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and Ramin Rohanizadeh*a

Although smectite clays have gainedmuch interest in recent years as potential sustained local drug delivery

vehicles, they have not been yet utilized or assessed as a local drug delivery device for treatment of

periodontal disease. In this paper we showed that unique nanostructure and gel-formation ability of

clay holds great promise as an effective drug carrier. In particular, we demonstrated the feasibility of

using laponite XLG, a smectite clay, as a carrier for in situ delivery of tetracycline that can potentially be

used in the treatment and prevention of periodontal disease. The intercalation of tetracycline between

the layers of laponite at different acidic pHs and different concentrations of tetracycline was examined.

The laponite–tetracycline composite was characterized using X-ray diffraction (XRD), Fourier

transformed infrared spectroscopy (FT-IR) and differential thermal analysis (DTA). The results showed

that, in a pH and concentration dependent manner, tetracycline can be intercalated between the layers

of laponite nanoparticles. The release study in a simulated saliva solution demonstrated a sustained

release of tetracycline from laponite over a 72 hour period. The antimicrobial activity of the released

tetracycline was maintained and was not affected by the intercalation of tetracycline into the carrier

(laponite) and its release from the carrier.
Introduction

Periodontal disease is a “collective term ascribed to several
pathological conditions characterized by degeneration and
inammation of gums, periodontal ligaments, alveolar bone and
dental cementum”.1 Some of these diseases such as gingivitis and
periodontitis are caused by dental plaque2 that contains path-
ogenic bacteria, which are in part responsible for the inam-
mation seen in these diseases. Therefore, by controlling these
pathogenic microora, the development of periodontal disease
can be prevented. Systemic administration of antibiotics has
thus been advocated for the treatment of these diseases.3 The
antimicrobial agents that have been and continue to be used in
the treatment of periodontal disease include amoxicillin with
clavulanic acid or metronidazole, clindamycin, doxycycline,
minocycline and tetracycline.3 Tetracycline is a broad spectrum
antimicrobial agent that has been used in various applications
over the last 60 years4 and since the early 1980s, has been
applied in adjunctive therapy to scaling and root planing (deep
cleaning of the root surface), yielding successful clinical
outcomes.3 It has been shown to be effective against both Gram
positive and negative organisms, including beta-lactamase
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producing strains, against which penicillins are ineffective.4

However, concerns emerged with respect to gastrointestinal
intolerance and development of bacterial resistance with
systemic use of tetracycline.4 For these reasons, intra-peri-
odontal pocket delivery systems have been developed to combat
periodontal disease, eliminating the side effects of systemic
administration of antibiotics and improving the treatment
efficacy and timeframe.4–6 Periodontal pockets form when
pathogenic microorganisms colonize the sub-gingival areas of
teeth, causing degeneration of collagen, resorption of alveolar
bone and migration of gingival epithelium along the tooth
surface.5 As periodontal disease is oen localized to the
immediate vicinity of the periodontal pocket, it makes the
pocket a suitable site in which to place a drug carrier for local
delivery of an antimicrobial agent.4–6 Local drug delivery in the
periodontal pocket not only causes negligible impact on
microora of other body sites but also provides greater
concentrations of the drug at the relevant site than is possible
with systemic delivery.3 Numerous forms of local drug delivery
systems have been developed in pursuit of the optimal formu-
lation to combat periodontal disease,7–10 but one that has
attracted great interest in recent years is the use of clay-based
biomaterials as drug delivery vehicles.11

Clay biomaterial has long been known to reduce the oral
bioavailability of some medications.11 One of the earliest exam-
ples of this was reported in 1965 when Sorby et al. observed that
the absorption of promazine decreased when co-administered
RSC Adv., 2013, 3, 20193–20201 | 20193
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with an anti-diarrheal agent containing attapulgite.12 This soon
led to the realization that such interactions could be used to
achieve biopharmaceutical benets11 and so in recent decades,
this phenomenon has been utilized to produce sustained drug
delivery systems, particularly using smectite clays such as
montmorillonite. In the montmorillonite structure, the imper-
fection of crystals induces a negative charge between the clay's
silica and alumina sheets.13 This repulsive electrostatic force
between silica and alumina sheets creates layers, leading to a
large total surface area and thereby good adsorbability and drug
carrying capability. Due to these favourable properties, mont-
morillonite with intercalated tetracycline,14,15 timolol,13

ibuprofen16 and donepezil17 has been investigated. Another less
commonly studied smectite clay, laponite, is observed to have
smaller particle size, lower polydispersity of dimension and
charge, and better stability and dispersability in an aqueous
suspension when compared to montmorillonite.18 This supports
the potential for laponite to be used as an effective drug carrier.
However, with regard to its use as amodied-release drug carrier,
laponite XLG (a gel forming grade of laponite) has only been
combined and studied with itraconazole.19 Furthermore, the
potential use of clay biomaterials for periodontal applications
has not been studied and very limited data are available on the
behaviour of clay in saliva or gingival crevicular uid.

The present study investigated the feasibility of using laponite
XLG as a drug carrier for in situ delivery of tetracycline. The effect
of pH on the intercalation kinetics of tetracycline between the
laponite layers was studied to determine the optimal pH that
maximizes intercalation of tetracycline. The release of tetracy-
cline from the laponite–tetracycline composite (L–T) was inves-
tigated in a simulated saliva solution over 72 hours at 37 �C. The
changes in layer spacing (d-spacing) of laponite was determined
using X-ray diffraction (XRD) to provide evidence for the inter-
calation of tetracycline between the laponite layers. Fourier
transformed infrared spectroscopy (FT-IR) was conducted to
provide information on the nature of the chemical interaction
between tetracycline and laponite and the thermo-behavior of L–
T was assessed using differential thermal analysis (DTA). Zeta
potential measurements were performed to determine the charge
of the clay particles, as this was hypothesized to be a key factor in
both extent of intercalation and release of tetracycline.
Materials and methods
Materials

All materials were of analytical grade and used as purchased
from the manufacturer, including tetracycline hydrochloride
(Sigma-Aldrich, Australia) and laponite XLG, Na0.7Si8(Mg3.5Li0.3)
O20(OH)4, (Rockwood, Austin, USA).
Preparation of L–T under different tetracycline concentrations
and pHs

To prepare the L–T samples, 1% laponite suspension was
prepared by dispersing laponite powder in deionised water.
Solutions of tetracycline hydrochloride were added to the
laponite suspension producing nal concentrations of 0.1%,
20194 | RSC Adv., 2013, 3, 20193–20201
0.2% and 0.3% tetracycline in 1% laponite suspension. The pH
of each solution was adjusted to 3, 4 or 6 using HCl and NaOH.
The mixtures were mixed vigorously with magnetic stirring for 1
h to allow full intercalation of tetracycline into the clay. The
suspensions were centrifuged at 5000 rpm for 5 minutes to
precipitate the L–T composite. The non-intercalated tetracycline
(Tni) in the supernatant was measured using spectrophotometry
at 270 nm (Shimadzu UV-1800 UV). The prepared L–T samples
were washed twice with deionized water and the amount of
tetracycline was measured in the washout solutions (Tw) and the
resultant powder was freeze-dried. The theoretical maximum
percentage of tetracycline that was intercalated into each L–T
samples (Ti) was calculated using the following equation:

Ti ¼ Tt � Tni � Tw (1)

where, Tt is the total amount of tetracycline used in preparing
each L–T composite, Tni is the amount of non-intercalated
tetracycline le in the supernatant, and Tw is the amount of
tetracycline measured in the washout solutions.

De-intercalation study

To determine how much tetracycline was incorporated into
laponite and the amount of tetracycline available for release, a
de-intercalation study was carried out using 5% potassium
carbonate (K2CO3).20 L–T composites with different concentra-
tions of tetracycline were prepared at pH 3, 4, and 6. The L–T
powder was added into 5% K2CO3 solution and mixed with
magnetic stirring for 3 h at room temperature to allow full de-
intercalation of tetracycline from the laponite. The amount of
de-intercalated tetracycline (Tdi) in the supernatant was deter-
mined using UV spectrophotometry at 270 nm. The percentage
of de-intercalated tetracycline Tdi% was calculated using the
following equation:

Tdi% ¼ (Tdi/Ti) � 100 (2)

where, Tdi is the amount of de-intercalated tetracycline in the
supernatant and Ti is the theoretical maximum percentage of
tetracycline intercalated in laponite, calculated using eqn (1).

Release study

To study the effect of background constituents present in vivo,
on the release of tetracycline from L–T composites, an in vitro
simulated saliva solution was prepared containing 1.2 mM
CaCl2, 0.72 mM KH2PO4, 30 mM KCl and 50 mM 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES), at pH 7.2 (ref.
21). Ten mg of L–T powder was added to 10 mL of simulated
saliva-like solution, sealed, and shaken at 50 rpm, at 37 �C.
Saliva-like solution (SLS) was used as a release medium due to
the potential application of L–T composite for treatment of
periodontal diseases. At pre-determined time intervals, 500 mL
aliquots were removed and replaced with fresh medium. The
aliquots were centrifuged at 5000 rpm for 5 minutes and the
concentration of tetracycline was determined using UV spec-
trophotometry at 270 nm. The release study was performed over
72 h in triplicate. The release prole of tetracycline from L–T
This journal is ª The Royal Society of Chemistry 2013
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samples was also carried in acidic SLS (pH 5.2), mimicking the
acidic condition of bacterial metabolic activities in periodontal
diseases. Tetracycline release in acidic condition was only per-
formed for L–T samples prepared at pH 4, as this group
demonstrated the highest tetracycline release in SLS at pH 7.2.

Powder diffraction

To determine whether the intercalation of tetracycline into
laponite increased the distance between the laponite layers,
XRD was performed on laponite and 0.3% L–Ts samples
prepared at pH 3, 4 and 6. XRD patterns were obtained by Cu Ka
radiation (l ¼ 0.154 nm) using a XRD-6000 (Shimadzu) spec-
trometer. The diffraction patterns were recorded at 40 kV and 30
mA with a scanning angle range from 2 to 70� at a scan speed of
1.2� min�1 and increments of 0.02�. The d-spacing of basal (001)
reection (the distance between the clay's layers) was then
calculated using Bragg's eqn (3).22

l ¼ 2d sin q (3)

where l is the wavelength of Cu Ka radiation (1.5406 Å), d is the
spacing between the scattering clay's layers (d-spacing), and q is
the diffraction angle, which is the angle between the incident X-
ray and the scattering clay's layers (or lattice planes).

FT-IR spectroscopy

To determine whether tetracycline interacts with laponite
structure, the FT-IR spectrum was obtained using Varian 660-IR
in the range of 600–4000 cm�1 with 2 cm�1 spectral resolution
on the 0.3% L–T samples produced at pH 4.

Thermal properties

DTA analysis was performed on laponite alone, tetracycline
alone and 0.3% L–T samples prepared at pH 4, using TGA-2950
(TA instruments) under dynamic N2 ow. Samples were loaded
onto a ceramic pan and heated from room temperature to 800
�C at a rate of 10 �C min�1.

Particle charge

Zeta potential measurements were carried out in suspensions of
0.025% w/v L–T powder in phosphate–citric buffer made of 0.2
M dibasic sodium phosphate and 0.1 M citric. To determine the
charge of the laponite clay during intercalation of tetracycline,
the pH of suspensions for the zeta potential measurements was
adjusted to the pH at which the L–T samples were prepared.
Similarly, to determine the charge of the laponite clay in the
release study, 0.025% w/v L–T suspensions were prepared in
phosphate–citric buffer at pH 7.2. The zeta potential of the
samples was measured using a Zetasizer Nano ZS with a
disposable folded capillary cell.

In vitro antimicrobial activities of released tetracycline

The antimicrobial property of released tetracycline from L–T
samples (prepared using 0.3% tetracycline at pH 4) was deter-
mined using an agar well diffusion assay. Mueller–Hinton (MH)
This journal is ª The Royal Society of Chemistry 2013
agar plates were inoculated by swabbing for conuence with a
standard inoculum of either a Gram negative, Escherichia coli (E.
coli), NCTC 9001[ATCC 11775], or a Gram positive, Staphylo-
coccus aureus (S. aureus), Oxford NCTC 6571. These two micro-
organisms have been widely used as standard strains to
determine the antimicrobial activities of materials.23 Three 7 mm
diameter wells were aseptically cut into the inoculated plate
using a sterile cork borer. Carefully one well was lled with 100
mL of L–T sample, as negative control the second well was lled
with 100 mL pure laponite gel and as positive control the third
well was lled with 100 mL of tetracycline formulated in agar gel.
The concentration of tetracycline in control group (thirdwell) was
the same concentration of tetracycline that was measured in the
extract obtained from L–T sample (described below) using UV.
The gels were incubated at 37 �C overnight and the inhibition
zone of each sample was measured in mm using a ruler.

The minimum inhibitory concentration (MIC) of eluted
tetracycline from the L–T samples was determined using stan-
dard serial two-fold dilutions in MH broth according to NCCLS
guidelines.24 The amount of tetracycline released (extracted)
from the L–T samples was obtained according to the ISO stan-
dard 10993-12. Briey, 1 g of L–T sample was incubated in 2 mL
of saliva-like solution (SLS) at 37 �C for 24 hours in an incubator
under shaking. The extracts were centrifuged at 5000 rpm for 5
minutes to remove insoluble particles. The clear supernatant
was aliquoted and lter sterilized using a 0.2 mm poly-
ethersulfone membrane (Millex, Millipore Ireland Ltd). Serial
two-fold dilutions of the extract in MH broth were prepared and
a standard inoculum of an overnight culture of either E. coli
(NCTC 9001[ATCC 11775]) or S. aureus (Oxford NCTC 6571) was
added and the tubes were incubated at 37 �C overnight. The
minimum concentration of the extract, which inhibited visible
growth of bacteria was reported as the minimum inhibitory
concentration (MIC). The negative control tubes contained MH
broth with the extract obtained from laponite gel and the
positive control tubes contained MH broth with tetracycline.
Results and discussion
Intercalation of tetracycline between laponite layers

Results of the intercalation study (Table 1) demonstrated that
regardless of the pH used in sample preparation, the percentage
of intercalated tetracycline into laponite steadily decreased as
the concentration of tetracycline used in sample preparation
increased. As the concentration of tetracycline increased, this
reects an increase in the number of tetracycline molecules that
are competing for intercalation between the clay's layers: the
higher the number of available tetracycline molecules to inter-
calate, the lower percentage of them will be intercalated.

One of the main mechanisms of intercalation into smectite
clay is cation exchange.15 This process occurs when cations
within the clay (Na+) are exchanged for cations in solution,
which in this case, is the cationic form of tetracycline (Fig. 1).
This process is dependent upon the charge of both the clay and
the tetracycline. According to the manufacturer, the cation
exchange capacity (CEC) of used laponite XLG is about 60 meq.
per 100 g. Given the milliequivalent weight of Na+ is 23 mg
RSC Adv., 2013, 3, 20193–20201 | 20195
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Table 1 The weight percentage of intercalated tetracycline (from total available
tetracycline in L–T preparation) under different pHs and tetracycline concentra-
tions (w/v%) used in L–T preparationa

Tetracycline (w/v%)
used in L–T sample
preparation 0.1% 0.2% 0.3%

pH 3 98.9 � 0.6%a 98.0 � 0.4%a 95.6 � 0.7%a

pH 4 99.2 � 0.1%a 97.7 � 0.2%a 95.5 � 0.2%a

pH 6 94.3 � 5.4%b 81.6 � 2.8%b 68.3 � 7.2%b

a Values (mean � SD of three replicates) in the same column and not
having the same superscript are signicantly different (p < 0.05) post
hoc (Tukey).
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meq.�1, 100 g laponite can maximum hold 1.38 g of Na+ and if
all Na ions are replaced by cationic tetracycline, that means 100
g of laponite can maximum hold 26.67 g or 26.67% tetracycline
(the molecular weight of tetracycline and sodium are respec-
tively 444.435 and 23 g mol�1). Therefore for 0.1% (0.1% tetra-
cycline in 1% laponite) and 0.2% L–T samples the amount of
added tetracycline was less than the maximum holding capacity
of laponite for tetracycline and for 0.3% L–T sample the amount
of added tetracycline was slightly higher than laponite holding
capacity for tetracycline. Based of the above calculation, the %
of Na ions that can be replaced by tetracycline if all of tetracy-
cline was intercalated are approximately 38%, 75% and 100%
for 0.1, 0.2, and 0.3% L–T samples respectively.

Laponite structure contains both a non-pH-dependent (a
constant negative charge area) and a pH-dependent charge area,
which later becomes positively charged in acidic environments.18

On the other hand, tetracycline has three pKa's that affect its total
Fig. 1 Illustration of the layered structure of laponite. The intercalation of tetracycl
laponite is placed in a biological fluid (e.g., saliva-like fluid), the ion exchange from th
with the intercalated tetracycline, releasing the tetracycline into the medium.

20196 | RSC Adv., 2013, 3, 20193–20201
charge.25 At pH < 3.3, it exists predominantly as a monocationic
species. Between pH 3.3 and 7.7, a deprotonation step occurs
causing the tetracycline molecule to acquire a negative charge
and making it zwitterionic. Then at pH 7.7 to 9.5, a second
negative charge gives the molecule a net charge of �1 and above
pH 9.5, it becomes dianionic. Varying pH during L–T preparation
therefore causes the tetracycline molecules to adopt a cationic or
zwitterionic state, which can impact the amount of tetracycline
that is intercalated into the laponite structure. The results
showed that regardless of the concentration of tetracycline in the
preparation solution, the samples prepared at pH 6 (the highest
pH) had the lowest intercalated tetracycline compared with those
prepared at pH 3 and 4. The higher the pH, the greater the net
negative value of the tetracycline charge, thereby reducing the
intercalation of tetracycline between the negatively charged
laponite layers. However, it was found that despite the difference
in the species of tetracycline between pH 3 and 4, there was no
signicant difference in the amount of tetracycline intercalated
into laponite between these two pHs (Table 1). It should be noted
that the pKa values of tetracycline are affected by changing the
ionic strength of solution. In our study, the Na+ ions released
from laponite can increase the pKa values of tetracycline. Chang
et al.14 compared the tetracycline speciation under different pHs
in aqueous solution (without clay) and in 1%Na-montmorillonite
suspension. Based on their study, at pH 3 and 4 in 1% Na-
montmorillonite suspension, tetracycline is in monocationic
form and at pH 6 about 40% zwitterionic and 60% cationic. This
can explain the reason that the amount of intercalated tetracy-
cline at pH 3 and 4 were similar, and signicantly higher than
that at pH 6. At pH 3 and 4 the tetracycline in the preparation
solution had similar speciation. Cationic tetracycline can be
ine between these layers increases the layer spacing. Once the tetracycline-loaded
e biological fluid occurs: the biological ions such as Ca2+, K+, Mg2+, Na+ exchange

This journal is ª The Royal Society of Chemistry 2013
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easier intercalated between negatively charged laponite layers
than zwitterionic tetracycline. However it should be noted that
zwitterions are able to rearrange themselves so that the negatively
charged areas of tetracycline molecule have a minimal effect on
the attraction between the negatively charged layers of laponite
and the positive groups of zwitterionic tetracycline.18

Due to the layered structure of laponite particles (stack of
layers or discs), the available surface between the laponite layers
for tetracycline intercalation is substantially higher than the
surface of laponite particles on which tetracycline can be
adsorbed. Several studies reported the high total surface area of
clay particles, suggesting that the main mechanism for drug
uptake into clay is through intercalation.11,14,26 However, it
should be noted that a low percentage of tetracycline molecules
might be indeed adsorbed onto the surface of particles and not
being intercalated between the clay particles' layers.
Fig. 2 XRD pattern of laponite and 0.3% tetracycline–laponite composites
prepared at pH 3, 4 and 6. The reflection corresponding to (001) laponite lattice
plane at 2q ¼ 6.2� was shifted to a lower degree in L–T samples.
De-intercalation of tetracycline from laponite carrier

Aer stirring for 3 hours in a cationic solution (5% K2CO3), the
amount of de-intercalated tetracycline released into the solu-
tion was calculated and is shown in Table 2. Depending on the
pH and the concentration of tetracycline during sample prep-
aration, the percentage of de-intercalated tetracycline varied
between approximately 10–27%. The pH 6 samples demon-
strated higher percentage of de-intercalated tetracycline than
those prepared at pH 3 and 4. This shows that the tetracycline
molecules in the samples prepared at pH 6 were relatively
loosely attached to the laponite structure and therefore were
easier released during the de-intercalation assay. This is in
agreement with ndings for the intercalation assay that the
lowest intercalation rate of tetracycline was obtained for the
samples prepared at pH 6. As expected, the amount of de-
intercalated tetracycline increased by increasing the amount of
tetracycline used in the sample preparation. No signicant
difference was observed in the de-intercalation results between
the pH 3 and 4 samples. However, the pH 4 samples showed the
highest intercalation and the lowest de-intercalation rates
compared to the other groups (Tables 1 and 2).
Interactions between tetracycline and laponite

X-ray diffraction (XRD). The XRD pattern for powder laponite
and 0.3% L–Ts produced at pH 3, 4 and 6 are shown in Fig. 2.
Table 2 The weight percentage of de-intercalated tetracycline (from the total
intercalated tetracycline obtained from Table 1) under different pHs and tetra-
cycline concentrations (w/v%) used in L–T preparationa

Tetracycline (w/v%)
used in sample
preparation 0.1% 0.2% 0.3%

pH 3 15.0 � 0.4%a 14.7 � 1.7%a 21.1 � 0.5%a

pH 4 10.8 � 0.8%a 11.4 � 2.1%a 18.9 � 1.3%a

pH 6 24.1 � 3.1%b 20.5 � 1.5%b 27.7 � 4.3%b

a Values (mean � SD of three replicates) in the same column and not
having the same superscript are signicantly different (p < 0.05) post
hoc (Tukey).

This journal is ª The Royal Society of Chemistry 2013
Comparing these XRD patterns, it was found that the basal
reection corresponding to the (001) plane at 2q ¼ 6.2� was
shied to a lower degree ranging from 5.36–5.5� in the L–T
samples. Using the Bragg's equation eqn (3), the corresponding
increases in the d-spacing of each L–T, which is the distance
between 001 planes of the clay layers, are shown in Table 3. The
increase in d-spacing in the L–T samples indicates that tetra-
cycline has indeed been intercalated between the layers of
laponite (Fig. 1). Subtracting the thickness of the silicate layer of
laponite (9.6 Å) (ref. 27) from the d-spacing of the L–Ts prepared
at pH 3, 4 and 6, gives inter-layer separation distances of 5.9 Å,
6.1 Å and 5.4 Å, respectively. Although, the inter-layer distance
calculated here is smaller than the proposed conformation of
tetracycline in acidic environments (12.9 Å long, 6.2 Å high and
7.5 Å thick),28 it should be noted that the spacing obtained is not
solely dependent on the dimensions of the intercalated mole-
cule in its free state, but also on factors such as hydration and
orientation.29 The increase in the d-spacing of laponite was
greatest for the pH 4 L–T sample (15.7 Å), showing that, at this
pH, the intercalation of tetracycline was greatest, which is in
RSC Adv., 2013, 3, 20193–20201 | 20197
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Table 3 The zeta potential and d-spacing of 0.3% L–T produced at pH 3, 4 and
6. The zeta potential was measured at the pH in which the samples were made
(e.g., pH 3, 4, 6) and at pH 7 (the pH of the release study). The d-spacing of
samples was calculated using XRD results

d-Spacing
(Å)

Zeta potential
measured at the pH
in which the sample
was made (mV)

Zeta potential
measured
at pH 7 (mV)

0.3% L–T pH 3 15.5 �24.9 � 4.5 �27.3 � 2.8
0.3% L–T pH 4 15.7 �20.0 � 3.4 �24.9 � 3.7
0.3% L–T pH 6 15.0 �23.3 � 1.5 �30.0 � 1.4
Laponite 13.9a

a Signicantly (p < 0.05) lower than the other groups (L–T samples).
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agreement with the results in Table 1. It should be mentioned
that larger d-spacing could be also due to the increased number
of water molecules placed between laponite layers, therefore the
higher the hydration, the larger the d-spacing.30

Fourier transform infrared spectroscopy (FT-IR). The FT-IR
spectra of tetracycline, laponite and 0.3% L–T prepared at pH 4
are shown in Fig. 3. FT-IR was only carried out on samples
prepared at pH 4, as this pH demonstrated the highest tetra-
cycline intercalation. FT-IR spectrum of laponite showed one
dominating peak at approximately 1000 cm�1 and another
peak at around 700 cm�1, which are attributed to the Si–O
stretching vibration and the O–Si–O bending vibration
respectively.31 The FT-IR spectrum obtained for tetracycline
alone has several peaks within the measured range (Fig. 3).
The peaks of tetracycline that were appeared in L–T sample
were at 1664 cm�1, 1612 cm�1 and 1577 cm�1, which corre-
spond to the C]O vibration of the amide, C]O on the A ring
and C]O on the C ring, respectively15 (Fig. 3). In addition, the
bands at 1517 cm�1 and 1448 cm�1 can be assigned to the NH2

amide and the C]C skeleton.15 Laponite does not have
absorption band between 3000 and 1300 cm�1 (expect water
Fig. 3 (Left) FT-IR spectra of laponite, tetracycline and tetracycline–laponite
composites from 600 cm�1 to 1700 cm�1. (Right) Schematic drawing of a fully
protonated tetracycline molecule.

20198 | RSC Adv., 2013, 3, 20193–20201
vibration at around 1630 cm�1) providing a convenient
window for the detection of tetracycline absorption bands. The
main peak of laponite at around 1000 cm�1 (Si–O stretching)
slightly shied in the L–T sample to the higher wavenumber.
Based on our FT-IR observation, the slight shi of Si–O
stretching of laponite structure can be attributed to the
molecular interactions between laponite and tetracycline and
it does not necessarily demonstrate a chemical bonding
between tetracycline and laponite.

Differential thermal analysis (DTA). The DTA proles of
tetracycline, laponite and the 0.3% L–T prepared at pH 4 are
depicted in Fig. 4. The DTA prole for tetracycline shows a
strong peak at approximately 250 �C. This peak indicates major
weight loss that corresponds to the decomposition of tetracy-
cline. The DTA prole of laponite shows a large peak at
approximately 80 �C, most likely due to the loss of water by
evaporation. Laponite remains stable until 700 �C where a
second weight loss is seen, attributed to the loss of the hydroxyl
group. Looking at the DTA prole for the L–T samples, a small
peak is seen at approximately 320 �C. This peak was assumed to
be due to the decomposition of tetracycline, as laponite
undergoes no mass changes near this temperature. The shi in
tetracycline decomposition to higher temperatures can be due
to the intercalation of tetracycline between laponite layers,
which actually increases the thermal stability of the intercalated
tetracycline by shielding the tetracycline molecules. The L–T
undergoes a second mass loss at approximately 700 �C due to
the decomposition of the laponite, a similar temperature to that
of laponite alone.

Zeta potential. The zeta potential of the 0.3% L–T samples
was measured at the pHs in which they were made (the pH in
which tetracycline was intercalated between laponite layers) and
at pH 7.2 (the pH of the release study), see Table 3. Although the
Fig. 4 Differential thermal analysis of tetracycline, laponite and 0.3% tetracy-
cline–laponite composite prepared at pH 6.

This journal is ª The Royal Society of Chemistry 2013
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net negative charge of the pH 4 samples seemed to be the
lowest, no signicant difference was observed among the L–T
samples, mainly due the large standard deviation of the results.
The relatively lower negative charge of the pH 4 L–T samples
could explain the slightly higher percentage of tetracycline
released from this group (Fig. 5). A lower negative charge of the
clay particles may decrease the attractive force between the clay
particles and the positively charged tetracycline molecules, in
turn enabling tetracycline to escape from the clay lattice more
easily. It has been previously suggested that the release of
intercalated drug from a clay carrier occurs when the drug
molecules are exchanged with cations from solution,13 i.e. Ca2+

and K+ in the saliva-like solution used in this study. Due to
electrostatic attraction between these cations and the negatively
charged laponite layers, these cations (Ca2+ and K+) can enter
between laponite layers and push the tetracycline molecules out
from the clay.
Release prole of tetracycline from laponite

The release proles of 0.3% L–Ts prepared under pH 3, 4 and 6
are shown in Fig. 5A. An increased release of the drug was
observed in the rst two hours for all L–T samples. The
percentage of intercalated tetracycline being released in the
saliva-like solution from the L–Ts prepared at pH 3, 4 and 6 in
the rst two hours was respectively 7.3%, 9.8% and 7.5%. This
burst release of drug from smectite clay was consistent with
ndings from previous studies on this type of carrier.16,17 This
initial increased release has been suggested to be due to the
elution of the drug adsorbed onto the clay particles.32 As shown
Fig. 5 (A) 72 hour release profile of tetracycline in saliva-like solution from 0.3%
laponite–tetracycline (L–T) composites prepared at pH 3, 4 and 6. (B) The release
profile of tetracycline from L–T sample prepared at pH 4 in saliva-like solution and
saliva-like solution in acidic condition (pH 5.2).

This journal is ª The Royal Society of Chemistry 2013
in Fig. 5A, the release rate of tetracycline was reduced aer 2
hours incubation. The total amount of the released drug
continued to gradually increase until day 3 reaching a plateau
aer 3 days. The maximum percentage release of tetracycline at
the end of the study period (72 h) was 15.4% for L–T prepared at
pH 4. The pH 6 and 3 L–T samples demonstrated 14.6% and
14.7% tetracycline release, respectively. While in our study the
extent of drug release from the L–T composites seemed to be
lower than those reported for other drug/smectite clay
systems,13,16,17 it should be noted that in the majority of these
studies, the drug release was performed under acidic condition
(pH 1.2) to mimic the gastric environment. Since the pH of the
release medium (saliva-like solution, pH 7.2) and the type of
drug intercalated into the clay structure substantially affect the
drug release prole and these two parameters varied from study
to study, direct comparison between the outcomes of previous
ndings and this study is not possible. Fig. 5B shows the release
of tetracycline from L–T samples (prepared at pH 4) in acidic
(pH 5.2) saliva-like solution (SLS). It can be seen that decreasing
the pH of SLS from 7.2 to 5.2 led to a substantial increase in
tetracycline release from 15.4% to 52.3% aer 72 h incubation.
Therefore, acidic pH that occurs due to bacterial metabolic
activities may enhance the drug release from clay by simply
increasing clay solubility. In addition to pH, the presence of
cations in the saliva-like solution also inuences the drug
release prole from laponite. Cations (Ca2+, K+) in the saliva-like
solution can be exchanged for the intercalated tetracycline
(cation exchange) pushing tetracycline out of the laponite
layers, thereby increasing the release of tetracycline (Fig. 1). The
smectite clay family, such as laponite, has advantages for use as
a drug carrier due to the layered structure of smectite mineral,
thereby having a high total surface area, adsorptive capacity,
surface reactivity, and cation exchange capacity.33 The cation
exchange capacity of laponite helps the release of drug from the
carrier in biological uid due to the presence of cations such as
Ca2+, K+ and Mg2+ (Fig. 1).
Antimicrobial activity of released tetracycline

Table 4 shows the results of the antibacterial activity assays of
released tetracycline from laponite on E. coli and S. aureus as
Table 4 Antimicrobial activity assays for S. aureus and E. coli versus tetracycline,
composites and extracts: diameter of zone of inhibition (well diffusion assay)
versus tetracycline, tetracycline–laponite composite and laponite alone and
minimum inhibitory concentration (MIC) of tetracycline, extract from tetracycline–
laponite composite and extract of laponite

S. aureus E. coli

MIC
(mg mL�1)

Inhibition zone
diameter (mm)

MIC
(mg mL�1)

Inhibition zone
diameter (mm)

Free
tetracycline

0.468 36 1.875 29

Tetracycline–
laponite

0.468 34 1.875 29

Laponite — 0 — 0

RSC Adv., 2013, 3, 20193–20201 | 20199
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determined by the agar well diffusion and the tube dilution
minimum inhibitory concentration (MIC) methods. In the well
diffusion assay, the diameter of the zones of inhibition indi-
cated no signicant difference between tetracycline alone and
the L–T sample. This conrmed that the intercalation process
did not have any negative consequences on drug activity and the
antimicrobial activity of tetracycline was maintained aer its
release from the laponite carrier. Laponite alone as a negative
control did not show any antibacterial activity. The MIC's of the
extracts obtained from L–T samples, the extracts from laponite
alone, and tetracycline solution (positive control) are presented
in Table 4. This shows that the MIC of the extract from the L–T
samples was similar to that of the tetracycline solution, whereas
the extract from laponite alone did not inhibit bacterial growth.
The MIC of tetracycline has been reported to be in the range of
0.006–124 mg mL�1,34 which is in accordance with the MIC of
tetracycline in our study. Staphylococcus aureus is more
susceptible to tetracycline than Escherichia coli,35 which was
reconrmed by our results (Table 4).
Conclusion

We observed an increase in the d-spacing of the L–T composites
compared with laponite alone, suggesting the intercalation of
tetracycline between the laponite layers. This was supported by
FT-IR and the DTA analyses, indicating that the tetracycline
successfully intercalated between the layers of the laponite clay.
Tetracycline released from laponite was biologically active and
inhibited growth of S. aureus and E. coli, producing the same
zones of inhibition in well diffusion and similar MIC in tube
dilution antibiotic assays, as for tetracycline alone. As demon-
strated by the release study, the extent of tetracycline release
was slightly higher for the samples prepared at pH 4 compared
to pH 3 and 6. This was in accordance with the charge of L–T
samples prepared at these pH conditions, that is the lower the
net negative charge of the L–T samples, the higher the extend of
release of tetracycline. The study showed that laponite could be
a suitable carrier material for local delivery of tetracycline in
treatment of periodontal disease, due to the intercalation of
tetracycline between the laponite layers. The study also
demonstrated that acidic environment increases the extent of
release of tetracycline from laponite carrier.
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