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A B S T R A C T

The synthesized poly(lactic acid)-based (PLA-based) biodegradable nanocomposite coatings with antibacterial
properties were prepared from active gas phase generated by low-energy electron beam dispersion of the powder
mixture of PLA and antibacterial components (Norfloxacin and silver nitrate, respectively) in vacuum. The
molecular structure, morphology, optical property and chemical states of PLA-based coatings were investigated
by ATR-FTIR, Uv–Vis, TEM and XPS. The analyses of ATR-FTIR spectra confirm the formation of polymer and the
doped antibacterial components and show the interaction between them. XPS data show that the Ag nano-
particles are of metallic nature in the case of PLA-based nanocomposite coatings containing silver. The anti-
bacterial activity of PLA-based coatings deposited on different substrates was tested against E. coli ATCC 25922
and S. aureus ATCC 12600 using the agar diffusion method on the solid LB agar medium. The influence of
substrates on their antimicrobial behavior was stated.

1. Introduction

Advanced implant associated biomedical technologies for open
fracture treatments including biomedical implants and devices have
experienced a stage of rapid boom and found their practical im-
plementations in improving the quality of human and animal lives
within the last few decades. While building up health conditions of
patients, possible subsequent implant related postoperative infections
have become critical health concerns and perhaps the trickiest infec-
tions to conduct [1–4]. The treatment of postsurgical infections always
requests prolonged therapy of antibiotics and might even lead to a
possible removal of the placed internal devices through orthopedic
surgeries [5]. In severe cases, an amputation may be needed which can
lead to the death of patients in the worst cases. In the process of in-
fection formation, the initial crucial step is the adhesion and anchorage
of bacteria on the surface of implants and biomaterials. Bacterial ad-
hesion occurs due to the attachment of them to the surface of biome-
dical devices followed by a slow colonisation of the bacteria and sub-
sequently leads to the formation of a bacterial biofilm which is fatal for
the development of infection. Therefore, the suppression of biofilm

formation is a significant challenge towards prophylaxis and reduction
of implant related infections. Concerning the bacterial adhesion, which
is determined by the properties of implant surface, much effort has been
attributed to modify it with biodegradable materials, since they will be
used in biomedical industry.

Biodegradable polymeric materials which are blood compatible
have been applied not only confined to biomedical implants and de-
vices [1,6], release of drugs [7–9], food packagings [10,11], but also
extended to wound dressings [12], bone cements [13] and tissue en-
gineering scaffolds [14–16] due to their environment friendly nature
and outstanding physicochemical features. One key reason that makes
them attractive and interesting is their capacity of total biodegrad-
ability. The most well-known and important aliphatic poly(lactic acid)
(PLA) and poly(glycolic acid) (PGA) of polymer family or their copo-
lymers have been the most investigated biodegradable materials which
are widely occupied as surgical products and biodegradable implants
[17,18]. They have played a predominant role as biodegradable ma-
terials in orthopedic and medical applications, and among them the
renewable biodegradable PLA has drawn the most attention and in-
terest owing to its remarkable properties that make its commercial and
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large-scale production suitable for a large range of utilizations [19,20].
The modification of implant surfaces aiming at preventing infec-

tions can be conveniently achieved by coating the implant with nano-
composite antibacterial thin coatings loaded with antibiotics or other
antimicrobial agents. The application of antibiotics constitutes a key
point for the prophylaxis of implant related infections. It is well known
that Norfloxacin is one of the most efficient antibiotics for preventing
infections in hospitalized patients due to its excellent antimicrobial
performance. The presence of antibiotics has a vital influence on bac-
terial adhesion and proliferation on the implant surface. Therefore,
polymer-antibiotic coatings have been considered as one of the most
promising and appealing options for treatment of implant related in-
fections as these coatings will release antibiotics from implant surface
to the internal environment, and as a result the production of medical
implants coated with polymer-antibiotic coatings is highly demanded
[6].

Silver nanoparticles (AgNPs) have been suggested to be the most
promising inorganic nanoscale antimicrobial agents and broadly em-
ployed in precaution of implant related infections in medical sector due
to their powerful antibacterial capacity against a great number of mi-
croorganisms. Hence, the antibacterial property of AgNPs has aroused a
great interest of researchers and been considerably discussed [21,22]. It
has been substantiated that the high surface area to contact of AgNPs is
responsible for the enhanced inhibitory activity of nanomaterials.
However, on the other hand, the high surface free energy of AgNPs also
endows them with a tendency to be aggregated and oxidized when they
are in contact with environment which may result in the decrease or
even loss of some of their particular features. One commendable way to
solve these problems is to introduce nano-sized Ag particles into stable
polymer matrix materials to protect them from undergoing aggregation
and oxidization which may retain their antibacterial property to some
extent [15,23].

In most traditional preparation methods of polymer-based nano-
composite coatings with low-molecular compounds or metallic nano-
particles as doped components, there always are liquid media or sol-
vents. As a result, these methods usually have restrictions to the range
of polymer matrixes and dispersed substances, the rate of deposition
and the thickness of the synthesized coatings. One possible way to ef-
fectively overcome these drawbacks and get rid of solvents is the sol-
vent-free low-energy electron beam coating deposition method in va-
cuum. The electron beam deposition method allows combining the
advantages of both physical vapor deposition (PVD) methods and
chemical vapor deposition (CVD) methods [24–26]. Specifically, the
polymer-based nanocomposite thin coatings are deposited from the
active gas phase generated as the products of electron beam dispersion
of the solid target consisting of composite polymer based substances. In
our case, the low-energy electron beam flux can effectively evaporate
and further disperse the powder mixture of polymer and doped com-
ponents and give rise to the formation of even and dense nanocompo-
site coatings in company with the uniform distribution of dispersed
low-molecular compounds or metallic nanoparticles in polymer matrix
volume. The deposition of coatings based on many high-molecular
compounds: polytetrafluoroethylene, polyethylene, polyurethane,
polyaniline, silicone resins, etc. and nanocomposite coatings on their
basis are possible by electron beam dispersion. The deposition of these
coatings, in particular, PU-PTFE, PE-PTFE by other methods is difficult
or impossible [27]. Electron beam dispersion cannot be used for coat-
ings based on compounds containing benzene rings (polystyrene,
polyethylene terephthalate). Benzene rings are easily split off and re-
moved by a vacuum pumping system. Electron beam dispersion is not
effective in the formation of layers based on antibiotics, characterized
by molecular mass of more than 800: polymyxins, vancomycin, and a
number of other antibiotics – gentamycin, etc. The electron-beam
coating method is most effective in the formation of layers based on
ciprofloxacin. The impact of a low-energy electron flux is not accom-
panied by the destruction of an antibacterial drug [28,29]. Electron-

beam dispersion of high-molecular compounds is accompanied by the
deposition of layers with significantly lower molecular mass, which
facilitates their relatively rapid decomposition in the human body. This
also applies to polylactide-based coatings. In [30] it is noted that the
amorphous structure of polylactide-based coatings, combined with a
low molecular weight (9.6 104 g/mol for the initial polymer and
1.5 104 g/mol for the coating), promotes the accelerated release of
biocidal additives. As is known, one of the disadvantages of polylactide
materials is the low rate of biodegradation, which requires the im-
plementation of additional techniques. In particular, the introduction of
a magnesium polymer [31]. Antibacterial coatings based on polylactide
are free from this disadvantage.

It should be noted then the effectiveness of using antibacterial
coatings is in some cases determined by the rate (character) of the
medicinal component release from the thin layer. The release of silver
nanoparticles is only possible at the decomposition of the polymer layer
[32]. Consequently, these coatings will have a high surface bacterial
activity. Using an antibacterial chemical might expect its more intense
diffusion from the coating to the biological medium. In this regard, it
was interesting to compare such coatings with various release kinetics.

The aim of this study is the investigation of the antibacterial activity
of PLA-based biodegradable nanocomposite coatings due to the changes
in structure and morphology of the coatings under the influence of the
doped antibacterial components of different nature.

2. Experiment

2.1. Characterization of methods and instruments

The nanocomposite coatings were formed by the electron beam
deposition method (EBD). The mechanical mixture of powders of the
polymer (poly(lactic acid), Purac) and antibacterial components
(Norfloxacin, Zhejiang Medicine Co., Ltd., silver nitrate (AgNO3), 98%,
Aldrich) was taken as the initial target.

The nanocomposite coating deposition was performed from active
gas phase generated in vacuum as the product of electron-beam dis-
persion of powder mixture of PLA and antibacterial components in the
mass ratio of 1:1. The scheme of electron beam deposition device is
shown in Fig. 1.

The process of nanocomposite coating deposition was carried out at
the initial pressure of residual gases in the vacuum chamber at
4× 10−3 Pa. The electron gun with a filamentary cathode which is able
to form low-energy electron beams with current density
j=0.01–0.03 A/cm2 and energy E=1000–2000 eV is used as the

Fig. 1. Scheme of electron beam deposition device.
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electron source. The distance between target and electron gun was
20 cm and between the target and substrates was 15 cm. The substrates
were not exposed to energetic elastically scattered electrons. Otherwise,
such a treatment would initiate a process of partial destruction of the
deposited organic layer. The temperature of substrates while depositing
thin layers was about 25 °C. The type of low-energy electron devices
which are used to obtain polymer-based coatings in vacuum is as shown
in [24,33].

Dimensional morphological analysis of nanoparticles in the polymer
matrix was carried out using high resolution transmission electron
microscopy (TEM) a JEM 2100 (Jeol) microscope with the acceleration
voltage of 200 kV. The selection of characteristic section for the analysis
was determined by the maximum number of isolated clusters. The
special carbon-coated copper grid substrates were used with thin layers
depositing directly onto a grid during the TEM investigations.

The molecular structure of nanocomposite coatings was character-
ized on the IS-10 (Thermo Scientific Nicolet) Fourier Transformed
Infrared Spectrometer in a mode of attenuated total reflection (ATR).
ATR-FTIR spectra were recorded in the scanning range of
4000–300 cm−1 with a resolution of 4 cm−1. The accumulation of the
signal was spent on 32 spectra and the spectrum was observed as soon
as 4 spectra past.

The UV–vis spectrophotometric investigations were conducted by
the Cary-50 (Varian) spectrometer using transparent quartz glasses with
nanocomposite thin layers deposited on them directly. The value of the
band gap was determined based on the analysis of optical absorption
spectra using the methods described in [34,35].

The elemental compositions and chemical states of the deposited
nanocomposite thin layers were analyzed by X-ray photoelectron
spectroscopy (XPS). The XPS measurements were done on the PHI
Quantera II Scannig XPS Microprobe spectrometer with Al Ka mono-
chrome X-rays (hv=1486.6 eV) source. All the binding energies of the
XPS spectra were referenced to C1 s peak at 284.8 eV of the surface
adventitious carbon. The pass energy of the entire XPS core spectrum is
280 eV and of the spectrum of each element is 55 eV. For PLA+AgNO3

coating sample, the analysis time of the entire XPS core spectrum, C1 s
spectrum, N1s spectrum and Ag3d spectrum is 6.61min, 5.42min,
4.82min and 3.62min, respectively. For PLA+Norfloxacin coating
sample, the analysis time of the entire XPS core spectrum is 6.51min
and of the spectrum of each element is 3.62min. The power of charge
neutralisation is 100u25w15 kV and the spot size is 200×250 μm2.

2.2. Evaluation of antibacterial activity by the agar diffusion method

According to the analysis of literature, at the present time, several
drugs that lead to a synergistic effect are used to combat pathogenic
microorganisms effectively. In this regard, the combination of
Norfloxacin with silver nitrate is justified. Silver nitrate is the source of
silver nanoparticles, formed under the energy impact of the electron

flow, and in the heat treatment of a thin layer. It should be noted that
all medical devices are thermally sterilized before being introduced into
the body, which many researchers do not take into account. As a result,
the coating is a source of metal nanoparticles, silver nitrate and anti-
bacterial chemotherapy. In this case, various schemes for the thermal
treatment of coated implants determine the content of the original salt
in a thin layer.

The antibacterial activity of the synthesized thin layers was tested
against two different pathogenic bacteria Escherichia coli (E. coli ATCC
25922, gram-negative), and Staphylococcus aureus (S. aureus ATCC
12600, gram-positive) in terms of agar diffusion method, which was
conducted as previously reported in Refs. [36,37].

In order to clarify the surface antibacterial property of the formed
thin coatings, the silicon single crystal wafers (100) substrates were cut
prior into squares (considering it is difficult for silicon wafers to be cut
into regular discs during artificial post-processing) of which each has a
surface area of 10×10mm2 besides special circular quartz glasses
substrates of which each has a diameter of 10mm with coatings de-
posited on them were subsequently used as the discs employed in the
agar diffusion method instead of the conventional paper discs. All in-
struments and materials were sterilized in an autoclave before experi-
ments. The antimicrobial activity tests for coatings prepared on these
two kinds of substrates against E. Coli and S. aureus by agar diffusion
method were performed on the solid Luria-Bertani (LB) agar medium at
incubation temperature of 37 °C for 24 h. It has been well established
that when the concentrations of inhibition are reached, there will be a
formation of a clear zone around the placed sample if it is contacted
with bacterial microorganisms. This clear zone is ascribed as a zone of
inhibition [38]. After incubation, antibacterial activity of coating
samples was determined as different levels of growth inhibition zones
formed on agar plates around them which were visually observed and
measured for further evaluation.

3. Results and discussion

3.1. FTIR and UV–vis spectroscopy

The molecular structure of Norfloxacin after it was fully exposed to
the low-energy electron beam was measured immediately after the
process of nanocomposite coatings deposition. ATR-FTIR spectrum of
the Norfloxacin coating tends to be identical to spectrum of the initial
Norfloxacin powder (Fig. 2(A, B)). The main absorption bands of the
initial Norfloxacin powder characterized by ATR-FTIR spectroscopy
appear in spectrum of Norfloxacin coating prepared from the active gas
phase and negligible differences exist in the intensities of several ab-
sorption peaks between the spectra of origin powder and formed
coating in spectrum frequency area 3800–2400 cm−1 and
1700–600 cm−1. Some differences in the position and optical density of
the individual absorption bands may be stipulated by the differences in

Fig. 2. ATR-FTIR spectra of the powder and coating of Norfloxacin: 1-Norfloxacin powder; 2-Norfloxacin coating.
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physical state of the compound in a thin layer and the powder.
The presence of Norfloxacin is confirmed by characteristic peaks

assigned to valence vibrations of its OHe, NHe groups, CeH bonds
(CH3, CH2 and CH groups) in the range 3000–2800 cm−1.

The strong and broad absorption band at 3300 cm−1 can be char-
acterized by valence vibrations of NH groups. It is known that the ab-
sorption of the secondary amine in the diluted solutions is in the range
of 3500–3400 cm−1. The absorption peak at 3300 cm−1 may indirectly
indicate the presence of intense intermolecular interactions (hydrogen
bonds) involving amino groups, and the peak at 3030 cm−1 can be
assigned to stretching vibrations of aromatic ]CeH groups of
Norfloxacin [39].

The drug compound in a thin layer in the form of powder easily
binds to water. This is indicated by the IR spectra through a broad
absorption band in the range of 3600–3000 cm−1 corresponding to
stretching vibrations of OH groups, the absorption at 1650 cm−1 cor-
responds to deformation vibrations of OH groups [25].

According to the IR spectroscopic investigations, the effect of low-
energy electron beam on the drug compound is not accompanied by a
noticeable degradation of its molecular structure.

Fig. 3 shows the results of Uv–vis spectroscopy of PLA-based coat-
ings. It is obvious, that the nanocomposite coatings with silver possess
high activity in the visible area illustrated by a broad absorption band
fixed at 415 nm which can be ascribed to the presence of AgNPs with
spherical shape on the contrary to the pure PLA coating. Following two
days of storage of the investigated PLA+AgNO3 coating without
taking any protective procedures, the maximum of the surface plasmon
resonance absorption peak shifts to longer wavelength increasing from
415 nm to 430 nm together with the companion of an apparent
broadening of the peak. The considerable broadening and shift of the
peak maximum imply that the average size and distribution of AgNPs
slightly increased with time [40,41]. The aggregation of AgNPs and
their interface coupling effect may be the explanation for the broad-
ening and red-shift of surface plasmon absorption [42,43]. As reported
in Ref. [44], that silver particles with diameters ∼10 nm exhibit ab-
sorption bands at 410–450 nm depending on their chemical environ-
ment. It is believed that small spherical nanoparticles of silver with an
average diameter of 10 nm or even less are deposited into PLA coatings
based on the maximal absorption at 415 nm in UV–vis spectrum. Thus,
it is established that despite of the properties of polymer matrix, dis-
persion of the mixture of polymer and silver nitrate by electron beam is
accompanied by the formation process of silver nanoparticles into
polymer-based composite coatings.

In order to verify the introduction of Norfloxacin and AgNO3 into
PLA based nanocomposite coatings formed from the active gas phase,
their ATR-FTIR spectra together with that of origin PLA powder were
studied as presented in Fig. 4. It is worth mentioning that the thin

coating based on silver nitrate is characterized by the absorption at
1250 and 870 cm−1 due to the valence vibrations of NO3

— groups and
the deformation vibrations of OeNeO groups [45]. And for the in-
vestigated coating based on Norfloxacin the presence of the peaks dis-
played in Fig. 3 reveals the appearance of Norfloxacin structure in the
composite system.

It can be seen (Fig. 4) that the IR spectra of two kinds of doped PLA
based composite coatings show all the feature-distinctive absorption
bands which are defined in pure PLA powder. The intense characteristic
absorption peaks at 1754, 1179 and 1077 cm−1 observed from the
origin PLA powder shift slightly to lower wavenumber, 1712, 1235 and
1091 cm−1 for PLA+AgNO3 coating and 1740, 1185 and 1086 cm−1

for PLA+Norfloxacin coating respectively, which can be attributed to
C]O carbonyl stretching, stretching vibration of CeOeC groups and
stretch modes of CeO groups, respectively. The absorption bands at
2982 and 2942 cm−1 for PLA powder refer to stretch modes of aliphatic
saturated CeH groups and asymmetric stretching vibration of CeH2

group, respectively, appear at 2954 and 2919 cm−1, 2991 and
2943 cm−1, for PLA+AgNO3 coating and PLA+Norfloxacin coating
system correspondingly.

So, the IR spectra of composite coatings are represented by all the
bands peculiar to the initial components. The emergence of other bands
was not identified. This indicates the lack of chemical bonds occurrence
between the components. As a first approximation, the coatings may be
regarded as superfine mechanical mixtures of the modified original
components. The shift in the bands is caused by the classical inter-
molecular interaction of the polymer and a low-molecular compound.
In particular, for PLA – Norfloxacin coating, it is hydrogen interaction
between the oxygen of oxygen-containing groups of the polymer (car-
bonyl, ester bonds) and the hydrogen of secondary amides of the che-
mical, etc. For PLA–AgNO3 coating, in addition to the interaction be-
tween the polar groups of the polymer and salt (NO3

—), it is the
interaction between the polymer and the formed silver nanoparticles.
The result of this interaction are the processes of partial oxidation,
formation and growth of silver nanoparticles. The mechanism of in-
fluence of the polymer matrix containing oxygen polar groups on the
processes of the formation and growth of silver nanoparticles are de-
scribed in the literature well enough today [32].

3.2. TEM studies

TEM and HRTEM images of silver containing PLA-based composite
coatings synthesized by dispersion of powder mixture of AgNO3 and
PLA are shown in Fig. 5. TEM images demonstrate that many nano-
particles are fine uniformly anchored on the light-colored polymer
matrix. We find that the vast majority of AgNPs have diameters from 5
to 20 nm and the average diameter of them can be determined to be
17.5 ± 1.13 nm (Fig. 5C) considering them as spherical nanoparticles
which well corresponds to UV–vis results. The presence of several silver
nanoclusters with the maximum size (< 200 nm) should be because of
the oxidation and aggregation of silver particles on the surface of
coatings in the air. Such wide range of the distribution of size and shape
of AgNPs may be due to the nature of used polymer matrix. Since PLA is
a kind of more active polymer as opposed to inert polymers like PTFE
and PE, the interaction between silver and polymer is significant and
occurred in the process of initial target impact by electron beam, sub-
sequent active gas phase generation and deposition on a substrate and
then leads to the formation of AgNPs with widened distribution of size
and shape [26]. The interaction of silver nanoparticles with a polymer
matrix was touched upon in [32]. It is noted that metal ions can interact
with oxygen-containing groups. It was found that the decomposition of
silver nitrate is accompanied by the presence, in addition to metallic
nanoparticles, of oxide particles. The interaction of metal nanoparticles
with an organic matrix is specified by the high surface energy of the
nanoparticle. Particles of silver oxide interact with organic molecules
by means of oxygen of the oxide layer.

Fig. 3. UV–vis absorption spectra of the coatings: 1-PLA coating; 2-
PLA+AgNO3 coating; 3-PLA+AgNO3 coating tested after 2 days.
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It is clear that the observed crystal lattice spacing of single nano-
particle marked out in Fig. 5B is 0.234 nm, which is in good agreement
with the value of the (111) phase of metallic Ag nanoparticles, sug-
gesting AgNPs have successfully deposited into polymer matrix of
PLA+AgNO3 nanocomposite coatings and also confirming the con-
clusions drawn in data analyses of the visible area in UV–vis absorption
spectra [46–48]. The existence of metallic Ag0 is further demonstrated
in XPS spectrum (as shown in Fig. 6С).

3.3. XPS studies

The XPS core spectrum of PLA+AgNO3 coating sample and the
typical high-resolution XPS spectra of C1s and Ag3d core levels of it are
shown in Fig. 6. The entire core XPS spectrum in Fig. 6A clearly in-
dicates that elements of C, O and Ag are detected in PLA+AgNO3

coating. No peaks of other impurities were detected in the sample,
proving the resulting coating possesses high purity.

As can be seen from Fig. 6B, C1s spectrum can be deconvoluted into
three peaks at 283.7 eV, 285.7 eV and 287.7 eV, which can be ascribed
to aliphatic methyl eCH3 groups, aliphatic tertiary carbon atoms
bonded to oxygen atoms (OeCeH) and aliphatic C]O double bonds,
respectively. The O1s spectrum is not displayed because the content of
O from XPS result is not accurate to some extent. The O1s spectrum
contains the contributions from surface adsorbed multiple oxygen ions,
including O2, H2O, chemisorbed oxygen (OH) and carbonate substances
during the process of sample preparation for XPS measurement which
are very much common at room temperature in the air.

It is illustrated that there are two adjacent peaks centered at

373.5 eV and 367.5 eV in Ag3d photoelectron regions for PLA+AgNO3

coating sample in Fig. 6C, which correspond to Ag3d3/2 and Ag3d5/2,
respectively [49–51]. No peak corresponding for N 1s is observed, it
confirm that AgNO3 had already decomposed. Therefore, the XPS re-
sults further verify the existence of zerovalent silver Ag0 in the PLA-
based nanocomposite coatings containing silver and support for this
conclusion of the metallic nature of Ag come from TEM, which shows
crystal lattice spacing of 0.234 nm that can be indexed to the (111)
phase of AgNPs combined with characteristic plasmon peaks of metallic
silver at about 415 nm and 430 nm in UV–vis spectra.

It should be marked out that in comparison with the standard value
of pure metallic Ag, the binding energy value of bulk Ag is about
368.2 eV which is well established in the literature sources, the XPS
peak position referenced to Ag3d5/2 of metallic Ag somewhat exhibits
small negative shift about 0.7 eV to lower binding energy in the case of
PLA+AgNO3 thin coating in our work, implying that the electron
density of Ag is decreased. The difference could be resulted from the
binding energy of silver which is highly sensitive to the external en-
vironment in which it is located and in this case the polymer matrix
network should be responsible for the small shift [40,52–54]. Probably
the intense interaction between silver which is introduced into PLA
polymer and the electronegative oxygen atoms exists in PLA polymer
network, generating a consequent slight deformation of electron den-
sity from silver atoms towards the electronegative atoms, giving rise to
the above mentioned shift in BE value of silver to lower binding energy.

The mechanism of interaction between the positively charged silver
ions and oxygen-containing groups of the polymer that have negative
charge is well described in the literature. These photochemically

Fig. 4. ATR-FTIR spectra of coatings and PLA powder: 1-PLA powder; 2-PLA+AgNO3 coating; 3-PLA+Norfloxacin coating.

Fig. 5. TEM image (A) and high resolution image (B) of PLA+AgNO3 coating and histogram (C) of the distribution of AgNPs in its diameters. In B the lattice stripe
observed is marked.
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initiated process are mainly considered for water solutions of the
polymer and silver salt. However, the mechanism of formation of silver
nanoparticles, both using aqueous solutions and for the case of electron-
beam deposition, is similar. The difference lies in the mechanism of
initiation of salt decomposition. At the electron-beam deposition, the
salt decomposition occurs both at the stage of coating deposition
(partial) and at the process of heat treatment of the already formed
coating [55].

Fig. 7 presents XPS core spectrum and the XPS detailed regions of

C1s, N1s, and F1s of PLA+Norfloxacin coating sample. The core XPS
spectrum in Fig. 7A mainly consists of the peaks of C, N, O and F ele-
ments. C1s XPS peaks (Fig. 7B) appear at four positions and the one of
the highest binding energy at 287.6 eV can be contributed to either
aliphatic C]O double bonds or F substituted aromatic carbon atoms on
the benzene ring structures in Norfloxacin molecules. Besides, the other
three peaks at 285.9 eV, 285.0 eV and 283.6 eV are ascribed to C atom
bonded to a nitrogen atom (CeN) in Norfloxacin molecules, CeO
groups and aliphatic methyl eCH3 groups both in PLA and Norfloxacin

Fig. 6. XPS core spectrum (A) and XPS spectra of C1 s (B) and Ag3d (С) of PLA+AgNO3 coating.

Fig. 7. XPS core spectrum (A) and XPS spectra of C1 s (B), N1 s (C) and F1 s (D) of PLA+Norfloxacin coating.
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molecular structures. It clearly shows that N1s spectrum presented in
Fig. 7C can be divided into two different peaks located at 399,4 eV and
398.25 eV which can be characterized to amino groups with hydrogen
atoms (C)2eNeH or Ne(C)3 groups and nitrogen atoms in a cyclic
structure in Norfloxacin, respectively. The contents of the (C)2eNeH or
Ne(C)3 groups are calculated by XPS peak areas and the molar ratio of
them is determined to be ca. 1:2, conform to the structure of Nor-
floxacin. Moreover, F1s XPS data (Fig. 7D) have only one peak centered
at 686.0 eV, what allows to well determine the existence of Norfloxacin
in PLA+Norfloxacin nanocomposites.

3.4. Antibacterial activity studies

The antibacterial activity of PLA-based nanocomposite coatings was
investigated against pathogenic organisms E. coli and S. aureus. The
visual photographic images of inhibition zones of PLA+AgNO3 and
PLA+Norfloxacin coatings are displayed in Figs. 8 and 9, respectively.
All of the images of inhibition zones illustrate significant antibacterial
activity of all synthesized nanocomposite coatings both against E. coli
and S. aureus.

Specifically, the values of diameters in mm of inhibition zones ob-
served from Figs. 8 and 9 are listed in Table 1. They clearly show that
all PLA+Norfloxacin coating samples are more effective against both
two kinds of test cultures in creating zones of inhibition with much
larger areas (diameters of inhibition zones are 64.9, 56.9, 38.4 and
36.3 mm) compared to PLA+AgNO3 samples (corresponding dia-
meters are 26.7, 24.5, 13.4, and 12.9mm, respectively).

The images and results of zone of inhibition also demonstrate that E.
coil (26.7, 24.5, 64.9 and 56.9 mm) present better susceptibility to both
PLA+AgNO3 and PLA+Norfloxacin coatings in comparison with S.
aureus (corresponding 13.4, 12.9, 38.4 and 36.3mm). This phenom-
enon may be explained by their cytoplasmic membrane detachment
from their cell wall under the effect of antibacterial components in the
coatings [56].

As for the aspect of different substrates, it is clearly revealed that the
coating samples deposited on silicon single crystal wafers (100) exhibit
more obvious antibacterial activity (26.7, 13.4, 64.9 and 38.4 mm) than
that on circular quartz glasses (corresponding 24.5, 12.9, 56.9 and
36.3 mm) regardless of the type of samples and the kind of cultures in
these tests. It is commonly believed that the release of antibacterial
components (for PLA+AgNO3 and PLA+Norfloxacin coatings the
antibacterial components are Ag nanoparticles and Norfloxacin anti-
biotic, respectively) determines the extent or zone of antibacterial ac-
tivity as seen as the zone of inhibition [35], and this diffusion behavior
can be influenced to a great extent by the substrates employed during
the process of deposition of coatings for antibacterial activity studies.
This explains the difference of antibacterial properties presented by the
coatings on various substrates. Silver nitrate and antibacterial chemical
preparation can easily diffuse into aqueous media, providing the re-
quired concentration of the drug compound near the implant. Silver
nanoparticles are responsible for high surface antibacterial activity.
Differences in the antibacterial activity of the compounds considered in
the paper are related only to their different ability to diffuse into aqu-
eous media. The structure of the polymer coating, its adhesion

Fig. 8. Photographic images of zone of inhibition of PLA+AgNO3 coatings deposited on different substrates (A: silicon wafers; B: quartz glasses) against Escherichia
coli (A1, B1) and Staphylococcus aureus (A2, B2).
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interaction with the substrate can both facilitate and hamper the dif-
fusion. Due to the fact that the coating is thin, its structure is sig-
nificantly influenced by the substrate and, consequently, by its pre-
liminary activation treatment. At the same time, the task was not to
determine the effect of the substrate on the properties, including anti-
bacterial, of the coatings applied. In general, all the above mentioned
again confirms the effectiveness of the joint use of silver nitrate and
antibacterial chemotherapy in the formation of coatings.

It should be note then the influence of the substrate on the size of
inhibition zones is show by influencing on the mechanism of the in-
itiation and growth of the coating deposited and, respectively, through
the influence on the structure of the thin layer. The processes are very
complicated and require separate studies. The objectives of the paper
did not include these studies. There is a considerable amount of papers

on this subject, in particular [57].

4. Conclusions

Antimicrobial PLA-based biodegradable thin nanocomposite coat-
ings separately containing Norfloxacin and silver were successfully
deposited on different substrates from the active gas phase in vacuum.
The interaction between the doped antibacterial components with
polymer matrix was confirmed by ATR-FTIR spectra analyses. It was
found that the as-prepared PLA+Norfloxacin coatings exhibited a fine
electron beam dispersion of the initial target materials as well as a good
preservation of molecular structure of both PLA and Norfloxacin. In
addition, the formation of AgNPs anchored on polymer matrix and the
shape and size distribution of them were determined by UV–vis spectra
and TEM images respectively, and their average diameter was de-
termined to be 17.5 ± 1.13 nm. Moreover, XPS results revealed the
chemical state of Ag elements and further verified the existence of
metallic Ag in the case of coatings containing silver formed by electron
beam dispersion of PLA and silver nitrate powder mixture. Both two
kinds of PLA-based biodegradable thin coatings displayed an excellent
antibacterial activity against gram-negative bacteria, E. coli ATCC
25922 and gram-positive bacteria, S. aureus ATCC 12600. And such thin
nanocomposite coatings deposited on silicon single crystal wafers ex-
hibited better antibacterial activity as opposed to them on quartz
glasses. This is because of the influence of the substrates on diffusion
behavior of antibacterial components in thin coating systems. Overall,
this work can provide a facile path to design other organic-polymer or

Fig. 9. Photographic images of zone of inhibition of PLA+Norfloxacin coatings deposited on different substrates (A: silicon wafer; B: quartz glasses) against
Escherichia coli (A1, B1) and Staphylococcus aureus (A2, B2).

Table 1
Zone of inhibition (mm) of PLA+AgNO3 and PLA+Norfloxacin coatings
against various pathogenic organisms in terms of agar diffusion method.

Test
microorganisms

Type of samples

PLA+AgNO3 coatings PLA+Norfloxacin coatings

silicon
wafers

quartz
glasses

silicon wafers quartz glasses

E. coil 25922 26.7 24.5 64.9 56.9
S. aureus 12600 13.4 12.9 38.4 36.3
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metal-polymer nanocomposites which can be promising candidates
applied in biomedical and biological sectors owing to their high anti-
bacterial capacity.
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