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Wenjie Sun 2% Abstract: Silver nanoparticles (AgNPs) are widely used as antibacterial products in various
Ding Qu I fields. Recent studies have suggested that AgNPs need an appropriate stabilizer to improve their
Yihua Ma' stability. Some antibacterial traditional Chinese medicines (TCMs) contain various reductive
Yan Chen'? components, which can not only stabilize AgNPs but also enhance their antimicrobial activ-
Congyan Liu' ity. In this study, we developed a series of novel AgNPs using a TCM extract as a stabilizer,
Jing Zhou' reducing agent, and antimicrobial agent (TCM-AgNPs). A storage stability investigation of

the TCM-AgNPs suggested a significant improvement when compared with bare AgNPs. Fur-
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P.C.-AgNPs. Further, the results of X-ray diffraction and Fourier transform infrared spectros-
copy indicated successful preparation of P.C.-AgNPs. In representative studies, P.C.-AgNPs
showed a well-defined spherical shape, a homogeneous small particle size (36.78 nm), a narrow
polydispersity index (0.105), and a highly negative zeta potential (—=23.6 mV) on transmission
electron microscopy and dynamic light scattering. These results indicate that TCM-AgNPs have
a potential role as antibacterial agents in the clinic setting.
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Introduction

Well-designed nanoscale materials have progressively attracted scientific and public
concerns about their anti-infective potential." Among these materials, silver nano-
particles (AgNPs) are of particular interest and have gradually become a primary

strategy for antibacterial prophylaxis in wound treatment, sterilization of medical
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Jiangsu Provincial Academy of Chinese

Medicine, 100 Shizi Road, Nanjing, Jiangsu
210028, People’s Republic of China of AgNPs, there has been little relevant research on their stability and antibacterial
Tel +86 25 8560 8672
Fax +86 25 8563 7809
Email ychen202@hotmail.com activity of AgNPs might be associated with interactions between these particles and

devices, oral health protection, and food sanitation.”* However, although its anti-
primary limitation to its further clinical application.’ Despite the widespread use

properties, with but a few studies in the literature suggesting that the antibacterial
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the bacterial membrane, and that the bacterial response to
AgNPs could be easily tunable by altering particle stability,
size, and surface charge.>® Panacek et al have published their
interesting results showing that the durability and sustained
antibacterial action of AgNPs had a high correlation with
their tendency to aggregate and release silver ions.” It appears
that stability is a critical factor when AgNPs are to be used
for antibacterial treatment. In past decades, the approach
most commonly used to address this problem involved
modification of citrate on the surface of the nanosilver
to obtain acceptable stability.* Recently, van der Zande
reported that the stability of nanosilver appeared to be greatly
improved after modification with polyvinylpyrrolidone in
comparison with citrate coating, remaining stable for up to
5 months.!® Further, Paredes et al found that certain amino
acids could be used as reducing agents in the preparation of
nanosilver.* In previous studies, we have prepared AgNPs
coated with a natural medicine using Agrimoniae herba
extract as the reducing agent and stabilizer, which showed
better stability and stronger pharmacological activity than
bare AgNPs.!!

The People’s Republic of China has had a great deal of
experience in the use of herbal medicines against various
bacteria for over 2,000 years. Before the advent of antibiot-
ics, many people with infectious diseases could be saved
by numerous antibacterial herbal decoctions. From a mod-
ern medicine perspective, these herbal agents contained
mainly polyphenols, flavones, and polysaccharides, and the
reducing and antimicrobial properties of these compounds
are fully understood from previous reports.'*'> However,
the complexity of component analysis and identification
posed a real challenge in the modernization of traditional
Chinese medicine (TCM). This was in part because the
active ingredients in these decoctions were so complicated
that precise quantification of the active substance seemed
difficult, resulting in uncertainty with regard to their use in
antimicrobial treatment. Since the quick solutions to leav-
ing this predicament have remained elusive within a short
time, we should find inspiration from other antimicrobial
area for addressing the issues of difficulty of component
analysis and identification.

AgNPs and TCM each have their respective advan-
tages and limitations, so combining natural antibacterial
medicines and AgNPs seemed reasonable for develop-
ment of stable and highly effective antibacterial AgNPs.
Herein, we report a series of TCM-mediated AgNPs, in
which TCM acted not only as an antibacterial agent but

also as a stabilizer. This study focused on the rationale of
such an approach to enhancing stability and antibacterial
efficacy.

Materials and methods

Materials

Polygonum cuspidatum Sieb. et (P.C.), Fagopyrum dibotrys
(D. Don), Sanguisorba officinalis L., Agrimonia pilosa Ledeb.,
Hedyotis diffusa Willd, Rheum palmatum L., and Geranium
wilfordii Maxim were provided by Bozhou Pharmaceutical Co
Ltd (Bozhou, People’s Republic of China). These TCMs were
authenticated by Professor Shihui Qian, at the Jiangsu Provin-
cial Academy of Chinese Medicine. Silver nitrate, phosphoric
acid, and trisodium citrate were obtained from Sigma-Aldrich
(St Louis, MO, USA). Strains of Pseudomonas aeruginosa,
Staphylococcus epidermidis, and Staphylococcus aureus were
obtained from the Institute of Microbiology, Chinese Acad-
emy of Sciences (Beijing, People’s Republic of China). Beef
extract-peptone medium and phosphate-buffered saline were
sourced from Nanjing KeyGEN Biotech Co Ltd (Nanjing,
People’s Republic of China). Water in this study was provided
by a Milli-Q water purification system (Millipore Corporation,
Billerica, MA, USA). Other chemicals and reagents were of
analytical grade.

Extraction of antibacterial ingredients

In this experiment, seven antimicrobial TCMs (P.C., F.
dibotrys (D. Don), S. officinalis L., A. pilosa Ledeb., H. dif-
fusa Willd, R. palmatum L., and G. wilfordii Maxim) con-
taining various reductive groups were selected to synthesize
TCM-AgNPs.'o2" These TCM extracts were prepared by
using water-coction technology as described in our previ-
ous reports.!? Briefly, 10 g of P.C. was cut and boiled for
15 minutes in a 500 mL round-bottom flask with 100 mL of
deionized water, followed by filtration through filter paper
under reduced pressure conditions. Next, the concentration
of P.C. extract was adjusted to 0.1 g crude drug/mL and
stored at 4°C until further use. The other TCM extracts were
prepared by similar methods.

Synthesis of TCM-AgNPs

TCM-AgNPs were synthesized by the AgNP biosynthesis
method as previously reported by Niraimathi et al with
some modifications.?! The specific processes used for
preparation of the various TCM-AgNPs were as follows.
Briefly, 1 mL of P.C. extract at a concentration of 0.1 g
crude drug/mL was added to 20 mL of aqueous solution of
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AgNO, (2 mM) with vigorously magnetic stirring at room
temperature. Subsequently, the acquired P.C.-conjugated
AgNPs (P.C.-AgNPs) were separated from the suspension
after centrifugation at 13,000 rpm for 15 minutes. Next,
the precipitate of P.C.-AgNPs was rinsed three times with
deionized water to remove the excess silver ions around and
on the surface of the nanoparticles. At the end of collection,
a P.C.-AgNP solution was obtained after redispersion in
deionized water. The other TCM-NPs were produced by
the same method.

Synthesis of bare AgNPs

Bare AgNPs was synthesized using sodium citrate as a
stabilizer according to previous reports.?? Briefly, 10 mL
of 1% sodium citrate solution were added dropwise into
300 pg/mL AgNO, aqueous solution with intensive stirring
at 100°C. After stirring for 1 hour, the mixture was cooled
to room temperature. Finally, AgNPs were obtained at a pH
of 4.0—6.0 using phosphoric acid as a regulator.

Characterization of AgNPs

Ultraviolet-visible spectroscopy and dynamic

light scattering

Ultraviolet-visible absorption spectra for bare AgNPs
and TCM-AgNPs were recorded to observe the surface
plasmon resonance (SPR) absorption band for confirming the
formation of AgNPs at a wavelength of 300—800 nm using
a UV-1800 PC ultraviolet-visible spectrophotometer (AoXi
Technology Instruments, Shanghai, People’s Republic of
China). In addition, the particle size and zeta potential of
various AgNPs were measured using a Zetasizer (Nano ZS:
Malvern, UK) after 20-fold dilution.

Morphology

Transmission electron microscopy (TEM) was performed
to observe the morphology of the optimized P.C.-AgNP
solution by dropping 15 pL of nanoparticles onto a holey
carbon-coated copper grid and drying prior to measure-
ment (Tecnai 12, Philips, Amsterdam, the Netherlands).
The average particle size of the P.C.-AgNPs was
calculated by counting and analyzing the size of 400
nanoparticles in ten fields of vision selected randomly from
TEM images.

X-ray diffraction measurements
X-ray diffraction spectra were measured to characterize the
crystalline structure of the optimal P.C.-AgNPs by X-ray

diffraction (D8 Advance; Bruker Optik, Ettlingen, Germany)
operated at 40 kV/40 mA. The pattern was recorded with
CuKo radiation (A =1.5406 A) in the range of 10°-80° at a
scanning rate of 2° per minute.

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR, Nicolet IS10; Thermo
Fisher Scientific, Waltham, MA, USA) spectra were recorded
over a range of 4,000-500 cm™ using 2° per cm resolution
to confirm conjugation of the P.C. extract with the surface
of the nanoparticles.

Stability studies

In order to identify the advantages of TCMs over sodium
citrate as a stabilizer for AgNPs, the storage stability of
various TCM-AgNPs and bare AgNPs was investigated
by recording their size changes at 0, 7, 14, 21, and 30 days
using dynamic light scattering. Using the ultraviolet-visible
method mentioned above, absorption spectra for P.C.-AgNPs
stored for 0 and 2 months were recorded in the range of
300-800 nm, respectively.

Antibacterial assays

In this study, P. aeruginosa, S. epidermidis, and S. aureus,
commonly encountered pathogenic bacteria in the clinical
setting, were used to evaluate the antibacterial activity of the
TCM extracts, bare AgNPs, and TCM-AgNPs via a conven-
tional method.”* Briefly, P. aeruginosa, S. epidermidis, and
S. aureus were cultivated in beef extract-peptone medium at
37°C for 12 hours prior to the experiment. The cultures were
diluted 1,000 times with phosphate-buffered saline to obtain
bacterial suspensions containing approximately 10° colony
forming units/mL. Next, 50 uL gradient concentrations of
TCM extracts (0.5x10%, 2x10%, 5x10°, 1x10%, 2x10%, 5x10%,
and 1x10° ug/mL), bare AgNPs, and TCM-AgNPs (0.5, 1, 2,
5, 10, 20, 50, and 100 pg/mL) were mixed thoroughly with
50 puL of culture medium in 96-well plates. The plates were
then sealed with sealing film and incubated for 12 hours at
37°C. Optical density was determined at 595 nm for bacte-
rial cell growth using a microplate reader (Thermo Fisher
Scientific) at 37°C.

The minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) were defined
as the lowest concentrations of drugs that produce inhibition
and sterilization of bacterial growth, respectively. MIC, and
MBC,, values corresponded to doses that inhibit 50% and
sterilize 90% of bacterial growth, respectively.
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Optimization of PC.-AgNP synthesis

To evaluate their relative influence on the synthesis and yield
of P.C.-AgNPs, different synthetic conditions, including
extraction time, reaction temperature, the concentration of
AgNO,, and amount of P.C. extract, were investigated and
optimized comprehensively. As in our previous papers,'!?
the extraction time of P.C. was predetermined at 2, 5, 15, 30,
and 60 minutes to evaluate the effect on the yield of P.C.-
AgNPs. Likewise, the reaction temperature was preset at 4°C,
25°C, 40°C, 50°C, and 60°C to explore whether there was a
time-dependent relationship in the synthesis of P.C.-AgNPs.
Further, various concentration gradients of AgNO;, set at
0.5 mM, 1.0 mM, 2.0 mM, 3.0 mM, and 4.0 mM were used
to observe the influence of concentration on the synthesis
of P.C.-AgNPs. Finally, 0.25, 0.5, 1, 2.5, 5, and 7.5 g of
crude drug at a concentration of 0.1 g/mL were mixed with
100 mL of 2 mM aqueous AgNO, solution to evaluate the
effect of amount of P.C. on the preparation of P.C.-AgNPs.
In this experiment, ultraviolet-visible spectral analysis was
done for signal factor optimization and to evaluate the rate
of synthesis of P.C.-AgNPs prepared under different reaction
conditions at a wavelength of 300—-800 nm.

Statistical analysis

All experiments were carried out in triplicate unless otherwise
specified. All statistical analyses were performed using
GraphPad Prism 6 and the data were expressed as the mean
standard deviation. Differences between groups were
evaluated using the Student’s #-test. A P-value <0.01 was
considered to be statistically significant.
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Results and discussion

Preparation and characterization

of TCM-AgNPs

Prior to estimating their antibacterial activity, the synthesis and
physicochemical characterization of bare AgNPs and TCM-
AgNPs were studied according to the conventional method
with some modifications. Some studies have indicated previ-
ously that free AgNP electrons gave an SPR absorption band
due to the combined vibration of electrons in resonance with
light waves.?” In view of this, the synthesized AgNPs were
primarily characterized by ultraviolet-visible spectroscopy,
which has proved to be a very useful technique for evaluat-
ing the yield as well as the characteristics of nanosilver.?® In
the ultraviolet-visible spectrum, strong SPR peaks (Figure 1)
were observed for bare AgNPs and the various TCM-AgNPs,
suggesting successful synthesis of AgNPs. In addition, as
shown in Figure 1A and B, strong SPR peaks for bare AgNPs,
A.P.-AgNPs, R.P.-AgNPs, and H.D.-AgNPs (4. pilosa
Ledeb.-coated AgNPs, R. palmatum L.-coated AgNPs, and
H. diffusa Willd-coated AgNPs, respectively) were found at
about 425 nm, while that of other TCM-AgNPs were located at
about 445 nm, suggesting that AgNPs with different coatings
displayed different maximum absorption peaks.

Further characterization was carried out using a dynamic
light scattering analyzer. As shown in Table 1, both TCM-
AgNPs and bare AgNPs had a small particle size of around
50 nm. Among the TCM-AgNPs that we prepared, P.C.-
AgNPs had the narrowest polydispersity index and a highly
negative zeta potential when compared with bare AgNPs,
suggesting an acceptable preparation technology and a
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Figure | Ultraviolet-visible absorption spectra of AgNPs and various TCM-AgNPs within a range of 300-800 nm.
Notes: Among these AgNPs, (A) the maximum absorption peaks of bare AgNPs and some TCM-AgNPs are located at about 425 nm, (B) while those of other TCM-AgNPs

are observed at about 445 nm.

Abbreviations: AgNPs, silver nanoparticles; A.P.-AgNPs, Agrimonia pilosa Ledeb.-coated AgNPs; R.P.-AgNPs, Rheum palmatum L.-coated AgNPs; H.D.-AgNPs, Hedyotis
diffusa Willd-coated AgNPs; P.C.-AgNPs, Polygonum cuspidatum Sieb. et-coated AgNPs; G.W.-AgNPs, Geranium wilfordii Maxim-coated AgNPs; F.D.-AgNPs, Fagopyrum dibotrys
(D. Don)-coated AgNPs; 5.0.-AgNPs, Sanguisorba officinalis L.-coated AgNPs; TCM, traditional Chinese medicine.
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Table | Physicochemical characterization of bare AgNPs and TCM-AgNPs

Formulations Particle size (nm) PDI Zeta potential (mV)
Bare AgNPs 36.19+4.7 0.249+0.039 -12.1£1.6
P.C.-AgNPs 36.78+3.1 0.105+0.017 —23.6%2.1
A.P.-AgNPs 48.21+1.8 0.168+0.021 -20.9£1.7
R.P.-AgNPs 38.15+3.6 0.127+0.009 —20.6+2.5
H.D.-AgNPs 39.97+2.3 0.181+0.026 -21.3%£1.9
F.D.-AgNPs 45.49+2.9 0.188+0.019 -19.7£3.2
S.0.-AgNPs 53.71%5.1 0.114+0.006 —17.2£2.2
G.W.-AgNPs 50.97+4.7 0.149+0.016 -21.8+2.4

Abbreviations: AgNPs, silver nanoparticles; PDI, polydispersity index; TCM-AgNPs, traditional Chinese medicine-coated AgNPs; P.C.-AgNPs, Polygonum cuspidatum Sieb.
et-coated Ag nanoparticles; A.P.-AgNPs, Agrimonia pilosa Ledeb.-coated AgNPs; R.P.-AgNPs, Rheum palmatum L.-coated AgNPs; H.D.-AgNPs, Hedyotis diffusa Willd-coated
AgNPs; F.D.-AgNPs, Fagopyrum dibotrys (D. Don)-coated AgNPs; 5.0.-AgNPs, Sanguisorba officinalis L.-coated AgNPs; G.W.-AgNPs, Geranium wilfordii Maxim-coated AgNPs.

potentially stable system. It was clear that incorporation of
TCM extract into the surface of AgNPs significantly changed
the particle size, polydispersity index, and zeta potential,
indicating an advantage of improved stability when compared
with bare nanosilver.

Stability evaluation of TCM-AgNPs

In order to confirm the enhanced stability of AgNPs, the
aggregation behavior of the various AgNPs was investigated
by observation of size changes at predetermined time points
and room temperature (Figure 2A). Based on the results
obtained, the size of the bare AgNPs gradually increased
from 36 nm to 375 nm in the absence of an effective stabiliz-
ing agent, indicating aggregation after 14 days. In contrast,
little alteration in the average size of the TCM-AgNPs was
observed after 30 days of storage, suggesting improved

stability of the AgNPs after modification with TCM extract.
The advantage of using TCM extracts as a protective agent
was confirmed again from the perspective of storage stability.
Based on the above physicochemical characterization, we
speculated that a highly negative potential and a small and
well distributed size could afford P.C.-AgNPs excellent sta-
bility. As shown in Figure 2B, no notable change was found
in the ultraviolet absorption of P.C.-AgNPs, indicating that
the AgNPs remained stable for up to 2 months after coating
with the P.C. extract.

Analysis of antibacterial properties

According to previous studies, an appropriate coating
(reductive/stabilizing agent in this study) can alter the
release profile of silver ions, and this is a critical factor in the
antibacterial activity of AgNPs.!” With the aim of confirming

A 400 : B 1.01 — P.C-extraction
A ti =&~ Bare AgNPs —— P.C.-AgNPs
300 ggregation -8~ P.C.-AgNPs 0.8- = P.C.-AgNPs 2 months later
1= - A.P.-AgNPs o
s 200 et N - . ™ RP-AgNPs g 06
g‘-’ 100 - H.D.-AgNPs g :
0 —* F.D.-AgNPs B
o = -@ S.0.-AgNPs N 044
L2 60 - G.W.-AgNPs g
E -
o 0.2
40
I r r r : , 0.0 r T 7 r )
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Time (days)

Wavelength (nm)

Figure 2 Evaluation of long-term storage stability. (A) Particle size alteration of bare AgNPs and TCM-AgNPs after storage for 0, 7, 14, 21, and 30 days (n=3). (B) Stability
studies of P.C-AgNPs stored for 2 months at room temperature observed for ultraviolet-visible absorption.
Notes: **P<0.01 versus TCM-AgNPs. Data are shown as the mean = standard deviation. The dotted line in A indicates that a particle size larger than 200 nm was speculated

to be aggregation.

Abbreviations: AgNPs, silver nanoparticles; A.P.-AgNPs, Agrimonia pilosa Ledeb.-coated AgNPs; R.P.-AgNPs, Rheum palmatum L.-coated AgNPs; H.D.-AgNPs, Hedyotis
diffusa Willd-coated AgNPs; P.C.-AgNPs, Polygonum cuspidatum Sieb. et-coated AgNPs; G.W.-AgNPs, Geranium wilfordii Maxim-coated AgNPs; F.D.-AgNPs, Fagopyrum dibotrys
(D. Don)-coated AgNPs; S.0.-AgNPs, Sanguisorba officinalis L.-coated AgNPs; TCM, traditional Chinese medicine.

International Journal of Nanomedicine 2014:9

submit your manuscript

5495

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Sun et al

Dove

the advantages of TCMs as a coating for AgNPs in terms
of antimicrobial activity, conventional bacterial inhibition
assays were performed against P. aeruginosa, S. epidermidis,
and S. aureus in vitro. In this experiment, we focused on
identification of exactly which component contributed most
to the antibacterial effects. Therefore, MIC, ratios of TCM
extract to TCM-AgNPs and MIC_ ratios of bare AgNPs to

TCM-AgNPs were used to evaluate the contribution of AgNPs
and TCM extracts to the antimicrobial activity, respectively,
as well as the corresponding MBC,, ratios. As shown in
Figure 3A, both TCM extract and AgNPs significantly pro-
moted the antibacterial potency of the various TCM-AgNPs.
Taking P.C.-AgNPs as an example, the antibacterial effect
on P. aeruginosa was enhanced by about 30,000 times
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Figure 3 Contribution factor analysis to antibacterial effect. Antimicrobial influence of AgNPs and TCM extractions against (A) Pseudomonas aeruginosa, (B) Staphylococcus

epidermidis, and (C) Staphylococcus aureus.
Notes: MIC,|

ratios of TCM extraction (or AgNPs) to TCM-AgNPs represented the contribution of bare AgNPs or TCM extractions to bacterial inhibition. MBC,; ratios

of TCM extracts (or AgNPs) to TCM-AgNPs represent the contribution of bare AgNPs or TCM extracts to antibacterial ability.

Abbreviations: TCM, traditional Chinese medicine; AgNPs, silver nanoparticles; MIC,,

minimum bactericidal concentration that sterilizes 90% of bacterial growth.

minimum inhibitory concentration that inhibits 50% of bacterial growth; MBC,
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when compared with the P.C. extract, suggesting that the
AgNPs were a predominant contributor to the antibacterial
activity. Meanwhile, the MIC, for P.C.-AgNPs was 20-fold
higher than that for bare AgNPs, indicating a synergistic
effect between TCM extract and AgNPs on antibacterial
activity. Likewise, MBC, ratios of TCM extract to TCM-
AgNPs and MBC, ratios of bare AgNPs to TCM-AgNPs
showed a similar tendency. As shown Figure 3B and C,
introduction of P.C. and G. Wilfordii Maxim as coatings
had the most significant effect on antibacterial activity.
It is noteworthy that the specific contributions of various
factors to pharmacological function were influenced by
bacterial strains, TCM species, and selection of indices. In
view of their most prominent antimicrobial performance,
P.C.-AgNPs were screened to perform further synthesis
optimization and physicochemical characterization.

In this study, the reductive natural ingredients were
coated with the AgNPs quantitatively, and the inactive portion
of the crude drug was removed during preparation. Therefore,
conjugation of TCM extract and AgNPs not only enhanced
the antibacterial activity, but also reduced the uncertainty
of TCM in antibacterial therapy, exhibiting the merit of this
strategy again in the perspective of treatment reliability.
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Optimization of PC.-AgNP synthesis

Effect of extraction time

According to the potential mechanism of formation of
P.C.-AgNPs, P.C. extract containing reductive groups
interacted with silver ions via a redox reaction. Therefore,
the amount of reductive components in the P.C. extract was
of great importance in the synthesis of P.C.-AgNPs and was
directly related to the extraction time. In this experiment, the
ultraviolet-visible absorption of P.C.-AgNPs at the maximum
wavelength (445 nm) was recorded at different extraction
times to evaluate the conjugation efficiency (Figure 4A).
The maximum amount of P.C. conjugated with AgNPs was
found after an extraction time of 15 minutes. Interestingly,
the longer extraction time of P.C. resulted in a comparatively
low yield of P.C.-AgNPs, mainly because the reductive com-
ponent was destroyed after being boiled for longer than 15
minutes. This suggests that extraction time plays an important
role in bioreduction.

Effect of reaction conditions

Our previous studies found that both reaction temperature
and time significantly influenced the yield of TCM-AgNPs.
In the present study, temperatures ranging from 4°C to 60°C

B 10 Reaction temperature
V1 e 4C
T 5
0.84 50°C =" g e--
o e B0° o
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& 06 e
el
o ;
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: o ;
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Figure 4 Single factor optimization of P.C.-AgNP synthesis. (A) Influence of extraction time on yield of P.C.-AgNPs, (B) impact of reaction temperature and time on
preparation of TCM-AgNPs, and effect of (C) AgNO, concentration, and (D) amount of P.C. extract on the synthesis of P.C.-AgNPs.
Notes: Data are shown as the mean + standard deviation. The solid lines represent the optimum reaction conditions, and the dotted lines represent assayed reaction

conditions.

Abbreviations: AgNPs, silver nanoparticles; P.C.-AgNPs, Polygonum cuspidatum Sieb. et-coated AgNPs; TCM, traditional Chinese medicine.
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were used to investigate the influence of temperature on the
yield over time by observing the peak wavelength of P.C.-
AgNPs. As shown in Figure 4B, an extension of reaction time
was accompanied by an obvious improvement in the yield
of P.C.-AgNPs. Importantly, temperatures below or above
25°C could not improve the maximum synthesis rate of P.C.-
AgNPs. This suggests that a continuous temperature higher
than 25°C might inactivate the reductive component of the
extract and is not conducive to a reducing reaction.

Effect of silver ion concentration

Bioreduction of silver ions mediated by P.C. extract was also
monitored by recording the absorption spectra at different
AgNO, concentrations. As shown in Figure 4C, absorbance
at 445 nm increased as the concentration increased from
0.5 mM to 2.0 mM. However, the maximum absorption
wavelength was shifted when the concentration of AgNO,
was higher than 2.0 mM, suggesting that the maximum yield
of P.C.-AgNPs was obtained at a silver ion concentration
of 2.0 mM.

Effect of amount of P.C. extract

Optimization of the amount of P.C. extract was carried out
by varying the ratio of extract solution to silver nitrate (1:40,
1:20,1:10, 1:4, 1:2, and 3:4, v/v). Various ultraviolet-visible
spectra for P.C.-AgNPs (Figure 4D) indicated that when
the ratio of P.C. extract to 2 mM of AgNO, was predeter-
mined at 1:20 (v/v), the optimal yield of P.C.-AgNPs was
achieved. In addition, the prepared P.C.-AgNP solution had
a dark-brown appearance, which might have contributed

A

Figure 5 Morphologic studies of P.C.-AgNPs.

to the occurrence of SPR effect. This further confirmed
successful preparation of P.C.-AgNPs through a visual
observation method.?3!

Morphology of PC.-AgNPs

TEM was used to investigate the microstructure of P.C.-
AgNPs and to evaluate the relevant preparation technology.
As shown in Figure SA, P.C.-AgNPs had a spherical mor-
phology with a homogeneous dispersion. By statistically
measuring the size of 400 nanoparticles from ten randomly
selected visual fields in the TEM images, we found that the
size was around 12 nm (Figure 5B). Compared with the TEM
images, the size observed by dynamic light scattering results
was significantly decreased, mainly as a result of the hydro-
dynamic size in an aqueous system.>? Taken together with
the dynamic light scattering results, these findings indicate
a superior and highly efficient preparation technology for
P.C.-AgNPs and a stable system contributed to by a highly
negative zeta potential.

Powder X-ray diffraction analysis

The formation of AgNPs was further confirmed by the X-ray
diffraction pattern. Figure 6A (original Figure is provided
in the Figure S1) shows four distinct diffraction peaks at
38.35°, 44.56°, 64.74°, and 77.62° which were attributed
to the (111), (200), (220), and (311) crystallographic planes
of the face-centered cubic silver crystals, respectively.
Further, these diffraction peaks in the X-ray diffractogram
were consistent with the database of the Joint Committee on
Powder Diffraction Standards file No. 04-0783. The average

40 -

(vy)

Mean=12.03 nm
N=400

Frequency (%)

6 8 10 12 14 16
Size (nm)

18 20 22 24

Notes: (A) TEM image and (B) statistical measurement of P.C.-AgNP size distribution from ten randomly selected visual fields on the TEM image.
Abbreviations: P.C.-AgNPs, Polygonum cuspidatum Sieb. et-coated silver nanoparticles; TEM, transmission electron microscopy.
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Figure 6 Structural characterization of P.C.-AgNPs.
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Notes: (A) X-ray diffraction patterns of P.C.-AgNPs and (B) Fourier transform infrared absorption spectra of P.C. extract and P.C.-AgNPs freeze-dried power.

Abbreviation: P.C.-AgNPs, Polygonum cuspidatum Sieb. et-coated silver nanoparticles.

size was calculated according to the Debye—Scherrer equation
determining the width of the Bragg’s reflection:

D = K\/BcosO (1)

where D is the mean crystal size of the nanoparticles, K
represents the Scherrer constant with a value of 0.89, A rep-
resents the X-ray wavelength (1.5406 A), B is the full width
at half the maximum intensity in radians, and 0 represents
the Bragg angle. According to Debye—Scherrer’s equation,
the average crystallite size of P.C.-AgNPs was calculated
to be about 12.24 nm (Table 2), which was in line with the
result obtained from the TEM images.

FTIR spectroscopy analysis

The FTIR absorption spectra for the P.C. extract and the
P.C.-AgNP freeze-dried powder shown in Figure 6B (original
Figures are provided in the Figure S2 and Figure S3) confirm
the successful conjugation of P.C. and AgNPs. Compared
with the P.C. extract, the characteristic peak of P.C.-AgNPs
at 3,278.75 cm™!, which was assigned to the bending vibra-
tion of the hydroxyl group, was obviously weak according to
the FTIR spectra, suggesting that consumption of hydroxyl

Table 2 X-ray diffraction measurements of P.C.-AgNPs for evaluating
average crystallite size

(hkl) 20 (deg) 0 (deg) B (rad) D (nm)
() 3835 19.18 0.0131 .12
(200) 44.56 22.28 0.0129 11.47
(220) 64.74 3237 0.0125 12.96
@31 77.62 3881 0.0131 13.42

Notes: D represents the mean crystal size of P.C-AgNPs, 3 represents the width of
the XRD peak at half-height, and 6 represents the Bragg angle.

Abbreviations:P.C.-AgNPs, PolygonumcuspidatumSieb. et-coatedsilver nanoparticles;
XRD, X-ray diffraction.

groups was responsible for the reduction of the silver ions.3*3¢
In addition, the FTIR spectra for P.C.-AgNPs showed
strong absorption bands at 1,689.21, 1,384.18, 1,225.73,
and 1,045.03 cm™', which were specifically associated with
C=0 stretching aliphatic amine, C=C aromatic, C—O stretch-
ing acidic, and —-C—O—C stretching vibration, respectively.
These vibrational bands corresponding to the bonds were
derived from water-soluble extracts such as flavonoids and
polyphenols present in the P.C. extract.’”*° This suggests that
the reductive components mentioned above were coated on
the surface of the nanoparticles and hence may have inhibited
further aggregation in an aqueous environment.

Conclusion

Insummary, seven TCM-AgNPs were synthesized using a simple
and highly effective preparation technology with potential for use
in industrial production. Meanwhile, various TCM extractions
as reductive agents and stabilizer enhanced the storage stability
of TCM-AgNPs significantly. Importantly, these TCM-AgNPs
were highly effective in inhibiting growth of P. aeruginosa,
S. epidermidis, and S. aureus. Further, the different TCM-
AgNPs had different activity against the three bacterial strains
used in this study. Typically, the conjugation of P.C. extract
and AgNPs was helpful to enhancement on inhibition of com-
mon bacteria. In conclusion, the results of this study suggest
that TCM-AgNPs have the potential to be a promising drug
delivery system for antibacterial therapy.
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