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Capped silver nanoparticles (AgNPs) are used in many applications in the biomedical field because of
their unique structural flexibility. Herein, a viable chemical reduction synthesis method for AgNPs is
described employing ionic surfactants as stabilizing as well as capping agents. Stabilized AgNPs of a
quasi-spherical shape were obtained using silver nitrate (AgNOs) as a precursor and sodium borohydride
(NaBH4) as a reducing agent under multiple ionic micellar hierarchical approaches. UV-Visible
spectroscopy studies showed characteristic single and sharp absorbance peaks in the range 400 to
420 nm, which indicates the absence of the self-aggregation of AgNPs, whereas the FTIR results
indicated the surfactant functionalities responsible for the stability of the AgNPs. Micrographs of the
as-obtained AgNPs, obtained via electron microscopy (SEM, STEM), demonstrated a fine monomodal
collection of spherical nanoparticles of <15 nm, which was further confirmed by dynamic light
scattering (DLS) measurements. Moreover, the stability of the as-synthesized AgNPs was evaluated by
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determining the charge present on the surface, i.e., positive or negative, indicating the stability of the
monodispersed AgNPs against flocculation. The bactericidal ability of the surfactant capped AgNPs was

DOI: 10.1039/d0ma00408a checked by measuring the zone of inhibition using the agar-well diffusion method. The results indicated
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that CTAB-AgNPs and SDS-AgNPs showed enhanced bactericidal effects, whereas DDAB-AgNPs, DOSS-
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Introduction

Since ancient times, metal has attracted great interest as an
ornament or jewellery. In contrast, the nanostructures of these
metals have been of interest due to their larger surface area to
volume ratio, size, shape, and electrical properties, especially in
the field of biomedicine. Due to significant size-related per-
spectives, various metal nanoparticles (NPs) are being synthe-
sized and adopted for use."” Among the precious metal
nanoparticles, silver nanoparticles (AgNPs) have become the
focus of scientific attention because they have the ability to
interact with various biomolecules against a broad spectrum of
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AgNPs, and MES-AgNPs showed no significant activity against multidrug-resistant strains of bacteria.

bacteria and because of their fungicidal activity.® Although
scientists are fascinated by AgNPs due to their multifunctional
properties and their widespread uses in electronics,* the textile
industry,™® waste water treatment,” as potent disinfectants,®
and dentistry,” however, expansion of multidrug-resistant bac-
teria, being an alarming situation, has shifted the scientists’
attention to the use of AgNPs in biomedical applications.?

The AgNPs are being synthesized, physically and/or chemi-
cally, using multiple stabilizers with various protocols, ie.,
hydrothermal with nanocellulose,'® chemical reduction and
stabilization by dextran,"* and photochemical in the presence
of collagen.'” Despite all this, the stability of the NPs have been
a great concern which is related to the synthesis of AgNPs,
because of the expense and the harmful environmental impacts
of them being employed as stabilizers."?

Surfactants, and amphiphilic molecules, primarily function
as stabilizers and provide colloidal stability and prevent
agglomeration and excessive growth. In addition, it was also
found that these amphiphilic molecules acted as optimal
capping agents, thereby greatly improving the antibacterial
activity of the modified AgNPs. However, it is also evident that

This journal is © The Royal Society of Chemistry 2020
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the bactericidal and fungicidal properties are morphologically
dependent on the AgNPs. Fortunately, surfactants can be control
the morphology of colloidal NPs."*™® Although various silver
nanostructures such as silver nanorods, nanoplates, and trian-
gular shapes have been reported to enhance bactericidal proper-
ties, conversely it has been concluded from previous reports in
the literature that spherical AgNPs have a poorer bactericidal
performance compared to other shapes and morphologies.**"”*8

In the context of differential morphological dependent bacter-
icidal properties of AgNPs, the current work describes the
development of quasi-spherical AgNPs via a one-pot wet chemical
reduction route under multiple ionic micellar hierarchical
approaches. The purpose is to enhance the bactericidal efficiency
of spherical AgNPs. Different capping agents i.e., cetyltrimethyl-
ammonium bromide (CTAB), di-n-dodecyldimethylammonium
bromide (DDAB), sodium dodecyl sulfate (SDS), dioctyl sodium
succinate (DOSS), 2-mercaptoethanesulfonate sodium (MES)
are used (basic molecular structures are given in Table S1 (ESIT)).
The characterization of the synthesized AgNPs was accomplished
using UV-Visible, and Fourier transform infrared (FTIR) spectro-
scopies, DLS, and zeta potential measurements, whereas the
morphology of AgNPs was determined using scanning electron
microscopy (SEM) and scanning transmission electron micro-
scopy (STEM). The bactericidal activity against nine bacterial
strains was checked using the agar-well diffusion method, and
the zone of inhibition (ZOI) was determined accordingly. Based
on the data provided in this study, it was found that spherical
AgNPs show enhanced bactericidal efficiency when capped
with mono-alkyl ionic surfactants compared to capping with
the di-alkyl surfactant moiety.

Experimental section

Materials and chemicals

Silver nitrate (AgNO3, 99%) and sodium borohydride (NaBH,,
>98%) were purchased from VWR Chemicals. Cetyltrimethyl-
ammonium bromide (CTAB, >99%) was purchased from VWR,
di-n-dodecyldimethylammonium bromide (DDAB, 98%) from
Alfa Aesar, sodium dodecyl sulfate (SDS, >99%) from Duksan
Pure Chemicals, dioctyl sodium succinate (DOSS, 96%) and
2-mercaptoethanesulfonate sodium (MES) from Acros organics.
All the chemicals were of analytical grade and used as received
without any further modifications. Double distilled H,O was
used for the preparation of all the solutions.

Synthesis of capped-AgNPs

For the synthesis of AgNPs, AgNO; was used as the precursor of
silver ions, NaBH, was used as the reducing agent, and differ-
ent surfactants were utilized as capping agents. A portion
(2.0 mL) of AgNO; (1 wt%) was diluted to 100 mL with distilled
water. Then the optimal amount of each capping agent was
prepared in 100 mL of distilled water. The AgNO; and capping
agent (one per sample) solutions were then mixed together and
continuously stirred at room temperature, maintaining the
concentration of each surfactant, i.e., CTAB (2.0 mM), DDAB
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Fig. 1 The visual appearances of various capped-AgNPs.

(0.3 mM), SDS (9.0 mM), DOSS (3.0 mM) and MES (1.0 mM)
above their respective critical micelle concentration (CMC)
values. After 10 min, freshly prepared NaBH, solution (0.04 g
in 1 mL of H,0) was added dropwise, resulting in the formation
of capped-AgNPs. After all the NaBH, solution was added, the
reaction mixture was stirred overnight. At the end of the
reaction, a brownish colloidal solution was obtained, as shown
in Fig. 1. The as-synthesized capped-AgNPs were labelled as A1,
A2, A3, A4 and A5 for CTAB-AgNPs, DDAB-AgNPs, SDS-AgNPs,
DOSS-AgNPs and MES-AgNPs, respectively.

Characterization of capped-AgNPs

Spectroscopic measurements. The IR spectra of AgNO;, pure
surfactant solutions and as-synthesized capped-AgNPs at a
frequency range of 400-4000 cm ' were observed with a
Brucker Alpha series FTIR spectrometer. The characteristic
plasmonic peaks of the synthesized AgNPs were measured by
UV-Visible spectroscopy.

Particle size analysis. A Malvern Instruments, Nano ZSP
Zetasizer was used to record the average particle size, polydis-
persity index (PDI) and zeta potential of the capped-AgNPs. At a
temperature of 25 °C, a clear disposable zeta cell was used to
measure the size distributions of samples with a laser having a
wavelength of 635 nm.

Morphology of capped-AgNPs. The structural information of
the capped-AgNPs was assessed using a 15 kV FEI, Nova
NanoSEM 450 SEM equipped with an A-B mode STEM detector.
The sample was restricted by dripping it onto a carbon-coated
copper mesh and air-drying. After coating with a 1% ammo-
nium molybdate solution, it had swollen and was then dried for
10 s. It was further dried before the microscopic studies.

Antibacterial activity

The antibacterial activity of the synthesized AgNPs was measured
by an agar-well diffusion method. A suspension of microorgan-
isms with a concentration of 10°-10° colony forming units (CFU)
per well was used. The volume of the microbial inoculum was
distributed on the surface of the agar plate. A 5 mm diameter
hole in the agar was made with a sterile cork, and a volume of
synthetic AgNP dispersion was used as a sample. The culture

Mater. Adv., 2020, 1, 2332-2338 | 2333
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Table 1 Characterisation of the as-synthesized capped AgNPs
Concentration

Capping agent Jmax (NM) & (dm®* mol™" em™) x 10° (mol dm %) x 10~'* Particle size (nm) (-Potential (mV) PDI
CTAB 415 336.0 3.0050 5.50 + 0.50 16.8 0.183
DDAB 406 145.0 116.55 9.20 + 0.20 31.6 0.216
SDS 410 240.5 101.12 6.70 + 0.30 —-33.1 0.195
DOSS 414 336.0 36.690 4.50 £+ 0.50 —45.2 0.203
MES 406 145.0 99.240 11.30 £+ 0.40 —28.5 0.225

plate was incubated at 37 °C for 24 h, and then the ZOI was
evaluated visually to check for bacterial activity.

Results and discussion
UV-visible spectroscopy to measure plasmonic peaks

The UV-visible spectroscopy was utilized to obtain the absorption
spectra of AgNO; (precursor) and all the as-synthesized capped-
AgNPs, shown in Fig. 2(a). Optical and structural information
about the samples were also obtained from the electronic spec-
trum. The AgNO; showed a characteristic plasmonic peak at
302 nm."® The sample A1 (slightly yellow), A2 (yellow), A3 (orange),
A4 (light brown) and A5 (dark brown) (by eye indistinguishable
from the blank shown in Fig. 1), showed maximum absorption
at 415, 406, 410, 414 and 406 nm, respectively, as shown in
Fig. 2(a). A single plasmonic resonance peak was obtained for
each sample, which showed the uniformity of the particles
formed and a certain degree of monodispersity. Compared with
the absorption of AgNO;, the absorption of each nano-sample
was red-shifted, which confirmed the reduction of silver ions
and the formation of silver particles."® The concentration of
silver particles was calculated using Lambert-Beer’s law, and
the data obtained is given in Table 1.
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Fig. 2 UV-visible (a) and FTIR (b) spectra for AQNOz and capped-AgNPs.
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Infrared study

The FTIR spectroscopy was used to observe the presence of
functional groups and the changes in the peaks that occurred
due to the changes in the nature of the surfactants. The FTIR
spectra of AgNO; (precursor) and all the synthesized, capped-
AgNPs are shown in Fig. 2(b). In the spectrum of AgNO; solution,
two peaks were observed at 3223.11 and 1632.44 cm ™. Due to the
presence of the aqueous medium, a broad absorption peak was
observed at 3221.31 cm™*, which corresponded to O-H stretch-
ing. The peak at 1632.79 cm ™, corresponded to the stretching of
the N-O group. In the spectra of the synthesized silver dispersion,
the peak at 3223.11 cm™ ' became broader, whereas the peak at
1636.79 cm ™' underwent a red shift and a decrease in intensity
occurred. In the spectra of A1 and A2, two new peaks appeared at
1081.19 cm ™' and 1083.58 cm ™, respectively, corresponding to
C-N stretching. In the case of A3, A4 and A5, new peaks appeared
at 1084.60, 1087.22 and 1093.83 cm™ ', respectively, which corre-
sponded to the stretching vibration of the S—O group.
The spectra of the pure surfactant solution are also given in the
Fig. S1 (ESIt), which confirmed the change in the nano-sample
spectrum. The broadening, shifting and appearance of new peaks
in the spectra of the nano-samples indicated an interaction
between the surfactant and surface of the silver particles.”®
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Fig. 3 Particle size distributions (a) and zeta potentials (b) of surfactant capped AgNPs.

Dynamic light scattering study

The average particle size of the synthesized AgNPs was deter-
mined by a DLS technique. From the results, it was confirmed
that the sizes of the silver particles formed were in the nano-
meter range of 4-12 nm. The formation and capping of
the silver particles had already been confirmed by the results
of the UV-visible and FTIR techniques, respectively. As shown
in Fig. 3(a), in the presence of the capping agents CTAB,
DDAB, SDS, DOSS and MES, the average particle size of the
AgNPs is 5.5 + 0.50, 9.20 £+ 0.20, 6.70 £+ 0.30, 4.50 £+ 0.50 and
11.30 £ 0.30 nm, respectively.

Zeta potential

The zeta potentials of the synthesized AgNPs: A1, A2, A3, A4 and
A5 are plotted in Fig. 3(b). The surfactants were adsorbed on to
the surface of AgNPs through a hydrophobic interaction
between the hydrophobic groups of the surfactant and the
negative surface of the AgNPs. As reported earlier, the stability
of the AgNPs increased with the surface charge of AgNPs due to
the presence of surfactants.>® Anionic surfactants generated a
negative charge, whereas the cationic surfactants generated a
positive charge on the surface of the AgNPs.** The zeta poten-
tials of the nano-samples: A1, A2, A3, A4 and A5 were found to
be: +16.8, +31.6, —33.1, —45.2 and —28.5 mV, respectively. The
zeta potential, and hence the stability of the synthesized AgNPs
in the presence of the capping agent decreased in the order:
DOSS > DDAB > SDS > MES > CTAB. Compared with DDAB,
the AgNPs had a high stability when DOSS was present as a
dialkyl chain surfactant. Whereas, for the single alkyl chain,
SDS was a more suitable surfactant when compared to CTAB

This journal is © The Royal Society of Chemistry 2020

and MES, because the larger the charge value appearing on the
surface of the AgNPs the greater the stability of the particle.*!

Scanning transmission electron microscopy

The morphological information about the synthesized AgNPs
was obtained from the STEM and SEM micrographs, as shown
in Fig. 4(a, b) and (a’, b’), respectively. The photomicrographs

Fig. 4 STEM (a and b) and SEM (a’ and b’) micrographs of CTAB-AgNPs
(A1) (a and a’) and SDS-AgNPs (A3) (b and b’).

Mater. Adv., 2020, 1, 2332-2338 | 2335
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Fig. 5 The antibacterial activities of CTAB-AgNPs (A1) and SDS-AgNPs (A3): (a) zone of inhibition against B. subtilis, H. halofila, S. aureus, and
C. israelensis; and (b) comparative results of the zone of inhibition against Gram-positive and Gram-negative bacteria.

confirm that the synthesized surfactant capped-AgNPs (CTAB-
AgNPs and SDS-AgNPs) were quasi-spherical and monodis-
persed in nature. The SEM micrographs of the DDAB-AgNPs,
DOSS-AgNPs and MES-AgNPs are given in Fig. S2 (ESIt), which
depict the quasi-spherical shape and monodispersity of the
synthesized NPs.

Antibacterial activity

The in vitro antibacterial activity of the synthesized AgNPs was
tested against nine (9) strains of bacteria: Staphylococcus aureus
(S. aureus), Bacillus subtilis (B. subtilis), Klebsiella pneumoniae
(K. pneumoniae), Neisseria gonorrhoeae (N. gonorrhoeae), Halo-
monas halophila (H. halophila), Halomonas salina (H. salina),
Chromohalobacter israelensis (C. israelensis), Shigella sonnei
(S. sonnei) and Escherichia coli (E. coli). Table S2 (ESIt) shows
the measurements of the ZOIs for all the nano-samples with a
positive control (Streptomycin). The size of the sample taken
was 30 pL. It was observed that samples A1 and A3 showed
activity against seven (7) bacterial strains as shown in the Fig. 5.
Whereas, samples A2, A4 and A5 did not show any significant
bactericidal properties against the tested bacterial strains. It

can be seen that CTAB-AgNPs and SDS-AgNP were more active
against Gram-negative bacteria than Gram-positive bacteria.
This can be explained by differences in the peptidoglycan thick-
ness in the bacterial cell wall (Fig. 5a). Compared to Gram-
positive bacteria, Gram-negative bacteria have thinner cell walls,
as reported previously.”® Thus, the surfactant-capped quasi-
spherical AgNPs obtained have bactericidal properties due to
the fact that they interact with bacterial cells and cause their
destruction. According to previous reports, they affect the normal
function of bacterial cells by reacting with soft alkali and inter-
acting with respiratory enzymes, interact with bacterial cells,
inhibit bacterial growth, and change bacterial DNA.>**®
Although AgNPs exhibit antimicrobial properties compared
to other precious metal NPs, this ability is entirely dependent
on size and morphology of the particles. It can be confirmed
from the comparative literature (listed in Table 2°7?) that
spherical AgNPs have a lower bactericidal performance with
different methods in the presence of different stabilizers and
capping agents. However, in the current work, using surfac-
tants as capping agents, especially monoalkyl chain ionic
surfactants (i.e., CTAB and SDS), the bactericidal properties

Table 2 Comparison of spherical AgQNPs synthesized via various methodologies with variable size having bactericidal abilities against Gram-positive and

Gram-negative bacterial strains

Zone of inhibition (mm)

Reducing agent  Stabilizing/capping agent Shape Size (nm) Gram tve Gram —ve Ref.
Beetroot extract Spherical 15 19.00 7.000 26
Candida albicans (fungus) Spherical 60.88-65.57  14.00 16.00 27
Phlomis (plant extract) Predominantly spherical 25 14.70 14.90 28
Panax ginseng (leaves extract) Spherical 5-15 16.00 14.00 29
NaBH, Piper betle (leaf extract) polyaniline  Spherical 10-30 32.78 27.12 30
NaBH, PVP Spherical 15-50 — 1.500 17
Carboxymethyl cellulose Spherical 5-15 28.23 30.13 31
Bacillus brevis (bacterial strain) Spherical 41-68 15.00 17.00 32
NaBH, Starch Spherical 8+t4 7.000 7.700 23
NaBH, CTAB Quasi-spherical 5.50 + 0.50 18.50 16.00 This study
SDS 6.70 + 0.30 19.50 23.50

2336 | Mater. Adv., 2020, 1, 2332-2338
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of spherical AgNPs have been significantly enhanced, as shown
in Fig. 5.

Conclusions

A one-pot, wet chemical reduction method was used to synthe-
size monomodal, quasi-spherical surfactant-capped AgNPs
with an average diameter of <15 nm. The comparative stability
and bactericidal ability of capped-AgNPs were determined
using their zeta potentials and inhibition zone values, respec-
tively. The results show that among the di-alkyl chain surfac-
tants, DOSS (—45.2 mV) is more suitable than DDAB
(+31.6 mV), whereas among the mono-alkyl chain surfactants,
SDS (—33.1 mV) is more suitable than CTAB (+16.8 mV) and
MES (—28.5 mV). Compared to dialkyl chain surfactants, mono-
alkyl chain surfactants have stronger bactericidal capabilities.
Conversely, CTAB-AgNPs and SDS-AgNPs showed significant
activity against S. aureus (Gram-positive strain), with ZOIs of
18.5 and 19.5 mm, respectively, whereas against Gram-negative
strains, CTAB-AgNPs showed significant activity (ZOI of
23.0 mm) towards H. salina, and SDS-AgNPs showed activity
towards C. israelensis, with a ZOI of 23.5 mm. Although DOSS is
more suitable for the stability of the AgNPs, in contrast, AgNPs
capped with SDS and CTAB have a greater ability to inhibit
bacterial growth. Above all, the analyses show that surfactants
play a key role in enhancing the stability and bactericidal
capabilities of spherical AgNPs.
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