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ABSTRACT: The delivery of active functional molecules across the
skin is laborious due to its structural intricacy and exceptional barrier
characteristics. Developments in nanotechnology yielded innovative
transport vehicles derived from nanomaterials to reinforce the skin’s
ability to interact with active ingredient molecules and increase its
bioavailability. The current study employed crystalline inorganic two-
dimensional double hydroxides (LDHs) as an efficient carrier and
delivery vehicle for folic acid (FA) in a topical skincare formulation. FA
was incorporated into the interlayer region of Mg/Al LDHs utilizing a
coprecipitation procedure to produce a nanohybrid. The nanohybrid
was characterized by XRD and FTIR. FA intercalation into the interlayer
galleries of the nanohybrid was confirmed by an XRD diffractogram,
which established a shift of the basal d(003) reflection of LDHs to lower
2θ angles. FTIR of the nanohybrids revealed the characteristic absorption frequencies of FA, indicating the existence of FA within
the LDH matrix. The FA-intercalated nanohybrid showed antioxidant activity similar to that of free FA. A topical formulation was
prepared by dispersing FA-intercalated LDH nanohybrid in an oil-in-water (o/w) emulsion, and it was used to evaluate its properties
further. Rheological property evaluation showed that the presence of the nanohybrid resulted in better flow behavior and higher
yield stress of the formulation, implying improved stability and quality. The nanohybrid also enhanced the storage modulus and,
thus, the dynamic rigidity of the formulation. The test compounds expressed no cytotoxicity in HaCaT cells, as cell viability
significantly increased in monolayer cultures after a 24-h incubation period. Release studies conducted in vitro using the nanohybrid
showed a pH-dependent controlled release of FA. Transdermal permeation experiments using Franz diffusion cells demonstrated a
direct correlation between the concentration of penetrated FA with time, which signified a gradual and effective transfer of FA from
the LDH matrix into the oil/water emulsion, demonstrating its efficacy. Thus, the study revealed excellent prospects for the
nanohybrid as a multifunctional active ingredient in topical applications.

1. INTRODUCTION
Folic acid (FA) is a potent active ingredient in dermal and sun
care, with the capacity to combat photoaging and the common
signs of aging. It prolongs premature aging of the skin by
prompting skin cells, such as fibroblasts, while simultaneously
averting DNA impairment.1 The benefits of FA could also
contribute to skin hydration by augmenting the barrier
functionality of the skin. Moreover, the concentrations of
antioxidants that it contains can decrease the oxidative stress
levels on the skin and neutralize damaging environmental free
radicals.2 With the modern demand to maintain skin’s natural
beauty and texture, FA has been incorporated into personal
care and cosmetic skincare formulations.3,4 The primary
disadvantages of the use of FA, particularly in topical
formulations, are inadequate solubility as well as susceptibility
to UV radiation.5 The extremely low solubility of FA (1.6 mg/

L) in aqueous physiological solutions results in an inhomoge-
neous dispersion in hydrophilic solvents. Therefore, surfac-
tants, co-surfactants, or co-solvents are used to solubilize FA
for consistent formulation. The lack of solubility in organic
solvents and less lipophilicity inhibit the infiltration of FA
through the skin, while the application of penetration
enhancers may weaken the skin barrier. Numerous topical
products comprising FA are available commercially for the
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remediation of aged or photodamaged skin, though the issue of
the susceptibility of FA to UV exposure is not considered
often.5 Therefore, it remains necessary to develop innovative
strategies for the protection, enhancement of solubility, and
controlled release of FA from skincare formulations.

Over the past two decades, there has been a significant focus
on hybrid structures, which combine inorganic−inorganic and
organic−inorganic elements, due to their unique properties
that are not achievable in individual systems.6−9 This trend has
led to rapid growth in the development of bioinorganic
nanohybrid systems for the effective topical and transdermal
delivery of active ingredients. The continued interest in
creating novel topical delivery vehicles is driven by the need
to enhance functional activity while minimizing adverse side
effects. Bioinorganic nanostructures enable the controlled and
safe delivery of numerous bioagents into target sites with great
precision. There is a particular demand for the advanced
delivery of functional ingredients that are highly sensitive to
ambient environments. These hybrid structures must include
biocompatible inorganic environments that allow safe retention
and the controlled transport of active molecules. Among the
various inorganic materials, LDHs stand out as promising
inorganic environments due to their unique properties:
enhanced dissolution ability, thermal stability, and controlled
release of intercalated molecules.10,11 Their cationic layered
framework can encapsulate many biologically essential
molecules, such as genes and cosmetic, nutraceutical, or drug
molecules.12−18

Additionally, the great affinity of LDHs to the carbonate ion
and susceptibility to dissolution by acid provide the required
release of incorporated drugs as well as compatibility and
multifunctionality with various biosystems.13 A thorough
search of the data available in the relevant literature shows
that the properties of FA-intercalated LDH nanohybrids have
been predominantly investigated in their neat form (without
being incorporated in a formulation). Moreover, only a few
properties were evaluated in the few cases where nanohybrids
have been incorporated into a formulation. Hence, the current
study was designed to fill this gap and demonstrate the
multifunctional properties of the FA-intercalated LDH nano-
hybrids incorporated in a topical formulation. This study is a
significant contribution to the field, as it provides valuable
insights into the potential of these nanohybrids as a topical
delivery system for FA. An FA-intercalated Mg/Al LDH
nanohybrid material was prepared, and it’s in vitro release (neat
nanohybrid) and transdermal diffusion (nanohybrid formula-
tion) properties as a prospective topical delivery system were
investigated. Furthermore, the study sought to evaluate the
antioxidant functionality of the hybrid material. The
cytotoxicity of the prepared hybrid material was assessed by
monitoring the cell viability and proliferation of HaCaT in its
presence.

2. MATERIALS AND METHODS
2.1. Materials. Reagents and chemicals were utilized as

obtained, unless stated otherwise. Aluminum nitrate non-
ahydrate (ACS reagent, Al(NO3)3·9H2O, 98% purity) and
magnesium nitrate hexahydrate (ACS reagent, Mg(NO3)2·
6H2O, 98% purity) were obtained from Sigma-Aldrich,
Johannesburg, South Africa. FA was acquired from Protea
Laboratory Solutions, Johannesburg, South Africa. Sodium
hydroxide (NaOH) was acquired from MINEMA Chemicals,
Johannesburg, South Africa. PBS (pH 7.4) solutions, crucial for

maintaining the physiological pH during the experiment, were
prepared by using a well-known literature procedure. Nylon
membrane filters with a 0.45 μm pore size were employed for
transdermal diffusion testing. The ingredients for the
preparation of o/w emulsions such as mineral oil, emulsifiers
(cetearyl alcohol, stearic acid, glyceryl stearate, and PEG-100
Stearate), glycerol, and phenoxyethanol were kindly supplied
by Amka Products Pty Ltd., Pretoria, South Africa.
2.2. Synthesis of FA-Intercalated Mg/Al LDH Nano-

hybrid. A coprecipitation method, adopted from our previous
work with minor alterations,19 was used to synthesize the FA-
intercalated Mg/Al LDH nanohybrid. Typically, suitable
amounts of Mg(NO3)2·6H2O(0.05 mol) and Al(NO3)3·
9H2O (0.025 mol) were dissolved in decarbonated deionized
water in a 250 mL beaker at 85 °C while purging with N2 gas.
An FA solution (0.025 mol) in 2 M NaOH was added
dropwise to the vigorously stirred solution. With the
temperature maintained at 85 °C and constant N2 gas purging,
a 2 M NaOH solution was added dropwise until the yellow/
red suspension was maintained between pH 9 and 10. The
solution was mixed under these conditions for 2 h and then
aged at room temperature (25 °C) for 72 h. The yellow/
orange precipitate attained was then filtered, washed numerous
times using deionized decarbonated water, and subsequently
dried in a vacuum oven at 50 °C for 24 h. The nanohybrid was
pulverized, sieved to pass through a 75 μm sieve, and enclosed
in a vessel for more experiments and analyses. The neat Mg/Al
LDH nanostructure was synthesized by using the same method
in the absence of FA.
2.3. Characterization. The X-ray diffractometer with Cu

Kα-radiation (1.5406 Å) at 40 mA and 45 kV (PANalytical
X’Pert PRO, Netherlands) was employed to obtain the XRD
patterns of the nanohybrid and unmodified Mg/Al LDHs.
XRD spectra were acquired using a step size of 0.02° and a
scan rate of 2°/min in the 2θ range of 0 to 40°. The vibrational
characteristics of the samples were investigated by a Spectrum
100 attenuated total reflectance Fourier transform infrared
spectrometer (ATR-FTIR, PerkinElmer) using eight scans, 4
cm−1 resolution, and 4000−500 cm−1 wavenumber range.
Thermal degradation profiles of Mg/Al LDHs and FA-
nanohybrids were attained through thermogravimetric analysis
using a TGA Q500 (TA Instruments) in the air atmosphere.
The FA loading efficiency of Mg/Al LDH was assessed using a
Lambda 70s UV−Vis spectrometer (PerkinElmer).
2.4. Determination of FA Loading. The FA loading

efficiency of Mg/Al LDH was evaluated using UV−Vis
spectrometry after the complete dissolution of the nano-
hybrid.19 In a typical experiment, 50 mg of nanohybrid was
dissolved in a 1:1 mixture of HCl (1 M)/DMSO (100 mL).
UV−Vis spectrophotometry (Lambda 70s, PerkinElmer) at a
wavelength of λ = 296 nm was used to determine the
concentration of FA in the solution. A stock solution of FA in
DMSO (100 ppm) was used to prepare the calibration
standards by diluting suitable volumes in 50 mL of DMSO.
Each experiment was performed in triplicate, and the mean
values were presented.
2.5. DPPH Antioxidant Assay. The antioxidant property

of the nanohybrid was evaluated by 1,1-diphenyl-2-picrylhy-
drazyl (DPPH) assay as described by Mavundza et al.20 with
slight alterations in 96-microwell plates. The working
concentration range for the nanohybrid and reference FA
was from 250 to 16,000 μg/mL in DMSO. To these 100 μL
suspensions, 100 μM DPPH solution (100 μL) was added,
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followed by incubation in the dark for 30 min at room
temperature (25 °C). The radical scavenging capacities were
measured using a multiwell plate reader (Hidex Sense Beta,
South Africa) at a wavelength λ = 517 nm for 2 h with DMSO
as a blank. The absorbance values were corrected by
subtracting the absorbance of the dispersed LDH particles.
The average of triplicate measurements of the effective sample
concentration to decrease the initial DPPH absorbance by 50%
(EC50) was presented as a measure of the free radical
scavenging property.
2.6. Cytotoxicity Assay. 2.6.1. Culturing of HaCaT Cells.

Human keratinocyte (HaCaT) cells were provided by the
Department of Pharmacology, University of Pretoria, South
Africa. HaCaT cells were grown in T75 flasks (Corning Cell-99
BIND, Corning, NY) containing Dulbecco’s modified eagle
medium (DMEM) with 10% heat-inactivated fetal bovine
serum (FBS) and 1% antibiotics (100 U/mL penicillin, 100
μg/mL streptomycin, and 250 μg/mL fungizone) (Gibco-Life
Technologies, South Africa) at 37 °C in a humidified incubator
set at 5% CO2. The replacement of the growth medium was
performed every 48−72 h. Confluence was estimated by
observing under a Zeiss AxioCam Primo Vert inverted phase-
contrast microscope (Carl Zeiss, Germany).
2.6.2. Subculturing of HaCaT Cells. HaCaT cells were

detached using trypsin-ethylenediaminetetraacetic acid
(EDTA) once they had reached 80 to 90% confluence. Old
complete DMEM was aspirated from the T75 culture flasks.
Cultures were rinsed with phosphate-buffered saline (PBS)
and chemically detached using trypsin-EDTA (0.25% trypsin
containing 0.01% ethylenediaminetetraacetic acid (EDTA))
for 10 min at 37 °C. Cells were centrifuged at 1500 rpm for 5
min (Beckman Coulter, Germany) after being transferred into
a centrifuge tube (15 mL). The supernatant was discarded, and
the pellet of cells was resuspended in 1 mL of 10% FCS-
supplemented medium. This suspension was partitioned into
separate flasks containing preheated culture medium at a ratio
of 1:15, and the flasks were reincubated. The cells were
enumerated by utilizing a trypan blue dye exclusion method,
seeded, and grown with or without the test samples at various
concentrations. Cells exposed to the medium without active
ingredients were used as positive controls.
2.6.3. MTT Cytotoxicity Assay. The test samples, FA and

nanohybrid (amount equivalent to 1 mg of FA), were added to
5 mL of DMEM, vortexed, and incubated for 2 h at 37 °C.
HaCaT cells were seeded into clear, sterile, flat-bottom 96-well
plates (1 × 104 cells/mL) and incubated for 24 h for cellular
attachment. Upon the cells reaching a confluence of 80−90%,
they were washed with fresh DMEM. Subsequently, the cells
were exposed to 100 μL of the serial dilutions of FA and
nanohybrid test samples. The HaCaT cells were treated with
serial dilutions of FA and nanohybrid at 0.001, 0.002, 0.004,
0.008, 0.016, 0.031, 0.063, 0.125, 0.25, 0.5, and 1 mg/mL: n =
9. The FA and nanohybrid test samples, as well as their serial
dilutions, were added to every well and further incubated in a
humidified incubator (5% CO2 atmosphere for 24 h at 37 °C).
The viability of cells was evaluated by the reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(5 mg/mL) to formazan. After 24 h, 10 μL of MTT was
poured into the wells with incubation for 4 h at 37 °C in a CO2
incubator. 100 μL of SDS-HCl solution was poured into each
well, and incubation was continued for a further 4 h to confirm
the complete dissolution of the formed formazan crystals. The
absorbance was measured at a wavelength λ = 570 nm in a

microplate reader (Tecan Infinite 500, LifeScience). The
viability of cells was recorded as a percentage of that of the
negative control. Absorbance was used as a measure of the cell
viability and cytotoxicity. Reduction of the cell viability was
employed as a measure of keratinocyte toxicity.
2.7. In Vitro Release Study. Experiments were conducted

at two pH values (pH 5.5 and 7.4) to measure the quantity of
intercalated FA released from the Mg/AL LDH matrix, as
described in our previous study.19 50 mg of nanohybrid was
mixed with 100 mL of PBS in a polyethylene bottle. The bottle
was agitated at 75 rpm in a constant temperature water bath
(25 ± 1 °C). Samples were removed (5 mL) at regular
intervals, initially after 30 min and then at 60 min intervals for
6 h. To maintain a constant volume, the sample withdrawn was
replenished with an equal volume of PBS (5 mL) at the same
pH. The absorbance of released FA from the nanohybrid was
measured at a wavelength of 280 nm by a UV spectrometer
(Lambda 70s, PerkinElmer). For the experiments at pH 5.5,
the pH of PBS was adjusted from pH 7.4 to 5.5 using 0.1 M
HCl. The results were presented as the mean values of
triplicate measurements.
2.8. Preparation of Topical Formulations. An oil/water

(o/w) emulsion (cream formulation) prepared with Mg/Al-FA
was used to assess the permeation characteristics of FA from
the nanohybrid.20 The water and oil phases for the preparation
of the emulsion were put together using the constituents, as
presented in Table 1. Each phase was separately heated to 75

°C in a vessel. The oil phase was steadily poured into the water
phase under dynamic stirring. The emulsion was exposed to
high-shear homogenization using a high-shear mixer (IKA T25
shear mixer, IKA, Germany) at 6000 rpm for 3 min. After
cooling the emulsion below 40 °C, a preservative was added,
and subsequently, the pH was adjusted to 5.5. The
formulations were stored in polypropylene bottles at room
temperature (25 °C) for further analyses.
2.9. Rheology Measurements. The rheological character-

istics of the FA and nanohybrid formulations were assessed by
an MCR501 rheometer (Anton Paar) equipped with parallel
plate geometry (PP50s) with an adjusted gap of 1 mm. The
sample was placed centrally on the stationary plate. Flow
curves were obtained under rotational rheology mode with a
stepwise increase of shear rate ranging from 0.01 to 100 s−1 at
27 °C. The amplitude sweep (strain ranging from 0.01 to

Table 1. Ingredients and Input Rate for the Preparation of
the Cream Formulation

wt %

ingredient Mg/Al-FA cream FA cream

Aqueous Phase
water to 100 to 100
glycerin 5 5
xanthan gum 0.3 0.3
Mg/Al-FA nanohybrid 5 0
folic acid 0 1.05

Oil Phase
mineral oil 5 5
stearic acid 1 1
glyceryl stearate/PEG-100 stearate 3 3
cetearyl alcohol 4 4
preservative 0.5 0.5
pH adjuster q.s.
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100%) with a preadjusted angular frequency of 6.28 rad s−1

was used to determine the linear viscoelastic region (LVE) of
the cream formulations at 27 °C.
2.10. In Vitro Franz Cell Diffusion Experiments. The

skin permeation experiments were conducted utilizing an
HDT1000 Franz diffusion cell (Copley Scientific) with a 12
mL capacity.19 The vertical diffusion system was equipped with
an integrated heating block and a magnetic stirrer. The
receptor compartment was filled with PBS (pH 7.4) and kept
at a constant temperature (32 °C). The donor and receptor
chambers were separated by placing a synthetic membrane
made of nylon (pore size = 0.45 μm). The test formulation
(∼0.3 g) was placed in the donor compartment. Three mL of
samples were withdrawn from the receptor compartment at
regular intervals, initially after 30 min and afterward at 60 min
intervals for 6 h. Each withdrawn sample was instantly replaced
with an equal amount of PBS to conserve a constant volume.
The concentration of FA permeated through the membrane
was analyzed using a UV spectrometer at wavelength λ = 280
nm. The average values of triplicate measurements represented
the results.

3. RESULTS AND DISCUSSION
3.1. FA-Intercalated Mg/Al LDH Nanohybrid Charac-

terization. The unmodified LDH and nanohybrid were
synthesized using the coprecipitation approach (low super-
saturation). The resulting samples were subjected to a rigorous
analysis on the FTIR, TGA, and XRD, ensuring the utmost
accuracy in verifying whether FA intercalated into Mg/Al
LDH.

The integration of FA into the interlayer spaces of Mg/Al
LDH was ascertained using an X-ray diffraction technique, and
the diffraction patterns of pristine Mg/Al LDH and the
nanohybrid are reported in Figure 1. The XRD pattern of Mg/

Al LDH showed a reflection at an angle of 2θ = 10.54° (basal
spacing d(003) = 8.37 Å), which was due to intercalated NO3

−

ions. These values agree with those reported by Choy et al.,6

Pagano et al.,21 Qin et al.,22 Cao et al.,23 as well as Roy et al.,24

for a pristine Mg/Al(NO3) LDH, thereby validating our
findings. In the diffraction pattern of the nanohybrid, a new
reflection appeared at an angle 2θ = 4.82° (basal spacing d(003)

= 18.30 Å) with a clear disappearance of the reflection at 2θ =
10.54°. Choy et al.6 and Pagano et al.21 also observed a similar
basal spacing d(003) value (19.1 Å) for the nanohybrid. The
disappearance of the 2θ = 10.54° reflection and the emergence
of the 2θ = 4.82° reflection indicated successful intercalation of
FA into the interlayers of Mg/Al LDH. Determining the height
of the interlayer space of the FA-intercalated Mg/Al LDH
nanohybrid by deducting the thickness of the brucite layer (4.8
Å) allowed for the prediction of the orientation of the FA
molecules in the interlayer spaces of Mg/Al LDH. It was
determined that the FA molecules were organized in a sloped
longitudinal monolayer with slanting angles of 45.6°�a similar
observation to a previous report.1 These observations indicated
that FA anions (folate) replaced the NO3

− ions and, thus, have
been inserted into the interlayer galleries of the Mg/Al LDH
nanohybrid.

Figure 2 illustrates the ATR-FTIR spectra of FA, nano-
hybrid, and pristine Mg/Al LDH. FTIR spectra exhibited the
typical vibration frequencies for pristine Mg/Al LDH and FA.
For the pristine LDH, a broad signal centered at 3415 cm−1

(Figure 2a) was ascribed to the hydroxyl (OH) group
stretching frequency of intercalated H2O molecules and the
brucite-like layers of Mg/AL LDH.6,21−28 The peak appearing
at around 1642 cm−1 was ascribed to the distortion or bending
frequency of H2O in the interlayers of the LDH. The signal
observed at 1347 cm−1 was attributed to the asymmetric
stretching ν3 mode of the NO3

− ions, demonstrating the
existence of NO3

− in between the layers of Mg/Al LDH.
However, the asymmetric stretching mode v3 usually appears
around 1380 cm−1.6,21−28 Upon incorporation of FA into the
interlayers of Mg/Al LDH, the signal associated with the NO3

−

ions disappeared. This indicated that FA anions in the
nanohybrid replaced most of the NO3

− ions. Various signals
observed on the spectrum of the nanohybrid were mostly
attributed to the presence of FA (Figure 2b). As such, the band
that appeared at 1410 cm−1 was accredited to the stretching
vibrations of −NH− of the pterine and p-aminobenzoic acid
moieties,29−31 and the band appearing at 1452 cm−1 was
credited to the C�C bond stretching vibration of the aromatic
ring backbone.1 The band observed at 1182 cm−1 was
attributed to the C−N bond vibrations.27,30 The other bands
that appeared on the Mg/Al-FA (1337, 1107, 835, and 762
cm−1) corresponded with the bands in the spectrum of FA.27

This information obtained from FTIR spectra unequivocally
confirms the formation of an FA-intercalated Mg/Al LDH
matrix hybrid or nanohybrid.

The thermal degradation of Mg/Al LDH and the nano-
hybrid was investigated using a thermogravimetric analyzer,
and their thermal degradation profiles are depicted in Figure 3.
The first thermal event (T1) in the thermograms of Mg/Al
LDH and nanohybrid appeared between 0 and 200 °C,
depicting the loss of adsorbed water molecules.1,25−29 The
second thermal event (T2) for Mg/Al LDH occurred between
200 and 300 °C�the loss of interlayer water molecules�
appeared to have overlapped with the third thermal event (T3)
between 300 and 500 °C, which was accounted for the onset of
loss of water molecules through dehydroxylation.28−30 The
second thermal event (T2) for the nanohybrid was observed
between 200 and 300 °C, indicating the loss of interlayer water
molecules. Furthermore, the third thermal event (T3) for the
nanohybrid appeared between 300 and 400 °C. This thermal
event is attributed to the degradation of FA molecules.1,25−29

In the fourth thermal event (T4), at around 500 °C, Mg/Al

Figure 1. X-ray diffraction spectra of Mg/Al LDH, nanohybrid, and
FA.
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LDH and the nanohybrid exhibited a narrow high-intensity
and a broader low-intensity signal, respectively. These signals
indicated further structural collapse due to dehydroxylation.
3.2. Loading of FA into Nanohybrid. Before exploration

of the release profile and the skin permeation of FA from the
nanohybrid, the FA loading into the Mg/Al LDH interlayers
was verified. The amount of FA loaded was assessed by the
dissolution of a known mass of nanohybrid (50 mg) in 50 mL
of 1 M HCl in DMSO. The resulting solutions were analyzed
by UV−Vis spectrometry. The loading of FA into Mg/Al LDH
to form a nanohybrid was determined to be 21.1 ± 0.2%.
These findings correspond to those Qin et al.25 disclosed for
loading FA into a Mg/Al LDH. However, higher loadings of
FA into Mg/Al LDH have been reported in other
studies.21,25,27

3.3. In Vitro Release Study. Exploratory in vitro release
experiments were carried out to evaluate the release profile of
FA anions from Mg/Al LDH nanohybrid in PBS media at
different pHs of 5.5 and 7.4. Figure 4 presents the release of FA
from the nanohybrid at 32 °C for 6 h at the chosen pH values.
After the first 60 min, it was observed that FA ions were rapidly
released into the receptor medium for both pH 5.5 and 7.4.
The rapid (burst) release in both pH environments was
attributed to the release of surface-adsorbed anions because of
weak electrostatic connections with the LDH surface27,32,33

and some FA ions in the interlayer space of the nano-
hybrid.34,35 The quantity of FA ions released initially at pH 4
was much higher than that released at pH 5.5, with the amount
released after 60 min at pH 7.4 (64%) being 1.4 times more
than that released at pH 5.5 (45%). This rapid release was
succeeded by a slower release of FA ions, indicated by the
slope change, after 30 and 60 min for pH 5.5 and 7.4,
respectively. It was suggested by Gu et al.36 that the dual-phase
and constant release properties could perform an imperative
part in the bioavailability of the ingredient, as the first burst
release presents the necessary quantity, and the succeeding
extended release sustains the quantity over a lengthy period.
Elsewhere, it has also been detailed that the inflexibility of the
LDH layers, as well as the distance of the diffusion path,
modulate the diffusion of organic anions in LDH.37 This lower
release of FA at pH 5.5 was ascribed to insufficient solubility of
FA between pH 1 and 738 and the strong buffer effect of
nanohybrid at low pH values.22,27 This phenomenon has also
been observed previously, where the release of a drug molecule
from the LDH hybrid was more at pH 7.2 than at pH 4.8.39,40

In another study, the release of an anionic drug from the
nanohybrid at pH 4 was nearly equal to that at pH 7.41 A
plausible elucidation for what was observed at pH 5.5 could be
that with PBS at slightly acidic pH, phosphate ions largely exist

Figure 2. FTIR spectra of FA, Mg/Al LDH, and the nanohybrid: (a) full range and (b) expanded range.

Figure 3. Thermal degradation profiles of Mg/Al LDH and the
nanohybrid. Figure 4. In vitro release profile of FA from nanohybrid at pH 5.5 and

7.4.
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as H2PO4
− molecules which, after the interaction with the OH

groups of the Mg/Al LDH layers, create a layered Mg/Al
hydroxyphosphate.40−42 In this fixed state, the strongly
attached phosphates are unexchangeable, preventing the
diffusion of intercalated FA anions.38 At pH 7.4, the PBS
comprises both the H2PO4

− and HPO4
2− molecules.40−42

HPO4
2− molecules interact with the OH groups of LDH only

when dehydration over P4O10 occurs or above 40 °C.40−42

Furthermore, the H2PO4
− concentration at neutral pH (pH

7.4) is lesser than at slightly acidic pH (pH 5.5), resulting in
reduced grafting and less hindrance of the intercalated FA
diffusion, with HPO4

2− molecules being involved in ion
exchange with FA anions. FA’s lengthier release rate (change of
gradient) until 30 min at pH 5.5 could result from the
phenomenon described above.40,41 As was anticipated, the
quantity of FA anions released after 150 min at a slightly acidic
pH (pH 5.5) was higher than that at pH 7.4. Upon the release
of FA adsorbed on the LDH surface, the outcome of the
disruption of the structure of the LDH under acidic conditions
became apparent as more FA anions were released at pH 5.5
than at pH 7.4. After 60 min, a steadier release of FA ions was
observed at pH 7.4, while the release at pH 5.5 was faster.
However, the quantity of FA released at pH 7.4 continued to
be more significant compared with pH 5.5 until 150 min,
where a crossover was observed. Beyond 150 min, the quantity
of released FA remained higher at pH 5.5 than at pH 7.4. This
implied that the FA anion release at pH 5.5 was driven by both
the dissolution of the Mg/Al-FA as well as the exchange of
intercalated FA ions with phosphate ions. The maximum
amount of FA ions released at pH 5.5 and pH 7.4, after 360
min, was 98.4 and 72%, respectively. Thus, these results
indicated that at the physiological pH of the skin (pH 5.5),
more FA will be released, leading to enhanced bioavailability
and improved formulation efficacy.
3.4. DPPH Antioxidant Assay. The DPPH oxidative assay

was used to determine the antioxidant activities of FA and the
nanohybrid in vitro. The stable DPPH free radical is generally
used to evaluate the potential of the materials to perform as
scavengers of free radicals. The decrease in absorbance of the
DPPH free radical at wavelength λ = 517 nm due to proton
donation by the FA indicates antioxidant activity.25,35 Figure 5
depicts the antioxidant activity of FA and the nanohybrid
against the DPPH free radical after a reaction time of 90 min.

It was apparent that the antioxidant activity was dependent on
concentration. The maximum absorbance reduction for FA
and nanohybrid was observed at 2133 μg/mL, and it was 83.1
and 79%, respectively. At 1067 μg/mL concentration, the
absorbance reduction was 56.2 and 49.3% for FA and
nanohybrid, respectively. Thus, this concentration was
considered to be effective (EC50) for both FA and the
nanohybrid. This indicated that there was not much difference
in the antioxidant activity between free FA and the nanohybrid.
These results illustrated that FA maintains its integrity and
antioxidant functionality even after the intercalation into LDH.
The phenomenon of similar antioxidant activities between
antioxidant compounds and their LDH-intercalated hybrids
has been reported previously for 3-(3,5-ditert-butyl-4-hydroxy-
phenyl)-propionic acid (BHPPA) and gallic acid.43,44 How-
ever, at lower concentrations (250 and 500 μg/mL), a
substantial difference was observed in the antioxidant activity
between free and phenolic acid−intercalated LDH. This was
attributed to the lag in the antioxidant activity of nanohybrids,
as the DPPH molecules had to diffuse into the interlayers of
the LDH before they interacted with the intercalated phenolic
acid.43,45 It is worth noting that Qin et al.25 had a different
observation from the current study; they reported that the Mg/
SL LDH-FA hybrid displayed better antioxidant activity than
the free FA. Unfortunately, in the work by Qin et al.,25 the
information about the EC50 of both FA and its LDH hybrid
was not provided.
3.5. In Vitro Cytotoxicity Assay. HaCaT cells exhibited

the typical morphology of keratinocytes under 2D single-
layered tissue growth conditions. For in vitro cytotoxicity
testing, monolayer cell culture systems were used to assess the
system’s suitability. The 2D HaCaT cell lines were treated with
test materials and then incubated for 24 h to stimulate a
potential skin toxicity environment. In vitro cytotoxicity assays
were performed to assess and delineate the capability of the
test samples and to determine the safety of using nanohybrids
in topical skincare. Therefore, the effect of FA and its
nanohybrid on the viability of immortalized keratinocyte cells
was evaluated.

Analysis of the cellular morphology displayed the cellular
reaction of single-layered HaCaT cells against FA and the
nanohybrid. The test compounds expressed no significant
cytotoxicity on HaCaT cells; cell viability was significantly
proliferated in monolayer cultures after a 24-h incubation
period (Figure 6).

The development of epidermal model systems is essential for
assessing skin irritation, as well as the viability of cells, healing
of wounds, and toxicity. Compared with basic cell cultures,
HaCaT cell cultures present more dependable sources of
keratinocyte cells. Inflammatory reactions and cytokine release
differ when HaCaT cell cultures are dosed with various
concentrations of FA, which indicates that they are suitable as
a skin-related pathology model.46,47

3.6. Rheological Behavior of Formulations. In steady-
state rheology measurements, samples are subjected to
incremental rotational shear, and the sample viscosity is
computed as a shear rate function. The rheograms so acquired
denote the flow behavior of the sample across a broad scale of
shear rates. This mimics the semisolid behavior under various
environments, i.e., the lower shear rates mimic a stationary
sample, and high shear rates mimic a sample when applied.48

Figure 7a presents the steady-state flow properties of
formulations containing neat FA and the nanohybrid. The

Figure 5. Antioxidant activity of FA and the nanohybrid at different
concentrations after 90 min.
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flow curves exhibited non-Newtonian flow behavior with a
significantly higher viscosity in the region of 105 mPa s at the
low shear rate for both formulations, with the viscosity of the
nanohybrid formulation being higher than that of neat FA
(Figure 7a). This result agrees with a report by Pagano et al.,5

who observed that FA-intercalated LDHs (Zn/Al and Mg/Al)
increased the viscosity of emulsion gels. Moreover, these
organically modified LDHs, particularly the nanohybrid,
improved the flow capacity of the emulsion gels. This result
indicated that the nanohybrid could function as a thickening
agent.

The shear viscosity progressively diminished with an
increasing rate of shear, illustrating a shear thinning behavior,
which is the general flow behavior of most cosmetic
emulsions.49−51 A higher yield stress value (16.2 ± 25 Pa)
was also observed for the nanohybrid formulation, which could
be attributed to the 2D platelet structure of LDH that
exhibited resistance to the flow. In contrast, the neat FA
formulation showed a lower yield stress of 11.6 ± 1.53 Pa.
Brummer et al.52 reported that the high initial viscosity and
yield stress in formulations signify longer ingredient shelf life
and stability during storage. The stability of an emulsion is

usually predicted by Stokes’ equation (eq 1), which relates to
the settling rate of the dispersed oil droplets with viscosity and
the droplet size:53

=V
gr2 ( )

9

2
0

(1)

where V is the settling rate, r is the droplet radius, ρ is the
droplet density, ρo is the dispersion medium density, η is the
bulk phase viscosity, and g is the gravity. Equation 1 illustrates
that the settling velocity of an emulsion can be decreased by a
highly viscous continuous phase, resulting in an increased
emulsion stability. The findings of the current study showed
that the nanohybrid could improve the stability of the
formulation as it increases the viscosity of the bulk (water)
phase.54

In dynamic rheology studies, oscillatory stress at small
strains (0.01−100%) is applied to the sample while the angular
frequency (6.28 rad·s−1) is kept constant to measure
viscoelastic properties.48 Figure 7b showed a higher storage
modulus (G′) for the formulation containing nanohybrid when
compared to the corresponding neat FA formulation, showing
superior elasticity, indicating a powerful dynamic inflexibility
(rigidity) of the emulsion.55,56 This indicated a predominance
of solid-like behavior and the potential of the formulation for
elastic energy storage due to the presence of LDH particles.57

This result was consistent with the report by Perioli and co-
workers58 as they observed higher concentration-dependent
storage modulus (G′) values for gastric mucus containing LDH
intercalated with retinoic acid. These results indicated that the
nanohybrid can enhance topical formulations’ stability and
flow behavior.
3.7. Skin Permeation Studies. When an active ingredient

in a cosmetic formulation is smeared on the skin surface, two
successive physical processes become rate-limiting steps in skin
permeation�the active ingredient released from the carrier
and its diffusion through the skin barricade.59 Thus, the
capability of FA to permeate through the skin layers was
investigated with Franz vertical diffusion using a cream
formulation containing nanohybrid. Synthetic nylon mem-
brane filters with 0.45 μm pore size were employed as a barrier
between the receptor and donor media, and PBS (pH 5.5 and
7.4) was used as a receptor medium. The flux (Jss, μg·cm−2·
h−1) in the steady-state and the permeation coefficient (Kp, cm·

Figure 6. Effect of HaCaT keratinocyte viability when exposed to
different amounts of test formulations in DMEM derived from FA
(green) and nanohybrid (green) (n = 9).

Figure 7. Rheological properties of FA and the nanohybrid formulations: (a) flow curves and (b) amplitude sweep curves.
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h−1) were determined by plotting the cumulative concentration
of FA permeated per area against time (Figure 8a). The value
of Jss, the steady-state flux, was determined from the gradient of
the linear region of the curve, while the permeability
coefficient, Kp, was calculated by dividing the flux by the
mass of FA used in the cream. The calculated permeability
parameter values (Jss and Kp) at pH 5.5 and 7.4 are depicted in
Table 2. The steady-state flux and the permeability coefficient

at pH 5.5 were 6.0 × 10−2 μg·cm−2·h−1 and 1.9 × 10−5 cm·h−1,
respectively. The permeability parameters at pH 5.5 for the
nanohybrid were significantly higher than those at pH 7.4,
where the steady-state flux and permeability coefficient were
4.2 × 10−2 μg·cm−2·h−1 and 1.3 × 10−5 cm·h−1, respectively.
The higher penetration of FA from the formulation containing
Mg/Al-FA at pH 5.5 than at pH 7.4 was expected, as already
shown above (in vitro release of FA from neat Mg/Al-FA). The
consequence of changing the pH of the medium on the drug
release characteristics of LDHs was demonstrated in the work
of Mallakpour and Hatami.60 The synthesized LDH hybrids,
Mg/Al-FA, and Mg/Al-FA/chitosan beads, were added to a tea
bag and sequentially immersed in buffer solutions with pH 1.2
for 2 h, pH 6.8 for 2 h, and pH 7.4 for 4 h. The release of FA
from the nanohybrid was higher in the acidic than in the basic
medium. The observations in the current study are consistent
with those reported by Mallakpour and Hatami,60 as
permeation of FA from Mg/Al-FA was superior at pH 5.5 to
that at pH 7.4.

Therefore, this result ascertains that the nanohybrid could
be suitable for the preparation of topical formulations and that
the environment (pH 5.5) could ensure the release of FA in a
sustained manner. Further comparison of the transdermal
diffusion performance of the formulation containing nano-
hybrid was conducted against that containing neat FA. The
comparison experiments were performed at pH 5.5, since

cosmetic formulations are traditionally prepared for the
physiological pH of the skin (pH 5.5). The formulation
containing neat FA appeared to have a similar penetration of
FA than that containing Mg/Al-FA until 120 min (Figure 8b).
The amount of penetrated FA from the formulation containing
neat FA and that containing the nanohybrid after 120 min was
9.9 and 9.6%, respectively. This could be attributed to the fact
that the bulk of FA released from nanohybrid, initially, was the
surface-adsorbed26 as well as some intercalated FA.36 Beyond
120 min, the amount of penetrated FA from the formulation
containing neat FA became slightly higher than that containing
Mg/Al-FA, with the amount of FA penetrated being 71.2 and
64.4%, respectively, after 360 min. Xiao et al.26 observed 67%
initial release of FA after 25 min for FA-intercalated ternary
Mg/ZnAl LDH, which was attributed to the higher
concentration surface-adsorbed FA. However, after incorporat-
ing it into a formulation, the authors did not investigate the
release behavior of FA-intercalated LDH. The study by Gu et
al.36 reported a gradual and biphasic release of low molecular
weight heparin (LMWH) anions with an initial burst release of
20.3% from a Mg/Al LDH after 12 h, which was succeeded by
a slower LMWH release after 120 h (44.7%). Further
observations revealed a slow dissolution of the LDH at pH
7.4, which accounted for the release of LMWH in the initial
release stage.36 Table 2 depicts the permeation parameters for
the formulations containing FA and nanohybrid. Pagano et al.5

performed a comparative transdermal diffusion study between
three emulsion gels�(i) containing neat FA (control), (ii)
containing a physical blend of FA and Mg/Al LDH, and (iii)
containing nanohybrid in sweat medium (pH 5.5). They
observed that the emulsion gel formulation containing
nanohybrid exhibited much slower permeation of FA than
the emulsion gel containing neat FA. The observation was
attributed to two aspects: the active molecules’ release kinetics
from the nanohybrid and the influence of the polymer network
present in the aqueous emulsion phase. The results of this
study can be claimed to agree with those of Pagano and co-
workers.5 However, the permeation of FA from the
formulation nanohybrid was slightly slower than from the
formulation containing neat FA. In an earlier study, a
nanohybrid material was reported to release FA slower than
the physical blend of FA and Mg/Zn/Al LDH at pH 7.4.27

However, unlike in this study, the materials were not
incorporated in any matrix (formulation) before evaluation

Figure 8. Plots of cumulative amount permeated per area vs time for (a) nanohybrid-based formulations at different pH values. (b) FA and
nanohybrid formulation at pH 5.5.

Table 2. Permeation Parameters for FA and Nanohybrid
Formulations at Different pH Values

sample pH
flux (Jss)

(μg·cm−2·h−1) × 10−2
coefficient of permeability
(Kp) (cm·h−1) × 10−5

FA 5.5 7.0 2.1
6.0 1.9

nanohybrid 7.4 4.2 1.3

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05374
ACS Omega 2024, 9, 48185−48195

48192

https://pubs.acs.org/doi/10.1021/acsomega.4c05374?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05374?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05374?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05374?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of the release properties, and the experiment was the normal in
vitro release in a buffer solution. The difference in the
observations between this work and Pagano and co-workers5

can be attributed to the different formulation matrices.
Although the results of this experiment indicated no apparent
distinction between the permeation performance of the
formulation containing neat FA and that containing nano-
hybrid, there are several advantages associated with nano-
hybrid over neat FA. Nanohybrid has multifunctional
characteristics, such as sustained release of FA, protection of
FA from degradation by solar exposure, and can act as a
thickening agent. Thus, nanohybrids have great prospects of
being used as FA carriers for topical delivery.

4. CONCLUSIONS
The intercalation of FA into two-dimensional Mg/Al LDH
assisted in establishing an effective nanodelivery system for
topical applications of FA. Analysis of the nanohybrid with
appropriate characterization techniques ascertained the
successful intercalation of FA into the interlayer galleries of
Mg/Al LDH. The nanohybrids displayed a biphasic, pH-
dependent, and continuous release of FA up to 6 h in vitro,
evidence of remarkable controlled release attributes. The Franz
diffusion cell experiments to assess skin permeation showed a
linear correlation between the concentration of penetrated FA
and time, signifying a gradual and effective release of FA from
the nanohybrid in the formulation. Rheological experiments
indicated that the presence of the nanohybrid in the topical
formulation resulted in enhanced flow properties and may also
improve the formulation stability. The DPPH antioxidant
activity of the nanohybrid was not substantially different to
that of free FA. The test compounds expressed no cytotoxicity
in HaCaT cells, as the cell viability significantly increased in
monolayer cultures after a 24-h incubation period. There was
promising proof that nanohybrid is a promising multifunctional
carrier and a transport system for the dermal and transdermal
delivery of FA to address skin bioavailability and formulation
efficacy.
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