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L-cysteine and N-acetyl-L-cysteine mediated synthesis of
nanosilver-based sols and hydrogels with antibacterial and
antibiofilm properties*
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The problem of the synthesis of a new generation of medicines aimed at combating bacteria and biofilms caused various
infections is a great urgency. There is a gradual departure from conventional techniques of treatment with the use of
antibiotics, and consequently, the search for new methods and approaches for obtaining and rational use of available
antibacterial drugs to which microorganisms do not acquire resistance. Although silver nanoparticles (AgNPs) and silver
nanoclusters (AgNCs) have exhibited certain effectiveness against multidrug-resistant bacteria and biofilms, there are too
few simple, cheap and easy-to-scale methods for AgNPs and AgNCs obtaining with well-desired characteristics. In this work,
we have carried out the one-pot synthesis of sols and gels containing AgNPs and AgNCs using the only L-cysteine (CYS) or N-
acetyl-L-cysteine (NAC) as bioreducing/capping/gel-forming agents and different silver salts — nitrate, nitrite and acetate.
HRTEM, SAED, EDX mapping, AFM, SEM, EDX, ICP-MS and FTIR analysis confirmed the formation of spherical/elliptical CYS-
AgNPs and NAC-AgNCs particles consisting of AgNPs or AgNCs “core” and CYS/Ag* or NAC/Ag* complexes “shell” with mean
avarage diameter of 10 and 5 nm respectively. UV-Vis spectroscopy fixed localized surface plasmon resonance (LSPR) at 390-
420 nm for CYS-AgNPs systems and LSPR absence for NAC-AgNCs ones. DLS and nanoparticle tracking analysis (NTA) data
indicated that mean avarage diameter of particles is about 80 nm for CYS-AgNPs systems and 20 nm for NAC-AgNCs ones.
Zeta potential measurements showed particles possess the positive and negative charge values for CYS-AgNPs and NAC-
AgNCs systems respectively. The prepared materials demonstrated the high antibacterial activity against the most common
types of bacteria at MIC range of 10-100 uM, wherein, the effect of NAC-AgNCs systems in 2 times stronger than CYS-AgNPs
ones. The both systems are non-toxic/low-toxic at 300 uM for the normal human cells: erytrocytes, fibroblasts and
macrophages. Sols and hydrogels in concentration range of 20-40 uM showed the complete inhibition of formation of
biofilms Acinetobacter baumannii and Pseudomonas aeruginosa belonging to ESKAPE pathogenes group and representing
the most serious problem in practical medicine. NAC-AgNCs systems were the most active. The simple strategy of the
preparation of AgNPs/AgNCs-based sols and gels along with their pronounced antibacterial and antibiofilm activity could
open the perspectives for it applications in medicine.

past century, their frequent and excessive use lead to the extensive
multidrug resistance.? The problem is complicated by the fact that

Introduction

The multidrug-resistant bacteria and especially biofilms are cause of

the various infections: more than 65% of nosocomial, 80% of chronic
and 60% of all human bacterial ones.! Biofilm-associated diseases
increase the human morbidity and mortality rates and economic
burdens because of high healthcare costs and prolonged patient
stays.2 Although antibiotics were the main antibacterial drugs in the
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biofilms are inherently insensitive to antibiotics and are upwards of
1000-fold more resistant to them than planktonic bacteria.* Thus,
the search and development of an effective and safe medicines
against bacteria and biofilms is a great challenge. There have been
extensive studies related to the creation of new materials for the
elimination of biofilms using small molecule agents,> carbon
nanomaterials®,  macromolecular  species’ and  inorganic
nanoparticles.® The latter have a significant place in the field of
biomedical applications due to a unique range of properties:
antibacterial, anticancer, magnetic, optoelectrical, biosensing, bio-
imaging and etc.>1% Among of them silver nanoparticles (AgNPs) are
one of the promising candidates in the therapy of the different
infectious diseases and medical devices owing to their broad-
spectrum antibacterial activity and little drug resistance.l*"%5 It has
been shown that properties of AgNPs — cytotoxicity and bioactivity
directly depend on their characteristics: size, distribution,
morphological shape and surface charge.'® Furthermore, AgNPs can
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easily agglomerate and oxidize that leads to suppression of their
antibacterial and antibiofilm capacities.!” Hence, the practical
applications of AgNPs need to use the biocompatible and either non-
toxic or low-toxicity synthetic protocols along with remaining of the
high activity of obtained AgNPs.

We have lately mentioned about various biological approaches
which use “green” nanotechnologies for AgNPs synthesis, considered
their disadvantages and come to conclusion that one of the best
ways is to use the low molecular weight bio-reducing agent without
any other related components in its initial solution, for instance,
amino acids.’®*?! We have shown that L-cysteine (CYS) can
simultaneously act as a reducing, capping and gel-forming agent at
the simplest mixing of its aqueous solution with silver salts at
ambient conditions.2'%> As a result of the research, we have
previously found out that the surface state and the size of obtained
nanoparticles directly determine the ability of the system to form a
gel, as well as the properties of the final material: anticancer,
catalytic, electrochemical, film-forming.

The number of articles which is devoted to the production and
application of silver nanoparticles grow every year, while recently
there has been more and more information about the synthesis and
various properties of silver nanoclusters (AgNCs).25%7 It is well known
that some of metal nanoparticles possess the characteristic
absorption band in the UV spectrum, called localized surface
plasmon resonance (LSPR), occurring due to a coherent and
collective oscillation of the electrons on the nanoparticle surface
when interacting with light of a wavelength much bigger than the
particle size.?8 The picture absolutely changes in the case of AgNCs:
no LSPR observed since all conducting electrons are now quantized,
losing all metallic properties because of quite small sizes of
particles.?®

AgNCs have demonstrated some superior properties over AgNPs.
They possess stronger bioactive effect (antibacterial, anticancer and
etc.) compared to AgNPs due to their less size.3%31 This fact, besides,
determines less toxicity of AgNCs even in the in vivo experiments. For
instance, they penetrate through the kidney barrier much better
opposed to AgNPs and it allows them to be efficiently cleared from
the body without causing serious damage.3?

The are several strategies for AgNCs synthesis such as direct
reduction,3334 chemical etching3>3¢ and ligand exchange.3”38 Organic
ligands such as thiolates, phosphines, and alkynyls are usually used
to cap on the surface in order to prevent aggregation and to facilitate
the isolation of target AgNCs.3%4! However, all of these approaches
are quite expensive and (or) toxic reagents are used, consequently it
can’t be easy scalable, safe for humans and the environment.

In the present article, we delved into the study of the self-
assembly process with partaking of sulfur-containing amino acids
and silver salts. To do this, firstly, we used additional methods for
analyzing the structure of obtained nanoparticles, and, secondly, for
the first time, we investigated in detail the behavior of systems
obtained at mixing of N-acetyl-L-cysteine (NAC) aqueous solutions
with silver salts. NAC is well-known available mucolytic, expectorant,
antioxidant agent. An unexpected result was that the replacement of
CYS with NAC lead to the formation of non-crystalline silver phase —
silver clusters. This system turned out to be twice more active in
planktonic bacteria suppression and more importantly their biofilms
in in vitro experiments. CYS-AgNPs and NAC-AgNCs were non-toxic or
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have the low toxicity to the normal human cells in culture. Thus, the
novel “green” chemistry approach could open perspectives for the
silver-related materials production with the enhanced desired
properties.

Experimental
Chemicals

L-cysteine (>99 %) and N-acetyl-L-cysteine (>98 %) were obtained
from Acros. Silver nitrite (>99 %), silver nitrate (>99 %) and silver
acetate (>99 %) were purchased from Lancaster. All chemicals were
used as received. All solutions were prepared on de-ionized water
after its filtration on 0.45 um filters.

General procedure for the preparation of CYS-AgNPs and
NAC-AgNCs systems

The solutions (2 mL) were prepared by the following scheme (as an
example): the empty vessel 0.8 mL of the de-ionized water was filled,
then 0,6 mL of L-cysteine or N-acetyl-L-cysteine (0.01 M) was added,
finally 0.6 mL of silver salt (0.01 M) was added (Table 1). 0.15 mL of
Na,SO, (0,01 M) as a gelation agent was added in SS-1 and SS-3
samples. The resulting mixtures were stirred at room temperature
(25°C) for 1 minute and solutions were stayed in dark place for 3
hours. As a result, from uncolored to yellow or brown transparent
solutions or hydrogels were obtained.

Table 1 The synthetic protocol for CYS-AgNPs and NAC-AgNCs systems.

Abbr. Sample Water, Amino Silver
of mL acid, mL salt,
sample mL
SS-1 CYS-AgNO3 0.65 0.6 0.75
SS-2 CYS-AgNO3-SO,4* 0.65 0.6 0.75
SS-3 CYS-AgOOCCH; 0.65 0.6 0.75
SS-4 CYS-AgOOCCH;-S0,> 0.65 0.6 0.75
SS-5 CYS-AgNO, 0.8 0.6 0.6
SS-6 CYS-AgNO, 0.65 0.6 0.75
SS-7 NAC-AgOOCCH; 0.8 0.6 0.6
SS-8 NAC-AgOOCCH; 0.65 0.6 0.75
SS-9 NAC-AgNO, 0.8 0.6 0.6
SS-10 NAC-AgNO, 0.65 0.6 0.75

HRTEM, SAED and EDX mapping analysis

The microstructure and elemental mapping analysis of the samples
were analyzed using a transmission electron microscope JEM-2100
(JEOL Ltd.), equipped with the energy dispersive X-ray spectrometer
X-MAXN OXFORD instruments, with an accelerating voltage of up to
200 kV. Samples were placed on a standard copper grid with a 100
nm thick Formvar (polyvinylformal) polymer support, dried, and
placed in the microscope.

AFM analysis

The surface topography of the samples was investigated by using a

This journal is © The Royal Society of Chemistry 20xx
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scanning probe microscope Solver Next (NT-MDT) in the semi-
contact mode.

SEM and EDX

The microstructure and chemical composition of the samples were
also studied using a raster JEOL 6610 LV electron microscope (JEOL
Ltd.) with x-ray system energy dispersive microanalysis Oxford INCA
Energy 350. in a high vacuum mode with accelerating voltage of 15
kV. Samples preparation was consisted of its spraying on the surface
of a thin conductive layer of platinum and drying in vacuum (10 Pa).

UV-Vis spectroscopy

Electronic spectra of the samples were recorded on the UV
spectrophotometer Evolution Array (Thermo Scientific) in a quartz
cell with a 1 mm path length.

DLS and zeta potential measurements

Measurement of intensity of light scattering in the studied samples
was carried out using analyzer Zetasizer Nano ZS (Malvern) with He-
Ne laser (633 nm), power of 4 mW. The solutions were filled in
polystyrene cuvette without any other manipulations. For the
correct analysis of the particle sizes and zeta-potential in gel state,
the samples were mechanically destroyed and diluted two, four and
eight times. All measurements were carried out at 25°C in the
backscattering configuration (173°), providing the highest sensitivity
of the device. Mathematical processing of the results of the obtained
cross-correlation functions of the diffuse light intensity fluctuations
g2 was carried out in the program Zetasizer Software, where the
solution of the obtained equation of the g2 dependence on the
diffusion coefficient was performed by the cumulant method. The
result of the solution was the function z(D). The hydrodynamic radii
of the scattering particles were calculated from the diffusion
coefficients by the Stokes-Einstein formula: D= kT/6mnR, where D is
the diffusion coefficient, k is the Boltzmann constant, T is the
absolute temperature, n is the viscosity of the medium, R is the
radius of the scattering particles. Measurement of the
electrophoretic mobility of aggregates in the samples was carried out
in U-shaped capillary cuvettes. Zeta potential distributions were
calculated using the Henry equation: UE = 2ezf(Ka)/3Z, where UE —
electrophoretic mobility, z — zeta potential, e — dielectric constant, Z
— viscosity, and f (Ka) — Henry’s function, f (Ka) = 1.5 for aqueous
media.

NTA

The measurements were made with a NanoSight NS300 (Malvern)
equipped with a scientifc CMOS camera, a 20x objective lens, a blue
laser module (405nm, LM12 version C) and NTA sofware version 3.1.
A 1-mL disposable syringe was used to inject the samples into the
instrument chamber. For the correct analysis of the particle sizes in
gel state, the samples were mechanically destroyed and diluted two,
four and eight times. The video data were collected for 30 seconds,
repeated three times for each sample. The detection threshold of the
NTA sofware was set to 5 and the maximum jump distance and the
minimum track segment length were both set to auto.

ICP-MS analysis

The “PlasmaQuant MS” (Analytik Jena GmbH) mass spectrometer
with inductive coupled plasma was used. ICP-MS is equipped with

This journal is © The Royal Society of Chemistry 20xx

Scott spray chamber with double passage. The mass spectrometer
used argon gas (chemical purity of 99.993%). The sputtering
efficiency was determined using a colloidal solution of B-
cyclodextrin-stabilized Ag/CDx/W silver nanoparticles with a nominal
particle size of 12 nm. The controlled isotope was 1°’Ag. To quantify
the 197Ag intensity in time resolved analysis mode to take ICP-MS
data on reconstituted Ag/CDx/W silver nanoparticles diluted to Ag
mass fractions from 500 pg/L to 0.25 pg/L. Solution of diluted
nanoparticles was introduced via peristaltic pump into low-flow (0.7
mL/min) concentric nebulizer and impact bead spray chamber
cooled to 2°C. The delay time was set at 3 ms with typical data
collection time of 60 s for each measurement.

pH measurements

The pH of the solutions was measured using a Seven Multi S70
(Mettler Toledo) pH meter.

FTIR spectroscopy

FTIR spectra of the samples were recorded on a Vertex 70
spectrometer (Bruker) in the range of 7000-400 cm! at a resolution
of 4 cm. The number of scans was 32. The studied samples
(solutions and hydrogels) were preliminarily frozen in a liquid
nitrogen; the obtained uncolored, yellowish or brown precipitates
were carefully washed with de-ionized water and vacuum dried at
25°C. 22 mg of the precipitate was mixed with 700 mg of potassium
bromide and pressed into a pellet.

MTT test Wi-38 cells

Wi-38 human normal embryonic lung cells obtained from the
American Tissues and Cells Collection (ATCC) were cultivated in 96-
well plates at 37°Cin atmosphere of 5% CO, in a DMEM medium with
the addition of L-glutamine (2 mM), antibiotics (100 units per mL of
penicillin and 100 ug/mL of streptomycin), and 10% of FBS. The cells
were incubated in a serum medium with the tested compounds at
various concentrations for 48 h. PBS (10uL) containing MTT (5
mg/mL) was added to each well, and the cells were incubated at 37°C
for 4 h. The culture medium was removed, DMSO (100 uL) was added
to each well, a plate was vortex for 20 minutes, and then the optical
absorbance in each well was measured at 570 nm in a Multiskan
Spectrum Microplate Reader instrument (Thermo Scientific, United
States). The MTT test readings were averaged for three independent
determinations. Readings of MTT test in the absence of the tested
compounds were taken as 100%.

MTT test macrophage cells

The human monocytic leukemia cell line - THP-1 - obtained from
ATCC (American Type Culture Collection, Manassas, Virginia) were
cultured in RPMI 1640 medium containing 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin (growth medium), at 37°Cin an atmosphere containing
5% CO,. The cells (5 x 10°/mL) were washed and suspended in the
same medium, contained phorbol ester (PMA-phorbol 12-myrictate-
13 acetate (Sigma)) to a final concentration of 100 ng/mL to initiate
their transformation into macrophages. The cells (5 x 103/well) were
transferred to 96-well plates and incubated for 48 h at 37 -.C and 5%
CO,. Then the cells were incubated in a serum medium with tested
compounds at various concentrations for 48 h. PBS (10 pL) containing
MTT (5 mg/mL) was added to each well, and the cells were incubated
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at 37°C for 4 h. The culture medium was removed, DMSO (100 pL)
was added to each well, a plate was vortex for 20 minutes, and then
the optical absorbance in each well was measured at 570 nm in a
Multiskan Spectrum Microplate Reader instrument (Thermo
Scientific, United States). The MTT test readings were averaged for
three independent determinations. Readings of MTT test in the
absence of the tested compounds were taken as 100%.

Hemolysis assay

Hemolytic activity of samples toward human erythrocytes was
determined using a standard protocol (Tossi et al., 1997). Peripheral
blood of healthy volunteers was collected into EDTA-coated
vacutainer tubes and then repeatedly washed with phosphate-
buffered saline (PBS), precooled to 4°C, to remove any trace of
plasma components and of anticoagulant. The washing cycle
included centrifuging the samples at 300 g at 4°C for 10 min,
removing the supernatant and resuspending the cells in a fresh
aliquot of PBS. After the third round, 280 mL of cellular precipitate
were resuspended with PBS up to 10 mL to obtain a suspension of
stock red blood. 90 L of this stock were mixed with 10 UL of the
tested systems, also diluted in PBS to various concentrations; the end
concentration of erythrocytes was 2.5% v/v. Mixtures were
incubated for 30 min at 37°C and then centrifuged for 3 min at 10,000
g. Hemoglobin release from the lysed erythrocytes was
spectrophotometrically measured in the supernatants at 540 nm,
using a SpectraMax 250 Spectrophotometer (Molecular Devices,
USA). The percentage of hemolysis in test samples was calculated by
comparison to a positive control for total hemolysis (100% lysis)
where 10 ML of 1% v/v Triton X-100 was used instead of the
investigated systems, and with a negative control (0% lysis) where
only PBS was added to erythrocytes, according to the following
formula:

Hemolysis(%) = AODiampi ~ Ot -

(0D 41t ysis = ODit i)
where ODgampie; ODoy iysis; and OD1ggy 1ysis are respectively the optical
density values at 540 nm for the test sample and the negative and
positive controls. Experiments were repeated three times and in
each case in triplicate (samples and controls). Tests were carried out
in accordance with the Declaration of Helsinki, written informed
consent was given by all donors beforehand.

Antibacterial Assays

Bacterial strains used were as follows: laboratory strains of
Staphylococcus aureus ATCC 25923 were kindly provided by Dr. Elena
Ermolenko (Institute of Experimental Medicine, St-Petersburg,
Russia); drug-resistant bacterial strains Acinetobacter baumannii
7226/16 (resistant to imipenem, gentamicin, tobramycin,
ciprofloxacin,  trimethoprim/sulfamethoxazole), = Pseudomonas
geruginosa 522/17 MDR (resistant to meropenem, ceftazidime,
cefixime, amikacin, gentamicin, netilmicin, ciprofloxacin, colistin),
from the urine of patients were generously supplied by Dr. A.
Afinogenova from the Research Institute of Epidemiology and
Microbiology named after L. Pasteur, Saint Petersburg, Russia;
isolate of Staphylococcus intermedius (resistant to
ciprofloxacin, cefuroxime, clindamycin, erythromycin, rifampicin,
gentamicin, benzylpenicillin, and oxacillin) obtained from an infected

clinical
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wound caused by a dog bite was provided by colleagues from the
S.M. Kirov Military Medical Academy (Saint Petersburg, Russia).
Initial susceptibility testing was performed by their colleagues from
said institutions.

Broth Microdilution Assay

The minimal inhibitory concentrations (MIC) of CYS-AgNPs and NAC-
AgNCs systems were determined using microdilution assay in
Miller—Hinton (MH) broth in general accordance with the guidelines
of the European Committee for Antimicrobial Susceptibility Testing.
The procedure is described in (Zharkova et al., 2021). Briefly, two-
fold serial dilutions of investigated samples starting with 2 x stock
concentration were prepared in sterile phosphate-buffered saline
(PBS). Thus, final solutions contained 50% of PBS diluted tested
samples and 50% of MH broth with bacteria. Bacteria for testing
were grown overnight, then transferred into a fresh portion of 2.1%
MH medium and additionally incubated for 2—3 h to obtain bacterial
culture in its mid-logarithmic growth phase, which was diluted down
to the final concentration of 1 x 106 CFU/mL.

Biofilm Formation Assessment by the Crystal Violet Assay

Quantification of the biofilms forming in the presence of various
concentrations of tested systems was performed using the crystal
violet assay according to general guidelines (Merritt et al., 2006).
Tests were performed in polystyrene 96-well plates with U-shaped
bottom. CYS-AgNPs and NAC-AgNCs systems were serially diluted in
a bacterial growth medium (MH for A. baumannii or TSB for P.
aeruguinosa) in a volume of 50 UL per well. Overnight cultures of
tested bacteria in a stationary phase of growth were 50 times diluted
and introduced into the experimental wells at the same volume of 50
HL. Samples were incubated for 24 h at 37°C. The content of the wells
was then shacked out, the plates were gently washed from
unattached planktonic bacteria in still water (poured into a large
enough vessel); bacterial cells and matrix components adhered to
the walls of the wells were stained with a 0.1% aqueous solution of
crystal violet dye: 125 ML of dye solution was put into each well and
incubated at room temperature for 10 min. After staining dye
solution was removed, the plates were washed with clean water and
allowed to air-dry. Finally, the bound dye was redissolved by adding
200 ML of 30% acetic acid into each well, incubating it for 15 min at
room temperature, and then thoroughly mixing the content of the
wells by pipetting. One hundred and twenty five microliters of crystal
violet extract from each well were transferred into a flat-bottomed
microtiter plate, and the optical density was measured at a
wavelength of 560-595 nm (depending on the maximum of
absorption in a particular experiment). Experimental samples were
made in quadruplicates, and there were 8-9 repeats of control
samples without CYS-AgNPs and NAC-AgNCs systems in each test.
Presented results are medians calculated based on 3 independent
experiments.

Results and discussion
Synthesis of CYS-AgNPs and NAC-AgNCs systems

In the present study we have synthesized a set of systems by varying

This journal is © The Royal Society of Chemistry 20xx
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the chemical nature of the silver salt and amino acid, their
concentration and ratio based on the results of our preliminary
reserch.?! The main idea was to show the similarities and differences
of NAC and CYS reaction with various silver salts. At mixing of
aqueous solution of CYS and silver salt, regardless of its chemical
nature, from yellow-green to brown-colored solutions or thixotropic
gels are obtained in the concentration range of the dispersed phase
of 1-20 mM (Fig. 1a, Fig S1,1). In the case of silver nitrate and acetate,
the gel formation requires the addition of low molecular weight
anions (Cl-, SO4%), whereas for silver nitrite the gel forms without any
other components. Some rheological properties and aspects of the
gelation mechanism of these systems have been lately studied.?! At
a fixed concentration of the amino acid, the higher the silver content
in the system, the richer the color of the samples. And we have
expected the same behavior for NAC. However, one can see that in
this case the uncolored solutions are obtained with AgNO, and
AgOOCCH; (Fig. 1b, Fig. S1,2). The interaction of NAC with AgNO;
gives the white precipitates which is probably dealt with the silver
mercaptide formation. The homogeneous samples were SS-1 — SS-10
(Table 1), that’s why further we studied mainly these systems. It
should be noted that during more 6 months the samples for both —
CYS and NAC systems remain stable — no opalescence, precipitation
or color changing was fixed. And it was controlled by UV-Vis analysis,
DLS and zeta potential measurements. Thus, it is even visually
obvious that the behavior of these systems is very different from
each other. Therefore, we used an integrated approach to study this

phenomenon.
o}
0
HS OH a
HN\H,CHs HS OH o
o}

- AgX -
rt, 3h & rt, 3h

X =NO,, CH,CO0", NO,

Fig. 1 Scheme of a - CYS-AgNPs and b - NAC-AgNCs systems preparation. C(CYS) =
C(NAC) =3 mM, C(AgX) = 3.75 mM in the final solution.

Characterization of CYS-AgNPs and NAC-AgNCs systems

Since the systems have or haven’t the color, one can expect that it
must or mustn’t absorb quanta of light at a certain wavelength. The
principal difference of UV spectra of CYS-AgX and NAC-AgX systems
(Fig.2) is the absence of the absorption band at 390-410 nm for latter
one which is responsible for localized surface plasmon resonance
(LSPR) of silver nanoparticles.?* Widened bands at 280 and 310 nm
are attributed to the ligand-to-metal charge-transfer transition
(LMCT) and argentophilic interactions in CYS/Ag* complexes
respectively.?! The growth of the LSPR band and its shift to the region
of large wavelengths occurs at increase of the silver content in CYS-
AgX systems. Meanwhile, no changings observe for NAC-AgX ones in
this region (Fig. 2,a,c). The wide band at 280-310 rises in both
systems. The absorption of LSPR band grows at increasing the
concentration of the dispersed phase only for CYS-AgX systems and
no changings take place for NAC-AgX ones (Fig. 2b,d). It should be
noted that at the concentration of the dispersed phase < 1mM LSPR
vanished for both systems and samples are uncolored (Fig. S2).

This journal is © The Royal Society of Chemistry 20xx
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At higher than 20 mM dispersed phase concentration the white or
brown?? precipitates are obtained. So, it can be assumed based on
the mentioned above data and lately obtained*? that the LSPR band
is responsible for the color of the samples.

Results obtained by transmission electron microscopy are
demonstrated on the Fig. 3 (Fig. S3, S4, S5). The morphology of all
systems is the network of filament-like structures constructed from
spherical/elliptical nanoparticles of mean average diameter of 5-10
nm. The densest network is observed for CYS-AgNO, system (Fig. 3A)
because of it forms the gel without any additional components unlike
other systems. CYS-AgNO; and CYS-AgOOCCH; systems can form a
gel at initiation by the sulphate-anion (Fig. S5). SAED analysis fixes
diffraction rings and reflexes corresponding to 111, 200, 220 and 311
planes of the face-centered cubic lattice of the crystalline phase of
silver nanoparticles in the case of CYS-AgX systems and no
rings/reflexes for NAC-AgX ones (Fig. 3B, S4). One can also be noted
that the increase of the silver salt concentration in CYS-AgX samples
leads to rising of the number AgNPs, their sizes and growing of
diffraction intensity (Fig. S3). HRTEM shows silver atoms in CYS-AgX
systems are close-packed and clear ordered, the interplane distance
of 2,33 A is consistent with the 111 plane of AgNPs (Fig. 3,C,D, S3,
S4). This is not taken place for NAC-AgX systems. EDX mapping
analysis confirms these data, herewith sulfur atoms are localized on
the surface of silver atoms in CYS-AgX systems and both on silver
atoms and between them in NAC-AgX ones (Fig. 3,E, S3, S4). These
results are in a good agreement with UV analysis data. AFM, SEM,
EDX and ICP-MS verify the results of TEM concerning the
composition, the character of particle distribution, and their sizes in
samples (Fig. S6).

Hydrodynamic and electrokinetic parameters of systems are
presented on the Fig. 4 (Fig. S7). Nanoparticles in both systems have
the unimodal size distribution that confirms via NTA and DLS. And
these methods conform each other. The polydispersity coefficient of
particles decreases at moving from CYS to NAC systems. The surface
of particles is positively charged in CYS-AgX systems and negatively
in NAC-AgX. This is due to the fact that the amino-group is blocked in
NAC, thus only the carboxyl group can protonate/deprotonate in this

J. Name., 2013, 00, 1-3 | 5
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Fig. 3 A—TEM, B — SAED, C, D — HRTEM, E — EDX mapping analysis (red and yellow colour — silver and sulphur atoms respectively) images for CYS-AgNO, (Top) and NAC-

AgNO, (Bottom) systems.
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Fig. 4 A, B— NTA instant photos of pure water and SS systems respectively, C — particles size distribution by NTA, D - particles size distribution by DLS, E — zeta-potential

measurements for CYS-AgNO, (Top)

case. pH of resulted samplesis 2,60 —4.10 in dependence of chemical
nature of amino acid and silver salt,?! herewith, amino-groups are
fully protonated and carboxyl ones partly. pH of initial solutions of
amino acids is 5.20-5.40. Thus, the addition of the silver salt to amino
acid solution leads to the medium acidification.

FTIR-spectra of initial amino acids change after adding of silver
salts (Fig. S8). The same peculiarity for both CYS-AgX and NAC-AgX
systems is the disappearance of the v(SH) at 2552 cm that points to
interaction of silver ions with thiol-groups of amino acids.

Summing up of the current data one can propose the following
mechanism of the self-assembly (Fig. 5): silver ions interact primarily

6 | J. Name., 2012, 00, 1-3

and NAC-AgNO, (Bottom) systems.

with thiol-groups of amino acids that is in a good agreement with
Pearson’s HSAB (hard and soft (Lewis) acids and bases) theory,
meanwhile two parallel reactions may occur — the formation of so-
called CYS(NAC)/Ag* complexes and the reduction of Ag* to zero
valent state. The presence of AgP in the systems is beyond doubt. It
is known, CYS possesses a middle reduction properties**** and 15-
times higher reduction ability to silver ions compared to hydrazine
hidrate.*> Herewith, L-cysteine is a stronger reducing agent than N-
acetyl-L-cysteine.*® That’s why crystalline phase of AgNPs occurs only
in the presence of CYS, whereas the non-crystalline phase of silver
clusters takes place for NAC. The other and more difficult question is

This journal is © The Royal Society of Chemistry 20xx
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dealt with peculiarities of CYS(NAC)/Ag* complexes formation and
their structure. According to our previous,?%?>2> present data and
literature,*”-> we can propose that CYS/Ag* and NAC/Ag* complexes
have the similar structure (Fig. 5, blue chains). The interaction of
stabilized AgNPs or AgNCs with these complexes, seemed, proceeds
via formation of hydrogen bonds between charged amino- and
carboxyl groups in the case of CYS systems (Fig. 5, a) or partly
protonated carboxyl groups for NAC ones (Fig. 5, b) and it leads to
the formation of final particles. Furthermore, complexes interact
with each other via hydrogen bonding and form sandwich-like shell.
Thus, particles are constructed from the core of AgNPs or AgNCs and
shell of CYS/Ag* or NAC/Ag* complexes. Amino- and carboxyl groups
are located on the surface of particles and responsible for their
solubility and colloidal stability of systems. Meanwhile, the smaller
hydrodynamic parameters of particles in NAC systems are due to the
fact that most of NAC/Ag* complexes interact with silver clusters and
form the particle core, these data are consistent with HRTEM and
EDX mapping analysis. In confirmation of such structure of particles
for NAC systems is the fact that LSPR occurs also on the surface of
small individual silver clusters®'>3 but in our case AgNCs link into a
single particle and plasmons are seemed quench each other inside of
this particle. So, one can expect that the difference in the structural
parameters of particles in CYS and NAC systems must significantly
affect to it final bioactive properties.

Bioactive properties of CYS-AgNPs and NAC-AgNCs systems

In accordance with the literature, there are a literally several articles
related to methods of the synthesis of silver nanoparticles and silver
clusters using sulfur-containing amino acids, as well as the study of
bioactive properties of obtained compositions (Table 2). All of these
synthetic techniques use toxic reducing agents®*>® or additional
external exposures,® the antibacterial effect has either not been
studied at all, or it is 1-2 orders of magnitude lower compared to
studied samples in the present work. Furthermore, investigated
systems are not inferior in antibacterial activity to other known
silver-based systems.®? Concerning systems under study, one can see
their activity to gram-negative bacteria is more pronounced than on
gram-positive ones (Table 2, Table S1, Fig. S9,1,2). This phenomenon
can be explained by existing difference in the thickness of the cell
wall in gram-positive (30 nm) and gram-negative (3-4 nm) bacteria.5?
MIC of CYS systems reduced at moving from SS-1 to SS-6 system and
further to NAC systems (SS-7 - SS-10) for gram positive bacteria, but
its values were practically the same for gram negative ones. The total
bioactive effect against all bacteria is twice as high for systems based
on NAC. The solutions of initial amino acids showed no activity at
concentrations 2 orders of magnitude higher than MIC of SS-1 - SS-
10.

It is known, silver ions are more harmful to the various normal
human cells than silver nanoparticles.?? The other problem is a high
reactivity of Ag* to different anionic compounds of blood plasma that
leads to precipitation. Reducing the toxicity of silver-based systems
is a key task in the development of new drugs for antibacterial

This journal is © The Royal Society of Chemistry 20xx
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Table 2 The synthetic protocol and antibacterial activity (MIC) of SS-1 — SS-10
samples and other related systems to planktonic bacteria.

Sample Reducing/stabilizi MIC, pM Ref.
ng agent gram-
positive/nega
tive bacteria
SS-1 CYS/CYS 1500/23,45 Our work
SS-2 CYS/CYS 750/23,45 Our work
SS-3 CYS/CYS 562,5/23,45 Our work
SS-4 CYS/CYS 234,38/23,45 Our work
SS-5 CYS/CYS 281,25/93,75 Our work
SS-6 CYS/CYS 140,63/46,9 Our work
SS-7 NAC/NAC 46,9/11,7 Our work
SS-8 NAC/NAC 93,75/23,45 Our work
SS-9 NAC/NAC 93,75/23,45 Our work
SS-10 NAC/NAC 93,75/23,45 Our work
Agn(NALC) NaBH,/NAC 3700/6400 54
nano-Ag TBAB/CYS -/93 55
CYS capped NaBH,/CYS -/- 56
AgNPs
L-CYS- NaBH./CYS -/- 57
AgNPs
CYS capped NaBH./CYS -/- 58
AgNPs
CYS-AgNPs UV/CYS -/- 59

J. Name., 2013, 00, 1-3 | 7
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g. 7 Antibiofilm activity of SS-1 — SS-10 samples against P. aeruginosa (Top) and A. baumannii (Bottom): a,b,c,d — CYS-AgNPs and e,f - NAC-AgNCs systems.

therapy. All samples did not cause the lysis of erythrocytes (Table S2).
Systems showed low cytotoxicity to fibroblasts and macrophages, its
values didn’t exceed ICsg. The NAC systems were a little more toxic
than CYS. Interestingly, some of CYS systems promote macrophages
proliferation even at high concentration of the sample. This effect
can be connected with the amino acids influence.

Since SS-1 — SS-10 systems showed the highest activity in relation
to gram-negative bacteria, studies of their antibiotic film properties
were carried out on appropriate bacterial films (Fig. 7). Furthermore,
P. aeruginosa and A. baumannii are the most prominent at forming
biofilms amongst the tested in this work and other known bacteria.
The activity of samples grows in a row: CYS-AgNO, (SS-5, SS-6) < CYS-
AgNO; and CYS-AgOOCCH; (SS-1 — SS-4) < NAC-AgNO, (SS-9, SS-10) <

8 | J. Name., 2012, 00, 1-3

NAC-AgOOCCHs3 (SS-7, SS-8). In all cases NAC systems suppressed the
formation of biofilms twice as much as CYS ones for both line of
bacterial strains. Herewith, NAC-AgOOCCH; (SS-7) turned out to be
the most active among all samples and inhibited the biofilms
formation at 1xMIC whereas other samples made it from 2xMIC to
4xMIC. It should be noted the SS-7 had a quite low cytotoxicity to
normal cells even at concentrations an order of magnitude higher
than MIC. The lower toxicity of NAC-AgOOCCH; compared to NAC-
AgNO, can be connected with the more toxic effect of nitrite ions
opposed to acetate ones.

According to the proposed structure of nanoparticles (Fig. 5)
their surface has positive and negative charge values in CYS-AgX and
NAC-AgX systems respectively in the initial solutions (pH<7). But at

This journal is © The Royal Society of Chemistry 20xx
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conditions of the experiment which corresponds to physiological (pH
7.2-7.4) the equilibrium of the protolytic dissociation shifts towards
the formation of -NH, groups in CYS (-NH-COCHs in NAC) and COO" in
both systems. Particles surface is charged negatively. The bacterial
membrane has a negative charge in the range of -10 to -50 mV of
zeta-potential values in dependence of the type of bacteria.®? Thus,
the probability of direct binding of nanoparticles to the bacterial
membrane surface is unlikely. Although, there are several works
where negatively charged AgNPs showed the strong antibacterial
effect.5364 We reckon that at pH>7 nanoparticle shell, consisting of
CYS/Ag* or NAC/Ag* complexes, start destroying due to the repulsion
of fully deprotonated negatively charged carboxylic groups that leads
to breaking of hydrogen bondings (Fig. 5). Silver-sulfur bonds in
complexes are seemed also broken down. As a result, there are a
release of silver ions and cores of AgNPs or AgNCs. These species
react with thiol-containing proteins of bacterial membrane because
of the high affinity of silver to sulphur or cause ROS thereby
disrupting it functions and leading to the death of bacteria. Herewith
AgNCs are more active than AgNPs due to their smaller size and
greater mobility. Moreover, according to Ostwald—Freundlich
equation, smaller silver particles are more susceptible to the release
of Agtions owing to their greater surface area. If the initial
nanoparticles are able to penetrate the membrane of bacteria, then
NAC systems will make it easier due to the smaller hydrodynamic
particle sizes. Concerning inhibitory ability of systems to biofilms
formation the additional and important influence may also have
amino acids since it is known, L-cysteine and more N-acetyl-L-
cysteine possess antibiofilm activity in the concentration range of
0,01 — 0,5 M.%5%6 This effect is dealt with the possibility of CYS and
NAC thiol-groups partaking in the thiol-disulfide exchange and thus
destructing of -5-S- bonds which are responsible for stabilizing the
hydrophobic surface of biofilms.®’ Indeed, after destruction of
CYS/Ag* and NAC/Ag* complexes and releasing of Ag*, free CYS and
NAC moieties form with protonated thiol-group (pK, (SH) =9.52). The
elucidation of the mechanism of interaction of investigated systems
with bacteria and biofilms as well as carrying out in vivo experiments
is the subject of further research.

Conclusions

In this work nanosilver-based sols and hydrogels with core-shell like
structure of particles were prepared using the L-cysteine and N-
acetyl-L-cysteine as bio-reducing agents at ambient conditions
without any additional components or other exposures. The
chemical nature of the amino acid dramatically influenced the final
microstructure of resulting materials that is obtaining of silver
nanoparticles and silver clusters in the case of CYS and NAC
respectively. This peculiarity defined stronger antibacterial and
antibiofilm properties of NAC-based systems then CYS ones.
Therefore, the novel CYS-AgNPs and NAC-AgNCs systems obtained
via the simple “green” chemistry technique can be potentially used
as alternative materials against various bacterial infections mediated
by biofilms formation.
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Referee 1:

1. Question: The authors think this work could open the perspectives in medicine, therefore

the animal assays and results should provide.

Answer: This work was performed within the framework of the Russian Science
Foundation (RSF) grant and its ultimate goal was to identify the most promising samples
based on the results of in vitro experiments. Next, we intend to carry out in vivo experiments
in collaboration with our colleagues from the Institute of Experimental Medicine, having
previously received funding from the RSF.

. Question: In Fig.2, please provide the name of Y axis.

Answer: Thank you for this remark, the name (Absorbance) of Y axis have been added.

. Question: In Fig.6b, please explain why the cell viability of CYS-AgOOCCH3 and CYS-

AgNO2 is above 100%?

Answer: This fact can be connected with the generation of the free amino acid at
experimental conditions which is a nutrient medium for normal cells and the difference
between proposed particles structure for CYS-AgX and NAC-AgX systems: AgNPs are less
toxic than AgNCs. Furthermore, macrophages are the cells of the innate immune system and
they are more resistant to various foreign and toxic substances compared to fibroblasts, for
Instance.

. Question: In Fig.7, why the inhibition of biofilm formation of SS-10 decreased at 30 uM

compared with 20 uM? And the six graphs should added the A,B,C.
Answer: [ think this is simply due to the error of the experiment, but this error is included in
the confidence interval. A-F marks have been added.

Referee 2:

Dear reviewer,
Thank you very much for the detailed analysis of our manuscript!

. Question: The motivation and novelty of this work as compared to previous findings from

the Authors should be more clearly stated. The concepts of the Introduction reported at page
2, left column, shows close similarities with those presented in ref 40 by the Authors (page
3031, 3032). Also, at the end of page 2 (Introduction, left column) it is said that the scope of
the present work is to investigate aspect such as toxicity,.... relationship between their
structure and properties... which have not been investigated so far. This doesn’t seem to be
entirely the case (see also ref. 40 by the Authors), so please revise the text/motivation of the
work accordingly. [Please check-Data presented in Fig 4 c,d were already presented in ref
40?]. Overall, the manuscript should present more clearly the relevant features (see also
point 2) and novelty of the investigation as compared to previous work.

Answer: Yes, you are absolutely right. I have rewritten the introduction part.

. Question: At page 6, 7 the proposed architecture of the investigated materials is described:

the obtained composites present either Ag nanoparticles or Ag clusters embedded within
CYS- or NAC-based hydrogel containing CYS/Ag+ or NAC/Ag+ complexes (together with
the counterion of the silver precursor and the ions used as gelators, as far as I understand).
To improve the clarity of the manuscript, I suggest to make clear in the text (for example in
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the abstract, and earlier in the results and discussion) the composite nature of the produced
materials. Regarding the “core” of the composites, a significant difference is observed in
CYS vs NAC systems, as nanocrystalline Ag is obtained in the first case which is not
observed in the latter. I suggest that the oxidation state of silver is investigated to gain
insights on the reducing role of CYS and NAC.

Answer: | have rethought this question and concluded that it doesn’t correct to use word
«composite» in our case because of we talk about the composite structure of particles but
not about the final material as a composite. So, I have revised it. Concerning the oxidation
state of silver, I think only XPS analysis can give the clearest results and we intend to
perform such experiments with our colleagues from Moscow Institute of Physics and
Technology, but they have some problem with their equipment since something was broken
down. This problem is getting more complicated by sanctions due to the fact that all repair
parts are purchased abroad.

. Question: Although I am not an expert in the field, the presented data seem to point at a

significant activity in bacteria suppression and biofilm inhibition, where the NAC samples
show improved properties as compared to CYS samples. The Authors conclude (pag 9) that
NAC samples are more active due to the speculated occurrence of Ag clusters as opposed to
Ag nanoparticles in the core. My advice is that the Authors should provide further support to
this view, as bioactivity is also expected from the CYS/Ag+ or NAC/Ag+ complexes in the
outer layer of the composite. In addition the Authors suggest that also the anion arising from
the silver precursor can play a role to some extent, so my advice is that a comment on how
to entangle the different contributions in order to compare the different bioactivities
recorded for the CYS and NAC samples is needed.

Answer: In the present article we have only put forward the proposed mechanism of
particles interaction with planktonic bacteria and biofilms including the role of CYS/Ag*
and NAC/Ag" complexes (page 9, below). To verify the proposed mechanism, we plan to
carry out experiments in the future where we will add Ellman’s reagent (we have ordered it
and waiting for) to our samples at physiological conditions to check out the presence of the
free SH-groups. The control experiment will be fixing of the released Ag" by ion-selective
electrode.

. Question: Is there any reason why the samples were not investigated by X-ray diffraction?

Answer: We have tried to do the XRD for our samples but the concentration of the solid
phase is quite low (0,01%). And we observed just wide peak throughout the spectra. Though
in our related article [1] we have managed to fix the diffraction peaks corresponding to the
crystalline phase of AgNPs, but only in the case of the final composite material. XRD peaks
were widened that point to quite amorphous state of samples and can be connected with the
presence of CYS/Ag"™ and NAC/Ag" complexes in the shell of proposed structure of
particles.

. Question: My feeling is that reference to literature could be improved. I suggest that the

presentation of previous work in the field of silver nanoparticles and clusters, use of cysteine
in the synthesis of metal nanoparticles, and so on is reported in greater detail. (just by means
of example, see work by M.A. Lopez-Quintela and coworkers).

Answer: In accordance with the literature, there are a literally several articles related to
methods of the synthesis of silver nanoparticles and silver clusters using sulfur-containing
amino acids, as well as the study of bioactive properties of obtained compositions (see Table
2, ref. 54-59). I have read the latest works of M.A. Lopez-Quintela and added them in the
introduction part of the manuscript (ref. 29 and 34).
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1. D.V. Vishnevetskii, D.V. Averkin, A.A. Efimov, A.A. Lizunova, A.L. Ivanova, P.M. Pakhomov, E. Ruehl, Soft
Matter, 2021, 17, 10416-10420.

Minor Comments:

M1: The mistakes have been corrected and the sentences have been rephrased. Concerning
the «simplest», you are absolutely right, and I have changed «simplest» to «simpley.

M2: I agree with you, it has been corrected.

M3: The solutions were filled in polystyrene cuvette without any other manipulations. The
gels (thixotropic) were mechanically destroyed just by shaking and diluted by water in 2, 4
and 8 times and placed in polystyrene cuvette. DLS can’t give the correct information for
gels only for Newtonian liquids. The dilution in 2, 4 and 8 times was needed for checking
out the stability of the system, we observed that the average hydrodynamic diameter didn’t
change at diluting.

M4: Certainly, thank you! It has been changed.

MS: This is the standard abbreviations, but anyway I have defined some of them.

Mé6: The information has been added.

M7: See M3.

MS8: We did not study the chemical nature of these precipitates but it is probably the silver
mercaptide. We will try to find it out by XRD and XPS analysis in the future.
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The problem of the synthesis of a new generation of medicines aimed at combating bacteria and biofilms caused various
infections is a great urgency. There is a gradual departure from conventional techniques of treatment with the use of
antibiotics, and consequently, the search for new methods and approaches for obtaining and rational use of available
antibacterial drugs to which microorganisms do not acquire resistance. Although silver nanoparticles (AgNPs) and -
_ have exhibited certain effectiveness against multidrug-resistant bacteria and biofilms, there are too
few simple, cheap and easy-to-scale methods for AgNPs and AgNCs obtaining with well-desired characteristics. In this work,
we have carried out the one-pot synthesis of_ AgNPs and - using the only L-cysteine (CYS) or N-
acetyl-L-cysteine (NAC) as bioreducing/capping/gel-forming agents and different silver salts — nitrate, nitrite and acetate.
HRTEM, SAED, EDX mapping, AFM, SEM, EDX, ICP-MS and FTIR analysis confirmed the formation of spherical/elliptical CYS-
AgNPs and NAC-AgNCs [Barticles consisting of AGNPS GrAGNCS “core” and CYS/AG* or NAC/AB* complexes “shellf with mean
avarage diameter of 10 and 5 nm respectively. - spectroscopy fixed _ (LSPR) at 390-
420 nm for CYS-AgNPs systems and LSPR absence for NAC-AgNCs ones. DLS and _ (NTA) data
indicated that mean avarage diameter of particles is about 80 nm for CYS-AgNPs systems and 20 nm for NAC-AgNCs ones.
Zeta potential measurements showed particles possess the positive and negative charge values for CYS-AgNPs and NAC-
AgNCs systems respectively. The prepared materials demonstrated the high antibacterial activity against the most common
types of bacteria at MIC range of 10-100 uM, wherein, the effect of NAC-AgNCs systems in 2 times stronger than CYS-AgNPs
ones. The both systems are non-toxic/low-toxic at 300 uM for the normal human cells: erytrocytes, fibroblasts and
macrophages. _ in concentration range of 20-40 pM showed the complete inhibition of formation of
biofilms Acinetobacter baumannii and Pseudomonas aeruginosa belonging to ESKAPE pathogenes group and representing
the most serious problem in practical medicine. NAC-AgNCs systems were the most active. The - strategy of .

_ along with their pronounced antibacterial and antibiofilm activity could

open the perspectives for it applications in medicine.

Published on 09 March 2020. Downloaded by MURDOCH UNIVERSITY LIBRARY on 3/9/2020 6:06:55 PM.

past century, their frequent and excessive use lead to the extensive
multidrug resistance.? The problem is complicated by the fact that
biofilms are inherently insensitive to antibiotics and are upwards of
1000-fold more resistant to them than planktonic bacteria.* Thus,
the search and development of an effective and safe medicines
against bacteria and biofilms is a great challenge. There have been
extensive studies related to the creation of new materials for the
elimination of biofilms using small molecule agents,> carbon
nanomaterials®,  macromolecular  species’” and inorganic
nanoparticles.® The latter have a significant place in the field of

Introduction

The multidrug-resistant bacteria and especially biofilms are cause of
the various infections: more than 65% of nosocomial, 80% of chronic
and 60% of all human bacterial ones.! Biofilm-associated diseases
increase the human morbidity and mortality rates and economic
burdens because of high healthcare costs and prolonged patient
stays.2 Although antibiotics were the main antibacterial drugs in the
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biomedical applications due to a unique range of properties:
antibacterial, anticancer, magnetic, optoelectrical, biosensing, bio-
imaging and etc.®1° Among of them silver nanoparticles (AgNPs) are
one of the promising candidates in the therapy of the different
infectious diseases and medical devices owing to their broad-
spectrum antibacterial activity and little drug resistance.'*?5 It has
been shown that properties of AgNPs — cytotoxicity and bioactivity
directly depend on their characteristics: size, distribution,
morphological shape and surface charge.'® Furthermore, AgNPs can

Please do not adjust margins



mailto:rickashet@yandex.ru

lournal of Materials Chemistry!E

ARTICLE

easily agglomerate and oxidize that leads to suppression of their
antibacterial and antibiofilm capacities.!” Hence, the practical
applications of AgNPs need to use the biocompatible and either non-
toxic or low-toxicity synthetic protocols along with remaining of the

=5
@
>0
[
(o]
=4
<.
>3
<
o
=N
o
o
(i
Q.
=1
1]
o
b g
[
=2
o
©

In the present article, we delved into the study of the self-
assembly process with partaking of sulfur-containing amino acids
and silver salts. To do this, firstly, we used additional methods for
analyzing the structure of obtained nanoparticles, and, secondly, for
the first time, we investigated in detail the behavior of systems
obtained at mixing of N-acetyl-L-cysteine (NAC) aqueous solutions
with silver salts. NAC is well-known available mucolytic, expectorant,
antioxidant agent. An unexpected result was that the replacement of
CYS with NAC lead to the formation of non-crystalline silver phase —
silver clusters. This system turned out to be twice more active in
planktonic bacteria suppression and more importantly their biofilms
in in vitro experiments. CYS-AgNPs and NAC-AgNCs were non-toxic or

2| J. Name., 2012, 00, 1-3
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have the low toxicity to the normal human cells in culture. Thus, the
novel “green” chemistry approach could open perspectives for the
silver-related materials production with the enhanced desired
properties.

Experimental
Chemicals

L-cysteine (>99 %) and N-acetyl-L-cysteine (>98 %) were obtained
from Acros. Silver nitrite (>99 %), silver nitrate (>99 %) and silver
acetate (>99 %) were purchased from Lancaster. All chemicals were
used as received. All solutions were prepared on de-ionized water
after its filtration on 0.45 um filters.

General procedure for the preparation of CYS-AgNPs and
NAC-AgNCs systems

The solutions - were prepared by the following scheme (as an
example): the empty vessel 0.8 mL of the de-ionized water was filled,
then 0,6 mL of L-cysteine or N-acetyl-L-cysteine (0.01 M) was added,
finally 0.6 mL of silver salt (0.01 M) was added (Table 1). 0.15 mL of
Na,SO,4 (0,01 M) as a gelation agent was added in SS-1 and SS-3
samples. The resulting mixtures were stirred at room temperature
(25°C) for 1 minute and solutions were stayed in dark place for 3
hours. As a result, from uncolored to yellow or brown transparent
solutions or hydrogels were obtained.

Table 1 The synthetic protocol for CYS-AgNPs and NAC-AgNCs systems.

Abbr. Sample Water, Amino Silver
of mL acid, mL salt,
sample mL
Ss-1 CYS-AgNO3 0.65 0.6 0.75
SS-2 CYS-AgNO3-SO,4* 0.65 0.6 0.75
SS-3 CYS-AgOOCCH; 0.65 0.6 0.75
SS-4 CYS-AgOOCCH;-S0,> 0.65 0.6 0.75
SS-5 CYS-AgNO, 0.8 0.6 0.6
SS-6 CYS-AgNO, 0.65 0.6 0.75
SS-7 NAC-AgOOCCH; 0.8 0.6 0.6
SS-8 NAC-AgOOCCH; 0.65 0.6 0.75
SS-9 NAC-AgNO, 0.8 0.6 0.6
Ss-10 NAC-AgNO, 0.65 0.6 0.75

HRTEM, SAED and EDX mapping analysis

The microstructure and elemental mapping analysis of the samples
were analyzed using a transmission electron microscope JEM-2100
(JEOL Ltd.), equipped with the energy dispersive X-ray spectrometer
X-MAXN OXFORD instruments, with an accelerating voltage of up to

200 kv. Samples were placed on a standard copper grid with a 100

AFM analysis

The surface topography of the samples was investigated by using a

This journal is © The Royal Society of Chemistry 20xx
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scanning probe microscope Solver Next (NT-MDT) in the semi-
contact mode.

SEM and EDX

The microstructure and chemical composition of the samples were
also studied using a raster JEOL 6610 LV electron microscope (JEOL
Ltd.) with x-ray system energy dispersive microanalysis Oxford INCA
Energy 350. in a high vacuum mode with accelerating voltage of 15
kV. Samples preparation was consisted of its spraying on the surface
of a thin conductive layer of platinum and drying in vacuum (10 Pa).

UV-Vis spectroscopy

Electronic spectra of the samples were recorded on the UV
spectrophotometer Evolution Array (Thermo Scientific) in a quartz
cell with a 1 mm path length.

DLS and zeta potential measurements

Measurement of intensity of light scattering in the studied samples
was carried out using analyzer Zetasizer Nano ZS (Malvern) with He-
Ne laser (633 nm), power of 4 mW. The solutions were filled in
polystyrene cuvette without any other manipulations. For the
correct analysis of the particle sizes and zeta-potential in gel state,
the samples were mechanically destroyed and diluted two, four and
eight times. All measurements were carried out at 25°C in the
backscattering configuration (173°), providing the highest sensitivity
of the device. Mathematical processing of the results of the obtained
cross-correlation functions of the diffuse light intensity fluctuations
g2 was carried out in the program Zetasizer Software, where the
solution of the obtained equation of the g2 dependence on the
diffusion coefficient was performed by the cumulant method. The
result of the solution was the function z(D). The hydrodynamic radii
of the scattering particles were calculated from the diffusion
coefficients by the Stokes-Einstein formula: D= kT/6mnR, where D is
the diffusion coefficient, k is the Boltzmann constant, T is the
absolute temperature, n is the viscosity of the medium, R is the
radius of the scattering particles. Measurement of the
electrophoretic mobility of aggregates in the samples was carried out
in U-shaped capillary cuvettes. Zeta potential distributions were
calculated using the Henry equation: UE = 2ezf(Ka)/3Z, where UE —
electrophoretic mobility, z — zeta potential, e — dielectric constant, Z
— viscosity, and f (Ka) — Henry’s function, f (Ka) = 1.5 for aqueous
media.

NTA

The measurements were made with a NanoSight NS300 (Malvern)
equipped with a scientifc CMOS camera, a 20x objective lens, a blue
laser module (405nm, LM12 version C) and NTA sofware version 3.1.
A 1-mL disposable syringe was used to inject the samples into the
instrument chamber. For the correct analysis of the particle sizes in
gel state, the samples were mechanically destroyed and diluted two,
four and eight times. The video data were collected for 30 seconds,
repeated three times for each sample. The detection threshold of the
NTA sofware was set to 5 and the maximum jump distance and the
minimum track segment length were both set to auto.

ICP-MS analysis

The “PlasmaQuant MS” (Analytik Jena GmbH) mass spectrometer
with inductive coupled plasma was used. ICP-MS is equipped with

This journal is © The Royal Society of Chemistry 20xx

Scott spray chamber with double passage. The mass spectrometer
used argon gas (chemical purity of 99.993%). The sputtering
efficiency was determined using a colloidal solution of B-
cyclodextrin-stabilized Ag/CDx/W silver nanoparticles with a nominal
particle size of 12 nm. The controlled isotope was 1°’Ag. To quantify
the 197Ag intensity in time resolved analysis mode to take ICP-MS
data on reconstituted Ag/CDx/W silver nanoparticles diluted to Ag
mass fractions from 500 pg/L to 0.25 pg/L. Solution of diluted
nanoparticles was introduced via peristaltic pump into low-flow (0.7
mL/min) concentric nebulizer and impact bead spray chamber
cooled to 2°C. The delay time was set at 3 ms with typical data
collection time of 60 s for each measurement.

pH measurements

The pH of the solutions was measured using a Seven Multi S70
(Mettler Toledo) pH meter.

FTIR spectroscopy

FTIR spectra of the samples were recorded on a Vertex 70
spectrometer (Bruker) in the range of 7000-400 cm! at a resolution
of 4 cm. The number of scans was 32. The studied samples
(solutions and hydrogels) were preliminarily frozen in a liquid
nitrogen; the obtained uncolored, yellowish or brown precipitates
were carefully washed with de-ionized water and vacuum dried at
25°C. 22 mg of the precipitate was mixed with 700 mg of potassium
bromide and pressed into a pellet.

MTT test Wi-38 cells

Wi-38 human normal embryonic lung cells obtained from the
American Tissues and Cells Collection (ATCC) were cultivated in 96-
well plates at 37°Cin atmosphere of 5% CO, in a DMEM medium with
the addition of L-glutamine (2 mM), antibiotics (100 units per mL of
penicillin and 100 ug/mL of streptomycin), and 10% of FBS. The cells
were incubated in a serum medium with the tested compounds at
various concentrations for 48 h. PBS (10uL) containing MTT (5
mg/mL) was added to each well, and the cells were incubated at 37°C
for 4 h. The culture medium was removed, DMSO (100 uL) was added
to each well, a plate was vortex for 20 minutes, and then the optical
absorbance in each well was measured at 570 nm in a Multiskan
Spectrum Microplate Reader instrument (Thermo Scientific, United
States). The MTT test readings were averaged for three independent
determinations. Readings of MTT test in the absence of the tested
compounds were taken as 100%.

MTT test macrophage cells

The human monocytic leukemia cell line - THP-1 - obtained from
ATCC (American Type Culture Collection, Manassas, Virginia) were
cultured in RPMI 1640 medium containing 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin (growth medium), at 37°Cin an atmosphere containing
5% CO,. The cells (5 x 10°/mL) were washed and suspended in the
same medium, contained phorbol ester (PMA-phorbol 12-myrictate-
13 acetate (Sigma)) to a final concentration of 100 ng/mL to initiate
their transformation into macrophages. The cells (5 x 103/well) were
transferred to 96-well plates and incubated for 48 h at 37 -.C and 5%
CO,. Then the cells were incubated in a serum medium with tested
compounds at various concentrations for 48 h. PBS (10 pL) containing
MTT (5 mg/mL) was added to each well, and the cells were incubated
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at 37°C for 4 h. The culture medium was removed, DMSO (100 pL)
was added to each well, a plate was vortex for 20 minutes, and then
the optical absorbance in each well was measured at 570 nm in a
Multiskan Spectrum Microplate Reader instrument (Thermo
Scientific, United States). The MTT test readings were averaged for
three independent determinations. Readings of MTT test in the
absence of the tested compounds were taken as 100%.

Hemolysis assay

Hemolytic activity of samples toward human erythrocytes was
determined using a standard protocol (Tossi et al., 1997). Peripheral
blood of healthy volunteers was collected into EDTA-coated
vacutainer tubes and then repeatedly washed with phosphate-
buffered saline (PBS), precooled to 4°C, to remove any trace of
plasma components and of anticoagulant. The washing cycle
included centrifuging the samples at 300 g at 4°C for 10 min,
removing the supernatant and resuspending the cells in a fresh
aliquot of PBS. After the third round, 280 mL of cellular precipitate
were resuspended with PBS up to 10 mL to obtain a suspension of
stock red blood. 90 L of this stock were mixed with 10 UL of the
tested systems, also diluted in PBS to various concentrations; the end
concentration of erythrocytes was 2.5% v/v. Mixtures were
incubated for 30 min at 37°C and then centrifuged for 3 min at 10,000
g. Hemoglobin release from the lysed erythrocytes was
spectrophotometrically measured in the supernatants at 540 nm,
using a SpectraMax 250 Spectrophotometer (Molecular Devices,
USA). The percentage of hemolysis in test samples was calculated by
comparison to a positive control for total hemolysis (100% lysis)
where 10 ML of 1% v/v Triton X-100 was used instead of the
investigated systems, and with a negative control (0% lysis) where
only PBS was added to erythrocytes, according to the following
formula:

Hemolysis(%) = AODiampi ~ Ot -

(0D 41t ysis = ODit i)
where ODgampie; ODoy iysis; and OD1ggy 1ysis are respectively the optical
density values at 540 nm for the test sample and the negative and
positive controls. Experiments were repeated three times and in
each case in triplicate (samples and controls). Tests were carried out
in accordance with the Declaration of Helsinki, written informed
consent was given by all donors beforehand.

Antibacterial Assays

Bacterial strains used were as follows: laboratory strains of
Staphylococcus aureus ATCC 25923 were kindly provided by Dr. Elena
Ermolenko (Institute of Experimental Medicine, St-Petersburg,
Russia); drug-resistant bacterial strains Acinetobacter baumannii
7226/16 (resistant to imipenem, gentamicin, tobramycin,
ciprofloxacin,  trimethoprim/sulfamethoxazole), = Pseudomonas
geruginosa 522/17 MDR (resistant to meropenem, ceftazidime,
cefixime, amikacin, gentamicin, netilmicin, ciprofloxacin, colistin),
from the urine of patients were generously supplied by Dr. A.
Afinogenova from the Research Institute of Epidemiology and
Microbiology named after L. Pasteur, Saint Petersburg, Russia;
isolate of Staphylococcus intermedius (resistant to
ciprofloxacin, cefuroxime, clindamycin, erythromycin, rifampicin,
gentamicin, benzylpenicillin, and oxacillin) obtained from an infected

clinical
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wound caused by a dog bite was provided by colleagues from the
S.M. Kirov Military Medical Academy (Saint Petersburg, Russia).
Initial susceptibility testing was performed by their colleagues from
said institutions.

Broth Microdilution Assay

The minimal inhibitory concentrations (MIC) of CYS-AgNPs and NAC-
AgNCs systems were determined using microdilution assay in
Miller—Hinton (MH) broth in general accordance with the guidelines
of the European Committee for Antimicrobial Susceptibility Testing.
The procedure is described in (Zharkova et al., 2021). Briefly, two-
fold serial dilutions of investigated samples starting with 2 x stock
concentration were prepared in sterile phosphate-buffered saline
(PBS). Thus, final solutions contained 50% of PBS diluted tested
samples and 50% of MH broth with bacteria. Bacteria for testing
were grown overnight, then transferred into a fresh portion of 2.1%
MH medium and additionally incubated for 2—3 h to obtain bacterial
culture in its mid-logarithmic growth phase, which was diluted down
to the final concentration of 1 x 106 CFU/mL.

Biofilm Formation Assessment by the Crystal Violet Assay

Quantification of the biofilms forming in the presence of various
concentrations of tested systems was performed using the crystal
violet assay according to general guidelines (Merritt et al., 2006).
Tests were performed in polystyrene 96-well plates with U-shaped
bottom. CYS-AgNPs and NAC-AgNCs systems were serially diluted in
a bacterial growth medium (MH for A. baumannii or TSB for P.
aeruguinosa) in a volume of 50 UL per well. Overnight cultures of
tested bacteria in a stationary phase of growth were 50 times diluted
and introduced into the experimental wells at the same volume of 50
HL. Samples were incubated for 24 h at 37°C. The content of the wells
was then shacked out, the plates were gently washed from
unattached planktonic bacteria in still water (poured into a large
enough vessel); bacterial cells and matrix components adhered to
the walls of the wells were stained with a 0.1% aqueous solution of
crystal violet dye: 125 ML of dye solution was put into each well and
incubated at room temperature for 10 min. After staining dye
solution was removed, the plates were washed with clean water and
allowed to air-dry. Finally, the bound dye was redissolved by adding
200 ML of 30% acetic acid into each well, incubating it for 15 min at
room temperature, and then thoroughly mixing the content of the
wells by pipetting. One hundred and twenty five microliters of crystal
violet extract from each well were transferred into a flat-bottomed
microtiter plate, and the optical density was measured at a
wavelength of 560-595 nm (depending on the maximum of
absorption in a particular experiment). Experimental samples were
made in quadruplicates, and there were 8-9 repeats of control
samples without CYS-AgNPs and NAC-AgNCs systems in each test.
Presented results are medians calculated based on 3 independent
experiments.

Results and discussion
Synthesis of CYS-AgNPs and NAC-AgNCs systems

In the present study we have synthesized a set of systems by varying
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the chemical nature of the silver salt and amino acid, their
concentration and ratio based on the results of our preliminary
reserch.?! The main idea was to show the similarities and differences
of NAC and CYS reaction with various silver salts. At mixing of
aqueous solution of CYS and silver salt, regardless of its chemical
nature, from yellow-green to brown-colored solutions or thixotropic
gels are obtained in the concentration range of the dispersed phase
of 1-20 mM (Fig. 1a, Fig S1,1). In the case of silver nitrate and acetate,
the gel formation requires the addition of low molecular weight
anions (Cl-, SO4%), whereas for silver nitrite the gel forms without any
other components. Some rheological properties and aspects of the
gelation mechanism of these systems have been lately studied.?! At
a fixed concentration of the amino acid, the higher the silver content
in the system, the richer the color of the samples. And we have
expected the same behavior for NAC. However, one can see that in
this case the uncolored solutions are obtained with AgNO, and
AgOOCCH; (Fig. 1b, Fig. S1,2). The interaction of NAC with AgNO3
gives the white precipitates

_. The homogeneous samples were SS5-1-S55-10
(Table 1), that’s why further we studied mainly these systems. It
should be noted that during more 6 months the samples for both —
CYS and NAC systems remain stable — no opalescence, precipitation
or color changing was fixed. And it was controlled by UV-Vis analysis,
DLS and zeta potential measurements. Thus, it is even visually
obvious that the behavior of these systems is very different from
each other. Therefore, we used an integrated approach to study this

phenomenon.
(0]
(o]
HS/\I)\OH
HN\H/GHg HS OH
(0]

X
rt, 3h AE rt, 3h

X = NO,, CH,CO0", NOy

Fig. 1 Scheme of a - CYS-AgNPs and b - NAC-AgNCs systems preparation. C(CYS) =
C(NAC) =3 mM, C(AgX) = 3.75 mM in the final solution.

Characterization of CYS-AgNPs and NAC-AgNCs systems

Since the systems have or haven’t the color, one can expect that it
must or mustn’t absorb quanta of light at a certain wavelength. The
principal difference of UV spectra of CYS-AgX and NAC-AgX systems
(Fig.2) is the absence of the absorption band at 390-410 nm for latter
one which is responsible for localized surface plasmon resonance
(LSPR) of silver nanoparticles.?* Widened bands at 280 and 310 nm
are attributed to the ligand-to-metal charge-transfer transition
(LMCT) and argentophilic interactions in CYS/Ag* complexes
respectively.?!

- The absorption of LSPR band grows at increasing the
concentration of the dispersed phase only for CYS-AgX systems and
no changings take place for NAC-AgX ones (Fig. 2b,d). It should be
noted that at the concentration of the dispersed phase < 1mM LSPR
vanished for both systems and samples are uncolored (Fig. S2).
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At higher than 20 mM dispersed phase concentration the white or
brown?? precipitates are obtained. So, it can be assumed based on
the mentioned above data and lately obtained*? that the LSPR band
is responsible for the color of the samples.

Results obtained by transmission electron microscopy are
demonstrated on the Fig. 3 (Fig. S3, S4, S5). The morphology of all
systems is the network of filament-like structures constructed from
spherical/elliptical nanoparticles of mean average diameter of 5-10
nm. The densest network is observed for CYS-AgNO, system (Fig. 3A)
because of it forms the gel without any additional components unlike
other systems. CYS-AgNOs; and CYS-AgOOCCH; systems can form a
gel at initiation by the sulphate-anion (Fig. S5). SAED analysis fixes
diffraction rings and reflexes corresponding to 111, 200, 220 and 311
planes of the face-centered cubic lattice of the crystalline phase of
silver nanoparticles in the case of CYS-AgX systems and no
rings/reflexes for NAC-AgX ones (Fig. 3B, S4). One can also be noted
that the increase of the silver salt concentration in CYS-AgX samples
leads to rising of the number AgNPs, their sizes and growing of
diffraction intensity (Fig. S3). HRTEM shows silver atoms in CYS-AgX
systems are close-packed and clear ordered, the interplane distance
of 2,33 A is consistent with the 111 plane of AgNPs (Fig. 3,C,D, S3,
S4). This is not taken place for NAC-AgX systems. EDX mapping
analysis confirms these data, herewith sulfur atoms are localized on
the surface of silver atoms in CYS-AgX systems and both on silver
atoms and between them in NAC-AgX ones (Fig. 3,E, S3, S4). These
results are in a good agreement with UV analysis data. AFM, SEM,
EDX and ICP-MS verify the results of TEM concerning the
composition, the character of particle distribution, and their sizes in
samples (Fig. S6).

Hydrodynamic and electrokinetic parameters of systems are
presented on the Fig. 4 (Fig. S7). Nanoparticles in both systems have
the unimodal size distribution that confirms via NTA and DLS. And
these methods conform each other. The polydispersity coefficient of
particles decreases at moving from CYS to NAC systems. The surface
of particles is positively charged in CYS-AgX systems and negatively
in NAC-AgX. This is due to the fact that the amino-group is blocked in
NAC, thus only the carboxyl group can protonate/deprotonate in this
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Fig. 3 A—TEM, B — SAED, C, D — HRTEM, E — EDX mapping analysis (red and yellow colour — silver and sulphur atoms respectively) images for CYS-AgNO, (Top) and NAC-

AgNO, (Bottom) systems.
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Fig. 4 A, B— NTA instant photos of pure water and SS systems respectively, C — particles size distribution by NTA, D - particles size distribution by DLS, E — zeta-potential

measurements for CYS-AgNO, (Top)

case. pH of resulted samplesis 2,60 —4.10 in dependence of chemical
nature of amino acid and silver salt,?! herewith, amino-groups are
fully protonated and carboxyl ones partly. pH of initial solutions of
amino acids is 5.20-5.40. Thus, the addition of the silver salt to amino
acid solution leads to the medium acidification.

FTIR-spectra of initial amino acids change after adding of silver
salts (Fig. S8). The same peculiarity for both CYS-AgX and NAC-AgX
systems is the disappearance of the v(SH) at 2552 cm that points to
interaction of silver ions with thiol-groups of amino acids.

Summing up of the current data one can propose the following
mechanism of the self-assembly (Fig. 5): silver ions interact primarily

6 | J. Name., 2012, 00, 1-3

and NAC-AgNO, (Bottom) systems.

with thiol-groups of amino acids that is in a good agreement with
Pearson’s HSAB (hard and soft (Lewis) acids and bases) theory,
meanwhile two parallel reactions may occur — the formation of so-
called CYS(NAC)/Ag* complexes and the reduction of Ag* to zero
valent state. The presence of AgP in the systems is beyond doubt. It
is known, CYS possesses a middle reduction properties**** and 15-
times higher reduction ability to silver ions compared to hydrazine
hidrate.*> Herewith, L-cysteine is a stronger reducing agent than N-
acetyl-L-cysteine.*® That’s why crystalline phase of AgNPs occurs only
in the presence of CYS, whereas the non-crystalline phase of silver
clusters takes place for NAC. The other and more difficult question is
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dealt with peculiarities of CYS(NAC)/Ag* complexes formation and
their structure. According to our previous,?%?>2> present data and
literature,*”-> we can propose that CYS/Ag* and NAC/Ag* complexes
have the similar structure (Fig. 5, blue chains). The interaction of
stabilized AgNPs or AgNCs with these complexes, seemed, proceeds
via formation of hydrogen bonds between charged amino- and
carboxyl groups in the case of CYS systems (Fig. 5, a) or partly
protonated carboxyl groups for NAC ones (Fig. 5, b) and it leads to
the formation of final particles. Furthermore, complexes interact
with each other via hydrogen bonding and form sandwich-like shell.
Thus, particles are constructed from the core of AgNPs or AgNCs and
shell of CYS/Ag* or NAC/Ag* complexes. Amino- and carboxyl groups
are located on the surface of particles and responsible for their
solubility and colloidal stability of systems. Meanwhile, the smaller
hydrodynamic parameters of particles in NAC systems are due to the
fact that most of NAC/Ag* complexes interact with silver clusters and
form the particle core, these data are consistent with HRTEM and
EDX mapping analysis. In confirmation of such structure of particles
for NAC systems is the fact that LSPR occurs also on the surface of
small individual silver clusters®'>3 but in our case AgNCs link into a
single particle and plasmons are seemed quench each other inside of
this particle. So, one can expect that the difference in the structural
parameters of particles in CYS and NAC systems must significantly
affect to it final bioactive properties.

Bioactive properties of CYS-AgNPs and NAC-AgNCs systems

In accordance with the literature, there are a literally several articles
related to methods of the synthesis of silver nanoparticles and silver
clusters using sulfur-containing amino acids, as well as the study of
bioactive properties of obtained compositions (Table 2). All of these
synthetic techniques use toxic reducing agents®*>® or additional
external exposures,® the antibacterial effect has either not been
studied at all, or it is 1-2 orders of magnitude lower compared to
studied samples in the present work. Furthermore, investigated
systems are not inferior in antibacterial activity to other known
silver-based systems.®? Concerning systems under study, one can see
their activity to gram-negative bacteria is more pronounced than on
gram-positive ones (Table 2, Table S1, Fig. S9,1,2). This phenomenon
can be explained by existing difference in the thickness of the cell
wall in gram-positive (30 nm) and gram-negative (3-4 nm) bacteria.5?
MIC of CYS systems reduced at moving from SS-1 to SS-6 system and
further to NAC systems (SS-7 - SS-10) for gram positive bacteria, but
its values were practically the same for gram negative ones. The total
bioactive effect against all bacteria is twice as high for systems based
on NAC. The solutions of initial amino acids showed no activity at
concentrations 2 orders of magnitude higher than MIC of SS-1 - SS-
10.

It is known, silver ions are more harmful to the various normal
human cells than silver nanoparticles.?? The other problem is a high
reactivity of Ag* to different anionic compounds of blood plasma that
leads to precipitation. Reducing the toxicity of silver-based systems
is a key task in the development of new drugs for antibacterial

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 The proposed mechanism of core=shell like structure particles formation.

Table 2 The synthetic protocol and antibacterial activity (MIC) of SS-1 — SS-10
samples and other related systems to planktonic bacteria.

Sample Reducing/stabilizi MIC, pM Ref.
ng agent gram-
positive/nega
tive bacteria
SS-1 CYS/CYS 1500/23,45 Our work
SS-2 CYS/CYS 750/23,45 Our work
SS-3 CYS/CYS 562,5/23,45 Our work
SS-4 CYS/CYS 234,38/23,45 Our work
SS-5 CYS/CYS 281,25/93,75 Our work
SS-6 CYS/CYS 140,63/46,9 Our work
SS-7 NAC/NAC 46,9/11,7 Our work
SS-8 NAC/NAC 93,75/23,45 Our work
SS-9 NAC/NAC 93,75/23,45 Our work
SS-10 NAC/NAC 93,75/23,45 Our work
Agn(NALC) NaBH,/NAC 3700/6400 54
nano-Ag TBAB/CYS -/93 55
CYS capped NaBH,/CYS -/- 56
AgNPs
L-CYS- NaBH./CYS -/- 57
AgNPs
CYS capped NaBH./CYS -/- 58
AgNPs
CYS-AgNPs UV/CYS -/- 59
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g. 7 Antibiofilm activity of SS-1 — SS-10 samples against P. aeruginosa (Top) and A. baumannii (Bottom): a,b,c,d — CYS-AgNPs and e,f - NAC-AgNCs systems.

therapy. All samples did not cause the lysis of erythrocytes (Table S2).
Systems showed low cytotoxicity to fibroblasts and macrophages, its
values didn’t exceed ICsg. The NAC systems were a little more toxic
than CYS. Interestingly, some of CYS systems promote macrophages
proliferation even at high concentration of the sample. This effect
can be connected with the amino acids influence.

Since SS-1 — SS-10 systems showed the highest activity in relation
to gram-negative bacteria, studies of their antibiotic film properties
were carried out on appropriate bacterial films (Fig. 7). Furthermore,
P. aeruginosa and A. baumannii are the most prominent at forming
biofilms amongst the tested in this work and other known bacteria.
The activity of samples grows in a row: CYS-AgNO, (SS-5, SS-6) < CYS-
AgNO; and CYS-AgOOCCH; (SS-1 — SS-4) < NAC-AgNO, (SS-9, SS-10) <

8 | J. Name., 2012, 00, 1-3

NAC-AgOOCCHs3 (SS-7, SS-8). In all cases NAC systems suppressed the
formation of biofilms twice as much as CYS ones for both line of
bacterial strains. Herewith, NAC-AgOOCCH; (SS-7) turned out to be
the most active among all samples and inhibited the biofilms
formation at 1xMIC whereas other samples made it from 2xMIC to
4xMIC. It should be noted the SS-7 had a quite low cytotoxicity to
normal cells even at concentrations an order of magnitude higher
than MIC. The lower toxicity of NAC-AgOOCCH; compared to NAC-
AgNO, can be connected with the more toxic effect of nitrite ions
opposed to acetate ones.

According to the proposed structure of nanoparticles (Fig. 5)
their surface has positive and negative charge values in CYS-AgX and
NAC-AgX systems respectively in the initial solutions (pH<7). But at
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conditions of the experiment which corresponds to physiological (pH
7.2-7.4) the equilibrium of the protolytic dissociation shifts towards
the formation of -NH; groups in CYS (-NH-COCH3; in NAC) and COO" in
both systems. Particles surface is charged negatively. The bacterial
membrane has a negative charge in the range of -10 to -50 mV of
zeta-potential values in dependence of the type of bacteria.®? Thus,
the probability of direct binding of nanoparticles to the bacterial
membrane surface is unlikely. Although, there are several works
where negatively charged AgNPs showed the strong antibacterial
effect.5364 We reckon that at pH>7 nanoparticle shell, consisting of
CYS/Ag* or NAC/Ag* complexes, start destroying due to the repulsion
of fully deprotonated negatively charged carboxylic groups that leads
to breaking of hydrogen bondings (Fig. 5). Silver-sulfur bonds in
complexes are seemed also broken down. As a result, there are a
release of silver ions and cores of AgNPs or AgNCs. These species
react with thiol-containing proteins of bacterial membrane because
of the high affinity of silver to sulphur or cause ROS thereby
disrupting it functions and leading to the death of bacteria. Herewith
AgNCs are more active than AgNPs due to their smaller size and
greater mobility. Moreover, according to Ostwald—Freundlich
equation, smaller silver particles are more susceptible to the release
of Agtions owing to their greater surface area. If the initial
nanoparticles are able to penetrate the membrane of bacteria, then
NAC systems will make it easier due to the smaller hydrodynamic
particle sizes. Concerning inhibitory ability of systems to biofilms
formation the additional and important influence may also have
amino acids since it is known, L-cysteine and more N-acetyl-L-
cysteine possess antibiofilm activity in the concentration range of
0,01 — 0,5 M.55%6 This effect is dealt with the possibility of CYS and
NAC thiol-groups partaking in the thiol-disulfide exchange and thus
destructing of -5-S- bonds which are responsible for stabilizing the
hydrophobic surface of biofilms.®” Indeed, after destruction of
CYS/Ag* and NAC/Ag* complexes and releasing of Ag*, free CYS and
NAC moieties form with protonated thiol-group (pK, (SH) =9.52). The
elucidation of the mechanism of interaction of investigated systems

with bacteria and biofilms 8s\Wellias carrying oUtin vivo experiments

is the subject of further research.

Conclusions

In this work
were prepared using the L-cysteine and N-

acetyl-L-cysteine as bio-reducing agents at ambient conditions
without any additional components or other exposures. The
chemical nature of the amino acid dramatically influenced the final
microstructure of resulting materials that is obtaining of silver
nanoparticles and silver clusters in the case of CYS and NAC
respectively. This peculiarity defined stronger antibacterial and
antibiofilm properties of NAC-based systems then CYS ones.
Therefore, the novel CYS-AgNPs and NAC-AgNCs systems obtained
via the - “green” chemistry technique can be potentially used
as alternative materials against various bacterial infections mediated
by biofilms formation.
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Synthesis of CYS-AgNPs and NAC-AgNCs

Fig. S1 Systems obtained after 3h at mixing of AgX (X = NO,, CH;COO- or NO5") with CYS (1)
and NAC (2) in the concentration range of the dispersed phase from 1 to 20 mM.
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1 2
075 10
3 £
& 8
§ 050 u
& & ;
= £ 051 §
: 8
K 025 2
410
UIDD T T T T * v T v, T L 1 nrﬂ 1 L] Ll L L] 1 1
200 250 300 350 400 450 500 550 200 250 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

Fig. S2 UV spectra of systems obtained after 3h at mixing of AgX (X = NO,", CH;COO- or NO3’)
with CYS (1) and NAC (2) at the concentration of the dispersed phase < ImM. C(CYS) =

C(NAC) = 0,3 mM, C(AgX) = 0,15 mM — 0,6 mM.
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TEM, SAED and EDX mapping analysis

200 nm| 20 pm_| B

Fig. S3 1 — bright-field TEM, 2 — dark-field TEM, 3 — SAED, 4 — HRTEM, 5 — EDX mapping
analysis (red and yellow colour — silver and sulphur atoms respectively) images for CYS-AgNO;
systems.

Fig. S4 1 - TEM, 2 — SAED, 3 - HRTEM, 4 — EDX mapping analysis (red and yellow colour —
silver and sulphur atoms respectively) images for CYS-AgOOCCH; (Top) and NAC-
AgOOCCH; (Bottom) systems.
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Fig. S5 TEM (Top) and SAED (Bottom) for CYS-AgNOs-Na,SO, (1) and CYS-AgOOCCH;-
Na,SO, (2) systems.
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AFM, SEM, EDX and ICP-MS analysis
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Fig. S6 AFM (Top), SEM (Middle), EDX (Middle, upper right corner) and ICP-MS (Bottom)
analysis for CYS-AgX (1) and NAC-AgX (2) systems.
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NTA and DLS
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Fig. S7 1 — NTA instant photos, 2 - particles size distribution by NTA, 3 - particles size
distribution by DLS, 4 — zeta-potential measurements for CYS-AgNO; (Top), CYS-AgOOCCH;
(Middle) and NAC-AgOOCCH; (Bottom).

FTIR analysis
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Fig. S8 FTIR spectra of CYS (Top, red color), NAC (Bottom, red color), CYS-AgX (Top, blue
color) and NAC-AgX (Bottom, blue color).
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Antibacterial assay

Table S1 Minimum concentrations of studied substances inhibiting the growth of microorganisms
(MIC).

Bacteria/Sample MIC, uM
Gram-negative Gram-positive

P. aeruginosa A. baumannii S. intermedius S. aureus

522/17 MDR 7226/16 ATCC 25923
SS-1 23,45 23,45 >1500 >1500
SS-2 23,45 35,18 1500 750
SS-3 23,45 23,45 >1500 562,5
SS-4 35,18 23,45 281,25 234,38
SS-5 93,75 93,75 281,25 375
SS-6 70,33 46,9 140,63 140,63
SS-7 11,7 23,45 46,9 46,9
SS-8 23,45 23,45 93,75 93,75
SS-9 23,45 46,9 187,5 93,75
SS-10 23,45 46,9 93,75 93,75

1

P S. S. aureus Sample
Sample 4. ) -
| dernginosa intermedins ATCC concentration,
concentration, baumannii
522/17 25923 uM
uM 7226/16
MDR
93,75 750
46.9 375
234 ! t f 1 1 + 187.5
11.7 | i | | | | 93.75
5,85 + |+ |+]+]+]+1+|+]|+]+]+]+ 46.9
2,93 + |+ |+ |+ +]+] |+ |+ | F+]+]+ 234
1.46 { 4 i | } | } t - + | 4 11,7
Control of Control of
4 } | | : : } } !
bacteria bacteria
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2
P, aeruginosa 522/17 MDR | A baumannii 7226/16
7 -\\

- = =
) [, .I
. AT
4 - e /i
P. S. S. aureus Sample
Sample A .
aeruginosa intermediis ATCC concentration,
concentration, baumannii
522/17 25923 uM
uM 7226/16
MDR
1500 375
750 1875
375 93,75
187.5 + + |+ |+ |+ 469
9375 4 + |+ | & |=+£ 234
46.9 e | e e | || e | 11.7
234 + |+ |+ ]+ |+ [+ |+ +]+ 5.85
Conlrol of Control of
+ |+ |+ + |+ |+ + ]+ |+ ]|+ |+]|+
bacteria bacteria

Fig. S9 1 — (Top) A photograph of a 96-well plate in which serial double dilutions of sample SS-
10 (as an example) were filled from the 1st to the 7th row in 3 parallels. Probes of bacterial
growth control — CB (samples that do not contain the sample under study) were placed
horizontally in the 8th row. The red arrow marks an example of a visible sediment indicating the
growth of a bacterium. 1 — (Bottom) The schematic image of a 96-well plate, "+" is the visible
growth of bacteria by the eye. 2 — (Top) A photograph of a 96-well plate at determining the MIC
of sample SS-10 (as an example) in relation to the studied bacteria. Blue wells — the
microorganism is absent or there is no metabolic activity; pink wells — the presence of active
metabolism; purple wells - reduced metabolic activity. 2 — (Bottom) The schematic image of a

96-well plate, "+" is the visible growth of bacteria by the eye.
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Hemolysis assay and MTT test
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Table S2 Hemolytic activity of studied samples at a concentration of 300 pM.

% of % of
Samples ODs40 . Samples ODs40 )
hemolysis hemolysis

SS-1 0,072+0,002 0,52 SS-6 0,074+0,003 0,07

SS-2 0,064+0,003 0 SS-7 0,080+0,003 0,48
SS-3 0,064-+0,003 0,02 SS-8 0,069+0,006 0
SS-4 0,066:+0,005 0,16 SS-9 0,068+0,009 0
SS-5 0,061+0,003 0 SS-10 0,065+0,001 0
«»control | 0,064+0.003 0 «» control | 0,073+0,058 0

«t» control | 1,543+0,030 100 «+» control | 1,611+0,058 100
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Fig. S9 MTT test of investigated systems to fibroblasts (Top) and macrophages (Bottom): 1 —
CYS-AgNO;, 2 — CYS-AgOOCCH;, 3,4 — CYS-AgNO,, 5 — NAC-AgOOCCHj;, 6 — NAC-
AgNO,. C — control (cells without the sample), B — blank (empty wells). Cells incubation with
systems is 48 h.
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Dear Prof. J. Winter,

| am sorry to trouble you, | just wanted to say, that according to referees remarks | marked with green
color that | changed in the manuscript. Concerning referee’s questions about in vivo experiments and
additional analysis of particles structure, it is not easy to do them quickly because of gathering summer
time, colleagues are preparing different scientific reports and so on. Furthermore, | need to finish my
grant report till 15 of May, | just don’t have enough time. But anyway, we will carry out these
experiments, probably, autumn and describe them in the next manuscript.

Thank you very much!

Sincerely yours,

Dmitry Vishnevetskii.



