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id–ZnAl layered double hydroxide
functional nanohybrid for skin care application

Damodar Mosangi,abc Lumbidzani Moyo,a Sreejarani Kesavan Pillaia

and Suprakas Sinha Ray*ab

In this study, a pharmaceutically active ingredient, acetyl salicylic acid (ASA), was intercalated into ZnAl

layered double hydroxide (LDH). The LDH–ASA nanohybrid material was characterized by XRD, FTIR,

SEM, ICP-MS, TEM and TGA. Successful incorporation of ASA into LDH interlayers through electrostatic

interactions was confirmed by FTIR results. ASA in the intercalated form showed higher thermal stability

in comparison to pure ASA. In vitro release studies revealed that the nanohybrid in release media

(artificial sweat/phosphate-buffered saline) could effectively facilitate the ASA diffusion by significantly

increasing the release time. The nanohybrid was also used to develop a topical skin care formulation,

and skin permeation kinetic studies were conducted by a Franz diffusion cell using reconstructed skin

samples. The results from the Franz diffusion cell experiments showed that the formulation with the

LDH–ASA nanohybrid drastically increased the penetration rate for ASA compared to the formulation

with pure ASA. From these studies, we can conclude that the in situ intercalation of an LDH–ASA

nanohybrid system is a promising alternative active ingredient for topical cosmetic emulsions.
1 Introduction

Recently, the incorporation of inorganic/organic anions into
layered inorganic matrices has presented an interesting
opportunity to develop new nanohybrid materials, which have
great practical importance in pharmaceuticals, catalysis and
magnetic precursor elds.1 Among various layered inorganic
matrices used in a variety of multidisciplinary elds, layered
double hydroxides (LDHs), which are referred to as hydrotalcite-
like compounds or anionic clays, hold great interest as effective
nanocarriers for the delivery of pharmaceutical drugs,
biomedical actives, genes and so on.2–5 LDHs with empirical
formula [M(1�x)

2+Mx
3+(OH)2]

x+(A(x/n)
n�)$mH2O, consist of

brucite-like layers of magnesium hydroxide, where some diva-
lent (M2+) cations are isomorphically substituted with trivalent
(M3+) cations to give the layers a net positive charge. These
charges are counter balanced by interlayer anions (An�) such as
CO3

2�, Cl�, NO3
�.4 LDHs possess high anion exchange capacity

and hence a large variety of inorganic/organic anions can be
interchanged and sheltered between the brucite-like layers
resulting in nanohybrids that can slowly release active ingre-
dients.5,6 Previous studies by Ambrogi et al.7–9 showed that the
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intercalation of pharmaceutical anti-inammatory drugs, such
as indomethacin, ketoprofen, diclofenac and urbiprofen with
LDHs, could be used for developing sustained drug release
systems. Choy et al.10,11 reported successful intercalation of
anticancer folic acid derivatives such as folinic acid, metho-
trexate as well as vitamins with LDHs and obtained controlled
release properties and protection of molecules from light and
heat. Wei and co-workers12 demonstrated enhanced chemical
and stereo-chemical stability of chiral drug L-dopa aer inter-
calation into LDHs.

Unfortunately, there is only little information on whether
this protective and controlled release functions of LDHs can be
made use for cosmetic or topical applications, where chemically
and optically unstable active ingredients are oen used.13–18

LDHs have many attractive features suitable for topical appli-
cations namely: skin compatibility, high surface area and
adsorption ability to remove skin exudates, high anion
exchange ability to protect the active ingredients and release
them in a controlled fashion.13,14 This observation is further
conrmed by Yang et al.,15 according to whom intercalating
with LDH and further encapsulating with silica nano-sol
improved the storage stability and controlled release of
vitamin C. The US patent by Choy and group,16 describes the
preparation method for LDH based hybrid materials with active
component selected from the group consisting of lactic acid,
citric acid, kojic acid, indol-3-acetic acid, etc., for possible
application in cosmetics. Perioli and co-workers17,18 reported
the use of LDHs to improve the photo-stability and prevent
photo-degradation of sunscreen agent p-amino benzoic acid
This journal is © The Royal Society of Chemistry 2016
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and 2-phenyl-1H-benzimidazole-5-sulfonic acid. In a successive
work, Ambrogi et al.19 intercalated a skin whitening ingredient-
kojic acid into the interlayers of ZnAl-LDH and the intercalation
compound was further formulated to water–oil emulsion that
showed good in vitro release and photo-stability of the active
ingredient. In a recent work, Perioli's group20 developed gel
containing LDH–retinoic acid hybrid for topical treatment of
acne vulgaris and observed enhanced photo stability and slow
release of retinoic acid.

Acetyl salicylic acid (ASA) is a salicylate derivative which
possesses anti-inammatory effect.21,22 ASA is generally used for
pain relief in topical aer shave skincare products. However, it
becomes less effective and develops undesirable smell as it
undergoes hydrolysis into salicylic and acetic acids in presence
of moisture or water.23 Therefore its stability is oen the initial
apprehension in formulation development. ASA is an aromatic
organic molecule with an easily polarizable carboxylic group
(refer Fig. 1), thus allowing the intercalation of anions between
the brucite-like layers of LDHs.

Although a few studies are available on ASA intercalated LDH
nanohybrids,22,24,25 all of them report pharmaceutical applica-
tions for improving therapeutic efficiency of orally administered
ASA. For instance, to address the severe irritation of gastroin-
testinal tract and related adverse effects associated with oral
administration of ASA, Gou et al.,22 assembled LDH loaded with
ASA and provided protective layer with dextran (poly-
saccharide)24 to eliminate acid corrosion of LDH layers in
intestinal acidic conditions. The pharma-kinetic study results of
the delivery system in rabbit indicated 5-fold increase in half-
life of ASA as well as 2-fold increase in oral bioavailability
while reducing the adverse effects. Meng et al.25 intercalated
ASA into Zn–Al LDH by co-precipitation and reconstruction
methods and compared their release behavior experimentally
and theoretically. According to them, the nanohybrid synthe-
sized by co-precipitation method showed strong interaction
between the LDH layers and hence slow release properties. The
facts that ASA is also used widely in topically administered
formulations and no reports are available on transdermal LDH–

ASA based delivery system. This observation prompted us to
investigate the properties of ASA-intercalated LDH nanohybrids'
controlled release and stability with the eventual goal of devel-
oping a topical cosmetic formulation.

In this study, LDH–ASA nanohybrids were prepared using
the co-precipitation technique. The co-precipitation improves
the intercalation of ASA because metal hydroxide sheets form
Fig. 1 Chemical structure of ASA and corresponding anion.

This journal is © The Royal Society of Chemistry 2016
stable conformations due to both inter- and intra-molecular
interactions. Moreover, the procedure is easy to scale up from
the commercialization perspective. In vitro release of ASA from
nanohybrids was followed by UV-Vis spectroscopy. Finally, the
nanohybrid was used for the development of a topical skin care
formulation, and skin penetration studies were conducted by
a Franz diffusion cell using articial skin samples. Preliminary
in vivo studies were also conducted to screen the efficacy of the
skin care formulation.

2 Experimental sections
Materials

Aluminum chloride hexahydrate (AlCl3$6H2O) (99%), zinc
chloride (ZnCl2) (98%) and sodium hydroxide (98%) were ob-
tained from Sigma-Aldrich (South Africa); ASA (100%) from
Rhodia (France); propylene glycol from Dow chemicals (USA);
EDTA, xantghan gum, triethanol amine (99%) allantoin,
vitamin E, glycerol monostearate from IMCD (South Africa),
carbomer from Lubrazol (Europe); potassium lactate from
Purac (Europe); cetaryalcohol from Ecogreen (Malaysia); iso-
propyl palmitate from Intermed (Malaysia); sterylcaprolate and
heptonate from Symrise (Germany); octyldodecanol and
ceteareth-20 from BASF (Germany); vitamin B3 from DSM
(Switzerland); dimethicone from Dowcorning (USA); iodopro-
pynyl butylcarbamate and methylisothizolinone from Thor
Personal Care (UK), and polyacrylamide, C13-14 isoparaffin and
Laureth-7 from Seppic (Europe).

Synthesis of ZnAl LDH and LDH–ASA nanohybrid

The LDH–ASA nanohybrid was prepared according to our
previous report.26 A brief procedure is as follows: 100 mL solu-
tion containing 2 M ZnCl2 and 1 M AlCl3$6H2O was added to
a 80 mL of 1 M solution of ASA in ethanol. 1 M NaOH was added
drop-wise under constant stirring, while adjusting the pH to 9–
10. The stirring was continued until solutions were completely
mixed, aer which the precipitate was ltered and washed with
a large volume of de-ionized water until all the Cl� ions were
removed. The obtained solid was allowed air-dry overnight
before drying in an oven at 70 �C for 24 h. The dried sample was
then ground into a powder and sieved to 80 mm particle size for
further analysis. ZnAl LDH was prepared as a reference material
using a similar procedure in the absence of ASA.

Development of a topical formulation containing a LDH–ASA
nanohybrid

Topical skin formulations were prepared using the ingredients
shown in Table 1. Both the oil phase containing a LDH–ASA
nanohybrid (concentration of nanohybrid equivalent to 2% ASA
content was used) and water phases were heated to 70 �C. Aer
both phases reached the desired temperature, the oil phase was
combined into the water phase and mixed for 5 min with a high
shear silverson homogenizer. The neutralizer was then added,
and the whole mixture was then mixed for another 5 min with
the same homogenizer at 3000 rpm. The mixture was cooled to
40 �C and a preservative was added to obtain the LDH–ASA
RSC Adv., 2016, 6, 105862–105870 | 105863



Table 1 Constituents of the formulations used in the current study

Entry Ingredients %

1 Deionized water QS
2 Propylene glycol 10.4
3 Nanohybrid 7.4
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based emulsion. The pH of the nal formulation was adjusted
to 5.6. The same procedure was followed for the formulation
with pure ASA, where 2% concentration of ASA corresponding to
commercial aer shave formulation was used. The stability of
the formulations was checked at ambient, 37 �C and 50 �C for 4
weeks and no phase separation was found.
4 Octyldodecanol 3.8
5 Isopropylpalmitate 3.4
6 Sterylcaprylate 1.6
7 Sterylheptonate 1.6
8 Ceteareth-20 1.3
9 Cetearyl alcohol 1.0
10 Vitamin B3 0.8
11 Dimethicone 0.8
12 Glycerol monostearate 0.7
13 Allantoin 0.4
14 Potassium lactate 0.3
15 Triethanal amine 0.3
16 Carbomer 0.25
17 Xanthan gum 0.2
18 EDTANa2 0.1
19 Vitamin E 0.1
20 Iodopropynyl butylcarbamate 0.1
21 Polyacrylamide, C13-14 isoparaffin and Laureth-7 0.1
Nanohybrid characterization

X-ray diffraction (XRD) studies were conducted using an X'Pert
PRO X-ray diffractometer (PANalytical, Netherlands) operating
with Cu K-a radiation (wavelength of 0.15406 nm) at 45 kV and
40 mA. The exposure time and scan speed for the XRD
measurements were 19.7 min and 0.036987� per s, respectively.
ASA intercalation into the LDHs was followed using Fourier
transform infrared (FTIR) spectroscopy (Perkin-Elmer Spectrum
100 spectrometer, USA) with the MIRacle ATR attachment and
a Zn/Se plate. A small amount of sample was pressed onto the
Zn/Se plate and spectra over the range of 550 to 4000 cm�1 were
collected. Morphological characteristics of neat LDHs and ASA-
intercalated LDHs were obtained using scanning electron
microscopy (SEM, JEOL, JSM 7500F, Japan) at 3 kV acceleration
voltage. ICP-MS was used to determine the elemental compo-
sition of the LDH–ASA. 500 mg of LDH-ASA were leached in an
aqua regia solution. The aliquot was le to cool and further
diluted with deionised water. These were then analyzed on
a Thermo Scientic – iCAP Q Inductively Coupled Plasma Mass
Spectrometer (ICP-MS) to quantify the amount of Zn and Al
present. Calibration was carried out using internal standard
method using scandium (ICP grade). Each sample was
measured 3 times and the average ICP-MS value was recorded.
The fractional replacement of Zn by Al ions in the hydroxide
sheets is quantied by x and is calculated from the equation
below:

x ¼ M ð%%IIIÞ
Mð%%IIÞ þMð%%IIIÞ (1)

where M(II) and M(III) are the divalent and trivalent cations,
respectively. High-resolution transmission electron microscopy
(JEOL JEM 2100 HRTEM, Japan) operated at 200 kV acceleration
voltage was used to study the size and shape of the particles. For
TEM analysis, the powder samples were sonicated in ethanol for
1 min and dropped on a carbon coated Cu-grid and dried.
Thermogravimetric analysis of neat LDHs, ASA, and LDH–ASA
nanohybrid were performed using thermogravimetric analyzer
(TGA, TA instruments, model Q500, USA). The temperature was
ramped at 10�C min�1 in air, from 25 �C to 900 �C. The ASA
loading capacity of LDH was determined from the residue
weight percentage analysis.
In vitro release studies

To measure the amount of ASA released from the LDH–ASA
nanohybrids, in vitro release tests were performed in two
different media. 0.02 g of the LDH–ASA nanohybrid was added
separately into a 200mL articial sweat (pH 5.4) and phosphate-
buffered saline (PBS, dulbeccos buffer without calcium
magnesium and sodium bicarbonate obtained from Life
105864 | RSC Adv., 2016, 6, 105862–105870
Technologies™, France, pH 7.2) solution in a closed beaker at
a 37 �C. The articial sweat was prepared by reported proce-
dure.27 At regular time intervals aer the addition of the
nanohybrid, 5 mL of solution (the volume of articial sweat and
PBS was maintained by adding fresh media) was withdrawn and
ltered using a PVDF micro syringe lter. The concentration of
ASA was measured by UV-Vis spectroscopy (Perkin Elmer Lamda
750, USA) at lmax ¼ 296 nm. The release proles were plotted
with time vs. absorbance. The data were collected in triplicate.
Stability and skin penetration studies of skin care
formulations

The formulation aer one month of storage was analyzed by
high-performance liquid chromatography (HPLC, Shimadzu,
Japan) to determine the extent of degradation of ASA to salicylic
acid (SA) utilizing a model LC-20AD pump at 1.5 mL min�1,
a model SPD-20A UV detector at 230 nm and an analytical
column (Phenomenex Kinetex C18, 4.6 � 250 mm, pore size 5
mm) combined with a guard column (C18, 4.6 mm i.d, Phe-
nomenex) at 30 �C. The mobile phase comprised 75% phos-
phate buffer and 25% acetonitrile.

The permeation study was performed with Franz-type diffu-
sion cells (Inline system with 9 mm inline cells, PermeGear).
PBS was used as a receptor medium. The receptor medium was
circulating by a peristaltic pump (ow 25 mL min�1), and the
temperature was maintained at 36 �C by circulating water at
a constant temperature in the outer jacket of the receiver
compartment. The temperature had to be set at 36 �C to
produce the temperature reading of the formulation in the
receptor compartment at 32 �C. Small epidermis pieces (0.64
cm2) were installed between the donor and receptor compart-
ments of the diffusion cell, with the stratum corneum facing the
donor compartment. Aer 1 h to equilibrate the system, 284 mL
This journal is © The Royal Society of Chemistry 2016
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of each test substance solution (at 0.1%) was applied to the
surface of the epidermis sample separating the two chambers of
a diffusion cell. The permeation of each test sample was
examined in duplicate. At predetermined time points (2 h), 8
samples from the receptor chamber were automatically taken
up to 16 h. At the end of experimentation, the skin surface was
washed three times with 3 � 500 mL of PBS. The epidermis was
placed in a tube for lysing (5 min, 50 hertz) with 1 mL of
methanol and 5 mm disposable stainless steel bead (Tissue
Lyser LT, Qiagen). Extraction samples were centrifuged for
5 min at 20 000 rpm. Wash samples and epidermis extractions
were analyzed by HPLC.
Fig. 2 The XRD patterns of ZnAl-LDH, ASA and LDH–ASA nanohybrid.
In vivo testing of skin care formulation

Cosmetic aer shave formulation subsequent to safety assess-
ment was tested on two human volunteers with ingrown hair
problem. The shaving area was wetted with lukewarm water and
shaving cream was applied before shaving with a twin blade.
Aer shave cream was applied once the shaving was completed.
This procedure was repeated twice a day for 4 consecutive days.
The application area was continuously monitored visually and
pictures were taken at regular intervals.

All experiments were performed in compliance with the
guideline “Cosmetic Research Ethics Review Method Involving
people” (South Africa), and approved by the Faculty of Science
Ethics Committee at University of Johannesburg. Informed
consents were obtained from human participants of this study.
Fig. 3 FTIR spectra of ZnAl-LDH, ASA and LDH–ASA nanohybrid.
3 Results and discussion
Nanohybrid formation, morphological and physical
properties

The XRD patterns of neat ZnAl-LDH and the LDH–ASA nano-
hybrid are shown in Fig. 2. The pristine ZnAl-LDH showed
a hexagonal lattice with rhombohedral symmetry28 with a main
peak at 2q ¼ 11.46� (�0.77 nm), which can be attributed to the
(003) reection hydroxyl or carbonate form of LDHs.20 The
sharp and well dened diffraction peaks of the pattern indicate
the formation of a hydrotalcite-like structure with good crys-
tallinity. Aer the intercalation of ASA, the XRD pattern of the
nanohybrid retains the major distinctive features of ZnAl-LDH.
The intercalation of ASA in ZnAl-LDH, results in a broadened
peak around 2q ¼ 4.06� (d003-spacing equivalent 2.18 nm) and
a major peak at 9.99� (d003-spacing of 0.89 nm). The broadening
and shiing of (003) reection to a lower 2q angle indicate
decreased stacking of layers and increase in the interlayer
distance in LDH which may be related to the intercalation of
large ASA anions into LDH galleries.25,29 According to Hu et al.,30

a weak and broadened (003) reection is exhibited by a very
small nano-platelet composed of 1–5 layers. In addition,
considering 0.48 nm layer thickness of the LDH sheets, the
gallery spacing calculated for the broad reection is 1.68 nm
which may be due to the vertical arrangement of ASA anions in
the interlayer regions.

The molecular size of the ASA anion was calculated by using
Avogadro Soware. According to this calculation, the ASA
This journal is © The Royal Society of Chemistry 2016
molecule is approximately 7.1 Å in length. Based on molecular
simulations, Meng et al.25 showed a vertical arrangement of ASA
with COO� group closer to the LDH sheets in intercalated
hybrid. However, in our case, the main reection of LDH–ASA is
at 9.99�. This indicates the existence of a predominant phase
with interlayer distance of 0.89 nm which could mean that
a greater part of ASA is oriented with phenyl ring parallel to the
sheets. Ková̌r et al.31 combined molecular modelling and
experimental XRD data for porphyrin intercalated LDH and
presented a similar bi-phasic model where some layers are
saturated with organic anions and others with original NO3

�

anions. The sharp peak observed at 2q ¼ 29� suggests the
possibility of surface adsorbed ASA species which can affect the
release prole of the nanohybrid in the initial hours.

The FTIR spectra of ZnAl-LDH, ASA and the LDH–ASA
nanohybrid are shown in Fig. 3. For ZnAl LDH, the broad
absorption band between 3400–3500 cm�1 is due to the
stretching frequency mode of the O–H groups in the brucite-like
layer. The shoulder band at 1628 cm�1 can be attributed to the
bending vibration of water molecules in the interlayer region.32

Although the starting materials are chloride based, there is
a peak at 1359 cm�1 normally ascribed to carbonate asymmetric
RSC Adv., 2016, 6, 105862–105870 | 105865



Fig. 5 (a) TG and (b) DTG curves of ZnAl-LDH, ASA and LDH–ASA
nanohybrid.

Fig. 4 The SEM and TEM micrographs of unmodified LDH [(a) & (a0)]
and LDH–ASA nanohybrid [(b) & (b0)].
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stretching mode which could be explained by the formation of
this species during sample preparation.33 The weak bands
around 760 and 600 cm�1 can be correlated to the Al–OH and
Zn–Al–OH translational and bending vibrations respectively.34,35

The FTIR spectrum of ASA shows peaks at 1686 and 1456 cm�1,
which are assigned to the stretching vibration of the C]O bond
in the carboxylic group. The peaks at 1508, 1302 and 1184 cm�1

correspond to the stretching vibrations of the C]C bonds in an
aromatic ring whereas the peaks between 2850 and 2960 cm�1

indicate symmetric and asymmetric stretching modes of –CH3

groups.25 In the case of LDH–ASA nanohybrid, a peak with
diminished intensity is observed at a lower wavenumber of 1365
cm�1 whichmay be due to the symmetric stretching vibration of
COO� of intercalated ASA. The peak may also indicate traces of
CO3

2� (due to high sensitivity of IR technique, even traces are
detected) impurity remaining in the sample which is a common
problem with most LDH preparation method including co-
precipitation.36,37 Furthermore, the asymmetric and symmetric
stretching modes of the COO� group observed at 1573 and 1365
cm�1 are at lower wave-numbers for the nanohybrid in
comparison to the free –COOH functional group in ASA (1686
and 1370 cm�1), indicating that the intercalation of ASA in the
interlayer space involves a strong hydrogen bond between the
layers COO� groups and hydroxyl groups.25 Zou et al.38 reported
similar shiing of FTIR peaks of carboxylate anions in ZnAl
Table 2 Compositional data and apparent formula for the neat LDH
and LDH–ASA nanohybrid

Zinc to aluminium
mol ratio x Apparent formula

LDH–ASA 1.68 0.37 [Zn0.63Al0.37(OH)2]
(ASA)0.37$0.5H2O

105866 | RSC Adv., 2016, 6, 105862–105870
LDHs intercalated with 5-amino salicylate anions. The charac-
teristic M–OH layer lattice vibrations at 764 and 608 cm�1 are
well dened even in the intercalated sample, indicating the
structural stability of LDH during intercalation.38

The structure and morphology of the prepared samples were
studied using SEM and TEM. The SEM and TEM images of
unmodied LDH [(a) & (a0)] and LDH–ASA nanohybrid [(b) &
(b0)], respectively, are presented in Fig. 4.

It can be observed that the neat LDH is composed of lamellar
subhedral sheets that are 200–500 nm in size [refer to TEM
image (a0)]. The shapes of the ZnAl-LDH particles, however, are
not well dened. Distinct platelet edges are not clearly visible in
the LDH–ASA nanohybrid sample, as observed in Fig. 4(b0),
which could also be correlated with the loss of stacking or
increase in disorder as seen from the XRD patterns. Further-
more, the surface of the particles appears to be clean and
smooth in the unmodied LDH in comparison to the LDH–ASA
nanohybrid. The deposition of a polymer-like coating on the
surface is visible for LDH–ASA nanohybrid, whichmay be due to
This journal is © The Royal Society of Chemistry 2016



Fig. 6 (a) Release profiles of LDH–ASA nanohybrid in sweat and PBS
media measured at 37 �C.

Fig. 7 Cumulative amount penetrated versus time for (a) caffeine
(standard), (b) pure ASA and the studied LDH–ASA nanohybrid.
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the possible adsorption of the ASA on the outer surface. The
increased tendency of particle aggregation in the intercalated
sample is also apparent from the TEM image [Fig. 4(b0)].

The chemical composition of LDH–ASA nanohybrid was
analyzed by ICP-MS and the results are presented in Table 2.
The ICP data are reported as mole ratio relative to aluminium.
The LDH precursor used in the study represented by the
formula [M1�x

2+Mx
3+(OH)2](CO3)x/2$nH2O, where x quanties

the fractional replacement of Zn by Al ions in the hydroxide
sheets. The x-value is reported to fall within 0.1 # x # 0.5, with
pure phases existing for 0.2# x# 0.3.39 LDH–ASA nanohybrid x-
value is within what is expected of LDHs. When the x-values are
lower than 0.33, the Al octahedral is not neighbouring, leading
to a high density of Zn octahedral in the brucite-like sheet. In
the case of higher values of x, the increased number of neigh-
bouring Al octahedral leads to the formation of Al(OH)3.

The TG and corresponding derivative curves of ZnAl-LDH,
ASA and LDH–ASA are shown in Fig. 5. ASA exhibits two weight
loss events between 120 and 400 �C attributed to the elimina-
tion of acetic acid and evaporation of ASA and SA respec-
tively.25,40 Unmodied LDH shows four weight loss stages. The
rst stage corresponding to the removal of the surface and
interlayer water molecules occurs from 50 �C up to 150 �C.41 The
second event around 245 �C is due to a dehydroxylation process.
The third and fourth steps occurring at about 588 and 867 �C
involves the oxidative degradation of the anions attached to Zn
and Al within the interlayer, respectively.42 LDH–ASA nano-
hybrid clearly shows additional weight loss occurring between
200 and 400 �C, which may be attributed to the decomposition
of the intercalated ASA. It is also apparent that the decompo-
sition peak temperature of pure ASA increases from 178 �C to
189 �C [refer Fig. 5(b)] aer intercalation into the LDH inter-
layer, indicating the increased thermal stability of ASA in the
nanohybrid which could mean that the ASA anions formed
a stable conformation in the interlayer spaces of LDH. The
This journal is © The Royal Society of Chemistry 2016
residual weight percentage analysis of LDH and the nanohybrid
suggest that the total organic component in the hybrid is
approximately 32%, although Meng et al.25 observed 26.4% and
28.9% loading of aspirin in LDH hybrids prepared respectively
by co-precipitation and reconstruction methods.
In vitro control release study

Preliminary in vitro control release studies were performed to
observe the release prole of ASA from the LDH–ASA nano-
hybrid. Drug release patterns from LDH–ASA for 8 h in articial
sweat and PBS media at 37 �C are shown in Fig. 6. From the
gure, a rupture or burst release trend is observed for about
46.4% of ASA in the rst 60 min, which may be accounted for
the loosely bound surface adsorbed ASA. ASA release prole
from LDH–ASA nanohybrid shows approximately similar trend
in both release media. LDH–ASA nanohybrid in articial sweat
as well as in PBS shows a gradual two step release (refer Fig. 6),
with an early fast release, 67.53% for sweat and 51.09% for PBS
RSC Adv., 2016, 6, 105862–105870 | 105867



Table 3 Permeability coefficient of caffeine, ASA and LDH–ASA and the penetration rate at different time intervals

Sample
Permeability coefficient
(Papp, cm h�1)

Penetration rate (time/h)

2 4 6 8 10 12 14 16

Caffeine 1.47 � 10�6 � 4.94 � 10�7 5.88 17.26 30.54 43.88 57.23 69.3 82.51 96.1
ASA 3.62 � 10�8 � 2.53 � 10�8 0.24 � 0.15 0.32 � 0.14 0.46 � 0.13 0.64 � 0.14 0.98 � 0.13 1.46 � 0.15 2.13 � 0.12 3.14 � 0.13
LDH–ASA 2.48 � 10�7 � 2.28 � 10�9 0.05 � 0.1 1.74 � 0.6 3.80 � 0.8 5.23 � 0.6 7.05 � 0.5 9.07 � 0.6 10.94 � 0.6 12.52 � 0.3
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medium in the rst 120 min, followed by a relatively slow
release, 97.5% for sweat and 74.01% for PBS in the 480min. The
results show a much slower release pattern from ZnAl host
layers in comparison to the report by Meng et al.,25 who
observed 96.87% release in PBS solution at 300 min. The two
step and prolonged release behavior could play key role in the
therapeutic cures, as the initial fast release provides the
required dosage and the subsequent sustained release
continues this dose over extended period of time.42 The released
concentration of ASA from the nanohybrid is signicantly
slower in PBS solution than in articial sweat, indicating faster
diffusion of ASA from the nanohybrid under skin conditions.
The faster release rate in sweat medium could also be attributed
to its lower pH (pH ¼ 5.4), which dissolves LDHs slightly thus
increasing the diffusion rate of ASA in comparison to PBS
medium with neutral pH.43,44 The release process proceeds
along the time period studied, indicating the prolonged and
sustained release of ASA from the nanohybrid. When ASA is
added directly to a physical mixture, the release is a dissolution
process, whereas the release of ASA from LDH–ASA could occur
through a diffusion process or an ion-exchange process between
the interlayer and the anions from the medium,45 which makes
it a more steady process. The release of ASA under the experi-
mental conditions also indicates that the active molecules
formed a stable conformation in the LDH interlayers, making
the de-intercalation a slow process.
Fig. 8 The proposed skin penetration and release mechanism of ASA
from ZnAl-LDH (adapted from Yang et al.15).
Stability and skin penetration studies

In order to conrm the stability of ASA, formulations with initial
ASA concentration of 2 wt% were analyzed by HPLC and content
of SA, which is one of the decomposition products, was
measured aer 1 month of storage. Formulation where pure
ASA was added showed the presence of 1.2% of SA indicating
a faster degradation of ASA whereas the formulation containing
LDH–ASA showed only 0.5% of SA suggesting that majority of
ASA still exist in its intercalated form. This observation also
conrmed the increased structural stability of ASA once inter-
calated to the LDH interlayers.

Fig. 7 shows the cumulative amount penetrated versus time
plots for a standard [caffeine as reference, Fig. 7(a)], formula-
tion containing pure ASA and LDH–ASA nanohybrid [Fig. 7(b)].
An automated algorithm was used to calculate the maximum
ux (Jmax, mg cm�2 h�1) and the apparent permeability coeffi-
cient (Papp, cm h�1) is shown in Table 3.

As shown in gures and Table 3, the penetration rate of ASA
from a formulation containing nanohybrid was approximately
105868 | RSC Adv., 2016, 6, 105862–105870
10-fold higher than that of a formulation containing the cor-
responding weight percentage of pure ASA indicating that the
presence of LDH increases the transdermal transport of active
molecules.

Furthermore, the linear relationship between the concen-
trations of ASA permeated and time indicates the steady and
efficient release of ASA from the nanohybrid in the formulation
[Fig. 7(b)]. Emulsions containing inorganic nanoparticles have
previously been reported to increase the penetration of caffeine
compared to traditional formulations due to better adhesion of
the droplets to the surface.46 However, due to its rigid structure,
the nanoparticles may not penetrate through the corneocytes.
Therefore, by acting as reservoir that is strongly anchored to the
external skin surface, nanoparticles can then slowly release the
active molecules to the skin layers.43

It could be that a similar mechanism occurs in our case with
the transport of ASA from LDH–ASA nanohybrid. Aer the
initial fast adhesion of LDH–ASA to the skin from the emulsion,
the chemical species present in skin wastes, serums and sweats
trigger the release of ASA from the nanohybrid through the ion
exchange process. In this way, ASA could be slowly diffused out
from the ZnAl-LDHs interlayer and delivered into the
epidermis. Yang et al.15 proposed similar mechanism for the
efficient transdermal penetration of L-ascorbic acid from
a ternary nanohybrid of the active, LDH core and SiO2 shell
structure. Fig. 8 presents a proposed mechanism (inspired from
Yang et al.15) for the release of ASA from LDH–ASA nanohybrid.
This journal is © The Royal Society of Chemistry 2016



Fig. 9 Representative digital photographs of application area in
volunteers 1 (top) and volunteer 2 (bottom) 4 days application of after
shave formulations containing pure ASA and LDH–ASA nanohybrid.

Paper RSC Advances
In the formulation where pure ASA is used, the bioavailability of
ASA will be lower due to the high probability of degradation and
chemical instability. The hydrophobicity of pure ASA, which
results in less skin absorption, could also be a reason for the
lower penetration rate obtained for a formulation with ASA
alone.
In vivo studies of skin care formulation

The patch test for a cosmetic product was used to check the
compatibility of a formulation with the human skin before its
application. The oil/water emulsion topical composition with
pure ASA and LDH–ASA nanohybrid was applied for at least
twice per day for 4 days and no skin irritation was observed aer
the application on the razor bumps associated to chin area of 2
human volunteers. Therefore, the developed formulation with
the nanohybrid was considered well suited and reasonably safe
for consumer use. Commercially available razor bump creams
and gels,47–51 are reported to use active ingredients, such as
alcohol and/or ASA, both primarily to reduce an inammation
and infection. Fig. 9 shows digital photographs of affected facial
area before and aer application of aer shave bump creams of
This journal is © The Royal Society of Chemistry 2016
neat ASA and LDH–ASA formulation for 4 consecutive days ob-
tained for 2 volunteers.

From the images, it is evident that continuous use of the
LDH–ASA nanohybrid formulation reduced the razor bumps
and skin became clear aer 4 days, when compared to the pure
ASA formulation which mimicked commercial aer shave
cream with ASA concentration in the maximum allowed limit
(2%). Therefore, this observation proves that the developed
LDH–ASA nanohybrid based formulation is highly efficient in
alleviating skin problems in a very short time, when compared
to commercial products. This may be due to the high absorption
and skin penetration ability of LDH–ASA which is in line with
the characterization results.
4 Conclusions

Novel nanohybrid materials were developed as high perfor-
mance cosmeceutical ingredient by the in situ intercalation of
anti-inammatory active ASA into ZnAl-LDH. The intercalated
ASA showed superior storage and structural stability in formu-
lation when compared to pure ASA. The nanohybrid showed
gradual two-step in vitro release of ASA up to 8 h under skin
conditions indicating excellent controlled release properties. A
linear relationship between the cumulative amount of ASA
delivered and time obtained from transdermal penetration
studies also proved a steady and efficient release of ASA from
the nanohybrid in the skin care formulation. A 10-fold increase
in percutaneous penetration of ASA from the nanohybrid based
formulation was observed and preliminary efficacy results from
in vivo trials showed its high prospects in curing skin disorders
like razor bumps in a short span of time.
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