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ABSTRACT: Poly(butylene adipate-co-terephthalate)
(PBAT) composites containing silver-silica (Ag-SiO,)
were prepared using an in-situ sol-gel process. Maleic
anhydride-grafted PBAT (PBAT-¢g-MA) and multihy-
droxyl-functionalized Ag-SiO, were used to improve the
compatibility and dispersibility of Ag-SiO, within the
PBAT matrix. The composites were characterized morpho-
logically using transmission electron microscopy and
chemically using Fourier transform infrared spectrometry.
The existence of Ag-SiO, nanoparticles on the substrate
was confirmed by the ultraviolet—visible absorption spec-
tra. The antibacterial and antistatic properties of the com-
posites were evaluated whether SiO, enhanced the

electrical conductivity was tested as well as whether Ag
enhanced the antibacterial activity of the PBAT-g-MA/
S5iO, or PBAT/SiO, composites. The PBAT-g-MA /SiO, or
PBAT/SiO, composite that contained Ag had better anti-
bacterial activity (more than 1.3-fold). The functionalized
PBAT-g-MA /Ag-SiO, composite can markedly enhanced
antibacterial and antistatic properties due to the carboxyl
groups of maleic anhydride, which acted as coordination
sites for the Ag-SiO, phase, allowing the formation of
stronger chemical bonds. © 2011 Wiley Periodicals, Inc. ] Appl
Polym Sci 121: 2193-2201, 2011

Key words: antibacterial; silica; silver; sol-gel technique

INTRODUCTION

In the field of material science, synergistic combina-
tions of polymers and ceramics via sol-gel processes
have recently attracted a great deal of attention
because of the potential for developing new materi-
als with desired properties through manipulating
structures at a molecular level."™ These organic—
inorganic hybrid materials may have a controllable
combination of the benefits of polymers (such as
flexibility and ease of processing) and those of
ceramics or silver (such as antibacterial, optical,
magnetic, and dispersion stability). Research on
organic-inorganic composites has primarily focused
on inorganic modification of an organic polymer
dominant phase.'"'? Specifically, the polymeric bio-
materials commonly wused in sol-gel-processed
ceramics or Ag-reinforced polymers are glassy poly-
mers, semicrystalline polymers, and other polymeric
media, such as membranes.!>'*

The microstructures and the properties of hybrid
materials depend greatly on the particle size of the

Correspondence to: C.-S. Wu (t50008@cc.kyu.edu.tw).

Contract grant sponsor: National Science Council (Taipei
City, Taiwan, R.O.C.); contract grant number: NSC 99-
2221-E-244-002.

Journal of Applied Polymer Science, Vol. 121,2193-2201 (2011)
© 2011 Wiley Periodicals, Inc.

inorganic phase, the uniform distribution of the inor-
ganic phase within the organic phase, and the inter-
facial force between the two phases. The formation
of hydrogen or covalent bonds between the two
phases is normally used to establish this interfacial
force.'>'® Hydrogen bonds may arise from the basic
group of the hydrogen acceptor in the polymer and
the hydroxyl group of the intermediate species from
metal alkoxides. Alternatively, covalent bonds may
form through dehydration of hydroxyl groups in the
polymer with residual silica-hydroxide (Si—OH)
groups in the silica (5i0,) network. Ag is believed to
be compatible with all of these antimicrobial meth-
ods and is widely used in medical and other kinds
of materials due to its powerful antimicrobial activ-
ity; some researchers have focused on its use in the
development of antibacterial surfaces.'”
Nanotechnology has infiltrated the field of cell
biology in the form of silver-silica (Ag-SiO,). Ag-
5i0, has many potential applications in electronics,
biomedicine, and other fields.'®' With a view to
further improving the antibacterial and electrical
conductivity properties of the inorganic polymer
hybrid, in this study, poly(butylene adipate-co-ter-
ephthalate) (PBAT) composites with Ag-SiO, were
prepared by a sol-gel process. Formation and dis-
persion of the Ag-silica network in the PBAT matrix
was achieved using a sol-gel method, in which the
formation of inorganic phase was via an in situ
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polymerization of silica acid and silver nitrate
(AgNOj3) in the presence of PBAT. In addition, a
maleic anhydride-grafted version of PBAT (PBAT-g-
MA) was also investigated, on the presumption
that maleic anhydride groups on this PBAT copoly-
mer would react with residual silanol groups of the
SiO, network.

PBAT has good mechanical and optical pro-
perties,*>?! resistance to fatigue and wear, and
resistance to creep fracture. It is used extensively to
produce films, fibers, and packaging materials.
Composite PBAT fibers have led to the development
of materials with additional functional properties,
such as high electrical Conductivi‘cy,22 and antibacte-
rial activity.”** Self-sterilizing fabrics made with
antibacterial PBAT fibers have potential benefits
including reduced disease transfer in hospital popu-
lations and biowarfare protection.

This study focused on the effects of functionalized
Ag-5i0, on the chemical properties and electrical
conductivity of PBAT-based composite materials. To
our knowledge, Ag-SiO, has not previously been
systematically evaluated as a reinforcement material
in PBAT for the production of antibacterial and anti-
static composites.

EXPERIMENTAL
Materials

PBAT resins were purchased from BASF Corp. (Flor-
ham Park, NJ), and tetraethoxysilane (TEOS) was
obtained from SMS, Merck Chemical Co. (Frankfurt,
Germany); they were used as received. Lactic acid,
maleic anhydride (MA), AgNO;, and tetrahydrofu-
ran (THF) were obtained from Aldrich Chemical
(Milwaukee, WI). MA was purified before use by
recrystallization from chloroform. Benzoyl peroxide
(BPO, Aldrich Chemical) was used as a polymeriza-
tion initiator and was purified by dissolution in
chloroform and reprecipitation in methanol. Other
reagents were purified using conventional methods.

Grafting reaction and percentage

Using BPO as the initiator, MA was grafted onto
molten PBAT under a nitrogen atmosphere at 120°C
+ 5°C with a mixer rotor speed of 60 rpm. A mix-
ture of MA and BPO was added in four equal
portions at 2-min intervals to the molten PBAT to
allow grafting to take place. Preliminary experiments
showed that reaction equilibrium was attained in
less than 10 h. Thus, reactions were allowed to pro-
gress for 10 h under stirring at a rotor speed of
60 rpm. The grafted product (~ 4 g) was then dis-
solved in 200 mL of refluxing tetrahydrofuran at
50°C = 2°C, and the hot solution was filtered
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through several layers of cheesecloth. The cheese-
cloth was washed with 600 mL acetone to remove
the tetrahydrofuran-insoluble unreacted maleic
anhydride, and the product remaining on the
cheesecloth was dried in a vacuum oven at 80°C for
24 h. The tetrahydrofuran-soluble product in the fil-
trate was extracted five times using 600 mL cold ace-
tone for each extraction. Subsequently, the grafting
percentage was determined using a titration method.
The MA loading of the THF-soluble polymer was
determined by titration and expressed as a grafting
percentage. Approximately 2 g of copolymer was
heated for 2 h in 200 mL of refluxing THF. This solu-
tion was then titrated immediately with 0.03N etha-
nolic potassium hydroxide (KOH), which had been
standardized against a solution of potassium hydro-
gen phthalate, with a phenolphthalein indicator. The
acid number and the grafting percentage were then
calculated using the following equations.” >’

Acid number(mg KOH/g) =
VKOH(mL) X CKOH(N) x 56.1

1
polymer(g) M
Aci 1
Grafting percentage(%)= cid nzur;gz x 98 x 100%
(2)

For the determination of grafting percentage of
MA onto PBAT, to eliminate the acid number from
the carboxylic end groups of the PBAT polyester, the
acid number for PBAT was determined and then
subtracted this value from the acid number obtained
from PBAT-¢-MA. It was found that the grafting
percentage of MA onto PBST was 1.12 wt % as
benzoyl peroxide and MA loadings were 0.3 and
10 wt %, respectively.

Preparation of hybrids from PBAT, PBAT-g-MA,
SiO,, and Ag-SiO,

A mixture called “Sol A” was prepared by dissolv-
ing a stoichiometric amount of TEOS, AgNO;, H,O,
and lactic acid (a catalyst) in THF (Table I) and then
stirring it at room temperature for 1 day to obtain a
homogeneous solution. As shown in Table I, a pre-
determined amount of PBAT or PBAT-g-MA was
put into a “Plastograph” 200 Nm Mixer W50EHT
instrument (Brabender, Dayton, OH) with a blade-
type rotor set at 50 rpm, and at a temperature of
120-130°C. When the polymer had melted com-
pletely, Sol A was added and the sol-gel process
was allowed to proceed for 20 min. Prior to charac-
terization, each sample was dried at 105°C in a
vacuum oven for 3 days to remove residual solvent.
Hybrid products were pressed into thin plates using
a hot press at 130°C and then put into a dryer for
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TABLE I
Compositions of Various Sol-Gel Liquid Solutions for
the Preparation of Hybrid Materials

SiO, (wt %) 5 10 10
PBAT or PBAT-g-MA (g) 36.26 30.77 30.77
TEOS (g) 6.56 11.89 11.89
Sol A
THF (g) 6.56 11.89 11.89
[lactic acid]/[TEOS]® 0.01 0.01 0.01
[H,0]/[TEOS]? 22 22 22
[AgNOs]/[TEOS]? - - 0.02

@ The mole ratio of lactic acid, HO, and AgNO; to TEOS.

cooling, after which they were made into standard
specimens for characterization.

Characterization of hybrid composites

Fourier transform infrared spectrometry (FTIR; FTS-
7PC type; Bio-Rad, Hercules, CA) was used to inves-
tigate the grafting reaction of MA onto PBAT and to
verify ester bond formation between the sol-gel
Si—OH phase and the PBAT matrix. Samples sub-
jected to FTIR analysis were ground into fine pow-
ders in a milling machine and pressed into pellets
with potassium bromide. Ultraviolet-visible (UV-
vis) absorption spectra were recorded on a UV2001-
PC spectrophotometer (Hitachi, Tokyo, Japan). To
obtain transmission electron micrographs, samples
were mounted in epoxy resin and the Ag-SiO, was
cut with a microtome to create specimens 60-100 nm
thick. Micrographs were acquired with a transmis-
sion electron microscope (JEM-100CX II; JEOL, To-
kyo, Japan) at an acceleration voltage of 100 kV. The
X-ray diffraction intensity curves were recorded
with Rigaku D/max 3V X-ray diffractometer, using
Cu Ko radiation with a scanning rate 2°/min, to
study the particle size of Ag. Electrical resistivity
was measured directly on laminated films (0.1 mm
thick) with an Ohm-Stat RT-1000 Standard Resistiv-
ity Tester (Static Solutions, USA).

Determination of antibacterial properties

E. coli, which is widely used as a biological index for
pollution and contamination in water and instru-
mentation, was chosen as the standard bacterium for
determining the antibacterial properties of the com-
posite materials. E. coli (BCRC 10239) was obtained
from the Bioresource Collection and Research Center
(BCRC; Hsinchu, Taiwan) and was maintained in
nutrient broth (NB) medium. The NB medium con-
sisted of 3 g of beef extract and 5 g of peptone in
1 L of distilled water at pH 7.0. The pH of the
medium was controlled by adjusting with 1N NaOH
solutions. Nutrient agar was produced with the
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addition of 15 g of agar to 1 L of NB. The bacteria
were stored at —20°C in NB medium containing 60%
glycerol. Prior to testing, 150 mL of NB medium was
inoculated with a 10-pL aliquot of preserved bacte-
ria, and the culture was grown aerobically at 35°C.
After overnight incubation, 3 mL of the bacterial so-
lution was transferred to fresh NB medium and then
kept at 35°C under shaking at 120 rpm for 18 h. A
well was constructed (3.00 cm diameter and 0.03 cm
thick) on the surface of each sample (5.00 cm diame-
ter and 0.10 cm thickness) to hold the bacterial sus-
pension in contact with the composite sample. A
0.02-mL aliquot of bacterial suspension (1.3 * 0.3 x
10° colony-forming units [CFUs]/mL) was placed on
the surface of each sample and covered with a germ-
less polyethylene film [4.00 c¢cm diameter and
0.05 cm thick; Fig. 1(A)]. The samples were in-
cubated at 35°C = 1°C at a relative humidity of
approximately 90%. After incubation, samples were
washed with 1.98 mL of NaCl solution (0.85%) for
3-24 h. The washing solution was diluted 10° with
NaCl solution, and 20-pL aliquot of diluted solution
was separated on NB agar medium. After incubation
for 24 h, the number of CFUs of E. coli was deter-
mined by direct plate counting.

(A)

e

0 hours 3 hours

Figure 1 (A) Photographs show PBAT-g-MA/Ag-SiO,
(10 wt %) samples loaded with a fixed volume (0.1 mL)
of E. coli. (B) E. coli was exposed to PBAT-g-MA /Ag-SiO,
(10 wt %) to evaluate antibacterial activity. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 2 FTIR spectra of (A) PBAT, (B) PBAT-g-MA, (C) PBAT/Ag-SiO, (10 wt %), and (D) PBAT-g-MA /Ag-SiO, (10 wt %).

Analysis of antibacterial capacity

The survival rate of bacteria exposed to the compos-
ite material was used to determine the antibacterial
capacity of PBAT and its composites or PBAT-¢g-MA
and its composites. The survival rate of bacteria was
defined by the following equation:

y

Survival rate = ke 100%,

®)

where x and y are the CFU counts before and after
exposure. Figure 1(B) shows photographs of E. coli
colonies from PBAT-g-MA/Ag-SiO, (10 wt %) sam-
ples that had been exposed to the composite for 3 h.
The survival rate of E. coli was calculated using Eq.
(3). Almost no E. coli had survived.

JISL 1902-1998, a method typically used to esti-
mate drug toxicity, can also be applied to determin-
ing the antibacterial activity of Ag-SiO, composites.
This method determines an antibacterial index (ABI)
and kill-bacterial index (KBI) according to the fol-
lowing expressions:

ABI =log B —log C,
KBI =log A —logC,

4)
©)

where A is the number of bacteria recovered from
the inoculated, untreated sample (native PBAT or
PBAT-g-MA) immediately following inoculation; B is
the number of bacteria remaining in the inoculated,
untreated sample after 18 h; and C is number of bac-
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teria remaining in the inoculated, treated sample af-
ter 18 h. According to the antibacterial standard of
the Japanese Association for the Functional Evalua-
tion of Textiles, an ABI greater than 2.2 indicates
bacterial inhibition, and a KBI greater than 0 indi-
cates a bactericidal effect.

RESULTS AND DISCUSSION
Infrared spectroscopy

The FTIR spectra of unmodified PBAT and PBAT-g-
MA are shown in Figure 2(A,B), respectively. The
characteristic transitions of PBAT.*® at 3300-3700,
1700-1760, and 500-1500 cm ' appeared in the spec-
tra of both polymers, with two extra shoulders
observed at 1786 and 1851 cm ' in the modified
PBAT spectrum. These features are characteristic of
anhydride carboxyl groups. Similar results have
been reported previously.””*® The extra shoulders
that appear at 1786 and 1851 cm ' are due to the
vibration of anhydride carbonyl group of MA
grafted in PBAT and thus indicate the grafting of
MA onto PBAT.

New peaks, at about 3000-3600 and 700-1800
cm appeared in the FTIR spectrum of the PBAT/
Ag-SiO, (10 wt %) and PBAT-g-MA/Ag-SiO, (10 wt
%) composites [Fig. 2(C,D)]. The broad peak at about
3000-3600 cm ™" in the spectra of PBAT/Ag-SiO, (10
wt %) and PBAT-¢-MA/Ag-5i0; (10 wt %) is due to
the presence of O—H groups (Si—OH) and the for-
mation of hydrogen bonds, while the peaks in the
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range 700-1800 cm ' indicate the SiO, phase. The
peaks at 700-1800 cm ™! are the result of a Si—O—Si
(1020 and 1081 cm™') bond. The observed stretching
vibration of (Si—O—Si)ssym (asymmetric) at 1000-
1100 cm ! [Fig. 2(C,D)] represents condensation
reactions between Si—OH groups. Notably, the
(§i—0—Si)asym Vvibration consists of two components
arising from Si—O—Si groups in linear fragments (~
1021 em ™) and in loops (~ 1081 cm ™) (indicated as
“cyclic” in Fig. 2).°>! Consequently, a comparison of
linear and cyclic components’ absorbance magni-
tudes contributes to understanding the degree of
molecular connectivity within the silicon oxide
phase. Meanwhile, the Si—OH vibration absorbance
(~ 958 cm™ ') is a measure of the number of uncon-
densed silanol groups. Thus, the relative absorbance
of these two types of bands (Si—O—Si and Si—OH)
allows an assessment of the degree of crosslinking
within the incorporated silicon oxide phases.
Another signature of network-forming in the Ag-
SiO, phase is a peak at around 822 cm ™', represent-
ing symmetric vibration of Si—O—Si groups
([Si—O—Silsym). Although the symmetric vibration of
S5i—O—Si is theoretically FTIR-inactive, its presence
is attributable to distortion of bonding symmetry
about the tetrahedral SiO4. Comparing the spectra of
PBAT-g-MA and PBAT-g-MA/Ag-SiO, [10 wt %;
Fig. 2(B,D)], one can see peaks at 1786 and
1851 cm ' in the former. These are not present in
the latter; two new peaks at 1733 and 1716 cm ™! are
detected, and the absorbance at 847 and 1125 cm !
is caused by a Si—O—C group. They may be due to
the formation of ester groups through the reaction
between anhydride carboxyl groups of PBAT-g-MA
and Si—OH groups of the Ag-SiO, network.*

UV-vis analysis

To further demonstrate the covalent linkage between
PBAT-g-MA and Ag-SiO,, the dispersibility of the
materials in THF was evaluated. The immobilization
of Ag nanoparticles throughout the Ag-SiO, hydro-
gel networks is due to a strong localization of par-
ticles within the gel networks. The formation of Ag
nanoparticles in the Ag-5iO, hydrogel networks may
be due to the adsorption of Ag nanoparticles
through nitrogen atoms and/or oxygen atoms pres-
ent in the Ag-S5iO, hydrogel macromolecular chains.
The presence of embedded Ag nanoparticles within
the gel macromolecular networks was confirmed by
UV-vis spectral studies. Conversely, the hydropho-
bic polymer chains of PBAT-¢-MA/Ag-5iO, were
soluble in THF.

In situ UV-vis absorbance spectra and digital
photographs of PBAT/Ag-SiO, (10 wt %), PBAT-g-
MA/Ag-5i0, (10 wt %), and Ag-SiO, placed in
THEF solution are shown in Figure 3. The insolubil-
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Figure 3 Absorption spectra of (1) Ag-SiO,, (2) PBAT/
Ag-Si0; (10 wt %), and (3) PBAT-g-MA/Ag-SiO, (10 wt
%) in a THF solution after 50 min.

ity of Ag-SiO, in THF is evident in line 1, which
shows almost no absorption from 300 to 500 nm.
Both PBAT/Ag-SiO, and PBAT-g-MA/Ag-SiO,
were increasingly soluble in the THF phase due to
increased binding between PBAT and Ag-5iO, or
PBAT-g¢-MA and Ag-SiO,. Apparent absorbance
was observed at around 311 (Ag) and 367 nm (rela-
tively broad band) for these composites (lines 2 and
3 in Fig. 3). Moreover, the PBAT/Ag-SiO, (10 wt
%) samples contained more precipitate and exhib-
ited a lower absorbance than samples of PBAT-g-
MA/Ag-5i0, (10 wt %). The presence of covalent
links between constituents likely enhanced the dis-
persibility of PBAT-g-MA/Ag-SiO, (10 wt %) versus
that of PBAT/Ag-SiO, (10 wt %).

Hybrid morphology

The morphology of the SiO, or Ag-SiO, and polymer
composites may be directly related to their electrical
properties. In general, good dispersion of SiO, or
Ag-SiO, throughout the polymer matrix, effective
functionalization of SiO, or Ag-SiO,, and strong
interfacial adhesion between the two phases are
required to obtain a composite material with satis-
factory electrical and antibacterial properties. Tensile
fractured surfaces of PBAT/SiO, and PBAT-g-MA/
Ag-SiO, composites were imaged by transmission
electron microscopy (TEM). In general, individual
embedded Ag-SiO, was difficult to locate in samples
exhibiting sufficient dispersion and good interfacial
adhesion between Ag-S5iO, and the polymer
matrix.*>** Using the sol-gel method proposed in
this study, as the comparison between Figure 4(A,B),
the images of the TEM analysis indicate that the Ag
particles were embedded within the SiO, matrix
anddeposited on the surface. From Figure 4(B), it

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 TEM and XRD pattern of composites (A) PBAT-
¢-MA/SiO, (10 wt %); (B) PBAT-g-MA /Ag-SiO, (10 wt %),
and (C) PBAT-g-MA/Ag-SiO, (10 wt %) composites.

can be observed that the sizes of Ag particles are in
the range 10-35 nm. To further confirm the particle
size of Ag obtained from TEM, it is also studied by
the XRD analysis. It can be observed from Figure
4(C) that the XRD pattern of the PBAT-g-MA/Ag-
SiO, composite gives the significant characteristic
peaks of 38.2°, 44.3°, 64.6°, and 77.6°. By using the
Scherrer equation, the particle size of Ag is about
31.3 nm,>® which is consistent with the result
obtained from TEM image. Thus, the result that
PBAT-g-MA/Ag-SiO, composites have better anti-
bacterial activity may be due to the distribution of
Ag in SiO, and is discussed in more detail in the fol-
lowing sections.
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Electrical properties

The electrical resistivity of PBAT (~ 10" Q/ sq) and
its composites or PBAT-¢-MA (~ 10'® Q/sq) and its
composite hybrid materials are summarized in
Figure 5. A marked decrease was observed in electri-
cal resistivity with increasing SiO, content to 5 wt %
(8.1 x 10” to 7.3 x 10" Q/sq), above which the elec-
trical resistivity decreased. When the content of SiO,
was 10 wt %, the electrical resistivity decreased to
75 x 10° to 4.1 x 10° Q/sq, and the downside of
electrical resistivity was more moderate. When the
content of Ag-5iO, was 10 wt % in PBAT or PBAT-
§-MA composites, the electrical resistivity was about
8.4 x 107 to 4.6 x 10* Q/sq. Thus, these results sug-
gest that the decrease in electrical resistivity of
PBAT and its composites or PBAT-¢-MA and its
composites were due to the content of 5iO, and Ag-
5iO,, and when the content was equal (10 wt %), the
electrical resistivity of PBAT/Ag-5iO, and PBAT-g-
MA/Ag-5i0O;, was almost the same.

The reduced electrical resistivity of PBAT-g-MA/
Ag-SiO, was likely caused by inhibited polymer
motion, which would have prohibited the chain
rearrangement and reorganization required for solid-
ification. As expected, both PBAT/Ag-SiO, and
PBAT-g-MA/Ag-S5i0O, exhibited lower electrical
resistivity than pure PBAT and PBAT-¢-MA. The
decrease in electrical resistivity was greater in
PBAT-g-MA/Ag-SiO, than in PBAT/Ag-SiO,, pre-
sumably due to ester bond formation, as previously
discussed. Ester linkages are stronger than the
hydrogen bonds formed in PBAT/Ag-SiO, and
therefore are more effective in hindering polymer
motion. Moreover, the electrical resistivity of all
PBAT-g-MA/Ag-SiO, hybrids was lower than that
of their PBAT/Ag-SiO, equivalents.

Although the 10% PBAT/Ag-SiO, and PBAT-g-
MA /Ag-SiO, composites exhibited resistivity values
as low as 4.6 x 10% and 8.4 x 107 Q/sq, respectively,

1017 -
101 4
10" |
1014 4
1013 4
1012
101t 4
1019 4
107 4
10° |
107

—— PBAT
PBAT-g-MA

B (s

Dwi%  Si0: (5 wi%) Si0: (10 wi%) Ag-SiO: (10 wi%)

Electrical Resistivity (ohms/sq)

Figure 5 Electrical resistivity of PBAT, PBAT-g-MA,
PBAT/SiO,, and PBAT-g-MA /Ag-SiO, composites.
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*) ®)

Figure 6 Antistatic properties of (A) PBAT-g-MA and
(B) PBAT-g-MA/Ag-SiO, (10 wt %). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com]

they cannot be classified as “conductive materials.”
They can, however, be referred to as “antistatic
materials.” According to the standards of the Elec-
tronic Industry Association, a surface resistivity of
less than 1.0 x 10° Q/sq is required for a material to
be classified as “conductive.” Surface resistance val-
ues of “dissipative materials” range from 1.0 x 10°
to 1.0 x 10" Q/ sq, and the surface resistivity of
“insulative materials” must be 1.0 x 10 Q/ sq.36
Figure 6 shows the results of antistatic testing with
pristine PBAT-¢-AA and 10% PBAT-¢g-MA/Ag-5i0O,
(sample size: 5.0 x 5.0 x 0.1 cm®). Each film was
rubbed and immersed in small plastic foam balls.
Any adsorption of plastic balls would indicate the
presence of static electricity. The pristine PBAT-g-
MA adsorbed a significant number of plastic balls,
whereas the 10% PBAT-¢g-MA/Ag-5i0, composite
was clean. Thus, the addition of Ag-SiO, to the com-
posite resulted in electrostatic dissipative properties
in the bulk material.

Antibacterial properties of composites

Antibacterial activity was evaluated with clinical
infectious E. coli. ABI and KBI values were calcu-
lated according to JISL 1902-1998 and are presented
in Table II. As shown in Figure 7(A), the E. coli cell
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Figure 7 Exposure time course growth (A) E. coli cells
and (B) of survival ratio during exposure to PBAT or
PBAT-¢g-MA and its composite surfaces.

count increased with time, from 1.30 x 10° to 1.28 x
10° CFU mL ™" or from 1.30 x 10° to 1.05 x 10° CFU
mL ", respectively, after incubation at 37°C for 24 h,
when in contact with PBAT or PBAT-g-MA.
Conversely, under the same conditions, the bacterial
cell count decreased rapidly to near zero when in
contact with PBAT/SiO, or PBAT-¢g-MA/SiO, con-
taining more than 10 wt % SiO,. At 10 wt % SiO,,
the onset of E. coli reduction was observed at 6 h.
However, the onset of E. coli reduction was observed
at 1 h when the content of Ag-S5iO, was 10 wt %.
From the results in Table I and the guidelines set

TABLE II
The Antibacterial Properties of PBAT/SiO, (10 wt %), PBAT-g-MA/SiO, (10 wt %),
PBAT/Ag-SiO,(10 wt %), and PBAT-g-MA/Ag-SiO, Composites

PBAT/SiO, PBAT-¢-MA/SiO, PBAT/Ag-SiO, PBAT-¢-MA/Ag-SiO,
Composites (10 wt %) (10 wt %) (10 wt %) (10 wt %)
A (CFU/mL™Y  1.30 x 10° 1.30 x 10° 1.30 x 10° 1.30 x 10°
B (CFU/mL™Y)  1.28 x 10® 1.28 x 108 1.28 x 108 1.28 x 108
C (CFU/mL™")  6.40 x 10 2.00 x 10 0 0
ABI 6.30 6.81 >8.11 >8.11
KBI 431 481 >6.11 >6.11
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forth by JISL 1902-1998 and the Japanese Association
for the Functional Evaluation of Textiles, one can
conclude that PBAT-¢-MA/SiO, and PBAT-g-MA/
Ag-SiO, suppress the growth of E. coli. All of the
samples of PBAT-g-MA/Ag-SiO, exhibited a higher
degree of bacterial suppression than the correspond-
ing samples of PBAT-¢g-MA/SiO, or PBAT/SiO;.
This is a result of ester formation from condensation
of the carboxylic acid groups of PBAT-¢-MA with
the hydroxyl groups of Ag-SiO..

Figure 7(B) shows that the survival ratio of E. coli
in contact with PBAT or PBAT-¢g-MA increases with
time up to 12 h, when an equilibrium was reached.
In contrast, the survival ratio of E. coli in contact
with PBAT-g-MA/SiO, or PBAT/SiO, began to
decrease after only 6 h. Thus, composite materials
with SiO, suppressed the growth of E. coli. Compo-
sites containing more than 10 wt % SiO, showed a
rapid decrease in the survival ratio in the first 18 h
and a slower decline thereafter. The survival ratio
for both PBAT-g-MA/SiO, and PBAT/SiO,, which
inversely indicates the extent of antibacterial activ-
ity, decreased as the content of SiO, increased. The
PBAT-¢g-MA /SiO, composites consistently yielded a
lower survival ratio than the PBAT/SiO, compo-
sites. The higher antibacterial activity of PBAT-g-
MA/SiO, may be a result of electrostatic interac-
tions. Bacterial strains, such as E. coli, with an
extracellular capsule, carry less negative charge and
are less prone to adsorption on the positively
charged surface of PBAT-g-MA/SiO,. However, the
composites of PBAT-g-MA /SiO, or PBAT/SIO, that
contained Ag had better antibacterial activity (more
than 1.3-fold).

CONCLUSIONS

In this article, organic-inorganic hybrid materials
were prepared using an in situ sol-gel process. FTIR
showed that the maleic anhydride had been grafted
onto the PBAT copolymer and that Si—O—Si and
5i—O—C bonds had formed in the PBAT-g-MA/Ag-
SiO, hybrid. The newly formed Si—O—C and bonds
may be produced through dehydration of maleic
anhydride groups in the PBAT-¢-MA matrix with re-
sidual Si—OH groups in the Ag-SiO, network. The
existence of Ag-SiO, nanoparticles on the substrate
was also confirmed by UV-vis spectroscopy. Appa-
rent absorbance was observed at around 311 (Ag)
and 367 nm (relatively broad band) with these com-
posites. Transmission electron micrographs of the
composites showed the formation of Ag-SiO,. The
electrical resistivity of the PBAT-g-MA /Ag-SiO, (10
wt %) composite was 8.4 x 107 Q/ sq, which is 108-
fold lower than that of neat PBAT, which afforded a
high antistatic efficiency. According to the antibacte-
rial capacity evaluation, PBAT-g-MA/Ag-5iO, com-
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posite film had a zone of bacteria growth inhibition
around the samples, but PBAT-g-MA and PBAT-g-
MA/SiO, composite films did not. Materials that
contained Ag had strong antibacterial effects. Anti-
bacterial activity was enhanced with the addition of
10 wt % Ag-SiO, to PBAT-g-MA, resulting in ABI
and KBI values of more than 8.11 and 6.11, respec-
tively. Thus, this study demonstrates an enhance-
ment in compatibility between PBAT and Ag-SiO,,
with antibacterial and antistatic properties.
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