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In this study, we performed a mechanistic study to understand how the sugar ligand chemistry affected the
morphology, size and surface chemistry of Ag/AgCl_NPs synthesized in the presence of L-Arginine hydrochloride
and L-Arginine/KCl mixture. The sugar ligands Lactose p-methoxyaniline (LMA) and Galactose 5-aminosalicylic
acid (G5AS) resulted in formation of sheet-like Ag/AgCl_ NPs while Lactose sulfanilic acid (LSA) and Lactose p-
sulfonyldianiline (LPSA) caused the formation of anisotropic and film-like Ag/AgCl NPs. The UV-Vis based
mechanistic studies showed that the presence of Arginine posed a strong effect on how G5AS and LMA ligands
interact with silver ions while the effect was more complicated for the LSA and LPSA ligands due to the fact that
they form complexation with Ag" ions. The mechanism was further investigated using infrared (IR) studies that
showed the increases in Argine and chloride ion concentrations resulted in differentiation of the surface
chemistry of the Ag/AgCl NPs, and appearance of Arginine related IR bands became clearer in the case of co-
introduction of Arginine and the sugar ligands. The characterized nanoparticles were then used as antibacte-
rial agent for multidrug resistant Escherichia coli species for which less than 10 pM minimum inhibitory con-
centrations were obtained. The promising antibacterial activity, which could be assigned to the presence of
Arginine, was independent from the sugar ligand chemistry and nanoparticles’ morphology and size. Particu-
larly, large Ag/AgCI_NP film forming capacity can call further research to be exploited as coating materials for
antibacterial application.

1. Introduction chemical stimulants [4], hence the abbreviations AgCl NPs and

Ag/AgCl_NPs can refer to each other.

Silver chloride (AgCl) nanoparticles (AgCl_NPs) can find place in a
variety of applications, including biological (e.g. antimicrobial, drug
delivery etc.), biomedical (e.g. sensing) and industrial (e.g. solar cells)
[1]. Various approaches have been applied in the synthesis of AgCl
nanoparticles (AgCI.NPs) to obtain benign, reproducible and
target-specific properties, which can fall into chemical precipitation
methods [2-4], biological methods (e.g. microorganisms) [5] and
physical methods [6,7]. Silver nanoparticle (AgNP) formation can take
place spontaneously within AgCl NPs or be induced by physical and/or

* Corresponding authors.

The morphology and size of the nanoparticles can be definitive in
their applications [8,9]. AgCl NPs are generally spherical [3,10],
quasi-spherical [6] and irregularly shaped [11], which have been mostly
studied for biological applications, such as showing simultaneous anti-
cancer and antibacterial activity [12] and antifungal applications [13].
In addition, sheet-like AgCl_NPs can find applications in catalysis [14],
while cubic crystalline AgCl particles can provide superior SERS per-
formance [15]. In addition to stand-alone AgCl NPs, AgCl crystals (or
nanoparticles) can also be synthesized on AgNPs or in composite
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polymers, which can improve catalytic performance (e.g. water split-
ting) [9,16] or microwave characters [17]. Surface functionalization can
provide unprecedented properties in addition to the enhancement of
their inherent properties [18]. However, AgCl NPs were not studied
with their surface functionalization, whereas the introduction of the
positively charged amino acid Arginine on AgNP has been shown to
enhance the stability and biocidal character of the AgNPs [19].
Furthermore, Arginine-stabilized films based on silver nanoparticles can
exhibit excellent conductive and adhesive properties [20], and Arginine
has also been shown to enhance the film formation of gold nanoparticles
[21]. This may be related to the fact that Arginine can enable
nanoparticle-nanoparticle interaction resulting in superior antibacterial
activity [22], for example its presence in chitosan-gold nanoparticle
films improved wound-healing [23].

In this study, carbohydrate derivatives were intended to be used as
reducing, capping and stabilizing agents in synthesis of Ag/AgCl NPs
using L-Arginine Hydrochloride, where Arginine was accepted as surface
functionalization agent. Sugar ligands can recognize lectins on bacterial
surfaces, which phenomenon has been investigated in drug development
studies including antibacterial agents and anticancer agents etc. E.coli
has galectin-1 lectin that can recognize Galactose and its derivatives and
play role in bacterial attachment to the mammalian cells [24]. There-
fore, we used Lactose (Galactosyl-Glucose) and Galactose derivatives,
among which LMA and G5AS ligands can easily reduce Ag" ions while
LSA and LPSA can form complex with Ag™ ions. In order to perform a
mechanistic understanding of Ag/AgCl NPs under the experimental
conditions, L-Arginine and KCI (as Cl ion source) were included in the
study. The UV-Vis studies showed that Arginine has great impact on the
nanoparticles’ morphology and size while IR, HRTEM, SEM and XRD
studies along with the UV-Vis studies showed that the characteristics of
Ag/AgCl NPs showed close relationship with the sugar ligands’ chem-
istry. It is known that decoration of nanoparticles’ surface with carbo-
hydrates can advance their biological activity [25,26], so a synergistic
antibacterial activity was tested as ant antibacterial agent for two
Colistin and Carbapenem resistant E.coli species, and pg/mL level min-
imum inhibitory concentration (MIC) and minimum bactericidal con-
centration (MBC) values were obtained. This is important since
drug-resistant bacterial infections not only cause deaths, but also puts
a burden on the health-costs [27]. To the best of our knowledge, this is
the first study describing how the synthesis of Ag/AgCl NPs follows a
mechanism in the presence of self AgNPs synthesizing and Ag" com-
plexing sugar ligands to obtain Arginine functionalized particles.

2. Materials and methods
2.1. Materials

AgNOs, Tryptophane hydrochloride, Tryptophane, KCl, Nutrient
Broth, Nutrient Agar and Crystal violet were purchased from Sigma-
Aldrich. Pure-water was produced using the Humana Zeneer Pure-
water instrument in our labs. TEM grids were from Ted Pella (Cat. Nu
01895-F). Synthesis of the sugar ligands Galactose 5-aminosalicylic acid
(G5AS), Lactose methoxyaniline (LMA), Lactose 4,4’ sulfonyldianiline
(LPSA) and Lactose sulfanilic acid (LSA) can be found in the literature
[28].

2.2. Synthesis and characterization of Ag/AgCl nanoparticles

During the synthesis, in all cases, sugar ligand and silver nitrate
concentrations were 12.5 and 10 umol/mL while Arginine, Potassium
chloride and Arginine Hydrochloride concentrations were used at 9
umol/mL except AgNP2s and Arg2 cases for which AgNO3 and Argine
concentrations were 20 and 18 pmol/mL. Arg Cl Ag/AgCl_NPs refer to
Arginine and Potassium chloride were mixed with silver nitrate ions
while ArgCl_Ag/AgCl_ NPs refer to Arginine Hydrochloride and silver
nitrate were mixed for the synthesis. In order to understand the effect of
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L-Arginine on the interaction between the sugar ligands and Ag(I) ion, a
series of experiments were conducted in the absence or presence of
chloride ion (KCl was used as Cl source), which is shown in Fig. 1.
UV-Vis spectroscopy (Shimadzu UV Pharmaspec 1700), Infrared
spectrometer (Bruker ALPHA II Compact FT-IR Spectrometer), High
Resolution Transmission Electron Microscopy-Selected Area Diffraction
(HRTEM-SAED, service was purchased from the BUMER-Bayburt Uni-
versity of Tiirkiye, Hitachi at 220 kV), X-Ray Diffraction (XRD, Bruker
D8 Advance), Scanning Electron Microscopy- Energy Dispersive X-Ray
Analysis (SEM-EDX, Thermo Fisher FEI Quanta FEG 250), and Anti-
bacterial activity characterizations were conducted as described in the
literature [22]. For TEM studies, the samples were diluted 20 times and
two drops (~20 uL) were placed on TEM grids (TedPella, Product
number 01895-F), which were dried for 24 h at room temperature. The
SEM-EDX samples were prepared from stock Ag/AgCl NP solutions by
placing 10 pL aliquots on lead-coated copper tape (purchased from local
electronics store), which was dried at room temperature for 24 h.

3. Results and discussion
3.1. UV-vis spectroscopic characterization of Ag/AgCl nanoparticles

Fig. 2 shows how different formulations resulted in the formation of
colloidal and precipitated AgNPs and Ag/AgCl_NPs. The color of silver
nanoparticles is closely related to size and morphology, so the change in
color with increasing concentrations of AgNOs and Arginine and
administration of Chloride ions reflects changes in morphology and size.
Two of the most dramatic changes were (i) LSA and LPSA sugar ligands
did not allow AgNPs to form, whereas addition of Arginine addition to
the media allowed rapid formation of AgNPs that even covered the
surface of the reaction tubes. It is possible that LSA and LPSA sugar li-
gands trigger the formation of silver metal organic frameworks or co-
ordination complexes under the experimental conditions, as both have
sulfonyl groups [29]. Precipitation of LSA_Arg Cl Ag/AgCl NPs and
LPSA _Arg Cl Ag/AgCl NPs showed different patterns compared to
Arg_Cl_AgNPs, which could be related to that LSA and LPSA gathered
Ag" ions and Arginine contributed Ag/AgCl_NPs formation. Precipita-
tion of nanoparticles is closely related to the surface chemistry and size
[30]. However, Arg_Cl_Ag/AgCl NPs gave pale particles, which is a sign
of limited Ago presence The other (ii) observation was only
G5AS_Cl_Ag/AgCl NPs gave distinct color in comparison to that LMA,
LSA and LPSA sugar ligands did not give any distinct color with or
without Arginine presence in sugar ligand_Cl_Ag/AgCl_NPs. The color
difference between Arg Cl_Ag/AgCl_NPs and ArgCl_Ag/AgCl_NPs could
be related to two things (i) there were five-times higher Ag" in Arg-
Cl_Ag/AgCl_NPs since the reaction took place in 5 mL while the former
one was 1 mL volume, or (ii) the incubation period was one weak for the
latter case while that was 3-day for the former case. It should also be
mentioned that AgCl_NPs are supposed to be whitish since Agt ions do
not turn into metallic Ag®. However, the presence of Ag’ within
AgCl NPs results in Ag/AgCl NPs formation, for which characteristic
colors form. Besides, the sugar ligand chemistry has a very strong impact
on the color of the metallic nanoparticles that was independent from the
characteristics [28]. This observation was similar for the sugar ligand
synthesized Ag/AgCl NPs as well. The UV-Vis spectra showed that the
SPR peak of LSA_Ag/AgCl.NPs, LPA_Ag/AgCl.NPs, LMA_Ag/AgCl_NPs
and G5AS_Ag/AgCl NPs were 420 nm, 580 nm, 555 nm and 520 nm,
respectively. LSA_Ag/AgCl_ NPs also gave wide and non-characteristic
SPR peak starting 490 nm. Presence of SPR peak proves that the nano-
particles were not just AgCl NPs, rather they were in the form of
Ag/AgCI_NPs.

In order to understand how presence of Arginine and Chloride ion
affected the sugar ligand and silver ion interaction during the Ag/
AgCl NPs synthesis, a series of UV-Vis based studies were conducted
(Fig. 3). Hereby, we used L-Arginine and KCl to perform these tests. It is
expected that the introduction of Arginine and Arginine hydrochloride
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Fig. 1. Flow of the Ag/AgCl nanoparticle synthesis and characterizations.

can differently affect the pH of the reaction medium, which may alter
the reaction kinetics. When we checked the reaction mediums using pH
paper, 0.45 mM Arginine hydrochloride or Arginine made the reaction
mediums’ pH ~4.5-5.5 and ~6.0-7.0 depending on the sugar ligand.
Previous studies showed that this much pH alteration did not pose any
significant effect on the AgNPs formation kinetics and morphology [31].
Besides, structure of Argine are quite similar at these pH ranges [32], so
it is possible to claim that the experiments were conducted under similar
conditions. Both phenyl ring [33] and sugar moieties [25,34,35] can
interact with metallic nanoparticles’ surfaces. The sugar ligands’ UV
region was used to analyze lambda max (Amax) and the
full-width-half-maxima (Afyhm), Which were determined as described in
the literature [36], to understand how these two affected the monitored
interactions. In 210-350 nm region, LMA ligand gave two peaks at 238
and 300 nm, and similarly LMA_Arg AgNP, LMA Arg2 AgNP and
LMA _Arg_Cl AgNP gave the peaks at 236/297 nm, 237/300 nm and
238/300 nm, respectively. However, LMA_AgNP1 and LMA_AgNP2 did
not give any peak at 216-265 nm range while both gave distorted peaks
at 304 nm. Besides, LMA_AgNP1 gave a slight peak at 243 nm, which
disappeared in the case of higher silver ion concentration (LMA_AgNP2).
In contrast to these, a new absorption arose between 260 and 290 nm,
where 274 nm peak was observed for LMA_AgNP1 and LMA_AgNP2,
which was not present in the sugar ligand and rest of the AgNPs. The
Afwhm for 216-265 nm range and 270-340 nm ranges were 21/25 nm,
8/26 nm, 12/23 nm and 13/26 nm for LMA ligand, LMA_Arg AgNP,
LMA _Arg2 AgNP, LMA Arg Cl AgNP, respectively. Upon AgNP SPR
peak formation in LMA_Arg AgNPs and LMA_Arg2 AgNPs in UV-Vis
spectra, sugar ligand/AgNP peak ratio showed continuous decrease.
All these showed that Arginine has higher affinity for Ag" ions, but LMA
gradually reduced Ag" ions into AgNP. The UV-Vis spectra shows that
LMA_Arg AgNP gave SPR peak within 5-min incubation while presence
of SPR peak in LMA_Arg2 AgNP within 3 h incubation. LMA_AgNP1
gave LMA_AgNP2 two SPR peaks at 572 and 724 nm while the SPR peaks
at 550 nm and 516 nm were observed in LMA_Arg AgNP and LMA_Ar-
g2 AgNP, respectively. It is clear that Arginine did not only alter the
reaction kinetic, but also it posed effect on the morphology (SPR pattern
gives information about the morphology and size of the AgNPs [37]),

which is expected since Arginine has very strong affinity for Ag" ion and
can interact with silver nanoparticles through amino groups [38,39].
However, from these experiments we cannot conclude that whether
Arginine joined the nanoparticle formation or not within the first mi-
nutes or hours depending on the sugar ligands. In the case of
LMA _Arg Cl AgNP spectra, a slight peak formation started between 500
and 650 nm range in 5 h incubation period.

The UV-Vis peak at 203 nm in G5AS ligand spectrum was observed in
the spectra of G5AS_CI_AgNPs and G5AS_Arg_Cl_AgNPs while 201 and
205 nm peaks were observed in G5AS_AgNP2 spectrum. G5AS ligand,
also, gave Apax at 300 nm (Afyhm 23 nm) and a shoulder-like peak at
344 nm while G5AS_AgNP and G5AS_AgNP2 gave Apax at 295 nm (Awhm
32 nm) but no shoulder-like peak was observed. Similarly, Amax at
295 nm was observed for G5AS_CI_AgNPs. G5AS_Arg_AgNPs, G5AS_Ar-
g2 AgNPs and G5AS_Arg_Cl_AgNP gave Amax at 290 (Afwhm 20 nm) and
391 nm (Afyhm 50 nm), 282 and 337 nm, 285 and 336 nm (Afywhm
31 nm), respectively (Fig. 3). In the 450-900 nm range, G5AS_AgNP1,
G5AS_AgNP2 and G5AS_Arg AgNP gave Amax at 526 nm, and among
these G5AS_Arg_AgNP gave the strongest peak. In contrast to this, the
other formulations did not give any peak. Lacking characteristic SPR
peaks clearly show that formation of metallic Ag particles was sup-
pressed by the presence of excess Arginine.

LSA mediated AgNP and Ag/AgCI NP synthesis showed very slow
kinetic. In contrast to LSA_AgNPs, LSA_Arg AgNP and Arg AgNP, LSA-
Arg AgCl NPs and Arg AgCI NP nanoparticle formations were faster,
which were seen within 3-h incubation. LSA ligand gave Apax at 260 nm,
which did not alter upon AgNP or AgCl formation with/without Argi-
nine presence. However, in 200-220 nm region, absorption enhance-
ments and peak formations were observed upon introduction of silver
ions. Similar observations were observed for LPSA synthesized AgNPs,
and alterations in response to differentiations in the formulations sugar
moieties within the LPSA ligands were clear while no clear alterations in
the aromatic group were observed. It is known that sulfonyl groups can
strongly interact with Ag™ ion [29,40], so formation of solid LSA_AgNPs
or LPSA_AgNPs did not happen under the experimental conditions. Be-
sides, this strong interaction might be another reason for the no alter-
ations observed for the phenyl ring related UV-Vis absorption.
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Fig. 2. Digital camera images of the nanoparticle formulations and UV-Vis of sugar ligand synthesized ArgCl Ag/AgCl NPs.

3.2. Infrared spectroscopic characterization of Ag/AgCl NPs

The major IR assignments of L-Arginine are -NH stretching (3359 and
3296 cm’l), -OH stretching (3051 cm’l), -CH and -CHj stretching
(2944 and 2862 cm’l), stretching C=0 (1719 cm’l), stretching C=N
of CN3HZ (1674 cm™)), and v, COO™ and 8NH, (1614 cm™1), C=0
stretching and NHj scissoring (1552 cm™!), asymmetric stretching C-H
(1473 em™Y), v, COO™ bending -CH, (1419 em ™), 8C-H (1375 ecm™Y),
bending -OH (1331 cm™!), CCC stretching + stretching rNH3 of side
group (1182 cm_l), VC-N and rocking C-NH3 (1133 cm_l), C-N vibra-
tion and bending -OH (975 em™ b, yNH; and rCHj, or just rCHj (766 and
699 cm™ 1) [41-44]. IR spectrum of L-Arginine gets altered upon its
interaction with silver nanoparticles, and most of the peaks get lost [20].
The IR spectra of the Arg AgNP, Arg_Cl AgNP1 and Arg_Cl_AgNP2 gave
stretching -OH of COOH band at 3417 + 10 cm™! [20] while stretching
of amine group was not present within 3100-3400 cm ™! range. The
wavenumbers at 1631 +1 cm™! and 1382+ 1 cm ™! correspond to
bending NH, and symmetric stretching COO’, respectively. The peaks at
1562 cm™! correspond to asymmetric COO" stretching and only found in
Arg_AgNP while the weak peak at 1174 cm™! reveals the presence of
CCC stretching + stretching C-N (or rocking NH3 of side group) and only
found in Arg AgNP and Arg Cl AgNP1. All these show that the intro-
duction of chloride ion suppresses the presence of stretching C-N (or
rocking NH3 of side group) and its further increase eliminates the IR
band of COO™ asymmetric stretching.

IR spectra of the nanoparticle formulations revealed that

introduction of L-Arginine Hydrochloride or L-Arginine into the sugar
ligand-Ag" ion reaction media posed strong effect on the surface
chemistry of the Ag/AgCl NPs. This effect was also valid for the in-
teractions that took place between L-Arginine and Ag/AgCl_NPs. Table 1
lists the IR peaks for G5AS_ArgCl Ag/AgCl NPs, LMA ArgCl Ag/
AgCl_NPs, LPSA_ArgCl Ag/AgCl_NPs and LSA_ArgCl_Ag/AgCl_NPs while
Fig. 4 shows IR spectra of all the formulations. The presence of L-Argi-
nine specific IR bands became visible upon sugar ligand introduction to
the Ag/AgCI NP synthesis medium. LSA_AgNP IR spectrum only gave
peaks at 3372 em~ ! (OH of sugars), 1625 cm ! (NH), 1604 cm !
(ArC=N), 1498 cm! (aromatic ring), 1347 cm ! ®(CHy), 1166 cm !
(ArC-N-C), 1124 cm™! (SO, stretching), 1078 cm ™ (S-OH), 1032 (OH of
sugars) and 822 cm ! (aromatic ring + sugar residue related vibrations)
(Fig. 4c) while LPSA_AgNPs gave peaks at 3357 cm ™! (OH of sugars),
2923 (C-H stretching), 1628 cm™!(NH), 1598 cm™' (ArC=N), weak
1516 cm ™! (aromatic ring), 1384 cm’l, 1358 cm™! ®(CHy), 1143 cm !
(NH), 1066 em™! (vibrations from S-O + C-N), 1044 em™! (OH of
sugars), weak 887 cm™ ! and 822 cm ™! (sugar residue and phenyl ring
vibrations) [45]. Upon L-Arginine introduction, clear representation of
the amine groups was observed throughout the IR spectra of the corre-
sponding nanoparticles while the IR spectrum of Arg AgNPs only
showed the bending vibration of NH; as discussed above. The IR spec-
trum of LPSA_Arg AgNP gave quite similar IR peaks obtained for
LPSA_ArgCl Ag/AgNPs while carboxyl group bands were not clear in
LPSA_Arg_Cl_Ag/AgCl NPs. Similar observations were obtained for LSA,
G5AS and LMA synthesized Ag/AgCl_ NPs using different formulations.
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Fig. 3. UV-Vis spectra of sugar ligands and nanoparticle formulations.

Table 1
IR assignments of Ag/AgCl_NPs.

G5AS_ArgCl_Ag/AgCl_NPs

v(OH) 3300 cm™}; ¥(CH) 2932 em™}; ¥(C=N) 1666 cm~!; Y(G=0) 1624 cm™!; 5(CO3) + 5(N-H) 1585 cm}; (NHF) 1513 cm™Y; CH, scissoring 1453 cm™; v,(CO3) 1397 cm™%; v(ArC-
N) 1325 em™'; 8(NH) + t(CHy) + 8(C-OH of C0O3) 1209 cm™'; p(NH3) 1127 em™~'; 1(C-0) 1072 cm ™ '; (OH of sugar residue) 1033 cm~*; W(CC) + 1(CO) + B(CCH) 901 cm ' w(NH)
+ T(NH) 850 cm™'; §(CO3) + v(C=CH) 822 cm™'; §(C-H) 785 cm™'; W(CHy) 747 cm™'; aromatic ring vibrations 695 cm™'; v(-O-AgNP) 662 cm ™ '; ®(CO3) 641 cm !

LSA _ArgCl Ag/AgCl NPs

V(OH) 3309 and 3040 cm™}; v,(NH,) 3177 em™}; w(CH) + v(CH,) 2961 and 2925 cm™Y; v,i(G=N) 1664 cm}; 8(NH3) + 8,5(C0O3) 1631 cm™'; u(ArC=C) -+ v(ArH-C-H) + 1(SO,) + &5
(NH$) 1518 cm ™ !; u(ArC=C) 1452 cm ™ }; 1(CO3) 1395; ®(CH;) 1355 cm ™ *; 1,(C=0) 1318 cm ™ }; 5(OH of CO3) 1211 em ™ }; v,5(C-N-C) 1154 cm ™~ *; r(NHZ) + v¢(S05) 1125 cm™*; u(S-

OH) + V(C-N) + o(NH>,) 1066 cm’l; V(OH of sugars) 1026 cm’l; w(NH,) 865 cem !
LPSA_ArgCl Ag/AgCl_NPs

V(OH) 3325, 3174, 3048 and 3071 cm™'; W(CH) 2928 cm™'; U(C=N) 1672 cm ™ ; v,5(CO3) + 8(NH3) 1630 ecm™'; u(ArC=C) + v(C=0) 1592 cm™’; (NH) + 8(NH3) 1516 cm'; CH,
scissoring 1452 em ™Y 15(C0O3) 1399 em™Y; 8(CH,) + 1(CC) 1327 em™Y; 8(OH of CO3) 1211 em™Y; r(NHZ) 1131 ecm™%; v(C-N) 1103 em™%; u(S-0) + v(C-N) 1070 cm™*; v(OH of sugars)
1041 em™%; o(NH) + t(NH) 848 ecm™; »(CC) + B(CCH) + (O-C-O) 824 cm ™% r(CHa) 749 cm ™

LMA _ArgCl_Ag/AgCl_NPs

V(OH) 3286 and 3058 cm™!; 1(NH,) 3156 cm™'; v(CH) and v(CH,) 2957 and 2931 ecm™}; v,(C=N) 1671 cm™}; 8(NHZ) + 8,(C0O3) 1621 cm™}; 1511 ecm™}; v(ArC=C) 1453 cm™;
v5(C0O3) 1399 and 1325 cm™}; §(OH of CO3) 1208 cm™; 1(C=0) em™!; C-N stretching1161 ecm™}; v,s(C-N-C) 1120 cm™}; u(S-OH) + v(C-N) + o(NH,) 1079 cm™%; u(OH of sugars)
1025 cm™Y; Y(CC) + Y(CO) + B(CCH) 894 cm™L; w(NH,) 846 cm™Y; 821 em™?; §(C-H) 790 ecm™%; r(CH,) 750 cm ™!

Arginine interaction with silver nanostructures (e.g. nanoclusters)
take place through side-chain nitrogen groups and -OH of COOH group
[46]. Besides, the interaction between L-Arginine and Ag" ion happen
through side and a-amine group and carboxyl group while the shortest
bond (highest affinity) was from the side amine group [38]. So, lack of
amine group representation at 3000-3300 em! region in Arg AgNPs is
not related to the merge of -OH and -NH, as suggested in the literature
[20], rather it can be resulted from the strong adsorption of -OH group
on the AgNPs surface since the functional groups interacting with metal
surface (such as nanoparticles’ surfaces) give enhanced IR bands [47].
So, it is possible to speculate that the strong -OH adsorption suppressed
the presence of amine group related bands in AgNPs. It is also known
that IR bands give shifts (mostly red shift) upon adsorption on the
nanostructure surfaces [46,48]. The differences among the Ag/AgCl NPs
IR spectra in response to the co-administration of the sugar ligands with
Arginine can be a strong sign that primary and side-chain amine groups
in Arginine both joined the stabilization of Ag/AgCl NPs, which then
affected how the sugar ligands interacted with the nanoparticles. Be-
sides, alterations in carboxylic group IR bands also revealed that the
carboxylic group of Arginine showed itself in LPSA_ArgCl Ag/AgCl_NPs,

LSA_ArgCl Ag/AgCl NPs and LMA ArgCl Ag/AgCl NPs while that was
not very clear in G5AS_ArgCl_Ag/AgCl NPs since G5AS has carboxylic
group.

3.3. Morphological and crystallographic characterization of the Ag/
AgCLNPs

Fig. 5 shows that LMA-ArgCl Ag/AgCl NPs exist as leaf-like nano-
particles, spherical and anisotropic nanoparticles. The size of the leaf-
like nanoparticles is in the micron range, while about 90 % of the
spherical nanoparticles are between 3 and 5.5 nm in size, and the
anisotropic nanoparticles have cross-sections of ~16 x 52 nm (Fig. 5B).
The presence face centric cubic crystal of metallic AgNPs was revealed
by 38.14° (111), 44.56 ° (200), 64.52° (220) and 77.55° (311) 26 angles
[49,50]. The presence of the 20 peaks 27.51°, 32.15°, 46.04°, 54.60°,
57.49°, 67.47°, 74.41° and 76.57° corresponding to (111), (200), (220),
(311), (222), (400), (331) and (420) miller indices, respectively,
revealing the presence of face centric AgCl nanocrystals [4,6,51]
(Fig. 5F). The tiny peak at 50.25 ° and the joint peaks at 67.59° and
76.85 ° can be assigned to (104), (112) and (201) 4 H hcp AgNPs,
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respectively. The interplanar spacing of film-like AgNP was obtained as
0.326 nm (Fig. 5C) that was assigned to 20 27.91° of fcc AgCl NPs.
Fig. 5E shows that the dg, 0.234 mm belongs to fcc metallic AgNPs’ (111)
miller indices. However, Fig. 5D reveals presence of (200) fcc and
(1-12) 4 H hcp AgNP faces. It is possible that metallic AgNPs and
Ag/AgCl_NPs were formed independent from each other. SAED pattern
reveals (200) AgCl with 0.283 nm interplanar spacing [52], Since XRD
reveals the crystalline structure of the bulk samples, it is expected to see
metallic AgNPs and AgCl NPs 20 angles together (Fig. 5F).

The film-like structure of G5AS-ArgCl Ag/AgCl NPs (Fig. 6-A/-B)

gave 0.33 nm d spacing that can reveal the presence of (111) miller
indices of AgCl nanoparticles (Fig. 6-C/-D). AgNPs can form within AgCl
crystals [14], and their co-existence have been reported [12], and SPR
band seen in Fig. 2 proves this even though the miller indices only reveal
the presence of AgCl_ NPs. The literature shows similar results as miller
indices belong to metallic AgNPs and AgCl NPs appear in the XRD
spectrum [5]. The EDX spectrum (Fig. 6E) shows the presence of silver
and chloride, and the inserted table reveals chloride/silver atomic ratio
is ~6, which was ~4 in LMA-ArgCl Ag/AgCl_NPs (data was not shown).
It is also known that AgCl nanoparticles can form large particles since



S. Bolat et al. Next Nanotechnology 7 (2025) 100160

Mask{Acauire CCO Ol 1)

|£| 414 Cu Element Weight %  Atomic %
CIKS 19.58 43.34
368 N
322

CuK 63.11 26.41

o o .
00 20 40 6.0 80 100 120 140 16.0 180

Lsec: 26.90 Cnts 0.000 keV Det: Octane Pro Det

(440) Ag fec

(511) Ag fec
(422) Ag fec
(420) Ag fec

(0010) Ag
4H hep
(442) AgCl
(203) Ag 4H hep
(105) Ag
(1-12) Ag (311) AgCl
4H hep (200) AgCl

5 1/nm ‘
B (111) AgCl
| i

g Element Atomic %
" CK 63.33

¢ OK 35.54

| SK 1.05

1{|° CIK 0.04
PdL 0.01
AgL 0.02

80 100 120 1 160 180

" t 1]

Lsec: 2740 Cots 0000 keV Det: Octane Pro Det

High vacuum | 20 000 x | 10.00kv | SE | 2.13e-4 Pa | ETD KASTAMONU UNIVERSITY

Fig. 7. LPSA-ArgCl Ag/AgCl NPs HRTEM-SAED and SEM-images, and EDX spectrum.



S. Bolat et al.

Ag+ and CI can interact with six atoms [53], so larger forms were ex-
pected. The presence of lead in EDX spectra of the samples is related to
the lead-coated copper tape, on which samples were placed for
SEM-EDX analysis. Hereby, it is also critical to point out that presence of
copper in G5AS-ArgCl_Ag/AgCl_NPs and LMA-ArgCl_Ag/AgCl_ NPs EDX
spectra reveal the Ag/AgCl_NP film structure was not very tight or dense
in comparison to the Ag/AgCl NP films synthesized with LPSA and LSA
ligands (their EDX spectra did not give copper EDX pattern).

Fig. 7A shows anisotropic ~75-195 nm sized particles while Fig. 7D
reveals presence of film-like structure and scattered particles with
120-220 nm sized particles. The SAED pattern of AgNPs gave 4 H hcp
phases with (1-12), (105), (203) and (0010) miller indices in addition
to fcc phases with (420), (422), (511) and (440) miller indices [54]. The
presence of AgCl was revealed by (111), (200), (311) and (422) fcc AgCl
crystals (Fig. 7C). Besides, it is noteworthy to mention that some of the
miller indices from AgCl_NPs and Ag_NPs could give one peak. Fig. 7B
reveals presence of crystal infringement with (111) of AgCls (dspacing
~0.34 nm). The inserted table within EDX spectrum (Fig. 7E) showed
chloride/silver ratio was 2, which was different that G5AS_ArgCl_A-
g/AgCl_NPs. UV-Vis studies showed that the interactions of silver ions
with LPSA and G5AS were distinctly different from each other. It is
possible that this situation affected the interaction between chloride ion
and silver ion in the media, so based on the EDX results it can be spec-
ulated that coordination or ionic interaction between the sugar ligand
and silver or silver nanoparticles showed dependence on the sugar
ligand chemistry. It is also important that LPSA- and LSA-synthesized
ArgCl_Ag/AgCl_NPs showed distinctly different morphology and size,
which is also a sign that sugar ligand chemistry played a critical role for
the interactions that took place in the reaction medium.

Fig. 8A shows the nanoparticles are anisotropic with 26-91 nm size
range, which mostly fall into 50 + 10 nm range. HRTEM images showed
some of the nanoparticles have (111) fcc AgNP with 0.235 nm crystal
infringement and (111) AgCl with 0.34 nm crystal infringement
(Fig. 8B). This might not reflect the formation of individual AgNPs and
AgCl_NPs, rather it could be related to formation of different phases
during the nanoparticle formation. The SAED image reveals the nano-
particles are composed of metallic AgNPs with (111) fcc and (102) 4 H
hcp miller indices and AgCl NPs with (111), (400) and (441) miller
indices. The dspacing 0.12 nm could be assigned to (441) fcc AgCl or (202)
4 H hcp AgNPs (Fig. 8C). SEM-EDX gave presence of Ag, but percentage
presence was given as 0, which was not assigned to any known phe-
nomenon (data not shown).

The illustrative XRD and SAED studies showed that synthesis of
ArgCl_Ag/AgCl_NPs were successful. It is noteworthy to mention that co-
existence of metastable 4 H hexagonally close packed AgNPs in face
centric cubic AgNP crystals have been reported in the literature [31,55].
Crystal reformation and/or phase-interaction can show dependence on
the drying process of the suspended AgNPs, so SAED and XRD patterns
can give such differences [55]. Besides, 4 H hcp phases can extend upon
interaction with fcc phases [55] even though the irreversible 4 H phase

S
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transition to fcc phase can promote enlargement of fcc nanoparticle
grain size [56]. Therefore, the presence of 4 H hcp phases are not an
abnormal observation.

3.4. Antibacterial characterizations of the Ag/AgCLNPs

Fig. 9-B/-C show that LPSA_ArgCl Ag/AgCl NPs and LSA_ArgCl Ag/
AgCl_NPs gave 1.8375 pM MIC and MBC value for the tested Colistin and
carbapenem resistant E. coli species while G5AS_ArgCl Ag/AgCl NPs
and LMA _ArgCl Ag/AgCl_NPs gave 3.675 and 7.35 pM MIC and MBC
value for the two E. coli species. According to our pre-test results, the
LPSA and LSA synthesized formulations gave better antibacterial ac-
tivity compared to free Agt ions (AgNOs: 5 uM MBC under the tested
conditions), which can be related to sulfonyl group’s interactions with
Ag™" ions make them less affected by the proteins in the culture media. It
is also important to note that Arginine can alter cell surface physico-
chemical properties of gram (-) bacterial species [57]. Besides, AgCl
nanoparticles can also advance the antibacterial activity of classical
antibiotics when they are combined [58]. It is also critical to mention
that synergistic action of Ag/AgCl NPs dependent on the antibiotic
chemistry [5]. Nanoparticles may not show their toxicities at higher
concentrations while their lower concentrations can pose higher anti-
bacterial activity when they are used at relatively lower concentrations
[26], so it is understandable that LSA_ArgCl_Ag/AgCl_NPs showed lower
toxicities at its highest tested concentrations. According to the European
Committee on Antimicrobial Susceptibility Testing, > 1 pg/mL MIC
values refer to resistant species for the tested antibiotic [59]. So, we
tested the higher concentrations, and 100 and 10 pg/mL Colistin to
show the resistance of the used E. coli species. Although the nano-
particles did not give nanogram/mL MIC/MBC values, the nanoparticles
gave relatively low MIC/MBC values for the resistant E. coli species.
Besides, biofilm formation (Fig. 9A) was present for E. coli species —1/-2
for the control and Colistin treatment did not prevent biofilm formation
for E. coli species 1 while the treatment at 100 pg/mL concentration
prevented the biofilm growth for E. coli species 2. LPSA_ArgCl A-
g/AgCl NPs at 1.8375 pM, LSA _ArgCl Ag/AgCl NPs at 29.4 yM and
LMA _ArgCl_Ag/AgCl_ NPs at 1.8375 pM concentrations did not prevent
biofilm growth for E. coli species 1 while the nanoparticles prevented the
biofilm growth at all the tested concentrations. From the results, it can
be speculated that the nanoparticles are not just effective in killing the
Colistin resistant bacterial species, but also they can prevent biofilm
growth, which is an important virulence factor [60]. Besides, studies
revealed that Ag/AgCl NPs can show better antibacterial activity
compared to silver nanoparticles as well [61].

The main limitations of the study can be listed as (i) the exact ratio of
Ag® content within Ag/AgCI_NPs were not characterized and calculated.
(ii) Surface charge can be critical for nanoparticles’ colloidal stability, so
a contemplated study should be done whether there was a direct rela-
tionship between the stability and surface for the particles. The other
prominent limitation (iii) is that Argine content was not checked using
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[ (1024Hhop Ag

I— (111) fee, Ag
‘ (111) AgCl
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Fig. 8. TEM and SAED images of LSA_ArgCl Ag/AgCl NPs.
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Fig. 9. Biofilm (A) and minimum bactericidal characteristics of (B/C) of the nanoparticles. Antibacterial characteristics of the ArgCl Ag/AgCl_NPs. al-5/c1-5:
LPSA_ArgCl_ Ag/AgCl NP; a6-10/c6-10: LSA_ArgCl Ag/AgCl NP; all-b3/c11-d3: G5AS_ArgCl Ag/AgCl NP; b4-8/d4-8: LMA_ArgCl Ag/AgCl NP; b9-10/d9-10:
Colistin (100 and 10 pg/mL, respectively), and b11-12/d11-12: Control. ArgCl_Ag/AgCl_NP concentration range was 29.4-1.8375 uM. a/b: E. coli species 1 and c/d:

E. coli species 2.

thermogravimetric analysis, which could help to explain how different
Arginine content affected the IR presence of key functional groups
coming from the sugar ligands and Arginine. Finally (iv), a detailed X-
ray photoelectron spectroscopy is needed to understand the conversion
rate of Ag" into Ag® depending on the concentrations and chemistry of
the compounds.

4. Conclusion

Hereby, we showed that the morphology and size of the ArgCl_ Ag/
AgCl NPs were strongly influenced by the sugar ligand chemistry.
Galactose 5-aminosalisylic acid and Lactose 4-methoxyaniline ligands
caused sheet-like ArgCl_Ag/AgCl NPs while Lactose sulfanilic acid and
Lactose 4,4’-aminofenilsulfone ligands caused anisotropic ArgCl Ag/
AgCl NPs and film-like structure formations. The presence of Arginine in
the synthesis media affected the sugar ligands’ interaction with silver
ions, thus influencing the ArgCl Ag/AgCl NP formation kinetic and
surface chemistry. IR studies revealed that Arginine interacted with
AgNPs and ArgCl_Ag/AgCl NPs mainly through carboxylic and guani-
dino groups while introduction of the sugar ligands also forced Argi-
nine’s primary amine group to interact with the formed nanoparticles.
The nanoparticle formulations showed strong antibacterial activities for
the Colistin resistant E. coli species, where LPSA and LSA synthesized
formulations gave better performance in comparison to the G5AS and
LMA synthesized ones. It is also noteworthy to mention that the Arg-
Cl_Ag/AgCl_NPs can be used as coating material since they tend to form
film-like structures.
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