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Abstract: It is well known that nanosilver or silver ions could act as an effective antibacterial agent without the development of bacterial
resistance but long term exposure may induce in vivo toxicity. Thus, specific care should be taken before relevant silver-containing
materials used as the antibacterial agents. Recently biocompatible polymeric materials are widely used to reduce toxic effects of

10 nanomaterials, which could be utilized to fabricate antibacterial surface coatings with good biocompatibility. In this study we have
developed a simple and green synthesis strategy to prepare Ag@PNIPAM nanocomposites with high purity and good bioactivity for
promising bio-applications as highly effective antimicrobial agents. The relevant synthesis takes place in a clean environment without
any chemical additives, which ensures ultrahigh active surfaces of the Ag clusters. The as-prepared Ag@PNIPAM nanocomposites
exhibit highly effective antimicrobial activities against Staphylococcus aureus (S. aureus) and have a good therapeutic effect for burn

15 wounds.

surface coating to greatly enhance the relevant bactericidal
1. Introduction activity'*'®. However, it is still illusive to fabricate broad

. . .. . antibacterial surface coatings with strong bactericidal effects and
Resistance of bacteria to bactericides and antibiotics has attracted & &

much attention in recent years due to the development of resistant
2 strains which is the main obstacle for the effective treatment' %
Some antimicrobial agents are extremely irritant and toxic so that
much effort has been explored to design or formulate new types
of safe and cost-effective bactericidal materials, which may
strongly resist bacterial adhesion or kill bacteria and prevent
biofilm formation®®. These antibacterial materials should be
biocompatible and bioactive with high-performance for
bactericidal action’. Some noble metal materials, especially
relevant nanomaterials including gold or silver nanoparticles,
which can readily get attached to the bacterial membrane and
30 disrupt its integrity, have attracted increasing attention in the field
of biomedicine as promising antimicrobial agents® °. In
particular, silver has been shown to enhance regeneration of soft
tissue such as skin, and nanosilver has been found to be one of
the most promising antibacterial nanomaterials, which can
effectively inhibit bacterial resistance and execute much more
efficient antibacterial action as compared to bulk silver
materials'®. Recent development of bio-nanotechnology has
facilitated the production of biocompatible silver nanoparticles
with increasingly large surface area-to-volume ratios, with greater
efficacy for bactericidal action and lower toxicity to environment
and human beings''"*. Ag nanoparticles with size smaller than 2
nm, known as Ag nanoclusters, consisting of a few to several
hundred metal atoms, have received much attention in recent
years due to their ultrasmall size, and a large bioactive surface
4s area. Thus, these nanoclusters could be readily introduced on a

good Dbiocompatibility/environmental safety by using Ag
clusters'” '8,
It is already known that the aggregation of Ag clusters,

uncontrollable release of silver ions and promoted adhesion of
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bacteria can greatly reduce antibacterial efficacy of Ag
nanoparticles. Undoubtedly, aggregation of Ag clusters can
ss readily decrease contact possibility of bacteria and nanoparticles.
Therefore, highly dispersed Ag clusters is desirable for the
1920 though it is still
very hard to find a convenient synthesis approach to produce
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formation of effective antibacterial agents

these antibacterial material with optimized properties. Based on
o the above consideration, we have explored the possibility to
control the size, shape, surface properties, and aggregation degree
of nanosilver for realizing good performance of antibacterial
action. And the biocompatible polymers have been explored to
combine with nanosilver to control silver ions release, surface
os charge, dispersion status and even the shape of nanosilver for
achieving desirable bioactive and antibacterial effects®'.
Poly (N-isopropylacrylamide) (PNIPAM) is one of the most
widely studied and environmentally responsive polymers owing
to its thermo-sensitivity, biocompatibility and great structure
tailorability and flexibility”>. In aqueous solution, PNIPAM
undergoes a phase transition from a hydrophilic state to a
hydrophobic state as the temperature is raised above the lower
critical solution temperature (LCST), which is about 32 ‘C*. The
PNIPAM nanomaterials can readily inhibit relevant aggregation
7s and form uniform surface coatings on various substrates®®, and
thus be capable of controlling the release of silver ions for
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sustained antibacterial effects and reduce cytotoxicity®. More
importantly, they can be designed to resist bacteria adhesion and
enhance bactericidal properties*. Thus, it is possible to combine
Ag cluster and PNIPAM polymer matrix to form multifunctional
nanocomposite  coatings  for  promising  antibacterial
applications”® ?”. In order to improve the antibacterial activity of
Ag clusters, there are significant challenges in synthesizing
bioactive Ag cluster with ultrahigh surface activity. In this
contribution, we have developed a simple and green approach to
synthesize highly pure, well-crystalline and smooth-surfaced
Ag@PNIPAM with highly effective bioactive and antimicrobial
activities. The relevant synthesis takes place in a clean and slow
reaction environment without any chemical additives, which
ensures ultrahigh active surfaces of the Ag clusters owing to their
ultrasmall size. The as-prepared Ag@PNIPAM exhibit highly
effective antimicrobial activities against Staphylococcus aureus
and have an efficient therapeutic effect for burn wounds.

2. Experimental Section
2.1. Materials

Silver nitrate (AgNOs;, 99.95%, metals basis, Ag 63% min),
(NH4),S,05 (APS) and Na,S,05 (SPS) were purchased from
Shanghai Chemical Reagents Company and used without further
purification. Glutathione (GSH), N, N’-methylenebisacrylamide
(MBA) and N-isopropylacrylamide (NIPAM) were purchased
from Sigma Aldrich. Staphylococcus aureus (S. aureus, Gram-
positive bacteria) strains were provided by the first affiliated
hospital of Dalian medical university (Dalian, China). The
ultrapure water (Millipore, 18.2 MQ cm) was used to prepare
solutions. The phosphate buffer solution (PBS, 0.1 M, pH 7.4)
was prepared by using double distilled water (Millipore Ltd.,
USA). All solutions were stored in the refrigerator at 4 C.

2.2. Preparation of Ag@PNIPAM nanocomposite

The polymer of the Ag@PNIPAM nanocomposite was
synthesized through a free radical polymerization by two steps
(Scheme 1). Initially, 0.5g NIPAM and 15.0mg MBA were
dissolved in 15 mL water, and then 11mg APS and 9 mg SPS was
separately dissolved in 1.5 mL water. The NIPAM aqueous
solution and MBA aqueous solution were added into flask under
nitrogen at 50-60 ‘C. After 30 min, the polymerization was
initiated by the injection of APS and SPS aqueous solution. It is
noted that after a few minutes the solution color changed from the
transparent to light blue, and then slowly turned to milky white.
The reaction was allowed to proceed at 60 ‘C for 6 h. In order to
remove some oligomers and unreacted monomers, the obtained
polymer dispersion was diluted with water, then purified by
dialysis for about 7 days, and finally redispersed in water for
further experiments.

Afterwards, 1 mL of AgNO; aqueous solution (34 pg/mL) was
freshly prepared and used for the synthesis of Ag NCs. 1 mL of
GSH aqueous solution (38 pg/mL) was added dropwise into the
AgNO; solution and let to react with silver ions until it became
clear. The bulky molecular structure of GSH as the ligand could
play a critical role in the gelation with Ag" ions, leading to the
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formation of the relevant stable hydrogel complex.'" The
complex mixture was added into PNIPAM mixture and incubated
at 30 ‘C about 7 days. The product was diluted with water (15
mL) and washed three times by centrifugation (30 min, 8000
rpm) and redispersion in water (5 mL). At last, thermo-sensitive
Ag@PNIPAM nanocomposites could be readily obtained.

2.3. Characterization of Ag@PNIPAM Nanocomposites

The size and morphology of the as-prepared Ag NCs and
Ag@PNIPAM were examined by transmission electron
microscopy (TEM). The TEM images were obtained by using a
Hitachi H-600 transmission electron microscope operating at 100
kV. The scanning electron microscopic (SEM) images were
obtained on an ultra plus field emission SEM (Zeiss, Germany),
with an acceleration potential at 10 kV. After critical point
drying, a small amount of gold was sputtered on the samples to
avoid charging in the microscope. The crystalline phase was
determined by powder X-ray diffraction (XRD) pattern (Bruker
D8, Cu—Ka radiation) obtained on a DMAX-B (Rigaku Denki
Corp., Tokyo, Japan). The UV-Vis absorption spectra was
performed on HITACHI U-4100 ultraviolet spectrophotometer.

2.4. Cytotoxicity assay by MTT method

A549 lung cancer cells were seeded into 96-well plates at an
intensity of 7x10* cells mL™" and maintained for 24 h in DMEM
medium (Gibco, USA) Different amounts of Ag@PNIPAM
nanocomposites with a concentration of 0.5 uM were then added
into the medium, and the cells were incubated in the DMEM for
different time (12, 24, 36, 48 and 72 h) at 37 C. After pouring
out the medium, 100 mL of freshly prepared MTT (1 mg mL™" in
PBS) was added to each well and incubated for 4 h. After
removing the MTT medium solution, the cells were lysed by
adding 150 mL of DMSO. The plate was gently shaken for 5 min,
and then the absorbance of purple formazan at 520 nm was
monitored by using a Spectra MAX340PC plate reader®®. In order
to provide a comparative study of the toxicity of nanoparticles to
the cells, bare Ag NCs and PNIPAM were also added instead of
the Ag@PNIPAM nanocomposites to incubate with the cells in
the MTT experiment. The amount of the nanoparticles remained
the same as the Ag@PNIPAM nanocomposites.

2.5. Bacterial testing of growth curve and antibacterial
activity of nanocomposites

To examine the bacterial growth rate in the presence of different
antibiotics, S. aureus strains were grown in 100 ml of liquid
Luriae-Bertani (LB) broth medium supplemented with 5 x 10°
CFU of S. aureus cells in 1.5mg/mL PNIPAM, 15 pg/mL Ag
NCs or 15 pg/mL Ag@PNIPAM ( the concentration of Ag NCs)
respectively. Growth rates and bacterial concentrations were
determined by measuring optical density (OD) at 600 nm. Then
the OD values were used to calculate the concentration of S.
aureus strains.

The zone of inhibition test was employed to evaluate the
synergistic effects between Ag NCs and the PNIPAM. The
bacteria were incubated in LB broth at 37 ‘C overnight. The
resulting bacterial suspension was diluted to approximate 1.0x10’
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CFU/mL with LB broth. Subsequently, 50 mL of the bacterial
suspension were inoculated evenly on LB agar plates. Then, the
sample disk containing the antimicrobial agent solution was
gently placed at the center of the LB agar plates and incubated
overnight at 37 “C. The antibacterial activity was measured by
evaluating the diameter of the zone of inhibition around the disk.
Statistical analysis was conducted on the experimental results.
2.6. Established mouse model of burn wound

We use a scalding device of electrical heating, the temperature
can reach 200 ‘C. Wounds were burned by this device in mice
back surface of the rear side perpendicular to the skin. The
wounds showed a circular area of about 4.0 cm? (diameter about
1.1 cm), which is identified as superficial I degree burns. All
experiments involving mice were approved by the National
Institute of Biological Science and Animal Care Research
Advisory Committee of Southeast University, and the burn
wound procedure was conducted following the guidelines of the
Animal Research Ethics Board of Southeast University.

2.7. Animal experiments of antibacterial activity

Animal experiments were reviewed, approved, and supervised by
the Jiangsu province Institutional Animal Care and Use
Committee of China. Pathogen-free 8-week-old male Kunming
mice (i.e. Swiss mice), of clean grade, weighing from 28 to 32 g,
were obtained from Qinglongshan animal farm of Nanjing and
were maintained in high efficiency particulate air-filtered barrier
units kept inside biological safety cabinets for the duration of the
experiments. Mice were given free access to tap water and
pelleted rodent food and were kept at 25 ‘C with alternating 12 h
periods of light and dark. Animals were randomly assigned to
30 three groups (unless otherwise noted), i.e., control group, treated
with Ag NCs group and treated with Ag@PNIPAM group.

Before using, bacteria were grown in LB broth medium,
centrifuged at 5000 rpm for 5 min, washed and suspended in
sterile PBS, and maintained at 37 ‘C. Animals were clearly
3s moribund or on the verge of death were killed with an overdose
of pentobarbital sodium (150 mg/kg).

Ten microliters of bacterial solution (1.8 x 10> CFU/cm® S.
aureus) were applied topically to each wound and were allowed
to absorb for 15 minutes. Wounds were covered and monitored.
Preparation of Ag@PNIPAM onto the wound contact surface of
Ag was performed. Wounds were created and splinted as

described earlier. Control mice were untreated with
nanocomposites and the experimental group received treated with
Ag NCs or Ag@PNIPAM.

2.7. Statistics

All experiments were conducted in triplicate, and data points
were expressed as the mean. F-test was used for significance
testing, and p<0.05 is considered to be statistically significant.

3. Results and Discussion

3.1. Characterization of Ag@PNIPAM Nanocomposites

Figure la shows the TEM micrographs of Ag@PNIPAM
nanocomposites. It can be established that synthesized Ag NCs
involved silver atoms planes with an interplanar distance of ca.

=)
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0.1 nm, were almost spherical and had no noticeable trend to

ss agglomerate. Such a narrow size distribution and the absence of

agglomeration suggest that the reduction of silver ions into Ag
clusters occurs through the involvement of self-assembling
reducing ligand(s), which leads to simultaneously facilitate the
reduction course by Ag(0) coordination (viz., decreasing the
reduction potential of Ag' by decreasing the thermodynamic
requirement through stabilizing Ag(0) clusters and facilitating
kinetics by avoiding that the reaction proceeds through naked
Ag(0) atoms) and effectively tailor the surface of growing Ag
NCs. Scanning electron microscope (SEM) images of
Ag@PNIPAM were shown in Figure 1b. The shape of these
Ag@PNIPAM nanocomposites was close to being spherical and
the average diameter was about 100 nm. It is easy to notice that
most of Ag NCs uniformly. X-ray diffraction (XRD)
measurements confirm the structure of Ag@PNIPAM and
PNIPAM. Fig. 1c shows diffraction peak at 26=7.56 and 21.97,
which corresponds to the amorphous phase of the PNIPAM®.
The diffraction peak at 20=38.12, 44.27, 64.43, 77.47 81.54,
which distinct reflections observed for the compounds were
(111), (200), (220), (311), (222), commonly used for the
description of Ag cluster structures’” *" The Ag@PNIPAM and
PNIPAM were characterized by UV-Vis absorption spectroscopy,
(Fig.1d) confirming that Ag nanoclusters connect with PNIPAM.

3.2 Cytotoxic effect of Ag@PNIPAM on AS49 cells

The cytotoxicity of the carriers in the drug-delivery system has
been also investigated in this study. Initially, the cytotoxicity
effect of Ag cluster, PNIPAM and Ag@PNIPAM on A549 cells
were all characterized by MTT. Fig. 2 shows cell viabilities
against Ag cluster, PNIPAM and Ag@PNIPAM with different
concentration. The results demonstrate that the cytotoxic efficacy
of the Ag@PNIPAM and free Ag cluster increases with the
increasing Ag concentrations, and the Ag@PNIPAM exhibit
significantly lower cytotoxicity than free Ag cluster. Meanwhile,
it can be seen from the cell viability study in Fig. 2 that PNIPAM
alone did not have a significant effect in cell viabilities after 48 h
of incubation, indicating that PNIPAM have relatively low
cytotoxicity. This raises the possibility for the PNIPAM to be
utilized as promising candidates for potential drug loading and
delivery for antibacterial. This may be attributed to control the
release of Ag by PNIPAM after adhesion to A549 cells®* .

3.3 In vitro Antimicrobial Activity of Ag@PNIPAM

The growth curves of S. aureus in LB medium with 5.0x10° CFU
with PNIPAM, Ag NCs, and Ag@PNIPAM are shown in Fig. 3.
The dynamics of bacterial growth was also monitored in liquid
LB medium supplemented with 5 x 10° CFU of S. aureus cells in
1.5 mg/mL PNIPAM, 15 pg/mL Ag NCs or 15 pg/mL
Ag@PNIPAM (the concentration of Ag NCs). In Fig. 3a,
PNIPAM of 1.5 mg/mL caused no obvious effect of growth of S.
aureus and 15 pg/mL Ag NCs induced a little delay of
Comparatively,
Ag@PNIPAM not only greatly delays the exponential phase but
also decreases the duration of the growth exponential phase. The
growth transitions quickly from the exponential phase to a very
low stationary phase. The test of the bacterial dynamics confirms

exponential growth and stationary phase.
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that Ag@PNIPAM results in a greater bactericidal effect on S.
aureus cells than Ag NCs of the antibacterial reagents applied
alone. This experiment provided solid evidence of the synergistic
antibacterial effect of Ag@PNIPAM. Moreover, the quantitative
inhibition abilities of agent was performed in order to delineate
the changes of S. aureus treated with different concentration. The
inhibition abilities of the separate PNIPAM, Ag NCs solution or
the Ag@PNIPAM hydrogel solution are shown in Figure 3b. The
full inhibition abilities were attained at 25 pg/mL silver for
Ag@PNIPAM hydrogel solution and 60 pg/mL silver for the Ag
NCs solution. It is noted that the Ag@PNIPAM hydrogel solution
exhibited higher inhibitory activity than the Ag NCs solution at
the same concentration of silver. Thus, S. aureus with different
treartment concentration of Ag NCs solution and Ag@PNIPAM
hydrogel solution indicates that Ag@PNIPAM hydrogel exhibits
better inhibitory effect than Ag NCs™*.

In addition, the zone of the inhibition test was also performed to
determine the synergistic effects between Ag NCs and PNIPAM.
For this purpose, Ag NCs and Ag@PNIPAM at a final
concentration of silver of 30 pug/mL, respectively, was prepared.
As shown in Fig. 4, the diameters of zone of inhibition of
Ag@PNIPAM were comparable with those of the Ag NCs,
suggesting that Ag@PNIPAM exhibited most effective
antimicrobial performance. Moreover, lower doses of
Ag@PNIPAM were found to reduce the toxicity of Ag NCs. The
synergistic effect not only enhanced the antimicrobial activity
against multiple bacteria, but also prevented the emergence of
bacterial resistance®.

3.4 Wound Infection with S. aureus
In vivo Studies of Antibacterial Assay with Ag@PNIPAM

All mice were involved in the relevant in vivo studies with no
mortality, surgical complications, and signs of pain, illness, or
significant weight loss. Wounds without treatment of bacteria
(control group) had minimal growth of organisms on day 1 and 2
and significant bacterial infections and wound area increases by
day 3 and 4. S. aureus infection in the wound, respectively. To
compare, the significant improvement could be observed after Ag
and Ag@PNIPAM treatment for 7 days, as shown in Fig. 5. As
can be seen in Figure 5 (b1), the wound treated with Ag NCs was
deteriorated; in comparison, the wound treated with
Ag@PNIPAM tends to heal and scar (see Figure 5 (c1)). These
observations indicate that Ag@PNIPAM has highly effective
antibacterial activity and could facilitate the repairing effect of
dermal tissue and also promote the relavant wound healing. From
the above observations, it is evident that Ag@PNIPAM has
effective antibacterial activity. To examine the status of wound
healing and the effect of dermal tissue after administration of
Ag@PNIPAM, histological evaluation of rat dermal wound was
performed at the 7th day after treatment. Representative
hematoxylin and eosin (H&E)-stained histological images are
shown in Fig. 6. Epithelialization, formation of granulation tissue,
and contraction of underlying wound connective tissues can be
observed in Fig. 6, indicating the efficient wound healing.
However, in control studies, as shown in Fig. 6a and b, massive
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inflammatory cells can still be observed at the wound site due to
wound infection without perfect repairing. These results showed
that Ag@PNIPAM has highly effective antibacterial activity not
only on repairing effect of dermal tissue, but also on the
promoted wound healing.

Inserting Graphics

PNIPAM

Scheme 1. Schematic illustration of the synthesis process of conjugated
polymer Ag@PNIPAM nanocomposites.
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Fig.1. Characterization of Ag@PNIPAM. a): TEM image of the 4 Fig.3. a): Growth curve of S. aureus in LB medium with 5.0 x 10° CFU

15 synthesized Ag@PNIPAM nanocomposites, evidencing the ~0.1 nm without any antimicrobial agent (with PNIPAM) and in the presence of
interplanar spacing of the silver nanoclusters (inset). b): SEM image of Ag NCs and the combination of Ag NCs and PNIPAM. b): Quantitative
the Ag@PNIPAM. c¢): The powder X-ray diffraction patterns of results of inhibition abilities of agent was performed in order to delineate
Ag@PNIPAM and PNIPAM. d): UV-Vis absorption spectrum of the the changes of S. aureus treated with different incubation concentration
Ag@PNIPAM and PNIPAM.
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Before treated

after treated

Fig.6. H&E staining of rat skin after treatment for 7 days. a):

so treated with PNIPAM; b): treated with Ag NCs; c): treated with

Ag@PNIPAM; d): blank control group.

4. Conclusions

In summary, in this study we have developed a simple and green
synthesis strategy to prepare Ag@PNIPAM nanocomposites with

ss high purity, good crystallinity and smooth surfaces for promising

bio-applications as highly effective antimicrobial agents. The
Ag@PNIPAM nanocomposites were synthesized through fast
reduction of silver ions in a solution of silver nitrate and GSH.
The GSH used here is a natural compound and acts as a very

90 good chelating and reducing agent; and the as-prepared

Ag@PNIPAM nanocomposites demonstrate much more effective
antimicrobial activity for bacteria like S. aureus than that of Ag
NCs alone®. This raises the possibility to utilize the relevant
Ag@PNIPAM  nanocomposites as the promising new

os antibacterial agents or antimicrobial packaging materials for

efficient wound dressings.
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