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Microplasma-Assisted Growth of Colloidal
Silver Nanoparticles for Enhanced
Antibacterial Activity

Ruixue Wang, Shasha Zuo, Weidong Zhu, Shan Wu, Weifeng Nian,
Jue Zhang,” Jing Fang

This paper presents a one-step method for the rapid synthesis of colloidal silver nanoparticles
(AgNPs) for bacterial disinfection. Silver ions were electrochemically reduced to silver atoms in an
AgNO; solution with the assistance of an atmospheric argon microplasma jet. Dextran was used
to stabilize the AgNPs in the liquid solution. Ultraviolet—visible spectroscopy, transmission
electron microscopy, atomic force microscopy, and Fourier transform infrared spectroscopy were
used to characterize the synthesized AgNPs. It was found that the size of the nanoparticles can be
controlled by adjusting the dextran monomer/
Ag" molar ratio in the solution. Furthermore,
antibacterial activity of the as-synthesized AgNPs
against Escherichia coli and Staphylococcus aure-
us was carried out in liquid as well as on solid
growth media, as a function of the AgNPs
concentration. The results showed that the AgNPs
had a significant antibacterial activity against
those bacteria cells and the minimum inhibition
concentration was associated with the type of
bacteria and initial bacterial concentration.

1. Introduction to their high specific surface area, and high fraction
of surface atoms.*”) It is found that the antibacterial

The antibacterial effects of silver and silver salts have been

noticed since ancient time. "> But only until recently, Ag
nanoparticles (AgNPs) have attracted much attention due
to their superior antibacterial property, which is attributed
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activities of AgNPs are related to their sizes: smaller AgNPs
release more Ag* ions and are more antibacterial.®*! A
variety of methods have been reported to synthesize AgNPs
with desirable size, including physical, chemical, and
biological methods.!*°*2 Among these methods, chemical
reduction is the most popular approach for the production
of nanoparticles.*>**! However, most chemical methods
cannot avoid the use of toxic chemicals in the synthesis
process.!®) Since noble metal nanoparticles such as gold,
silver, and platinum nanoparticles are widely applied
to human contacting areas, environmentally friendly
processes of nanoparticle synthesis are always of high
preference.*®!

Plasma-liquid processes at atmospheric pressure have
drawn much attention as a novel nanoparticle synthesis
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strategy in the past a few years due to their simplicity and
environmental friendliness.[*”~*] By reducing the critical
dimensions of the devices down to micrometer range
enables plasma to be sustained at atmospheric pressure
and room temperature.?®! The high density of electrons
with energies in excess of 10 eV present in these plasmas
allows the reduction of metal cations in aqueous phase.?*!
Compared to traditional electrochemical method, the
nanoparticle synthesis using the plasma-liquid interfaces
is especially advantageous since the reducing agent — the
atmospheric pressure non-thermal plasma is generated
above the grounded electrolyte, which in term avoids the
difficulty of nanoparticle production isolation. Additional-
ly, toxic stabilizers and reducing agents are unnecessary in
the process and the synthesis of nanoparticles is continuous
during the plasma irradiation.[?%23]

A few groups have recently reported the generation of
silver nanoparticles in liquid using this method.2472¢
However, the studies for mechanisms and generation of
size-controllable silver nanoparticles based on plasma—
liquid interaction are still limited. In addition, the
antimicrobial property of the as-synthesized AgNPs by
this method is rarely studied. In this paper, we report the
preparation of colloidal silver nanoparticles with plasma—
liquid process for bacterial disinfection. Silver ions were
electrochemically reduced by an atmospheric non-thermal
argon microplasma. Dextran was added to protect the
AgNPs and the particle sizes were controlled by altering
dextran monomer/Ag™ molar ratios. The structure, mor-
phology, and properties of the resulting AgNPs were
characterized by Ultraviolet—visible (UV—-Vis) spectroscopy,
transmission electron microscopy (TEM), atomic force
microscopy (AFM), and Fourier transform infrared (FTIR)
spectroscopy. Antibacterial activity of the synthesized
AgNPs against Escherichia coli and Staphylococcus aureus
was also investigated.

2. Experimental Section

2.1. Synthesis of Silver Nanoparticles

The experimental set-up for the microplasma-assisted synthesis of
AgNPs is modeled after reference [24]. As shown in the schematic
diagram in Figure 1, the reaction was performed in a U-shaped
electrochemical cell, which consisted of a platinum (Pt) anode
and a microplasma cathode. All chemicals were of analytical grade
and were used without further purification. The electrolytic
solutions consisted of AgNO; (5mM) and dextran (Mw 4 000 Da).
The solution was separated into anolyte and catholoyte by a cation
exchange membrane at the bottom of the cell. A copper capillary
tube (~7cm long with pore size of 0.355mm in diameter, KS
Engineering, US) was positioned at ~1 mm above the surface of
the solution and was pressurized with argon (Ar 99.99 purity) gas
at a constant flow rate of 50 SCCM (standard cubic centimeter per
minute). The electrochemical cell was driven by a direct current
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I Figure 1. A schematic diagram of the electrochemical cell with an
Pt foil anode.

negative-polarity high-voltage power supply (Matsuada AUSR120)
through a 5.1k ballast resistor. Upon the application of the DC
high voltage, a microplasma filament formed in the space between
the end of the copper capillary tube and the surface of the solution.
The microplasma discharge was sustained at a voltage around
400V with an operating current of 13 mA. During the reaction,
the pH values of the anolyte and catholyte were evaluated with a
Microprocessor pH-meter (HANNA, pH123 Instruments, USA).

2.2. Characterization

The resultant AgNPs (in the reaction medium) were characterized
by an ultraviolet—visible absorption spectrometer (UV-Vis, UV-
2450, SHIMADZU, Japan) in the wavelength range from 200 to
800 nm. Their size and morphology were evaluated via an AFM
(Asylum Research, USA) and a transmission electron microscope
(TEM, TECNAI F20, USA). FTIR absorption spectroscopy was
performed over 400-4000cm™* on a Nexus mode-670 spectro-

meter in the diffuse reflectance mode at a resolution of 2 cm ™.

2.3. Antibacterial Test

The AgNPs’ bactericidal effect depends on the concentration of the
nanoparticles in the liquid and the initial bacterial concentra-
tion.2”! E coli and S. aureus of initial concentrations of 10° and
108 CFUmI ' were exposed to twofold serial dilutions of the
AgNPs (from 0 to 100 ugml™) in Luria—Bertani (LB) medium. The
cultures were incubated at 37 °C and shaken at 180 rpm. Growth
rates and bacterial concentrations were determined by measuring
the optical density (OD) at 600 nm using a UV—Vis spectrophoto-
meter (Unico7200, China) every 2 hup to 16 h. Samples treated with
AgNPs after 16h were spread on nutrient agar plates. After
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Figure 2. pH values of cathode and anode solution for different
plasma treatment time.

incubation at 37°Cfor 24 h, the minimum inhibition concentration
(MIC) was determined by counting colony formation units (CFUs)
on the agar plates.

3. Results

3.1. Synthesis of Silver Nanoparticles

Once the microplasma was ignited, the solution immedi-
ately under the microplasma quickly became yellow,
indicating the effective formation of AgNPs. The process
of the nanoparticle synthesis involves five steps, which
were described below:

1. Release of the oxygen gas on the anode:

2H,0 —4e~ — O, T +4HT (1)

2. Reductive formation of zero-valent Ag atoms in liquid
below the microplasma cathode:

Ag't+e” — Ag° (2)
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Figure 4. UV-Vis absorption spectra of the AgNPs containing
electrolytic solutions after a reaction time of 5min with

dextran monomer/Ag* molar ratio of 51, 101, and 50,
respectively.

And release of the hydrogen gas:

2H20 =+ 2" — H2 T +20H7 (3)

w

. Ag"™ and H" ions migration to the cathode;

4. Formation of silver nanoparticles via nucleation and
growth due to attractive van der Waals forces between
Ag atoms;

5. The synthesized silver nanoparticles were coordinated

with hydroxyl group of dextran molecule preventing

their large-scale aggregation.?®!

The above-described reactions were further confirmed by
monitoring the pH value of catholyte and anolyte with a
microprocessor pH meter at different reaction times. The
results are shown in Figure 2. In this condition, dextran
monomer/Ag” molar ratio of 5:1 were used. After 20 min,
the pH value of catholyte solution increased to approxi-
mately 9.87 and anolyte solution decreased to 5.45, due
to the generation of OH and H' [formula (1) and (3)],
respectively.

3.0t (b) P .
__ 25}
3
& 20} p
2 15
c
o 10t
£
0.5}
OO L L L L
0 10 20 30 40
Time(min)

I Figure 3. (a) UV-Vis absorption spectra of AgNP containing electrolytic solution after a reaction time of 5, 10, 15, and 20 min, respectively;

(b) time dependence of the absorption intensity at 396 nm.
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Figure 5. Transmission emission microscopic images of AgNPs when Dextran/Ag® ratio is set to (a) 5:1, (b) 10, and (c) 50n
(with magnifications of 40 000); (d) 511, (e) 1011, and (f) 50:1 (with magnifications of 50000); and histograms of the size distribution
of particles when Dextran/Ag™ ratio is set to (g) 5:1, (h) 1021, and (i) 50:1.

3.2. UV-Vis Absorption Spectroscopy and TEM
Analysis

UV-Vis absorption spectroscopy is proven to be a sensitive
method to evaluate silver colloids: silver nanoparticles
exhibit an intense absorption peak due to the surface
plasmon resonance (SPR) excited by certain wavelengths of
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incident light.!?®) The UV-Vis absorption spectra of AgNP
colloids synthesized with different reaction times are
shown in Figure 3a. In this condition, dextran monomer/
Ag™ molar ratio of 5:1 were used. The SPR absorption band
was observed around 396 nm. With increasing process time,
the samples show higher absorbance peaks, indicating
the increase of AgNPs concentration and the narrow size
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distribution of the synthesized nanoparticles. Figure 3b
shows the absorbance intensity at 396 nm for Ag NPs
increases at a high rate and saturates at approximately
25min. This is because at the beginning, the silver
cations are immediately reduced, resulting in a high
growth rate. With increasing reaction time, more free
silver cations have beenreduced by plasma, and absorbance
intensity becomes saturated when all the available cations
are consumed.

Dextran is a water-soluble polysaccharide. It is produced
industrially in a large scale and has a wide range of
applications infood and medical related areas. The utility of
dextran and its amino derivative as capping agents and
reduction agent have been reported in various preparatory
methods for silver nanoparticle generation.?>*®) The
influence of dextran concentration on silver nanoparticle
size was studied through UV-Vis spectroscopy and
TEM. Figure 4 shows the UV-Vis absorption spectra of
the AgNPs containing electrolytic solutions with dextran
monomer/Agt molar ratios (for simplicity, referred to as
Dextran/Ag* ratio from here on) of 5:1, 10:1, and 50:1,
respectively, obtained at the same reaction time of 5 min.
In the case of lower molar ratio (5:1), the SPR band was
observed at 396 nm. When the ratio was increased to 10:1
and 50:1, the band becomes more symmetrical, and a blue
shift in the peak of the SPR band appears. These features
are associated with the small size and uniform size
distribution of the silver nanoparticles synthesized.

TEM images were used to investigate the shape and size
distribution of the AgNPs. The TEM pictures with different
dextran/Ag" ratio were taken with magnifications of
40000 (Figure 5a—c) and 50 000 (Figure 5d—f), respectively.
In general, the particles were spherical in shape and
well dispersed in the solution. The size distribution
histograms (Figure 5g—i) showed that these particles were
with average diameters of 16.49 +2.98, 11.16 +2.23,
and 5.34 & 1.44nm, corresponding to Dextran/Ag™ ratios
of 5:1, 10:1, and 50:1, respectively (based on 200 NPs).
TEM results were consistent with the results from the
UV-Vis absorption spectra. The higher Dextran/Ag™ ratio
in theory should produce ultrafine AgNPs. However,
the high dextran concentration also makes the electrolyte
more viscous and therefore affects plasma discharge. We
therefore set the Dextran/Ag™ ratio to 10:1 for subsequent
experiments, in which the AgNPs were collected after a
25-min reaction.

3.3. FTIR Analysis

The FTIR spectra of dextran and dextran-coated silver
nanoparticles are shown in Figure 6. The absorption peaks
at 3319 and 1655 cm ™ in the dextran spectrum are due to
the OH-stretching and HOH-bending modes of residual
water. A C—H stretching mode was evident at 2926.cm™*
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B Figure 6. FTIR spectra of pure dextran and dextran coated AgNPs.

plus a cluster of additional features in the “fingerprint”
region below 1 500 cm ™%, including a strong C—O response
at 1016cm . The FTIR spectrum of the dextran-coated
silver nanoparticles also exhibited the dextran signature,
but with a slight spectrum shift and a C=0 response at
1755cm™*. The high-energy electrons in the plasma

(a)

40080
20pum 15 1.0 0.5 0.0

molecules; (b) A schematic diagram showing the coordination

I Figure 7. (a) 3D AFM image of AgNPs entrapped by dextran
bond between the dextran molecules and AgNPs.
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initiated the single- or multiple-step ionization and
excitation of species in the Ar and liquid.*¥! Of all the
plasma-activated species induced liquid ionization to
generate reactive oxygen species (ROS) such as ozone,
atomic oxygen, superoxide, peroxide, and hydroxyl radi-
cals. We deduce that these were contributed to the
oxidation of C—O to C=0.

3.4. AFM Analysis

Dextranis used as a protecting agent as well as a reduction
agent for the synthesis of metal nanoparticles.?®! The
coating of dextran to the nanoparticle surface ensures a
high level of biocompatibility, enabling the as-produced
particles to be used directly for biological applications
without further surface functionalization. The AFM
analysis of the synthesized AgNPs is shown in Figure 7a.
The 3D AFM image shows the well dispersed spherical
silver nanoparticles (left arrows) surrounded by dextran
molecules (right arrows). The synthesized AgNPs nano-
particles are coordinated with hydroxyl group of dextran
molecules which in turn prevents their large-scale aggre-
gation. The schematic diagram in Figure 7b shows that
AgNPs are entrapped by the hydroxyl groups in the
dextran molecules.

3.5. Antimicrobial Activity of Ag NPs against
Microorganism

Antimicrobial tests are performed against E. coli (gram-
negative) and S. aureus (gram-positive) in liquid by adding

pg/ml

Time(h)

6 8 10 12 14 16
Time(h)

4 6 8 10 12 14 16 18
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different concentrations of AgNPs (1.5, 3.2, 6.4, 12.5, 25, 50,
and 100 ug ml~Y). The optical density (OD) of the solutions
as a function of time was measured periodically up to 16 h,
to indicate the bacterial growth. Figure 8a and b shows the
growth curves of E. coli treated with various concentrations
of AgNPs with initial bacteria concentrations of 10°
and 108 CFUmI1 ™%, respectively. Three phases are involved
during the bacterial growth: lag phase, exponential phase,
and stabilization phase. Without AgNPs, E. coli reached
exponential phase rapidly for both initial bacteria concen-
trations. In the 10° CFUml™* group, when exposed to 1.5
and 3.2 pgml ™" silver nanoparticles, E. coli cells began to
grow after 12 and 14h, respectively. In the 103CFUml*
group, when exposed to 1.5, 3.2, and 6.4 ug ml~* of AgNPs,
E. coli cells are lagged to 4, 6, 8h, respectively. Other
higher concentrations show no bacterial growth within
16 h. Figure 8c and d shows the growth curves of S. aureus
treated with AgNPs with initial concentration of 10° and
108 CFUmMI ™}, respectively. S. aureus is much more difficult
tokill due to the significant difference in cell wall structures
as compared to the gram-negative E. coli. For the 10° CFU
ml™' group, inhibition is observed when the AgNP
concentration is increased to 6.4 wg ml~*. For the 10® CFU
ml~* group, S. aureus cells are lagged to 9 h when exposed to
12.5 ugml~* AgNPs. Further increase of AgNP concentra-
tion led to complete inhibition of bacterial growth.

To further support the OD measurement mentioned
above, the number of bacteria colonies grown on nutrient
agar plates was evaluated as a function of the concentration
of AgNPs and shown in Figure 9. With a bacterial
concentration of 10°CFUmI?, the minimum inhibitory

ug/ml

2.0

1.5

1.0

OD(a.u.)

0.5}

0.0 ¢==—+— —
20 2 4 6 8 1012 14 16 18
Time(h)

25p  vo/mi

2.0 43>
1.5 <125

1.0F ——50

OD(a.u.)

0.5

(d)

0.0} —
2 0 2 4 6 8
Time(h)

10 12 14 16

Figure 8. Effect of different concentrations of AgNPs on the growth of E. coli at (a) 10° CFUmI™" and (b) 108 CFU mI™", respectively, and of
S. aureus at (c) 10° CFUmI™" and (d) 108 CFUmI ™", respectively. (OD is measured at 600 nm).
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Figure 9. MIC evaluation by CFU counting as a function of AgNP concentration in
solution: (a) and (b) are for E. coli at initial concentrations of 10° and 108 CFUmI™",
respectively; (c) and (d) are for S. aureus at initial concentration of 10° and 108 CFUmI ™",

respectively.

concentrations for E. coli and S. aureus are 1.6—3.2 and 6.4—
12.5 pgml ™%, respectively. While with a bacterial concen-
tration of 108 CFUmI ™%, the minimum inhibitory concen-
trations for E. coli and S. aureus are 3.2-6.4 and 12.5—
25 ugml ™!, respectively. The bacterial growth inhibition
trend observed from CFU data is consistent with the OD
measurements.

4. Conclusions

Silver nanoparticles decorated with dextran were synthe-
sized by a simple and environmentally benign method
using microplasma reduction. A growth mechanism of the
AgNPs assisted by microplasma was proposed. The nano-
particles’ distribution, sizes and morphology were well
characterized and the particles’ size is controllable by
adjusting the composition of the electrolytic solution. The
resulting AgNPs showed strong antibacterial property
against E. coli and S. aureus. It was found that the
antibacterial activity of AgNPs was associated with
bacterial type and initial bacterial concentration. Their
superior antibacterial activity and environmental friendly
preparation give them potential applicability in bioengi-
neering and other fields.
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