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The polyol process is a widely used strategy for producing nanoparticles from various reducible metallic

precursors; however, it requires a bulk polyol liquid reaction with additional protective agents at high

temperatures. Here, we report a water-based binary polyol process using low concentrations of high-
molecular-weight polyethylene glycol (100 000 g mol™, 2 wt%) and ethylene glycol (5 wt%). The

entangled conformation of the polyethylene glycol in water and the increased number of reducing sites

by the ethylene glycol cooperatively contributed to the stability and effectiveness of reduction reaction

and particle growth, producing uniformly sized silver nanoparticles (15.8 + 2.2 nm) with no additional

protective agents at a mild temperature of 80 °C. The measurement of particle size throughout the
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reaction and the dependence of the optical density of a silver colloidal solution on the concentration of

ethylene glycol revealed three stages of particle growth. The minimum inhibitory concentrations of the
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1. Introduction

The polyol process is a versatile method for producing fine
metallic particles using a poly-alcohol, mainly ethylene glycol,
as both a solvent and reducing agent.' The general mechanism
for this process involves the dissolution of metallic precursors
in the polyol liquid and the reduction of metallic cations
through an oxidation of the hydroxyls or a duplicative oxidation
of acetaldehyde, followed by the precipitation reactions—
nucleation and particle growth. Due to its rather high dielectric
constant, ethylene glycol readily dissolves many metal salts and
acts as a growing medium, generating particles in micrometer
and submicrometer sizes."> With the aid of protective agents
and by controlling for other factors such as temperature and the
concentration ratios of reagents, it is possible to lower the
particle size to nanometer scale. As a result, a wide spectrum of
metallic and bimetallic nanoparticles, including Ag, Au, Fe, Co,
Pt, Fe-Pt, and Au-Pd, have been extensively produced during
the last two decades using this polyol technique.*® In addition
to ethylene glycol, low-molecular-weight polyethylene glycol
melts (200-600 g mol ') were also found to have the capacity to
form silver nanoparticles.”’® The reducing capability of
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purified silver nanoparticles against four representative human and foodborne pathogenic bacteria—S.
aureus, P. aeruginosa, S. enterica, and E. coli—were 4.7, 2.3, 2.3, and 1.2 pg mL™%, respectively.

polyethylene glycol and the size of the resulting particles
depended heavily on its molecular weight and the reaction
temperature. Liquid polyethylene glycol with a low vapor pres-
sure was also used as a capture medium in the sputter deposi-
tion for synthesizing Ag and Au nanoparticles.'*?

The polyol process with ethylene glycol generally requires
high temperatures (160-298 °C), because at mild temperatures
its reducing reactivity is very weak. For example, at 80 °C, no
silver nanoparticles were formed within 1 hour,” and particle
formation at 120 °C (ref. 13) and 27 °C (ref. 14) took 22 hours
and 67 hours, respectively. Therefore, additional reducing
agents have been employed to facilitate the reduction reac-
tion."™ Moreover, ethylene glycol's inability to inhibit the coag-
ulation of nanoparticles necessitates the addition of stabilizers
such as surfactants, polymers, or ligands; an ethylene glycol-
poly(vinylpyrrolidone) system has been well established.>®***
The difficulty of balancing the need to control against the need
to promote the reaction persisted in the use of low-molecular-
weight polyethylene glycol melts as well. Controlling the reac-
tion and thus particle size by lowering the temperature resulted
in incomplete reduction, whereas elevating the temperature to
facilitate the reaction resulted in the formation of large, irreg-
ular particles.” Furthermore, the use of bulk polyol liquid and
additional protective agents, which requires multiple washing
to recover nanoparticles, would complicate the application of
the process in large-scale production in terms of cost and
adverse impacts on the environment. In an effort to develop an
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easier and more environmentally friendly polyol process, we
previously introduced a water-based polyol process using
a high-molecular-weight polyethylene glycol (100 000 g mol ™)
(PEG 100) as a reducing and protective agent.'® Its coiled
conformation in water played important roles in inducing the
reduction reaction and stabilizing particle growth, conse-
quently producing monodispersed silver nanoparticles with no
protective agents at a mild temperature (80 °C). Under the same
condition, lower-molecular-weight polyethylene glycols (2000
and 35000 g mol "), which failed to form the entangled
conformation, could not produce silver nanoparticles.

Many studies have agreed that tuning the morphology of
nanoparticles by the controlled synthesis is important to
improve their properties. The dependence of the antibacterial
property of silver nanoparticles on size, size distribution, and
shape is associated with their biocidal mechanisms. First, silver
nanoparticles are a source of antibacterial silver ions. Through
desorption from particle surfaces or the oxidation of zero-valent
silver under oxic conditions, silver ions are released into the
environmental media.”””* The released silver ions interact with
the functional groups (e.g:, thiol groups) of proteins and other
cell constituents and cause the K loss from the membrane.
These activities lead to overall functional defects in the micro-
organism.>** Silver ions are also known to interact with DNA
and disable its ability to replicate. Second, in addition to the
function of silver ions, silver nanoparticles themselves exert
cellular toxicity by direct physical attack. This process includes
the penetration of nanoparticles into the cell and binding onto
the surfaces of the cell wall and membrane.***” As a result of
such multiple mechanisms, smaller particles with narrower size
distribution and shapes with larger surface areas (e.g., trun-
cated octahedral), which promote the release of bioactive silver
ions and the nanophysical attack, further enhance biocidal
performance.'”>%>%-3>

This study was conducted with the main objective of devel-
oping a more effective, size-tunable water-based polyol process
to enhance the antibacterial property of silver nanoparticles. In
a previous publication,'® we demonstrated that PEG 100 alone
enabled to chelate silver ions in water to produce silver nano-
particles. However, due to the small number of hydroxyl
terminal groups, PEG 100 has limited reducing capability. To
increase the number of reducing sites, the present work intro-
duces a binary polyol process by blending ethylene glycol or low-
molecular-weight polyethylene glycols (400 and 2000 g mol ™)
with PEG 100. The greater effectiveness of this modified polyol
process was examined by references to the optical density of
colloidal solutions and the measurement of particle size as
a function of reaction time. The effect of the concentration of
ethylene glycol on the optical response of the colloidal solution
helped advance our understanding of the particle formation
mechanism in the polyol process, explanation of which was
incomplete in the literature. The antibacterial activities of
purified silver nanoparticles against four human and foodborne
pathogenic bacteria—S. aureus, P. aeruginosa, S. enterica, and E.
coli—were evaluated by measuring their minimum inhibitory
concentrations (MICs).
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2. Experimental

2.1. Materials

Silver nitrate (AgNO3, 99.9%) was purchased from J. T. Baker.
Ethylene glycol (99.8% denoted as EG) and polyethylene glycols
of three molecular weights (M = 400, 2000, and 100 000 g mol "
denoted as PEG 0.4, PEG 2, and PEG 100, respectively) were
purchased from Sigma-Aldrich (St. Louis, MO). All chemicals
were used without further purification. Deionized (DI) water
was used as the solvent.

2.2. Synthesis of silver nanoparticles

PEG 100 (2 g, 0.02 mmol based on number-average molecular
weight) was dissolved in DI water (98 g) to prepare a 2 wt%
solution. This aqueous solution was filtered using Whatman
No. 5 filtration paper and blended with EG or low-molecular-
weight PEGs (PEG 0.4 or PEG 2) of various weight ratios. The
prepared solution was then transferred to a three-neck round-
bottom flask with a stir bar. The three necks of the flask were
fitted with a swan-neck adapter that supported a thermometer,
a reflux condenser, and a rubber septum. AgNO; (0.05 g, 0.29
mmol) was dissolved in 25 g of DI water in a separate flask at
room temperature. While we kept the temperature of the binary
blend solution constant at 80 °C, the AgNOj; solution was added
dropwise using a syringe pump (model 210, Kd Scientific) with
a flow rate of 1 mL min~". After the AgNO; solution had been
added completely, the reaction was allowed to proceed under
constant stirring at 80 °C. The time for completing the addition
of the AgNO; solution was set at 0 min of reaction. The reaction
was continued for 2 h, which was long enough to observe the
three stages of particle growth in EG/PEG 100 binary solutions.
The reaction in an aqueous solution of PEG 100 alone was
denoted as a control. Purification of extremely small silver
nanoparticles was achieved using high-speed centrifugation
(Ultracentrifuge, Hitachi). The reaction solution was spun at
50 000 rpm for 30 min, which led to the complete sedimenta-
tion of nanoparticles, leaving a colorless supernatant liquid.
The collected particles were dispersed in DI water, spun at
30 000 rpm for 20 min, and redispersed in DI water. The
synthesis was repeated twice, and the formation of silver
nanoparticles was reproducible.

2.3. Characterization of silver nanoparticles

The viscosities of aqueous binary polyol solutions (EG/PEG 100
and PEG 0.4/PEG 100) at room temperature were measured with
a viscometer (LVDV-II + PRO, Brookfield) equipped with a UL
adaptor using a cylindrical geometry. The diameter of the
stainless steel spindle was 25.2 mm, and the gap between the
spindle and wall was 2.4 mm. The volume of sample measured
was 16 mL. The viscosity of all samples was constant under
shear rates that ranged from 12 to 73 s~ and thus zero shear
viscosity was determined.

The optical property of the colloidal silver nanoparticles
obtained at various stages of the reaction was monitored using
a UV-vis spectrometer (Cary 500, Varian). During the reaction,
1 mL of the solution was withdrawn using a syringe needle

This journal is © The Royal Society of Chemistry 2018
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through the rubber septum every ten min and diluted three-fold
with DI water. The three-fold dilution allowed the spectral
comparison of all samples studied. The absorption spectra of
the diluted solutions were recorded in a wavelength range of
200 to 800 nm using quartz curettes of 1 cm path length.

Micrographs of silver nanoparticles were obtained using
a transmission electron microscope (TEM, JEOL 2010) oper-
ating at 200 kV. A drop of a purified colloidal solution was
placed on a carbon-film-coated copper grid and dried. The
average particle size and the size distribution of silver nano-
particles were obtained by the analysis of the TEM micrographs
using Image ] software.*® At least 200 particles were measured.
Following the acquisition of TEM images, energy dispersive
spectroscopy (EDS) and selected area electron diffraction
(SAED) analyses were performed using the same accelerating
voltage (200 kv).

Zeta potential and particle size distribution of silver colloidal
solutions were obtained using a Nano-ZS90 zeta-sizer (Malvern
Instruments Ltd., UK) equipped with a 4 mW He-Ne laser (633
nm) and 90° collecting optics. Three replicate measurements
were analyzed using Malvern Dispersion Technology Software
4.20.

The concentration of silver was determined using an
inductively coupled plasma mass spectrometer (ICP-MS, Agilent
7500ce). The solution was dried down to 5 mL, digested with
aqua regia, evaporated, and dissolved in nitric acid. External
calibration was performed.

The MICs of silver nanoparticles against four microorgan-
isms, Gram-positive Staphylococcus aureus ATCC 6538
(S. aureus), Gram-negative Pseudomonas aeruginosa ATCC 15442
(P. aeruginosa), Gram-negative Salmonella enterica ATCC 10708
(S. enterica), and Gram-negative Escherichia coli ATCC 11229
(E. coli), were measured. Testing was conducted by Microchem
Laboratory (Round Rock, TX) following the standards outlined
by the Clinical and Laboratory Standards Institute. Briefly, test
microorganisms were prepared in a liquid culture medium, and
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suspensions of test microorganisms were standardized by
dilution in a Mueller-Hinton broth. The purified silver colloidal
solution (150 ug mL™") was serially diluted in a 96-well micro-
titer plate through the Mueller-Hinton broth. All wells were
inoculated with test microorganisms individually and incu-
bated at 36 °C £ 1 °C for 24 hours. The final well volume and
dilution range were 0.2 mL and 50-0.098%, respectively. After
the incubation period, the MIC was determined by identifying
the lowest concentration of silver in a well where no turbidity
was observed. Three replicates of the test were conducted.

3. Results and discussion

3.1. EG and low-molecular-weight PEGs

Fig. 1a shows the UV-vis spectra collected during the synthesis
of silver nanoparticles in an aqueous solution of PEG 100 alone.
At increments of 10 min, a sequence of spectra was obtained
until the reaction time reached 120 min. All the spectra were
characterized as a single peak centered at 430-437 nm, which
was absent for aqueous solutions of individual PEG 100 and
AgNO; (inset of Fig. 1a). The intensity of this peak continuously
increased as the reaction time increased. In accordance with the
spectral change, the initial colorless solution began developing
a yellow color during the introduction of AgNOj;, which became
darker as the reaction proceeded. The changes in UV-vis spectra
and color were attributed to the plasmon resonance of silver
nanoparticles generated by the interaction of their free
conduction electrons with the electric field of incident light.>*
The entangled conformation of PEG 100 in water chelated silver
ions to induce the reduction reaction through the oxidation of
its hydroxyl terminal groups to aldehyde groups and stabilized
the particle growth. Fig. 1b shows the plot of the wavenumber at
the maximum absorption intensity (Amax) as a function of
reaction time. The Apn.x shifted toward lower wavelengths
during the initial period of the reaction, but after 20 min it
remained relatively constant at around 430 nm.
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(a) UV-vis absorption spectra and (b) wavelength at the maximum absorption (Amax) Of silver colloid prepared in a 2 wt% aqueous PEG 100

solution at 80 °C as a function of reaction time. All absorption intensities were obtained with a three-fold dilution. The inset in (a) shows the UV-
vis absorption spectra of individual PEG 100 and AgNOsz aqueous solutions.
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Fig.2 UV-vis absorption spectra of silver colloids prepared in aqueous
PEG 100 and binary polyol (EG/PEG 100, PEG 0.4/PEG 100, and PEG 2/
PEG 100) solutions as a function of reaction time. The concentrations
of EG, PEG 0.4, and PEG2 in the corresponding binary solution were
determined based on the number of moles of hydroxyl groups (10
mmol). The absorption intensities were obtained with a three-fold
dilution.

To increase the number of reduction sites (i.e., hydroxyl
groups), ethylene glycol (EG) or low-molecular-weight PEGs
(PEG 0.4 and PEG 2) was blended with PEG 100 (PEG 100 alone
was denoted as a control). The concentrations of EG and low-
molecular-weight PEGs were adjusted to have the same
10 mmol of hydroxyl groups (10, 2, and 0.3 wt% for PEG 2, PEG
0.4, and EG, respectively), which was about 34 times greater
than the total number of moles of AgNO; introduced. Fig. 2
shows the intensity at Ayn.x obtained from control and binary
solutions as a function of reaction time. During the first half of
the reaction, no significant effect of extra hydroxyl groups on
the absorption was observed regardless of the size of the polyol
molecules. Beyond 60 min, however, the absorption intensities
for EG and PEG 0.4 exceeded the intensity for the control and
increased more steeply. The extent of this improvement was not
significantly different between EG and PEG 0.4. On the other
hand, the blend of PEG 2 suppressed the evolution of absor-
bance beyond 60 min, so that its intensity remained constant,
keeping it below the level of control intensity.

Motivated by the favorable effect of low concentrations of EG
and PEG 0.4 on the formation of silver nanoparticles, their
concentrations were increased. Fig. 3a and b show the UV-vis
absorption spectra measured by increasing the concentrations
of EG and PEG 0.4, respectively. As opposed to their spectral
similarity, which was shown at low concentrations (Fig. 2), EG
and PEG 0.4 exhibited considerably distinct spectra at higher
concentrations. For EG, the absorbance rapidly developed as its
concentration increased, particularly during the first 60 min of
the reaction. The absorption intensity for PEG 0.4, however,
remained almost the same throughout the entire reaction even
while increasing its concentration as much as 20%.
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View Article Online

Paper

To explain such distinctive optical responses from the EG
and PEG 0.4 binary polyol processes, the viscosity and mole
ratio of the hydroxyl group to ether oxygen were examined by
varying the concentrations of EG and PEG 0.4, as seen in Fig. 3¢
and d, respectively. These two binary solutions exhibit similar
viscosities with a linear concentration dependence of up to
10%, indicating that the translational property of the solution
was not an important contributor to their variable performance
in particle formation. An abrupt increase in viscosity observed
for 20% PEG 0.4 indicates the increased restriction in chain
mobility, which is likely to be induced by hydrogen bonding
between PEG 0.4 and PEG 100 as the concentration increased to
20%. The hydrogen bonding favored for PEG 0.4 was probably
due to its conformational interactions with PEG 100. The
resulting reduced accessibility to hydroxyls as reducing cites
was therefore responsible for the retarded evolution of absor-
bance for PEG 0.4 at the later stage of the reaction (Fig. 2). This
adverse chain-length effect was manifested by PEG 2, which
apparently stopped the evolution of absorbance after 60 min
(Fig. 2).

The mole ratio of the hydroxyl group to ether oxygen
explained much of the capability of binary polyol solutions to
produce silver nanoparticles. The hydroxyl groups of EG and
PEG 0.4 form hydrogen bonds with the ether oxygens of PEG
100. In the case of PEG 0.4, both intra- and intermolecular
hydrogen bonds with its own ether oxygens are also possible.
These hydrogen complexes are expected to interrupt the
oxidation of hydroxyl groups to aldehyde groups. As can be seen
in Fig. 3d, the mole ratio for EG increased linearly, reaching 14
at 20%, while the mole ratio for PEG 0.4 quickly leveled off at
above 2%, barely reaching 0.2. The excess of hydroxyl groups
relative to ether oxygens in EG binary polyol solutions facilitated
the reduction reaction of silver ions. The stabilization of the
number of available hydroxyls in the PEG 0.4 binary polyol
solution was considered responsible for insignificant or in
obvious concentration dependence of PEG 0.4 on the formation
of silver nanoparticles, as seen in Fig. 3b.

3.2. 5% EG binary polyol synthesis

It is apparent in Fig. 3a that increasing the concentration of EG
above 5% became less effective for enhancing absorbance
intensity after 60 min of reaction time. We focused thereafter on
the synthesis of silver nanoparticles in a 5% EG binary polyol
solution. The corresponding UV-vis spectra obtained by
increasing the reaction time are shown in Fig. 4a. Its evolution
pattern was substantially different from that of the control
(Fig. 1). In contrast to the slow, steady increase for the control,
intense enhancement occurred between 30 and 70 min for the
5% EG. It is also noticeable that, while the intensity increased,
the peak position shifted toward lower wavenumbers. This blue-
shift, which was more obvious in the plot of A,,,.x as a function of
reaction time (as seen in Fig. 4b), was associated with the
reduction of silver ions adsorbed on the surface of the
nanoparticles.™

Distinctively large drops in Amax were observed at 30-40 min
and 70-80 min. These step changes coincided with the slope

This journal is © The Royal Society of Chemistry 2018
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Fig.3 UV-vis absorption spectra of silver colloids prepared in agueous binary polyol solutions by varying the concentrations of (a) EG and (b) PEG
0.4. The absorption intensities were obtained with a three-fold dilution. (c) Viscosity of an aqueous binary polyol solution with varying the
concentrations of EG and PEG 0.4. (d) Mole ratio of hydroxyl group to ether oxygen in a binary polyol solution as a function of the concentrations

of EG and PEG 0.4.

changes in the plot of the corresponding absorbance versus
reaction time, signifying the existence of three distinct stages of
particle formation. Silvert et al*® and Slistan-Grijalva et al.,**
who synthesized silver nanoparticles in a bulk EG containing
PVP at 120 °C for 22 h and at 27 °C for 67 h, respectively,
proposed slightly different particle formation mechanisms.
Nucleation in the first stage, particle growth in the second stage,
and further growth by Ostwald ripening in the third stage were
proposed by Silvert et al., whereas simultaneous nucleation and
particle growth in the early stage and only particle growth in the
later stage were proposed by Slistan-Grijalva et al.

The three-stage particle formation identified in the UV-vis
spectra was further examined by measuring particle size as
a function of a reaction time, as seen in Fig. 5. The selected
particle size histograms and TEM micrographs that represent
each stage are presented in Fig. 6. Particle size increased during
the initial period of 0-30 min, indicating the coexistence of
nucleation and particle growth in Stage I. As will be discussed in
greater detail later, Fig. 3a shows that Stage I was greatly

This journal is © The Royal Society of Chemistry 2018

shortened as the concentration of ethylene glycol increased.
This major positive effect of the additional reducing sites on the
facilitation of nucleation and particle growth suggests that
particle growth in Stage I was dominated by the reduction of
silver ions adsorbed on the particle surface. The size histogram
and TEM micrograph of the particles formed at 10 min show
a relatively wide range of particle size (Fig. 6a). Instability in the
early reaction stage associated with accelerated nucleation was
likely to contribute to the broader size distribution.

In Stage II (30-70 min), particle size increased rapidly to
14.3 nm. The coalescence of small particles, which expedites
particle growth, was considered a predominant growth pathway
in this stage. As will be shown later (Fig. 7c), multiple crystal
domains observed in a particle support the coalescent process.
Very small particles present in Stage I became less observable. It
was interesting to observe that several particles assembled into
small chains. This linkage probably results from the coordinate
complexes of EG and/or PEG 100 with silver ions adsorbed on
the surface of particles.

RSC Adv., 2018, 8, 21937-21947 | 21941
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Fig. 5 Average size of pure silver nanoparticles synthesized in a 5%
EG/2% PEG 100 binary polyol solution as a function of reaction time.

As Stage III (70-120 min) was entered, the growth rate of
particles was substantially subdued, yielding a slope change.
This reduced growing rate indicates that the Ostwald ripening
process,** by which the dissolution of smaller particles followed
by deposition on the larger particles, took over as the major
growth mechanism. The distribution of particle size in Stage III
(Fig. 6¢) was narrower than in Stages I and II.

Revisiting Fig. 3a shows that the concentration of EG greatly
altered the development of the reaction stage. Higher concen-
trations of EG further shortened the durations of Stages I and II.
The excess hydroxyl groups from EG facilitated the nucleation
and reduction of silver ions adsorbed onto the particle surface,
contributing to the surface reduction growth. The lack of
hydroxyl groups for the control, PEG 0.4 (2-20%), and 0.3% EG

21942 | RSC Adv., 2018, 8, 21937-21947

resulted in confining only Stage I throughout the entire reaction
studied. The comparison of the optical response behavior
across various EG concentrations indicates that the blend of EG
of more than 5% (about 4 mole hydroxyl/ether oxygen) became
less effective in promoting particle formation. In particular,
little changes in absorption during Stage III above 5% EG
indicate that particle growth in Stage III did not rely on the
surface reduction as much as it did in Stage II. This supports the
notion that the particle growth observed in Stage III proceeded
mainly through Ostwald ripening rather than through the
surface reduction.

3.3. Stability of silver nanoparticles

The reaction in a 5% EG/2% PEG 100 binary polyol solution at
80 °C for 120 min yielded 32 + 6% conversion into silver
nanoparticles. Fig. 7(a)-(c) show the TEM micrographs of the
corresponding final product at various magnifications.
Uniformly dispersed silver nanoparticles that were 15.8 +
2.2 nm in diameter were produced in an aqueous solution.
Careful observation of a particle shows that it formed a deca-
hedral structure, wherein the twinned crystals display five-twin
boundaries (Fig. 7c). The EDS spectrum of the nanoparticles
shows silver signals (Fig. 7d). The Cu signals were originated
from the TEM copper grid. The corresponding SAED pattern
displayed in Fig. 7(e) shows concentric rings with intermediate
bright dots, which were attributed to the diffraction from the (1
11),(200),(220),and (3 1 1) planes of the face-centered cubic
(fce) structure of elemental silver according to the database of
Joint Committee on Powder Diffraction Standards (JCPDS) file
no. 04-0783. These results confirmed the formation of
elemental silver nanoparticles.

The stability of purified silver nanoparticles (dispersed in DI
water) was examined by recollecting a UV-vis spectrum after 6

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Particle size histograms and TEM micrographs of silver nanoparticles produced in a 5% EG binary polyol solution at (a) 10, (b) 50, and (c)

100 min. The distribution of particle size was estimated by a normal distribution.
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Fig.7 Characterization of the final product of silver nanoparticles obtained by the 5% EG/2% PEG 100 binary polyol process at 80 °C for 120 min.
(a)—(c) TEM micrographs at various magnifications. The boundaries of a penta-twinned silver nanoparticle were indicated using a red dot line. (d)
EDS spectrum. (e) SAED pattern, revealing characteristic lattice spacings of metallic silver, which were indicated using a red solid line.

years of storage at room temperature. Fig. 8(a) shows that a 6
year-old colloidal solution exhibited almost the same optical
response as the colloidal solution immediately following the
reaction (denoted as 0 min of storage), indicating its remark-
able stability. Consistently, the Zeta potential of this colloidal
solution was —17.2 + 2.1 mV (Fig. 8b). This relatively high
negative Zeta potential suggests that PEG 100 and/or EG bound
onto the surface of nanoparticles, leading to interparticle
repulsion. The inhibited particle aggregation was also sup-
ported by the measurement of particle size distribution.
Fig. 8(c) shows that the average particle size (32.1 + 3.5 nm)
after 6 years of storage obtained by the dynamic light scattering
did not differ greatly from the earlier measurement (15.8 + 2.2
nm) by TEM. Therefore, the EG/PEG 100 binary polyol process is
considered to be an appropriate method for producing silver
nanoparticles with enhanced colloidal stability.

21944 | RSC Adv., 2018, 8, 21937-21947

3.4. Minimum inhibitory concentration

The MICs of silver nanoparticles, which were produced by the
5% EG/2% PEG 100 binary polyol process, for four representa-
tive human and foodborne pathogenic bacteria were measured.
The results of the MIC test are presented in Fig. 9. The photo-
graphs of the serially diluted testing solutions show that the
inhibition of bacterial growth, which was indicated by no
turbidity, was observed until the fifth, sixth, and seventh well
from the left (that is the highest concentration, 75 pug mL ™),
respectively, for S. aureus, P. aeruginosa, S. enterica, and E. coli.
Their MICs were 4.7, 2.3, 2.3, and 1.2 pg mL™ " (27.7, 13.5, 13.5,
and 7.1 puM), respectively, in all three replicates. These MICs
were smaller than the values reported in the literature.>** The
reduced MICs were attributed to the smaller size of the nano-
particles that were uniformly produced in the binary polyol
system. The size dependence of antibacterial effectiveness was

This journal is © The Royal Society of Chemistry 2018
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them in DI water: (a) UV-vis spectrum, (b) Zeta potential, and (c) size distribution after 6 years of storage at room temperature.

also observed in other studies.”*** Silver nanoparticles with 4-
6 nm in diameter, which were synthesized using a combination
of the sputter deposition technique and PVP-glycerol, displayed
complete growth inhibition of E. coli and S. epidermidis, which
generally occurs on the skin and mucous membranes of
humans.?*** The enhanced biocidal activity of smaller particles
seems reasonable because they not only produce a higher
concentration of silver ions due to the increased surface-area-to-
volume ratio, but also readily reach bacteria proximity. The
dissolution rate of silver for 5-10 nm particles was much greater
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than that for 50 nm particles in natural waters."” According to
examination by high-angle annular dark-field scanning TEM,
a direct interaction with Gram-negative bacteria was predomi-
nant for silver nanoparticles that were less than 10 nm in size as
compared with larger particles.*

The MIC for Gram-positive S. aureus was approximately twice
as large as those for Gram-negative P. aeruginosa, S. enterica,
and E. coli, showing that the antibacterial activity of silver
nanoparticles depends at least in part on the type of bacteria
that are exposed to it. The comparison of bactericidal activity
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(@) Photographs of the antibacterial activities of purified silver nanoparticles with a series of decrement concentration (50-0.0977%)

against (a) S. aureus, (b) P. aeruginosa, (c) S. enterica and (d) E. coli. The turbidity of solutions indicates the growth of microorganisms, and a red
square indicates the lowest concentration where there is no turbidity. (b) Comparison of the MICs of silver nanoparticles for four Gram-positive

and Gram-negative bacteria.
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between dispersed and grafted silver nanoparticles revealed
that Gram-positive bacteria with peptidoglycan rigid cellular
walls were more resistant to the penetration of nanoparticles
into the cytoplasm than Gram-negative bacteria were.** The
relatively thinner cell walls of Gram-negative bacteria allowed
two mechanisms to occur—interaction with silver ions and
nanomechanical attacks—and thus lowered their MICs. The
synergy of these two biocidal actions of silver nanoparticles is
also responsible for their MICs' being smaller than those of
silver ions.***!' For example, the MICs of silver nanoparticles
(39-78.5 nm) for E. coli and S. aureus were 7.8 and 31.2 ug mL ™,
respectively, whereas those of silver ions (AgNO;) were 15.6 and
62.5 ug mL™ ', respectively.”* Among the Gram-negative bacteria
studied in this study, the MIC of E. coli was the smallest,
showing the highest degree of potential for cleaning and dis-
infecting food-related environments.

4. Conclusions

Although a complete accounting of the mechanism underlying
the antibacterial activity of silver nanoparticles remains to be
achieved, the ensuing research has supported its strong
dependence on particle size and size distribution. Reducing the
size of nanoparticles in a controlled manner is the key to
increasing the effectiveness of their biocidal performance
against harmful bacteria. The polyol process, which uses poly-
alcohols as both solvents and reducing agents, is not efficient
in the formation of nanoparticles, thus requiring protective
agents and high temperatures. In this study, an easy, low-cost,
and controllable water-based synthetic method of generating
silver nanoparticles was developed by modifying the polyol
process. The reduction reaction of ethylene glycol was
successfully activated in an aqueous environment at a mild
temperature (80 °C) with the aid of a high-molecular-weight
polyethylene glycol (100 000 ¢ mol™ '), which chelated silver
ions via its coiled conformation. This binary polyol process
effectively produced 15.8 + 2.2 nm silver nanoparticles (a
ninefold increase in optical density as compared with that for
PEG 100 alone) with good colloidal stability in aqueous media.
Replacing EG with the low-molecular-weight PEGs (PEG 0.4 and
PEG 2) was not efficient in enhancing the reduction reaction or
particle formation. Step changes on the UV-vis absorption of
silver colloidal solutions and the corresponding Anmax as well as
their absorption dependence on the concentration of ethylene
glycol suggested three-stage particle formation: (1) nucleation
and particle growth through surface reduction, (2) particle
growth through coalescence, and (3) particle growth through
Ostwald ripening. The MICs of the purified final product
against S. aureus, P. aeruginosa, S. enterica, and E. coli were 4.7,
2.3, 2.3, and 1.2 pg mL™ ", respectively. Such small MIC values
were attributed to the small size of the silver nanoparticles,
which magnified their multiple antibacterial functions.
Reducing MICs by controlling particle size in aqueous binary
polyol solutions makes silver nanoparticles suitable as a tar-
geted disinfecting tool in healthcare and food packaging
applications.
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