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ABSTRACT Nanometer-scale silicate platelet (NSP) materials were previously developed by increasing the interlayer space and
exfoliation of layered silicate clays such as montmorillonite and synthetic fluorinated mica by the process of polyamine exfoliation.
In this study, the antibacterial activity and cytotoxicity of these nanometer-scale silicate clays were evaluated. The derivatives of NSP
(NSP-S) which were modified by C18-fatty amine salts via ionic exchange association exhibited the highest antibacterial activity in
the aqueous state among all clays. The high antibacterial activity, however, was accompanied by elevated cytotoxicity. The variations
of cell surface markers (CD29 and CD44) and type I collagen expression of fibroblasts treated with the clays were measured to clarify
the mechanism of the silicate-induced cytotoxicity. The signal transduction pathway involved the downregulation of extracellular-
signal-regulated kinase (ERK), which appeared to participate in silicate-induced cytotoxicity. This study helped to understand the
antibacterial potential of NSP and the interaction of natural and modified clays with cellular activities.
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1. INTRODUCTION
atural clays such as montmorillonite (MMT) and

mica have been known as natural medicine for

thousands of years. It is generally believed that the
clays possess healing functions for internal detoxifying (e.g.,
the digestive system and liver), trauma injuries, skin condi-
tions, and so on. The therapeutic functions of clays may be
associated with their nanosheet structure and ionic charge
association. Studies have shown that the layered clays may
be intercalated with cetylpyridinium cationic organics in the
clay gallery, and these species have been found to be
effective for adsorbing microorganisms (1). More recently,
the intrinsic antibacterial properties of iron-rich clay minerals
have been demonstrated (2).

One of the common smectite clays, MMT, consists of two
hydrated aluminosilicates with Si—O tetrahedra and sand-
wiched Al—O(OH), octahedra, with a neighboring plate
distance of 12 A. The clay materials and their multiple
interlayer spaces have been reported to serve as a container
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for encapsulating organic drugs or DNA and have been
proposed for use in cancer treatment or gene therapy (3—5).
Recently, research efforts have been directed to the uses of
nanosized silicate clays for antibacterial purposes and in-
teracting with biomolecules (6). Previously, the common
MMT and the synthetic fluorinated mica (Mica) clays were
spatially enlarged by incorporating the polyether-amine salts
and subsequently embedding with large biomaterials such
as bovine serum albumin (BSA) (7, 8). The process indicated
the possibility of using the silicate clays for encapsulating
protein in the layered structure. In addition to the interaction
with protein, the aluminosilicates have been assessed for
their cytotoxicity (9, 10). However, there is a lack of studies
of specific cellular response or signal transduction.

Anionic clays have attracted increasing interest as nanove-
hicles for delivering genes, drugs, and bioactive molecules
into cells. Smectite clays are suggested to be good delivery
carriers of hydrophilic drugs. They are expected to enhance
the encapsulation efficiency of drugs. In one study, the clay
was shown to reduce the adverse effect of donepezil because
the clay used was able to reduce the acidity by absorbing
proton and to control the drug release behavior (11). It was
also thought that by optimizing the level of the organosilicate
additive to the polymer matrix, superior control over drug
release kinetics and simultaneous improvements in adhesive
properties could be attained for a transdermal pressure-
sensitive adhesive formulation (12).
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Recently, we have developed a process of exfoliating the
layered silicate clays and isolating the nanometer-sized
silicate platelets (NSP, ca. 100 x 100 x 1 nm?in dimension)
as new forms of silicate materials (13—15). The exfoliation
was confirmed by XRD patterns (16). The NSP inorganic
silicates can be further modified by various surfactants such
as a C18-alkyl quaternary ammonium salt through an ionic
exchange reaction (17). In this study, we compared the
antimicrobial ability and cytotoxicity of natural clays (MMT,
Mica), their respective exfoliated clays (NSP, NMP), and the
fatty amine capped NSP (NSP-S). Scanning electron micros-
copy (SEM) was used to visualize the interaction of these
clays with bacteria or cells. In addition, the expression levels
of several surface markers for connective tissue cells such
as CD29 and CD44 were examined to elucidate the possible
cellular changes caused by the natural clays and their
derivatives. CD29 (integrin 1) is involved in cell attachment,
migration, differentiation, and survival by mediating the
signal stimuli from the extracellular matrix to the intracel-
lular cytoskeleton (18). Fibronectin, collagen, and laminin
are among the ligands that integrin can bind. CD44 is a cell
surface glycoprotein which is crucial for cell—cell interac-
tions, cell adhesion, and migration (19, 20). An initial
understanding of the fundamental size compatibility and
interacting behavior between the nanosized silicate platelet
and cell surface is important for future developments of new
antimicrobial and drug-delivering nanomaterials.

2. MATERIALS AND METHODS

2.1. Clays. MMT, supplied by Nanocor Co., is the sodium
form of smectite silicate clay with a cationic exchange capacity
of 120 mequiv/100 g. Mica obtained from CO-OP Chemical Co.
(Japan), with the trade name SOMASIFTM ME-100, was a
synthetic fluorinated mica of layered silicate clay with a chemi-
cal composition of Si (26.5 wt %), Mg (15.6 wt %), Al (0.2 wt
%), Na (4.1 wt %), Fe (0.1 wt %), and F (8.8 wt %) and a cation
exchange capacity of 120 mequiv/100 g. The exfoliated MMT
and Mica, as an NSP and NMP slurry in water, were synthesized
accordingtothe proceduresdescribedintheliterature (14, 15,21).
NSP (the exfoliated MMT) could be further modified by capping
with a C18-fatty amine surfactant. The C18-fatty amine modi-
fied NSP was abbreviated as NSP-S and was prepared using the
n-octadecanylamine hydrochloride salt (n-C,gH3,NH5%) that
anchored on the surface of NSP (=SiO~Na™) to become an
organic platelet complex. The preparative procedure is de-
scribed below. A water slurry of 10 wt % NSP in water
suspension (30 g) was added to 10 wt % n-C,sHs7NH5" in water
suspension (70 @) in a round-bottomed flask equipped with a
magnetic stirrer. The reactants were heated to 80 °C for 1 h.
Because the interaction between NSP and fatty amine was
strong, the percentage of NSP complexed with the fatty amine
(the efficiency of cappying) was over 99 % after 1 h of treatment
(22).

The individual sizes of NSP, NMP, MMT, and Mica are about
100 x 100 x 1, 300 x 300 x 1, 100 x 100 x (8—10), and
(300—1000) x (300—1000) x (4—6) nm, respectively, con-
firmed by atomic force microscopy and transmission electron
microscopy (14, 21). The size of NSP-S is slightly larger than
that of NSP because of the additional size of the C18-fatty
amine.

2.2. Cell Culture. Human gingival fibroblasts (HGFs) and
bovine endothelial cells (BECs) were used for cell study. HGFs
were harvested from healthy gingival tissues obtained during
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surgical procedures with the adequate informed consent (23).
Gingival tissues were cut into small pieces by a surgical knife.
BECs were harvested from the bovine carotid artery with the
collagenase method (24). Both cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10 % fetal bovine
serum, 100 units/mL of penicillin, and 100 ug/mL of strepto-
mycin. When the cells grew into confluence, they were pas-
saged at a ratio of 1:3. Cell passages from 3 to 15 were used in
this study.

2.3. Bacteria Growth Inhibition Assay. Antibacterial activi-
ties were evaluated by two methods, the measurement of the
size of the inhibition circle and the counting of colony number
after coincubation with clays. The two evaluation methods are
described below. For each method, two bacterial strains were
used to evaluate the antibacterial activities. These included
Staphylococcus aureus (S. aureus) (BCRC 10451) and Escherichia
coli (E. coli) (BCRC 51540), both purchased from the Bioresource
Collection and Research Center; two bacterial strains were used
to evaluate the antibacterial activities.

2.3.1. Inhibition Circle. The bacterial solution was adjusted
to 1.5 x 107 CFU/mL, and 100 uL was evenly plated on an agar
plate. The solutions of clays (I wt %, 100 uL) were absorbed
onto a filter paper (10 mm diameter, Toyo Roshi Kaisha, Ltd.,
Japan) which was then placed on the center of the agar plate.
After 24 h, the filter paper was removed and the diameter (D)
of the clear zone was measured. The size of the inhibition ring
was represented as (D — 10)/2 in mm. Double-deionized water
(DDW) was used as the control. The procedure was performed
under a microscope. The size of the inhibition zone was
measured three times and averaged. For each clay (and control),
six samples were used to obtain the statistics.

2.3.2. Direct Coincubation with Clays. The antimicrobial
activities were assessed according to the standard of American
Society for Testing and Materials E 2315-03. Bacteria were
grown in liquid broth containing beef extract (3 g), peptone (10
g), and sodium chloride (5 g) in 1 L of water. They were cultured
in a logarithmic phase of growth prior to adjustment and
exposure to the various particles. The bacterial solution was first
adjusted to 1.5 x 10° CFU/mL by Butterfield’s buffered phos-
phate diluted bacterial broth. Different clays were first adjusted
to 1000 ppm, and a 1 mL portion was added to 100 mL of the
bacterial solution (i.e., 10 ppm final concentration for different
clays). The mixed bacterial solutions were incubated at 35 °C
and shaken at a speed of 110 rpm for 0 (immediately), 0.5, 1,
2,3,6, 12, or 24 h. At the indicated time point, the bacterial
solutions were cooled on ice immediately and diluted serially
to the proper concentration for colony counting. A 1 mL aliquot
was mixed with agar on each agar plate. After 24 h, the colony
numbers were counted to evaluate the antibacterial ability of
the clays. DDW containing no clay was used as the control (i.e.,
1 mL of DDW was added to 100 mL of the bacterial solution).

2.4. Clay—Bacteria or Clay—Cell Interaction by Scan-
ning Electron Microscopy (SEM). An S. aureus or E. coli
suspension was adjusted to 1.5 x 10° CFU/mL, and the final
concentration of NSP-S was 10 ppm. A 1 mL portion of the
bacterial suspension was transferred to 24 well plates with a
1.5 cm round coverslip glass (Matsunami, Japan) in each well.
In the control well, a 1.5 x 10° CFU bacterial solution was
added. The bacterial broth was removed at 0, 0.5, 1, 2, 3, 6,
12, and 24 h periodically. Bacteria left on the glass were fixed
with 2.5% paraformaldehyde at room temperature for '/, h at
4 °C overnight. The fixed samples were then dehydrated with
alcohol followed by field-emission (FE) SEM (JSM-7401F, JEOL,
Japan) observation. In another experiment, HGF were seeded
on the coverslip glass in a 24-well plate for 24 h, and then the
culture media were replaced with fresh media containing 10
ppm of different clays. After 24 h of incubation, cells were fixed
and dehydrated for FE-SEM observation. The FE-SEM images
were captured from one location out of at least three similar
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locations in a microscopic field after observing at least five fields
on the sample surface. These images were considered
representative.

2.5. Cytotoxicity Assay. A total of 2 x 10* cells (HGF or
BEC) were seeded in each well of a 24-well plate. After being
treated with 10 ppm of various clays, cells were harvested for
MTT assay at 24, 48, and 72 h. 3-(4,5-Dimethylthiazol-2-yl)-3,5-
diphenyltetrazolium bromide (MTT) solution (0.5 mg/mL, 1x
phosphate buffered saline (PBS)) was added and incubated for
4 h at 37 °C. The supernatant was removed. An aliquot of
dimethyl sulfoxide (DMSO) (Tedia, Fairfield, OH) was added to
each well and reacted for 10 min to dissolve any resulting
formazan crystals. The absorbance was measured at 550 nm
with an ELISA reader (F-2500, Hitachi, Japan). DDW containing
no clay was used as the control in the cytotoxicity assay and in
all the following cell experiments.

2.6. Cell Surface Marker Expression by Flow Cytometry
Analysis. After cultivation with clays for 24, 48, and 72 h, HGFs
were harvested for the measurement of surface markers CD29
and CD44. The expression level was quantified by a flow
cytometer (BD FACS Caliber, BD Bioscience). Cells were col-
lected and washed with cold PBS and suspended in 10 uL of
PBS. A 10 uL portion of antihuman CD29 antibody conjugated
with phycoerythrin (PE) (PharMingen, San Diego, CA) or antihu-
man CD44 antibody conjugated with PE (Abcam, Cambridge,
MA) was then added and incubated for 30 min at 4 °C in the
dark. PBS containing 1% BSA was used to eliminate the
nonspecific binding. The fluorescence intensity was quantified
by the WinMDI software (Scripps Research Institute, San Diego,
CA). Due to a lack of specific antibodies, the surface markers of
BEC were not analyzed.

2.7. Collagen Gene Expression by Reverse Transcrip-
tion Polymerase Chain Reaction (RT-PCR). HGFs were har-
vested for total RNA extraction after 24 h of incubation with
clays. Total RNA was extracted with Trizol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.
cDNA was synthesized with RevertAid First Strand cDNA Syn-
thesis Kit (MBI Fermentas, St. Leon-Rot, Germany). The cDNA
obtained from 1 ug of total RNA was used for PCR by the PCR
Master Mix Kit (Applied Biosystems, Foster City, CA). The primer
sequence used for human type I collagen was 5’AACCCTGGT-
GCTGATGGACAG3’ (forward) and 5'GGACGACCAGCTTCAC-
CAGG3’ (reverse) and for human f-actin (internal control) was
5'TCCTGTGGCATCCACGAAACT3’ (forward) and 5’ GGAGCAAT-
GATCCTGATCTTC3” (reverse). The primer sequence used for
bovine type I collagen was 5TGCTGGCCAACTATGCCTCT3’
(forward) and 5" TTGCACAATGCTCTTGATC3 (reverse) and for
bovine GAPDH (internal control) was 5'TCCCTCAAGATTGTCAG-
CAA3’ (forward) and 5’AGATCCACAACGGATACATT3’ (reverse).
The PCR reaction condition included 28 cycles of denaturing at
94 °C for 30 s, annealing at 56 °C for 30 s, and extension at 72
°C for 45 s. The internal controls were used to ensure the
uniformity of loading. The semiquantification of collagen-1/f-
actin (for HGF) or collagen-I/GAPDH (for BEC) ratios was per-
formed by densitiometric analysis with the LabWork Image
Acquisition and Analysis software.

2.8. Protein Expression by Immunoblot Analysis. Proteins
were extracted from HGF or BEC in RIPA buffer (Sigma, St.
Louis, MO) and analyzed by SDS-polyacrylamide gel electro-
phoresis. After being transferred onto a polyvinylidene difluo-
ride (PVDF) membrane, antigens were analyzed with specific
primary antibodies. Antibodies against ERK and phospho-ERK
were purchased from Cell Signaling Technology, Inc. (Beverly,
MA). Antihuman type I collagen antibody was purchased from
Chemicon International (Temecula, CA), and type I collagen
antibody was purchased from Abcam (Cambridge, MA).
Antigen—antibody complexes were detected using horseradish
peroxide labeled rabbit antimouse 1gG and by an enhanced
chemiluminescence (ECL) detection system (Pierce, Rockford,
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FIGURE 1. Sizes of bacterial inhibition circles for 1 wt % MMT, Mica,

NSP, NSP-S, and NMP after 24 h. Asterisks represent statistically
significant differences (p < 0.05) from the control.

IL). The semiquantification of p-ERK/ERK and collagen-1/$-actin
ratios was performed by densitometric analysis with the Lab-
Work Image Acquisition and Analysis software.

2.9. Statistical Analysis. Except for the measurement of
inhibition circle that was performed on six samples, all other
experiments were carried out in triplicate. The experiments
were repeated to ensure the reproducibility, where data from
a typical experiment were shown. Student’s ¢ test was used for
statistical analyses. Statistical significance was indicated by p <
0.05. Data are presented as mean = standard deviation (SD).

3. RESULTS

3.1. Growth Inhibition Effect against S. aureus
and E. coli. In order to understand the antibacterial
property of the clays, the diameter of the bacterial growth
circle was measured. The inhibitory effect was examined at
concentrations of 10, 100, 1000, and 10 000 ppm. The
antibacterial effect as measured by the method of inhibition
circle was more evident when the concentration reached
10 000 ppm. The widths of the inhibition circles are shown
in Figure 1. NSP had the greatest effect on the inhibition of
bacterial growth among all of the clays by this testing
method. The pristine MMT clay did not show any inhibitory
effect by this method, even at a concentration as high as
10 000 ppm. Both the exfoliated NSP and its derivative
modified with C18-alkyl amine salt (i.e., NSP-S) demon-
strated significant antimicrobial activity. The relative efficacy
is ranked in the following order: NSP > NSP-S &~ Mica ~ NMP
> MMT.

The antibacterial property of the clays in aqueous suspen-
sion at 10 ppm was proven by direct incubation of the clays
with S. aureus or E. coli. The result of colony counts after
incubation with time curves for the different clays is shown
in Figure 2. For this test, NSP-S showed the most dramatic
and notable bacterial inhibition among these silicate clays.
The antimicrobial activity was defined at 12 and 24 h. The
ranking of antimicrobial activity of the clays appears to be
NSP-S > Mica > NSP ~ NMP ~ MMT.

The interaction of S. aureus or E. coli with NSP-S could be
visualized by FE-SEM after incubation of the bacteria with
NSP-S (10 ppm). The images are presented in Figure 3. As
is known, the diameter of S. aureus is 0.5—1 um, the length
of E. coliis 1.5—2 um, and the dimension of the nanosheet
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FIGURE 2. Colony numbers of S. aureus (A) and E. coli (B) after
different times of coincubation with MMT, Mica, NSP, NSP-S, or NMP
at 10 ppm.

structure for NSP-S is about 100 nm x 100 nm x 1 nm. The
images showed that NSP-S covered the surface of the
bacteria. As the incubation time increased, some hollow
space around the NSP-S was observed (as indicated by the
solid black circles in the microscopic images). We suggest
that some bacteria may have died and left the hollow space.
Some bacteria were still alive (as indicated by the broken-
line black circles in the images). The progressive change of
the NSP-S—bacteria interaction was accompanied by a
decrease in bacterial counts during the incubation with NSP-
S.

3.2. Cytotoxicity to HGF and BEC. Figure 4 shows
the viability of cells incubated with 10 ppm of the pristine
clays (MMT and Mica), the exfoliated platelets (NSP and
NMP), and the surfactant-modified NSP-S at 24, 48, and 72 h
of incubation period. At 24 h, the viability of HGF in each
group was close to the control except in the Mica-treated
group (Figure 4A). However, at a time of 48 h, the viability
of HGF treated with NSP-S was significantly lower than those
treated with other clays. At 72 h, HGF treated with Mica or
NSP-S showed a remarkable decrease in viability.

The cytotoxicity of clays on BEC was also evaluated to
obtain information on the variance among different cell
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types. As shown in Figure 3B, BEC treated with 10 ppm of
NSP-S had the lowest viability at 24, 48, and 72 h. BEC with
MMT had a viability similar to that of the control at 72 h. On
the basis of the data in Figure 4B, the trend of cytotoxicity
(at 10 ppm) is as follows: NSP-S > Mica > NSP ~ NMP > MMT.

Due to the size difference between bacteria and cells, the
nanosheet structures of clays may interact differently with
bacteria from cells. The SEM images (Figure 5) clearly
showed the appearance of clays and clay aggregates of
various sizes on the cell surface. The sheet dimension of Mica
is inherently larger than that of the other clays. The ag-
gregates of the exfoliated NMP were not as obvious as those
of the pristine Mica, however, they were more obvious than
all of the MMT-derived clays. The particle sizes of MMT, NSP,
or NSP-S were smaller than those of Mica or NMP, which
could be one reason for the interaction.

3.3. Effects on Expression Levels of Cell Surface
Markers. Flow cytometry was used to analyze the change
in the levels of CD29 and CD44 proteins on HGF. Figure 6A
shows that CD29 on the cell surface was significantly
reduced after incubation with clays for 72 h, especially with
Mica and NSP-S. Although CD29 seemed to be reduced after
incubation with Mica and NSP-S for 48 h, there was no
statistical significance found between the control group and
any clay at 24 and 48 h. The change in CD44 expression on
the surface of HGF treated with clays is demonstrated in
Figure 6B. After 48 h, the CD44 expression level was reduced
by Mica and NSP-S with statistical significance (p < 0.05).
The expression profile of CD44 at 72 h was similar to that
at 48 h for all groups; i.e. CD44 expression was significantly
reduced by Mica and NSP-S (p < 0.05).

3.4. Effects on Type I Collagen Expression
Level and ERK Phosphorylation. The effect of clays
on type I collagen expression in HGF (Figure 7A,B) and BEC
(Figure 7A,C) was analyzed by RT-PCR and Western blot
analysis. Type I collagen expression was significantly re-
duced in Mica- and NSP-S-treated groups, in both mRNA and
protein levels. In MMT- and NSP-treated groups, only slight
reduction was found. No obvious change was found in the
NMP-treated group. The type I collagen expression levels
were slightly lower for BEC, but the tendency remained for
both cells. To clarify if the ERK pathway was involved, the
phosphorylated form of ERK protein (p-ERK) was detected
by the specific antibody. The reduction of p-ERK was par-
ticularly obvious in Mica- and NSP-S-treated groups, while
in the NMP-treated group an increase of p-ERK was observed
(Figure 7B,C). These findings were consistent with the
tendency of changes in type I collagen expression. It was
concluded that Mica and NSP-S had a certain extent of
cytotoxicity and they decreased the expressions of CD29,
CD44, and type I collagen of HGF. These effects may be
correlated with the reduction of p-ERK.

Table 1 summarizes the antibacterial activity and the
cellular response of the modified clays in comparison with
those of their parent clays. Overall, NSP-S had the highest
potential for use in antibacterial applications.
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FIGURE 3. FE-SEM images showing the morphology of S. aureus and E. coli after incubation with NSP-S (10 ppm). The solid black circles show
hollow spaces (the space left by the dead bacteria). The broken-line black circles show bacteria that were alive.

4. DISCUSSION aureus and E. coli. After exfoliation, NSP gained antibacterial

In this study, two different protocols were used to test and properties. However, the diffusion kinetics in the filter paper
compare the antibacterial activities of the parent clays, MMT and the extent of dispersion of the clays could influence the
and Mica, and their exfoliated silicate platelets, NSP, NSP-S, and size of the inhibition circle. If the particles were too large, they
NMP. In the measurements of inhibition circles, the parent might be trapped in the filter paper and difficult to diffuse or
MMT clay failed to show any antibacterial activity toward S. spread to effectively contact with the bacteria. For instance, the
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FIGURE 4. MTT assay of HGF (A) and BEC (B) treated with MMT, Mica,
NSP, NSP-S, or NMP at 10 ppm. The asterisks represent p < 0.05
compared to the control.

FIGURE 5. FE-SEM images of HGF incubated with 10 ppm of MMT,
Mica, NSP, NSP-S, or NMP for 48 h.

inhibition circle was wider for NSP initially (NSP > NSP-S). We
believed this was due to the slower diffusion rate of NSP-S.
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FIGURE 6. CD29 (A) and CD44 (B) expression levels for HGF treated
with 10 ppm of MMT, Mica, NSP, NSP-S, and NMP at different time
periods. Asterisks represent p < 0.05 compared to the control.

Because NSP-S contains C18-fatty amine, NSP-S was larger in
size than NSP. The method of inhibition circle involves the
diffusion of particles in the filter paper. Therefore, direct
incubation may be more appropriate to evaluate the antimi-
crobial activities of such type of nanomaterials. In the aqueous
state, the nanomaterials could express their antibacterial be-
havior by directly coincubating bacteria with the clays. By the
latter method, NSP-S was found to be more effective for
inhibiting the bacteria than the other clays examined.

The specific surface areas of NSP, NMP, MMT, and Mica
are about 800, 430, 750, and 9 m?/g, respectively. Therefore,
the specific surface area is ranked in the following order: NSP
~ NSP-S > MMT > NMP > Mica. In addition, the difference
in platelet size of Mica (300—1000 nm) and MMT (100 nm)
may affect the spacing enlargement and surface exposure
(15, 16). The zeta potentials of MMT, Mica, NSP and NMP
are —18, —60, —5, and —15 mV, respectively, at pH 7.4
(14, 21), and that of NSP-S is +26 mV. This means that these
clays are stable in water or in culture medium. However, on
contact with cells, aggregation might occur. On the basis of
the zeta potential values, NSP-S is more stable than NSP and
does not form aggregates easily. This explained why the size
of NSP appeared to be larger than that of NSP-S on the cell
surface in FE-SEM images.

The efficacy of NSP-S may be explained by the presence
of positively charged C18-fatty amine on the surface. The
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Table 1. Antibacterial Effect and Cellular Response
of NSP, NSP-S, and NMP in Comparison with Those
of Their Parent Clays®

parent clay/derivative

MMT/NSP MMT/NSP-S Mica/NMP

antibacterial effect (ASTM E 2315-03)  =/= L =
S. aureus/E. coli

cytotoxicity HGF/BEC i it W
CD29 (HGF) = ! t
CD44 (HGF) = i t

type I collagen HGF/BEC =/ W i
p-ERK HGF/BEC Y= W Mt

“Legend: =, equal or similar, 1, more (upregulated); ¥, less

(downregulated).

zeta potential of NSP-S is +26 mV, as mentioned. The cell
wall of bacteria including the Gram positive and negative
bacteria was negatively charged. The positively charged
NSP-S could bind with the negatively charged bacterial wall.
In addition, the capping with C18-fatty amine salts rendered
the NSP surface with lipid-like organics which could interact
with the bacteria cell wall and were capped on it, as the FE-
SEM images suggested. NSP-S fatty amine could interact with
the bacterial cell wall as the initial step, causing the dramatic
increase in antibacterial activity. The interaction of bacterial
wall and fatty amine on NSP-S would make the bacteria
accessible and fragile for sustaining the osmotic pressure
inside the bacteria. This could rupture the bacteria. The
hypothesis involving the chemical structure of NSP-S and
interaction through cationic surfactant with the cell wall was
further supported by the literature. In the study of Herrera
et al. (25), cetylpyridinium (CP) was used as the surfactant
to increase the antibacterial activity for the pristine MMT.
The surfactant, CP, increased the antibacterial activity of
three CP-exchanged clays to a remarkable level, as effective
as granulated activated charcoal. The authors suggested that
the increased antibacterial activity resulted from the critical
surfactant/clay interactions and was not due to the released
surfactant. In our study, the bonding between NSP and fatty
amine is very strong due to ionic interactions, hydrogen
bonds and steric hindrance (22). Additional energy would
be required to remove the fatty amine from NSP. The effect
of the free surfactant should be minimal.

On comparison of the two pristine clays, MMT did not
show a significant inhibition of the growth of S. aureus in
the aqueous state, but the other parent clay, Mica, decreased
the colony count 12% after coincubation for 3 h. The
exfoliated NSP-S did decrease the colony number 87 % more
than NSP, while NMP-S decreased the colony number 66 %
more than Mica after 24 h of incubation. The two pristine
clays did not show a significant result for inhibiting the
growth of E. coli in the aqueous state, but NSP-S decreased
the colony count 99.9 % after coincubation for 24 h. These
results indicated the increase in surface area by exfoliation
could be the key factor contributing to the boosted antimi-
crobial effect. In addition, the difference in the platelet sizes
of Mica (300—1000 nm) and MMT (100 nm) affects the
spacing enlargement and surface exposure (15, 16) and
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consequently the antibacterial activities. There could be
factors other than size differences between bacterial cells
and eukaryotic cells that influenced interactions and cyto-
toxicity NSP. For example, the difference between prokary-
otic and eukaryotic cells could be important in cell envelope
composition.

The favorable changes in particle size and surface area
as a result of exfoliation are important for the antimicrobial
effect. On the other hand, particle aggregation could affect
the size of the clays and, therefore, the cell—particle interac-
tions. In general, the clays were well dispersed in water and
in the culture medium. When the clays were in contact with
cells, particle aggregation might have arisen from interaction
with the surface of the cells. The aggregation may affect the
“covering effect” of the clays and therefore their antimicro-
bial effect. As mentioned, NSP-S particles are more stable
than NSP on the basis of the zeta potential measurement.
The modification by C18-fatty amine surfactant causes
NSP-S to be better dispersed in the culture medium. This all
contributed to the efficacy of NSP-S being better than that
of other clays. We believed that the exfoliation and the
capping with C18-fatty amine salt were both crucial to the
enhanced antibacterial ability of the nanoscale materials. On
the other hand, the negatively charged NSP without a
surfactant modification showed only a low antibacterial
activity compared to NPS-S. The antimicrobial mechanism
of NSP is likely to be different from that of Cu(ll)-exchanged
MMT as reported (1, 26).

By definition, the antimicrobial activities of clays are not
bactericidal. Bactericidal activity is defined as a 99.9%
reduction of CFU after a specific period of time. The antimi-
crobial activities of clays were caused by direct contact,
sorption, and finally covering of the surface of bacteria. This
paper emphasizes the antibacterial but not bactericidal effect
of the clay materials. Most bactericidal agents would slaugh-
ter cells at the same time, which are not suitable for
applications such as biomedical materials.

It is necessary to consider the safety issues if the above
clays are used as antimicrobial biomedical materials. Cell
viability assays showed that Mica was more toxic to HGF and
BEC than MMT. The cytotoxicity of Mica can probably be
attributed to the much larger diameter. This large size could
prevent cells from taking up enough nutrients from the
medium. The growth inhibition effect of NSP-S applied not
only to bacteria but also to eukaryotic cells in a similar trend.
The eukaryotic cell membrane was also negatively charged
and certainly could be sensitive to the positively charged
amine groups attached to the silicate layers. We suggest that
Mica and NSP-S may have attached to the surface of cells
and influenced the surface proteins. Therefore, we investi-
gated the signal transduction pathway related to the cyto-
toxicity. CD29, the integrin 51 subunit and also known as a
fibronectin receptor, is highly associated with cell adhesion
and migration (18). Integrins are an important family of
surface proteins that can receive growth signals from the
extracellular matrix. CD44 is another transmembrane pro-
tein closely associated with cell—cell and cell—substrate
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interactions. It plays a crucial role in regulating cell migration
and differentiation (19). The interplay of CD44 with its
ligands has been reported to modulate adhesiveness, motil-
ity, matrix degradation, proliferation, and cell survival (20).
The decrease in the expression levels of CD29 and CD44
observed in Mica and NSP-S treated cells could adversely
affect the cell attachment and/or interfere with the growth
factor binding and eventually may result in cell death. The
results of cell surface markers were consistent with the trend
in cytotoxicity.

Type I collagen is one of the extracellular matrix compo-
nents. The gene expression was found to be markedly
decreased in Mica- and NSP-S-treated cells. The reduction
of type I collagen expression could result in cell detachment.
Many factors were reported to regulate the gene expression
of type I collagen (27). Especially, it was found that in Mica-
and NSP-S-treated groups the phosphorylated ERK was
significantly reduced. This finding did not agree with an
earlier report (28) which concluded that the activation of the
ERK MAPK pathway may downregulate type I collagen gene
expression. Signaling pathways may interact with each other
and form a network to determine the cell fate. In this study,
the expression level of type I collagen and p-ERK were both
downregulated when cytotoxicity occurred. Certainly, there
are still other signaling pathways related to cell survival such
as PI3K/Akt or PKC pathways that can be further investi-
gated. The complicated interaction of these pathways may
contribute to the silicate-induced cytotoxicity.

Although a detailed mechanism regarding the interaction
of clays with bacteria or cells requires a more in-depth study,
the antibacterial effect has been realized by exfoliation and
by surface modification. The cytotoxicity was ascribed to the
downregulation of cell surface receptors responsible for
cell—substrate interaction and to the ERK pathway.

5. CONCLUSION

The silicate platelet materials, especially with surfaces
modified by a cationic C18-fatty amine surfactant, were
found to have an antibacterial activity. The efficacy is
attributed to their nanosize, high surface area, ionic
charge interactions, and better dispersion. The results of
cytotoxic studies indicated that cytotoxicity was accom-
panied by the reduced expression of type I collagen and
phosphorylated ERK. With the lipid-like fatty amine modi-
fication on the silicate platelet surface, the nanometer-
sized clays have been proven to be viable for use as
antimicrobial agents.
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