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Surface modified fibrillar silicate (FS) was prepared by dopamine oxide polymerization and self-assembly of poly(dopamine) (PDA)
on the FS surface, presynthesized silver nanoparticles subsequently adhered to the PDA functionalized FS (FS-PDA) surface by simply
dipping FS-PDA in silver nanoparticles solution, owing to the metal-binding ability of catechol and nitrogen-containing groups on
the PDA coating on the surface of FS. The chemical composition of the modified FS surface was determined by X-ray photoelectron
spectroscopy. Surface morphological changes of the FS nanofibers were observed by transmission electron microscopy. The results
indicated that the in situ spontaneous oxidative polymerization of dopamine on the FS surface and the immobilization of Ag nano-
particles on the surface of FS were successful. The FS-PDA/Ag demonstrated a significant enhancement in antibacterial properties

compared to the pristine FS by using Escherichia coli as model strain. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39859.
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INTRODUCTION

A chemical approach to construct one-dimensional inorganic
nanomaterials-based hybrid nanostructures offers a promising
method for functionalizing materials.”> Silver nanoparticles
have the remarkable superior optical, catalytic, and antimicro-
bial properties; they are among the best substrates for surface-
enhanced Raman spectroscopy,”* and also exhibit antibacterial
properties because of their large surface area and high reactiv-
ity.” The combination of antibacterial properties and low toxic-
ity for silver nanoparticles has been attracting significant
attention."'® Nanocomposites may combine the mechanical
properties of a substrate with the properties of nanoparticles to
possess properties that are not available to the respective com-
ponents alone."'

Fibrillar silicate (FS) is a kind of nanofiber which is refined
from attapulgus clay. Attapulgus clay, commonly called attapul-
gite after the principal mineral it contains, is a crystalline
hydrated magnesium aluminum silicate with a unique chain
structure that gives it nanofibrillar micromorphology.'> The
high surface area, thermal resistance, and fibrous morphology
of attapulgite provide much potential for diverse applications
such as catalyst supports,'”® nanocomposites,'*'>
mental absorbents.'® Surface functionalization of attapulgite has
been extensively carried out to modify their intrinsic properties

and environ-
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for the applications in various areas.'” On the other hand,
because of the rich surface-plasmon-related light absorption and
scattering properties of noble metal nanoparticles, a large num-
ber of efforts have been devoted to the assembly of noble metal
nanoparticles in order to enhance the amplification of optical
signals, including fluorescence,"®2° Raman scattering,”’>* and
second-harmonic generation,”® which is useful for medical
imaging and diagnostic applications.”>** Zhang and coworkers
fabricated gold and silver nanoparticles on mesostructured silica
nanofibers that were synthesized with a structure-directing agent
presence.”” Because of the inactive surface of inorganic materials
and the highly curved surface of this nanoscale substrate with
the diameter of 10-20 nm, it is hard to modify and assemble
silver nanoparticles on the surface. Until now, few efforts
toward such hybrid ultra-fine inorganic nanostructures have
focused on silicate or silica nanofibers. Further, the reported
synthesis processes are somewhat complicated, so a convenient,
inexpensive and environmentally friendly method is desirable.

Poly(dopamine) (PDA) could be formed on a wide range of
inorganic and organic materials by in situ spontaneous oxidative
polymerization of dopamine in alkaline solution at room tem-
perature.”®>° The in situ spontaneous polymerization of dopa-
mine provides the advantages of one-step surface
functionalization with simple ingredients, mild reaction
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condition, and applicability to various types of materials. More
importantly, the PDA layer could be used as a versatile platform
for secondary reactions.”"*? Especially, the metal-binding ability
of catechol and nitrogen-containing groups present in the PDA
structure may be exploited to immobilize metal particles onto
various substrates without conventional environment-unfriendly
oxidation and activation-sensitization processes. However, to
the best of our knowledge, the preparation of FS-Ag hybrids
utilizing this technique has not been explored.

In this work, a PDA assisted method was proposed for silver
nanoparticles immobilization on the FS surface. FS was first
coated with a PDA layer and silver nanoparticles were then
assembled on the surface of the FS-PDA by immersing the FS-
PDA into the silver nanoparticles solution. The chemical com-
position and crystal structure of the as-prepared hybrids were
characterized by X-ray photoelectron spectroscopy (XPS) and
X-ray diffraction (XRD), respectively. Thermo Gravimetric
Analysis (TGA) was used to characterize the thermal stability of
FS-PDA and verify the amount of PDA in situ spontaneous oxi-
dative polymerized on the FS surface. Surface morphological
changes of the FS nanofibers were observed by transmission
electron microscopy (TEM). The antimicrobial property
enhancement provided by binding of the silver nanoparticles
was also demonstrated.

EXPERIMENTAL

Materials

Attapulgite was provided by Jiuchuan Clay Technology Limited
Company, Jiangsu, China. FS was refined from attapulgite by
soaking it in a sodium hexametaphosphate solution. The dosage
of sodium hexametaphosphate is 3% of the weight of attapulgite,
with stirring for 30 min at 40°C, followed by vacuum drying prior
to use. Dopamine (99%) and Tris(hydroxymethyl)aminomethane
(Tris, 99%) were purchased from Alfa Aesar Company, USA. Sil-
ver nitrate (99.8%), sodium borohydride, sodium hydroxide, and
citric acid were obtained from Beijing Chemical Plant, Beijing,
China. All the chemicals were used as received and without fur-
ther purification.

Dopamine Polymerization on the FS Surface

Dopamine solutions with different concentrations (0.5, 1, 2,
and 4 g/L) were prepared by dissolving Tris in different quanti-
ties of dopamine-HCI solution. The pH of the dopamine solu-
tion was buffered to 8.5. Solution pH was measured by a
Mettler Toledo FE-20 pH meter, fitted with a combined glass
electrode (0.01 pH units). FS (3 wt %) were dispersed in the
dopamine solution by stirring for a predetermined time at
25°C. Then the FS coated with PDA were separated by centrifu-
gation, rinsed thoroughly by ultrasonic with deionized water,
and dried in vacuum. The PDA-coated FS will be denoted as
FS-PDA-x in the subsequent discussion. Where, x stands for the
concentration of dopamine.

Silver Nanoparticles Immobilization on the FS-PDA Surface

Ag nanoparticles were prepared by reducing AgNO; with NaBH,
using citrate as a stabilizer. In a typical process, 1 mL AgNO;
solution (0.01M) and 1 mL sodium citrate solution (0.01 M) were
first added to 38 mL water, and then 0.25 mL freshly prepared
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ice-cold NaBH, solution (0.01M) was injected into the solution
under vigorous stirring. Silver nanoparticles were formed and
used in the following experiment within 24 h. The average diame-
ter of the Ag nanoparticles was (6 * 2) nm observed by TEM.
The FS-PDA-2 (15 mg) was dispersed into 5 mL ethanol by soni-
cation, and then mixed with 35 mL Ag nanoparticle solution.
After 30 min, the FS nanofibers coated with Ag nanoparticles
were collected by centrifugation and re-dispersed into 35 mL
citrate solution (0.01M), in order to enhance further adsorption
of the Ag nanoparticles onto the FS.*> For comparison purpose,
the pristine FS were also used to prepare FS/Ag hybrids through
the same process of FS-PDA/Ag hybrids.

Antibacterial Assay

Escherichia coli (E. coli) ATCC 8739 (The Institute of Microbiol-
ogy, Chinese Academy of Sciences, IMCAS) is used as model
strain to investigate the nature of antibacterial ability of
FS-PDA/Ag. Samples were made by pressing 5 mg the powder
of FS and FS-PDA/Ag on the scissored filter paper. E. coli strain
was grown overnight in Luria—Bertani (LB) medium (tryptone
10 g/L, yeast extract 5 g/L and NaCl 5 g/L) at 37°C. The bacte-
rial concentrations were dilute (10°-10° CFU/mL) and dispersed
uniformly on the surface of LB plate (LB broth with 1.5-2.0%
agar). The samples were laid on the top of plate with the sur-
face adhered FS, FS-PDA, and FS-PDA/Ag powder and incu-
bated at 37°C. The FS and FS-PDA samples were used as the
control. After 24 h of incubation, the zone of inhibition against
the bacteria was measured and compared with control samples.

Characterization

XPS measurements were carried out on an ESCALAB 250
Thermo Electron Corporation with an Al Ko X-Ray source
(1486.6 eV) at a constant record ratio of 40. The core-level sig-
nals were obtained at a photoelectron takeoff angle of 45° (with
respect to the sample surface). The X-ray source was run at a
reduced power of 150 W. The powdered samples were pressed
into tablets and mounted on the standard sample studs by
means of double-sided adhesive tapes. The pressure in the anal-
ysis chamber was maintained at 10~ Torr or lower during each
measurement. To compensate for surface charging effects, all
binding energies (BE’s) were referenced to the C 1s hydrocarbon
peak at 284.6 eV.

TEM (JEM-3010 electron microscope, JEOL, Japan) was per-
formed on a FEI tacnai G 20 STwin TEM. The specimens for
TEM observation were prepared by dropping sample suspen-
sions onto carbon membrane support films, and the solvent
was allowed to evaporate before observation.

TGA was performed on a STARe system?Mettler Toledo? from
30°C to 800°C at a rate of 10°C/min with a steady nitrogen
flow (50 mL/min).

The XRD patterns of the products were recorded on Tecnai
G*20 diffractometer with Cu Ka as the radiation source (1 =
0.1541 nm) for a 20 range of 10° to 90°.

RESULTS AND DISCUSSION

The preparation of FS-PDA-Ag hybrids was carried out in a two
step procedure, in which silver nanoparticles immobilization on
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Figure 1. Schematic illustration of the procedure for preparation of the FS-PDA/Ag hybrids. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

the FS surfaces is assisted by bound PDA (Figure 1). The dopa-
mine solution was colorless and transparent. During the in situ
spontaneous oxidative polymerization of dopamine, the color of
solution turned to pink quickly as the catechol was oxidized to
benzoquinone, and then the pink solution turned slowly into
deep dark, indicating that the polymerization may be followed
by reaction in a manner of melanin formation.

Preparation of FS-PDA

XPS was employed to determine the chemical compositions of
the surface of as-prepared products. The XPS wide scan spectra
of the pristine FS [Figure 2(a)] and FS-PDA [Figure 2(b)] were
shown in Figure 2. The pristine FS surface was composed of Si,
O, and Mg peaks. The Cls and N 1s peaks were attributed to
the organic substances absorbed on FS. The presence of the
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Figure 2. XPS wide scan spectra and C 1s and N 1s core-level spectra of: (a, ¢, e) pristine FS and (b, d, f) the FS-PDA.
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Figure 3. TEM images of: (a) the pristine FS and (b) the FS-PDA-2.

PDA on the FS surface can be deduced from the increase of the
peak component at BE of about 400 eV, associated to the nitro-
gen containing species in PDA. Furthermore, the substantially
decreased ration of peak intensity of O 1s to C 1s further con-
firmed the presence of PDA, associated to the lower mole ratio
of oxygen to carbon in PDA. The above results indicated that
the in situ spontaneous oxidative polymerization of dopamine
on the FS surface was successful. The presence of the PDA on
the FS surface can be further ascertained by the changes in the
XPS C 1s and N 1s core-level line shape. The XPS Cls and N
1s core-level spectra of pristine FS [Figure 2(c,e)] and the FS-
PDA [Figure 2(d,f)] were shown in Figure 2, respectively. The C
1s core-level spectrum of the pristine FS can be curved-fitted
with four peak components, having BEs at 281.8 eV for the
C-Si species, 284.6 ¢V for the C-H species, at 286.4 eV for
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the C-O species, and at 288.5 eV for the N(C=0), species.*
Deposition of PDA on FS resulted in an additional peak com-
ponent for C-N (285.6 eV). In addition, the C-Si peak compo-
nent associated with the FS substrates persists in the curve-
fitted C 1s core-level spectra of the FS-PDA surface. This result
suggests that the thickness of the deposited PDA is below the
probing depth of the XPS technique (about 7.5 nm for an
organic matrix). As shown in Figure 2(e), the N 1s core-level
spectrum of the pristine FS has no peak. The presence of the
deposited dopamine polymer on the FS surface can be deduced
from two peak components at the BE of 399.5 eV for the N-H
species, which attributed to the amine group of the dopamine
and at the BE of 398.5 eV for the N= species [Figure 2(f)].

The morphologies of FS and FS-PDA were investigated by TEM.
Figure 3 shows the TEM images of the pristine FS [Figure 3(a)],
FS-PDA prepared with the dopamine concentration of 2 g/L
[Figure 3(b)]. The fibrillar nanostructure of FS with the diame-
ter of 10-20 nm was observed clearly. From images (b), we
could see that FS was coated with uniform PDA layer with a
PDA thickness of about 3.5 nm when the concentration of
dopamine was 2 g/L.

TGA was used to characterize the thermal stability of FS-PDA
and verify the amount of PDA in situ spontaneous oxidative
polymerized on the FS surface. Figure 4 shows the weight curves
(a) and weight loss curve (b) (TGA) of the FS and FS-PDA-x.
The TGA of the FS had 15.5% weight loss at temperature up to
800 °C. The pure PDA obtained by in situ oxidative polymeriza-
tion of 2.0 g/L of dopamine had about 44.9% weight loss at the
temperature up to 800°C, which demonstrated the heat resist-
ance of PDA is quite high. As the weight loss of FS-PDA-0.5,
FS-PDA-1, FS-PDA-2, FS-PDA-4 is 20.4%, 22.7%, 26.7%, and
33.2%; it can be calculated that the PDA content of FS-PDA-
0.5, FS-PDA-1, FS-PDA-2, FS-PDA-4 is about 10.9%, 16.0%,
24.9%, and 39.3%, respectively. The above results indicate that
the thickness and amount of the PDA coating layer increased
with the concentration of dopamine, which is in accordance
with the TEM results.

Preparation of FS-PDA/Ag Hybrids

The metal-binding ability of catechol and nitrogen-containing
groups present in the PDA structure was exploited to immobi-
lize metal particles onto FS-PDA surface. The silver nanopar-
ticles could be absorbed by catechol and nitrogen-containing
groups. In this work, we used FS-PDA-2 and FS as materials to
prepare FS-PDA/Ag hybrids and FS/Ag hybrids, respectively.

The XPS results of the FS-PDA/Ag hybrids are shown in Figure
5. The strong signal of Ag at BE of about 370 eV in Figure 5(a)
demonstrates the presence of silver element. The Ag 3d core-
level spectrum shown in Figure 5(b) can be deduced from two
peak components with BEs of 368.0 and 374.0 eV for Ag 3ds),
and Ag 3ds,, respectively. Both of the peaks are attributed to
the Ag” species, further confirming that the Ag nanoparticles on
the surface of the hybrids exist in the zero valent state.

The surface morphologies and distribution of Ag nanoparticles
on the FS-PDA surfaces were observed by TEM. For comparison
purpose, the Ag nanoparticles deposited on the pristine FS

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39859
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Figure 4. (a) TGA curves of the pristine FS, PDA and FS-PDA; (b) weight
loss of the pristine FS, PDA and FS-PDA during the TGA. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

surfaces [Figure 6(a)] and FS-PDA surfaces [Figure 6(b)] under
the same condition are presented. Figure 6(b) evidenced the
high-density and homogeneously dispersed spherical silver
nanoparticles on the surface of the FS-PDA. The diameter of Ag
nanoparticles was about 10 nm, and the space between silver
nanoparticles was within 10 nm. However, there are no Ag
nanoparticles observed on the pristine FS [Figure 6(a)], which
further indicates that the modification of FS by PDA is the key
contribution for immobilizing Ag nanoparticles on the surface
of FS.

Figure 7 shows the XRD patterns of the pristine FS [Figure
7(a)] and the FS-PDA [Figure 7(b)] and the FS-PDA/Ag hybrids
[Figure 7(c)]. The peak positions 20 = 19.7, 27.5, 34.6, and
42.5 are exactly the same in the pristine FS and the FS-PDA,
which indicates the FS crystal structure does not change after
PDA successfully polymerized on the FS. The peak positions 20
= 13.6 and 16.4 correspond to the Si—O-Si crystalline layer.”
The FS-PDA/Ag hybrids show new peaks at 20 of 38.1°, 44.3°,
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64.4°, and 77.4°, assigned to the (111), (200), (220), and (311)
phases of the face-centered cubic (fcc) crystal structure of silver
nanoparticles, respectively (JCPDS card No 4-783). The above
results accord well with the presence of Ag estimated from XPS
measurement.

All FS-PDA/Ag hybrids used for analysis were rinsed by vigor-
ous ultrasonic and the Ag nanoparticles on the surface of
FS-PDA did not fall off, which were observed by SEM. The
above results indicated that the interaction between the silver
nanoparticles and the FS-PDA surface was relatively strong. The
strong interaction was presumed to be very important for the
formation of homogeneously dispersed Ag nanoparticles on the
FS-PDA surface.

Antibacterial Activity of FS-PDA/Ag

Figure 8 shows the results of inhibition zone used to evaluate
the antimicrobial activity of FS-PDA/Ag. Approximately 105-
106 CFU/mL of E. coli was first plated on nutrient agar and the
samples were laid for 24 h at 37°C. The samples of (a) pristine
FS and (b) FS-PDA failed to show an inhibition zone, however,
a clear inhibition zone was observed for the sample of (c) FS-
PDA/Ag. It indicates that the antimicrobial activity of a surface
can be easily increased by performing deposition of silver nano-
particles on PDA-coated surface and cannot be achieved by
purely modified PDA layer. Parikh®® produced Ag-filled wound

O1s
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Cls
Agad
. /
2
-
e
B
$ i L i L L
z 300 400 600 800 1000
w
: | m
5
Ag3d
g od5/2 Ag 3d3/2
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Binding Enegy (eV)

Figure 5. XPS (a) wide scan spectra and (b) Ag 3d spectra of the FS-
PDA/Ag hybrids.
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Figure 6. TEM images of: (a) the FS/Ag hybrids and (b) the FS-PDA/Ag
hybrids.

dressings and they evaluated the antimicrobial activity of wound
dressings against Staphylococcus aureus and Klebsiella pneumo-
nia. As a consequence, FS-PDA/Ag has the potential application
as antimicrobial materials.

Intensity (Arb. Units)

Ag (111)

(200)

(220) @11)

20 40 60 80
20 (deg.)
Figure 7. XRD patterns of: (a) the pristine FS, (b) the FS-PDA and (c)
the FS-PDA/Ag hybrids.
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Figure 8. Antimicrobial efficiency of the inoculated (a) FS, (b) FS-PDA
and (c) FS-PDA/Ag against E. coli. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

CONCLUSION

A PDA-assisted procedure for silver nanoparticles immobiliza-
tion on FS surface was demonstrated. PDA layers with high sur-
face coverage were formed on FS by in situ spontaneous
oxidative polymerization of dopamine. The PDA functional
layer not only improved the dispersion of FS in aqueous solu-
tions, but also was used as a platform for subsequent silver
nanoparticle immobilization. The thermal property of FS-PDA/
Ag was determined, which investigated the outstanding thermal
stability of PDA layer. Finally, antimicrobial activity of the pro-
duced FS-PDA/Ag was evaluated against E. Coli, which shows
that the nanocomposite fibers were effective against E. Coli.
These fibers may be used to cover the wounds especially burn
wounds or medical packaging.
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