±  3.1° 
and after oxygen plasma treatm ent the value decreased to 17.7°-22.8° 
(G4.5 - G5.7) and reached 14.7° ±  2.5° for Gô.o sample. As a result, the 
calculated total surface free energy ys (based on Owens-Wendt method) 
gradually increased for the oxygen plasma modified surfaces from 
41.1 ±  2.0 m J m -2  to 74.0 ±  0.3 m J m -2  for the G6.0 surface. The 
values of the components of surface free energy are summarized in 
Table 2 (S3). The polar component ysp increased by 40.2 m J m -2  
whereas the dispersive component of surface free energy ysD decreased 
by 7.3 m J m -2 . Such a significant change of ysP results from the suc
cessful introduction of polar oxygen functional groups a t the graphenic 
surface upon plasma treatm ent [51]. It should be emphasized that, as 
discussed in previous studies [50,65-69], the changes in surface free 
energy strongly affect the interactions between the surface and living 
cells. Although a phenomenon of cell-surface adhesion is extensively 
investigated, presently there is no general theoretical framework for 
predicting the result o f such interaction.

The obtained results clearly demonstrate that the graphenic mate
rial can be successfully modified with the use of plasma. Precisely ad
justed treatm ent parameters allow limiting the changes to the topmost 
surface, w ithout altering the materials bulk properties. The prepared 
series of graphenic sheets (G4.4 - G6.o) can be used as model surfaces for 
further studies on bacterial adhesion.

In order to determine the influence of surface modification via 
oxygen plasm a on bacteria adhesion, the microbiological investigations 
were performed for several bacterial strains. The area of graphenic 
surfaces occupied by bacteria after 1 h  incubation was estim ated based 
on the analysis of fluorescence microscopic images. For a better insight 
into the nature of the observed phenomenon, more detailed SEM in
vestigations of the bacteria adhered to graphenic surfaces were per
formed. Fig. 5a-b and c-d present the representative FM and SEM 
images of S. epidermidis and E. coli, respectively, adhered to G4.4, G5.4 
and G6.o samples. The area occupied by bacteria increased with the 
extent of surface modification. In the case of the untreated sample 
(G4>4) bacteria are located preferably in edges of the graphenic surfaces 
(Fig. 5 b l  and d l) . Even a slight modification associated w ith an in
crease in A<P value (—0.1 eV) results in more homogenous bacterial 
adhesion.

In Fig. 6 the bacteria adhesion as a function of electrodonor prop
erties (parametrized by <2>) of graphenic surfaces is presented. A similar 
correlation, the higher the work function the bigger the area occupied 
by bacteria, was previously reported for nanostructured titania implant 
surfaces of various topography colonized by S. aureus [53]. The same 
trend was observed for S. aureus adhesion on graphenic surfaces [51]. 
Here, the experiments are extended to other strains of Gram-positive (S. 
aureus, S. epidermidis) as well as Gram-negative (P. aeruginosa, E. coli) 
bacteria. The biggest difference in the area occupied is observed for E. 
coli, which exhibits the lowest zeta potential (net negative charge) in 
simulated body fluids ( — 23.0 mV), whereas for o ther investigated 
bacteria it ranges from -1 1 .0  to - 1 3 .0  mV.

The interaction between the bacterial cell and the graphenic surface 
can be interpreted in terms of the Derjaguin-Landau-Verwey-Overbeek 
(DLVO) theory. Although this approach was developed for colloidal 
systems, it is successfully used in microbiology [70-74], also to describe 
the adhesion process of bacteria to solid surfaces [34,75,76]. The total 
free energy (VTOT) is the sum of attractive London-van der Waals forces 
( O  and electrostatic repulsive interactions (V01). Based on previous 
studies [34] (assuming th a t bacterial cells are homogenous spheres), 
the model for a  sphere with the radii R  interacting with a plate sepa
rated by the distance d can be approximated as:

y L W  _  Aft

6 d (1 )

V EL = 7TE-R 2 ( Bips  t n f *  *  +  (?B +  i>l) '«(1  -  e x p -2* )
V1 exP )  (2)

y T O T  =  y L W  +  y E L (3)

where A is the Hamaker constant (10 J), e is expressed as the pro
duct of the relative permittivity o f the medium er, which is 80 for DPBS 
at 20 °C, and the permittivity of a vacuum e0 (8.854-10 ~ 12 C2/J-m); and 
Cb and i//s are the potentials of bacteria and surface, respectively, 
whereas k  is the inverse Debye-Hückel length (/c- 1  =  0.76 nm  for 
DPBS). The potential value for bacteria was represented by zeta po
tential whereas the surface potential can be approximated by the ex
perim ental value of contact potential difference.

The classic profile o f interaction energy between bacteria and the 
surface exhibits a  secondary minimum located a t around 5 nm relates to 
reversible adsorption and prim ary energy m inimum at —1 nm which is 
related to irreversible adhesion. There is also an energetic barrier, 
which should be overcome by bacteria during the adhesion process. In 
Fig. 7a energy maxima of the interaction of S. epidermidis ( — 12 mV) 
with graphene surfaces G4.4 - G6.o are shown. It can be noticed that the 
higher the 0 of the graphenic surface (higher concentration of surface 
oxygen groups, see Table 1), the higher the energetic barrier has to be 
overcome for bacteria to irreversibly adhere. Although the results are 
presented only for S. epidermidis, it is w orth to m ention that the same 
trends were observed for all the investigated bacteria strains. Passing 
from secondary, more distant, minimum to prim ary one is more en
ergetically demanding for surfaces with higher 0. The calculated acti
vation barrier for adsorption changes from 10 to 90 kT (0.2-2.0 eV) 
corresponding well w ith similar values (50-150 kT) obtained for var
ious bacteria interacting with flat inorganic surfaces, as described 
elsewhere [34,75,76]. It has to be emphasized that there is a strong 
correlation between the energetic barrier and the prim ary minimum 
depth. Such an energetic profile determines the overall interaction of 
bacteria with the graphenic surface. Once the energetic barrier is 
overcame, the adhesion becomes irreversible. For surfaces w ith a  higher 
concentration of functional groups the bacteria adsorption is stronger 
and such surfaces are prone to infection and subsequent biofilm for
mation.

Since the interaction of bacteria with surfaces exhibits complex 
energetics there are no straightforward descriptors for evaluating the 
infection risk. Among several proposed approaches pointing out the 
importance of such parameters as wettability, SFE, surface charge, 
conductivity, roughness, recently the work function is proposed as a 
universal descriptor. The work function value can be expressed as a sum 
of Fermi energy (EF) and surface potential (y/s): 0 =  — EF + ey/s  [77]. It 
can be thus considered that upon bacteria approach the surface first the 
y/s is responsible for the interaction with the bacterial surface functional 
groups. Upon further approach the bacterial surface charge induces the 
image charge in the material. W hen negatively charged bacteria ap
proach negatively charged surface, the so called image charge, with 
opposite sign appear in the contact place [78]. The efficiency of elec
tron density dispersion over the conducting band is associated with the 
Ef . Such involvement of electrostatic interaction is especially important 
for the graphenic material which exhibits superior conductivity. The 
model of image charge/exchanging electrons between surface and 
bacteria cell is rationally explained. Indeed, the electrostatic m odel was 
applied for adhesion of bacteria (S. epidermidis) on the conducting 
surface and the charge of about 10~ 14C per bacterium  was exchanged 
during initial adhesion [79].

From the molecular point of view, the adhesion of bacteria to a flat 
surface is determined by the sum of interactions between functional 
groups located a t external bacteria cell walls and the surface. In this 
study, the num ber of oxygen functional groups on graphenic surfaces 
was precisely controlled by plasma parameters. Whereas the bacterial 
colonized surfaces exhibited the same level of modification the used 
bacteria strains are characterized by the various chemical composition 
of cell walls. In Fig. 8 the num ber of -OH groups on graphenic surfaces 
per attached bacterial cells as a  function of bacterial zeta potential is 
shown. The obtained experimental dependence clearly illustrates that
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Fig. 5. Fluorescence microphotographs and scanning electron microscopy images of S. epidermidis (al - b3) and E. coli (cl - d3) adhered to selected plasma-modified 
grapheme surfaces (G44, G5.4, G6 0) after 1 h incubation. Such a short time of incubation was selected to probe the initial stage of the infection process. Experimental 
results for all the investigation samples and bacteria strains can be found in the Supporting Information (Fig. S4).

for lower zeta potential of bacteria, the higher the num ber of functional 4. Conclusions
groups is needed for their irreversible adhesion. This can be explained
in terms of the modification of electrodonor properties of the graphenic The effect of oxygen functional groups introduced to graphenic
surfaces upon the introduction of oxygen. As previously shown, the surfaces on bacterial adhesion was evaluated for a serious o f micro
surface oxygen groups lead to a substantial increase in the work func- organisms: Staphylococcus epidermidis, Staphylococcus aureus,
tion [52]. Furthermore, it was also reported that the adhesion of bac- Pseudomonas aeruginosa, Escheńchia coli. The modification of graphenic
teria on carbon surfaces is dominated by the electrostatic interaction surfaces was accomplished by the application of low-temperature
and the increase in <P results in higher affinity of bacteria to the surface. oxygen plasma treatm ent while adjusting the parameters for control
It can be thus inferred that the higher surface coverage of graphenic surface modification (num ber of surface functional groups) w ithout
surface with oxygen implies stimulation of bacteria adhesion. It should changing the bulk of the carbon materials. The introduction of surface
be emphasized that the oxygen functionalization of graphenic materials dipoles (-OHsurf) results in substantial changes not only in surface
are considered as a beneficial procedure to improve surface wettability chem istry of graphenic sheets but also in biological response (bacterial
and biocompatibility [51,80]. In this context the obtained in this work adhesion). It was found out th a t key factors o f bacterial colonization are
results have im portant practical concerns, indicating the infection risk the electrodonor properties of the surface (work function) and the zeta
growth with the extent of oxygen plasma modification. It can be thus potential of bacterial cells. The lowest colonization rate was observed
concluded that to minimize the bacteria adhesion the work function of for lower work function m aterial (4.4 eV) and for bacteria with the
graphenic surfaces should be lowered to lim it the infection risk. Since lowest zeta potential (E. coli). The results were rationalized in terms of
the same trends w ere observed for all the investigated bacterial strains, total interaction energy w ith the main contribution from electrostatic
the obtained results, indicating the strategy for biomaterials surface forces a t the graphenic sheet-bacterial cell interface. It was concluded
optimization, have a general practical meaning. that the straightforward strategy for graphenic biomaterial surfaces

protection against bacterial infection should involve lowering of the 
work function.

6



ARTICLE II

96

Fig. 8. The number of hydroxyl groups per bacteria attached to the surface with 
different zeta potential values (R2 > 0.99).
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Fig. S1 Raman spectra of the untreated (G4.4) and plasma-modified (G5.4, G6.0) graphenic 

samples with characteristic bands (D, G, 2D, 2D') marked with shadowed bars.
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Fig. S2 The TG and DTA results showing the thermal stability of unmodified and 

representative plasma treated (G6.0) graphenic samples in the flow of 5% O2/Ar.

Table 2 S3 Summary of the surface free energy components determined by the Owens- 

Wendt method (polar component - y$ , dispersive component - y f ).

Sample
Surface free energy / mJ m-2

y f yî
G 4.4 0.3 40.8

G4.5 19.0 36.7

G5.0 26.0 35.5

G5.4 23.8 36.1

G5.7 37.7 33.5

G6.0 40.5 33.5

1 0 0
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Fig. S4 Fluorescence microphotographs and the corresponding scanning electron 

microscopy images of S. epidermidis, S. aureus, P. aeruginosa and E. coli, adhered to all the 

investigated graphenic surfaces after 1 h  incubation.
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A R T I C L E  I N F O A B S T R A C T

K eyw ords:
Bacteria
Catalytic surfaces 
Nanoparticles 
Supported catalysts 
Plasma treatment

Most catalysts in use are supported systems where metallic or oxide active phases, usually nanocrystals, are 
spread over the surface of high-area carriers. Despite dynamic progress, the art and science of catalyst prepa
ration still remain centre stage. Herein, the innovatively prepared catalysts using nonpathogenic bacteria to 
capture nanoparticles and deposit them on various supports by leveraging the microbial “race for the surface” is 
presented. It was demonstrated that bacteria are effective biocarriers for the capture, transport, and controlled 
dispersion of metallic (gold, platinum) and oxide (titania, magnetite) nanoparticles on carbon, alumina, zirconia, 
and cordierite support surfaces. Next, the bacteria are effectively removed with oxygen plasma or transformed 
into a carbon film of various compositions and morphologies. The conceptual proposal is substantiated by a 
feasibility study showing several successful preparations of various supported catalysts via the use of microor
ganisms, which may be extended to other applications.

1. In troduction

1.1. Current challenges fo r  supported catalyst manufacturing

Although conceptually well understood, catalyst design and fabri
cation remain a unique amalgamate of science and art. This is due to the 
inherent complexity of a catalyst’s architecture, starting from its atomic 
constitution and progressing through crystallographic structure, nano
crystal morphology, grain texture, and final macroscopic shape [1 ]. 
Most o f the catalysts operating in practice are supported systems where 
m etallic or oxide active phases, usually in the form of nanocrystals, are 
spread over the surface of high-area carriers. There are a variety of 
methods to perform active-phase deposition on foam or honeycomb 
m onolithic supports, such as impregnation, precipitation, slurry depo
sition, and sol-gel or ion exchange. Although often used, none of these 
provides precise control of the homogenous dispersion o f the active 
phase on the support, and all of them suffer from difficulties in scaling 
up to an  industrially relevant size, w here the dispersion of nanoparticles

(NPs) should be regulated over the whole catalytic bed.

1.2. Nanoparticles in catalysis

Since the late 1990s, the study o f nanomaterials has clearly emerged 
as an im portant field in catalytic studies, opening novel routes for het
erogeneous catalyst design. In this context, a principal research area is 
focused on the development o f well-defined supported catalysts 
featuring uniform dispersion of the active-phase NPs [2] w ith controlled 
size, shape [3] and surface coverage, which are recognized as the key 
factors governing catalytic performance and durability [4 -7].

However, the large-scale preparation of supported catalysts with 
precisely engineered nanoarchitectures is still a  challenging task using 
the currently available fabrication methods, and it undoubtedly belongs 
to the cornerstones of the m odem  science o f catalyst preparation. The 
m ain issues in nanostructured catalyst manufacturing to cope with 
include controlling the specific composition, achieving a  narrow  particle 
size distribution and uniform dispersion over the support surface with

* Corresponding authors.
E-mail addresses: mm.golda@uj.edu.pl (M. Golda-Cepa), kotarba@chemia.uj.edu.pl (A. Kotarba).
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sufficient separation distances, and preventing NPs agglomeration and 
sintering. Only the successful achievement o f all these goals may ensure 
the synthesis of catalysts with desired and reproducible properties.

Although there are several strategies concerning the synthesis and 
control of NP size/shape and stabilization in solution [8-11], new  robust 
methods for their controllable dispersion on the carrier surface are still 
being extensively developed. However, the translation of even simple 
laboratory protocols to industrial practices is usually quite demanding. 
Herein, we propose the original/pioneering method of employing bac
teria as biocarriers for the successful dispersion of NPs of catalytically 
active metallic and oxide phases on support surfaces.

1.3. Bacteria-mediated delivery o f nanoparticles to catalytic carriers

There are few papers on bacteria-NP biohybrids [12], carbon dots- 
fed microorganisms [13], bacteria-liquid metal particles for biofilm 
treatm ents and phototherm al therapy [14,15], nanocomposites syn
thesis using bacteria [16], high performance Li-ion anode material and 
m etal-organic frameworks production w ith the use of bacteria [17,18], 
bacteria-mediated delivery of NPs and drugs into biological cells [19], or 
fabrication of electromagnetic interference shielding materials [20], 
which takes advantage of the invasive abilities of bacteria to colonize all 
the available surfaces (abiotic and biotic), which are present because 
this behaviour is critical for their growth as well as their simple survival 
[21-26]. However, there is no report available so far on using this 
advantage for the catalytically relevant bacteria-mediated delivery of 
NPs onto inorganic material surfaces. W hen incubated with a  NP solu
tion, bacteria uptake particulate m atter by surface adsorption, depend
ing on the NP size [27]. The smaller the NPs are, the easier their 
attachm ent to the cell walls due to a  lower interaction energy barrier 
between the bacterial cell and NPs. Indeed, the NP-bacteria affinity is 
size-specific, e.g., for the interaction of E. coli w ith AgNPs, the silver NPs 
are 6±0.5 nm in size [28]. However, the key factors responsible for the 
NP-bacteria interaction were recently revealed to include not only the 
size of NPs but also their surface charge [29].

The strain-specific properties of bacterial cell walls are another 
im portant factor modulating nanobiointeractions. In this context, bac
teria can be divided into the categories Gram-positive and Gram
negative depending on the structure of their cell walls. Gram-positive 
cell walls are thick (15-80 nm) and multilayered, which makes them 
resistant to physical disruption and drying. The m atrix substances in the 
walls of Gram-positive bacteria may be polysaccharides or teichoic 
acids, exposing phosphate functional groups responsible for the negative 
charge of the bacterial surface [30]. Gram-negative cell walls are usually 
thinner (1-10 nm) [31,32] and double-layered, with lipopolysaccharide 
and lacking teichoic and lipoteichoic acids. It should also be emphasized 
that due to their different chemical compositions, the bacterial cell walls 
exhibit, to a  large extent, a characteristic surface charge reflected by the 
zeta potential. [12,33-35]

Analogous to colloidal mineral suspensions, bacteria-surface in
teractions may also be described in terms of electrostatic (Coulomb) and 
dispersive (van der Waals) forces [29], implying the applicability of the 
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [33,36] for guid
ing the deposition of bacteria over catalytic supports. Both kinds of 
bacteria exhibit a negative surface charge a t physiological pH, with 
Gram-negative bacteria exhibiting a  less-negative charge (with a surface 
potential ranging from - 3 0  mV — 7 mV) than Gram-positive bacteria 
( - 5 0  m V - - 2 0  mV) [29].

This paper describes the possibility of using microorganisms to pre
pare supported or structured catalysts. The general concept is based on 
an  innovative methodology for catalyst preparation involving the 
dispersion of active-phase NPs on a support. Due to their specific 
structure, range in morphologies, large range of accumulated charge on 
the cell wall, and ability to colonize surfaces, bacteria can be promising 
biocarriers for the capture, transport, and controlled dispersion of NPs 
on various support surfaces. This study is not merely limited to a

M. Golda-Cepa et al

conceptual proposal but is substantiated by a feasibility study demon
strating several examples of the successful preparation of various types 
of supported catalysts w ith the use of microorganisms.

2. Experim ental section

See Supplementary Information for detailed methods and protocols.

2.1. Bacterial strains and culture conditions

Several Gram-positive and Gram-negative species w ith different 
properties were selected as model bacteria. The reference strains Bacillus 
subtilis ATCC® 6633™, Neisseria subflava ATCC® 14221™, Pseudomonas 
putida ATCC®31483, and Stenotrophomonas maltophilia ATCC® 13636™ 
were obtained from the American Type Culture Collection (ATCC). The 
Staphylococcus camosus strain was DSMZ 20501™, which was provided 
by the German Collection of Microorganisms and Cell Cultures GmbH 
(DSMZ). The strains were grown under standard culture conditions in 
Bacto™ Tryptic Soy Broth (TSB, Becton Dickinson) for 24 h  (B. subtilis, 
S. camosus) or 48 h  (N. subflava, S. maltophilia) with shaking. The in
cubation tem perature was 37 °C. For the revival of bacterial cultures, all 
strains were stored a t —80 °C (ultra-low temperature freezer MDF- 
DU502VH-PE, Panasonic Healthcare Co., Ltd.) using the Microbank™ 
System (Pro Lab Diagnostics Inc., Canada) for further analyses. Bacteria 
from stocks were placed onto corresponding agar media (1) B. subtilis, 
N. subflava, S. camosus: BD Columbia Agar with 5% sheep blood (Becton 
Dickinson); 2) S. maltophilia: MacConkey agar (Oxoid)) and incubated 
for 24 or 48 h. Afterward, single colonies were picked up to inoculate 
TSB and cultured overnight under standard conditions to obtain cells for 
further experiments. All the isolated organisms were identified by their 
colony morphology and staining characteristics and further confirmed 
by relevant biochemical tests. All bacteria selected for investigations are 
cosmopolitan and ubiquitous, found in m any environmental habitats, 
safe, and used in m any different industries.

2.2. Culture preparation

The strains were incubated in Bacto™ TSB (Becton Dickinson) for 24 
h (S. camosus, B. subtilis, P. putida) or 48 h (S. maltophilia, N. subflava) at 
37 °C under gentle shaking. Bacteria were harvested by centrifugation at 
4500 rpm for 5 min and washed three times w ith Dulbecco’s phosphate- 
buffered saline (DPBS). The prepared bacterial cell pellets were used in 
all experiments, w ith procedures described w ith detail in the subsections 
Interactions of gold nanoparticles w ith bacteria and Support coloniza
tion. Each time, bacterial suspensions were prepared through resus- 
pending cell pellets in proper diluent (TSB, deionized water, DPBS) 
according to the protocol, plated on agar plates, and counted to inde
pendently confirm the cell concentration.

2.3. Interactions o f gold nanoparticles with bacteria

For TEM sample preparation, cell pellets were resuspended in 
deionized w ater and diluted to an optical density a t 600 nm (ODöoo) of
2.0, w hich corresponds to a  cell concentration of ~ 6 x l 08 colony- 
forming units (CFU)/ml according to McFarland standards. The pre
pared suspension (1 mL, —6 x l0 8 CFU/mL) was centrifuged (4500 rpm, 
5 min), the supernatant was removed, and 1 mL of a AuNP suspension 
was added. After 15 min of incubation (room temperature), the solution 
was removed, and the bacterial samples were fixed for TEM 
observations.

2.4. Catalytic supports

Ceramic open-cell foams made of zirconia (ZrÛ2) and alumina 
(AI2O3), 45 ppi (original size: diam eter 10 mm, length 12 mm), were 
purchased from Lanik s.r.o. (Czech Republic). Cordierite monoliths with

Applied Surface Science 553 (2021) 149573
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T ab le  1
The characteristics o f the  Gram -positive (G + ) and  G ram -negative (G-) bac te ria l s tra ins used  in  the  investigations for the  d ispersion o f nanopartic les over catalytic 
supports.

Bacterial species Gram stain Shape Morphology Average size /pm Zeta potential /mV

Bacillus subtilis Gram-positive rod m 1.5-3.0 x 0.5 -4 1

Staphylococcus camosus Gram-positive round 0.5-1.5 -3 7

Pseudomonas putida Gram-negative rod 1.0-2.5 x 0.5 -3 4

Neisseria subflava Gram-negative round v 8 
CO

0
VVP ^

0.5-1.0 -3 0

Stenotrophomonas maltophilia Gram-negative rod

^  2JÜH

0.5-1.5 x 0.5 -2 6

square channels (400 cpsi) studied as structured supports for NPs were 
obtained from Coming, NY, USA. All catalytic supports were crushed 
into small pieces (100 mg) and used in the biological investigation of 
bacterial colonization, described in detail below.

2.5. Support colonization

Previously prepared bacterial cell pellets (see Culture preparation) 
were resuspended in fresh TSB and diluted to an ODöoo ° f  0.5, which 
corresponds to a  cell concentration of ~ 3 x l0 8 CFU/mL according to 
McFarland standards. The prepared suspensions (—3 x l0 8 CFU/mL) 
were used to check the bacterial ability for catalytic support coloniza
tion. Prepared pieces of catalytic supports (50 mg) were placed into 24- 
well plates, rinsed w ith 1 mL of bacterial suspension, and then incubated 
for 24 h  under gentle shaking a t 37 °C. After 2, 4, 6, 8 ,1 0 ,1 2 ,1 8 , and 24 
h, one piece of support was removed and fixed for SEM observations 
with the standard protocol.

2.6. Interaction o f bacterial cells with cordierite

For the preparation of the final catalyst w ith bacteria, the coloniza
tion procedure was shortened to a  15 min incubation. The prepared 
bacterial cell pellets were resuspended in deionized w ater and diluted to

an ODgoo of 6.0, corresponding to a cell concentration o f —2 x10  CFU/ 
mL according to  McFarland standards. The pH of the prepared suspen
sion was adjusted to —3 using 0.01 M HCl. Then, small pieces of 
cordierite were placed in a  24-well plate, rinsed w ith 1 mL of prepared 
bacterial suspension and incubated for 15 min at 37 °C under gentle 
shaking. Next, the bacterial suspension was removed, and 1 mL of AuNP 
suspension was added. After 15 min, the supernatant was removed, and 
the cordierite was dried and prepared for plasma treatm ent and SEM 
observations.

3. R esults and  d iscussion

For a proof o f the concept, we selected typical NPs o f catalytic in
terest, such as Au, Pt, TiC>2, and Fe3C>4, which were deposited over a 
model cordierite and carbon support as bacterial biocargo. The requisite 
characterization of the NPs is described in the Supporting Information 
(SI), whereas the diversity of selected bacterial strains o f different sizes 
(0.5 pm -  3 pm), morphologies (rod, round) and zeta potentials is pre
sented in Table 1. For the sake of potential applications, only 
nonpathogenic strains were used from Gram-positive (B. subtilis, S. 
camosus) and Gram-negative (P. putida, N. subflava, and S. maltophilia) 
species.

The ability of bacteria to carry biocargo was documented with

Fig. 1 . T he princip les o f m icrobiological sam ple p repara tion  for TEM observations, consisting o f res in  em bedm ent an d  m icro tom e cross-sectioning (a), follow ed by 
TEM im ages o f  the  resu lting  bac te ria  (S. camosus) decora ted  w ith  AuNPs (b) an d  th e  corresponding  EDX e lem en tal m apping  show ing the  AuNP d istribu tion  on  the 
bac te ria l cell w alls (c).
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Fig. 2. TEM microphotographs of resin-embedded cross-sections of single bacterial cells decorated with various nanoparticles (Au (a), Pt (b), Fe304 (c), and TiC>2 (d)) 
at lower (al-dl) and higher magnification (a2-d2) to show the nanoparticle-cell wall interfaces, along with the size distributions of the attached NPs.

several microscopy techniques. Detailed observations of microorgan
isms were performed w ith transmission electron microscopy (TEM), 
which required the development of a  dedicated protocol of epoxy-type 
resin embedment. The principles of the preparation are shown in 
Fig. 1. After successful embedment, which preserves the NP decoration 
pattern well (see the corresponding scanning electron microscopy (SEM) 
image of B. subtilis totally covered by AuNPs in Fig. la ) , the specimens 
were microtomed, and the resultant cross-sections were observed with 
TEM (Fig. lb ). To check w hether the attachm ent of the NPs to bacterial 
cells is a general phenomenon, studies were performed for several 
catalytically relevant NPs. In Fig. 2a-d, representative TEM images of 
Gram-positive S. camosus bacteria coated w ith metallic and oxide NPs 
are presented a t lower (Fig. 2 a l-d l)  and higher (Fig. 2a2-d2) magnifi
cations for NP-cell wall interfaces. The TEM observations revealed that 
independent of their chemical composition (metallic o r oxide) and size, 
the NPs remained attached solely to the outer bacterial cell walls. It can 
also be noted that the attachm ent efficiency can differ greatly. As will be 
discussed below, the main factor governing the adhesion process is the 
surface charge a t the NP and bacterial surfaces.

Having established the efficiency of NP attachm ent to bacterial cell 
walls, the next step o f catalyst preparation was bacteria-mediated 
dispersion of the active phase over the selected supports. The ability 
of bacteria to inhabit abiotic surfaces was employed herein to colonize 
the catalytic carriers. In general, microbial surface colonization consists 
of four consecutive stages: bacterial attachm ent, irreversible adhesion 
followed by cell division, biofilm m aturation and final detachment, as 
summarized in Fig. 3a. The contamination stage takes place within 
seconds of the surface being exposed to planktonie microorganisms. The 
adsorbed microorganisms aggregate and form compact microcolonies 
tha t can excrete slime (extracellular polymeric substances). This stage is 
called colonization, and a t this point, bacteria are irreversibly attached 
to the surface. During the m aturation stage, the aggregated bacteria

form multilayer clusters tha t develop into a biofilm. Over time, the 
biofilm reaches a critical volume and can disperse bacteria to colonize 
adjacent regions. This general phenomenon was observed for several 
catalytic supports in the study, independent of the m aterial and its 
surface geometry (flat sheets, porous cordierite, foams). All four stages 
o f biofilm formation were observed within 24 h. The experimental re
sults, corresponding to the biofilm formation stages after 1 h, 6 h , 12  h, 
and 24 h, were documented by fluorescence (Fig. 3b) and SEM 
(Figure S2a-d) microscopy.

The natural ability of bacteria to colonize abiotic surfaces (as illus
trated in the SI) can also be precisely controlled to obtain a  homogenous 
biomass layer with various degrees of surface coverage. For this study, 
carbon (graphenic sheets), cordierite (monolith), alum ina (foam), zir
conia (foam), SiC (monolith), and ITO (film) supports o f dramatically 
different surface chemistry and morphologies were investigated. Fig. 3c 
shows representative SEM images of different bacterial species depos
ited on those surfaces: P. putida on a  graphenic sheet, S. maltophilia on a 
zirconia support, N. subflava on alumina, and S. camosus on cordierite 
after 10 h of incubation. These results are in line with the biofilm for
mation stages presented in Fig. 3a and b. Independent of the  strain used, 
bacterial growth followed similar trends, which can be divided into 
several phases, including lag (first few hours), logarithmic growth, a 
stationary phase, and a lethal stage. Depending on the bacterial growth 
conditions and the surface nature, the evolution of the  colonization 
differs substantially.

In particular, the highest affinity to cordierite was observed for 
S. camosus and S. maltophilia, whereas N. subflava and B. subtilis 
exhibited less ability to colonize the cordierite m onolith. These findings 
are directly relevant for catalyst m anufacturing, revealing the potential 
o f bacteria as NP carriers. The investigated microorganisms colonized 
the support surfaces a t different rates (Fig. 4a); however, w ith knowl
edge of the kinetics, the catalytic active-phase loading on  supports can
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Fig. 3. Stages of biofilm development (a) and corresponding representative images for S. maltophilia on a graphenic sheet (b) observed by fluorescence microscopy 
after 1 h, 6 h, 12 h, and 24 h. SEM images of bacteria covering various catalytic supports after 10 h of incubation: (from the left) P. putida on a graphenic sheet, S. 
maltophilia on zirconia, N. subflava on alumina, and S. camosus on cordierite.

sensibly be controlled. The results also showed that independent of the 
bacterial strain, the examined surfaces were completely covered with 
microbes after 24 h (Figure S3).

Previous studies on the adhesion of microorganisms to various sur
faces [33,36,37] revealed that the initial step of bacteria-surface in
teractions is crucial for biofilm production and, to a  large extent, is 
mediated by electrostatic forces. This phenomenon can be accounted for 
by the DLVO theory adapted from colloids [33], showing the importance 
of the bacterial zeta potential and optimizing the support surface charge 
for controlled bacteria colonization.

The changes in the zeta potentials of bacteria and supports as a 
function o f pH can be used for the optimization of surface colonization 
by microorganisms, and the representative results for S. camosus and the 
cordierite catalytic support are shown in Fig. 4b. Although the zeta 
potential decreases with increasing solution pH for bacteria and the 
support, the profiles exhibit a  beneficial window in the zeta potential.
The isoelectric point for 5. camosus is 2.2 and that for cordierite is 3.4. As 
a result, w ithin a narrow  range of pH values (marked w ith orange 
shadowing), a favourable difference between negatively charged 
S. camosus and positively charged cordierite promotes effective elec
trostatic adsorption of microorganisms to the support. It is worth 
emphasizing that even a t such low pH values (2.2-3.4), the bacterial 
viability is still relatively high, and we have not observed, w ithin the 
applied incubation time, any harmful effect of the enhanced acidity on 
the colonization process. In Figure S3, a  cordierite support colonized by 
S. camosus w ith attached AuNPs (at pH 3) is presented. Importantly, 15 
min of incubation is already sufficient for bacteria to tightly cover the 
cordierite surface and form a homogenous m onolayer (Figure S3a) with 
AuNPs being well maintained on the bacterial walls (Figure S3b).

In the presented experiments, one load of gold active phase was

5

estimated to be —100 NPs/bacterial cell (S. camosus). Certainly, due to 
the different cell wall structures, the ability of various strains to attach 
NPs can vary over a rather broad range (Fig. 2) [29]. The highest 
observed AuNP load for the investigated strains (Table 1) was obtained 
for B. subtilis, reaching 1000 N Ps/bacterial cell (Fig. la )  [29]. Thus, the 
optimal active-phase content can be adjusted by using either the 
appropriate strain or the appropriate num ber of incubation cycles, 
delivering new aliquots of the biocargo species until the required 
loading level is achieved.

After the deposition of NPs, the no longer needed microorganisms 
had to be carefully removed from the surface, and for this purpose, we 
proposed a  low-pressure cold oxygen plasma treatm ent. During tradi
tional calcination a t elevated temperatures, small NPs tend to agglom
erate and eventually sinter. The application of cold plasma is essential 
here since it allows the prevention of undesirable sintering of the 
deposited NPs. The effectiveness of bacterial removal by oxygen plasma 
treatm ent (power, 100 W; oxygen partial pressure, 0.3 mbar) is pre
sented for two representative bacterial strains: S. camosus and 
S. maltophilia (Fig. 4c). It is w orth noting that such treatm ent can 
effectively remove microorganisms from the support surface, turning the 
bacterial biomass into volatile fragments. The observed difference in the 
total elimination times of the bacterial biomass, 3 h for Gram-negative 
S. maltophilia and  4.5 h  for Gram-positive S. camosus, results from the 
different structures and thicknesses of the cell walls (30-80 nm and <20 
nm, respectively) [29,31,38]. The probable mechanisms of action of 
cold plasma against bacteria include erosion of the bacterial cell enve
lope by the destruction of the peptidoglycan and membrane lipid per
oxidation. Further penetration of reactive oxygen species inside a cell 
leads to intercellular damage and eventually the desired total evapora
tion in the form of H2O, NOx, and CO2 [31,39,40]. As a result, the final
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Fig. 4. Growth of the selected bacterial species on a 
typical catalytic support (cordierite surface) (a). The 
zeta potential of S. camosus cells and cordierite cata
lytic support as a function of pH in water (b). The 
shadowed area between isoelectric points indicates a 
narrow range of pH where the difference in charge 
allows for electrostatic adsorption of microorganisms 
to the support. Effectiveness of bacteria removal by 
oxygen plasma for two representative strains, S. car
nosus and S. maltophilia (c). TG/DTA profiles of py
rolysis for S. camosus (d).

Applied Surface Science 553 (2021) 149573

Fig. 5. Key steps of the bacteria-mediated preparation of supported catalysts with controlled dispersion of active phase nanoparticles over supports: (from left) 
contact between nanoparticles and bacteria, colonization of the support surface by bacteria coated with AuNPs, and removal of the biological component by cold 
oxygen plasma.

product consists of active-phase NPs dispersed over the catalytic sup- completely exterminated w ith the use of cold oxygen plasma. Since the
port, which remains intact due to the mild preparation conditions. resultant gaseous products, such as residual CO2, H2O, and NOx/SOx,

were eliminated, the resultant AuNPs were directly attached to the 
cordierite support surface, forming the designed supported Au/cordi-

3.1. The strategy behind catalyst preparation erite model catalyst.

In the protocol proposed above, bacteria served as sacrificial species 
A comprehensive illustration of the protocol developed forsupported and w£re completely rem0ved. For other applications, such as electro

catalyst preparation by bacteria-mediated deposition of NPs on a sup- catalysis Qr photocatalysiSj where the f0rm ati0n of porous carbon films
port is presented in Fig. 5. Each step of the procedure was successfully with embedded NPs tightly attached to a substrate may be advanta.
realized, and the corresponding SEM images documented the feasibility an alternative way of bacteria elimination is their direct trans-
of the proposed methodology. As an example, we selected the deposition folm ation int0 carbon thin layers via anoxic pyrolysis. since bacteriaI
of AuNPs on a cordierite monolith. The synthesized AuNPs, of uniform œUs are _ 9Q% water> during ^  carbonization procesSj the evolving
shape and size (Figure SI), were incubated with S. camosus, which vapQr leads tQ (he development of porous carbon structures 0f  various
successfully dispersed the NPs by tessellating the support surface morphoiogies. Mass changes during bacterial pyrolysis monitored by
(Figure S3). Once this process was accomplished, the bacterial cells were
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Fig. 6. Representative morphologies of the carbon materials obtained upon the pyrolysis of S. carnosus at 450 °C (a-b) and 950 °C (c).

Fig. 7. Typical examples of fabricated materials of catalytic relevance where bacteria were used to transport the active-phase nanoparticle biocargo: AuNPs 
dispersed over a cordierite support (a), PtNPs in a carbon matrix obtained ex bacteria (b), and TiC>2 embedded in a carbon matrix (c).

therm ogravim etry/differential therm al analysis (TG/DTA) show tha t parameters, such as the heating rate, time and the final temperature. The
the residue amounts to 10% of the total initial mass and is purely carbon- experiments also revealed the preferential localization of the bacterial
based material. The corresponding TG/DTA profile for the pyrolysis of cells at different microtopographic regions of the catalytic supports
S. carnosus is presented in Fig. 4d. The two mass loss regions, in the (pores, flat surfaces, kinks, etc.; see Figure S2 and S3). This ability can be
tem perature ranges of 30-150 °C and 200-400 °C, correspond to useful when preparing multifunctional catalysts where NPs of different
dehydration and further pyrolytic transformation o f the biomass into a functions are located in required places. From a long-term perspective,
carbonaceous film, respectively. The representative morphologies of the one may expect that when the bacteria-mediated method is developed to
carbon m aterials obtained upon the pyrolysis of S. camosus (450 and the fully m ature state, it could successfully be employed in process
950 °C) a re  shown in Fig. 6a-c, whereas the corresponding Raman intensification of catalyst, photocatalysts or electrocatalysts prepara-
spectra can be found in the SI (Figure S4). The composition and tion, leading to  competitive catalyst production costs and limited
morphology of the prepared carbon films can be easily controlled by chemical waste. Besides the described method for materials fabrications,
properly adjusting the pyrolysis conditions. the understanding of interactions between nanoparticles and biological

Typical examples of the materials of catalytic relevance fabricated surfaces can also be used for nanoscale-enabled tools for diagnosis,
w ith the use of environmental bacterial strains are presented in Fig. 7a-c. monitoring, in-site drug delivery for effective therapeutic actions even
The images clearly illustrate the potential of the proposed method, for such nanoscopic threats like coronavirus (COVID-19) [41,42].
showing three types of materials that were prepared ex bacteria. In 
Fig. 7a, a  model catalyst with AuNPs dispersed over classic cordierite 5. Conclusions
support is presented. In this case, bacteria were totally removed by the
cold plasm a treatm ent. In Fig. 7b and c, a  carbon matrix w ith embedded We have successfully developed an innovative method for the
Pt and Ti02 NPs is shown. Here, the bacteria with attached NPs were deposition o f NPs of catalytically active phases on catalytic supports
pyrolytically transformed into porous carbon, w hereas the platinum and using the unique abilities of bacteria to adsorb NPs and colonize sur
titania NPs preserved their initial structure (for comparison, see Fig. 1 faces. The general concept was verified by proving that the bacteria can
and Fig. 2). act as biocarriers of inorganic (metallic and oxide) NPs and showing

their subsequent effective dispersion over the catalytic supports. Since
4. Perspectives the bacterial strains exhibit different sizes, shapes, and surface charges,

they can be specifically chosen for a given type of NPs, based on the 
The presented results create a  playground for designing new nano- bacterial and NP zeta potential values. Additionally, by controlling the

scale functional catalytic materials with required properties. They also bacterial concentration, exposure time, and num ber of deposition cy-
point out pathways for further research that, in our opinion, are worth cles, active-phase loading can be precisely engineered. The clear prac-
exploring. The possibility of controlling chemical compositions by se- tical advantage of the proposed method is a  substantial reduction in the
lection o f the bacterial strain, which can natively be enriched by both num ber of param eters that have to be optimized, in contrast to classical
metallic and non-metallic bioelements (Na, K, Zn, Fe, Mn, Mg, S, N, P) by preparation methods. Although the developed original methodology is
proper adjustm ent of the nutrient medium, m ay directly lead to effective currently nascent, it has provided a new  route for supported catalyst
catalyst doping. For instance, pyrolytic carbon films can be enriched in preparation, and generated related patents [43,44].
nitrogen, sulfur or phosphorous heteroatoms, and supported NPs can be 
additionally doped w ith such elements. Furthermore, the structure of 
the ex bacteria carbon materials can be tuned by adjusting the pyrolysis
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Sup p ortin g  inform ation

Innovative method for the preparation of catalytic surfaces: 

the application of microorganisms for the deposition 

of nanoparticles on supports

M onika Golda-Cepa1*, Wojciech Pajerski1, Joanna Duch1, M agdalena Jarosz1, 
Paulina Indyka1,2, Miroslawa Pawlyta3, Dorota Ochonska4, M onika Brzychczy-Wloch4,

Zbigniew Sojka1, Andrzej Kotarba1*

Corresponding authors e-mails: mm.golda@uj.edu.pl, kotarba@chemia.uj.edu.pl

Gold nanoparticles (AuNPs) were used in the study as the most investigated metal- 
based nanom aterials, considered as a model in many scientific disciplines. The 
presented AuNPs w ith a wide size range were obtained w ith the use of the same 
synthesis protocol, using citrate as a capping agent. Im portantly in the context of 
microbiological interactions, independently on the used AuNPs size, the nanoparticles 
were stable upon contact w ith bacteria and allow to investigate the size range w ithin 
which bacteria are able to adsorb and transport them.

Fig. S1 TEM images (a1-d1) and corresponding particle size distribution histograms (a2-d2) 

of examined gold nanoparticles.
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To assess the size and morphology of the investigated gold nanoparticles, TEM 
observations were performed. The representative images (Fig. S1 a1-d1) of the obtained 
AuNPs showed loosely assembled and well-developed equant nanoparticles of various 
sizes. In Fig. S1 a2-d2 the corresponding particles sizes distribution histogram s are 
presented and reveal the narrow dispersion of examined nanoparticles. For each sample 
>200 particles were analyzed. Mean and standard  deviation for each AuNPs diam eter 
distributions were as follows: 6 ± 2 nm, 14 ± 2 nm, 23 ± 3 nm, 49 ± 5 nm for a2, b2, c2, 
and d2, respectively. The visible difference in the m ean size of synthesized AuNPs (up 
to tenfold) is a consequence of the different growth steps conditions after gold seeds 
nucleation, as described in the M aterials and Methods Section148.

Fig. S2 Stages of biofilm development of S. maltophilia on cordierite supports taken with the 

use of SEM after 1h (a), 6h (b), 12h (c), and 24h (d), respectively

Fig. S3 Cordierite support colonized by S. carnosus revealing the homogenous film 

formation (pH 3, t=15 min) with AuNPs well maintained on the bacteria walls (insert).
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Such a natu ra l tendency to occupy maximally available surface by bacteria cells, so- 
called ‘race for the surface’ is here used as an essential phenomenon for active phase 
particles homogenous dispersion over the support surface.

Fig. S4 Raman spectra and their deconvolution for the product of S. carnosus pyrolysis in 

450°C (a), 650°C (b), and 950°C (c).

The two dominant, bands located at 1360 cm'1 and 1590 cm'1 are related to the 
vibrational modes of disordered carbon and the in-plane stretching of C—C bonds in 
graphene sheets. The deconvolution of the apparent bimodal spectra into five 
constituent bands at 1266 cm-1 (D4), 1360 cm-1 (D1), 1497 cm-1 (D3), 1683 cm-1 (G), 1608 
cm-1 (D2) allows for assignm ent of polyenes, disordered graphitic lattice, amorphous 
carbon, ideal graphitic carbon, and graphene sheets components, respectively.

M aterials

Gold nanoparticles
AuNPs 15 -  50 nm in size were synthesized w ith a protocol described elsewhere1, 
AuNPs ~5 nm in size were supplied by Sigma-Aldrich. Trisodium citrate dihydrate 
(99%) (Avantor Performance M aterials Poland S.A.) and HAuCh solution (99%) (Sigma- 
Aldrich) were used as reactants for the preparation of NPs. For 15 nm NPs, gold seeds 
were synthesized by injecting HAuCh (1 ml, 25 mM) into sodium citrate (150 ml, 2.2 
mM) a t 100°C, stirring for 10 m in and cooling to room tem perature. For 25 nm NPs, 
gold seeds were prepared in the same way; after 10 m in of stirring, the reaction mixture 
was cooled down to 90°C, and 1 mL of a sodium citrate solution (60 mM) and 1 mL of a 
HAuCl4 solution (25 mM) were sequentially added (time interval of 2 min), a t which 
point the solution was stirred  for 30 min and then  cooled to room tem perature.
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For 50 nm NPs, the same protocol was repeated for gold seeds, and the injection process 
was repeated (1 mL of sodium citrate solution (60 mM) and 1 mL of a HAuCl4 solution 
(25 mM) with a time interval of 2 min) five times. The prepared AuNPs were 
characterized by TEM and used for bacterial adsorption.

Platinum  nanoparticles
NPs of platinum  2 -  3 nm in size were synthesized w ith a protocol described elsewhere.2 
Trisodium citrate dihydrate (99%) (Avantor Performance M aterials Poland S.A.), 
chloroplatinic acid solution (8 wt. % in H 2O) (Sigma-Aldrich) and sodium borohydride 
(>98%) (Sigma-Aldrich) were used as reactants for the preparation of NPs. For NPs 
synthesis, 2 mL of 16 mM H2PtCl6 and 2 mL of 40 mM trisodium  citrate aqueous 
solutions were mixed with deionized w ater (76 mL) and stirred  a t ambient tem perature. 
After 30 min, 200 pL of a 50 mM NaBH4 aqueous solution was added dropwise, and the 
reaction m ixture was stirred  for 1 h at room tem perature. The prepared PtNPs were 
characterized by TEM and used for bacterial adsorption.

Titan ium  dioxide and iron oxide nanoparticles
Fe3O4 NPs ~30 nm in size were supplied by Sigma-Aldrich, and TiO2 NPs 10-20 nm in 
size were supplied by PlasmaChem. The purchased NPs solutions were used for 
bacteria adsorption and preparation of the final products.

Carbon supports
Carbon supports were fabricated by pyrolysis of bacterial precursors. Briefly, bacteria 
(S . carnosus) were dried a t 120°C for 40 min in an oven and then  directly pyrolysed at 
450°C, 600°C and 950°C under an argon atmosphere w ith the following param eters: Ar 
flow, 50 ml/min; heating rate, 2°C/min; and holding time, 1 h. The same procedure was 
applied for carbon-based composite synthesis. Before pyrolysis, the bacterial m ass and 
NPs precursor were mixed a t a NP:bacteria ratio of ~100.
For the investigation, the colonization rates of carbon m aterials and conductive 
graphenic sheets (Graphene Laboratories, Calverton NY, USA) were used. The density 
of the m aterial was 2 g/cm3, and the thickness was 25 pm. The samples used for the 
fluorescence microscopy study were in the form of squares (1 cm x 1 cm).

Plasma treatment
To remove bacteria from catalytic supports, a commercial cold plasm a system (Femto- 
Diener Electronic GmbH, Nagold, Germany) w ith a generator frequency of 40 kHz was 
used. The effectiveness of bacterial biomass removal was checked using two different 
strains of bacteria (one Gram positive and one Gram negative). The prepared cell pellets 
(culture preparation) were resuspended in 100 pL of deionized water. Next, one drop of 
the suspension was placed onto microscopy silica glass and dried. The procedure was
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repeated to obtain 4.0 mg of dried bacterial biomass. Samples treated  in the plasm a 
chamber were prepared for total removal of biomass. The generator power was 100 W, 
and the oxygen pressure was 0.3 mbar. Samples were weighed every 10 m in during the 
experiment. For the final catalysts, prepared samples of cordierite covered with 
bacteria coated w ith NPs were trea ted  w ith oxygen plasm a for 8 h to ensure th a t all 
bacterial biomass was removed. After the removal of bacteria, cordierite samples were 
observed by SEM.

Characterization methods

Scanning electron microscopy (SEM)
Catalytic supports w ith bacteria were prepared for SEM observations according to a 
well-established protocol.23 Briefly, after incubation w ith bacteria, supports were fixed 
in 3% glutaraldehyde solution in phosphate-buffered saline (PBS) overnight and then 
washed w ith PBS twice. Next, dehydration was carried out in an ethanol solution of 
increasing concentration, starting  from 50% and going up to 100%. Each step lasted 10 
min. Then, samples were dried w ith hexam ethyldisilazane (HMDS), m ounted on a 
holder w ith adhesive carbon tape and conductive paint, and sputter-coated w ith a 15 
nm-thick gold layer (Quorum Q150T S). Such prepared samples were characterized by 
using a field-emission scanning electron microscope (FE-SEM, Hitachi S-4700).

Transmission electron microscopy (TEM /ED X)
TEM imaging and spectroscopic characterization of bacteria and NPs were conducted 
on an FEI Tecnai Osiris instrum ent equipped w ith a high brightness X-FEG Schottky 
field electron source operated a t an accelerating voltage of 200 kV. For selected samples, 
also the bright field (STEM-BF) images were obtained, w ith use of the FEI S/TEM 
TITAN operating at 300 kV, equipped with the EDS spectrometer. For TEM 
examination, resin-embedded chemically fixated samples were cut into th in  sections 
(slices of approximately 60-90 nm) using an ultramicrotome (Leica) equipped with a 
glass-edged knife (Diatome). Thin specimen sections were placed on carbon-coated Cu 
slot grids and stained w ith lead citrate and uranyl citrate for contrast enhancement. 
For capturing TEM images, a 2k x 2k Orius CCD cam era was used. Spatially resolved 
information on the sample elem ent repartition  was obtained by EDX (energy dispersive 
X-ray) spectroscopy using a Super-X EDX windowless detector system w ith a 4-sector 
silicon drift detector (SDD) and Bruker Esprit software. Elem ental mapping was 
carried out in STEM (scanning transm ission electron microscopy) mode using the 
spectrum  imaging technique to acquire a full EDX spectrum  for every pixel in a digital 
image. The EDX acquisition param eters (beam current and spot size) were optimized 
for efficient sample X-ray emission w ith minimized specimen damage, including a fast 
m apping pixel dwell time of 10 s. The largest spectrom eter dispersion (40 eV/channel)
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th a t allowed adequate energy resolution to discriminate the X-ray intensity  peaks in 
the spectrum  was used.

T E M  sample preparation
TEM characterization of bacteria coated w ith NPs was performed by observations of 
u ltra th in  cross-sections of resin-embedded samples. For TEM observations, samples 
were prepared using a procedure described elsewhere.3 The investigated bacterial 
suspensions were in contact w ith AuNPs for 15 m in (see the subsection Interactions of 
gold nanoparticles w ith  bacteria), washed three times w ith DPBS, and fixed in 3% 
buffered glutar aldehyde. After 24 h, the pellets were washed three times in DPBS, 
rinsed for 2 h w ith 1% OsO4 solution (in DPBS), and washed again w ith DPBS. Water- 
ethanol solutions (50, 60, 70, 80, 90, 96 and 100% ethanol) were used for dehydration 
samples. The pellets were rinsed w ith propylene oxide (20 min) and incubated at a 1:1 
propylene oxide/resin ratio overnight (Durcupan, Sigma-Aldrich). Then, the samples 
were incubated in 100% resin at 37°C for 24 h and 60°C for 48 h. The samples were 
sectioned using an ultramicrotom e (Leica) equipped w ith a glass-edged knife (Diatome). 
U ltra th in  lamellae were placed onto Cu TEM slots w ith a carbon-coated membrane and 
stained w ith lead citrate and uranyl citrate for contrast enhancement.

Fluorescence microscopy
The rate  of microorganism adhesion to the investigated surfaces and the ability to form 
biofilms were analysed w ith an Olympus BX51 fluorescence microscope equipped w ith 
an XM10 camera. For each sample, a t least 10 images of randomly chosen spots were 
taken and analysed with Im ageJ 1.48 software.4 The microorganisms were cultured 
following the procedure described in the ‘Supports colonization’ subsection. Before the 
observations, bacteria were fixed w ith 96% ethanol (Sigma-Aldrich) and stained with 
propidium iodide (Sigma-Aldrich).

Thermogravimetry -  differential thermal analysis (TGA/D TA)
The pyrolysis of the bacterial precursor was monitored by a therm ogravim etric method 
in conjunction w ith differential therm al analysis using the M ettler Toledo TGA/DTA 
apparatus. Approximately 5 mg of bacterial m ass was placed in an alum ina crucible 
and heated in the tem perature range 25°C -  450°C/600°C/950°C (tem perature ramp 
10°C/min) under argon atmosphere (Ar flow 40 ml/min).

Ram an spectroscopy
Carbon m aterials were analysed w ith a Ram an spectrometer (InVia confocal Ram an 
microscope, Renishaw). Spectra were recorded at a 514.5 nm excitation wavelength 
provided by an Ar-ion laser. The magnification and laser power at the sample position 
were set to 20x and ~1.2 mW, respectively. At least nine accumulated spectra were
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collected in the range from 500 cm-1 to 3500 cm-1 for each sample.

Zeta potential measurements
The zeta potentials of the investigated bacteria and NPs in w ater suspensions were 
determ ined via electrophoretic light scattering in a Zetasizer Nano ZS (Malvern 
Instrum ents, Malvern) instrum ent. For bacterial zeta potential m easurem ents, 
previously prepared bacterial cell pellets (see culture preparation) were resuspended in 
deionized w ater and diluted to an OD600 of 0.5, which corresponds to a cell 
concentration of ~3-108 CFU/mL according to M cFarland standards. The zeta potential 
values were calculated based on the electrophoretic mobility determ ined by 
Smoluchowski equation at 25°C.
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Opposite effects of functionalization with gold and silver nanoparticles on bacterial

a Faculty of Chemistry, Jagiellonian University in Krakow, Gronostajowa 2, 30-387 Krakow, 

b Department of Molecular Medical Microbiology, Chair of Microbiology, Faculty of Medicine, 

c Materials Research Laboratory, Faculty of Mechanical Engineering, Silesian University of 

d Faculty of Material Science and Ceramics, AGH University of Science and Technology, A.

The interaction between bacteria and nanoparticles is currently a central topic in 

bionanotechnology. In this work, we investigated how the deposition of two kinds of metallic 

(Au and Ag) nanoparticles (AuNPs and AgNPs, respectively, -25 nm) on model graphenic 

surfaces affects bacterial attachment and survival. The nanoscale functionalization of the 

graphenic surface resulted in bacterial attachment (AuNPs) and bactericidal effects (AgNPs). 

The observed tendencies provide general insight into bacteria/nanoparticles/surface 

interactions, because they were observed for both Gram-negative (Escherichia coli, 
Pseudomonas aeruginosa) and Gram-positive (Staphylococcus aureus, Staphylococcus 

epidermidis) bacterial strains. Interestingly, the simultaneous deposition of AuNPs and AgNPs 

served two functions at the same time, enhancing both bacterial attachment and antibacterial 

potential. The antibacterial properties of the AgNPs were explained in terms of electronic
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effects. Their deposition on graphene led to a decrease in the work function, promoting electron 

transfer to dioxygen molecule and formation of reactive oxygen species (ROS) that react with 

the walls of bacterial cells and effectively destroy them. This work provides useful insight for 

the design and development of graphenic surfaces, for which tuning the interactions 

(attraction/repulsion and bacteriostatic/bactericidal effects) at the carbon material- 

microorganisms interface represents an essential task.

Keywords: nanoparticles, bacterial adhesion, graphenic materials, biointerfaces, antibacterial 

activity
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The application of nanomaterials in biomedicine is one of the most demanding challenges in 

the newly emerging bionanotechnology field. The main advantage of nanoparticles (NPs) is the 

possibility to precisely control their physicochemical properties by modifying their 

composition, size, morphology, and surface characteristics, which can be optimized through 

various functionalities (e.g., peptides, antibodies, genes, drugs).[1-3] Because of their 

biocompatibility and unique properties, such as surface plasmon resonance or 

superparamagnetism in some cases, NPs attract broad interest for applications in cancer therapy, 

pharmacology, advanced diagnostics, antiseptics, and treatment of bacterial infections.[4-7] 

The last two applications are of particular interest for studies aiming at targeting pathogenic 

bacteria with alternatives to antibiotics. [8] One of the approaches used in this context involves 

the use of NPs as biocidal agents. Among nanoparticles exhibiting antibacterial activity, 

previous studies have mainly focused on various metals and metal oxides, owing to specific 

features such as controlled morphology, stability, as well as electronic, magnetic, and optical 

properties. [9-12] Although many different metals exhibit antimicrobial properties, the NPs 

mainly investigated in this context are based on silver, copper, zinc, gallium, and gold.[5,13,14] 

Furthermore, metal oxide nanoparticles such as ZnO, CuO, FesCfi, TiCE, VO2, MgO and NiO

The use of nanoparticles with antimicrobial properties facilitates the design and production of 

biomaterials and medical devices[19-21] to prevent and control bacteria-associated infections 

(BAIs). The latter are frequently caused by Gram-positive (i.e., Staphylococcus aureus, 

Staphylococcus epidermidis, and Streptococcus spp.) and Gram-negative (i.e., Escherichia coli, 

Pseudomonas aeruginosa, and Klebsiella spp.) bacterial strains with a strong ability to form 

biofilms. [22,23] This issue is becoming increasingly more challenging, because of the growing 

antimicrobial resistance (AMR) caused by the excessive use of antibiotics. AMR is one of the 

most challenging global problems, with a severe direct impact not only on human health, but 

also on the environment. According to the European Centre for Disease Prevention and Control, 

the AMR is responsible for approximately 33000 deaths per year in the European Union.[24,25] 

In addition, healthcare costs and productivity losses due to AMR are estimated at 1.5 billion 

euro yearly.[25] These numbers are increasing at a dramatically fast rate worldwide, and in the 

next 30 years the AMR is predicted to cause more deaths than cancer. Therefore, the key 

objectives of sensible strategies against AMR are the development of new therapeutics and
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alternative solutions in the field of antiseptics, as well as the design of biomaterials with

Carbon-based materials are among the most investigated biomaterials with applications in 

medicine, and growing attention has recently been directed toward graphenic surfaces. They 

have great potential in various biomedical fields, including tissue engineering, bio-imaging, 

drug delivery, and photothermal therapies.[26-29] Owing to advantages such as electrical 

conductivity, tunable surface functionalities, and good mechanical properties, graphenic 

surfaces are extensively investigated for their biological properties. Moreover, graphene-based 

biomaterials can be successfully hybridized with metallic and metal oxide nanoparticles to 

enhance their antibacterial properties.[30,31] However, understanding the corresponding 

antibacterial mechanisms remains a major challenge in bionanotechnology, and further studies 

are required to fill this knowledge gap. Many factors are considered to play an important role 

in the antibacterial activity of NPs-based biomaterials, such as chemical composition, size, 

shape, surface charge, and environmental conditions.[10,14] Several possible mechanisms have 

been reported, including mechanical damages to bacterial cells, oxidative stress, photo-killing, 

disturbance in ion homeostasis, protein dysfunction, and genotoxicity.[5,9,10] However, the 

NPs need to be in direct contact with the bacterial cell walls to exert their antibacterial effects. 

Therefore, the investigation of the initial stages of the bactericidal mechanism is a necessary 

step in order to identify the main parameters governing the interaction of a nanomaterial with

In addition to designing and developing surfaces with antibacterial properties, another little 

explored area is that of bacterial-attracting surfaces for biosensors and water disinfection. [34

37] There are many unanswered questions regarding bacteria-nanoparticles interactions, which 

require further interdisciplinary investigations at the interface of bio- and nanotechnology. Such 

fundamental studies are needed for the knowledge-based design and development of smart 

materials for healthcare and medical applications. Besides the antibacterial action of a 

biomaterial surface for particular applications, such as carbon-based antibacterial filters or 

bacterial detection, the bacterial attraction to a surface is another essential aspect to consider. 

Many reports have focused on the effect of NPs-bacteria interactions, and most of these studies 

have been performed in solutions. Surface-anchored NPs have received less attention, despite 

the fact that the surface stabilization allows their effect to be prolonged. Such approach may 

limit issues associated with the hazardous nature of circulating nanoparticles in isolated state, 

because their interaction with the surface ensures high stability and controlled administration.
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In this study, we investigated the microbiological response of graphenic surfaces functionalized 

with Ag and Au nanoparticles (AgNPs and AuNPs, respectively). The microbiological tests 

were focused on the bacterial colonization and bactericidal properties of the investigated 

materials against several Gram-positive and Gram-negative bacterial strains. The obtained 

results provide fundamental insights useful for designing smart materials with functional

Citrate-capped metallic nanoparticles were synthesized following the protocols described 

elsewhere. [33,38] For the synthesis of AuNPs, 99% trisodium citrate dihydrate (TSC, Avantor 

Performance Materials Poland S.A.) and chloroauric acid (HAuCL) solution (99%, Sigma- 

Aldrich) were used. In short, 1 mL of HAuCL (25.0 mM) was injected into 150 mL of TSC 

solution (2.2 mM) at 100 °C. After 20 min of vigorous stirring, the mixture was cooled down 

to 90 °C. Next, 1 mL of TSC (60.0 mM) was injected into the reaction mixture. After 2 min, 1 

mL of HAuCL (25.0 mM) was added, after which the reaction mixture was vigorously stirred 

for 30 min and cooled down to room temperature. TSC (99%), sodium borohydride (NaBH4, 

Sigma-Aldrich), and silver nitrate (AgNCL, Avantor Performance Materials Poland S.A.) were 

used for the synthesis of AgNPs. In short, 40 mL of TSC (3.54 mM) and 40 mL of NaBH4 (0.5 

mM) were mixed for 30 min until the temperature reached 60 °C. Subsequently, 20 mL of 

AgNCL (2.0 mM) water solution was added drop wise to the reaction mixture, and the 

temperature was increased to 90 °C. After 20 min of vigorous stirring, the synthesis was 

complete, and the reaction mixture was cooled down to room temperature. The prepared 

nanoparticle solutions were used for transmission electron microscopy measurements and

A sonochemical method was employed for the deposition of the synthesized nanoparticles on 

model graphenic sheets supplied by Graphene Laboratories (density: 2 g cm-3, thickness: 25 

pm). Before the experiments, the samples were cut into squares (1 cm2) and washed with 

isopropanol to remove any contamination. The nanoparticles were deposited on the investigated 

materials using a homogenizer (QSonica Q500, 500 W) equipped with a 6-mm diameter tip, at
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a frequency of 20 kHz. The parameters (time: 5-20 min, amplitude: 20-40%, power density: 

30-85 W cm-2) were adjusted to obtain a monodisperse distribution of nanoparticles on the 

surface (Fig. 2a2 and 2a3). The sample was immersed in 40 mL of nanoparticles solution and 

sonicated on ice. After the sonochemical deposition, the samples were dried and characterized 

by scanning electron microscopy, atomic absorption spectrometry (AAS), and electrodonor 

property measurements, as well as microbiological analyses (see section 2.3).

The flame atomic absorption spectrometry (F-AAS) technique is the method of choice for the 

determination of metal concentrations, due to its selectivity, accuracy, and precision. The 

technique allows the direct analysis of suspensions, providing information on the size and 

homogeneity of small particulate matter. All quantitative determinations were made in air- 

acetylene flame, using a Perkin Elmer 3110 atomic absorption spectrometer (USA). Single

element hollow cathode lamps and Perkin Elmer standards were employed in the 

measurements. The Ag concentrations were determined at a wavelength of 328.1 nm, with the 

monochromator slit width set to 0.7 nm, while a wavelength of 242.8 nm and a slit width of 0.7 

nm were used for the Au concentration measurements. Before the quantitative determination of 

a given element, the instrumental settings (gas flow, burner position, and nebulizer 

effectiveness) were optimized to achieve the highest possible sensitivity. The precision and 

accuracy of the Ag and Au determinations were estimated by the analysis of a bulk sample (5 

mL) of the same composition as the laboratory samples. The adopted validation criteria 

[accuracy (recovery) of 95-105% and precision (expressed as relative standard deviation) of

The quantitative determination of Ag adsorbed on the graphenic sheet samples was performed 

according to the following procedure: after adding 1.5 mL of 10% nitric acid (prepared by 

dilution of concentrated HNO3, Suprapur, Merck, Germany) to a test tube containing the 

weighed samples, the tube was closed with a cap and the content was vigorously mixed. Mixing 

was repeated several times for 1 h. The Ag concentration was determined directly by the F- 

AAS method, as described above. The quantitative determination of Au adsorbed on graphenic 

sheets samples was performed as follows: a 1 mL volume of aqua regia (conc. HC1 and conc. 

HNO3; Suprapur, Merck, Germany) was added to a test tube containing the weighed samples, 

followed by mixing. After 1 h (during which the tube was occasionally mixed), the solution
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was quantitatively transferred into a 5 mL volumetric flask and filled to the mark with double

distilled water. The Au concentration of the obtained solution was measured by the F-AAS

To obtain insight into the electrodonor properties of the investigated materials, we determined 

the work function (<P) values. The Kelvin method was employed to measure the contact 

potential difference ( V c p d ) of the investigated samples, using a KP6500 probe (McAllister 

Technical Services). The work function value of each sample was calculated from the relation 

& sample = &ref ~ e ĉPD-> as the average of 50 independent measurements. The reference 

electrode (ref) was a stainless-steel plate with a diameter of 3 mm (@ref  ~ 4.3 eV). The 

following parameters were used in the measurements: frequency =114 Hz, amplitude = 40 a.u., 

and gradient of peak-to-peak vs. backing potential = 0.1. All measurements were performed at

The investigated materials were characterized using a field-emission scanning electron 

microscope (Hitachi S-4700). After contact with bacteria, the samples were fixed following a 

standard protocol. [39] In short, the samples were immersed in glutaraldehyde solution [3% in 

Dulbecco’s phosphate-buffered saline (DPBS, Lonza)] for 24 h, then washed with DPBS and 

dehydrated with ethanol-water solutions of gradually increasing concentration (50, 60, 70, 80, 

90, 96, and 100%) for 10 min each. The prepared samples were sputter-coated with gold 

(Quorum Q150T S) before the measurements. Samples of the bare materials were simply dried

TEM measurements were performed to assess the size and morphology of the synthesized 

nanoparticles. The measurements were carried out using a FEI S/TEM Titan instrument 

operating at 300 kV. The TEM microphotographs were analyzed using the Java open-source 

ImageJ 1.511c software. [40] Samples of bacteria in contact with nanoparticles were prepared 

following a protocol described elsewhere.[33,41] Briefly, bacterial strain suspensions (2.0 

McFarland in DPBS) were centrifuged (5 min, 5000 rpm) and set in contact with NPs solutions. 

After 1 h of incubation at 37 °C, the samples were centrifuged, washed three times with DPBS, 

and fixed in glutaraldehyde (3% in DPBS) for 24 h. Afterward, the samples were washed in
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DPBS, rinsed with osmium tetroxide (Sigma-Aldrich) solution (1% in DPBS, 4 h), and 

dehydrated in ethanol solutions (15 min for each sample) with gradually increasing 

concentrations (20, 30, 40, 50, 60, 70, 80, 90, 96, and 100%). After dehydration, the samples 

were rinsed with propylene oxide (Sigma-Aldrich) for 20 min and incubated overnight in a 1:1 

propylene oxide/resin mixture (Durcupan, Sigma-Aldrich). Finally, the samples were 

incubated in 100% resin for 24 h at 37 °C and 48 h at 60 °C, and then sectioned with an

The following reference Gram-positive and Gram-negative bacterial strains were employed in 

this study: Pseudomonas aeruginosa American Type Culture Collection (ATCC®) 27853™, 

Escherichia coli ATCC® 25922™, Staphylococcus aureus Deutsche Sammlung von 

Mikroorganismen und Zellkulturen (DSM) 24167, and Staphylococcus epidermidis ATCC® 

700296™. The strains were incubated in Bacto™ tryptic soy broth (TSB, Becton Dickinson) at 

37 °C for 24 h. For the analysis, bacterial cells were harvested by centrifugation (5 min, 13000 

rpm) and washed three times with DPBS. The obtained bacterial pellets were resuspended in 

fresh DPBS to obtain suspensions of-3-108 CFU/mL bacterial concentration, corresponding to

The zeta potential values of bacterial cells were determined with a Zetasizer Nano ZS (Malvern 

Instruments, Malvern) instrument. The measurements were performed in triplicate to obtain the 

average zeta potential for each investigated bacterial strain, always adopting the same 

experimental conditions, i.e. bacterial growth phase, temperature, and bacterial concentration 

of-3-108 CFU/mL bacterial concentration, corresponding to 0.5 McFarland standard.

2.3.3 Bacterial adhesion and live/dead staining tests

The microbiological responses of the prepared graphenic surfaces decorated with the 

synthesized nanoparticles were investigated using a fluorescent microscope (BX63, Olympus). 

The samples (1 cm x 1 cm) were incubated in a sterile 24-well plate with the prepared bacterial 

suspensions (~3T06 CFU/mL, DPBS) for 1 h at 37 °C. After the incubation, the samples were 

washed gently with DPBS to remove non-attached bacterial cells and stained with a 

LIVE/DEAD™ BacLight™ bacterial viability kit (ThermoFisher Scientific), according to the
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manufacturer’s instructions. For each prepared graphenic material, tests were performed in 

triplicates. At least 10 randomized images of each sample were captured for analysis. The area 

occupied by bacteria and the percentage of dead bacterial cells were calculated using the ImageJ 

1.51k software.[40] In addition, representative samples were fixed for electron microscopy 

measurements (see section 2.2.3).

3. Results and discussion

The application of NPs in medicine has a great potential for future advances not only in 

innovative therapies, but also in the development of diagnostic tools.[26,27] In the present 

study, model AgNPs and AuNPs were synthesized using citrate-based method. The 

nanoparticle sizes evaluated by TEM were 26 ± 5 and 24 ± 3 nm for AgNPs and AuNPs, 

respectively, and a spherical morphology was observed in both cases (Figs. la l and lb 1, 

respectively). These results highlight the relatively narrow size distributions of the obtained

Fig. 1 TEM images (left) and corresponding size distributions (right) of investigated silver 

(al, a2) and gold (bl, b2) nanoparticles.

nanoparticles.

The prepared nanoparticles were successfully deposited on model graphenic surfaces using a 

sonochemical method. To optimize the process conditions, tests were carried out using different 

parameters (time: 5, 10, 20 min; power density: 30, 40, 85 W cm 2) (Table SI). The SEM 

images of graphenic sheets decorated with nanoparticles (Fig. SI) reveal that the most effective 

combination of parameters (10 min and 30 W cm-2) resulted in a monodisperse distribution of
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nanoparticles, with a surface coverage of 11 ± 1 NPs pm-2. The shortest process time (5 min) 

was ineffective, whereas the longest one (20 min), combined with higher power densities (40 

and 85 W cm-2), caused delamination of graphenic sheets, damage to material, and undesired 

aggregation of nanoparticles (Fig. SI). Therefore, the deposition of the synthesized silver and 

gold nanoparticles was performed using a modification time of 10 min and a power density of 

30 W cm-2. The effectiveness of the modification was monitored by SEM (Fig. 2). Because the 

graphenic sheets were characterized by typical surface irregularities on a micrometer scale (Fig. 

2a 1), the sonochemical method allowed the effective homogeneous deposition of nanoparticles 

over the whole surface, including wrinkles (Fig. 2a2, 2a3). It is important to note that, despite 

surface microwrinkles, no preferential location was observed for the NPs. Based on the AAS 

measurements, the silver and gold concentrations on the prepared surfaces were estimated to be 

-7.0 and -17.5 pg cm-2, respectively. This different metal loading results from substantial

Fig. 2 SEM micrographs of graphenic sheet before (G, al) and after decoration with gold 

(Au|G, a2), and silver (Ag|G, a3) nanoparticles.

difference in molecular mass between Ag (107.9 u) and Au (197.0 u).

To investigate the biological response of the prepared surfaces, microbiological tests were 

performed employing reference pathogenic strains of Gram-positive and Gram-negative 

bacteria, commonly responsible for BAIs. The bacterial colonization of the investigated 

graphenic samples after 1 h of incubation was evaluated based on the analysis of fluorescence 

microscopy images (Fig. 3). Compared to the pristine graphenic material, the area covered by 

bacteria showed an almost twofold increase for the samples decorated with AuNPs, whereas it 

decreased by -25% in the case of the AgNPs-modified samples. The colonization rate also 

varied for the different bacterial strains, which is related to their zeta potential. The surface 

charge of the investigated bacteria in simulated body fluid ranged from —11.0 to -13.0 mV for

S. epidermidis, S. aureus, and P. aeruginosa (higher colonization rate), whereas E. coli 

exhibited the lowest value of -23.0 mV,[42] resulting in the slowest colonization. The 

introduction of AuNPs on the graphenic surface promoted bacterial adhesion, with a stronger
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effect for Gram-positive than Gram-negative bacteria (Fig. 3A). This may be attributed to 

differences in the cell wall structure, and mainly to the presence of teichoic acids anchored on 

the thick peptidoglycan layer in Gram-positive bacteria.[33,43] Taking into account the 

effectiveness of sonochemical deposition (11 NPs per 1 pm2) and the average areas of bacterial 

cells attached to the surface (calculated from the SEM images), ranging from 0.8 pm2 for the 

staphylococci (S. epidermidis, S. aureus ) to 1.8 pm2 for E. coli and 2.0 pm2 for P. aeruginosa, 

the average numbers of NPs in contact with the bacterial strains were estimated as 9, 20, and 

22 NPs c e l l1, respectively.

Fig. 3 A) Areas occupied by investigated bacterial strains, as derived from the images in panel 

B. B) Fluorescence microscopy images of S. aureus (al-a3), S. epidermidis (bl-b3), 

P. aeruginosa (cl-c3), and E. coli (dl-d3) adhered to graphenic material before (G) and after 

decoration with AuNPs (Au|G) and AgNPs (Ag|G).

Live/dead staining tests of bacteria attached to the prepared surfaces were used to determine 

the antibacterial potential of the investigated materials. The AgNPs-decorated samples 

exhibited a four times higher antibacterial effect than the unmodified and AuNPs-decorated 

graphenic materials (Fig. 4). The average bacterial survival rate of the parent graphenic sheets 

and AuNPs-decorated samples was -95%, essentially indicating a lack of antibacterial effects. 

This effect is related to the electrodonor properties of the graphenic surfaces. The electron work
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function was suggested as an effective descriptor for the bacterial colonization ability of 

conducting materials such as transition metal oxides and carbon.[42,44,45] The deposition of 

metal nanoparticles reduced the work function value of the graphenic surfaces by 0.1 eV for 

AgNPs and 0.03 eV for AuNPs.

Fig. 4 Antibacterial effect of unmodified (G), AgNPs-decorated (Ag|G), and AuNPs- 

decorated (Au|G) grapheme materials as a function of work function values.

Because the largest antimicrobial effect was observed for the sample with the lowest work 

function, a possible mechanism explaining this effect could involve the electron transfer from 

the surface to O2 molecules. For AgNPs|titania and AgNPs|MgO systems, such mechanism was 

reported to be responsible for the formation of reactive oxygen species (ROS) acting as bacteria- 

killing agents.[46,47] The decrease in the work function value of the graphenic surfaces upon 

decoration with the nanoparticles suggests a lower barrier for electron transfer, enhancing the 

probability of C>2~ and O22 formation. Such extracellular ROS are highly reactive and lead to 

effective damage to microorganisms.[48]

Several possible mechanistic pathways for the bactericidal activity of AgNPs have recently 

been discussed in the literature. [30,49-51] Depending on their function of the NPs, the 

pathways can be classified as extra- or intracellular. The actual mechanism depends on the 

characteristics of the AgNPs (i.e., size, morphology, surface charge, capping agent) and on the
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bacterial cell wall thickness (i.e., Gram-positive and Gram-negative). In the case of the 

extracellular mechanism, the bacterial cell membrane permeability may be affected by either 

strong NPs-bacteria interactions (anchoring) or local oxidation by ROS formed via electron 

transfer from AgNPs to O2 molecules (mainly O2 )- When the AgNPs penetrate inside the 

bacterial cell, they interact with intracellular structures such as mesosomes, proteins, ribosomes, 

and DNA, causing their inhibition, inactivation, and destruction.[30,49,50]

Although dispersed AgNPs in solution are an effective intracellular bactericidal agent, the NPs 

(being a reactive source of Ag+ ions) deteriorate over time and are non-renewable. Therefore, 

an attractive option is to stabilize the AgNPs on the surface and exploit the extracellular redox 

mechanism, whose effectiveness remains stable in time. As can be inferred from Fig. 5, the NPs 

remained intact after incubation with a bacterial suspension; in addition, anchored NPs were 

observed on the graphenic surface after 4 h of incubation. The present results clearly show that 

AgNPs (Fig. 5 a3 and b3) deposited and stabilized over a graphenic surface can effectively 

prevent the early-stage colonization of both Gram-positive and Gram-negative bacterial strains.

Fig. 5 Representative SEM images of pristine (G), AuNPs-decorated (Au|G), and AgNPs- 

decorated (Ag|G) graphenic sheets with attached Gram-positive S. aureus (al-a3) and Gram

negative E. coli (bl-b3) bacterial cells.

The interaction between bacterial cells and investigated materials was monitored using 

scanning electron microscopy. The bacterial strains used in this study were Gram-positive cocci 

with a typical round shape (S. aureus, S. epidermidis) and an average diameter of 1 pm, and 

Gram-negative rod-shaped bacilli (P. aeruginosa, E. coli) up to 2 pm long (Fig. 5al, 5bl). As 

shown in Fig. 5b3, bacterial cells attached to the AgNPs-decorated surface were either 

completely destroyed or exhibited visible cavities/recesses in their walls, indicating substantial
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damage (Fig. 5a3). In the case of the AuNPs-decorated surfaces, the bacterial cells 

morphologies were comparable to those observed for the unmodified graphenic material (Fig.

The difference between the interactions of Gram-positive and Gram-negative bacteria with 

NPs-decorated graphenic surfaces observed by SEM is also reflected in the TEM images of 

resin-embedded bacterial cells after contact with Au and Ag nanoparticles (Fig. S2). The 

AuNPs remained attached to the bacterial cell wall and did not penetrate into the cell, similar 

to the results of previous studies.[33] In the case of AgNPs, the TEM images reveal bacterial 

cell damage, such as delamination of the cell wall in Gram-positive bacteria, leading to release 

of cytoplasm and cell disintegration (Fig. S3a2). For Gram-negative bacteria, the micrograph 

in Fig. S3b2 shows the presence of many outer membrane vesicles; these structures are 

produced by microorganisms as a result of metabolic processes and participate in extracellular 

transport, bacterial biofilm formation, intercellular signaling; they are fonned under the 

influence of stress factors[52] such as AgNPs, Ag+ ions, and reactive oxygen species.

Different mechanisms are active if the NPs are suspended in solution or deposited over a 

support. Although the AgNPs solution is an effective bactericidal agent, as noted above the NPs 

(being a reactive source of Ag+ ions) deteriorate over time and are non-renewable. Therefore, 

surface-anchored AgNPs with similar antibacterial properties appear much more suitable for 

long-term applications. Surface-stabilized AgNPs may also release Ag+; however, the AAS 

results show that the concentration of these ions was at least 103 times lower than the minimal 

inhibitory concentration (MIC). Thus, we can conclude that the antimicrobial effectiveness of 

AgNPs deposited on graphenic surfaces is essentially due to the formation of ROS via electron

The analysis of AuNPs and AgNPs stabilized on graphenic surfaces revealed their opposite 

effects as modifying agents of surface-bacteria interactions. Gold NPs were found to be more 

effective in promoting bacterial adhesion for all investigated strains (reaching a -100% increase 

for Gram-positive ones after 1 h of incubation) than silver NPs (with a -25% decrease) (Fig. 

3). However, the AgNPs were more effective in terms of bactericidal effects than the AuNPs 

(Fig. 4). These findings outline a straightforward strategy for designing effective antibacterial 

surfaces. The simultaneous decoration of graphene with Au and Ag nanoparticles should 

increase both adhesion and bactericidal activity. This strategy was tested in the experiments 

shown in Fig. 6, which highlights the effect of the double deposition. As expected, enhanced 

adhesion and bactericidal effects were observed for all investigated bacterial strains. It can be
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thus concluded that the combined effects of various agents deposited on carbon materials can 

be successfully exploited. A better understanding of the interactions between bacteria and NPs- 

decorated surfaces plays a crucial role in designing materials with specific functionalities. For

Fig. 6 Area occupied by investigated bacterial strains (top) and antibacterial activity (bottom) 

for graphenic materials decorated with both Au and Ag nanoparticles (Au/Ag|G, patterned bars) 

and unmodified graphene (G, solid bars).

instance, while bacteria repulsion and antibacterial properties are essential for biomaterials, 

carbon filters require a strong adhesion of bacteria to the surface, together with their destruction.

4. Conclusions

We successfully deposited gold and silver nanoparticles (~25 nm) on graphenic surfaces using 

a sonochemical method. Surface functionalizations with AuNPs and AgNPs were found to have 

opposite effects on bacterial attachment for all investigated bacterial strains (Gram-negative: 

Escherichia coli, Pseudomonas aeruginosa, and Gram-positive: Staphylococcus aureus, 

Staphylococcus epidermidis). AuNPs stabilized on graphenic sheets attracted bacteria without
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altering their viability. In contrast, AgNPs reduced the number of bacteria attached to the 

surface and showed substantial antimicrobial activity. In addition, samples with co-deposited 

Ag and Au nanoparticles exhibited the combined effect of the double functionalization, i.e. 

increased bacterial adhesion (stimulated by AuNPs) and enhanced bactericidal effect (provided 

by AgNPs). The mechanistic pathways responsible for bacterial cell attachment and damage 

were discussed in terms of electrostatic interactions and work function decrease. The latter, 

facilitating electron transfer from the surface to O2, promotes the formation of ROS, which are 

effective in the destruction of bacteria. The experimental correlations established in this study 

provide a background for the knowledge-based design and NPs functionalization of graphenic 

materials, in which surface-microorganisms interactions (attraction/repulsion and
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ARTICLE IV  SI

Fig. S1 SEM images of graphenic sheets decorated with gold nanoparticles using various 

sonochemical process parameters

Table S1 Parameters employed for the sonochemical deposition of nanoparticles on 
different samples used in SEM measurements

Sample name (Fig. S1)

Parameter a1 a2/b1 a3 b2 b3

time /min 5 10 20 10 10

amplitude /% 20 20 20 30 40

power density 
/W cm-2 30 30 30 40 85

effectiveness 
/NPs pm-2 0 11 ± 1 1 ± 1 11 ± 3 3 ± 1

observations lack of NPs monodispers 
e distribution

ineffective
deposition

damage,
NPs

aggregation

damage,
graphene

delamination
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ARTICLE IV SI

Fig. S2 Representative TEM images of cross-sections of resin-embedded Gram-positive 

(a1, a2) and Gram-negative (b1, b2) bacterial cells upon contact with AuNPs (left) and 

AgNPs (right).
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