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Abstract

This paper presents the interactions of Gram-positive (Staphylococcus aureus) and Gram-negative (Pseudomonas putida) bacteria with
ceramic materials obtained by combustion synthesis. These studies were conducted based on an analysis of the adsorption of bacteria onto
aggregates of ceramic materials in an aqueous suspension. The materials used in the studies were of a nanostructured nature and consisted
mainly of carbides: silicon carbide (SiC) in the form of nanofibers (NFs) and nanorods (NRs), titanium carbide, and graphite, which can
also be formed by combustion synthesis. Micrometric SiC was used as a reference material. Gram-positive bacteria adsorbed more strongly
to these materials. It seems that both the point of zero charge value and the texture of the ceramic material affected the bacterial adsorption
process. Additionally, the viability of bacteria adsorbed onto aggregates of the materials decreased. Generally, P. putida cells were more
sensitive to the nanomaterials than S. aureus cells. The maximum loss of viability was noted in the case of bacteria adsorbed onto NRSiC

and NFSiC aggregates.
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Introduction

The growing interest in nanostructured materials
involves their potential practical use. In this regard,
nanostructured materials built from chemically inert
and thermally stable carbides, such as silicon car-
bide (SiC) or titanium carbide (TiC), are particularly
important. Recent studies show that nanostructures
of silicon and titanium carbides can be obtained via
self-propagating combustion synthesis (Huczko et al.,
2005; Cudzilo et al., 2007). In this process, not only car-
bide, but also carbon materials such as nanostructured
graphite forms, can be produced. Possible applications
of such materials include their use in various kinds of
filters that would retain microorganisms and, due to
their cytotoxic properties, inhibit the growth of micro-
organisms and biofilms on their surface. Therefore,
such filters can be free from the disadvantages of filters
based on activated carbon. The available research shows
that nanostructured materials could be used in waste-
water treatment (Farre et al., 2009; Reddy et al., 2010;

Joseph etal., 2012). Additionally, it has demonstrated
the possibility of the adsorption of bacteria onto sur-
faces of various kinds of ceramic and nanostructured
materials. Nanostructured materials may also exhibit
strong antibacterial properties, but studies on the inter-
action between nanostructured carbides and bacteria
are still limited. A significant number of studies have
been devoted to examining the interactions between
bacteria and nanostructured carbon materials, such
as single-walled and multi-walled carbon nanotubes,
graphene, and fullerenes (Lyon et al., 2006; Kang et al.,
2007; 2008a; 2008b; Akhavan and Ghaderi, 2010), as
well as modified carbonaceous materials containing
metals such as zinc (Yamamoto et al., 2001). Some of
these studies are also related to the adsorption of bacte-
ria onto the surface of such materials. This is an impor-
tant aspect of the research that involves the potential
applications of these methods for microbiological water
treatment (Rivera-Utrilla et al., 2001; Savage and Diallo,
2005; Li etal., 2008; Qu etal.,, 2013; Hossain etal.,
2014). Similar investigations have focused not only on
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nanostructured materials, but also on the biogeochemi-
cal interactions between minerals and bacteria, which
are associated with biofouling, microbial corrosion,
weathering, and mechanisms of biofilm formation (Yee
etal., 2000; Rong et al., 2008). In this context, studies
have shown the possibility of adsorbing Gram-positive
and Gram-negative bacteria to minerals such as quartz,
corundum, and iron-containing minerals. The adsorp-
tion of bacteria to clay minerals was also studied (Jiang
etal., 2007), although it was difficult to separate the
bacteria and mineral particles. Similar difficulties may
arise when examining the adsorption of bacteria onto
aggregates of nanostructures in aqueous suspensions,
but the appropriate use of reagents that increase the
density of the aqueous environment allows the separa-
tion and measurement of unadsorbed bacteria (Jiang
etal.,2007). Some of the carbides seem to be completely
inert in their interactions with living cells, but in the
nanostructured form, they can interact with cells like
other nanomaterials. Based on the literature, two basic
mechanisms of such interactions can be described:
mechanical cell damage and oxidative stress caused by
the presence of highly reactive chemical species (e.g.,
free radicals) on the surface of nanostructures (Cadet
etal., 1999; Fenoglio et al., 2006; Barillet et al., 2010).
The investigations conducted by Szala and Borkowski
(2014) showed a significant toxicity of nanofibers and
nanorods of SiC (NESiC and NRSIiC, respectively)
toward Pseudomonas putida bacteria. In these experi-
ments, mechanical damage to cells, a reduction in dehy-
drogenase activity, and a decrease in CO, production
were found in the bacterial cultures as a result of the
antibacterial activity of nanostructured SiC.

The aim of the present studies was to investigate
the interaction between bacteria and ceramic mate-
rials obtained by self-propagating high temperature
synthesis (SHS). Similar results concerning P. putida
adsorption onto nanofibers and nanorods of SiC were
presented previously (Borkowski et al., 2015). In this
work, we included a part of repeated investigations in
order to compare with the results of bacteria adsorp-
tion onto the other ceramic materials and to conduct
the viability experiment. The materials used were nano-
structured carbides, such as nanofibers SiC (NFSiC),
nanorods SiC (NRSiC) and TiC, but also included
graphite and a mixture of graphite and TiC (TiC/C),
which can be synthesised via the SHS route. The studies
mainly involved the adsorption process and the viability
of Gram-positive and Gram-negative bacteria on the
surface of aggregations of the aforementioned materials
in aqueous suspensions. These studies were conducted
in relation to standard micrometric SiC (umSiC), which
was used as reference material to verify the hypothesis
that the adsorption process and the loss of cell viability
depend on the textures of the materials.
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Experimental
Materials and Methods

umSiC powder was purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used without purification.
Carbon monofluoride (CF), poly(tetrafluoroethene)
(PTFE), hexachloroethane (C,Cl), CaSi,, and TiSi
were purchased from commercial sources (Sigma-
Aldrich and Alfa Aesar, Ward Hill, MA, USA). Ceramic
nanomaterials were produced by combustion synthesis
(SHS) in a stainless steel autoclave according to our pre-
viously published methods. NFSiC were synthesized by
the SHS method using a PTFE/CaSi, system (Huczko
etal., 2005). NRSiC were produced during the com-
bustion of the CF/AISi system (Szala and Borkowski,
2014). Nanometric TiC was synthesized using a CF/
TiSi system, and a mixture of titanium carbide with
graphite (TiC/C) was obtained in using a TiSi/C,Cl,
system (Szala, 2010). Graphite nanoparticles were syn-
thesized during the combustion of a CF/Al mixture
(Cudzilo et al., 2007). The point of zero charge (PZC) of
the investigated materials was analyzed according pre-
viously described potentiometric titration methods
(van der Wal et al., 1997; Bourikas et al., 2003; Borkow-
ski et al., 2015). Scanning electron microscopy (SEM)
images of the investigated materials are presented in
Fig. 1. An example of mass titration curves is shown
in Fig. 2. The PZC values of the investigated materials
are presented in Table I.

Microorganisms and media. Strains of P, putida
and Staphylococcus aureus (ATCC6538) were obtained
from our own collection of pure strains of micro-
organisms (Geomicrobiology Laboratory, Faculty of
Geology, University of Warsaw). Bacteria belonging to
the genus Pseudomonas are the most commonly inves-
tigated Gram-negative microorganisms in relation to
adsorption onto different materials. Similarly, S. aureus
together with Bacillus subtilis are considered typical
Gram-positive bacteria. (Yamamoto etal., 2001; Ams
et al., 2004; Jiang et al., 2007; Rong et al., 2008). Taxo-
nomic affiliation was confirmed by sequence analysis of
the 16S rRNA gene. The bacteria were cultivated in both
liquid and solid nutrient media (pH 7.5) comprising the
following (g L™): glucose, 10; peptone, 5; yeast extract,
2; NaCl, 4; and agar (in the case of solid medium), 20.
The media were autoclaved at 121°C for 15 min.

Protein measurements. To analyze the number
of adsorbed bacteria without using the cultivation
method, the correlation between protein content and
bacterial counts was plotted for P. putida and S. aureus
separately. The protein measurement was conducted
according to Borkowski et al. (2015).

Adsorption tests. Adsorption tests were designed
based on previous work (Jiang et al., 2007) with impor-
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tant modifications published by Borkowski et al. (2015).
Adsorption tests were conducted in phosphate buffer
(1/15M) at three pH values: 3.0, 6.8, and 9.0. The pH
was adjusted with small aliquots of NaOH (approxi-
mately 20ul, 6 M) or H,PO, (approximately 20 l,
80%). Adsorption was measured as follows. Twenty
milligrams of investigated nanomaterials or 50 mg of
umSiC were mixed with 2 ml of buffer containing 10°
P putida or S. aureus cells ml™'. Next, the suspensions
were shaken (120 rpm) for 3 h at 25°C. After mixing,
1 ml of the suspension was placed into an Eppendorf
tube and 0.3 ml of sucrose (60%) was added. Then, the
mixture was centrifuged for 2 min at 4000 rpm (2600 g)
to remove the solid materials. A total of 1 ml of super-
natant containing unadsorbed bacteria was used to
determine the protein concentration as described
above. The number of adsorbed bacteria was calculated
from the difference between the number of bacteria in
suspension before and after adsorption. The adsorption
tests were conducted in triplicate. The parameters of the
Langmuir and Freundlich isotherms were calculated for
the adsorption at pH 6.7. The adsorption was measured
in the same way as described above in buffer containing
0-10x 10® P. putida or S. aureus cells ml™'. The Lang-
muir isotherm is described by the following equation:

Am~KL-Ceq
E o (1)
1+K, -C

eq

where n is the amount of adsorbed bacteria (x 10
cells g'), A is the maximal number of adsorbed bacteria
(x10"cells g™'), K| is the Langmuir constant, and C__is
the equilibrium bacterial concentration (x 10%cells g').

The Freundlich isotherm is described by the
equation:

n=K,- Ceq” 2)
where K, is the constant of the isotherm, b is a para-
meter that has value in the range <0; 1>, and n and Ceq
are as described for the Langmuir isotherm.

To fit the experimental data to the Langmuir model,
a statistical spreadsheet (Statistica 10, StatSoft. Inc.
Tulsa, OK, USA) was applied using the method of least
squares for nonlinear models, while the Freundlich
model was fitted to the experimental data using the
linearized isotherm:

logn=>0-log C_+logK, (3)

Measurement of the affinity of bacteria for the
investigated materials. The adsorption of bacteria onto
the surface of the tested materials does not always allow
one to use the Langmuir isotherm parameters to evalu-
ate the affinity of bacteria for aggregates of nanostruc-
tures in aqueous suspensions. Therefore, it was decided
to first measure the affinity by approximating the first
three data points with a second-degree polynomial
function to give:
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nzA-Ceq2+B-Ceq+C (4)

where n is the amount of adsorbed bacteria (x 10"
cells g™*), C__ is the equilibrium bacterial concentra-
tion (x 10° cells g'),and A, B and C are the parameters
of the polynomial.

Next, the differentiation of the obtained function
was taken at the point C_ =0, and this value was con-
sidered to be a constant for bacterial adsorption, which
may be regarded as a measure of affinity:

dn
.o B=K, (5)

where 7 is the amount of adsorbed bacteria (x 10 cells
g'), C_ is the equilibrium bacterial concentration
(x10%cells g™'), B is both the parameter of the poly-
nomial and the value of the derivative at the point of
Ceq =0, and K, is a constant of bacterial adsorption.

The slope of the polynomial at the point C_ describ-
ing the initial isotherms is shown in diagrams (Fig. 4)
as a tangent (straight line) to the initial section of the
isotherm. In the studies by Borkowski etal. (2015),
the K, was used as a measure of the bacterial affinity;
however, in our study, such an approach did not always
make sense.

Viability test. The viability test was performed
according to Szala and Borkowski (2014). Briefly, to
analyze the loss of viability, solutions of propidium
iodide (PI) (2mg/0.1 1, pH="7.4) and acridine orange
(AO) (5mg/0.11, pH=7.4) were prepared in phosphate
buffer. In a 100 ml sterile glass bottle (Simax), 10 ml of
sterile saline solution (0.9% NaCl) and 40 mg of the
investigated nanomaterials were added. Subsequently,
1 ml of P, putida or S. aureus inoculum (approximately
10® colony-forming units (cfu)/ml in 0.9% NaCl) was
added to the mixture and mixed for 120 min at 25°C
(200 rpm). Then, the suspension was mixed with sucrose
(60%) in order to separate of unadsorbed bacteria. After
centrifugation, the residuum was stained. Next, ten
representative fluorescence images of cells adsorbed
onto the surface of aggregates of the nanostructures
were acquired using an epifluorescence microscope with
a B-filter. The results of the microscopic analysis were
expressed as the ratio of the number of cells stained with
PI (red-orange) divided by the number of cells stained
with PI plus cells stained with AO (green).

Statistical analysis. The obtained data (viability test)
were analyzed for significant mean differences using
one-way analyses of variance (ANOVA) at p <0.05. Post
hoc tests for pair-wise differences and the identifica-
tion of homogeneous subgroups were conducted using
Tukey’s HSD procedure. Homogenous subgroups are
indicated by diagrams marked by the same lower case
letters. The ANOVA was computed with Statistica 10
software (StatSoft. Inc. Tulsa, OK, USA).
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Results and Discussion

SEM images of commercial SiC (Fig. 1A) showed
that the powder contained irregular polygonal grains
with sharp edges, with dimensions of about 100-200 um.
The graphite that was used as a reference (Fig. 1B) had
irregular particle sizes of about 1 um. The TiC obtained
with the SHS method (Fig. 1C) formed rod-like parti-
cles with dimensions of about 50 x 150 nm. The TiC/C
composite (Fig. 1D) was built from spheroidal agglom-
erates with diameters of about 5-100 um, but the sphe-
roids were built from nanometric particles. Silicon
carbide nanorods (Fig. 1E) obtained by the combus-
tion method have dimensions 500 x 1000 nm. NESiC
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(Fig. 1F) were 10-100 nm in diameter and were over
many micrometers in length. The PZC of the materi-
als is presented in Table I. Examples of mass titration
curves are presented in Fig. 2. The materials had differ-
ent PZC values. The PZC values for the SiC materials
ranged from 2.7 to 3.5, and in neutral pH, the surface
charge of the investigated SiC materials was nega-
tive. For TiC and graphite, the PZCs were 7.2 and 9.4,
respectively; thus, at neutral pH, their surface charge is
close to zero or positive, respectively.

The isoelectric point of the bacteria used in the
presented studies was 2.8 and 3.4 for P.putida and
S. aureus, respectively (Table I). This indicates that the
surface charge of P putida was negative at each pH,

Fig. 1. Ceramic materials used in the studies.

A - umSiC used as reference material, B - graphite, C - titanium carbide (TiC), D - titanium carbide with graphite (TiC/C), E - nanofibers of silicon
carbide (NFSiC), F - nanorods of silicon carbide (NRSiC).
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Table I
The point of zero charge of materials used in the studies
umSiC graphite TiC TiC/C NRSiC NESiC Pputida | S.aureus
PzZC 2.7 7.5 12 9.4 1 7.20 3.5M 2.8 2.8 340

! Borkowski et al., 2015; ? This study

while the surface charge of S.aureus was positive at
pH 3 and negative at pH 6.8 and 9. Generally, based on
the literature, it can be stated that the PZC values for
most bacteria are relatively low, ranging from about 2 to
3.5. The charge of the bacterial cell wall originates from
the dissociation of acidic groups, such as phosphate,
carboxyl, and amino groups (van der Wal et al., 1997).

Adsorption of bacteria. Bacterial adsorption
onto the investigated materials, as well as the shape
of the isotherms, seemed to depend on the texture of
the materials and the species of bacteria. Generally,
the adsorption of P. putida was less than than that of
S. aureus, and adsorption depended on the pH of the
solution (Fig. 3). Significant adsorption was noted at
pH 3 and 6.8; at pH 9, the adsorption was substan-
tially lower. Only in the case of TiC was this relation-
ship reversed. The adsorption of bacteria onto graphite,
TiC, and TiC/C were significantly higher at pH 6.8. The
strongest adsorption of P. putida (70%) and S. aureus
(90%) was found for NRSiC at pH 3 and graphite at
pH 6.8, respectively.

The isotherms confirmed the data presented above.
Generally, the adsorption isotherms of P. putida reflected
its lower adsorption compared with S. aureus (Fig. 4).
The shapes of isotherms were similar to the Langmuir
and Freundlich functions, but in the case of TiC, the

12 —o— blank

—@— graphite
—>— TiC
TiC —A— TiClc

graphite

TiC/C

T
0.0 0.1 0.2 0.3 0.4
mL HCI

Fig. 2. Example of mass titration curves.
The measurement was realized according to Bourikas et al., (2003).
Straight lines represent the point of intersection
with blank titration curve.

shape was different, indicating multilayer sorption or
aggregation of the cells with TiC. It is important to note
that the shape of the isotherms was very similar for both
bacteria and that only the TiC seemed to interact differ-
ently with the bacteria. In the presented figures, straight
lines were plotted tangentially to the initial fragment
of the isotherms at C,=0. These lines represent the
adsorption constant (K .) and the affinity of the bacte-
ria to the investigated materlals The measured affinities
(as derivatives of an approximated polynomial function
at C_=0) are presented in Table II. These values indi-
cate a high affinity of P. putida for C, TiC/C, and NRSiC,
a moderate affinity for NFSiC, and a low affinity for
umSiC and TiC. In the case of S. aureus, similar results
were found, but the measured affinities were much
higher, which resulted in a significantly higher adsorp-
tion of these bacteria onto the investigated materials.
Some authors interpreted the Langmuir constant (K, )
as the degree of affinity between the bacteria and the
tested materials (Jiang et al., 2007). Therefore, a higher
K| value indicates a higher affinity of bacteria for the

adsorbed :
Pseudomonas putida
bacteria [%] P C1pH 3.0
100 EpH68
W pH9.0
80+
60+
40+
0 .
umSiC  graphite TiC TiC/C NRSiC NFSiC
adsorbed
bacteria [%] Staphylococcus aureus
100+
80+
60
40+
20+
0- T T
umsSiC graphite TiC TiC/C NRSIC NFSiC

Fig. 3. Adsorption of bacteria P. putida (upper) and S. aureus
(lower) onto the investigated materials at different pH.

Error bars indicate standard deviations.
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Fig. 4. Isotherms of P. putida and S. aureus adsorption onto investigated materials at pH 6.8.

Symbols represent experimental data, solid curve line — Langmuir model, dashed curve line - Freundlich model, solid straight line
is a tangent to polynomial function in C, =0. Standard deviation has been marked.

tested materials. Borkowski et al. (2015) showed that
the K| values for the adsorption of bacteria P. putida
onto SiC nanostructures were inversely proportional to
pH. This indicates, therefore, a decrease in the affinity
of bacteria for the investigated material with increasing
pH. In the presented studies, such an approach seems
to be insufficient due to the different shapes of the
obtained isotherms, especially in the case TiC. Table I

allows one to compare the obtained values of K, and
K .. Generally, but not always, a higher value of K| cor-
responds to a higher K , . Additionally, sometimes one
can come to an incorrect conclusion when comparing
the K, values for the adsorption of both bacteria. For
instance, based on K , the affinity of P. putida for umSiC
was greater than that of S. aureus. Similar results were
observed for NRSiC, but the K . showed an inverse
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Table IT
Parameters of Langmuir isotherms of bacteria adsorption at pH 6.8 and the constant
of bacteria adsorption as a value of the derivative of polynomial at a point of C_ =0
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P putida S. aureus
[x 101:22115 a1 K| Ka | x 101<£'§11s a1 K| Ke

umSiC 0.22 0.52 0.17 1.25 0.35 0.79
graphite 2.57 0.40 1.12 5.12 2.16 8.65
TiC - - 0.08 - - 5.99
TiC/C 3.25 0.63 2.14 7.17 1.33 10.1
NRSiC 2.55 0.53 1.08 5.41 0.39 2.50
NFSiC 7.32 0.07 0.41 7.13 0.68 3.61

A_ - the maximal number of adsorbed bacteria (x 10" cells g™*),

KL - the Langmuir constant,

K, — constant of bacteria adsorption - affinity of bacteria to investigated materials.

relationship. A similar problem can arise when analyz-
ing the maximal amount of adsorbed bacteria. It seems
that some results can be overestimated because some
curves did not reach the equilibrium stage. However,
this problem could not be solved by increasing the con-
centration of bacteria in the experiments due to the pos-
sibility of bacterial flocculation (Borkowski et al., 2015).
The results of the experiments presented above were
confirmed by epifluorescence microscopy (Fig. 5A-E).
The selected pictures present bacteria attached to the
investigated materials. These images were obtained for
preparations of bacteria and materials in aqueous sus-
pensions; hence, the bacteria and the materials did not
form aggregates due to the drying of the suspension on
the microscopic slides. It can be stated that the bacte-
ria, both Gram-positive and Gram-negative, can adsorb
onto aggregates of graphite, TiC, or SiC nanostructures.
Bacteria were also observed to adsorb onto micrometric
SiC, but the adsorption values were significantly lower.
Based on the results, it seems that the adsorption of
bacteria strongly depends on the texture of the materi-
als, and partially on pH. In the case of NRSiC, NFSiC,
and umSiC, the adsorption of bacteria was inversely
proportional to pH generally. Adsorption could be only
partially related to the isoelectric points of the bacteria
and SiC, as was presented by Borkowski et al. (2015) for
P putida. Some authors emphasize the importance of
the isoelectric points of bacteria and mineral materials
in the aggregation process. In the paper by Ams et al.
(2004), the adsorption of Gram-positive B. subtilis and
Gram-negative Pseudomonas mendocina onto the sur-
face of Fe-oxyhydroxide-coated and uncoated quartz
grains as a function of pH was studied. Adsorption
appeared to be controlled by the surface charges of the
bacteria and the mineral surface. The possibility of bac-
terial adsorption onto the surface of nanostructures has
been presented, e.g., in the work of Kang et al. (2007)
and Singh et al. (2011). Similarly, the ability to create

a biofilm and the adsorption of bacterial cells onto the
surface of mineral materials, including carbon materials
and modified clay minerals, were also demonstrated
(Yee et al., 2000; Rivera-Utrilla ef al., 2001; Yamamoto
etal., 2001; Jiang et al., 2007; Rong et al., 2008). These
studies also indicated the important roles of pH and
the ionic strength of the solution as significant fac-
tors affecting the adsorption of bacterial cells onto the
surface of minerals. In the case of the experiment with
SiC and bacteria presented in this paper, the PZC value
does not explain the observed phenomena sufficiently.
On the contrary, the PZC values seem to affect adsorp-
tion to TiC, TiC/C, and graphite. In these cases, the
adsorption of both P, putida and S. aureus was strong-
est at neutral pH. For instance, the isoelectric point of
graphite was about 7.5, and taking into account the
PZC of the bacteria, the adsorption should be strongest
at a neutral or slightly acidic pH. At pH 9, the charges
of both the bacteria and graphite are negative. At pH 3,
the surface charge is positive, and only at a more neutral
pH is the electrostatic effect the strongest. A similar
relationship was found in case of adsorption to TiC/C
and TiC. The PZC of TiC was about 9.4, and even at
pH 9, adsorption should be significant. The obtained
results showed that at pH 9, TiC formed aggregates with
bacteria and behaved as the strongest adsorbent among
the investigated materials.

The presented results showed the stronger adsorp-
tion of S.aureus compared with P, putida. Both the
A _and K , showed that S. aureus can aggregate with
materials more effectively than Gram-negative bacte-
ria, but the shape of the obtained isotherms was quite
similar in both cases. Ams et al. (2004) showed that the
differences in the adsorption of B. subtilis and P. men-
docina onto some mineral phases can be explained
by differences in their electrostatic properties and
cell wall structures. Generally, in the presented studies,
the isotherms were approximated by the Langmuir and
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Fig. 5. Bacteria adsorbed onto the investigated materials.

A - S. aureus on graphite; B - S. aureus on TiC/C; C and D - S. aureus on NFSiC and NRSiC respectively; E - P. putida on NRSiC. Bacteria are orange,
mineral phases are green. Bars indicate 100 um. Pictures E — 600x. F — Probably the bacteria P. putida and TiC particles associated into aggregations
after the adsorption experiment. SEM, bar indicates 1 um.

Freundlich equations, except for the isotherms obtained
with TiC. In this case, the Langmuir isotherm did not
make any physical sense, and the shape of the isotherm
indicated a multilayer adsorption. It is interesting that
these phenomena were observed for both of the investi-
gated bacteria. It seems that TiC particles did not form

aggregates in aqueous suspension, and the bacteria did
not adsorb to the surfaces of TiC. It is possible that
cells and TiC particles form aggregates together, and,
as a heavier structure, they are easy to separate from
free cells in the applied procedure. The SEM images
(Fig. 5F) revealed that the bacteria formed structures
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surrounded by TiC particles, but it cannot be stated
that the observed structures are truly aggregates that
consist of cells and TiC.

Viability test. The viability test was presented in
Figure 6. Based on the measurements, generally it can
be stated that P. putida cells were more sensitive to the
investigated nanomaterials than S.aureus cells. The
maximum loss of viability was noted in the case of bac-
teria adsorbed onto NRSiC and NFSiC aggregates. The
values reached 90% and 80%, respectively. The other
materials did not exhibit such strong antimicrobial
activity in relation to the control and reference material
(umSiC). Completely different values were found for
S. aureus. The maximum loss of viability for bacterial
cells adsorbed onto NRSiC and TiC/C reached about
30% and 15%, respectively. In other cases, the meas-
ured values did not differ statistically from the control.
Many recent studies focused on the antimicrobial activ-
ity of carbon nanostructures, such as single- and multi-
walled nanotubes (Kang et al., 2007; Kang et al., 2008a;
2008b; Akhavan et al., 2011; Su et al., 2013) or other car-
bon materials, such as graphite, graphene, and fuller-
ene (Lyon et al., 2006; Akhavan and Ghaderi, 2010; Liu
etal., 2011). The mechanism proposed to explain the
antibacterial properties of these materials is primarily
based on oxidative stress and the physical interactions
with the cell membrane (Liu etal., 2011). Physical
interactions with the cell membrane leading to the loss
of integrity have been proposed as a key antibacterial
mechanism of carbon nanotubes. It is possible that the
same mechanism could play a crucial role in the effects
of NFSiC and NRSiC on Gram-negative bacteria. It is
interesting that Gram-positive bacteria, generally, were
much more resistant, and the tested materials did not
affect cell viability to the same extent as was observed
for P. putida. It seems that Gram-positive bacteria, due
to the presence of thick layer of murein in their cell
walls, were not strongly affected by the tested materials.
Gram-negative bacteria also contain murein, but this
layer is much thinner and the cells are enveloped by
a lipid outer membrane.

Conclusions

In the presented experiments, we demonstrated that
ceramic materials obtained by self-propagating com-
bustion synthesis can efficiently adsorb P. putida and
S. aureus. The hypothesis that adsorption depends on
the texture of materials was confirmed by comparing
the adsorption of bacteria to NFSiC and NRSiC aggre-
gates to pmSiC aggregates.

It can be concluded that Gram-positive bacteria
adsorbed more strongly to these materials. It seems
that both the PZC value and the texture of the ceramic
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Fig. 6. The loss of viability of bacterial cells adsorbed
on the surface of the investigated materials.

The same letters indicate the values do not differ significantly
at p<0.05. Error bars indicate standard deviations.

material affected bacterial adsorption. Additionally, on
the one hand, Gram-positive bacteria showed a greater
adsorption onto the surface of the tested materials. On
the other hand, these bacteria had a significantly higher
survival rate at the ceramic material surface, probably
due to the presence of a thick layer of murein. However,
in both cases of the tested bacteria, the greatest toxicity
was exhibited by nanorods of SiC.

Based on the obtained results of adsorption and the
analysis of the affinity of the bacteria, the investigated
materials can be ordered from the largest to smallest
sorption capacity, as can the affinity of the bacteria for
the tested materials. For P. putida, the following order
of the sorption capacity of the materials was obser-
ved: NFSiC>TiC> TiC/C > graphite >NRSiC > umSiC.
In regard to bacterial affinity, the tested materials can be
ordered as follows: TiC/C > graphite > NRSiC > NFSiC
>umSiC>TiC. Similarly, for S.aureus, the sorption
capacity of the materials was: TiC>TiC/C>NFSiC>
NRSiC > graphite > pmSiC. Regarding bacterial affinity,
the materials can be ordered as follows: TiC/C> gra-
phite > TiC>NFSiC>NRSiC > umSiC.

These rankings reveal an interesting relationship. On
the one hand, the bacterial affinity to TiC is relatively
weak. On the other hand, in dense cell suspensions,
TiC behaves like a very good adsorbent of bacteria. This
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relationship was observed for both tested bacteria. In
turn, the mixture of TiC and graphite (TiC/C) appears
to be a very good adsorbent, and simultaneously, both
bacteria exhibited significant affinity for this material.
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