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Rectorite (REC), a type of layered silicate, was used to prepare the intercalated nanocomposites with
quaternized chitosan (HTCC). Characterization by XRD and TEM revealed that HTCC were intercalated
into the intergallery of REC. Moreover, it was confirmed from FT-IR, XRD and {-potential analyses that
interaction between HTCC and REC took place. Two in vitro antimicrobial assays indicated that all the
nanocomposites exhibited strong inhibition against Gram-positive bacteria, Gram-negative bacteria
and Fungi under weak acid, water and weak basic condition, particularly against Gram-positive bacteria.
Moreover, with increasing the amount or the interlayer distance of organic REC, the antimicrobial activ-
ity was stronger. The lowest minimum inhibition concentration values of the nanocomposites against
Staphylococcus aureus and Bacillus subtilis were less than 0.00313% (w/v) in all media tested, and the
killing rate on S. aureus reached more than 90% in 30 min. The mechanism of the antimicrobial action

was briefly discussed.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Antimicrobial agents can be divided into inorganic and organic
ones according to their chemical composition. Inorganic antimicro-
bial agents show long life expectancy and high heat resistance;
however, they exhibit weak mould proof activity and large dosage
are needed when used, etc., (Guo, Ma, Guo, & Xu, 2005; Zhou, Xia,
Ye, & Hu, 2004). While organic antibacterial agents show good
inhibition efficiency and a broad spectrum of activity, more impor-
tantly they display blending compatibility with organic matrixes
such as textile, paints, polymer, etc., however, their relative low
stability (e.g., low decomposition temperature and short life expec-
tancy) cannot be ignored (Suci, Vrany, & Mittelman, 1998). As a re-
sult, there is urgent need to develop organic-inorganic hybrid
materials provided with dual antibacterial advantages of organic
antimicrobial agents and inorganic antimicrobial agents as they
will become more important in the antimicrobial material market.
From this point of view, it is noteworthy to point out the polymer/
layered silicate nanocomposites (PLNs) technology, which provide
an attractive way to develop new organic-inorganic hybrid
materials with properties that are inherent to both types of
components.

Rectorite (REC) is a type of layered silicate which has been stud-
ied in the PLNs technology in recent years; the structure is similar
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to montmorillonite (MMT) where most work on PLNs has been
concentrated. At the same time, REC also shows adsorption capac-
ity on bacteria and immobilization activity of cell toxin (Zhang,
Zhang, & Yu, 2003), which is also similar to MMT (Guo et al.,
2005; Herrera, Burghardt, & Phillips, 2000). Modified layered sili-
cates could adsorb both natural and anthropogenic toxin, and
exhibited an inhibitory property for the proliferation of bacteria
(Guo et al., 2005; Lemke, Grant, & Phillips, 1998). However, there
are only several reports about polymer/layered silicate nanocom-
posites with antibacterial activity, our previous paper reported
the good antibacterial activity of chitosan/rectorite nanocompos-
ites (Wang et al., 2006), and Rhim et al. reported the chitosan/clay
nanocomposite films with antimicrobial activity (Rhim, Hong, Park,
& Ng, 2006).

Chitosan (CS) is the second most abundant polysaccharide in
nature, it has been shown to be useful in many different applica-
tions; one of them is as a natural antimicrobial agent. CS has
advantages over other type of disinfectants because of its higher
antibacterial activity, a broader spectrum of activity, a higher kill-
ing rate and a lower toxicity towards mammalian cells (Shahidi,
Arachchi, & Jeon, 1999). Despite all these advantages, chitosan
per se lacks good solubility above pH 6.5; its applications in a com-
mercial context are not as wide as expected. Accordingly, CS/REC
nanocomposites may be not applied widely (Wang et al., 2006).
Therefore, it is very necessary to prepare functional chitosan deriv-
ative in attempt to increase its solubility in water and thereby to
broaden its applications. N-(2-hydroxyl) propyl-3-trimethyl
ammonium chitosan chloride (HTCC) is just the derivative soluble
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in a wide pH range; it can be prepared by a relatively easy chemical
reaction of CS and glycidyl-trimethyl-ammonium chloride
(GTMAC) (Li, Du, Xu, & Zhan, 2004). There are more advantages
in HTCC than in CS. First, it is water-soluble and thus the interca-
lation between HTCC and REC can proceed in mild condition—
water, which does not include organic solvent. In addition, HTCC
shows higher positive charge density than pure CS (Qin et al,
2004), so in the intercalation technology, it is easier to intercalate
into the interlayer of silicate. And compared to pure CS, HTCC can
inhibit the growth of bacteria in acid, water and base solution
while CS only show antibacterial activity in acid solution (Qin
et al., 2004). Besides, HTCC is potential to be used as an absorption
enhancer across intestinal epithelial due to its mucoadhesive and
permeability enhancing property; it is very suitable for biomedical
application (Kotzle et al., 1999). Therefore, HTCC/layered silicate
nanocomposites will have more potential applications than CS/lay-
ered silicate nanocomposites.

The focus of this paper is on preparing biopolymer/rectorite
nanocomposites based on HTCC; it appears as an improved way
of developing a novel PLNs nanocomposite which can inhibit the
growth of bacteria in a wide pH range, and it is very favorable to
the application of PLNs. First, according to our previous study
(Wang et al., 2006), organic rectorite(OREC) was prepared. Then,
HTCC/OREC nanocomposites with different mass ratios of HTCC
to OREC were prepared. XRD and TEM were used to characterize
their structures. FT-IR, XRD and {-potential analyses confirmed
the interaction between HTCC and REC. At last, this paper detailed
antimicrobial activity of HTCC/OREC nanocomposites.

2. Experimental
2.1. Materials

Chitosan (CS) from a shrimp shell was purchased from Yuhuan
Ocean Biochemical Co. (Taizhou, China). The degree of deacetyla-
tion was 92% (determined by elemental analysis) (Xu, McCarthy,
& Gross, 1996) and its weight average molecular weight (M)
was 2.1 x 10° (determined by GPC method) (Qin, Du, & Xiao,
2002). Calcium rectorite (Ca*-REC) refined from the clay minerals
was provided by Hubei Mingliu Inc., Co. (Wuhan, China). Cetyltrim-
ethyl ammonium bromide (CTAB) was supplied by Xinrui Science
and Technology Inc., Co. (Wuhan, China). All other chemicals were
of analytical grade.

2.2. Synthesis of quaternized chitosan

N-(2-hydroxyl) propyl-3-trimethyl ammonium chitosan chlo-
ride (HTCC) was prepared as shown in Scheme 1 according to ref-
erence (Li et al., 2004). About 0.5 mol of concentrated hydrochloric
acid was dropped into the solution of trimethylamine (0.5 mol) at
4 °C. After stirring for about 10 min, 0.42 mol of epoxy chloropro-
pane were added into the resulting solution at 35 °C. After homog-
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enization, the mixing solution was heated to 54 °C, and was then
trickled slowly by aqueous NaOH solution (50 ml 40 wt %). The
addition of NaOH was performed within 1-1.5 h, after another
2 h of stirring, the reaction mixture was refined by vacuum distil-
lation at 40 °C for 20 min, then intermediate for the preparation of
HTCC———2,3-epoxypropyltrimethyl ammonium chloride (EPT-
MAC) was obtained. Subsequently, 12 g of chitosan was dispersed
in EPTMAC solution after which was adjusted to pH 9 and was stir-
red at 75 °C for 6 h. Then the reaction mixture was dialyzed, pre-
cipitated by acetone, and finally vacuum-dried to obtain HTCC.
Its M, was 1.08 x 10° (determined by GPC method) and the degree
of substitution (DS) was 82% (determined by potentiometry) (Li
et al., 2004).

2.3. Preparation of HTCC/OREC nanocomposites

Organic rectorite (OREC) was prepared according to our previous
work (Wang et al., 2006). eparation of HTCC/OREC nanocomposites
was as follows: HTCC was dissolved in water to obtain the 0.5% (w/
v) solution. The resulting solution was added slowly into the pre-
treated OREC suspension under stirring at 80 °C to obtain the nano-
composites with initial HTCC/OREC weight ratios of 1:1,2:1,4:1. The
resulting mixture was agitated for 2 days. Finally the nanocompos-
ites were freeze-dried at —50 °Cand ground to powder. A conceptual
illustration of the intercalation of HTCC into REC is shown in Scheme
2. Firstly, quaternary alkylammonium (CTAB) cations enter into the
interlayer of rectorite by ion-exchange reactions, the alkyl chains ar-
range orderly between the interlayer because of cation strong inter-
action (Vaia, Teukolsky, & Giannelis, 1994). In this way, the normally
hydrophilic silicate surface is converted to an organophilic one, mak-
ing the intercalation of polymers easier. Therefore, after that, qutern-
ized chitosan (HTCC) can intercalate into the clay gallery in the help
of agitation action and the interaction between HTCC and CTAB
chains (Ray & Okamoto, 2003).

2.4. Characterization

The X-ray diffraction (XRD) experiment was performed using a
D8 Advance diffractometer (Bruker, USA) with Cu target and Ko
radiation (41 =0.154 nm) at 40 KV and 50 mA. The scanning rate
was 0.5°/min and the scanning scope of 26 was 1°-10° and 5°-
45° in a fixed time mode with a step interval of 0.02° at room
temperature.

Ultrathin films for transmission electron microscopy (TEM)
were prepared by cutting from the epoxy block with the embedded
nanocomposites sheet at room temperature using an LKB-8800
ultratome. The TEM micrographs were taken using a transmittance
electron microscope [JEM-2010 FEF (UHR), JEOL, Japan] at an accel-
erating voltage of 200 KV.

FT-IR spectra were recorded in KBr pellets on a Nicolet FT-IR
5700 spectrophotometer (Madison, USA) by the method of
transmission.
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Scheme 1. Preparation of HTCC.
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Scheme 2. Intercalation of HTCC into REC.

The pH values of the HTCC/OREC nanocomposite suspension
were obtained by using a pH analyzer (Lida, pHS-25, China). {-po-
tential analysis was carried out on a Zetasizer 3000HSA apparatus
(Malven, England). The suspensions for the pH value and {-poten-
tial analyses were prepared through a process as the preparation of
the HTCC/OREC nanocomposites. In this case, the concentration of
the nanocomposites in aqueous suspension was fixed to be 0.1%
(w/v).

2.5. Antibacterial assays

Gram-positive bacteria Staphylococcus aureus, Bacillus subtilis,
Gram-negative bacteria Escherichia coli, Pseudomonas aeruginosa

and Fungi Aspergillus niveus were provided by China center for
Type Culture Collection (CCTCC at Wuhan University) and incu-
bated on nutrient agar (peptone 1%, beef extract 0.5%, NaCl 0.5%,
agar 2%, pH 7.2).

2.5.1. Determination of the minimum inhibition concentration (MIC)

The antibacterial activities of the nanocomposites were evalu-
ated by finding the minimum inhibition concentration (MIC) as
the follows: the microorganism suspension was adjusted by 0.9%
(w/v) sterile saline water to 10°-10° CFU/ml. The nanocomposites,
HTCC, REC and OREC solutions were prepared, respectively, in ace-
tate buffer (pH 5.4), in water and in NaOH solution (pH 8.0) at a
concentration of 1% (w/v). The resulting solutions and the nutrient
agar were autoclaved at 121 °C for 20 min. The twofold serial dilu-
tions (1 ml) of each sample were added to 9 ml nutrient agar for
the final concentrations of 0.1% (w/v), 0.05% (w/v), 0.025% (w/v),
0.0125% (w/v), 0.00625% (w/v) and 0.00313% (w/v), the mixture
were added into sterile Petri-dishes after completely mixing. A
loop of each microorganism suspension was inoculated on cooled
nutrient medium by means of drawing a stripe. The bacteria were
cultured at 37 °C. MICs values were read after a 24 h of culture. The
experiments were done for three times.

The minimum inhibition concentration (MIC) was defined as
the lowest concentration required inhibiting the growth of bacte-
ria, i.e. the concentration at which no microorganism colony or less
than 5 colonies were visible within 19-38 h (Wang et al., 2006).

2.5.2. Determination of the killing rate

The bactericidal activity of CS was measured by enumeration of
viable organisms, as previously described (Wang et al., 2006). The
microorganism suspension was diluted by 0.9% (w/v) sterile saline
water to ~10% CFU/ml. 1 ml of the cell suspension was added to
4 ml 0.5% HTCC/OREC nanocomposites, HTCC, REC and OREC aq-
eous solutions that had been autoclaved at 121 °C for 20 min. An-
other tubes without samples served as the control. Samples were
removed after 5, 30, 60, 120, and 180 min, respectively. A 50 pl ali-
quot or the dilutions were spread on nutrient agar plates, which
were incubated at 37 °C for 24 h, and the numbers of colonies were
counted. The percent reductions in plate colonies were calculated
by comparing the experiment plates to the control. All the data
were the means from at least 3 parallel experiments that discrep-
ancies among them were less than 5%.

2.5.3. Transmission electron microscopy for bacteria

Bacteria were prepared for transmission electron microscopy
(TEM) as previously described (Helander, Nurmiaho-Lassila, Ahve-
nainen, Rhoades, & Roller, 2001; Liu, Du, Wang, & Sun, 2004). E. coli
and S. aureus were grown in nutrient broth to obtain a culture with
optical absorbance at 630 nm of 0.4. 1 ml of each culture was cen-
trifuged at 11,000g for 10 min. The resulting pellet was resus-
pended in 0.1 M sodium phosphate buffer containing 0.85%
sodium chloride, pH 7.2 (PBS). This suspension was supplemented
with 1:1 HTCC/OREC nanocomposite with final concentration of
0.05% (w/v); the control suspension remained without supple-
ment. After incubating for 20 min at 37 °C, the suspensions were
centrifuged at 11,000g; the resulting pellets were washed twice
with 0.1 M PBS and then were fixed with 2.5% glutaraldehyde in
0.1 M PBS. Specimens were prepared for electron microscopy by
post-fixing with1% (w/v) 0sO4 in 0.1 M PBS for 2 h at room tem-
perature, washing once with the same buffer, dehydrating in a
graded series of ethanol, washing with acetone and embedding
in Spur low-viscosity medium. Thin sections of the specimens were
cut with a diamond knife on an Ultracut Ultramicrotome (Super
Nova; Reichert-Jung Optische Werke, Wien, Austria) and the sec-
tions were double-stained with saturated uranyl acetate and lead
citrate. The grids were examined with an H-7000FA transmission
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electron microscope (Hitachi, Tokyo, Japan) at an operating voltage
of 75 kV.

3. Results and discussion
3.1. Structure and morphology

Fig. 1 represents XRD patterns of REC, OREC and corresponding
nanocomposites. The doo; peak of OREC shifts towards lower angle
in comparison with REC, and its Ad; value (the interlayer distance)
is 2.94 nm as calculated by Bragg's equation. This increase of the
interlayer distance is a direct evidence of CTAB intercalated into
the REC interlayer (Wang et al., 2006). In the same way, the inter-
layer distances of HTCC/OREC nanocomposites were enlarged to
4.56 nm, 4.8 nm and 4.48 nm, respectively. These results also prove
that HTCC entered the intergallery space of clay and the corre-
sponding nanocomposites were successfully prepared, as shown
in Scheme 2. In other cases, it is noted that the interlayer distance
of the nanocomposites was not proportional to the amount of
OREC, which is in accordance with our previous report (Wang
et al.,, 2006). In this system, the better intercalation was achieved
when the mass ratio of HTCC and OREC was 2:1.

Direct evidence of this nanometer-scale dispersion of interca-
lated REC can be found in the transmission electron microscopy
of the cross section of HTCC/OREC nanocomposite, as exhibited
in Fig. 2 in two levels of magnification. The dark lines correspond

2.94n

2.45n OREC

Intensity/a.u.

Intensity/a.u.

Fig. 1. XRD patterns of REC, OREC and nanocomposites with different HTCC/OREC
ratios (a) 1:1, (b) 2: 1 and (c) 4: 1.

to clay layers while the bright areas represent the HTCC matrix.
Some large intercalated tactoids (multiplayer particles) are visible
in the TEM images in low magnification (Fig. 2A), but these tactoids
are dispersed uniformly in HTCC matrix despite the high content of
clay (33 wt %). This fact clearly implies the high affinity between
HTCC and OREC. An observation in high magnification (Fig. 2B) re-
veals that most of silicate particles still maintained the layered
structure, and the Ad; value of 4.8 nm can be measured in TEM
images, which agrees with the XRD analysis. Interestingly, some
highly delaminated structures are observed. In this case, the clays
are exfoliated into slim slices with 2-4 layers, and even into single
layer, which clearly demonstrates the better intercalation effec-
iency of 2:1 HTCC/OREC nanocomposite.

3.2. Interaction between HTCC and REC

Table 1 shows the pH values of REC, OREC, HTCC and the HTCC/
OREC suspensions. The pH values of pure REC and HTCC are 7.27
and 6.58, respectively, while the pH values of the HTCC/OREC sus-
pensions slowly increased from 6.14 to 6.50 as the REC content
increased from 25 wt % to 50 wt %. Besides, Table 1 shows the {-po-
tential value of REC, OREC, HTCC and the HTCC/OREC suspensions.
Pure HTCC and REC particles exhibit {-potential value of +66.06 mV
and —15.84 mV, respectively. And the {-potential values of the
HTCC/OREC particles are positive, however, they are lower than
that of pure HTCC. And obviously the ¢-potential value is not
caused by the change of pH value. So this is the proof that the
REC layers were covered by the HTCC molecules, and the existence
of the electrostatic interaction between HTCC and REC (Chen &
Zhang, 2006).

FT-IR spectra of REC, OREC, HTCC and HTCC/OREC nanocompos-
ites are shown in Fig. 3. It can be observed that the spectra of the
nanocomposites are good combination of the spectrum of HTCC
with that of OREC. However, there are also distinct differences be-
tween them. Peaks between 3750-3000cm ' become stronger
and wider, and even the vibration band at 3430 cm™' in HTCC
which attachs to N-H bonded to O-H shifts towards lower fre-
quency, this is a strong proof of hydrogen bonding between -OH
group in REC and -NH- and -OH groups in HTCC (Chen & Zhang,
2006; Darder, Colilla, & Ruiz-Hitzky, 2003; Wang et al., 2006). Be-
sides, hydrogen bonding may take place between the HTCC mole-
cules and inside the HTCC molecules, and it was reported that -OH
groups in REC surface were able to interact immensely with the
polymer substrate to form new interface layer or partly network
structure (Wang et al., 2006). All the above analyses suggest that
strong interaction between HTCC and silicates takes place.

Fig. 4 presents the X-ray diffraction of HTCC, OREC and HTCC/
OREC nanocomposites. HTCC appears one major crystalline peak
near 20° while the diffraction of OREC consist of five crystalline
peaks at 7.1°, 18.2°, 19.8°, 22.0° and 36.4°. Compared to HTCC
and OREC, the diffraction heights of the nanocomposites are grad-
ually reduced. It reveals that the crystallization of both OREC and
HTCC were destroyed, the reason may be that the molecular move-
ment of HTCC chains is limited greatly because of the formation of
the interaction structure.

Based upon these evidences, it is clearly demonstrated that
HTCC strongly interacted with silicate and intercalated into the
interlayer of silicate, the expected HTCC/OREC nanocomposites
formed.

3.3. Antimicrobial activity

As shown in Tables 2 and 3, pure REC can not inhibit the growth
of microbes whereas OREC shows slight antimicrobial activity. In
addition, HTCC also shows a certain inhibitory effect on microor-
ganisms, all HTCC/OREC nanocomposites exhibit strong antimicro-
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Fig. 2. TEM micrographs of nanocomposites with HTCC/OREC mass ratio of 2: 1.

Table 1

pH value and ¢-potential (mV) of HTCC, REC, OREC and nanocomposites with different

HTCC/OREC ratios of (a) 1:1, (b) 2:1, and (c) 4:1.

REC OREC a

b C HTCC

pH value 7.27 6.70 6.14
C-potential —15.84 +24.53 +58.93

6.42 6.50 6.58
+60.02 +63.56 +66.06

343
3437

c 3415

% transmittance
=3

TCCY\ 3417

3419

3430

Intensity/a.u.

OREC

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
wavelength( em’™

Fig. 3. FT-IR spectra of REC, OREC, HTCC and nanocompopsites with different HTCC/

OREC ratios of (a) 1:1, (b) 2:1, and (c) 4:1.

Table 2

MICs (%) (w/v) of nanocomposites comparing with HTCC, REC and OREC against different microorganisms in acetate buffer (pH 5.4), water and in pH 8.0.

453

Fig. 4. XRD patterns of HTCC, OREC and nanocompopsites with different HTCC/
OREC ratios of (a) 1:1, (b) 2:1 and (c) 4:1.

Samples Gram-positive bacteria

Gram-negative bacteria

Fungus

Staphylococcus aureus Bacillus subtilis Escherichia coli Pseudomonas aeruginosa Aspergillus niveus

pH 5.4 Water pH 8.0 PH 5.4 Water pH 8.0 pH54 Water pH80 pH54 Water pHS80 pH54 Water PH 8.0
The blank = . - - - - - = . - - - - - - - -
Acetate buffer  (0.1) - (0.1) - -
Water - - - - -
NaOH solution - - - - -
HTCC 0.05 0.1 0.1 0.05 0.1 0.1 0.1 0.1 0.1 0.1 - - 0.1 - -
REC - - - - - - - - - - - - - - -
OREC 0.05 0.05 0.05 0.05 0.05 0.05 0.1 0.1 0.1 0.1 0.1 0.1 0.0125 0.0125  0.0125
HTCC/OREC nanocomposites (HTCC:OREC)
1:1 0.00313 0.00313 0.00313 0.00313 0.00313 0.00313 0.0125 0.025 0.05 0.1 0.1 0.1 0.00625 0.00625 0.0125
2:1 0.00313 0.00313 0.00313 0.00313 0.00313 0.00625 0.0125 0.025 0.05 0.1 0.1 0.1 0.00625 0.00625 0.0125
4:1 0.00313 0.00313 0.00313 0.00625 0.00625 0.00625 0.025 0.05 0.1 0.1 0.1 0.1 0.0125 0.0125  0.0125

“()": Ineffective at the tested concentration in brackets.

“-" : no inhibition result.
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Table 3
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Killing rate (%) of REC, OREC, HTCC and HTCC/OREC nanocomposites on microorganisms in different times.

Samples Staphylococcus aureus Escherichia coli

5 min 30 min 1h 2h 3h 5 min 30 min 60 min 2h 3h
REC - - - - - - - - - -
OREC 17.8 29.6 355 46.7 60.6 15.2 26.4 335 39.8 52.5
HTCC 233 61.0 63.2 79.9 80.2 23.6 411 49.3 62.0 68.7
HTCC/OREC nanocomposites (HTCC:OREC)
1:1 82.4 99.9 100 100 100 55.6 67.3 86.5 99.9 100
2:1 79.8 91.2 99.9 100 100 54.3 65.4 83.2 93.5 100
4:1 75.6 90.8 99.9 100 100 51.7 62.3 81.8 91.5 100

-, no inhibition result; e.g., growth rate of microorganism in sample plates was the same with that of control.

bial capacity in weak acid, water and even weak base, and the
inhibitory actions are observed against a wide variety of microor-
ganisms, including Gram-positive bacteria, Gram-negative bacteria
and Fungi. The minimum inhibition concentration (MICs) values of
the nanocomposites against Gram-positive bacteria are 8-32 times
lower than that of HTCC; the MICs values against E. coli were only
2-8 times lower, and the MICs values against A. niveus also reach 8-
16 times. Another in vitro antimicrobial assay (Table 3) showed
that the nanocomposites can kill more than 90% of S. aureus and
80% of E. coli in 30 min, and can kill all bacteria in 3 h. The above
results are agreement with the reported paper (Rhim et al,
2006), which reported that chitosan/organic clay nanocomposite
films showed the good inhibitory property for the Gram-positive
bacteria growth, but a little effect on Gram-negative bacteria. Com-

pared to the chitosan-metal composites (Chen, Wu, & Zeng, 2005;
Wang, Du, & Liu, 2004), the HTCC/OREC nanocomposites show bet-
ter antimicrobial activity against Gram-positive bacteria, while a
little weaker antimicrobial activity against Gram-negative bacteria.
However, HTCC/OREC nanocomposites possess excellent antimi-
crobial activities in whichever medium. Therefore, they exhibit
the potential in the biomedicine application in comparison with
the CS-metal composites and our previous study (Wang et al.,
2006).

Fig. 5 shows the TEM images of E. coli and S. aureus after treat-
ment with buffer and the nanocomposites. It is obvious from the
observations that bacteria change after two different treatments.
E. coli turn from normal rod-shape to irregular shape after treat-
ment with the nanocomposites. The cell walls of both strains are

Fig. 5. TEM of E. coli (A) and S. aureus (C) cells after treatment with buffer, E. coli (B) and S. aureus (D) cells after treatment with the 0.05% (w/v) 1:1 HTCC/OREC

nanocomposite acetate solution.
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destroyed and become uneven. Moreover, the bacteria in fissive
time are destroyed more seriously than those in mature period.
More noticeably, some samples permeate into the cell.

It is well known that layered silicate can adhere to bacteria
selectively (Xia, Hu, & Xu, 2005). Adsorption is the main interaction
between silicate and bacteria. The adsorption effect is related to
layer charge density of silicate. At physiological pHs, parent lay-
ered silicate exhibit a net negative charge (Nzengung, Voudrias,
Nkedi-kissa, Wampler, & Weaver, 1996), as shown in Table 1. Un-
der these conditions, negatively charged bacteria will not be signif-
icantly adsorbed onto these clays. However, clay surface will
charge positively after modified by cationic materials as shown
in Table 1. In this study, REC was firstly modified by CTAB and then
intercalated by HTCC, thus materials with hydrophobicity and po-
sitive charge were produced. The positive charge of these interca-
lated clays may enhance their ability to adsorb bacteria through
electrostatic interactions. In addition, there may be hydrophobic
interaction between the hydrophobic alkyl chains of both HTCC
and CTAB and lipophilic components of the bacterial cell walls,
such as lipoproteins, liposaccharides and phospholipids (Zhang
et al., 2003). Therefore, microorganisms in this system can be ad-
sorbed and immobilized on the surface of the nanocomposites,
and even the nanocomposites may enter into the cells (Fig. 5). In
other words, the attraction of the bacteria to the silicate surface
may be a vital important factor in the antimicrobial course. Evi-
dence is as given in Tables 2 and 3, the 1:1 HTCC/OREC nanocom-
posite shows better inhibitory action against microorganisms than
the 4:1 HTCC/OREC nanocomposite though they exhibit the similar
Ad, value. While the 1:1 HTCC/OREC nanocomposite exhibited
similar antibacterial activity to the 2:1 HTCC/OREC nanocomposite
although the former contains more amount of silicate than the la-
ter. The results indicate that the antimicrobial property is directly
proportional to the amount or the interlayer distance of layered sil-
icate, which is in agreement with our previous report (Wang et al.,
2006). As the amount or the interlayer distance of clay increases,
the effective layers in unit weight may increase owing to good dis-
persion (Fig. 2), thereupon larger specific surface area will be ob-
tained, and more bacteria are adsorbed and immobilized on the
surface of clay.

After quaternization, chitosan becomes a water-soluble poly-
electrolyte with high charge density even at neutral pH values.
The target site of this polycationic biocide is the negatively charged
cell surface of the bacteria; it can interact and form polyelectrolyte
complexes with polymers at the bacterial cell surface, which can
change the permeability of the cell membrane of the microorgan-
isms. This change may result in the leakage of proteinaceous and
other intercellular components (Rabea, Badawy, Stevens, Smagghe,
& Steurbaut, 2003), and then causes the death of the cell (Helander
et al., 2001). Furthermore, this quaternary ammonium group can
provide structure affinity between the cell surface of bacteria and
HTCC, and disrupt the cell membranes of the microbes (Qin
et al., 2004). Moreover, the long chain alkyls with hydrophobicity
in HTCC can easily penetrate into the cell membrane (Liu et al.,
2004). In this way, HTCC can exert strong inhibitory effect on
growth of microorganisms. And importantly, it is soluble-water
and thus shows antibacterial activity in weak acid, water and even
weak base condition. Accordingly, HTCC/OREC nanocomposites can
also disperse well in water, so they can also inhibit the growth of
bacteria in weak acid, water and even weak base solution.

Based on the above analyses, the strong antimicrobial property
may include two steps: the first step attributes to the adsorption
and immobilization capacity of the bacteria from solution to the
surface of REC by means of the hydrophobicity and positive charge
of CTAB and HTCC; the second step is that HTCC can exert antimi-
crobial activity. Subsequently, HTCC/OREC nanocomposites can
permeate into the cell membrane, damage the cell wall, disturb

the natural processes of the cell and finally result in the death of
microorganisms, especially against immature bacteria.

4. Conclusions

Novel organic/inorganic hybrid materials with strong antimi-
crobial activity were obtained by intercalation technique. The bio-
polymer (HTCC) entered into the interlayer of REC and nicely
distributed in the HTCC matrix despite the high content of REC
(25-50 wt %). It was the high affinity and the strong interaction be-
tween HTCC and REC that resulted in the excellent antimicrobial
activity of the nanocomposites due to the adsorption and immobi-
lization capacity of modified REC and the antimicrobial activity of
HTCC. In these dual actions, the nanocomposites could permeate
into the cell membrane, damage the cell wall, disturb the natural
processes of the cell and finally result in the fast death of microor-
ganisms. Such nontoxic and biocompatible nanocomposites com-
bined the advantages of organic antimicrobial agents with
inorganic antimicrobial agents, which will be valuable to the pack-
aging and pharmaceutical application of polymer/layered silicate
nanocomposites.
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