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Abstract

In recent years, significant interest has emerged in synthesizing new carbon
materials with novel physicochemical properties for applications in regen-
erative medicine, particularly as antibacterial coatings for implants. A pro-
nounced biological effect is observed for diamond-like carbon (featuring sp>-
and sp?-hybridized carbon atoms) and linear-chain carbon (with sp'-hybrid-
ization), which can be engineered due to carbon's polymorphic nature. This
work presents the results of synthesizing carbon coatings at different assist-
ing voltages and investigating their physicochemical properties and antibac-
terial activity. The coatings were characterized using Raman spectroscopy
and X-ray fluorescence analysis. Antibacterial activity was assessed using ly-
ophilized luminescent bacteria from the "Ecolume" system, where the biolu-
minescence intensity correlates with bacterial viability. Luminescence
quenching indicates inhibition of bacterial enzymatic activity upon interac-
tion with the coating surface. It was shown that an increase in the assisting
voltage reduces the content of short chains of linear chain carbon (LCC) in
the coatings. The coatings with high diamond phase content were found to
be chemically inert when interacting with a biological environment. Modifi-
cation of the coatings with silver ions enhances the antibacterial activity of
the material. The maximum bactericidal effect is achieved when bacterial
cells interact with a coating containing predominantly long chains of linear
chain carbon.

Key findings
e An increase in assisting voltage results in a reduced proportion of short-chain linear
carbon (LCC) in the coatings.

e The coatings with high diamond phase content demonstrate chemical inertness in bio-
logical environments.

e Doping the DLC coatings with silver ions enhances their antibacterial activity.

e The antibacterial effect is achieved when bacterial cells interact with coatings contain-
ing predominantly long-chain linear carbon (LCC).
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1. Introduction

Carbon is a unique chemical element capable of forming
four covalent bonds, which underlies the wide diversity of
its allotropic forms. The existence of these modifications is
associated with the different geometry of electron orbitals
of the carbon atom, determining three main types of

hybridization: sp3 (diamond), sp? (graphite, graphene, car-
bon nanotubes, fullerenes), and sp (carbine). The presence
of numerous allotropic forms of carbon underlies the wide
range of mechanical, electronic, and physicochemical prop-
erties of carbon nanomaterials [1].

Carbon coatings, synthesized as thin films, possess

properties of bulk allotropic modifications, and their
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functional characteristics are directly determined by the ra-
tio of sp3-, sp?-, and sp-hybridized phases. Coatings with a
predominance of the sp3-phase, known as diamond-like car-
bon (DLC) coatings, are characterized by exceptional hard-
ness, wear resistance, low coefficient of friction, and high
chemical inertness, making them ideal for applications re-
quiring increased abrasion resistance [2, 3]. Materials dom-
inated by the sp?-phase (graphene-like structures) exhibit
high electrical conductivity and flexibility, opening pro-
spects for flexible electronics and sensors. The most chal-
lenging for synthesis and study are coatings with signifi-
cant proportions of sp-hybridization, known as coatings
based on linear chain carbon (LCC). They contain polyynic
(alternating single and triple bonds) and cumulenic (double
bond system) carbon chains, providing them with a unique
combination of longitudinal strength and transverse elas-
ticity, as well as higher chemical reactivity [4, 5]. An addi-
tional factor influencing LCC properties is the length of the
carbon chain: longer chains contribute to structural stabili-
zation and modify their electronic properties. The ability to
control the phase composition during synthesis opens path-
ways for the targeted creation of coatings with tailored
properties for specific applications, especially relevant in
biomedicine [5-8].

Due to their biocompatibility and complex set of opera-
tional properties, carbon nanomaterials have found wide-
spread application in medical and biological practice. In re-
cent years, diamond-like coatings [6, 7] and coatings based
on linear chain carbon, notable for their strong adhesion to
polymer and metal substrates [8], have attracted the great-
est interest in modifying surfaces of medical implants. This
determines the feasibility of their use as wear-resistant
films for artificial joints subjected to significant motion
loads, as well as for functionalization of the surface of var-
ious implantable devices, such as stents and orthopedic
SCrews.

Numerous studies confirm the promising potential of
carbon coatings as protective layers to enhance the perfor-
mance of biomedical devices. It has been demonstrated that
DLC not only increases the stiffness and wear resistance of
products but also exhibits antimicrobial properties, pre-
venting the adhesion and proliferation of microorganisms,
in particular, due to the hydrophobic effect and minimiza-
tion of the contact area with the bacterial cell [2, 9, 10]. In
contrast, the antibacterial effect of LCC-based coatings is
largely attributed to their chemical activity and generation
of reactive oxygen species (ROS), causing oxidative stress
in bacterial cells [11]. Current research actively studies the
antimicrobial activity of carbon coatings, and several works
showed that modification of implant surfaces with such
coatings can significantly reduce the risk of postoperative
complications related to bacterial infections [12, 13].

However, despite significant progress, the antibacterial
activity of many carbon coatings is often insufficient for
complete suppression of bacterial biofilm formation. There-
fore, strategies aimed at enhancing their effectiveness are
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being extensively developed, the most promising of which
is the doping of carbon matrices with ions of biocidal met-
als. It is well known that silver (Ag*) and copper (Cu®*) ions
possess pronounced bactericidal activity against a wide
range of pathogens [14-17]. In recent years, several studies
have appeared demonstrating synergistic effects from com-
bining a carbon matrix with metals. For example, it was
shown that doping DLC with silver enhances the bacteri-
cidal effect through controlled ion emission while preserv-
ing the high tribological properties of the coating [16]. Sim-
ilar studies with copper revealed its capability to induce ox-
idative stress in bacterial cells upon incorporation into sp2-
carbon matrices [17]. Furthermore, the biological mecha-
nisms underlying the impact of both pure and modified car-
bon coatings on bacterial cells remain complex and not fully
established.

Thus, the aim of this work is to synthesize carbon coat-
ings and evaluate their antimicrobial activity.

2. Materials and Methods

2.1. Synthesis and characterization

Carbon coatings with different types of carbon atom sp-hy-
bridization were synthesized on a UVNIPA-1-001 setup us-
ing ion-plasma sputtering with argon ion assistance. Sam-
ples deposited on titanium substrates at assisting voltages
(Uassist) ranging from o to 1500 V, as well as samples doped
with silver and copper ions, were investigated.

The principle of the coating synthesis method involves
sputtering a composite carbon cathode in vacuum and sub-
sequent condensation of its particles onto the substrate sur-
face. Processing of samples with accelerated argon ions was
carried out in a vacuum chamber (107> mm Hg) using an ion
source. To clean the substrate surface, a metallic plasma
source with flow separation was applied, which ensures the
implantation of accelerated titanium ions into the surface
layer without the ingress of droplets from the sputtered
material. Doping of coatings with silver and copper ions
was performed by embedding metal pins into the carbon
cathode of the pulse-source of carbon plasma.

The structure of the coatings was studied by Raman
spectroscopy on the Horiba LabRam HR800 Evolution spec-
trometer. A laser with a wavelength of 514 nm was used as
the excitation source. The ruling density of the diffraction
grating used was 600 lines/mm. The deconvolution of the
Raman spectra was performed using the Origin 2025 soft-
ware. A baseline correction was first applied using the
asymmetric least squares method. The spectral profiles
were then fitted with a multi-peak model based on Gaussian
functions. The initial parameters for the peak positions and
full widths at half maximum (FWHM) were constrained
based on theoretical predictions and previously reported
experimental data [18]. These parameters were subse-
quently iteratively adjusted to achieve the best fit between
the cumulative curve and the experimental spectrum. The
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quality of the fit was assessed by the coefficient of determi-
nation (R?), which exceeded 0.998 for all the spectra pre-
sented in this study.

The chemical composition of the coatings was deter-
mined using the ARL ADVANT'X X-ray fluorescence spec-
trometer with the Uniquant non-standard analysis pro-
gram.

2.2. Antibacterial activity of coatings

The antibacterial properties of carbon coatings were stud-
ied using the bioluminescent sensor “Ecolum” based on a
recombinant strain of Escherichia coli K12 TG1 (pF1) with
an integrated cassette of luxCDABE genes from Vibrio fisch-
eri MGU-6 (collection of Lomonosov Moscow State Univer-
sity). The lyophilized culture was rehydrated by adding dis-
tilled water cooled to 8 °C and then incubated for 30 min at
a temperature of 2-4 °C. Immediately before measure-
ments, bacterial suspensions were standardized according
to optical density at 540 nm to a value of 0.5 units. Biolu-
minescence analysis was carried out in accordance with the
methodology described in work [19]. Control samples con-
tained only the solvents used.

The “Ecolum” biosensor was selected for this study from
a range of available bacterial bioluminescent systems due
to its high sensitivity to carbon-based nanomaterials and
metal nanoparticles, as established in comparative studies
[20]. While certain sensors, particularly those based on
Gram-positive bacteria like Bacillus subtilis, can exhibit
higher sensitivity for some specific toxicants, the “Ecolum”
system represents an optimal combination of high sensitiv-
ity, commercial availability, standardized protocols and
validated application in nanotoxicology, ensuring the re-
producibility and reliability of our antibacterial assess-
ment.

Luminescence intensity was recorded using a photomul-
tiplier tube FEU-85 in the spectral range of 300-600 nm.
The signal from the photomultiplier consisted of a sequence
of amplified pulses with an amplitude of 5 V and duration
of 1 ps. The pulse repetition rate was between (0.1-1.0)-10°
pulses/s and was proportional to the light flux intensity. All
experiments were performed in three independent repli-
cates, ensuring statistical significance and reproducibility
of results regarding bioluminescence quenching.

3. Results and Discussions

3.1. Phase composition and structure of coatings

Raman spectroscopy was used to determine the carbon
modification of the studied coatings (Figure 1). The spectra
demonstrate a complex structure typical of carbon materi-
als with different hybridization states of atoms. Decompo-
sition of the spectra reveals peaks indicating the presence
of the sp3-phase (D- and G-peaks in the region of 1350 and
1580 cm™}, respectively) as well as characteristic features
indicating the presence of a one-dimensional allotropic
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modification of carbon - two-dimensionally ordered linear
chain carbon.

Analysis of the low-frequency modes in the 1000-
2500 cm™! region revealed a large number of bends in the
carbon chains, indicative of their shortening [18]. The in-
tensity of these modes varies significantly depending on the
assisting voltage. As the number of bends decreases (reduc-
tion in the proportion of sp?-type carbon), there is an in-
crease in the intensity of the band near 2000 cm™!, which
is indicative of an increasing proportion of sp-hybridized
carbon.

Analysis of the Raman spectra of silver ion doped coat-
ings (Figure 1b) revealed noticeable changes in the spectral
structure compared to undoped samples. A decrease in the
intensity of the D-band and shift of the G-band indicate
changes in the structural state of the carbon matrix upon
incorporation of silver ions. Similar changes are also ob-
served for copper ion doped samples.

Additional analysis of the Raman spectra was carried
out according to the methodology proposed in [21], where
a nonlinear dependence was found between the full width
at half maximum (FWHM) of the G-peak and the content of
sp3-hybridized carbon. The nature of the obtained depend-
ence is explained by the appearance of distortions in the
sp?-clusters due to the formation of defects of various na-
tures with an increase in the proportion of the sp>-phase.
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Figure 1 Raman spectra of: the carbon coating (a); the carbon coat-
ing doped with silver ions (b).
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The calculated values of the sp3-component content in
the samples are presented in Table 1. These data correlate
with the results of studies on similar samples [1, 22].

We observed the reduction in sp3-content upon Ag and
Cu doping. We propose that the presence of metal vapors
(Ag, Cu) in the plasma discharge affects the condensation
kinetics of carbon ions onto the substrate. The metals may
act as catalytic centers, promoting the formation of sp?-
clusters over sp3-bonds, explaining the observed decrease
in the diamond-like phase. Thus, in work [23] it was shown
that if metal ions enter the growing carbon film, they act as
a catalyst for graphitization, reducing the proportion of the
sp® phase.

Analysis of the distribution of LCC chains of different
lengths revealed a dependence on the assisting voltage (Fig-
ure 2). In the interval Uassist = 0-340 V, short LCC chains
dominate, while at voltages Uassist = 740-1500 V, a redistri-
bution in favor of long chains occurs, which presents prac-
tical interest [24]. The highest content of long LCC chains
is observed at Uassist = 1250 V, which correlates with the
minimum content of sp3>-phase in this sample. At the same
time, the sample with the maximum relative fraction of di-
amond-like carbon was synthesized at Uassist = O V.

X-ray fluorescence analysis was performed to evaluate
the chemical composition of the modified coating. The re-
sults confirmed the presence of silver and copper ions in
the sample. The effective surface dopant concentration
amounted to approximately 0.008-0.013 mg/cm?.

Table 1 Results of sp3>-content assessment.

Coating Ulssisty V sp3-content, a. u.
C 0.866
C+Ag 0o 0.748
C+Cu 0.698
C 340 0.831
C 540 0.824
C 740 0.727
C 940 0.772
C 1250 0.694
C 1500 0.784

0,30+ Short chains LCC

= 0,25

<

g

=

o

2

0,20 A

0,15 T T T 1
0 400 800 1200 1600
U \Y%

assist®

Figure 2 Evaluation of fractional content of chains with different
lengths.
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3.2. Antibacterial activity

Antibacterial activity of carbon coatings was investigated
using the «Ecolum» bioluminescent sensor based on a re-
combinant Escherichia coli K12 TG1 strain, following a
standardized methodology thoroughly described in [19].
The bioluminescence intensity in this system correlates
with bacterial metabolic activity and viability. The changes
in bioluminescence intensity were registered. The lumines-
cence intensity of the biosensor in distilled water decreases
exponentially due to inhibition of bacterial enzymatic activ-
ity (Figure 3).

The results of the bioluminescence study upon interac-
tion with carbon materials are presented in Figure 4. The
significant differences in the mechanisms of action of coat-
ings with different structures were revealed. For the sam-
ple with a high content of diamond-like carbon
(Uassist = 0 V), the mechanism of bioluminescence quenching
turned out to be almost identical to that in the control sam-
ple (Figure 4a). This agrees with literature data about pre-
dominantly mechanical antibacterial effect of DLC, associ-
ated with damage to cell membranes upon contact with the
coating surface [25].

In contrast to DLC, the coating with an increased con-
tent of LCC (Uassist = 1250 V) demonstrates an antibacterial
effect (Figure 4b). During the experiment, a «spike» in bac-
terial luminescence was recorded at the beginning of each
measurement interval (Figure 4b), which is consistent with
literature data and is explained by the short-term activation
of the luciferase enzyme upon contact of the bacterial sus-
pension with atmospheric oxygen [26]. The absence of a
characteristic luminescence «spike» for the LCC sample is
likely due to the chemical activity of LCC, leading to the
generation of reactive oxygen species (ROS) and the devel-
opment of oxidative stress in bacterial cells. Unlike LCC,
coatings with a high diamond phase proportion did not ex-
hibit a similar effect, confirming their predominantly me-
chanical (rather than chemical) mechanism of antibacterial
action [11].

1,2 5
1,04
0,8 -

0,6 1

Intensity, a. u.

0,4 1

0,2 A

0,0 T T 1
300 400 500

Time, min

100 200

Figure 3 Kinetics of bioluminescence quenching of the "Ecolum"
biosensor.
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biosensor upon exposure to carbon coatings: (a) diamond-like car-
bon (DLC); (b) linear chain carbon (LCC); (c) silver-doped DLC
(DLC-Ag); (d) copper-doped DLC (DLC-Cu). The control measure-
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The observed absence of the initial luminescence
«spike» upon bacterial contact with the LCC coating is of
significant practical interest. This phenomenon, reflecting
the rapid suppression of cellular metabolic activity, could
be utilized as a simple and rapid qualitative test for the pre-
liminary screening of coatings with high chemical antibac-
terial activity.

Beyond the chain length, the chemical reactivity of LCC
is strongly influenced by its terminal groups and bond type.
Cumulene and polyynic chains have oscillation frequencies
of the same order [18], so it is quite difficult to determine
the exact nature of the chemical bonds in LCC chains based
on Raman spectra. We assume that polyynic structures (al-
ternating single and triple bonds), which are more stable in
the free state compared to cumulenic ones, predominate in
our coatings. The high reactivity of these chains, responsi-
ble for the antibacterial effect, is likely associated with the
presence of reactive terminal groups (e.g., hydrogen or ox-
ygen-containing functional groups) formed during synthe-
sis or upon air exposure. These groups likely initiate oxida-
tive reactions, including ROS generation upon contact with
an aqueous environment, leading to oxidative stress in bac-
terial cells [27].

Doping DLC with silver and copper ions leads to an ad-
ditional enhancement of antibacterial activity (Figures
4c,d). Analysis of the bioluminescence kinetic curves
showed an increase in the quenching rate for the sample
doped with silver ions. Modification of the carbon coating
with copper ions did not lead to a noticeable reduction in
the luminescence quenching rate. The weak antibacterial
effect of the copper-doped coating compared to the silver-
doped one may be explained by several factors. One proba-
ble factor is the surface oxidation of copper and the for-
mation of poorly soluble compounds within the inert DLC
matrix, reducing the bioavailability of Cu?' ions. Further
studies, for instance, using X-ray photoelectron spectroscopy
(XPS) to analyze the chemical state of copper in the coating,
are required to precisely determine the reasons [17].

At the same time, the decreased activation of luciferase
in the initial moments of measurement for all modified
samples indirectly indicates the suppression of bacterial
metabolic activity [28, 29].

The results demonstrate a correlation between the
structure of carbon coatings and their antibacterial activity.
Coatings with a predominance of the sp3>-phase show mini-
mal biological activity, while samples with a high content
of sp-hybridized carbon (LCC) demonstrate a pronounced
antibacterial effect. Doping with silver ions enhances this
effect, likely due to the synergistic action of ROS generation
mechanisms and ionic toxicity.

The greatest bactericidal effect was achieved for the
coating synthesized at Uassist = 1250 V, which is character-
ized by maximal content of long LCC chains and minimal
fraction of diamond-like carbon. This confirms the potential
use of LCC-based coatings for creating biocidal surfaces of
medical implants.
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The observed degree and rate of bioluminescence
quenching for our most effective LCC- and Ag-DLC coatings
are comparable to or exceed the effects described for other
carbon nanomaterials tested using similar E. coli-based bi-
oluminescent sensors [19, 28], confirming the high poten-
tial of the developed coatings.

Despite the high antibacterial activity, the practical ap-
plication of LCC-based coatings in implantology requires
addressing the challenge of their long-term stability in
physiological conditions. The high chemical reactivity of
carbyne chains, which underlies their bactericidal effect,
may lead to their gradual degradation in protein- and en-
zyme-rich environments. Protein adsorption on the surface
could passivate the coating, reducing its activity. Further-
more, enzymatic cleavage of the chains is possible. To en-
sure stable long-term performance, further research aimed
at stabilizing LCC is needed, for example, via creating mul-
tilayer structures where LCC acts as an active layer, and a
protective coating controls its release rate [27].

4. Limitations

ARTICLE

bacterial strains and biofilm models, and evaluate the long-
term performance and biocompatibility of these coatings in
in vivo settings.

5. Conclusions

While this study demonstrates the potential of carbon coat-
ings for biomedical applications, several limitations should
be acknowledged.

Regarding the synthesis process, the method of doping
coatings by embedding metal pins into the carbon cathode,
while effective, presents challenges in achieving perfectly
uniform distribution of dopant atoms (Ag, Cu) throughout
the coating matrix. This heterogeneity could lead to local
variations in antibacterial efficacy and physicochemical
properties. Furthermore, precise control over the stoichi-
ometry and concentration of the incorporated metal ions
remains complex, as the final dopant concentration is influ-
enced by multiple dynamic plasma parameters.

In terms of antibacterial activity assessment, the use of
a single, genetically modified bacterial strain (Escherichia
coli K12 TG1) in a standardized laboratory setting, while
providing valuable and reproducible data, may not fully
represent the behavior of coatings against complex, multi-
species bacterial communities encountered in clinical envi-
ronments, such as biofilms. The bioluminescence assay,
though highly sensitive, primarily reflects metabolic activ-
ity and may not directly correlate with other viability indi-
cators or physical adhesion under dynamic flow conditions.
The experimental setup, involving contact between bacte-
rial suspension and coating sample in a controlled volume,
simplifies the complex and prolonged interaction that oc-
curs in the human body. Furthermore, the proposed anti-
bacterial mechanism of LCC-based coatings involving reac-
tive oxygen species (ROS) generation is based on indirect
evidence. Direct measurement of ROS production in future
studies would unambiguously confirm this mechanism.

Future studies should employ advanced elemental map-
ping techniques to quantitatively assess dopant distribu-
tion, expand biological testing to include clinically relevant
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This work involved the synthesis of carbon coatings and a
comprehensive investigation of their physicochemical
properties and antibacterial activity.

Carbon coatings were characterized using Raman spec-
troscopy and X-ray fluorescence analysis. It was established
that the Raman scattering technique allows efficient evalu-
ation of the content of carbon atoms with different hybrid-
izations and identification of structural features of the coat-
ings. It was found that increasing the assist voltage during
synthesis leads to an increase in the fraction of long LCC
chains in the coating structure.

The study on antibacterial activity revealed the differ-
ences in the biological activity of coatings depending on
their structure. It was established that DLC exhibits chemi-
cal inertness when interacting with biological environment,
whereas doping coatings with silver ions causes a pro-
nounced toxic effect. The highest antibacterial activity was
demonstrated by the sample with a predominance of long
LCC chains, confirming the effectiveness of the ROS gener-
ation mechanism as the main factor of bactericidal action.

Thus, the research results confirm the promise of using
carbon coatings for creating biocidal surfaces of medical
implants. The obtained results open up possibilities for the
targeted design of carbon coatings with specified biological
properties for application in medical practice.
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