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ABSTRACT: This paper describes the one-pot, aqueous
synthesis of cationic polymer nanofibers with embedded silver
nanoparticles. Poly[2-(tert-butylaminoethyl) methacrylate]
(PTBAM) was used as a cationic polymer substrate to
reinforce the antimicrobial activity of the embedded silver
nanoparticles. Electron microscope analyses revealed that the
as-synthesized nanofibers had diameters of approximately 40
nm and lengths up to about 10 pm. Additionally, silver
nanoparticles of approximately 8 nm in diameter were finely
embedded into the prepared nanofibers. The embedded silver
nanoparticles had a lower tendency to agglomerate than
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colloidal silver nanoparticles of comparable size. In addition, the nanofibers with embedded silver nanoparticles exhibited
excellent antibacterial performance against Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus. Interestingly,
the prepared nanofibers exhibited enhanced bactericidal performance compared with the silver-embedded poly(methyl
methacrylate) (PMMA) nanofibers, presumably because of the antibacterial properties of the PTBAM substrate.
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B INTRODUCTION

With increasing concerns of microbial infections, there is
growing interest in the development of new, effective
antimicrobial agents.'® Silver is an excellent antimicrobial
agent because of its broad-spectrum biocidal activity and
limitation of development of resistant microbial strains.””® In
an in-depth study, Morones et al. demonstrated the bactericidal
effect of silver nanoparticles with sizes in the range of 1-100
nm.” Alt et al. reported the in vitro antibacterial activity of
nanosilver against multiresistant bacteria and the in vitro
cytotoxicity of silver nanoparticles loaded into poly(methyl
methacrylate) (PMMA) bone cement.'® Although not fatal,
silver nanoparticles have shown toxicity toward mammalian
cells."'~'* The toxicity of colloidal silver nanoparticles has been
attributed to uptake of silver nanoparticles by cells or to the
oxidative release of silver cations from the surface of the silver
nanoparticles that can affect basic functions in mammalian
cells."® From this viewpoint, immobilization of nanosilver onto
adequate substrates is advantageous because it inhibits direct
uptake of the nanoparticles by cells. In addition, compared to
colloidal silver nanoparticles, immobilized silver nanoparticles
effectively resist oxidation and aggregation, which can reduce
the antibacterial efficiency.>'® There are numerous reports on
the silver nanocomposites and their antibacterial perform-

5723 For example, Lu et al. reported that silver
nanoparticles embedded into silicon nanowires are much
more stable and resistant to aggregation than colloidal silver
nanoparticles.'®
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The antibacterial performance is time-limited in silver-
containing materials that kill bacteria via the release of silver
ions or silver nanoparticles.””*' To improve the durability of
biocidal activity, researchers have suggested incorporation of
silver into biocidal polymers.'>* Quaternary ammonium
compounds,”~>” antimicrobial peptides,”®** and rhodanine
derivatives®> ** are strong candidates for use as antibacterial
substrates because of their contact-active bactericidal proper-
ties. Therefore, composites of these materials with silver
nanoparticles are promising for long-term and efficient
antimicrobial performance. For example, Rubner et al. reported
a dual-functional bactericidal coating based on a two-level
coating of quaternary ammonium silane and silver.”! These
composites maintained antibacterial performance even after the
contained silver was depleted. To date, this kind of research has
been limited to the incorporation of silver into bulk substrates.

This paper reports the one-step fabrication of silver
nanoparticles embedded into poly[2-(tert-butylaminoethyl)
methacrylate] (Ag/PTBAM) nanofibers by radical-mediated
dispersion polymerization. We evaluated the antimicrobial
performance of these Ag/PTBAM composites. It has been
reported that poly[2-(tert-butylaminoethyl) methacrylate]
(PTBAM) has high antibacterial activity and low toxicity to
human cells.***' The pendant bulky secondary amine of
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Scheme 1. Illustration of the Synthetic Procedure of Silver Nanoparticles Embedded PTBAM Nanofibers
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PTBAM causes phase separation of lipid layers inside bacteria,
resulting in cell death. Moreover, in contrast to other amine-
containing polycationic substances, PTBAM exhibits bacter-
icidal activity without additional quaternization.>* >* The
nanosize fibrous morphology of PTBAM leads to Ag/
PTBAM composites with very high surface area, which in
turn leads to higher cell attachment and higher silver
release.”>*>3® Our results revealed that the synthesized silver
nanoparticles embedded into PTBAM nanofibers had enhanced
antibacterial efficacy compared to silver sulfadiazine (SSD),
silver nitrate, and silver nanoparticles embedded into PMMA
nanofibers against Gram-negative Escherichia coli (E. coli) and
Gram-positive Staphylococcus aureus (S. aureus).

B EXPERIMENTAL SECTION

Materials. The monomers 2-(tert-butylamino)ethylmethacrylate
(TBAM) and methylmethacrylate were purchased from Aldrich (St.
Louis, MO). TBAM was used without further purification, and
methylmethacrylate was used after purification with an inhibitor
remover. Poly(vinylalcohol) (PVA) (M,: 124000—186000), silver
nitrate (AgNO;), and silver sulfadiazine (SSD) were also obtained
from Aldrich (St. Louis, MO). The initiator 2,2-azobis-
(isobutyronitrile) (AIBN) was obtained from Junsei Chemical Co.,
Ltd. (Japan). All purifications and reactions were carried out under
atmospheric pressure.

Fabrication of Silver Nanoparticles Embedded into Poly-
cationic Nanofibers. PVA was dissolved in deionized water (1.0 g to
200 mL). Silver precursor, AgNO; (0.118 mmol), was added to the
PVA solution and stirred for 1 h with a magnetic stirring bar. Next,
0.7S mL of a methylene chloride solution containing AIBN (0.6
mmol) was injected into the PVA solution, followed by the addition of
0.4 mL of TBAM monomer. The polymerization of TBAM and the
reduction of silver ions proceeded under vigorous stirring at 60 °C for
24 h. After polymerization, the synthesized Ag/PTBAM nanofibers
were centrifuged and washed with an excess amount of methanol to
remove residual reagents.

Instrumentation. Energy-filtering transmission electron micros-
copy (EF-TEM) images were obtained with a Carl Zeiss LIBRA 120 at
an acceleration voltage of 120 kV. In the sample preparation, Ag/
PTBAM nanofibers were cast onto a copper grid after dilution in
aqueous solution. Field-emission scanning electron microscopy (FE-
SEM) images were obtained using a JEOL 6700 at an acceleration
voltage of 10 kV. Fourier transform infrared (FT-IR) spectra were
recorded on a Bomem MBI00 spectrometer (Quebec, Canada) in
transmittance mode at a resolution of 4 cm™ and 32 scans.
Ultraviolet—visible (UV—vis) spectra were obtained at 25 °C with a
PerkinElmer Lambda-20 spectrometer. X-ray photoelectron spectros-
copy (XPS) was performed with a SIGMA PROBE (ThermoVG,
UK).
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Antimicrobial Tests. For the modified Kirby-Bauer test, solid-
state SSD and Ag/PTBAM nanofibers were pressed into a disk shape
with a diameter of 13 mm using a hydraulic press. The prepared
samples had equal amount of silver. Separately, S0 pL of S. aureus
suspension (10°—~10’ CFU/mL) was cultured on Luria—Bertani (LB)
agar plates. Then, each prepared sample disk was gently placed on the
center of the bacteria growth on the LB agar plates and incubated
overnight at 37 °C. Bacterial colony growth was observed, and the
zone of inhibition was measured to evaluate the antibacterial
performance.

For the kinetic test, E. coli and S. aureus were prepared. The culture
medium of each bacterium was inoculated with bacteria and incubated
overnight at 37 °C. Bacterial growth rates were measured by
monitoring the optical density at 600 nm (ODgy,) using a
spectrophotometer. The incubated bacteria were injected to fresh
media and grown at 37 °C with 200 rpm of shaking to an ODj, of 0.1.
Various concentrations of Ag/PTBAM nanofibers and SSD (from 1 to
25 pg/mL) were then added to the culture, and the ODgy, was
measured over time.

A minimum inhibition concentration (MIC) test was performed as
follows. The Ag/PTBAM nanofibers were dispersed in aqueous
solution for the MIC test. Nanofibers of PMMA with embedded silver
nanoparticles (Ag/PMMA) were fabricated according to a reported
procedure and used as a control.>’” An aqueous solution of AgNO; was
also prepared and used for comparative tests. To obtain the
concentration of silver in these prepared solutions, the samples were
dissolved in aqua regia. After 24 h, the solutions were diluted 100-fold,
and the concentrations of Ag were measured by inductively coupled
plasma atomic emission spectrometry (ICP-AES). For the test, S mL
of sterilized LB agar solutions were inoculated with each bacterium (1
x 10° to 1 X 10° CFU). Then, the prepared samples were added to the
bacteria suspensions at different concentrations and incubated at 37
°C while shaking at 200 rpm. After 24 h, fresh organisms were
reinoculated and incubated for an additional 24 h. Growth or no-
growth was determined by visual inspection. For accuracy of the
results, all of the concentration values were analyzed three times and
averaged. The standard deviation was less than 5%.

B RESULTS AND DISCUSSION

The synthesis of Ag/PTBAM nanofibers by radical-mediated
dispersion polymerization is illustrated in Scheme 1. Silver ions
(Ag") were added to an aqueous solution of PVA and were
coordinated to hydroxyl groups on the PVA. The Ag'—PVA
complex was linearly assembled due to high shear under
vigorous stirring. AIBN was then added to the Ag'—PVA
aqueous solution at 60 °C. AIBN acted as a reducing agent for
the silver ions and as a radical initiator for the TBAM
monomer. The silver nanoparticle—PVA complexes (Ag—PVA)
were linearly and tightly assembled due to both the high shear
conditions and dipole—dipole interactions between silver
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Figure 1. (a, b) FE-SEM and (c) TEM images of the silver nanoparticles embedded PTBAM nanofiber and (d) size distribution of the embedded
silver nanoparticles. The silver nanoparticle size was determined via randomly counting 100 Ag nanoparticles by TEM.

nanoparticles.*® When TBAM monomer was injected into the
reaction medium, the carboxyl groups of the TBAM monomer
formed hydrogen bonds with the hydroxyl groups of PVA.*
PVA acted as a gelator to form and grow nanofibers in the axial
direction and also acted stabilizer to disperse silver nano-
particles.>” The TBAM monomer was polymerized onto the
Ag—PVA complex for 24 h via radical polymerization using
AIBN as an initiator, after which Ag/PTBAM nanofibers were
obtained. When the experiments proceeded without AgNO;,
the products had atypical morphology with micrometer size
rather than fibrous nanostructure (see Figure S1 in the
Supporting Information). Although the mechanism is still not
clear, it can be considered that the silver nanoparticles play an
important role in formation of fibrous nanostructure.

EF-TEM and FE-SEM images in Figure 1 show the
morphology of the fabricated Ag/PTBAM composite nano-
fibers. As shown in the FE-SEM image (Figure la, b), the
synthesized composite nanofibers had fibrous morphology; the
average diameter and length of the polymer nanofibers were
approximately 40 nm and greater than 10 pm, respectively. It
was confirmed using EF-TEM that silver nanoparticles of
average 8.5 nm in diameter were finely embedded throughout
the polymer nanofibers (Figure lc, d). Additionally, the
synthesized Ag/PTBAM nanofibers possessed a smooth surface
morphology (Figure 1b), which indicates that the silver
nanoparticles were not located on the surface but were instead
embedded inside the PTBAM polymer nanofiber. Importantly,
we verified what we found in our previous studies, namely that
a nanofibrous structure could be obtained using radical-
mediated dispersion polymerization.*”

The optical properties of the Ag/polymer nanofibers were
analyzed by absorption spectroscopy. To verify polymerization
of the PTBAM, we performed FTIR analysis. A peak near 3400
cm! was observed in the FTIR spectrum of the Ag/PVA—
PTBAM and was attributed to the O—H stretching vibration of
PVA.*’ Peaks at 1738 cm™" and in the 1550—1610 cm™" region
were attributed to C=O stretching and COO asymmetric
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vibrations of PTBAM.*® In addition, peaks at 1230 and 1150
cm™! were attributed to C—N stretching modes.” The peak at
2200 cm™? originated from C=N bonding in AIBN, which was
used as a reducing agent and an initiator. In the UV—vis spectra
(Figure 2b), the plasmon absorption peak at 402 nm was
characteristic of nanosized silver particles; the broadness of this
peak was indicative of the polydisperse and nanoscale size of
these nanoparticles.*>*" An XPS spectrum of the Ag/PTBAM
composite is presented in Figure 2¢; the two peaks at 369 and
375 eV, with 6.0 eV separation, corresponded to the Ag 3ds,,
and Ag 3d;, binding energies, respectively.*” We concluded
from the spectral data that the Ag/PTBAM nanofiber
composite had negligible shifts from and the same spin energy
separation as metallic silver, implying that the synthesized silver
nanoparticles were mostly zerovalent. Based on these data, the
polymerization was successfully carried out on the surface of
the silver—PVA complex, which led to the formation of
PTBAM nanofibers with embedded silver nanoparticles. In
addition, thermogravimetric analysis (TGA) confirmed that the
synthesized Ag/PTBAM nanofibers contained about 55 wt %
silver (see Figure S2 in the Supporting Information). In
addition, as shown in Figure S3, the silver nanoparticles in the
Ag/PTBAM nanofibers had a lower tendency toward
aggre§ation than colloidal silver nanoparticles without stabil-
izer.">*** It can be considered that the polymer substrate
prevented aggregation of the embedded silver nanoparticles.
The antibacterial performance of prepared Ag/PTBAM
nanofibers was investigated using a modified Kirby-Bauer
technique. SSD, a known anti-inflammatory ingredient, was
chosen as a comparative material. Ag/PTBAM nanofibers and
SSD were made into discs with diameters of approximately 13
mm and placed on a bed of S. aureus in an agar plate. The
antibacterial properties were measured by evaluating the zone
of inhibition around the disk after incubation at 37 °C (Figure
3). The diameter of the zone of inhibition for the Ag/PTBAM
nanofiber composite disk was approximately 50.2 mm, whereas
that of the SSD disk was approximately 17.6 mm. These results
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Figure 2. (a) FT-IR spectra of Ag-PVA composite and the fabricated
silver embedded polymer nanofibers and (b) UV—vis spectrum and
(c) XPS spectrum of the Ag nanoparticles embedded poly(TBAM)
nanofibers.

indicated that the Ag/PTBAM nanofibers exhibited superior
performance as an antibacterial agent compared to SSD. The
SSD slowly releases silver ions as an antibacterial agent,”® and it

is possible that the diffusion of silver ions was blocked by the

formation of secondary compounds such as silver chloride in
the Kirby-Bauer test media.*” However, in the case of Ag/
PTBAM nanofibers, the PTBAM substrate is sufficiently porous
to allow water to pass through the nanofibers.*> Thus, silver
nanoparticles (or silver ions) embedded in the PTBAM
nanofibers could easily diffuse into the test media and act as
biocidal agents.

A bacterial inhibition growth curve was used to study the
growth kinetics of E. coli and S. aureus with prepared biocidal
samples (Figure 4). The optical density at 600 nm (ODgq,) was
measured to monitor bacterial growth; the bacteria were grown
to an ODgy, of 0.1 and then various concentrations of Ag/
PTBAM nanofibers or SSD were added to the bacterial
solution.*® In both cases, the bacterial growth was delayed as
the concentration of silver compounds increased, but the rates
of bacterial growth delay were different. The growth of E. coli
was completely inhibited by the Ag/PTBAM nanofibers when
the concentration of nanofibers is 10 pg/mL. The SSD
inhibited growth of E. coli at 25 pg/mL. In addition, Ag/
PTBAM nanofibers with 5 pg/mL of concentration were able
to slow the growth of S. aureus, whereas SSD slowed its growth
at 10 pug/mL. These results confirmed that the Ag/PTBAM
nanofibers possessed enhanced antimicrobial activity compared
to SSD. Both silver ions and silver nanoparticles exhibit
antibacterial properties via similar mechanisms, such as
interactions with bacterial membranes or binding with
metabolic materials.”*> However, for the same total silver
concentration, the silver nanoparticles in Ag/PTBAM exhibited
significantly higher antibacterial effects than the silver ions in
SSD. When silver ions come into contact with bacteria,
precipitates are formed, and the antimicrobial ability of SSD
deteriorates.*’ In contrast, the Ag/PTBAM nanofibers release
silver nanoparticles, which come into contact with bacteria
without direct precipitation. Therefore, the prepared Ag/
PTBAM nanofibers, which contained silver nanoparticles,
showed higher bactericidal efficacy than SSD, which contained
only silver ions. The nanometer-sized PTBAM polymer
nanofibers also provided a large surface area for more effective
antimicrobial performance.®>>°

Finally, we evaluated the extent to which the antibacterial
properties of the PTBAM substrate itself contributed to its
excellent antibacterial activities. An MIC test was performed to
verify the biocidal properties of PTBAM nanofibers. Nanofibers
with diameters similar to PMMA (which has no specific

Figure 3. Photograph images of the zone of inhibition of (a) silver sulfadiazine and (b) silver/PTBAM nanofiber by the modified Kirby-Bauer test.
Two silver compounds were pressed by hydraulic press to obtain disk shape and placed on the lawn of S. aureus. After 12 h of incubation, the zone of

inhibition was measured. Both disk sizes are ca. 13 mm in diameter.
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Figure 4. Bacterial growth curve in LB media. Different concentrations of silver sulfadiazine (SSD) or silver nanoparticles embedded cationic
polymer nanofiber (Ag/PTBAM) were added to the (a, b) E. coli and (c, d) S. aureus culture. The growth of the bacteria was monitored measuring

the optical density at 600 nm.

Table 1. Minimum Inhibitory Concentration Tests of Various Silver Compounds®

Ag/PTBAM Ag/PMMA AgNO,
bacteria concn of Ag (ng/mL)® 24 h 48 h conen of Ag (ng/mL)® 24 h 48 h concn of Ag (ng/mL)® 24 h 48 h
E. coli 1718 - - 1667 - - 1783 - -
859 - - 834 - - 892 - +
430 - - 417 - - 446 - +
215 - - 208 - - 223 + +
107 - - 104 - - 111 + +
$3.7 - - 521 - + $8.7 + +
26.8 - + 26.1 + 27.9 + +
134 + 13.0 + 13.9 + +
S. aureus 17182 - - 16673 - - 17831 - +
8591 - - 8337 - - 8915 + +
4296 - - 4168 - - 4458 + +
2148 - - 2084 - + 2229 + +
1611 - + 1563 - + 1670 + +
1074 + + 1042 + + 1114 + +

“LB liquid media was clear before incubation with 2 X 10* to 1 X 10° per mL of E.coli or S.aureus; “—” no growth; “+”growth. The concentration of
Ag in the silver compounds was measured by ICP-atomic emission spectrometer with aqua-regia treatment.

biocidal activity) were prepared for comparison with silver
nanoparticle-embedded PMMA (see Figure S4 in the
Supporting Information). The MIC value of AgNO; was also
obtained for comparison. Serial concentrated solutions were
each incubated with equal volumes of E. coli and S. aureus
suspensions. The concentrations of the sample solutions were
adjusted based on silver content. Growth or no-growth of
bacteria was determined by visual inspection. In the case of
Gram-negative E. coli, the MIC of Ag/PTBAM nanofibers was
about two times lower that of Ag/PMMA nanofibers and about
16 times lower than that of AgNO; after 24 h incubation
(Table 1). An additional 24 h after inoculation with fresh
bacteria, the MIC values at 48 h were higher than those at 24 h
because of the addition of new organisms. An MIC test against
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Gram-positive S. aureus was also performed. In this case, the
Ag/PTBAM nanofibers exhibited enhanced antibacterial
activity compared to both Ag/PMMA nanofibers and AgNO;.
Notably, the Ag/PTBAM nanofibers had higher bactericidal
efficiencies than Ag/PMMA nanofibers, which was attributed to
the additional antibacterial performance of the PTBAM
substrate. The pendant amino groups of PTBAM act as
bactericides by inducing phase separation of charged and
uncharged lipids inside the cytoplasma membrane of
bacteria.***® Eventually, the cytoplasma membrane disinte-
grates, which causes death of the mic1‘oorganism.30’48 For this
reason, it was anticipated that Ag/PTBAM nanofibers would
exhibit bactericidal activity to some degree even after depletion
of the embedded silver nanoparticles. On the basis of these

dx.doi.org/10.1021/am201563t | ACS Appl. Mater. Interfaces 2012, 4, 460—465
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data, our synthesized Ag/PTBAM nanofibers had enhanced
antibacterial performance because of the antibacterial properties
of both the PTBAM nanofibers alone and the embedded silver
nanoparticles.

In conclusion, PTBAM nanofibers with embedded silver
nanoparticles were synthesized using one-pot, radical-mediated
dispersion polymerization under aqueous conditions. The
embedded silver nanoparticles exhibited a lower tendency
toward aggregation compared with colloidal silver nano-
particles. The fabricated Ag/PTBAM nanofibers had enhanced
antibacterial activities against both Gram-negative E. coli and
Gram-positive S. aureus based on the bactericidal properties of
both the silver nanoparticles and the PTBAM substrate. These
results suggest that Ag/PTBAM nanofibers have potential for
use in biofilms and hygienic and antiadhesion applications.

B ASSOCIATED CONTENT

© Supporting Information

FE-SEM image of PTBAM without silver nanoparticles (Figure
S1), TGA data of Ag/PTBAM nanofiber (Figure S2), UV—vis
spectroscopy of the silver compounds (Figure S3) and FE-SEM
and TEM images of Ag/PMMA nanofiber (Figure S4). This
information is available free of charge via the Internet at http://
pubs.acs.org/.
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