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Abstract As a biopolymer-modified building block, a
poly-dopamine layer can be utilized with a wide range of
inorganic and organic materials for an adsorptive and
microbial remediation. In this study, dopamine (DOPA)
was used as a structural platform to bind silver onto the
surface of kapok fibers, and a composite of surface-
modified kapok fibers coated with DOPA along with silver
were successfully manufactured. After a silver-coating
process, a very strong antibacterial property was exhibited
against Staphylococcus aureus with a high antibacterial
efficiency, over 99 %, which could last for 48 h in peptone
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water. Enumeration determination was carried out in a
spread plate method. For a comparative study, the antibac-
terial activity of raw kapok fibers and chemically enhanced
kapok fibers with DOPA and silver was also evaluated.
The results indicated that the chemically enhanced kapok
fibers were very useful in controlling a microbial activity
on a surface environment.
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1 Introduction

The strong antimicrobial function of silver nanoparticles
has been a major attention with their more advanced
development in diverse applications such as disinfection
in wastewater treatment, food, and textile businesses
requiring for prevention from a bacterial colonization
(Guzman et al. 2012). In a medical supply area, wound
dressings, contraceptive devices, surgical instruments,
and bone prostheses are also coated or embedded with
silver nanoparticles (Ghafari-Nazari et al. 2012). They
were applied onto fabrics for a garment business
(Abdel-Mohsen et al. 2013; Rehan et al. 2013; Wang
et al. 2011).

Several methods for the preparation of silver
nanoparticles or their associated composites have
been developed, such as photocatalytic reduction
(Ghafari-Nazari et al. 2012; Rehan et al. 2013),
chemical reduction (Abdel-Mohsen et al. 2013),
plasma and enzyme treatments (Nithya et al. 2012),
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rapid thermal annealing (Hsieh et al. 2013), sol-gel
(Chen et al. 2013), and sonication (Li et al. 2013).
Also, many methods have been developed in order
to extend the antibacterial activity of the surfaces
using silver or silver derivatives. Most of the
methods focused on pretreating the surface or coat-
ing the surface with a thin film of polymer contain-
ing silver nanoparticles or embedding silver nano-
particles on a fiber polymeric matrix. It was reported
that, by using trimethylol melamine (TMM) to mod-
ify a cotton surface, the antibacterial activity was
greatly enhanced even after regeneration or launder-
ing (Ibrahim et al. 2008). Some researchers also
used crosslinkable polysiloxane to pretreat a fabric
surface, which was then covered with nanosized
colloidal silver and silver-coated surface showed a
high antibacterial efficiency against Klebsiella
pneumoniae and Staphylococcus aureus (Dastjerdi
et al. 2009). In a report, polyvinylpyrrolidone
(PVP) was used to make silver nanoparticles stable
during the synthesis and it was applied to a silk
fabric surface using an exhaust method. A promi-
nent antibacterial activity against the gram-positive
bacterium, S. aureus, on silk fabrics, was introduced
as well as the durability to washing (Gulrajani et al.
2008). Polystyrene-block-polyacrylic acid (PS-b-
PAA) was used as a structural building block to
stabilize silver nanoparticles with micelle cores,
which was synthesized in an atom transfer free rad-
ical polymerization (ATRP) method (Budama et al.
2013). Others to enhance an antibacterial activity
were associated with the surface modification of
the fabrics and subsequent coating with silver nano-
particle sols, and their synthetic processes were the
so-called sol-gel technique (Ilic et al. 2009; Tarimala
et al. 2006; Xing et al. 2007).

It has also been reported that kapok fiber is in a
distinct hollow structure with wax coated on the
surface (Abdullah et al. 2010). Such wax structure,
quite different from cotton fiber, makes it hydro-
phobic for the composition of cellulose (35 % for
dry fiber), xylan (22 %), and lignin (21.5 %)
(Keko et al. 2000). In this study, dopamine
(DOPA) was used to modify the surface of kapok
fibers. Its origin was from India and derived from
the fruits of silk-cotton tree (Lim and Huang
2007). As a biopolymer-modified building block,
the polymer layer using DOPA can be useful with
a wide range of inorganic and organic materials
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(Lee et al. 2007). The poly-DOPA layer can play a
structural platform in binding metals with chemical
functional groups such as catechols in a poly-
DOPA structure. With this poly-DOPA base, the
efficiency of silver-coating kapok fibers can be
highly enhanced with a functionalization of anti-
bacterial activity against microorganisms including
S. aureus. The role of kapok fibers is well men-
tioned in a study (Wang et al. 2014), describing
that a kapok fiber is utterly building foundation
for a three-dimensional structure with the help of
chemical functional groups on its surface. A kapok
fiber is well known for its application in oil re-
moval (Wang et al. 2012) as well as wastewater
treatment (Wang et al. 2014).

2 Materials and Methods
2.1 Materials

The kapok fibers were imported from Malaysia.
Before using them, lumps and impurities found
in the fiber products were completely removed.
Then, the fibers were washed and dried at room
temperature. DOPA was purchased from Sigma-
Aldrich, Germany, and silver nitrate was pur-
chased from Samchun Pure Chemical Co., Ltd.,
Korea. S. aureus (IFO 3060) was obtained from
the Korean Culture Center of Microorganisms
(KCCM).

For the polymerization of DOPA and the silver-
coating process on the surface of kapok fibers, a DOPA
solution (2 g/L) was prepared by dissolving DOPA
completely into the Tis-HCI buffer solution (0.01 mol/L,
pH=8.0). Then, 0.2 g of kapok fiber was immersed in
100 mL of the DOPA solution, which was well mixed
with a stirring bar for 24 h. A self-polymerization of
DOPA was likely to gradually change the color of the
prepared poly-DOPA-coated kapok fibers (KF-DOPA)
from bright white to dark gray. Consequently, KF-
DOPA was rinsed with deionized water and dried in a
vacuum oven for a use. A silver-coating process was
carried out under an UV irradiation. First, 0.2 g of KF-
DOPA was immersed in 50 mL of silver nitrate solution
at different concentrations of silver ions (5, 10, and
50 g/L) and subject to the UV irradiation while being
stirred for 30 min. KF-DOPA deposited with silver (KF-
DOPA/Ag) was washed thoroughly with distilled water
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Fig. 1 FE-SEM images of the natural kapok fibers (a, b) and the kapok fibers after a DOPA polymerization process (¢, d)

and dried in the vacuum oven. All processes were con-
ducted at room temperature under atmospheric condi-
tion. KF-DOPA coated with 5, 10, and 50 g/L of silver
nitrate will be named as KF-DOPA/Ag-5, KF-DOPA/
Ag-10, and KF- DOPA/Ag-50, respectively.

2.2 Microscopic Analysis

The surface morphology and elemental composi-
tion of the samples were analyzed using a field

Fig. 2 Images of natural kapok
fibers (a) and kapok fibers after a
DOPA functionalization (b)

emission scanning electron microscope (FE-SEM,
S-5500, Hitachi), equipped with an EDAX detec-
tor. The FE-SEM measurements were conducted at
an accelerating voltage of 10 kV. The EDAX
analysis was performed at 50 kV. In order to
identify morphological differences of the bacteria
cells before and after a chemical treatment, a bio-
logical scanning electron microscope (BIOSEM)
was applied and the sample was required for a
pretreatment as follows. Firstly, the inoculums
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Fig. 3 Colonies of the S. aureus 10° 4
grown naturally, a direct contact
with the raw kapok fibers, and the B Control
KF;DOPA in peptone water at 1 Raw-KF
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were filtered and washed with phosphate buffer
solution (PBS). The sample was washed with
PBS two times after mixing with 1 % osmium
tetroxide, and the mixture was kept at 4 °C for

Fig. 4 Process of DOPA and A
silver coating on the surface of

kapok fibers (a) and mechanism

of a DOPA self-polymerization

(b) (Wang et al. 2011)

1-2 h. Finally, a dehydration process was conduct-
ed using ethanol at a concentration range between
30 and 100 % in an increasing order and the
sample was analyzed with BIOSEM.
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Tpm Electron Image 1

Spectrum 2

Fig. 5 FE-SEM image of the silver coating on the surface of the kapok fibers after a DOPA functionalization (a) and the EDAX pattern of

the KF-DOPA/Ag-50 (b)

2.3 Microbial Enumeration for the Antibacterial
Efficiency of the KF-DOPA/Ag

S. aureus was cultured in 20 mL of broth containing
10 g/L of polypeptone, 2 g/L of yeast extract, and 1 g/L
ofMgSO,-7H,0 at 30 °C. For an antibacterial assay, the
direct contact method was used. After being cultured for
24 h, the bacteria-containing broth was centrifuged at
2500 rpm for 15 min, and 0.1 mL of the supernatant was
removed and placed in 20 mL of peptone water contain-
ing 20 g/L of peptone and 5 g/L of NaCl. In order to
enumerate the accurate number of the bacteria, colonies
increased up to 10° forming units (CFU)/mL, the pep-
tone water containing bacteria was also cultured for 1 h
at favorable temperature, 30 °C. Then, 0.02 g of KF-
DOPA/Ag was added to peptone water and the determi-
nation was made using a spread plate method, while the
inoculums were diluted appropriately in sterile water
and 0.05 mL of the diluted inoculum was spread evenly
on the surface of the agar plate on a standard sized petri
dish (Hyundai Micro Co., Ltd., Korea). The agar plate
was cultured at 30 °C after the inoculum was dried
during the spreading procedure. The colonies were ob-
served on the surface of the plate after incubation for

Table 1 Elemental composition of the KF-DOPA/Ag (EDAX
pattern)

Element Weight (%) Atomic (%)
C 61.47 69.24
O 35.99 30.44
Ag 2.54 0.32
Totals 100.00 100.00

24 h, and the counting was carried out to estimate the
number of the live cells, when the number of the colo-
nies ranged from 30 to 300 CFU on one agar plate. For a
comparative study, the antibacterial efficiencies of the
raw kapok fibers and the KF-DOPA/Ag were evaluated
with a control in which bacteria had naturally grown in
peptone water. Experiments were repeated three times
and an average value was expressed in a mean+standard
deviation.

The antibacterial efficiency of the KF-DOPA/Ag was
calculated in Eq. (1):

Antibacterial efficiency (%) = (C-4)/C x 100 (1)

where C is the average number of bacteria colonies in
the control and 4 is the average number of bacteria
colonies in peptone water containing KF-DOPA/Ag
(Arian et al. 2013).

3 Results and Discussion

3.1 DOPA Polymerization on the Surface of Kapok
Fibers

The SEM images in Fig. 1 show the surface modifica-
tion of the kapok fiber with and without a chemical
treatment with a DOPA solution. For raw kapok fibers,
the surface was seen smooth without any ripples be-
cause of the thick wax structure on the surface (Wang
et al. 2012). However, the surface of the treated kapok
fiber with DOPA was rough, and different degrees of
wrinkles and grooves were observed. This result indi-
cates that DOPA was successfully coated on the surface
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Fig. 6 Colonies of the S. aureus 10° 4
grown naturally and a direct
contact with the KF-DOPA/Ag in
peptone water at 30 °C
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of'the kapok fibers after a self-polymerization process in
solution. After treated with DOPA, the color of the
kapok fibers changed to dark brown as shown in
Fig. 2. Similar observation was identified with a study
(Xu et al. 2011); reportedly, a quinone structure was
formed by oxidizing catechol groups under alkaline
conditions, which was caused by the redox activity of
functional groups of catechol in DOPA. These quinone
structures could react further with amines and other
catechol or quinone in order to form an adherent poly-
DOPA film (Xu et al. 2011).

The process and mechanism of a DOPA polymeriza-
tion is shown in Fig. 3. The entire process is based on
the oxidative self-polymerization of dopamine (2-(3,4-
dihydroxy-phenyl)ethylamine) onto surfaces with an
intermediate step that formed 5,6-dihydroxyindole after
oxidation and structural rearrangement (Lee et al. 2008;
Postma et al. 2009; Zhang et al. 2013). The formation of
poly-DOPA was reduced dramatically by purging a
DOPA solution with argon, suggesting that both DOPA

(1]

Time (h)

and oxygen were preconditioned (Lee et al. 2007).
However, unlike the previous open system, some report-
ed that the dissolved oxygen in the capillary sealing
solution could not completely oxidize all the DOPA in
its solution. Only one fifth of DOPA could be deposited
onto the surface of the materials in the solution because
of the difference between the calculated content of DO-
PA deposited on the inner wall and that in filtered
solution (Yin and Liu 2008).

On a comparative viewpoint, the bacterial properties
of the raw kapok fibers and the KF-DOPA were also
evaluated in Fig. 3; a very low antibacterial efficiency
could be observed with the raw kapok fibers as a con-
trol. As with KF-DOPA, the number of bacteria was
much higher than that of the control, since DOPA on the
kapok fibers serve as a substrate to microorganism.
DOPA was also a good medium compound to cause
microorganism to be attracted in a favorable environ-
ment. Five mechanisms of antibacterial action have
been reported: (1) interference with a cell wall synthesis,

Table 2 Number of colonies of S. aureus grown naturally and with a direct contact with the KF-DOPA/Ag after 24, 30, and 48 h in peptone

water at 30 °C

Time (h) Number of colonies (CFU/mL)
Control KF-DOPA/Ag-5 KF-DOPA/Ag-10 KF-DOPA/Ag-50
24 (572£52)x10’ <100 <100 <100
30 (384+6)x 107 680 <100 <100
48 (484+12)x107 (34+0.6)x 10° 140 <100
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Table 3 Efficiency of the anti-S. aureus with the KF-DOPA/Ag

Time (h) Anti-S. aureus efficiency (%)
KF-DOPA/Ag-5 KF-DOPA/Ag-10 KF-DOPA/Ag-50

1 89.0212 88.4574 90.9043
2 99.2450 99.9126 99.1387
3 99.8740 99.9157 99.9935
4 99.9730 99.9599 99.9991
5 99.9961 99.9982 99.9995
6 99.9989 99.9998 99.9999
24 99.9999 99.9999 99.9999
30 99.9999 99.9999 99.9999
48 99.9992 99.9999 99.9999

(2) inhibition of protein synthesis, (3) interference with a
nucleic acid synthesis, (4) inhibition of a metabolic
pathway, and (5) direct destruction on a bacterial mem-
brane structure (Tenover 2006). Those antibacterial ac-
tions are closely related with a metal coating on a
surface mechanism.

3.2 Silver Coating on the Surface of Kapok Fibers
after DOPA Functionalization

The entire process including the silver-coating step is
shown in Fig. 4. The surface topography of the chemi-
cally enhanced kapok fibers was analyzed using FE-
SEM. The elemental composition of the chemically
modified kapok fibers (KF-DOPA/Ag) was also exhib-
ited by EDAX. Figure 5a shows the FE-SEM image of
the silver-coated kapok fibers right after coated with
silver ions. The silver particles were clearly observed
with the EDAX analysis (Fig. 5b) and the elemental
composition (Table 1). The EDAX spectrum showed
that the content of Ag was 2.54 wt.% and the quantita-
tive signals for C and O were 61.47 and 35.99 wt.%,
respectively.

Fig. 7 Bio-SEM images of the
untreated S. aureus cells (a) and
the S. aureus cells treated with
KF-DOPA/Ag-5 after 24 h (b)

Similarly, the surface of the cotton fabrics was suc-
cessfully coated with poly-DOPA and silver nanoparti-
cles (Xu et al. 2011). Some of the catechol groups
chelated with Ag" and in situ Ag" were reduced to
zero-valent silver (Ag®) without adding further reduc-
tion agents (Xu et al. 2011). In addition, a sol-gel meth-
od was improved for the formation of silver clusters by
incorporating AgNOj into the organic-inorganic hybrid
sols derived from methacryloxypropyl trimethoxy-
silane and vinyltriethoxysilane (VTES) (Lee et al.
2010). It was proven that the mean size and the number
of Ag clusters could possibly be controlled by adjusting
the initial AgNO; concentrations in the precursor solu-
tions. In other words, with increasing AgNO; concen-
trations, the Ag loading amounts on the coating films
increased, resulting in the increase of the mean diameter
ofthe Ag colloids through more agglomeration between
the Ag clusters (Jeon et al. 2003; Lee et al. 2010).

3.3 Antibacterial Properties of KF-DOPA/Ag

The antibacterial efficiency of the chemically enhanced
kapok fibers (KF-DOPA/Ag) was evaluated using a
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direct contact method. It was observed that the number
of S. aureus was considerably reduced after a direct
contact of KF-DOPA/Ag for 1 h, comparing between
KF-DOPA/Ag and the control. After 2 h, all the bacteria
were deactivated, as shown in Fig. 6. As earlier men-
tioned, the initial concentration of AgNOs in a precursor
solution could affect the Ag loading amounts on the
surface of the fibers coated with DOPA. By increasing
the initial AgNO; concentration, the number of Ag® and
the mean size of the Ag clusters increased, indicat-
ing that more Ag" could possibly be released from
these clusters into the medium. There was no signif-
icant difference observed in the first hour between
the three different samples (Fig. 6). However, after
2 h, an obvious decrease in the number of bacteria
was seen with KF-DOPA/Ag-50 that was greater
than KF-DOPA/Ag-5 and Ag-10, although the KF-
DOPA/Ag-5 and Ag-10 also showed good antibac-
terial properties. The antibacterial assay was carried
out for 48 h (Table 2). For KF-DOPA/Ag-5, the
number of bacteria increased after being incubated
for 30 h and the increased number of bacteria was
also observed for KF-DOPA/Ag-10 after 48 h. It can
be said that the concentration of Ag" released from
the Ag clusters in the medium were not enough to
inhibit the proliferation of the residual colonies in
the medium. For the three samples, an antibacterial
efficiency increased up to 99 % after 2 h and this
high efficiency could last for 48 h, as shown in
Table 3.

As for S. aureus, gram-positive bacteria, in Fig. 7, the
shape of the cells was changed after a direct contact with
KF-DOPA/Ag for 24 h (Fig. 7b), as compared to the
control (Fig. 7a). The fact was that a cell wall synthesis
was greatly inhibited the moment the Ag particles made
contact with the surface of the cell membrane, resulting
in the destruction on a cell membrane structure
(Guzman et al. 2012).

4 Conclusions

A silver coating on the surface of kapok fibers was
successfully fabricated though a DOPA functionalization.
The antibacterial properties of this chemically enhanced
composite, KF-DOPA/Ag, were evaluated. After a direct
contact with it for 2 h, a high efficiency against S. aureus
was shown with over 99 %. This high efficiency lasted for
48 h with the help of the coating of silver nanoparticles.

@ Springer

This method envisions to be utilized in a number of areas
including pharmaceutical, medical, and wastewater
treatment.
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