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ABSTRACT: All over the world, one of the major challenges is
the green synthesis of potential materials against antimicrobial
resistance and viruses. This study demonstrates a simple method
like chemistry lab titration to synthesize green, facile, scalable,
reproducible, and stable synergistic silver chloride/benzyldime-
thylhexadecyl-ammonium chloride (AgCl/BAC) colloidal Nano-
antimicrobials (NAMs). Nanocolloidal dispersions of AgCl in an
aqueous medium are prepared by using silver nitrate (AgNO3) as
precursor and BAC as both sources of chloride and stabilizer,
holding an asymmetric molecular structure. The synthetic
approach is scalable and green. Both the morphology and stability
of AgCl/BAC nanocolloids (NCs) were investigated as a function of different molar fractions of the reagents. AgCl/BAC NCs were
characterized by transmission electron microscopy (TEM) and X-ray photoelectron and UV−vis spectroscopies. Zeta potential
measurements revealed increasing positive potential values at every stage of the synthesis. Size distribution and hydrodynamic
diameter of the particles were measured by dynamic light scattering (DLS), which predicted the formation of BAC layered structures
associated with the AgCl nanoparticles (NPs). Small-angle X-ray scattering (SAXS) experiments verify the thickness of the BAC
bilayer around AgCl. The produced AgCl/BAC NCs probably have synergistic antimicrobial properties from the AgCl core and the
biocide BAC shell. AgCl/BAC NCs stability over months was investigated. The experimental evidence supports the morphological
stability of the AgCl/BAC NCs, while higher positive zeta potential values anticipate a long-term antimicrobial effect: a higher
surface charge causes NPs to be potentially more lethal to bacteria. AgCl/BAC antimicrobial aqueous colloidal suspensions will be
used as additives for the industrial production of antimicrobial coatings.
KEYWORDS: nanoantimicrobials, biofilms, AgCl, colloids, antimicrobial resistance, BAC biocide, SAXS, synergistic

■ INTRODUCTION
The current SARS-CoV-2 pandemic and the misuse and overuse
of antibiotics by humans are raising fears of new pathogens such
as viruses or microbial-resistant bacteria. Alarmingly, more and
more infections are becoming resistant to antibiotics. The
emerging antimicrobial resistance (AMR) is considered one of
the biggest problems to health, food safety, and the economy,
leading to higher costs of medical care, prolonged hospital stays,
increase mortality rate, and higher unemployment. Recently, the
World Health Organization (WHO) outlined that currently
available and new-developed antibiotics are not enough to fight
against drug-resistant bacteria. On top of that, drug-resistant
infections are projected to be responsible for 10 million deaths
annually by 2050 worldwide.1 Unless we take action, we are
heading to a post-antibiotic era. This could be an urgent call to
put significant effort into innovating technology to prevent,
detect, inhibit, and eradicate consortium of bacteria so-called
biofilms. In this regard, research communities have drawn
attention to develop the next generation biocides and

technologies for destroying antibiotic-resistant bacteria and
biofilms by engineering the surface texture of nanomaterials.

Various types of NPs such as Ag, Cu, ZnO, CeO2, TiO2,
Al2O3, ZrO2, Si, SiO2, Au, CaO, MgO, ceramics, and zeolite are
well-known for their antimicrobial property,2,3 presumably
either double or triple heterostructure metal oxide based
nanocomposite could be considered as potential against
antibacterial resistance. Particularly, Ag-based materials attract
special attention as antimicrobial agent because AgNPs and ions
exhibit a wide range of bacteriostatic and biocidal activities
against viruses, fungi, and bacteria.4−10 Ag+ is found to be active
in destroying cellular enzymes and DNA by coordinating to
electron-donating groups such as thiols, carboxylates, amides,
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imidazoles, indoles, hydroxyls, and so on.11 Ag shows low
cytotoxicity depending on several factors such as size, shape,
coating, life cycle, concentration, dosing, particle agglomeration,
use of biosafety support, synthetic route, ion release property,
and so forth.12−16 Therefore, Ag-containing materials have been
used in real-life applications, for example, in biomedical
industries for surgical instrument treatment, dental materials,
surface modification of endoprostheses, food industries, wound
and burn dressing, additives, personal care products, domestic
products (air purifier system), and agricultural products.17−23

There has been extensive research on synthesis, characterization
and applications of AgXs (X = Cl, Br, I). The use of AgXs as
photographic materials,24,25 water splitting, removal of organic
wastes and harmful algae are well reported.26−28 It is also known
that nanostructured AgCl, in the presence of an excess of Ag
ions, can act as an effective catalyst in the generation of active
oxygen species.29 This feature is highly desirable and could be
effective against drug-resistant bacteria and biofilms. Remark-
ably, AgBr composite was found to be effective in killing both
airborne and waterborne bacteria; the AgBr composite surface
coating was able to inhibit biofilm growth. Moreover, the study
explored a controlled release of biocidal Ag+ ions from AgBr
composites.30 Several reports outlined the effective use of AgCl
NPs in biomedical, cosmetics, and food packaging applications
considering antibacterial behavior.31,32 Silver halides have the
potential to be NAMs by providing a tailored concentration of
biocidal Ag+ ions in an aqueous medium. Nonetheless, it is
known that AgX salts in pure crystalline form are unstable,33

whereas AgX salts in a dispersed state are considered stable.34

Colloidal stability, convenient synthetic route, nanosafety,
antimicrobial activity, and so on, are considered important
aspects for the real life application of AgCl NPs. Among many
known useful properties, Ag is recognized as an antimicrobial
element. Ag NPs is considered extremely shelf stable for long
periods of time. Compared to molecular antimicrobials, which
are generally targeted to specific organism classes, Ag-based
materials are active against diverse range of pathogenic bacteria,
fungi, algae, and possibly viruses. Another advantage of Ag
antimicrobials is that it can be effortlessly incorporated into
many materials such as textiles and plastics, making it especially
suitable and sustainable where antimicrobial activity is
desirable.35 The addition of Ag into personal health care
product improve hygienic and antimicrobial capacities, and treat
skin infection. Moreover, Ag-based dressing improved the
efficacy of standard wound dressing, and Ag has been a key
component for dental treatment for long time.36 The majority of
Ag-based antimicrobials contain elemental Ag, and this results in
very low rate of dissolution in aqueous environment.37 The use
of sparingly soluble AgCl salt in place of elemental Ag could
increase the level of control over the generation of biocidal Ag+,
by providing a constant concentration of bioactive Ag+ ions30,38

[Ksp (AgCl) 1.76 × 10−10 at 25 °C],39 while further modulating
the release of Ag+ into the target medium by introducing
potential polymer or substrate dispersing matrices.30 Appro-
priate solvents, surfactants, and polymers are frequently used to
improve the stability and antimicrobial activity of novel metal
NPs.40,41 In this context, polyvinylpyrrolidone (PVP-360) was
effective against aggregation of NPs,41 and various concen-
trations of polyethylenimine (PEI) showed a significant effect
against the agglomeration of colloidal AgNPs.42 Additionally,
poly(vinyl alcohol), poly(methyl vinyl ether), poly(ethylene
glycol), dendrimers, and polyamines water-soluble polymers
have already been used as stabilizers and protective agents for

metal colloids and NPs.43−47 Notably, AgBr nanocolloids were
prepared in aqueous medium, where a quaternary ammonium
compound, i.e. hexadecyltrimethylammonium bromide
(CTAB) cationic surfactant, acts as both the source of bromide
ions and the stabilizing agent. AgBr NPs are thought to be
stabilized by a CTAB layered structure.48 In this regard,
previously, Sui et al. studied the effect of CTAB on Ag NPs: the
differences between SAXS and TEM results explained the
CTAB-NPs interaction; they explored the thickness of CTAB
shell layers around NPs.49 Similarly, sodium dodecyl sulfate
(SDS), hexadecyltrimethylammonium chloride (CTAC), and
hexadecylpyridinium chloride (CPC) surfactants were used to
synthesize a AgCl colloidal suspension in aqueous medium and
opened the way to the possible use of BAC to prepare AgCl
colloids.41,50 BAC is an intrinsically safe material which is
frequently used as a cosmetic ingredient, biocide, germicide,
preservative, hand sanitizer, antiseptic, and disinfectant
agent.51,52 It has been widely used as a stabilizing surfactant of
metal NPs aiming at developing a synergistic antibacterial
compound.53 BAC is listed as antibacterial and novel
antituberculosis agent by the Johns Hopkins Clinical Com-
pound Library (JHCCL).54 Apparently, BAC exerts toxic effects
on bacteria, and acyl chain length distributions and the degree of
C−C saturation of BAC significantly impact on the antimicro-
bial activity against both Gram-positive and Gram-negative
bacteria.55 Specifically, aromatic moieties of BAC should
improve the stability of NPs because of their stacking abilities,
which can favor the formation of surfactant bilayers around the
NPs.48 However, to attract attention from the scientific
community and to find potential application, further experi-
ments and full characterization should be performed, finding
suitable reaction conditions, NPs size distribution, NPs surface
charge, chemical state, real-time AgCl formation, colloidal
sedimentation, long time stability, reproducibility, low cytotox-
icity, ion release property. The novelty of this paper is the green
and facile, cost-effective and scalable, reproducible synthesis,
and in situ characterization of stable synergistic AgCl/BACNCs
as alternative strategies in the development of nanoantimicro-
bials (NAMs) to slow down antimicrobial resistance and
possible inhibition of biofilms.

Particularly, in this work, a simple chemistry laboratory
titration technique was employed to synthesize stable synergistic
AgCl/BAC colloidal NAMs. In order to find the best conditions
for the production of AgCl/BAC NCs, four different stages of
synthesis, such as 10%, 50%, 100%, and 150% titration, were
carried out. In the reaction, presumably a silver cation reacts
with the chloride counterion of the BAC to form AgCl, while the
BA+ molecules act as a stabilizer. Interestingly, at every stage of
synthesis, the system is producing AgCl/BACNCs.Morphology
and size, AgCl/BAC formation and growth, zeta potential
measurement, understanding of core−shell structure, chemical
state, and stability of the AgCl/BAC NCs were investigated as a
function of different molar fractions of the reagents.

■ MATERIALS AND METHODS
Materials. Silver nitrate (AgNO3) and benzyldimethylhexadecyl-

ammonium chloride (BAC) were purchased from Sigma−Aldrich
(Milan, Italy). Milli-Q water was used throughout the experiments.
Synthesis of AgCl/BAC NCs. Nanocolloids of AgCl/BAC were

prepared by titrating an aqueous solution of AgNO3 into an aqueous
BAC solution. Samples were collected at different stages of synthesis for
characterization. In brief, a stock solution of 1 mM AgNO3 and 1 mM
BAC were prepared in Milli-Q water. Using a P1000 micropipette, a
AgNO3 titrating solution was added dropwise (12 drops per minute) to

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.2c00207
ACS Appl. Bio Mater. 2022, 5, 3230−3240

3231

www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the BAC solution under continuous stirring at room temperature.
Different fractions of AgNO3 solution were added into BAC solution,
i.e., 10%, 50%, 100%, and 150% molar ratios. Light milky color was
visible upon addition of Ag ion into BAC surfactant solution, which was
a preliminary signal of the formation of AgCl/BAC NCs. The AgCl/
BAC containing solution kept under magnetic stirring for 5 min after
complete addition of required amount of AgNO3 solution into BAC
solution. The AgCl NPs can be isolated as powder form by means of
centrifugation at 10 000 rpm.
TEM Morphological Characterization. TEM analysis was

performed using a FEI Tecnai 12 instrument (120 kV; filament:
LaB6). NCs were drop-cast on copper grids (Formvar coated, 300
mesh, Agar Scientific) in the volume of 2 to 3 μL, for each AgCl/BAC
NCs (10 to 150%). Size distribution analysis was performed with
ImageJ software.
DLS and Zeta-Potential Measurements.The Zetasizer Nano ZS

instrument (Malvern Instruments, Ltd., Worcestershire, UK) equipped
with a 4 mW He−Ne laser and an automatic laser attenuator, and the
detector was an avalanche photodiode was used for DLSmeasurements
(at θ = 173°), as well as zeta-potential measurements (at θ = 12.8°).
The temperature was set to 25 °C. Two kind of experiments were
performed: (i) kinetic experiments and (ii) steady state experiments. (i)
Kinetic experiments were performed recording each correlogram for 10
s setting the minimum time in between measurements (resulting in a
sampling of ∼20 s); (ii) steady-state experiments were performed at the
final stage collecting three consecutive DLS (each of them averaged on
11 correlograms). The hydrodynamic radius (RH) was determined
using the Stokes−Einstein eq 1:

=R
k T

D6H
B

s (1)

where kB is the Boltzmann constant, T is the temperature, ηs is the
solvent viscosity, and D is the diffusion coefficient. The solutions were
filled into disposable folded capillary cells (Malvern Instruments), and
measurements were performed at a fixed scattering angle of 173° using a
laser interferometric technique (laser Doppler electrophoresis)
similarly to the kinetic and steady-state experiments described before
for the DLS. This technique facilitates determination of the
electrophoretic mobility. The electrophoretic mobility can be expressed
using Henry’s eq 2:56

=u (2 /3 )f( R)e r 0 s (2)

where ζ is the zeta potential at the particle surface, εr is the dielectric
constant of the medium, ε0 is the permittivity of the vacuum, and ηs
denotes the solvent viscosity. The measured electrophoretic mobility
values were averaged over three consecutive measurements. The ζ
values were calculated using the Hückel approximation.
SAXS Measurements. SAXS experiments were performed using a

pinhole-collimated system: SAXSLab Ganesha 300XL instrument
(SAXSLAB ApS, Skovlunde, Denmark) equipped with a Genix 3D X-
ray source (Xenocs SA, Sassenage, France). The scattering intensity,
I(q), was recorded with the Pilatus detector (Dectris Ltd., Baden,
Switzerland) located at two distinct distances from the sample, yielding
a scattering vector, q, range 0.003 Å−1 ≤ q ≤ 0.5 Å−1. Samples were
loaded in a 1.5 mm diameter quartz capillary and then sealed
(Hilgenberg GmbH, Malsfeld, Germany). An external JULABO

Figure 1.Typical TEM images and histograms of (a−c) AgCl/BAC (10%), (d−f) AgCl/BAC (50%), (g−i) AgCl/BAC (100%), and (j−l) AgCl/BAC
(150%) NCs.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.2c00207
ACS Appl. Bio Mater. 2022, 5, 3230−3240

3232

https://pubs.acs.org/doi/10.1021/acsabm.2c00207?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00207?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00207?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00207?fig=fig1&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


thermostat (JULABO, Seelbach, Germany) fixed to 25 °C controlled
the temperature. The two-dimensional (2D) scattering pattern was
radially averaged using SAXSGui v2.15.01 software to obtain I(q). The
measured scattering curves were corrected for the background
scattering.
Spectroscopic Characterization. Absorption spectra of the

AgCl/BAC NCs were carried out using UV−vis spectroscopy
(Shimadzu UV-1601), operating the spectrometer between 200 and
600 nm range, in quartz Suprasil cuvettes from Hellma Analytics
(Müllheim, Germany). X-ray photoelectron spectroscopy (XPS)
analyses were carried out using a PHI 5000 Versa Probe II Scanning
XPS Microprobe spectrometer (ULVAC-PHI Inc., Kanagawa, Japan).
The measurements were done with a monochromatised Al Kα source
(X-ray spot 200 μm), at a power of 50.3 W. Wide scans and detailed
spectra were acquired in fixed analyzer transmission (FAT) mode with
a pass energy of 117.40 and 46.95 eV, respectively. An electron gun was
used for charge compensation (1.0 V 20.0 μA). Calibration of the
binding energy (BE) scale was performed by fixing the aliphatic
component of the C 1s signal (BE = 284.8 ± 0.1 eV) as reference. Data
processing was performed by using the MultiPak software v. 9.9.0.8.

■ RESULTS AND DISCUSSION
Characterization of AgCl/BAC NCs. The AgCl NCs with

synergistic antimicrobial effect were synthesized in aqueous
medium by the reaction of AgNO3 and BAC reagents where
silver cation reacts with the chloride counterion of the BAC,
producing a AgCl core and a BA+ shell structure. In the system, a
AgNO3 aqueous solution was slowly added into BAC solution,
observing a transparent solution color changes to light milky
color, deducing the production of AgCl NCs. Indeed, adapting
an extremely diffused titration approach to the controlled
production of aqueous colloidal antimicrobial particles paves the
way for the simple, scalable, and green production of
antimicrobial colloids, to be used as additives in several
technological applications.

The AgCl/BAC morphological characterization was carried
out by TEM. Typical micrographs of NPs obtained at four
different AgCl/BAC ratios are shown in Figure 1 and confirm
the presence of spheroidal AgCl NPs with average diameter of
20 to 30 nm.57 However, the distribution of particles around
such an average varies depending on the reaction conditions. At
10% titration, the starting of the process, the size distribution of
the AgCl NPs is found to be polydisperse with two small peaks at
20−30 nm and at 5−10 nm (Figure 1a−c), which probably
refers to the formation of a lower number of stable AgCl where
BAC micelle are supposed to be dominating. This phenomenon
is ascribable to the early stage of the reaction indeed as the
reaction progress the multiple distribution is converted into two
populations. Upon degree of titration, at 50% titration, higher
number of stable polydisperse AgCl NPs with two different
average size distribution where one still remaining in higher
number in the size range between 20 to 30 nm, as can be seen in
Figure 1d−f. At 100% titration with increasing the concentration
of AgNO3, a decrease in particle size below 10 nm (Figure 1g−i)
was observed in higher number, which could be due to the
increase in the number density of the particles and limiting the
surfactant molecules in providing sufficient protection to the
larger number of NPs. Whereas, 150% titration (Figure 1j−l) is
considered a highly unstable stage in producing AgCl/BACNCs
because an excess amount of AgNO3 might overcome the
surfactant molecules’ shell around the AgCl NPs which causes
Ag ions uncovered; consequently, the photodecomposition
occurs under visible light.

Nonetheless, further investigation is needed in order to
confirm our hypothesis on the formation of BAC around AgCl

NPs by evaluating the hydrodynamic radius of AgCl/BAC NPs
including AgCl inorganic core and BA organic shell (surfactant
molecules) as can be seen in Figure 2. Dynamic light scattering

(DLS) measurements suggest the formation of BAC layered
structures as shell around the AgCl NPs core, since the number-
weighted hydrodynamic diameter, dH = 2RH (Figure 3a), is more
than 3 times higher than the TEM diameter (Figure 1).
Divergence between DLS and TEM size determination of
inorganic nanoparticles is well-known, DLS mean diameter
should be 20−30% higher than TEM mean size.58,59

Figure 3a shows DLS size distribution of NCs for different
AgCl/BAC ratios. The sharp peak of size distribution indicates
that the system started showing a narrow size distribution and
particles were same size and uniform at 50% titration, which also
supports the statement of the formation of higher number of
stable AgCl NPs (well agreement with TEM histogram as shown
in Figure 1f) than at 10% titration wheremicelles are dominating
over a limited number of AgCl NPs. The system should reach
stoichiometric completion at 100% titration, which presumably
indicates the absence of excessive Ag ions and chloride. In the
experiment, 1 mM BAC is used, which is lower than the BAC
critical micellar concentration (CMC) (5 and/or 5.2 mM).60−62

DLS and zeta potential measurements of bare BAC solution at
the same concentration (1 mM) can be seen in Figure S1. The
derived count rate, i.e. absolute intensity, for the BAC sample is
500 ± 30 kcps, while the derived count rate for the AgCl/BAC
(50%) goes from 28 000 to 350 000 kcps (Figure 7), aggregates
in the BAC at 1 mM are negligible with respect to our purpose.
According to the maximum number % of size and zeta potential
plot (Figure 3b), the system had an optimum condition at 50%
titration. The number-average diameter values of AgCl/BAC
(10%), AgCl/BAC (50%), AgCl/BAC (100%), and AgCl/BAC
(150%) NCs were 161 ± 10, 65 ± 5, 121 ± 16, and 95 ± 7 nm,
respectively (Table 2). Besides, zeta potential measurements
were performed to find the overall surface potential of NPs
because of the result of different amounts of counterions, which
could bring the information on bioactivity of AgCl/BAC NCs.
Noticeably, higher positive zeta potential values more than 50
mV were found at every stage of the synthesis, which provide
information on the long time stability of NCs considering the
rule of thumb that zeta potential values higher than 30 mV are
sufficient to prevent colloid aggregation.63 However, the system
predicts a long-term antimicrobial effect as higher surface charge
causes NPs to be more lethal to bacteria.64,65 This statement is
valid except for 150% titration, where an excess of AgNO3 might
cause a reduction of zeta potential value.

In the following, SAXS measurements are proposed to
elucidate this discussion (Figure 4). The 1D-averaged SAXS

Figure 2. Schematic model for AgCl NPs stabilized by BA+ molecules.
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profiles of 50, 100, and 150% titration in Figure 4 can be

interpreted in terms of polydisperse core−shell spheres, where

the form factor ⟨P(q)CS⟩ is66
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Here, <P(q)CS> describes the nanoparticles, modeled as
polydisperse spheres having an average core radius <RC> and an
average thickness ⟨δ⟩, a polydispersity is applied to both with a
Shultz distribution.67 ϕ is the volume fraction of the particles, VS
andVC are the volume of the whole particle considering as radius
the sum of the core radius and the shell thickness (RC+δ) and the
core radius, RC, respectively. ρC, ρCS, and ρsolv are the scattering
length densities of the core, shell, and solvent, respectively. b is
the background. Table 1 reports all parameters. The radius of
gyration of a core−shell particle can be obtained by using eq 4.
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There are several important observations from the SAXS data:
(i) The core radius decreases with increasing particle density in
agreement with TEM (Figure 1) and literature;68 (ii) From
AgCl/BAC (50%) to AgCl/BAC (100%), the shell thickness
adopted is very close to a BAC bilayer; (iii) Polydispersity
increases by increasing the AgNO3/BAC ratio; (iv) At AgCl/
BAC (50%) and AgCl/BAC (100%) samples, there is a

Figure 3. (a) Size distribution by number % and (b) maximum number % of size and zeta potential values of AgCl/BAC (10−150%).

Figure 4. 1D averaged small-angle X-ray scattering profiles of AgCl/
BAC (50%), AgCl/BAC (100%), and AgCl/BAC (150%). The solid
lines are the core−shell sphere model fitting profiles, while the inset is
the I(q) profile of AgCl/BAC (50%) divided for the corresponding
model profile.

Table 1. Parameters Utilized in eq 3 to Simulate Scattering Profiles of Figure 4a

samples AgCl/BAC (50%) AgCl/BAC (100%) AgCl/BAC (150%)

volume fraction, ϕ 3 × 10−6 3.8 × 10−6 3.4 × 10−6

core radius, RC 390 Å 250 Å 220 Å
polydispersity of RC 15% 22% 25%
shell thickness, δ 42 Å 42 Å 42 Å
polydispersity of δ 15% 22% 25%
SLD core, ρC 42 × 10−6 Å−2 42 × 10−6 Å−2 42 × 10−6 Å−2

SLD shell, ρS 9.25 × 10−6 Å−2 9.25 × 10−6 Å−2 9.25 × 10−6 Å−2

SLD solvent, ρsolv 9.46 × 10−6 Å−2 9.46 × 10−6 Å−2 9.46 × 10−6 Å−2

radius of gyration, Rg 302 Å 226 Å 203 Å

aThe radius of gyration is obtained by using eq 4.
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secondary structure superposed to the form factor of the
nanoparticles ascribed to BAC micelles. Finally, Rg is close to
the TEM size estimation in the error bar.

It is thought by scientists that quaternary ammonium
chlorides’ (QACs) surfactant molecules may stabilize metal
clusters through binding of headgroups on the particles surface.
In this regard, Sui et al. showed that the binding between QAC
and Ag surface occurs via headgroups in aqueous medium.69

This situation could be real as to the presence of excess of
chloride ion, namely, in 10%, 50%, and 100% titration stage.
Herein, the positive zeta-potential and the SAXS evidence
presumably refers that the head of one BAC interacts with the
surface of the Ag, while the tail is interacting with the tail of a
second BAC molecule (Figure 2) resulting in a final positively
charged surface because of the head of the second surfactant. In
the case of 50%, the excess free surfactant leads to surfactant
micelles that can be observed in the SAXS profile surface
because of the head of the second surfactant.

UV−vis absorption spectra of AgCl/BAC are found to be well
in agreement with DLS data and confirm the presence of AgCl
for all fraction of AgCl/BAC NCs which can be seen in Figure
5a. Colloidal dispersion exhibited strong and intense peak at
around 260 nm and absorbance increases apparently with
increasing percentage of titration. At 10% titration, the
wavelengths at 256 ± 2 nm, 262 ± 2 nm, and 268 ± 2 nm
might be arising from BAC aqueous solution. The absorption
spectrum of AgCl/BAC (10%) is almost identical to the bare

BAC solution. In this system, likely few and small AgCl NPs are
surrounded by BACmolecules. A strong and intense peak at 256
± 2 and 268 ± 2 nm was observed, respectively, at 50% and
100% titration, which could be attributed to the presence of
BA+-coated AgCl NPs.50,70,71 The large bands appearing around
260 nm from 50% to 150% samples, probably due to the
formation of higher number of stable AgCl (a hypothesis which
is in agreement with TEM and DLS), which is intrinsic
absorption of AgCl.72 At 150% titration, the peak at around 270
nm appeared faint, which could be due to a lower amount of
BAC molecules in providing sufficient protection to the larger
number of AgCl NPs and the presence of an excess of free Ag+
ions. In principle, AgCl NPs have high direct and indirect band
gap, resulting in no absorbance in the visible region but
exhibiting a strong signal in the ultraviolet region (200−300
nm).72−75 Further, the optical band gap is calculated by plotting
the relation between (εhv)2 and hv (Figure S2). From the
intercept and slope of the linear part of the plot the direct band
gap for AgCl/BAC (10%), AgCl/BAC (50%), AgCl/BAC
(100%), AgCl/BAC (150%) was estimated to be around 5.6 eV,
which is in agreement with the values of the AgCl NPs band gap
reported in the literature (5.6 eV).75,76 It is worth noting that, at
every stage of reaction, colloidal dispersions containing AgCl do
not exhibit a surface plasmon resonance peak (SPR) around 400
nm, which implies that BAC stabilizing agent protects the AgCl
colloids from photo reduction to Ag0. Furthermore, light milky
color (Figure 5b inset) is found to be visible upon addition of
AgNO3 into BAC surfactant solution, which is also in agreement
with the formation of AgCl/BAC NCs.

Further information on the chemical state of AgCl/BAC is
provided by XPS analysis. AgCl/BAC surface chemical
speciation was achieved by fitting both Ag main photoelectronic
and Auger signals (Figure 6a,b). The analyzed results are
summarized in Table 2. The modified Auger parameter (α′),77
calculated as the sum of binding energy BE(Ag 3d5/2) and the
kinetic energy KE(Auger) of the M4N45N45 sharpest peak, was
used to assess the AgCl/BAC surface chemical speciation. The
α′ value of AgCl/BAC (50%) is found to be in agreement with
the presence of AgCl (723.8 ± 0.5 eV)78 and Ag2O (723.8 ± 0.3
eV),79 while Ag 3d5/2 centered at 367.6 ± 0.1 eV (Figure 6a) also
represents AgCl phase.80,81 C 1s spectrum of AgCl/BAC (50%),
reported as Figure S3 in the Supporting Information, shows
three different chemical components. The first peak can be
attributed to the C−C, C�C, and C−H aromatic bonds with
characteristic binding energy of (284.8 ± 0.2 eV).82 The second
peak may be assigned to the carbon atoms bonded to nitrogen in
C−N bonds at (285.9 ± 0.3) eV, or C−OH from environmental
contamination. The third peak may be ascribed to the carbon
atom of the C�O bond, arising from adventitious contami-
nation. In terms of AgCl/BAC (10%), AgCl/BAC (100%), and
AgCl/BAC (150%) NCs, Ag 3d5/2 showed peaks at 367.8 ± 0.1
eV, 367.8 ± 0.1 eV, and 367.6 ± 0.1 eV, respectively, which

Table 2. Analysis of Ag 3d and Cl 2p Photoelectron Peaks, Ag MNN Auger Peaks, and Z-Average for AgCl/BAC (10%), AgCl/
BAC (50%), AgCl/BAC (100%), and AgCl/BAC (150%) NCsa

Ag 3d5/2 (eV) Cl 2p3/2 (eV)

α′ (eV) Z-average (nm)samples including error with reference values including error with reference values

AgCl/BAC (10%) 367.8 ± 0.2 367.8 ± 0.1 198.9 ± 0.2 198.9 ± 0.5 724.4 ± 0.3 161 ± 10
AgCl/BAC (50%) 367.6 ± 0.2 367.6 ± 0.1 199.4 ± 0.2 199.4 ± 0.2 723.8 ± 0.3 65 ± 5
AgCl/BAC (100%) 367.8 ± 0.2 367.8 ± 0.1 199.5 ± 0.3 199.5 ± 0.2 724.2 ± 0.3 121 ± 16
AgCl/BAC (150%) 367.6 ± 0.2 367.6 ± 0.1 199.3 ± 0.3 199.3 ± 0.2 724.0 ± 0.3 95 ± 7

aStandard error was calculated on the basis of three different spot values.

Figure 5. (a) UV−vis absorption spectra of BAC, AgCl/BAC (10%),
AgCl/BAC (50%), AgCl/BAC (100%), and AgCl/BAC (150%). (b)
Color changes of AgCl/BAC NCs at different titration stages (10−
150%).
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indicate the presence of AgCl in the NCs. Moreover, the α′ of
AgCl/BAC (10%) (724.4 ± 0.5 eV), AgCl/BAC (100%) (724.2
± 0.5 eV), and AgCl/BAC (150%) (724.0 ± 0.5 eV)
corroborate the hypothesis of the formation of AgCl in the
system at every stage of reaction.80,81 However, the acquired Ag
3d core photoelectron peaks and α′ values of the AgCl/BAC
NCs also indicate the presence of Ag2O, which is ascribable to
the storage condition due to oxygen absorption by AgCl samples
at the solid state. This result is not unexpected upon air exposure
and does not affect the real-life application of the as-prepared
AgCl/BAC NPs, which will release biocidal Ag+ ions into the
surrounding medium as well, aiming at a long-lasting
antimicrobial effect.
Kinetics Growth, Stability, and Antimicrobial Property

of AgCl/BAC NCs over Time. According to TEM and DLS
characterization of AgCl/BAC NCs, AgCl/BAC (50%) was
found to be best ratio in terms of stability and particle size, with
an average diameter of 30 nm as observed by TEM. A
hydrodynamic radius of 65 nm (number-average), including
the core AgCl and the BA+ shell, and a higher positive zeta
potential value were found. Moreover, presence of optimum
number of Ag+ ions in AgCl/BAC (50%) might be effective in
producing reactive oxygen species while extra sufficient aromatic
moieties of BAC can improve stability of AgCl NPs. The balance
between Ag+ ions and BAC moieties is achieved in AgCl/
BAC(50%) stage of reaction. Therefore, the kinetics of the
AgCl/BAC NPs growth in AgCl/BAC (50%) system was
studied by DLS as a function of time. AgCl/BAC (Z- average 65
± 5 nm) started forming within 50 s of reaction and remained
stable in particle size between 50 and 70 nm Z-average as can be
seen in Figure 7. In the meantime, the stability of the colloids is
evaluated by checking the stability of the derived count rate vs
time from repeated DLS measurement of colloids. Aggregation
of NPs in colloidal solution could bemonitored by observing the
sedimentation of colloids. Observation of NPs sedimentation in
colloids is also useful to understand the size distribution and
stability of NPs in colloidal solution.83,84 Sedimentation of
colloids is a natural phenomenon occurring in colloidal
solutions; the NPs sedimentation rate is dependent on
particle/aggregate size and density. In aqueous solutions,
surfactant addition should lower the sedimentation rates
because of its stabilizing effect with respect to aggregation.85

In this view, at the AgCl/BAC (50%) colloidal system, an
increasing derived count rate with less fluctuation (Figure 7)
explained the much slower sedimentation rate.

NPs and bacteria interaction is driven mostly by van der
Waals, dipole, and electrostatic interactions. The bacteria−NPs
electrostatic interactions are strongly dependent on surface
potential differences. Most of the bacteria exhibit a negative zeta
potential.86 Hence, it is vital to measure the surface potential of
AgCl/BAC NPs. To evaluate the long-term stability, a 30-days-
aged AgCl/BAC(50%)NCs sample was compared with a freshly
prepared one. A minor change in size distribution curve was
noticed, as shown in Figure S4a. Hence, the AgCl NPs retain RH
for a long time. The zeta potential value is found at 51.5 ± 2.5
mV and 46.5 ± 2.0 mV for fresh and aged samples, respectively,
as shown in Figure S4b. In colloidal systems, electrostatic
interactions among NPs is considered an important parameter
to determine colloidal stability.63 With this view, 60-days-aged
AgCl/BAC (50%) NC was subjected to TEM characterization.
The TEM images (Figure S5) of AgCl NPs provide information
on dipole and electrostatic interactions among NPs.87 NPs
organize in “lines” with negligible aggregation; this phenomenon
further confirms the presence of dipole interactions between
BA+-capped particles. Furthermore, UV−vis spectra (Figure
S6a) of fresh AgCl/BAC (50%) colloidal dispersion were
recorded and exhibited a strong and intense peak at 256 ± 2 nm,
and upon 90 days of storage, a minor shift of ∼8 nm was
observed. This means that BAC molecules still protect AgCl
from photodecomposition. Additionally, photographs (Figure
S6b, inset) compare fresh and aged samples, and aged samples
retain a light milky color even after 90 days of aging. The

Figure 6. (a) Ag 3d XPS and (b) AgMNN Auger spectra of AgCl/BAC (50%).

Figure 7. Kinetics of the growth of AgCl/BAC (50%) NCs derived
count rate Vs Time.
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advantage of limited solubility of AgCl enables the AgCl/BAC
system to be active for a long time. For instance, almost a year
aged AgCl/BAC (100%) NC was stored at room temperature
then the sample exposed to TEM characterization. Interestingly,
insignificant aggregation and electrostatic interaction among
AgCl NPs is observed as presented in Figure S7.

■ CONCLUSIONS
In this paper, we have proposed a green and facile route in
producing highly stable, reproducible, and scalable NAMs with
highly positive zeta potential values. TEM, XPS, and UV−vis
characterizations confirm the presence of AgCl NPs. Further-
more, TEM, DLS and UV−vis characterizations confirm a good
colloidal stability up to 90 days of storage, thanks to the presence
of BAC molecules which provide protection to AgCl NPs from
aggregation and decomposition. DLS was used to observe in real
time AgClNPs formation surrounded by BA+ species, along with
excess Ag+ ions. DLS size distribution and hydrodynamic
diameter, along with kinetics of the particle growth, predicted
the formation of BAC layered structures around NPs. The latter
was supported by SAXS measurements, which suggest the
formation of AgCl-BAC NPs as core−shell structures in the
aqueous medium. Further investigation on long-time aged
samples and frequently repeated experiments demonstrated the
stability and reproducibility of the AgCl/BAC NCs. Application
of the as-prepared AgCl/BAC NCs for the development of
antimicrobial water-insoluble hard coatings, in either bioactive
polymers or clay as substrates, providing slow-releasing active
phases, is planned. These material could have potential use
either in the production of active food packaging or biosafe
biomedical devices, with long-lasting antimicrobial properties.
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