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Abstract

New silver nanocomposites based on polysulfones of 2,2-diallyl-1,1,3,3-tetracthylguanidiniumchloride [poly(AGC-SO,)],
tris(diethylamino)diallylaminophosphonium tetrafluoroborate [poly(DAAP-BF,~SO,)] and chloride [poly(DAAP-CI-SO,)]
have been developed. UV-spectroscopy, SEM and XRD techniques were used to characterize the formation of silver nano-
particles in copolymers. Antibacterial action of new silver nanocomposites on S. epidermidis 33 and Escherichia coli (plank-
tonic cells and biofilms) was studied. The silver nanocomposites strongly inhibited biofilms formation of S. epidermidis 33
and Escherichia coli. The silver nanocomposites based on phosphonium polysulfones have a significant cytotoxic activity
against RD and MS line cells.
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1 Introduction

Metal nanoparticles exhibit fascinating optical, catalytic,
magnetic and biological properties [1-5]. The unique size-
and shape-dependent properties of metal nanoparticles make
them perspective in many fields of modern science and tech-
nology. Among metal nanomaterials, silver nanoparticles
have attracted considerable attention.

The creation of nanomaterials from silver nanoparti-
cles is the most promising, especially in connection with
the recently discovered possibilities of an infinite variety
of sizes, shape, composition and structure of nanoparticles
obtained by chemical methods [6, 7]. Silver nanoparticles
have the rare combination of valuable qualities: unique opti-
cal properties, high surface area, catalytic activity, high-
capacity electric double layer [8]. Several comprehensive
reviews are devoted to the study of antimicrobial and anti-
viral properties of silver compounds [9—-12]. Unfortunately,
as long as there are not so many ways to create materials
from nanoparticles, since their aggregation leads to the loss
of most of the unique characteristics [7, 13, 14]. To prevent

aggregation, it is necessary to use stabilizing agents, such
as self-assembled monolayers [15, 16], surfactants [17-19],
polymers [20-23] or dendrimers [24, 25]. These stabilizers
protect the nanoparticles from the environment and prevent
their agglomeration, and moreover play an important role in
controlling the size and shape of the particles.

The most widely used method is the application of poly-
mers as stabilizing agents. N, P, S-containing high-molec-
ular compounds with various functional groups are highly
effective as polymer matrices that stabilize metal nanopar-
ticles preventing their aggregation. The presence of various
functional groups (amine, guanidinium, phosphonium, sulfo)
in polysulfones provides great prospects for their use for sta-
bilizing silver nanoparticles. Polyfunctional macromolecules
can provide a favorable microenvironment for the reduction
of silver ions due to the coordination binding of silver ions
with the functional groups of copolymers [26]. Therefore,
copolymers obtained by radical copolymerization of guani-
dinium and aminophosphonium salts with sulfur dioxide
are promising for the development of stable metal-polymer
nanocomposites.
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Among biocide polymers, the polymeric quaternary
ammonium, guanidinium or phosphonium salts have gained
importance as medical, crop protection agents and antisep-
tics for industry products, foods, etc. [27-34]. They are
believed to be effective in inhibiting the growth of bacteria.
The combination of two biocide fragments (biocide polymer
and silver nanoparticles) is relevant because makes it pos-
sible to purposefully enhance the antimicrobial properties
characteristic of individual parts.

Nanotoxicity is critical to predicting potentially adverse
effects of silver nanoparticles for sustainable development
thereof in the future [35]. It can be assumed that polysul-
fones used as nano-stabilizing matrices will not only prevent
particle aggregation, but also provide a prolonged biological
effect, improve bioavailability, and, potentially, make it pos-
sible to correct the toxicity of nanoparticles.

In this work we report the synthesis of soluble silver
nanocomposites (AgNCs) based on guanidinium and ami-
nophosphonium polysulfones and their antimicrobial effect.
We investigate the biocide action of these nanocomposites
against Gram-positive and Gram-negative bacteria. Improv-
ing the effectiveness of treatment is impossible without test-
ing biocides for their ability to penetrate biofilms, act on
already formed communities and inhibit their formation and
resettlement. Therefore, the ultimate goal was to study the
effect of nanocomposites on biofilm formation and on devel-
oped (in 24 h) biofilms of S. epidermidis 33 and Escheri-
chia coli. In addition to antimicrobial activity, the toxicity
of nanocomposites is also of paramount importance. To our
knowledge, the antibacterial activity of silver/polysulfone
nanocomposites and their toxicity has not been reported
in the literature and this is the first report on the antibiotic
effect of nanocomposites on S. epidermidis 33 and Escheri-
chia coli biofilms.

2 Materials and Methods
2.1 Materials

2,2-Diallyl-1,1,3,3-tetraecthylguanidiniumchloride (AGC)
was synthesized from tetraethylurea as described in [36].
The yield of AGC was 70 % from the theory. (C,5H;,CIN;)
(287.5): Calcd. C 62.61, H 10.43, N 14.61; Found C 62.42,
H 10.67, N 14.58.

Tris(diethylamino)diallylaminophosphonium tetra-
fluoroborate (DAAP-BF,) and chloride (DAAP-CI) were
obtained as described in [37]. The yield of DAAP-CI was
86.5%. (C;gH,,CIN,P) (378.5): Calcd. C 57.07, H 10.57, N
14.79.; Found C 56.82, H 11.06, N 14.55.

The yield of DAAP-BF, was 70.1 %. (C;gH,,F,N,PB)
(430): Calcd. C 50.23, H 9.30, N 13.02; Found C 49.72, H
10.03, N 12.83.
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Chemical shift values and signals multiplets of the atoms
(S, ppm) of AGC, DAAP-CI] and DAAP- BF, are shown in
Table 1S in Supplementary data.

Sulfur dioxide was dried by passing through concentrated
sulfuric acid and freshly-sintered CaCl,.

All the other chemicals were obtained from commercial
suppliers. The characteristics of applied initiator (2,2'-azo-
bisisobutyronitrile (AIBN)) and solvents (DMSO, methanol,
tetrahydrofuran) conformed to the reference data after puri-
fication by conventional methods.

2.1.1 Copolymerization

The copolymerization experiments of AGC, DAAP-CI and
DAAP-BF, with SO, were carried out in a glass reactor
according to the following technique. A desired quantity of
SO, was introduced into a liquid nitrogen-cooled reactor via
condensation, then the necessary quantity of allyl monomer,
initiator AIBN (3.0x 1072 mol/L) and solvent were added.
The reactor was sealed and the reaction was carried out at
the chosen temperature. Copolymers were precipitated and
purified by threefold reprecipitation by a precipitant from
the solution. Solvent and precipitant for all systems were
methanol and tetrahydrofuran respectively. The purified
copolymers were dried under vacuum at 50 °C until con-
stant weight was achieved. The copolymer composition was
calculated from the elemental analysis data.

2.2 Synthesis of AgNCs

Synthesis of silver nanocomposites was conducted as fol-
lows. Poly(AGC-S0,) or poly(DAAP-CI-SO,) (1072 mol)
were dissolved in water (70 ml) and poly(DAAP-BF,—SO,)
(1072 mol) was dissolved in methanol (40mL). Then AgNO,
(1073=1072 mol of 1% aqueous solution) was added and
the reactive mixture was stirred for 1h at room temperature.
Then NaBH, (2x 107-2x 1072 mol) was added dropwise
with the constant intensive stirring and the reactive solu-
tion was stirred for ten hours at room temperature. Nano-
composites were separated by dialysis. The purified AgNCs
were dried under vacuum at 50 °C until constant weight was
achieved.

2.3 Measurements

Fourier transform infrared spectra (FT-IR) were recorded
using a Vertex 80v Bruker spectrometer at a resolution of
4em~L,

The 'H and !* C NMR spectra were recorded on a Bruker
Avance II spectrometer operating at 400 and 100 MHz,
respectively, using a broad-band proton decoupling and in
a JMOD (J-modulated) mode. DMSO-d, was used as a sol-
vent; tetramethylsilane was used as an internal standard.
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The molecular weight of copolymers was determined by
the sedimentationmethod (methanol, 25 °C, (30—40) x 10°
circle/min).

The optical properties of the AgNCs were measured
using a CF-2000 spectrophotometer in a wavelength range
of 200—-600 nm.

The structure of produced nanocomposites was explored
by X-ray phase analysis on the XRD-7000 diffractometer
(Shimadzu, Japan) using the CuKa-radiations (k= 1.54062
E) in angular interval 26 =10-80°.

Concentration of Ag in aqueous solutions was determined
with using of atomic-absorption spectrometer iCE 3500
(«Thermo Fisher Scientific»,USA).

Samples of nanocomposites were studied by means of
FEI QUANTA FEG 650 microscope (Netherlands).

The particle size was determined from the dynamic
light scattering measurements using a ZetaPALS analyzer
(Brookhaven, USA).

2.4 Microbiological Tests

Microbiological tests were performed by serial twofold
dilution. Test cultures were Staphylococcus aureus, ATCC
25,923; Staphylococcus epidermidis 33 GIS; Staphylococ-
cus epidermidis, ATCC 29887; Micrococcus luteus, NCIMB
196; Escherichia coli, ATCC 25922; Bacillus subtilis ATCC
6633; Salmonella spp.; Pseudomonas aeruginosa, ATCC
27853. Bacterial strains used in the work were obtained from
FSBI «Scientific Centre for Expert Evaluation of Medicinal
Products» of the Ministry of Health of the Russian Federa-
tion (Moscow). Microbial loads were 10° cells in 1 ml in LB
medium. Bacterial culture was put into 96-well polystyrene
microtiter plate for 24 h at 37 °C. The concentration of plank-
tonic cells was evaluated by measuring the optical density at
570nm (OD570). The minimum bacteriostatic concentration
(MBsC) was the lowest concentration of an antibacterial at
which bacteria failed to grow. Duplicate sets of plates were
prepared each time and each experiment was repeated three
times to obtain accurate results.

2.5 Biofilm Formation

Biofilm formation (S. epidermidis 33 and Escherichia coli)
was analyzed as follows. Cells from fresh LA medium were
inoculated into NB and incubated under shaking for 24 h at
37°C. The cultures were then diluted 300-fold in fresh NB
supplemented with different AgNCs concentrations. Inocu-
lated cultures were grown in 96-well polystyrene microtiter
plates for 24 h at 37 °C under a gentle shaking to prevent
the formation of sediment at the bottoms of the wells. The
growth of planktonic (unattached) cells was evaluated by
measuring the optical density at 570nm (OD>"°) of the cells
suspension. We measured biofilm formation by discarding

the medium, rinsing the wells with distilled water and stain-
ing the attached cells with gentian violet (1 %). After stain-
ing, the liquid was discarded and the wells were rinsed three
times with distilled water. Then, the biofilm-associated gen-
tian violet was solubilized with ethanol, and the absorbance
at 570 nm (A>’°) was measured.

A microplate reader (Benchmark Plus, Bio-Rad, USA)
was used for measuring planktonic growth and biofilms. The
bacterial growth for 24 h was found to be optimal at the pla-
teau of the biofilm formation.

2.6 Effect of AgNCs on the Developed Biofilms

A culture (S. epidermidis 33 or Escherichia coli) was diluted
300-fold in NB, and thereafter the cells were grown on glass
slides during 24 h at 37 °C forming the biofilms. The culture
supernatant was removed and a fresh NB medium was added
with different concentrations of AgNCs. Then, cells were
further grown during 24 h. Biofilms were analyzed by using
gentian violet as described above.

2.7 Acute Toxicity

Acute toxicity of AgNCs was measured in mongrel white
male mice weighing 18-20g, using intraperitoneal doses.
The mice were injected with these nanocomposites. The
dose was up to 1000 mg/kg. The nanocomposites were dis-
solved in DMSO. Each group consisted of six animals. The
animals were observed for 48 h. LDj, values were calculated
by Prozorovskiy’s method [38].

2.8 MTT Tests

Cytotoxicity of compounds was performed as follows. Cell
lines of human lung carcinoma (A549), human rhabdomyo-
sarcoma (RD TE32), human melanoma (MS) and human
embryonic kidney (HEK293) were obtained from the N.N.
Blokhin Cancer Research Center, Russian Academy of Med-
ical Sciences (Moscow). Cells were kept in DMEM medium
(for A549, RD and HEK293) and in RPMI 1640 medium
(for MS) supplemented with 10 % fetal bovine serum, 2mM
L-glutamine and 1% gentamicin at 37 °C in the Isotemp
Barnstead CO, incubator.

The 50% cell growth inhibitory concentration (ICs,) of
the synthesized compounds was determined by the MTT
method. A549, RD, MS and HEK?293 cells were inoculated
at 1.0x 10° cells/mL in 96-well plates and incubated at
37°C in a humidified atmosphere with 5% CO,. After 24h
incubation, various concentrations of the tested compounds
(100—1.56 uM) were added into each well, and these cells
were incubated at 37 °C in a humidified atmosphere with 5 %
CO, for 72 h. All compounds were dissolved in DMSO. The
final DMSO concentration in each well did not exceed 0.1 %
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and was not toxic for the cells. The wells with a specific
cell culture containing 0.1 % DMSO solution in the medium
were monitored as control. After incubation, 20 uM MTT
(3-(4,5-dimethylthiazol-2- yl)-2,5-diphenyl tetrazolium bro-
mide), at a final concentration of 5 mg/mL, was added into
each well, and the cells were incubated for another 4 h. The
medium was removed and 60 uL DMSO was added to each
well. The optical density was measured at 544 nm using a
FLUOstar Optima microplate reader. Concentrations (ICs)
were calculated according to the dose-dependent inhibition
curves.

All experiments were performed for three times and the
data were presented as means + standard deviation (SD).
To test the significance of observed differences between
the study groups, Student’s t-test was applied. A value of
p <0.05 was considered to be statistically significant.

3 Results
3.1 Copolymerization

The polysulfones based on 2,2-diallyl-1,1,3,3-tetraethyl-
guanidiniumchloride, tris(diethylamino)diallylaminophos-
phonium tetrafluoroborate and chloride have been obtained
by free radical polymerization according to the methods
described in our publications [36, 37].

Copolymerization of guanidinium and diallylaminophos-
phonium salts with sulfur dioxide proceeds via complexation
resulting in obtaining of alternating copolymers of equimo-
lar composition independent on the monomer ratio in the
initial mixture and reaction conditions.

The structure of the polysulfones obtained was inves-
tigated by '3*C NMR spectroscopy. AGC and diallylami-
nophosphonium salts copolymerize with SO,, both double
bonds participating with formation of cis-, trans-stereoi-
someric pyrrolidinium structures in a cyclolinear polymer
chain (Table 1S in Supplementary data).

The polysulfones obtained are light powders. They are
soluble due to intramolecular cyclization of AGC and dial-
lylaminophosphonium salts during formation of polymer
chains and the absence of intermolecular crosslinks. All
polysulfones are soluble in methanol, DMSO, dimethyl-
formamide; polysulfones of AGC and DAAP-CI are also
soluble in water.

The molecular weights of AGC, DAAP-CI and DAAP-
BF, polysulfones are 9000, 10,900 and 17,800 respectively.

3.1.1 Synthesis of AgNCs
We used our novel polysulfones as stabilizing agents in the

synthesis of silver nanoparticles. Synthesis of AgNCs was
conducted by the reduction of silver ions from AgNO; with

@ Springer

NaBH, in aqueous (or alcoholic) solution of polysulfones.
The nanocomposites obtained are dark brown powders. The
content of silver in the composites was found to be in the
range from 4 to 25 wt%. The ratio of silver nitrate, reducing
agent and copolymer significantly affects the silver concen-
tration in nanocomposites.

The representative IR spectra of poly(AGC-SO,),
poly(DAAP-CI-SO,) and poly(DAAP-BF,-SO,) and their
AgNCs are presented in Fig. 1. The formation of nanocom-
posites is accompanied by a slight change in the chemical
structure of the polymer matrix. In IR spectrum of nano-
composite based on poly(AGC-SO,) increase of the band at
1299 cm™" that belongs to the SO, vibrations and the weak
shift of this band to 1304 cm™" can be noticed (compare IR
spectra / and 2 in Fig. 1a). In IR spectrum of nanocom-
posite based on poly(DAAP-CI-SO,) the increase of the
shoulder band at 1301 cm™! corresponding to SO, vibrations
and the weak shift of this band to 1309 cm™' can be noticed
(compare IR spectra [ and 2 in Fig. 1b). In IR spectrum of
nanocomposite based on poly(DAAP-BF,-SO,) the poorly
marked shift of the band at 1300-1302 cm™" corresponding
to SO, vibrations can be noticed (compare IR spectra / and
2 in Fig. 1c). But no other changes are observed. This means
the involvement of O and S atoms of polysulfones into inter-
action with silver nanoparticles.

UV-Vis absorption spectra have been proved to be quite
sensitive to the formation of silver colloids since silver has
the highest efficiency of plasmon resonance [39]. In general,
the surface plasmon resonance peak is located between 400
and 450 nm for silver particles that are smaller than 100 nm
[40]. The location and shape of the absorption peak are
strongly dependent on the particle size, surrounding matrix
material and dielectric medium. The peak width depends
on the particle size distribution and, in addition, its height
corresponds to the concentration of the silver nanoparticles.

In the UV spectra of aqueous or alcoholic solutions of
the nanocomposites obtained, there are the characteristic
plasmon absorption bands with a maximum in the range of
393-396 nm (Fig. 2). The position of the absorption spectra
indicated a narrow size distribution without the aggrega-
tion. These peaks are shifted toward red on decreasing the
polysulfone concentration that is clearly demonstrated for
nanocomposite based on poly(DAAP-CI-SO,) in Fig. 1S
in Supplementary data.

The general trendis that an increase in average size of
the primary particles results in a shift of the absorption
peak towards higher wavelengths [41]. The aggregation of
silver nanoparticles leads to a decrease in the intensity of
the peak at about 400 nm and also results in a long tail at
the long-wavelength side of the peak [42]. In our experi-
ments for nanocomposites based on poly(AGC-SO,) and
poly(DAAP-CI-SO,) only one absorption peak around
395nm was observed, which is mainly attributable to
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Fig. 1 IR spectra of poly-
sulfones (/) and their nano-
composites (2) in vaseline
oil: a poly(AGC-SO,), b
poly(DAAP-CI-SO,), ¢
poly(DAAP-BF,-SO,)
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Fig.2 UV extinction spectra of nanocomposite solutions: [—
poly(AGC-SO,), aqueous solution, C = 1.3 X 10™* mol/l; 2—
poly(DAAP-CI-SO,), aqueous solution, C = 107 molll; 3—
poly(DAAP-BF,-S0,), alcoholic solution, C = 1.2 x10~* mol/l

primary dipolar excitation. The low intensity of the peak at
about 400 nm and the appearance of an implicit peak around
430nm in the UV spectrum of the poly(DAAP-BF,—-SO,)
based nanocomposite solution has been well correlated with
the presence of a small fraction of microaggregates consist-
ing of several particles [43]. However, this effect is minor
because our spectra in Fig. 2 are different from the absorp-
tion features attributed to multiple polarization [44] and
dipole-dipole interaction [45, 46] in large aggregates. This
is further confirmed by microscopy results.

SEM results prove the obtaining of AgNCs with regu-
lar narrow-dispersed distribution of silver nanoparticles
in polymer matrices. Silver nanoparticles of spherical and
nearly spherical shape are formed. To obtain size distribu-
tions of silver nanoparticles, approximately 200 particles
were counted and then combined into histograms. SEM
micrographs of silver nanoparticles synthesized using
polysulfones and the corresponding histograms of the
size distribution are shown in Fig. 3. In our experiments
the average sizes of silver nanoparticles were 12, 16 and
18 nm for poly(AGC-SO,), poly(DAAP-CI-SO,) and
poly(DAAP-BF,—S0O,) respectively.

The XRD spectra of AgNCs on the basis of
poly(AGC-SO,), poly(DAAP-BF,-SO,) and
poly(DAAP-CI-SO,) are shown in Fig. 4. Four main dif-
fraction peaks were observed at around 38°, 44°, 65° and 78°
under the diffraction angle 20 =10-80° and can be indexed
tothe (111),(200),(220)and (31 1) planes which
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corresponded to the four faces of silver cube crystal accord-
ing to the standard specimen [JCPDS file No. 04-0783], indi-
cating the silver exited the cube crystal. The crystal diffrac-
tion peaks were dilated obviously because of the effect of the
nanometer particles. The average crystallite sizes of silver
nanoparticles were estimated using Scherrer’s equation [47]
from the peak width of (1 1 1) reflection plane and were
found to be 12.5, 16.7 and 18.4nm for poly(AGC-SO,),
poly(DAAP-CI-SO,) and poly(DAAP-BF,—SO,) respec-
tively. It should be noticed that XRD data concerning the
size of silver nanoparticles are consistent with SEM results.

These experimental results are in a reasonable good
agreement with DLS measurements (Fig. 2S in Supplemen-
tary data), where the sizes of silver nanoparticles were 9.9,
17.6 and 19.1 nm for poly(AGC-SO,), poly(DAAP-CI-SO,)
and poly(DAAP-BF,—S0O,) respectively.

Importantly, even after three months, the aqueous dis-
persions of AgNCs displayed UV spectral characteristics
of spherical silver nanoparticles, confirming the colloidal
stability and uniformity of the silver hydrosol, as distinctly
demonstrated for nanocomposite based on poly(DAAP-CI-
S0O,) in Fig. 35 in Supplementary data.

The antimicrobial activity of silver nanoparticles is size
dependent [10]. Silver nanoparticles should be small enough
to pass through the cell membrane. Therefore, the influence
of molecular weight of copolymer, the polysulfone concen-
tration and Ag™ concentration on the size of Ag nanoparti-
cles was investigated (Table 2S, 3S and 4S in Supplementary
data). Tables illustrated that when molecular weight of the
polysulfone, the polysulfone concentration and the Ag* con-
centration increased, the average size of particles decreased
for all systems. Polysulfones affect the molecular motion
of reduced silver and subsequently limit the aggregation of
nanoparticles. Therefore, we can prepare nanocomposites
containing silver nanoparticles with convenient and con-
trolled size.

3.1.2 Antimicrobial Activity of Nanocomposites

Our previous studies of antimicrobial activity showed that
polysulfones exhibit pronounced bactericidal effect [48, 49]
(Table 1). The polysulfone concentration of 7.8-31.2 ug/
mL ensured 100% reduction of Staphylococcus aureus
and Micrococcus luteus. The poly(DAAP-CI-SO,) and
poly(DAAP-BF,—S0O,) at concentration of 62.5 ug/mL and
poly(AGC-S0,) at concentration of 500 ug/mL inhibited
100 % Escherichia coli.

The antimicrobial activity of AgNCs with respect to Gram
positive and Gram negative bacteria was also determined
(Table 1). We can see that nanocomposites have a high activ-
ity against both Gram positive and Gram negative micro-
flora. It is seen that biocide effect of new AgNCs is gener-
ally higher as compared to initial polysulfones. Minimum
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Fig.3 SEM images of silver
nanoparticles in poly(AGC-
S0O,) (a), poly(DAAP-CI-SO,)
(b) and poly(DAAP-BF,~SO,)
(c) and their particle size distri-
bution histograms
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Fig.4 XRD patterns of AgNCs: [—poly(AGC-S0O,), 2—
poly(DAAP-CI-SO,), 3—poly(DAAP-BF,~SO,)

bacteriostatic concentrations of nanocomposites based on
polyphosphonium salts and poly(AGC-SO,) against S. epi-
dermidis 33 are equal to 3.9 and 7.8 ug/mL respectively. All
nanocomposites at concentration of 3.9—15.6 ug/mL inhib-
ited 100 % Micrococcus luteus and Staphylococcus aureus.
The poly(DAAP-CI-SO,) and poly(DAAP-BF,-SO,)
nanocomposite concentration of 31.2 ug/mL ensured 100 %
reduction of Escherichia coli.

3.1.3 Effect of Polysulfones and Their Nanocomposites
on Biofilm Formation

More than 99% of bacteria exist in natural ecosystems not in
the form of freely floating cells, but in the form of biofilms
attached to the substrate. The microflora of the biofilm is
more resistant to the effects of adverse physical, chemical
and biological factors compared to plankton cells. Micro-
organisms form biofilms on any biotic and abiotic surfaces,
which creates great problems in medical practice and in vari-
ous fields of economic activity. Therefore, the study of the
effect of antimicrobial compounds on bacterial biofilms is
relevant.

To study the effect of antimicrobial compounds
on biofilms, water-soluble poly(AGC-SO,) and
poly(DAAP-CI-SO,) and their AgNCs were selected.

Figure 5 illustrates the effects of poly(AGC-SO,) and
poly(DAAP-CI-SO,) and their silver nanocomposites on the
biofilm formation evaluated by the absorbance of crystal
violet at As,, for bacteria S. epidermidis 33 and Escherichia
coli.

The noticeable decrease of the bacterial mass in the S.
epidermidis 33 biofilm detected as As;, absorbance was
observed when nanocomposite concentration was > 3.9 ug/
mL (Fig. 5a). The use of the nanocomposite based on
poly(AGC-S0O,) in the concentration of 31.2 ug/mL makes
it possible to completely prevent the formation of S. epider-
midis 33 biofilm.

Table 1 Antimicrobial activity of polysulfones [42, 43] and their silver nanocomposites

N  Test cultures

Minimal bacteriostatic concentration (MBsC), ug/ml

poly(AGC-SO,) nano poly(DAAP- nano poly(DAAP- nano
poly(AGC- BF,-SO,) poly(DAAP- CI-SO,) poly(DAAP-
SO,) BF,-S0O,) Cl-S0,)
1 Escherichia coli, ATCC 25,922 500 62.5 62.5 31.2 62.5 31.2
2 Staphylococcus aureus, ATCC 25,923 7.8 3.9 15.6 7.8 7.8 7.8
3 Micrococcus luteus, NCIMB 196 31.2 15.6 15.6 7.8 7.8 3.9
4 Staphylococcus epidermidis 33 31.2 7.8 15.6 39 3.9 3.9
5 Staphylococcus epidermidis, ATCC 29,887 500 125 62.5 31.2 62.5 62.5
6  Salmonella spp. 1000 62.5 125.0 125.0 125.0 62.5
7 Bacillus subtilis, ATCC 6633 500 125 312 15.6 62.5 31.2
8  Pseudomonas aeruginosa, ATCC 27,853 500 62.5 31.2 15.6 31.2 15.6
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Fig.5 Influence of copolymers and AgNCs on formation of S.
epidermidis 33 (a) and E. coli (b) biofilms. /—poly(AGC-SO,), 2—
poly(DAAP-CI-SO,), 3—nanocomposite on the basis of poly(AGC-
S0O,), 4—nanocomposite on the basis of poly(DAAP-CI-SO,)

As is seen from Fig. 5b, the use of poly(DAAP-CI-SO,)
and its silver nanocomposite does not prevent the Escheri-
chia coli biofilm formation and furthermore stimulates
this process. The use of silver nanocomposite based on
poly(AGC-S0O,) at the concentration above 250 ug/mL
noticeably prevents the formation of Escherichia coli
biofilms.

3.1.4 Effect of Polysulfones and Their Nanocomposites
on the Developed Biofilms

Biofilm formation was carried out on glass slides, and cells
were grown in the stationary conditions without shaking.
After the biofilm formation during 24 h, the cultured liquid
containing planktonic cells was removed and a fresh medium
containing tested compounds was added.

Figure 6 illustrates the effects of poly(AGC-SO,) and
poly(DAAP-CI-S0O,) and their AgNCs on the developed

A

2% control
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(43
70 C,pg/ml
OD-
038
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0 500 1000 1500 2000
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Fig.6 Influence of copolymers and AgNCs on the developed S.
epidermidis 33 (a) and E. coli (b) biofilms. /—poly(AGC-S0,), 2—
poly(DAAP-CI-SO,), 3—nanocomposite on the basis of poly(AGC-
SO,), 4—nanocomposite on the basis of poly(DAAP-CI-SO,)

biofilms for bacteria S. epidermidis 33 and Escherichia coli.
Analysis of biofilms with crystal violet staining showed that
it is possible to destruct by 30% the developed S. epidermidis
33 biofilms (within 24 h) using the poly(DAAP-CI-SO,)
and its silver nanocomposite (Fig. 6a). At concentration of
125 ug/mL for poly(AGC-SO,) and of 62.5 ug/mL for its
silver nanocomposite the biomass of the S. epidermidis 33
biofilms was reduced by half. The use of the AgNCs based
on the poly(AGC-SO,) at the concentration above 500 pug/
mL makes it possible to almost completely destruct the
developed S. epidermidis 33 biofilm.

Figure 6b shows that poly(DAAP-CI-SO,) and its nano-
composite at a concentration of more than 600—700 ug/mL
destroy Escherichia coli biofilms and vice versa, at lower
concentrations, they stimulate further biofilm formation.
A similar effect is observed for poly(AGC-SO,). This
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polysulfone at a concentration of more than 1000 pg/mL
destroys the Escherichia coli biofilms, at lower concentra-
tions there is an accelerated process of biofilm formation.
At concentration of 1000 pg/mL for poly(AGC-S0O,) silver
nanocomposite the biomass of the Escherichia coli biofilm
was reduced by half.

3.1.5 Toxicity of AgNCs

Our results indicate a high antimicrobial effect of silver
nanocomposites on pathogenic bacteria and, as a result,
a beneficial impact on human health. However, the silver
nanoparticles may cause adverse effects. Therefore, the
investigation of biocides is impossible without their toxic-
ity testing.

Polysulfones and their silver nanocomposites were found
to be nontoxic (the LDs, values were more 1000 mg/kg) and
therefore could be used for medical purposes.

With increased exposure of silver nanoparticles to human
beings, their biocompatibility requires further research in
terms of cytotoxicity.

Cytotoxicity of AgNCs with respect to cell lines, namely
the Bronchial carcinoma (A549), Rhabdomyosarcoma (RD),
Melanoma (MS) and Human Embryonic Kidney (HEK293)
was evaluated in vitro by MTT-test (Table 2). After 72h
cultivation with the AgNCs at the 100-1.56 uM concen-
tration, cell viability was evaluated. The cell viability in
control wells was not less than 95 %. In the wells contain-
ing 5.35uM of AgNC based on poly(DAAP-BF,-S0O,),
21.28 uM of AgNC based on poly(DAAP-CI-SO,) and
28.73 uM of AgNC based on poly(AGC-SO,), 50 % cell
viability of the MS line cells is observed. 50% of the RD line
cells was not survived in the wells containing 12.17 pM and
21.28 uM of AgNCs based onpoly(DAAP-BF,-SO,) and
poly(DAAP-CI-SO,) respectively. In the wells containing

Table 2 Cytotoxic activity of polysulfones and AgNCs

23.81 uM of AgNC based on poly(DAAP-BF,~SO,) and
40.37 uM of AgNC based on poly(DAAP-CI-SO,), 50 %
cell viability of the A549 line cells is observed. The AgNC
based on poly(AGC-S0O,) had exhibited lower activity with
respect to A549 and RD line cells. An important property
of nanocomposites is the absence of a cytotoxic effect with
respect to pseudonormal HEK293 cell line.

4 Discussion

Many of the interesting properties of silver nanoparticles,
which gave rise to their vast applications in biology and
medicine, are highly dependent on the size and shape of
the nanoparticles as well as their compositions. As stated in
[50], differences in the chemical and physical properties of
nanosilver can lead to the observed variations in its antimi-
crobial and antibiofilm efficacy.

Because of the relatively low stability of colloidal solu-
tions, numerous reports are devoted to investigations of sta-
bilized silver nanoparticles [15-25]. A suitable stabilizer
should be used to limit the growth of the silver particles
and their aggregation. Our new polysulfones were used
as the stabilizing matrices for silver nanoparticles. We
believe that poly(AGC-S0O,), poly(DAAP-CI-SO,) and
poly(DAAP-BF,-S0,) are the good stabilizers for silver
particles. In IR spectra of nanocomposites the change of
the band at around 1300 cm™! that belongs to the SO, vibra-
tions can be noticed. Thus, we can talk about the involve-
ment of O and S atoms of polysulfones into interaction with
silver nanoparticles. Our results prove polysulfone interact-
ing with silver particles through the oxygen atom in S=0
group. We believe that the surface of silver nanoparticles
is passivated through the coordination of the SO, groups.
This further confirms the significant role of chemisorption

Culture ICyy, UM
Camptoth- Doxorubicin poly(AGC-  nano poly(DAAP-BF,- nano poly(DAAP- nano
ecin SO,) poly(AGC-  SO,) poly(DAAP-BF,- CI-SO,) poly(DAAP-
SO,) SO,) CI-SO,)
Rhabdomyo- 1.72+0.37 1.28+0.03 >200 >200 148.3+4.70 12.17+1.31 97.16+2,26  17.89+1.65
sarcoma
RD
Bronchial 1.31+0.03 2.04+0.22 >200 >200 >200 23.81+0.47 >200 40.37+0.93
carcinoma
A549
Melanoma 0.77+0.34 1.29+0.16 >200 28.73+1.01 131.5+0.85 535+£1.25 >200 21.28+1.01
MS
Human 1.61+1.08  0.44+0.04 >200 1152+6.68 >200 77.87+10.23 >200 84.85+4.75
embryonic
kidney
Hek293
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in the interaction of O and S atoms of polysulfones with
silver nanoparticles. Ultimately, these polysulfones provide
a very good covering for silver particles, preventing particle
growth and the formation of large aggregates. Indeed, the
reduction of silver nitrate in the presence of polysulfones
leads to small silver particles (12—18 nm) and narrow parti-
cle size distribution.

In the last decade, there has been a surplus of investiga-
tions applying the concept of silver nanoparticles as antibac-
terial, antifungal and antiviral agents [51]. Silver nanopar-
ticles have been demonstrated to be effective against burn
infections, severe chronic osteomyelitis, urinary tract infec-
tions and central venous catheter infections. Silver nanopar-
ticles are perspective as antimicrobial agents for different
medical devices [52] and as a bioactive material for food
packaging [53].

Action mechanism of silver nanoparticles on microor-
ganisms is rather complicated and has not been ascertained
completely. It has been suggested [54] that the nanoparticles
get attached to the cell membrane and also penetrate inside
the bacteria. The bacterial membrane contains sulfur-con-
taining proteins and the silver nanoparticles interact with
these proteins in the cell as well as with phosphorous-con-
taining compounds like DNA. The nanoparticles preferably
attack the respiratory chain, cell division finally leading to
cell death. The nanoparticles release silver ions in the bac-
terial cells, which enhance their bactericidal activity [10,
55-57].

We can see from Table 1 that biocide effect of our nano-
composites is higher as compared to initial polysulfones.
This confirms the significant role of silver nanoparticles in
the biocide effect of nanocomposites. Moreover, the effec-
tiveness of the nanocomposites against S. epidermidis 33 and
S. aureus is higher as compared with that against Escheri-
chia coli. It could be explained the thick peptidoglycan layer
within the cell wall of Gram-positive bacteria which con-
tains teichoic and lipoteichoic acids which act as chelating
agents and could take part in the neutralization of silver ions.

It was shown that administrationof silver compounds
in different materials prevented bacterial biofilm forma-
tion [58]. The antibiofilm activity of silver nanoparticles
is briefly described in a number of studies [59-68]. It has
been shown that inactivation of bacteria in biofilms occurs
at silver nanoparticle concentrations 5-20 times higher than
those inhibiting completely the planktonic cells and biofilm
formation [67, 68].

As is seen from Fig. 5a, the copolymers prevent S.
epidermidis 33 biofilm formation while poly(AGC-SO,) is
more active. We expected that the incorporation of silver
nanoparticles into biocide polymer matrices will enhance
their antimicrobial and antibiofilm activity. The poly-
mers having a quaternary ammonium and phosphonium
groups can destroy the membrane of bacterial cells and

cause leakage of intracellular contents [69, 70], therefore,
inhibiting the growth of bacteria effectively. Our investiga-
tions showed that the combination of two biocide centers
in nanocomposites results in the synergistic enhancement
of antibacterial properties of new nanocomposites. Indeed,
the introduction of silver nanoparticles into polysulfones
reduced the nanocomposite concentration, at which the
formation of S. epidermidis 33 biofilm can be completely
prevented.

At the same time the treatment of the developed S.
epidermidis 33 biofilms with poly(AGC-S0,) or its silver
nanocomposite (at the concentrations of 125 and 62.5 ug/
mL respectively) resulted in the destruction half of the
biomass of biofilm (Fig. 6a). This indicates the contribu-
tion of the biocide guanidine group of copolymer in the
destruction of the biofilms. Figure 6a shows that 30% of
the developed S. epidermidis 33 biofilms can be destroyed
using poly (DAAP-CI-SO,) and its silver nanocomposite,
and the anti-biofilm effect of poly (DAAP-CI-SO,) and its
silver nanocomposite is the same. That means the significant
role of biocide guanidinium and phosphonium polymers in
the destruction of the developed S. epidermidis 33 biofilms.

A different picture is observed with Escherichia coli
biofilms. From Fig. 5b it is seen that silver nanocomposite
based on poly(AGC-SO,) noticeably prevents the forma-
tion of Escherichia coli biofilms but the nanocomposite
concentration must to be more as compared with S. epider-
midis 33 biofilm. Given the lack of anti-film activity of the
poly(AGC-S0,) itself, we can speak about the significant
role of silver nanoparticles in the preventing Escherichia
coli biofilm formation.

Surprisingly, poly(DAAP-CI-SO,) and its silver nano-
composite stimulate Escherichia coli biofilm formation
(Fig. 5b). In addition, a study of the effect of the com-
pounds on the developed Escherichia coli biofilms shows
(Fig. 6b) that the above polysulfone and its nanocomposite
destroy Escherichia coli biofilms at high concentrations,
and at low concentrations they stimulate further biofilm
formation. Earlier, a number of authors noticed this phe-
nomenon. Hoffman et al. revealed the stimulating effect of
sub-inhibitory concentrations of antibiotics on Escherichia
coli biofilm formation [71]. Wu et al. found that exposure
to sub-inhibitory concentrations of antibiotic cause the bac-
teria to increase glycogen synthesis while turning down a
broad range of other metabolic processes [72]. Thus, this
fact can be explained by the ability of phosphonium salt
and its nanocomposite at low concentrations to accelerate
the formation of Escherichia coli biofilms in the response
to stressful environmental factors.

In addition, it can be noted that Escherichia coli bio-
films are more resistant to the action of our antimicrobial
substances compared to S. epidermidis 33 biofilms. Gram-
negative bacteria are characterized by their cell envelopes,
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which are composed of a thin peptidoglycan cell wall, sand-
wiched between an inner cytoplasmic cell membrane and a
bacterial outer membrane. This outer membrane protects the
Gram-negatives from many antibiotics that could otherwise
damage the peptidoglycan layer or the inner cell [73, 74].

Silver nanoparticles are widely used as antimicrobial
agents. Due to the increased use of nanosilver and related
materials, it was necessary to study the possible adverse
effects and toxicity [39, 51].

Silver nanocomposites were evaluated for their potential
cytotoxicity. Metal-polymer nanocomposites are consid-
ered as promising new generation drugs for the treatment
of cancer tumors [75]. The use of metal-polymer structures
for anticancer therapy opens up unique opportunities for
combating those types of tumors that cannot be treated with
known drugs. Such drugs should have a selective cytotoxic
effect on tumor cells and not have a stimulating effect on
metastatic processes. The introduction of nanomaterials into
the production of medical preparations requires a detailed
study of the particle effect not only on tumor cells, but also
on healthy cells of the body. Therefore, the cytotoxicity of
the synthesized copolymers and nanocomposites was deter-
mined both on cultures of human tumor cells and on cultures
of pseudonormal human cells.

As is apparent from Table 2, new nanocomposites based
on poly(DAAP-BF,—S0O,) and poly(DAAP-CI-SO,) exhibit
significant activity against RD and MS tumor line cells. The
level of cytotoxic activity of the obtained nanocomposites
is not inferior to the alkaloid with high antitumor activ-
ity, camptothecin, and the antibiotic with antitumor activ-
ity, doxorubicin. Given the lack of cytotoxic activity with
respect to pseudonormal HEK293 cell line and significant
activity against both RD and MS line cells, one can speak of
a high selectivity of silver nanocomposites.

5 Conclusions

Thus, new silver nanocomposites based on poly(AGC-S0O,),
poly(DAAP-CI-SO,) and poly(DAAP-BF,—SO,) have been
developed. The AgNCs are well characterized by using dif-
ferent techniques to confirm the formation of silver nanopar-
ticles with average size of 12—18 nm.

Antibacterial activity of new silver nanocomposites
with respect to S. epidermidis 33 and Escherichia coli
(planktonic cells and biofilms) is reported in this study.
The noticeable decrease of the bacterial mass in S. epi-
dermidis 33 biofilms was observed when nanocomposite
concentration was > 3.9 ug/mL. It is possible to completely
prevent the S. epidermidis 33 biofilm formation at con-
centration above 31.2 uyg/mL for nanocomposite based
on poly(AGC-SO,). The mentioned nanocomposite at
the concentration above 250 ug/mL noticeably prevents

@ Springer

the formation of Escherichia coli biofilms while the use
of poly(DAAP-CI-SO,) nanocomposite stimulates this
process due to the response to stressful environmental
factors. Nanocomposite based on poly(AGC-S0O,) at the
concentration above 500 ug/mL destroys the developed
S. epidermidis 33 biofilms while the use of nanocompos-
ite based on poly(DAAP-CI-SO,) allows to destruct the
developed S. epidermidis 33 biofilms only by 30%. The
nanocomposites at high concentrations (above 600 and
1000 pg/mL for AgNCs based on poly(DAAP-CI-SO,)
and poly(AGC-S0,) respectively) destroy the developed
Escherichia coli biofilms, but at lower concentrations an
accelerated process of biofilm formation is observed. The
results for AgNCs show that the nanocomposite concentra-
tion destructing biofilms is higher than preventing biofilm
formation.

AgNCs are nontoxic, and nanocomposites based on dial-
lylaminophosphonium polysulfones exhibit significant selec-
tive cytotoxic activity against RD and MS cells.

The utilization of polysulfones in the synthesis of silver
nanoparticles presented a number of possibilities for further
development, in particular, for the preparation of nontoxic
functional materials for biomedical applications.
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