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Abstract

Silver nanoparticles (AgNPs) synthesized on the base of biological matrices are being actively studied, especially as
antimicrobial agents against resistant pathogens. The paper reports the biosynthesis of AgNPs using Chaenomeles
japonica aqueous leaf extract. Production of Ch-AgNPs and ceftriaxone-conjugated Ch-AgNPs-Cfx was confirmed by
UV-Vis spectroscopy with the surface Plasmon resonance peaks at 472 and 475 nm respectively. SEM micrographs
showed the fabricated AgNPs with a round, nearly spherical shape, and an average size of 30 - 35 nm. Fourier
transform infrared (FTIR) spectroscopy designated the involvement of hydroxyl and carboxyl functional groups of
phenolics, flavonoids, terpenoids, alcohols, and carboxylic acids from Ch. japonica extract into bioreduction process
of Ag+ to Ag?, and participation of protein carbonyl and amine groups in the capping and stabilization of AgNPs, as
well as the binding of B-lactam ring of ceftriaxone with Ch-AgNPs-Cfx. Raman spectroscopy of Ch-AgNPs detected the
significant SERS effect for Rhodamine 6G registered at 10-7 M, which confirmed the suitability of phytosynthesized
AgNPs as the effective substrates in development of new biosensors. Antibacterial activity of Ch-AgNPs and Ch-AgNPs-
Cfx against Staphylococcus epidermidis clinical strain, resistant to several common cephalosporins, was dose-
dependent (in the range 2.5-20.0 pg/disc) in the absence of ceftriaxone antibacterial activity, indicating the potential
ability of both biosynthesized nanomaterials to overcome the antibiotic resistance of St. epidermidis. Further
research is needed to confirm the applicability of Ch-AgNPs and Ch-AgNPs-Cfx for development the new antibacterial
drugs against the resistant bacterial strains.

Keywords: green synthesis; AgNPs; UV-Vis; FTIR; SEM; SERS; bacterial resistance; ceftriaxone-conjugated nanoparticles.

CUHTE3 HAHOYACTHUHOK CPIBJIA TA IX KOH'IOTATY 3 HE®TPUAKCOHOM 3
BUKOPUCTAHHAM CHAENOMELES JAPONICA, XAPAKTEPUCTHUKA TA AKTUBHICTb
INPOTU STAPHYLOCOCCUS EPIDERMIDIS
Hina O. Xpomux?, Oser O. Jinyp?, Tetsana B. Ckasipl, OkcaHa A. [lperBansb?, Onekcanap K. bananaes?,
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AHoTalis
HaHoyacTuHKH cpi6ia (AgNPs), cuHTe30BaHi Ha OCHOBI 6i0/1I0TiYHUX MaTpHULb, AKTUBHO BUBYAKThHCA, 0COG/IMBO K
AHTUMIKpPOGHi 3aco6M NPOTH Pe3NCTEHTHHX NaToreHiB. Y crarTi noBigom/isieTbcsa mpo GiocuHTe3 AgNPs 3
BUKOPHUCTAaHHAM BOJHOro eKCTpakTy Jjucta Chaenomeles japonica. Bupo6ienHs Ch-AgNPs 1 nedrpiakcon-
KoH'IoroBaHux Ch-AgNPs-Cfx 6ys0 mniagTBepaxeHo Y®-BHAMMOI CHEKTPOCKOMI€W) 3 MNiKaMU IOBEpPXHEBOro
IJIAa3MOHHOTO pe30oHaHCy npu 472 i 475 M BignoBigHo. MikpodoTorpadii CEM nokasanu crBopeHi AgNPs kpyrJioi,
maibke chepuyHoi popmu 3 cepeaHimM po3mipom 30-35 HM. IHPpadyepBOHaA cneKTpOCKoMis 3 nepeTBOpeHHAM Pyp’e
BUSABWJIA 3aJly4YeHHS Ti[POKCHIBHMX i KapGOKCHMJIbHUX PYHKIiOHAIBHUX rpyn peHOJIbHUX CHOIYK, (JIaBOHOIAIB,
TepneHOoiAiB, CHUPTIB i KAPOOHOBUX KUCJIOT 3 eKCTPaKTy Ch. japonica B npoueci 6ioBigHOBIeHHs Ag* 1,0 Ag0 Ta yyacThb
6i/IKOBUX KapGOHIIbHUX i aMiHHUX rpyn y 6JI0KyBaHHI Ta cra6inizanii AgNPs, a Takoxx 3B’siI3yBaHHs [3-7TaKTaMHOT0
Kinbug nedrpiakcony 3 Ch-AgNPs-Cfx. PamaHiBcbKa ciekTpockomnisi Ch-AgNPs BusiBuJIa 3HayHU# epeKT NOBEepXHEBO-
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nocujeHoro kom6inaniriHoro po3ciroBauHs (INMKP) ais pogaminy 6G, 3apeecrpoBanuii npu 10-7 M, 1o nigTBepAnio
npujaTtHictb ¢iTto-cuHTe3oBaHux AgNPs Ak edeKTUBHMX CyO6CTpaTiB JJjA pO3pOo6GKH HOBUX G6GioceHCOpiB.
AHTHGaKTepiasibHAa aKTUBHicTh Ch-AgNPs Ta Ch-AgNPs-Cfx nportu kiiHiuHoro mramy Staphylococcus epidermidis,
CTiMKOro A0 KiZbKOX momupeHux medaJoCOOpUHIB, 6y/a [030-3ajexHO0I0 (B AianmasoHi 2.5-20,0 MKr/auck) 3a

BifcyTHOCTI aHTHG6aKTepia/JbHOI AKTHMBHOCTI

nedTpiakcony,

0 BKa3dy€ Ha MNOTeHILiiiHy 3JaTHICTb 060X

GiocMHTe30BaHMX HaHOMaTepiasiB A0JIaTM aHTUGIOTHMKOpe3UCTeHTHicTb St. epidermidis. Heo6xigHi mopaburi
AOCTiJ)KeHHs], 06 NiATBepAUTH 3acTOCOBHICcTh Ch-AgNPs i Ch-AgNPs-Cfx AJis1 po3po6KH HOBUX aHTHGAKTepialbHUX

npenapariB IPOTH Pe3UCTEHTHHX IITaMiB GaKTepii.

Kniouogi caoea: 3enennii cunres; AgNPs; YO-Buaumuii cnektp; [4-cnektp; CEM; IIIKP; 6akTepiasbHa pe3nCTEHTHICTE;

1edTpiaKCOH-KOH IOTOBaHi HAHOYACTUHKH.

Introduction

Nanomaterials including metal nanoparticles
are increasingly used today in biomedicine and
health care, in industrial and environmental
applications due to the unique complex of
physical, chemical, thermal, electrical and optical
properties [1-3]. Being the clusters of atoms in the
size range of 1-100 nm, metal nanoparticles
acquire certain defined features absent from
atoms [4]. Metal nanoparticles synthesis can be
carried out by physical or chemical means;
however, the conventional methods have many
limitations such as the use of chemical reagents
and notable energy consumption [5], and high
instability of the produced nanoparticles [6].
During the last two decades, biogenic (“green”)
Synthesis of metal nanoparticles using bacteria
[7], fungi [8; 9], insects [10], and plants [11] has
proven its advantages as an environmentally
friendly, fast, reproducible, and energy-saving
method [12;13]. “Green” nanoparticles
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characterized by high stability [7; 14] and
biocompatibility [15; 16], since biological
matrices simultaneously contain reducing and
stabilizing agents [17].

Biosynthesized metal nanoparticles acquire
the unique chemical composition of the surface,
charge, energy and spatial dimensions, thanks to
which they become an indispensable tool in
different fields of medicine [18]. In this regard, the
silver nanoparticles (AgNPs) are characterized by
a large surface area-to-volume ratio, which
increases their biological activity and causes
excellent antimicrobial properties [19; 20].
Proposed mechanism of silver nanoparticles
biogenic synthesis [21] can be realized in three
steps: activation involves the reduction of silver
ions (Ag*) into metallic silver atoms (Ag?);
nucleation and growth during which silver atoms
coalesce into AgNPs of a definitive size and shape;
stabilization process in which phytochemicals cap
AgNPs, thus preventing their agglomeration

(Fig. 1).
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Fig. 1. Schematic diagram represented the possible mechanism of plant-mediated synthesis of AgNPs [21].

The great hopes of researchers are related to
the antimicrobial properties of the biosynthesized
AgNPs and their ability to overcome the drug
resistance of pathogenic microbes [22-24]. The
antibacterial action of the silver nanoparticles is a
multifaceted process [25; 26], which fundamental
pathways include adhesion of AgNPs to the
surface of the bacterial cell wall and membrane;

penetration of nanoparticles into the bacterial cell
and damage to cellular structures (mitochondria,
vacuoles, ribosomes) and biomolecules (proteins,
lipids, and DNA); oxidative stress caused by the
formation of reactive oxygen species and free
radicals; modulation of bacterial signal
transduction pathways [27]. Furthermore,
antibacterial activity of AgNPs may be enhanced
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due to releasing the silver ions (Ag+*), which can
form the bonds with bacterial membrane proteins
resulting in their deactivation, and create the
complex with nucleic acids, that prevent cell
division and bacterial reproduction [28].

The microbial resistance to antibiotics has
been arise in recent decades due to excessive and
often inappropriate drugs usage, and now is a
serious global threat to human health and safety
[29; 30]. The development of next antimicrobial
drugs does not prevent the resistance of
pathogens, as microbial resistance is based on
different mechanisms and can be overcome by
multifactorial influences, especially in the case of
multidrug-resistant pathogens [25]. Applying the
silver nanoparticles characterizing by non-specific
toxicity and multi-targeted antimicrobial effects
[29], which complicates the development of
bacterial resistance [31], becomes one of the
possible ways to solve the problem. Furthermore,
taking into account the specific features of silver
nanoparticles antibacterial action and the
mechanisms of antibiotics activity, combining
different effects opens up prospects for enhancing
the antimicrobial potential of AgNPs and drugs [7;
26], especially in the inhibition of multiresistant
pathogens [32]. The selectivity of silver
nanoparticles to cell membranes makes them
effective drug carriers, while AgNPs binding to
sulfur-containing proteins on the bacterial
membrane surface leads to an increase in its
permeability, facilitating the entry of antibiotics
into the bacterial cell. Combined approaches
decline the chances of pathogens to develop
resistance [33] and can allow to reduce the
therapeutic doses of antibiotics and revive the
effectiveness of drugs to which resistance has
arisen [7; 23].

Along with the antimicrobial effect, a promising
application of AgNPs is surface-enhanced Raman
scattering (SERS) effect, which lies in
amplification of the Raman scattering signal of
molecules in the nanoparticle’s vicinity [3]. As a
result, the intensity of Raman scattering of analyte
molecules becomes orders of magnitude higher,
and allows to register the presence of nano
quantities of substances [34]. To achieve the
maximum amplification, and thus to detect the
lowest possible compound concentration, various
methods were proposed for obtaining plasmonic
silver nanoparticles of different shapes, sizes and
surface  functionalization including green
synthesis [2; 8].

Biogenic synthesis of AgNPs mediated by
plants requires the extracts rich in reducing

compounds (polyphenols, flavonoids, phenolic
acids, terpenoids, carbohydrates) and blocking
agents (such as proteins), which prevent the
nanoparticles agglomeration [15; 35]. Plants of
the genus Chaenomeles Lindl. have important
ethno-medical value in the regions of origin in East
Asia due to their diverse phytochemical
composition. The introduced Chaenomeles plants
showed the ability to accumulate a high content of
phenolic compounds including flavonoids [36] in
leaves and fruits, which correlates with powerful
antioxidant properties [37]. This indicates the
Chaenomeles plants suitability as the biological
matrices for AgNPs synthesis including plant
leaves which is the available material during the
growing season. The aim of the work was to
characterize silver nanoparticles and ceftriaxone-
conjugated silver nanoparticles biosynthesized
from Chaenomeles japonica leaf extract, as well as
to evaluate their activity against clinically isolated
resistant strain of Staphylococcus epidermidis.

Experimental

Materials. Silver nitrate (AgNO3) from Sigma-
Aldrich (USA), sterile discs with cephalosporin
antibiotics (30 pg) from " Disk-Aspect" (Ukraine),
ceftriaxone from "Darnytsia” (Ukraine), and Meat
Peptone Agar RM1049 from HiMedia Laboratories
Pvt. Limited (India) were used. Clinically isolated
Staphylococcus epidermidis strain was obtained
from the medical diagnostic institution "Centro-
Lab" (Ukraine).

Collection of plant material. Leaves of
Chaenomeles japonica (Thunb.) Lindl. ex Spach.
plants were collected in the first half of May 2024
in the botanical garden of Oles Honchar Dnipro
National University (48°26'7" N, 35°2'34" E,
Dnipro, Ukraine). The plant material was washed
with distilled water, dried at room temperature in
the shade, crushed with a mortar and pestle, and
sieved through a 2 mm pore.

Preparation of plant extract. Aqueous leaf
extract of Ch. japonica was prepared, for which
1.5 g of dry plant mass in a 100 mL conical flask
was poured with distilled water and boiled for
10 min. After cooling and settling for two hours,
the extract was filtered through a paper filter,
additionally centrifuged for 15 min at 12,000 rpm,
and further used for green synthesis.

Biological synthesis of AgNPs. To obtain the
silver nanoparticles mediated by Ch. japonica (Ch-
AgNPs), an optimized procedure was applied for
which plant extract was mixed with 4 mmol L-!
aqueous solution of AgNO3 in aratio of 2 : 1 (v/v).
Silver nanoparticles conjugate with ceftriaxone
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(ceftriaxone-conjugated Ch-AgNPs, Ch-AgNPs-Cfx)
was produced by mixing plant extract, 4 mmol L1
AgNOs3, and aqueous ceftriaxone solution (1 mg
mL-1)inaratioof 2:1:1. The formation of AgNPs
was followed by visual observed color change of
colloidal solution from yellow to brown.

UV-Vis spectroscopy. To confirm the silver
nanoparticles biosynthesis, UV-Vis spectroscopic
analysis of the original plant extract, Ch-AgNPs,
and Ch-AgNPs-Cfx was performed. An aliquot of
the appropriate solution was diluted with distilled
water (1: 2, v/v), placed in a 1 cm quartz cuvette,
and were scanned in the wavelength range of 400-
700 nm using a StellarNet Silver Nova 25 BWI6
spectrometer.

Scanning electron microscopy (SEM) analysis
was performed to study the morphology of the
plant-mediated Ch-AgNPs and ceftriaxone-
conjugated Ch-AgNPs, according to standard
protocol for the use of scanning electron
microscopy (SEM, Tescan Mira 3 MLU, TESCAN
GROUP, Czech Republic).

Fourier transform infrared spectroscopy (FTIR)
was used to identify the functional groups of plant
matrix that could participate in the synthesis and
stabilization of AgNPs. Cleaned Ch-AgNPs and Ch-
AgNPs-Cfx, devoid of plant residues, were
analyzed. For this, corresponding solutions were
mixed with distilled water (1:5, v/v) and
centrifuged for 15 min at 12,000 rpm, repeating
the procedure four times. The supernatants were
discarded, while the precipitates containing Ch-
AgNPs and Ch-AgNPs-Cfx were scanned. ATR-FTIR
spectra were obtained using a Nicolet iS10
spectrometer (Thermo Scientific, USA) linked with
a Golden Gate attachment (Specac, UK), at a
frequency range of 3500-500 cm-1.

Raman spectroscopy was applied to detect the
Surface Enhanced Raman Scattering (SERS) effect
of biosynthesized AgNPs. Raman scattering
spectra were obtained for a mixture of Ch-AgNPs
and Ch-AgNPs-Cfx colloids with rhodamine 6G
(R6G, concentration 10-7 M), as well as for R6G
deposited on the films of Ch-AgNPs and Ch-AgNPs-
Cfx, previously dried on polished silicon wafers.
The excitation wavelength (Aexc) was 532 nm in all
cases. Raman spectra were excited with solid-
state lasers and acquired using a single-stage
spectrometer MDR-23 (LOMO) equipped with a
cooled CCD detector (Andor iDus 420, UK).

Antibacterial ability assay. Antibacterial
activity of the biosynthesized Ch-AgNPs and
ceftriaxone-conjugated Ch-AgNPs was evaluated
against St. epidermidis by standard disc diffusion
method [38]. A daily culture of St. epidermidis with
CFU 10° mL-! was sown on MPA medium in Petri
plates. 20 pL of different solutions of Ch-AgNPs,
ceftriaxone-conjugated Ch-AgNPs, ceftriaxone,
and Ch. japonica leaf extract were applied to sterile
paper discs to obtain final doses of 20, 10, 5 and
2.5 pg per disc, followed by the discs were placed
on the agar surface. Plates were incubated at 27 °C
for 24 hours, after which the zone inhibition (mm)
around the paper discs (except disc diameter) was
measured.

Statistical processing. The studies were
performed at least in triplicate, and the results
were processed using the Microsoft Excel XP 2007
software package and are presented as mean *
standard deviation (x = SD). Differences between
data samples, assessed by the Tukey test in the
Statgraphics Centurion XV Version 15.1.02
program package, were considered statistically
significant at P < 0.05.

Results and Discussion

The paper represents the results of the silver
nanoparticles biosynthesis mediated by leaf
extracts of Ch. japonica. In the recent years, green
synthesis of silver nanoparticles was performed
on the base of extracts from various parts of
higher plants, including leaves [23; 35; 39], fruits
[40], flowers [41], and roots [42]. To our
knowledge, Ch. japonica aqueous leaf extract was
used for the biosynthesis of AgNPs and
ceftriaxone-conjugated AgNPs for the first time.

Process of plant-mediated silver nanoparticles
production was visually observed by a change in
color of reacting mixture from yellow to dark
brown within one hour of incubation (Fig. 2a).
Such a change indicated that Ch. japonica leaf
extract successfully reduced silver nitrate (Ag*) to
(Ag®). The presence of biosynthesized
nanoparticles in the colloidal solutions was
confirmed by UV-Vis spectroscopy with the
absorption peaks at 472 and 475 nm, respectively
for Ch-AgNPs and ceftriaxone-conjugated Ch-
AgNPs, while Ch. japonica leaf extract showed no
absorbance peak (Fig. 2b).
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Fig. 2. Silver nanoparticles biosynthesis on the base of Ch. japonica leaves: a - color change (1) Ch. japonica leaf
extract, (2) Ch-AgNPs, (3) Ch-AgNPs-Cfx; b - UV-Vis spectra of Ch-AgNPs, Ch-AgNPs-Cfx, and Ch. japonica leaf extract

UV-Vis spectra of metal nanoparticles are
marked by absorption peaks caused by the
excitation of Surface Plasmon Resonance (SPR),
which proves the nanoparticles presence [7]. SPR
in the case of AgNPs formation appears around
420 nm [16], however SPR peak is very sensitive
to nanoparticles size and shape, amount and
biomolecules composition of extract, and silver
nitrate concentration [6]. For instance, SPR with
absorbance at 440 nm confirmed the formation of
AgNPs using Lathraea squamaria root extract [3].
Green synthesis of AgNPs from Duabanga
grandiflora leaf extract was confirmed by surface
plasmon resonance peak at 453 nm [39], and
production of AgNPs on the base of Perilla
frutescens leaf extract was followed by SPR peak at
461 nm [21]. Therefore, the Ch-AgNPs surface
plasmon resonance at 472 nm is close to the wide
range of SPR detected in other researches. It is
obvious that Ch. japonica leaf extract was able to
successful silver ions reducing, followed by
capping and stabilizing of the silver nanoparticles.

The peak of SPR in the case of ceftriaxone-
conjugated Ch-AgNPs was detected at around 475
nm. A similar shift of the surface plasmon
resonance maximum was observed in the UV-Vis
spectra of AgNPs (438 nm) and ceftriaxone-AgNPs
(426 nm), biosynthesized using Mentha longifolia
leaf extract [23]. Additionally, AgNPs derived from
Fagonia indica callus extract showed SPR peak at
414 nm, while ciprofloxacin-conjugated AgNPs at
419 nm [33], which was attributed to the probable
ciprofloxacin participation in the formation of
silver nanoparticles.

SEM analysis confirmed the plant-mediated
fabrication of Ch-AgNPs with a round, nearly
spherical shape, and an average size of 30-35 nm
(Fig. 3a). The similar size dispersion of

biosynthesized nanoparticles was observed in the
cases of AgNPs derived from the aqueous extracts
of A. paniculata stems (20-40 nm) [16] and the
rowan berries (20-30 nm) [43].

Fig. 3. SEM images (bar 200 nm) of silver nanoparticles derived from Ch. japonica leaf extract: (a) Ch-AgNPs,
(b) Ch-AgNPs-Cfx. The inset in (a) shows the size distribution of the Ch-AgNPs (n = 100).
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Despite the aggregation and the organic
material shielding effect in Ch-AgNPs-Cfx (Fig. 3b),
the SEM image allows to us to conclude that
nanoparticles average size was not significantly
affected by the conjugation process, and they
remain intact nanoparticles. This is in agreement
with preserving the shape and position of SPR
band of Ch-AgNPs-Cfx in the UV-Vis spectra (Fig.

2a), although at slightly reduced intensity as
compared to the pristine Ch-AgNPs.

Fourier transform-infrared (FTIR) spectrum of
the aqueous Ch. japonica leaf extract showed the
largest bands at 3300, 2928, 1688, 1596, 1516,
1372, 1264, 1157, 1080, 1032, 814, 767, and
608 cm-! (Fig. 4).
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Fig. 4. FTIR spectra of Ch. japonica aqueous leaf extract (red line) and Ch-AgNPs (blue line)

The broad band at 3300 cm-! corresponds to
the stretching vibrations of OH- functional group
[2] and indicates the presence of alcohols,
phenolic compounds, flavonoids and triterpenoids
in plant extract [21; 22]. The peak at 2928 cm-1
may be due to C-H asymmetric stretching of
aromatic or aliphatic chains [7; 16]. The peak at
1688 cm corresponds to the N-H stretching
vibrations of amide I in the amino acid or protein
residues [2; 44]. The peak at 1596 cm<
corresponds to the C=C stretch in aromatic ring of
the flavonoids [44]. The peak at 1516 cm! is
assigned for C-C stretch for amides in proteins
[18]. The band in the region of 1372 cm is
attributed to C-N stretching vibrations of
aromatic amines [16; 21]. The peak at 1264 cm-!
corresponds to the bending vibration of O-H
bonds [33]. The bands in the region of 1157, 1180,
and 1032 cm! were attributed to the stretching of
C-0 groups [42], detected the presence of
alcohols, esters [23], carboxylic acids and
anhydrides [7;18]. The peak at 814 cm-! indicated
bending vibrations of C-H group of phenyl rings in
aromatic compounds [6; 16]. Small peaks at 767
and 608 cm-! was associated with C-H group of
aliphatic and aromatic compounds [16; 21].

FTIR spectrum of biosynthesized Ch-AgNPs
showed shift of the peaks such as OH- functional
group vibrations from 3300 to 3343 cm-!, C-H
asymmetric stretching from 2928 to 2925 cm-,
C=C stretch of flavonoids aromatic ring from 1596
to 1644 cm-1, C-C stretch of amides from 1516 to
1538 cm-1, C-N stretching vibrations of aromatic

amines from 1372 to 1366 cm-1, C-O stretching
from 1157 to 1149 cm-! and from 1080 to 1076
cm-1, C-OH stretching from 1032 to 1025 cm™,
and C-H group of aliphatic and aromatic
compounds from 767 and 608 cm-! to 759 and
613 cm-1. All the bands above in Ch-AgNPs
spectrum were decreased as compared to
intensity in plant extract. Furthermore, the
disappearance of peaks at 1688 cm-! (amide I),
1264 cm-! (O-H bonds), and 814 cm-! (C-H group
of phenyl rings) was revealed. The bands shift,
reduction and disappearance confirm the
involvement of the corresponding functional
groups in the reduction process and stabilization
of silver nanoparticles [21; 23].

Considering the study results, the greatest
contribution to the reduction of Ag*to Ag? and the
Ch-AgNPs production was made by hydroxyl
groups of alcohols, phenolic compounds, and
triterpenoids, aromatic ring of flavonoids, and the
carbonyl groups of carboxylic acids and
anhydrides from the compounds of Ch. japonica
leaf extract. At the same time, the carbonyl groups
and amides of the amino acid or protein residues
could be responsible for the synthesized
nanoparticles capping and stabilization given
their ability to bind to the nanoparticles surface
and prevent their aggregation [42]. Our findings
are in line with the data [21;23;33] on the
polyphenol’s  participation in bioreduction
process, and the proteins action as blocking and
stabilizing agents for the plant-derived
nanoparticles.
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FTIR spectrum of Ch-AgNPs-Cfx (Fig. 5a)
showed some bands absent in both plant extract
and Ch-AgNPs spectra, suggesting the possibility
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Fig. 5. FTIR spectra of (a) ceftriaxone-conjugated Ch-AgNPs and (b) ceftriaxone

Among them, the peaks at 1711 and 1737 cm,
respectively in FTIR spectra of Ch-AgNPs-Cfx and
ceftriaxone, were associated [23] with the
stretching vibration of C=0 carbonyl of (3-lactam
ring in ceftriaxone. The bands at 1429 and
1499 cm-1, which can be related to C-0 stretch of
amides, C=C of benzenes, and C=0 of ketones [18],
were detected in Ch-AgNPs-Cfx and ceftriaxone
spectra respectively. Peaks at 1202 cm-! (in Ch-
AgNPs-Cfx  spectrum) and 1184 cm? (in
ceftriaxone) can be attributed to stretching C-N of
amides [23]. The observed band shift, according to
[23], confirms the conjugation of the functional
groups of ceftriaxone with AgNPs.

Raman spectra analysis of Ch-AgNPs and
ceftriaxone-conjugated Ch-AgNPs showed the

significant enhancement of the analyte molecule
Rhodamine 6G (R6G) Raman scattering for the Ch-
AgNPs (Fig. 6a). The high SERS effect of
Chaenomeles mediated silver nanoparticles made
it possible to register 107 M of R6G, which is
several orders of magnitude lower than the
concentration of specified analyte 10-4-10- in
other works using biosynthesized nanoparticles
[3;9].

The SERS effect was several times weaker for
Ch-AgNPs-Cfx modified with antibiotic molecules
(Fig. 6b). Perhaps the latter influence the charge
state or other properties of nanoparticles surface,
precluding the analyte (R6G) molecule from
approaching the ceftriaxone-conjugated Ch-
AgNPs surface at a nm distance.

Intensity, arb. un.

Raman shift, cm™

----- Ch-AgNPs drop a -==-- Ch-AgNPs drop b

—— Ch-AgNPs dry —— Ch-AgNPs dry

----- Ch-AgNPs-Cfx drop -==== Ch-AgNPs-Cfx drop

—— Ch-AgNPs-Cfx dry —— Ch-AgNPs-Cfx dry
g PN -~ b
X f""w""t‘m"[
< Raman shift. cm™
=y
Z

1 1 1 1 1 1 1 1
1000 1250 1500 1750 1000 1250 1500 1750

Raman shift, cm™

Fig. 6. Raman spectra of (a) Ch-AgNPs (blue line) and Ch-AgNPs-Cfx (violet line) colloids with Rhodamine 6G (R6G,
107 M), (b) R6G deposited over the dried film of Ch-AgNPs and Ch-AgNPs-Cfx on a polished Si wafer. The inset in (b)
shows the spectrum of dry Ch-AgNPs-Cfx. Excitation wavelength (Aexc) is 532 nm in all cases; the dash line indicates

the spectra from the colloids (drop), the solid line - spectra of the fully dried samples

The amplification effect of Ch-AgNPs is a
confirmation that the stabilizing molecules of
plant matrix do not form bulky shells, and foreign

molecules have access to the nanoparticles
surface. The study on influence of Ch-AgNPs
aggregate state on the interaction with the R6G
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molecule showed a much weaker effect of revealed for R6G confirmed the prospect of the
nanoparticles in liquid form, which indicates the phytosynthesized silver nanoparticles as the
preservation of Ch-AgNPs properties in the dried effective SERS substrates for biosensors.
state. Antibacterial activity of silver nanoparticles
Recent studies show that SERS substrates are derived from Ch. japonica leaf extract was
capable of analyzing the mixture composition at assessed against St. epidermidis clinical strain.
the nanoscale, and are therefore useful for Before this, the low susceptibility of St. epidermidis
environmental monitoring, pharmaceuticals, to some commercially available cephalosporins
materials science, forensics, drug and explosive (B-lactam antibiotics, which mechanism of action
detection, food quality analysis, and early is associated with disruption of the bacterial cell
diagnosis and differentiation of diseases [34; 45]. walls synthesis) used in the dose 30 pg/disc was

In this regard, the high SERS effect of Ch-AgNPs detected (Table 1).
Table 1
Activity of cephalosporins (30 pg per disc) against St. epidermidis strain
Zone inhibition (mm) of bacterial growth by antibiotics,x # SD,n = 3
ceftriaxone cefuroxime  cefepime ceftibuten ceftazidime cefoxitin
NA 4.85+0.41 NA NA NA NA
Note. NA - no activity.

Only cefuroxime exhibited the slight activity = ways to overcome St. epidermidis resistance is an
against St. epidermidis clinical strain. The results urgent task.
obtained are consistent with data [46], that St Antibacterial effect of Ch-AgNPs and Ch-AgNPs-
epidermidis has become the important nosocomial  Cfx on St. epidermidis resistant strain was dose-
pathogen displaying the multidrug resistance, and dependent (in the range 2.5-20.0 pg/disc),
the carrier of antibiotic resistance genes between whereas the Ch. japonica leaf extract as well as
staphylococcal species [47]. Therefore, finding ceftriaxone alone had no any antibacterial activity

(Fig. 7).

b

Fig. 7. Antibacterial activity of (a) Ch. japonica leaf extract, (b) Ch-AgNPs, (c) Ch-AgNPs-Cfx, and (d) ceftriaxone
at the dose 2.5 pg/disc (sections 1, 5, 9, and 13), 5 pg/disc (sections 2, 6, 10, and 14), 10 pg/disc
(sections 3, 7, 11 and 15), and 20 pg/disc (sections 4, 8, 12, and 16) against St. epidermidis clinical strain

The zone of St. epidermidis growth inhibition at  effect achieved by the biosynthesized silver
level 8.85 + 0.56 mm due to Ch-AgNPs action ina nanoparticles in the absence of ceftriaxone
dose 20 pg/disc was the greatest antibacterial activity (Table 2).

Table 2
Antibacterial ability of biosynthesized AgNPs against St. epidermidis as compared to ceftriaxone
Tested preparation Zone inhibition (mm) of bacterial growth, x # SD,n =3

2.5 pg/disc 5.0 pg/disc 10.0 pg/disc 20.0 pg/disc
Ch-AgNPs NA NA 5.06 + 0.242 8.85 + 0.56P
Ch-AgNPs-Cfx 6.04 + 0.302 6.26 +0.172 6.79 + 0.32b 6.96 + 0.18>

Ceftriaxone only NA NA NA NA

Ch. japonica aqueous leaf extract NA NA NA NA

Note. Different letters in a row indicate statistically significant difference by Tukey test (P < 0.05). NA - no activity.

Generally, the above data confirm the ability of 1.5 times lower compared to Ch-AgNPs maximal
silver nanoparticles to promote the increase in activity. At the same time, the antibacterial effect
ceftriaxone activity against resistant St. of Ch-AgNPs-Cfx was shown at low concentrations
epidermidis strain. Antibacterial activity of (2.5 and 5.0 pg/disc) when the Ch-AgNPs activity
ceftriaxone-conjugated Ch-AgNPs was 1.3- was absent, and exceeded by 1.3 time the effect of
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Ch-AgNPs at a dose 10 pg/disc. Therefore, study
results prove the strengthening of the
antibacterial action of ceftriaxone-conjugated Ch-
AgNPs, especially at low concentrations, and
suggest a synergistic effect of AgNPs and
antibiotic. The similar synergistic effect was
reported [23] for ceftriaxone-conjugated AgNPs,
biosynthesized using M. longifolia extract, which
achieved 1.5-time greater inhibition of
methicillin-resistant S. aureus comparing with
AgNPs activity. The close results reported that
ciprofloxacin and levofloxacin-conjugated silver
nanoparticles showed higher antibacterial activity
against S. aureus compared to appropriative
unconjugated AgNPs [48].

The mechanisms of bacterial resistance to
antibiotics are complex and diverse [24], including
the violation of antibiotics by bacterial f-
lactamases, that can be synthesized by St
epidermidis [46]. In the absence of ceftriaxone
activity, the revealed inhibition effect of Ch-AgNPs
and Ch-AgNPs-Cfx could be the joint consequence
of various modes of silver nanoparticles action. In
particular, the AgNPs penetration into bacterial
cells and the binding to bacterial enzymes leads to
their inactivation [21; 26], which may be the
reason the bacteria produced no [-lactamase
when treated with antibiotics combined with
AgNPs [25]. Considering the known [10] lower
sensitivity of gram-positive than gram-negative
bacteria to biosynthesized AgNPs due to limited
nanoparticles absorption through a thick
peptidoglycan layer in the bacterial cell wall, the
inhibitory activity of Ch-AgNPs and Ch-AgNPs-Cfx
against St. epidermidis resistant clinical strain
should be highly evaluated. Our finding indicates
the prospect using of both biosynthesized
nanomaterials to overcome the antibiotic
resistance of St. epidermidis. Further research is
needed to identify the antimicrobial activity
spectrum of the biosynthesized Ch-AgNPs and Ch-
AgNPs-Cfx against the resistant bacterial strains.

Conclusion

The successful biosynthesis of silver
nanoparticles and their conjugate with antibiotic
ceftriaxone was performed using Chaenomeles
japonica aqueous leaf extract as both reducing and
stabilizing agent. The formation of Ch-AgNPs and
ceftriaxone-conjugated Ch-AgNPs-Cfx was
observed visually by solution color change, and
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