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ABSTRACT

Hypothesis: The type of emulsifier selected has an impact on the physicochemical properties of solid lipid
nanoparticles (SLNs). This study was designed to compare the effects of emulsifiers on the physicochemical
properties and in vitro skin performance of SLNs prepared from a binary mixture of Softisan® 378 (S378) and
cetyl palmitate (CP) to those of SLNs prepared from only CP and S378.

Experiments: SLNs were prepared from CP, S378, or a binary mixture of CP and S378 (1:1 w/w) as the lipid phase
and stabilized with Tego®Care 450 (TG450) or poloxamer 188 (P188) containing 1.0% w/w ibuprofen loading.
The physicochemical properties including the particle size, polydispersity index (PDI), zeta potential (ZP),
encapsulation efficiency (E.E.), crystallinity (%CI), and polymorphism were determined after production and
after storage for 180 days under different conditions. In addition, in vitro drug release and permeation through
human skin was studied after production and storage at room temperature for 180 days.

Finding: The particle sizes of ibuprofen-loaded SLNs (IBSLNs) stabilized with P188 (IBSLN-P188) were smaller
than those of SLNs stabilized with TG450 (IBSLN-TG450) (p < 0.05). After 180 days, the particle sizes of the
IBSLNs were slightly increased compared to those at the initial time but were <250 nm. The IBSLN-TG450
sample showed a higher %CI than IBSLN-P188 prepared with similar propotions of CP and S378, and
ibuprofen crystals were observed in the IBSLN1-TG450 sample after storage at 4 °C for 180 days. Based on the
result of the in vitro release study and the in vitro skin permeation test, the addition of S378 into the CP-matrix
modified ibuprofen release and skin permeation both permeated ibuprofen through the epidermis and retained
ibuprofen in the epidermis. In addition, the storage time affected the release and skin permeation of ibuprofen
from the SLNs, which depended on the composition of the IBSLNs.

1. Introduction

and the production techniques, i.e., hot or cold high-pressure homoge-
nization, microemulsion, and solvent emulsification/evaporation

Solid lipid nanoparticles (SLNs) are promising nanocarriers
composed of a solid lipid core stabilized with emulsifiers. Several ad-
vantages have been reported for these nanocarriers, including effective
entrapment of lipophilic drugs, stabilization of the encapsulated drugs,
improvement in the oral bioavailability, enhanced skin permeation, and
sustained and prolonged release (Souto et al., 2020; Zafeiri et al., 2017;
Ghasemiyeh and Mohammadi-Samani, 2018). The physicochemical
properties of SLNs mainly depend on the composition, i.e., lipid matrix,
emulsifier, encapsulated drug (Zafeiri et al., 2017; Ghasemiyeh and
Mohammadi-Samani, 2018; Souto et al., 2022; Sakellari et al., 2021),

techniques.

SLNs have been used extensively in a variety of skin applications,
including topical (Araujo et al., 2021; Katari and Jain, 2021) and dermal
(Lucia, 2017; Shahraeini et al., 2020; Essaghraoui et al., 2019) treat-
ments. For topical applications, the SLNs are generally composed of
biocompatible, nonirritating, and nontoxic lipid materials (Souto et al.,
2020; Souto et al., 2022). It has been reported that SLNs improve skin
penetration of encapsulated drugs via formation of an occlusion film
after evaporation, which reduces transepidermal water loss and in-
creases skin moisture (Souto et al.,, 2022; Jain et al., 2017;

* Corresponding author at: Department of Pharmacy, Faculty of Pharmacy, Mahidol University, Rajathevee, Bangkok 10400, Thailand.

E-mail address: varaporn.jun@mahidol.ac.th (V.B. Junyaprasert).

https://doi.org/10.1016/j.ijpx.2023.100205

Received 23 May 2023; Received in revised form 3 August 2023; Accepted 7 August 2023

Available online 10 August 2023

2590-1567/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:varaporn.jun@mahidol.ac.th
www.sciencedirect.com/science/journal/25901567
https://www.sciencedirect.com/journal/international-journal-of-pharmaceutics-x
https://doi.org/10.1016/j.ijpx.2023.100205
https://doi.org/10.1016/j.ijpx.2023.100205
https://doi.org/10.1016/j.ijpx.2023.100205
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

T. Chantaburanan et al.

Teeranachaideekul et al., 2017). The occlusive properties of SLNs
depend on the degree of crystallinity of the lipid matrix, as indicated by
the percentage of crystallinity (%CI) (Teeranachaideekul et al., 2017;
Wissing and Muller, 2002; Wissing et al., 2001). Nevertheless, poor drug
encapsulation, drug expulsion, and physical instability may arise due to
gel formation during storage, leading to burst release instead of
controlled release. Such drawbacks can be caused by lipid crystallization
and polymorphic transitions occuring during storage, which are gener-
ally found in SLNs prepared from highly purified waxes or triglycerides
(Chutoprapat et al., 2022; Naseri et al., 2015). To overcome these lim-
itations, nanostructured lipid carriers (NLCs) have been developed by
adding oils to the lipid matrices of SLNs, which leads to imperfect
structures of the solid lipid matrices that can improve drug loading,
entrapment, and stability, and reduce drug leakage during storage
(Chutoprapat et al., 2022; Naseri et al., 2015). According to the litera-
ture, increases in the oil contents of NLCs resulted in lower crystallinity
and more crystal defects (Teeranachaideekul et al., 2008; Pornputtapi-
tak et al., 2019; Kovacevic et al., 2011). Therefore, the amount of oil
added to the NLCs should be optimized. NLCs with high oil loading
exhibited deposition of the excess oil on the surface particles (Jores
et al., 2004), which resulted in low crystallinity and occlusions, loss of
sustained release property, low chemical stability of the encapsulated
drug, and poor skin penetration. Therefore, the addition of a secondary
lipid with a different chemical structure in place of the oil might lower
the incidence of these problems. SLNs prepared from a binary mixture of
two solid lipids have resulted in increased drug entrapment and loading
levels, desired release profiles, improved stabilities, and modified the
time courses for polymorphic transitions (Bunjes et al., 1996; Rawat
et al., 2011; Kheradmandnia et al., 2010). In addition, it has been re-
ported that the type of emulsifier used can affect the crystallinity of the
lipid matrix and the physicochemical properties of the SLNs, e.g., the
mean particle size, size distribution, zeta potential, inner structure of the
SLNs, release properties, and stability of the SLNs.

For dermal applications, nonionic emulsifiers are used preferentially
because of their skin compatibility. The two main groups of nonionic
emulsifiers that have been commonly used to stabilize SLNs are poly-
ethylene glycol block and polyhydroxy emulsifiers. The Tego®Care 450
(TG450) emulsifier is a polyhydroxy emulsifier comprising a central
hydrophilic polyglycerol 3-methylglucose ring linked with two long
saturated hydrocarbon chains, while poloxamer 188 (P188), a poly-
ethylene glycol block emulsifier, comprises hydrophobic poly(propylene
oxide) linked with two hydrophilic poly(ethylene oxide) segment as
shown in Fig. 1.

In our previous study, we reported that the addition of a solid
complex triglyceride, Softisan® 378 (S378), into cetyl palmitate (CP) led
to a less ordered structure of the CP matrix and affected the physico-
chemical and release properties of the SLNs (Chantaburanan et al.,
2017). To our knowledge, few SLNs with a binary lipid matrix have been
prepared. In particular, the effects of emulsifiers on the in vitro skin
performance and long-term stabilities of binary lipid matrix SLNs have
not been reported. It is of our interest to investigate the effects of
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Fig. 1. Chemical structures of TG450 (A) and P188 (B).
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emulsifiers on the stability and skin performance of the binary lipid
matrix after long-term storage. In this study, SLNs were prepared from
CP, S378, or a binary mixture of CP and S378 (1:1 w/w) as the lipid
phase, and they were stabilized with TG450 or P188. The physico-
chemical properties of the IBSLNs were observed over 180 days at three
different temperatures (4 °C, RT, and 40 °C) including the particle sizes,
size distributions, zeta potentials, encapsulation efficiencies (%E.E.),
and chemical stabilities. In addition, the in vitro skin performance
studies were evaluated after 180 days of storage at room temperature
and compared with those at the initial time.

2. Materials and methods
2.1. Materials

CP was obtained from SABO S.p.A. (Levate (BG), Italy). Softisan®
378 (8378, caprylic/capric/myristic/stearic triglycerides) and Miglyol
812 (M812, caprylic/capric triglycerides) were purchased from Sasol
GmbH (Hamburg, Germany). Tego®Care 450 (TG450, polyglyceryl-3
methylglucose distearate) was gifted from Evonik Industries AG
(Essen, Germany). Poloxamer 188 (P188) was gifted from BASF (Lud-
wigshafen, Germany). Ibuprofen was purchased from HuBei Granules-
Biocause Pharmaceutical Co., Ltd. (Hubei, China). Sodium chloride
was acquired from Carlo Erba Reagenti (Cornaredo MI, Italy). Phos-
phoric acid and potassium dihydrogen orthophosphate were obtained
from Fisher Scientific (Loughborough, UK). Acetone, chloroform, and
methanol were of analytical and HPLC grade.

2.2. Preparation of ibuprofen-loaded SLNs (IBSLNs) and nanoemulsions
(IBNEs)

IBSLNs and IBNEs were prepared by the hot high-pressure homoge-
nization method (HPH) (Chantaburanan et al., 2017). Ibuprofen (1% w/
w) was dissolved in 9% w/w melted lipid at 80 °C. The lipid was
composed of CP and S378 at different ratios, i.e., 1:0, 1:1, or 0:1. The hot
lipid phase was dispersed in a hot aqueous solution (80 °C) containing
an emulsifier (1.2% w/w TG450 or 2.5% w/w P188) with a homogenizer
(IKA T25 Ultra-turrax®, Staufen, Germany) operated at 8000 rpm for 1
min. Then, the hot preemulsion was heated to 90 °C and homogenized
with a high-pressure homogenizer (APV 2000, UK) at a pressure of 500
bar for 3 cycles. The hot mixture was cooled to ambient temperature.
NEs were prepared in the same manner as SLNs, except that the lipid
phase was replaced with M812. The compositions of all formulations are
shown in Table 1.

Table 1
The compositions of IBSLNs and IBNEs (% w/w).
Formulations % w/w
CP S378 M812 Ibuprofen TG450 P188  H,O q.
s.to
IBSLN1- 9 - - 1 1.2 - 100
TG450
IBSLN2- 4.5 4.5 - 1 1.2 - 100
TG450
IBSLN3- - 9 - 1 1.2 - 100
TG450
IBNE-TG450 - - 9 1 1.2 - 100
IBSLN1-P188 9 - - 1 - 2.5 100
IBSLN2-P188 4.5 4.5 - 1 - 2.5 100
IBSLN3-P188 - 9 - 1 - 2.5 100
IBNE-P188 - - 9 1 - 2.5 100
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2.3. Physicochemical stabilities of ibuprofen-loaded SLN dispersions
(IBSLNs) and nanoemulsions (IBNEs)

2.3.1. Particle size and size distribution

The average particle size (z-average) and polydispersity index (PDI)
for all IBSLN and IBNE samples were assessed using photon correlation
spectroscopy (PCS) with a Zetasizer Nano Series ZS instrument (Malvern
Instruments, Malvern, UK). To obtain appropriate scattering intensities,
the samples were diluted with bidistilled water prior to the measure-
ments. These measurements were conducted at a scattering angle of
173° and a temperature of 25 °C. The particle sizes for each sample were
measured in triplicate.

Owing to the measurement size range of PCS (0.3 nm to 10.0 pm),
laser diffraction (LD) was employed to evaluate larger particles using a
Mastersizer Hydro2000 system (Malvern Instruments, Malvern, UK).
The data obtained from LD provided the volume distribution of the
particles. The results are presented as the diameters for 50% (d(0.5)),
90% (d(0.9)), and 95% (d(0.95)) of the particles. The particle sizes were
determined with the Mie characterization method, with the real
refractive and imaginary refractive indices set at 1.456 and 0.01,
respectively. The measurements were carried out in triplicate.

2.3.2. Zeta potential (ZP)

The ZP values of all formulations were evaluated with a Zetasizer
Nano Series ZS instrument (Malvern Instruments, Malvern, UK). Prior to
the measurement, a small portion of the sample (20 pL) was diluted in
bidistilled water (10 mL) and adjusted to a conductivity of 50 uS/cm
with a 0.9% w/v sodium chloride solution.

2.3.3. Encapsulation efficiency (E.E.)

The E.E. of ibuprofen in the IBSLNs and IBNEs was examined by the
ultrafiltration method. Approximately 1 g of the IBSLNs or IBNEs was
placed on the filter membrane of an ultracentrifuge tube (Amicon®
Ultra-4, molecular weight cutoff 30 kDa, Massachusetts, USA) and
centrifuged at 5000 rpm for 60 min using a Kubota Model 6930 (Kubota,
Osaka, Japan). The free ibuprofen in the ultrafiltrate was subsequently
analyzed with high-performance liquid chromatography (HPLC)
(Chantaburanan et al., 2017). In summary, the HPLC system used was a
Shimadzu LC10 automatic sampler (Shimadzu, Kyoto, Japan). A
reversed-phase Phenomenex® Luna C18 column (4.6 x 250 mm i.d.,
packed with 5 pm Luna-C18) served as the stationary phase. The mobile
phase consisted of methanol and water in an 80:20 (v/v) ratio, the pH
was adjusted to 3.0 with phosphoric acid and the flow rate was 1.0 mL/
min. The injection volume was 20 pL, and the UV detector was set at 227
nm. The %E.E. for the IBSLNs and IBNEs was calculated as shown in Eq.
).

Total amount of ibuprofen — Amount of free ibuprofen

%E.E. =
Y Total amount of ibuprofen

x 100 (1)

2.3.4. Differential scanning calorimetry (DSC)

The %CI was determined for all IBSLN and IBNE samples using a
Mettler DSC1 instrument (Mettler Toledo, Greifensee, Switzerland).
Briefly, the IBSLN dispersions (10-20 mg) or bulk lipids (1-2 mg) were
weighed into a 40 pL aluminum pan and sealed with an aluminum pan
lid. The sample was heated from 25 °C to 90 °C and then cooled to 25 °C
with heating/cooling rates of 5 °C/min, under a nitrogen flow rate of 80
mL/min. An empty aluminum pan sealed with an aluminum pan lid
served as the reference. The melting temperature (Ty,), melting enthalpy
(AH), and onset temperature (Topset) Were analyzed using STARe DB V
11.00 software. The %CI of the IBSLNs was calculated as indicated in Eq.
2):

AH SLN dispersion

%CI = 100
0 AH bulk lipid mixture X%lipid phase *

(2)
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2.3.5. Wide angle X-ray diffraction

The polymorphic forms of the lipid matrix were assessed through
wide angle x-ray scattering (WAXS) using a PANalytical X’Pert PRO
machine, equipped with a copper anode, under room temperature
conditions. To convert dispersions into a paste-like consistency, a
mixture was created by combining 1.0 mL of dispersion with 0.3 g of
locust bean gum powder before proceeding with the evaluation. These
samples were then positioned onto a thin aluminum holder. The scans
were carried out from 3° to 40° using an incremental step width of 0.02°
(0.5 s per step). Finally, the d-spacing values were computed based on
Bragg’s equation.

2.4. Occlusive study

An in vitro occlusive study was performed by the de Vringer method
(Wissing et al., 2001). Briefly, 50 mL beakers were filled with 30 mL of
water and covered with filter paper (Whatman No. 5, Maidstone, UK).
The samples were spread onto the filter paper and placed in a desiccator,
where the relative humidity was maintained at approximately 75% with
a saturated sodium chloride solution. The experiments were conducted
at 32 °C for 48 h. The amount of water loss was determined by weighing
the beakers containing water after the 48-h sample application period.
Each formulation was assessed in triplicate. A beaker covered with filter
paper, but without any sample, was used as a reference (no occlusive
effect). The occlusive factor (F) was calculated according to Eq. (3).

(A—B)
A

F= x 100 3
where A is the water loss without a sample (reference) and B is the water
loss with a sample.

2.5. In vitro release study

Invitro release studies for the IBSLNs and IBNEs were conducted with
static Franz diffusion cells (10 mL volume, 1.5 cm diameter, Crown
Scientific, Massachusetts, USA) fitted with mixed cellulose ester mem-
branes (0.1 pm pore size). A pH 5.5 phosphate buffer served as the re-
ceptor medium. The receptor medium was maintained at 32 + 0.5 °C
and continuously stirred at 300 rpm with a magnetic stirrer. To assess
and compare the ibuprofen release levels for each formulation, 300 pL of
the IBSLN or IBNE dispersion was applied to the membrane on the donor
side. At specified time intervals (0, 1, 2, 4, 6, 8, 10, 12, and 24 h), 500 pL
of the receptor medium was collected, and an equal volume of fresh
receptor medium was introduced into the receptor chamber of the Franz
diffusion cell. Each formulation was tested in triplicate. The amounts of
ibuprofen released were determined with HPLC.

2.6. Long-term stability

All IBSLNs and IBNEs were stored at three different temperatures
(4 °C, RT, and 40 °C) for 180 days. The long-term stabilities of all for-
mulations were determined for the particle size, size distribution, zeta
potential, ibuprofen content, and % E.E.

2.7. Determination of in vitro skin permeation

2.7.1. Preparation of epidermis

Samples of human skin were obtained via abdominoplasty surgeries
for 25 to 60-year-old female patients supported by Yanhee Hospital. The
epidermal membranes were prepared by the heat separation technique
(Chantasart et al., 2007; Junyaprasert et al., 2013). Briefly, human skin
without subcutaneous fat and connective tissue was immersed in water
at 60 °C for 2 min. The epidermis was peeled off from the underlying
dermis, soaked in PBS pH 7.4, and stored at —20 °C until use. It was then
soaked in PBS pH 7.4 overnight at 4 °C (in a refrigerator) and cut into
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4.5 x 4.5 cm pieces before use. The experimental protocol was approved
by the human ethics committee of Mahidol University, Thailand (project
no. MU-DT/PY-IRB 2014,/023.2306).

2.7.2. Invitro skin permeation study

In vitro skin permeation studies were performed with static Franz
diffusion cells (Volume 10 mL, diameter 1.5 cm, Crown Scientific,
Sommerville, USA), equipped with the excised human epidermis. To
mimic the pH and temperature of blood circulation, PBS with a pH of 7.4
was used as a receptor medium at a controlled temperature of 37 +
0.5 °C. To ensure the integrity of the epidermis, the electrical resistance
of the epidermis was measured before and after the permeation study
(Musazzi et al., 2018). Approximately 300 pL of the IBSLN or IBNE was
applied onto the stratum corneum side of the epidermis. The receptor
phase was withdrawn at determined time intervals and immediately
replaced with an equal volume of fresh PBS pH 7.4. The amounts of
permeated ibuprofen were determined by HPLC. At the end of the
experiment, the human epidermis was removed and rinsed with water
and methanol. The ibuprofen retained in the epidermis was extracted
with chloroform: methanol (2:1 v/v) solution. Six replicates of the
experiment were carried out for each formulation.

2.8. Statistical analysis

The differences in the physicochemical properties of the formula-
tions after production and after determined interval times were evalu-
ated with Student’s t-test or one-way analysis of variance (one-way
ANOVA). Significance was indicated with a p-value of 0.05.

3. Results and discussion
3.1. Particle size and size distribution

To evaluate the effects of the emulsifier and proportions of CP and
S378 on the particle sizes and size distributions, IBSLNs were prepared
with only CP, only S378, and with 1:1 w/w binary mixture of CP and
$378 as the lipid phase, and these were stabilized with the 2 emulsifiers,
TG450 and P188, as shown in Table 1. After production, the particle
sizes of the IBSLN-TG450 and IBSLN-P188 samples were within the
ranges 185-201 nm and 140-146 nm, respectively, with the PDI values
of <0.15, as shown in Fig. 2. In comparing the particle sizes of the
IBSLN-P188 and IBSLN-TG450 samples with the same compositions of
the lipid phase (CP, S378, or a 1:1 mixture of CP and S378), IBSLN-P188
showed smaller particle sizes (p < 0.05). A similar result was also found
for the IBNEs. The particle size of the IBNE-P188 sample was 141.6 nm
which was smaller than that of IBNE-TG450 (187.4 nm) (p < 0.05). This
suggested that the emulsifier had a strong influence on the particle size
of the IBSLNs and IBNEs.

To study the long-term stabilities, all of the IBSLN and IBNE for-
mulations were stored at three different temperatures (i.e., 4 °C, RT, and
40 °C). The particle sizes of the stored IBSLN and IBNE formulations
were almost constant or slightly increased compared to their initial
values. The particle sizes of IBSLN-TG450 and IBSLN-P188 remained
<210 and 180 nm, respectively, with PDI values lower than 0.2 (Fig. 2).
For IBNEs, particle sizes <200 nm and PDI <0.15 were observed. In
general, PDI <0.1 indicates monodisperse particles, PDI between 0.1
and 0.4 indicates moderately polydisperse particles, and PDI >0.4 in-
dicates polydisperse particles (Takechi-Haraya et al., 2022). Therefore,
it was concluded that all of the prepared IBSLNs and IBNEs were phys-
ically stable after storage under different conditions for 180 days except
for IBSLN1-TG450 for which ibuprofen crystals were formed in the
mixtures after production and storage at 4 °C, RT, and 40 °C for 180
days.

Due to the limitations of PCS, which can detect particle sizes <10 pm,
the LD technique was used to determine the mean particle sizes of large
particles or aggregate particles by evaluating d(0.5), d(0.90), and d
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Fig. 2. Particle size (A) and PDI (B) of IBSLNs and IBNEs stabilized with TG450
and P188 after productand storage at 4 °C, RT, and 40 °C for 180 days.

(0.95). After production, the d(0.5) values of the IBSLNs and IBNEs
stabilized with TG450 were higher than those stabilized with P188. The
d(0.5) values of the IBSLNs and IBNEs stabilized with TG450 and P188
were within the ranges 0.209-0.220 pm and 0.185-0.192 pm, respec-
tively, as shown in Fig. 3. In addition, d(0.90) and d(0.95) for both the
IBSLNs and IBNEs were less than or equal to 0.381 pm and 0.430 pm,
respectively. These results indicated an absence of microparticles (> 1
pm) in all formulations.

After storage at different temperatures for 180 days, it was observed
that the d(0.5) values of all IBSLNs and IBNEs stabilized with TG450 and
P188 were comparable to their initial values. However, changes in the d
(0.90) and d(0.95) values after 180 days were observed for IBSLN-
TG450 (Fig. 3). In contrast, IBSLN-P188 and IBNE-P188 showed good
physical stabilities after storage at room temperature for 180 days.
Based on the above LD results, the long-term physical stabilities of the
IBSLN and IBNE samples were achieved by using P188, which was a
suitable emulsifier in this study.

Many studies have indicated the long-term physical stabilities of
SLNs and NLCs, which depend on the lipid and emulsifier (Sakellari
et al., 2021; Souto and Muller, 2006; Freitas and Muller, 1999; Silva
et al., 2012; Wosicka-Frackowiak et al., 2015). For example, glyceride
SLNs exhibited higher encapsulation efficiencies but poor stabilities. In
contrast, wax SLNs showed superior physical stabilities but poor drug
encapsulation. This was due to differences in crystal packing (Jenning
and Gohla, 2000). Recently, Sakellari et al. found that SLNs prepared
from Precirol® ATO showed lower physical stabilities than those pre-
pared from Compritol® 888 ATO (Sakellari et al., 2021). The SLNs
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Fig. 3. Volume distribution diameter in micrometers (pm) of IBSLNs and IBNEs stabilized with TG450 (A) and P188 (B) after production and storage at 4 °C, RT, and

40 °C for 180 days. *Volume distribution diameter higher than 1 pm.

prepared from Precirol® ATO did not maintain their original sizes after
4 weeks due to the physical modifications taking place during storage. In
addition to the type of solid lipid, the surfactants also played crucial
roles in determining the long-term stabilities of the SLNs and NLCs. For
instance, aggregation was observed for ketoconazole-loaded SLNs and
NLCs stabilized with P188, while the particle sizes of those stabilized
with tyloxapol remained unchanged after storage for one year at 4 °C,
25 °C, and 40 °C (Souto and Muller, 2006).

3.2. ZP values

The long-term physical stabilities of colloidal systems can be evalu-
ated by measuring the ZP values, particularly for systems with electro-
static stabilization. In general, a ZP value higher than +30 mV indicates
good stability of the system (Kovacevic et al., 2011). Nevertheless, the
use of ZP values alone may not be suitable for predicting the physical
stabilities of colloidal systems containing steric stabilizers, e.g., nonionic
surfactants. In our study, the IBSLNs and IBNEs stabilized with TG450
(]-40 mV| - |-60 mV|) had higher ZP values than those stabilized with
P188 (|-15 mV]| - |-35 mV]|) after storage for 180 days at 4 °C, RT, and
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40 °C. The different ZP values were due to the different chemical
structures of the emulsifiers. The IBSLNs and IBNEs stabilized with
TG450 showed higher ZP values owing to strong interactions between
water and the polyglycerol linked methylglucose molecules of TG450,
which generated negatively charged hydroxyl ions at the surfaces of the
particles (Kovacevic et al., 2011). Although the ZP values of the IBSLNs
and IBNEs stabilized with TG450 were higher than those stabilized with
P188, the IBSLNs and IBNEs stabilized with P188 showed higher phys-
ical stabilities, as mentioned above. This was due to the steric hindrance
of P188 which prevented particle-particle aggregation (Lotfy et al.,
2021).

3.3. DSC studies

In previous studies, the lipid matrices of some SLNs prepared by hot
HPH solidified in different crystalline forms or remained in the liquid
state depending on the chemical nature of the lipid and the composition
of the formulation (Naseri et al., 2015; Bunjes and Koch, 2005). Since
the polymorphic form of the lipid matrix has an impact on the drug
entrapment efficiencies, drug release profiles, and stabilities of the SLN
dispersions, DSC analyses were used to determine the lipid crystallinity
after recrystallization process and to monitor the polymorphic transi-
tions of IBSLN-TG450 and IBSLN-P188 during storage at 4 °C, RT, and
40 °C for 180 days as shown in Table 2 and Supplementary data 1. After
production, peaks for ibuprofen melting were not observed for all IBSLN
formulations, suggesting that the ibuprofen had completely dissolved in
the lipid matrices of SLNs. In addition, all of the IBSLN formulations
showed melting temperatures lower than those of the bulk lipids at the
same ratio of CP and S378. This was due to the much smaller sizes of the
SLNs, which led to large surface-to-volume ratios of the SLNs and less
ordered structures (Kovacevic et al., 2011).

Concerning the effect of incorporation of S378 into CP-matrix sta-
bilized with the same emulsifier, the %CI of the IBSLN2 sample was
lower than that of the IBSLN1 sample regardless of the emulsifier used
(Table 2). This implied that the addition of a secondary lipid (S378) into
the CP disturbed the crystalline arrangement of the CP matrix. No
melting endotherm was seen for IBSLN3 in the DSC chromatogram,
which indicated a supercooled melt of the S378 matrix. Similar to the
previous studies, supercooled melts were reported for SLNs prepared

Table 2

Onset temperature (Tonser), melting point (Ty,), melting enthalpy (AH), and %CI
of IBSLN formulations after production and storage at 4 °C, RT, and 40 °C for
180 days.

Formulation Condition Tonset(°C) Tm (°C) AH (J/g) %ClL
IBSLN1-TG450 Initial 42.62 47.32 —13.90 78.18
4 °C/180 days 42.61 47.31 —18.74 105.40
RT/180 days 41.98 47.09 —13.89 78.12
40 °C/180 days 43.50 46.21 —3.66 20.59
IBSLN2-TG450 Initial 31.60 40.15 -1.09 14.91
4 °C/180 days 37.55 43.11 -5.21 71.27
RT/180 days 32.33 40.22 -1.25 17.10
40 °C/180 days 29.40 38.33 -0.97 13.27
IBSLN3-TG450 Initial - - 0.00 0.00
4 °C/180 days 32.39 34.50 -1.79 67.42
RT/180 days 32.08 38.97 -1.01 38.04
40 °C/180 days 32.58 37.23 —-0.55 20.72
IBSLN1-P188 Initial 42.74 47.27 —-0.24 1.35
4 °C/180 days 32.52 45.59 —11.57 65.07
RT/180 days 42.26 46.63 -0.83 4.67
40 °C/180 days 43.04 46.95 -0.5 2.81
IBSLN2-P188 Initial - - 0 0
4 °C/180 days 36.35 42.14 -3.85 52.66
RT/180 days - - 0 0
40 °C/180 days - - 0 0
IBSLN3-P188 Initial - - 0 0
4 °C/180 days 32.27 36.29 -1.11 41.81
RT/180 days - - 0 0
40 °C/180 days - - 0 0
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from S378 and Witepsol® E85 (Teeranachaideekul et al., 2017; Uner
et al., 2005). For the IBNEs, no melting peak was observed due to the
liquid states of the NEs and solubilization of ibuprofen in the M812.

Concerning the effect of emulsifier on the %CI, IBSLN1-TG450
(~78%) and IBSLN2-TG450 (~15%) showed higher %CI than IBSLN1-
P188 (~1.35%) and IBSLN2-P188 (~0%). The chemical structures of
the emulsifiers are shown in Fig. 1. TG450 is a nonionic emulsifier
comprising a hydrophobic component (distearate) and a hydrophilic
component (polyglyceryl and glucose). The hydrophobic part, which
contains two C-18 hydrocarbon chains, may be incorporated into the
lipid cores of lipid nanoparticles during emulsification. These hydro-
carbon chains could promote crystallization of the SLN lipid matrix
during cooling and storage. On the other hand, P188 is a hydrophilic-
hydrophobic-hydrophilic block copolymer capable of forming a U-sha-
ped conformation at the particle interface, which in turn slows the
polymorphic transition of the SLNs (Salminen et al., 2014). The poly
(propylene oxide) of P188 might distort or retard the crystallization of
the lipid matrix in the SLNs, as indicated by the lower %CI of IBSLN-
P188 compared to IBSLN-TG450.

In a study of long-term storage, the %CI for all IBSLN formulations
stored at 4 °C for 180 days was drastically increased, particularly for
IBSLN-TG450. In contrast, the %CI of IBSLNs stored at 40 °C was low,
indicating incomplete crystallization of the lipid matrix. These results
suggested that storage temperature affected the % CI of the IBSLNs as
shown in Table 2.

The above results showed that the surfactants, incorporation of a
secondary lipid in the matrix, and the storage temperature could affect
the crystallization of the lipid matrix, which might subsequently affect
the physical and chemical stabilities, drug entrapment efficiencies, drug
release properties, and dermal drug permeation rates of the IBSLNs.

3.4. WAXD analysis

WAXD was used to investigate the polymorphic behaviors of the
SLNs. Fig. 4 shows the X-ray diffractograms for IBSLN-TG450, and
IBSLN-P188 after production and storage at 4 °C, RT, and 40 °C for 180
days. As previously reported (Chantaburanan et al., 2017), the X-ray
diffractogram for bulk CP displayed the peaks at 2 Thata of 21.31° and
23.63°, which correspond to lattic spacings of 0.42 and 0.38 nm
respectively, demonstrating an orthorhombic subcell. Conversely, the
bulk S378 showed p’/p; modification with peak reflections at 2 Thata of
19.29°, 21.05°, and 24.01°. These peaks correlate with lattice spacing of
0.46, 0.42, and 0.37 nm, respectively. The ibuprofen data indicated a
crystalline state with two low-intensity peaks at 6.05° and 22.21° with
well-defined peaks at 16.71°, 19.28°, and 20.16°. In addition, the
addition of S378 into the CP matrix did not affect the polymorphism of
the CP but decreased the intensities of the peaks at 21.31° and 23.63°,
indicating a less ordered structure for the CP matrix. Comparing the
peak intensity of IBSLN-P188 and IBSLN-TG450 prepared with the same
ratios of CP and S378, IBSLN-P188 showed lower peak intensities.
Therefore, the crystallization processes of the IBSLN lipid matrices could
be disturbed or retarded by the addition of S378 into the CP matrix and
stabilized with P188.

3.5. Encapsulation efficiency (E.E.)

Table 3 shows the ibuprofen E.E. percentages for all of the IBSLNs
and IBNEs after production. The %E.E. of ibuprofen after production for
all formulations was higher than 98%, implying that ibuprofen was
almost entirely entrapped in the lipid nanoparticles. No statistically
significant differences were observed in E.E. for any of the formulations
(p > 0.05).

After storage at the different temperatures for 180 days, a decreased
E.E. was observed for the IBSLN samples stored at 4 °C. This was
attributed to accelerate of lipid crystallization at the low temperature
(4 °C), leading to ibuprofen expulsion from the SLN matrix. However,
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Fig. 4. X-ray diffractograms of IBSLN-TG450 formulations (A) and IBSLN-P188 formulations (B) after production and storage at 4 °C, RT, and 40 °C for 180 days.
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Table 3
%E.E. of ibuprofen in IBSLNs and IBNEs stabilized with TG450 or P188 after
production and storage at 4 °C, RT, and 40 °C for 180 days (mean + SD, n = 3).

Formulation Condition % E.E.
TG450 P188
Initial 99.69 + 0.11 99.41 + 0.92
IBSLN1 4 °C/ 180 days 40.52 + 2.58 79.82 + 2.33
RT/ 180 days 98.67 + 1.01 98.32 +£1.98
40 °C/ 180 days 98.01 + 0.32 98.97 +£1.78
Initial 99.17 + 1.12 98.86 + 1.32
IBSLN2 4 °C/ 180 days 75.22 + 1.09 89.64 + 2.03
RT/ 180 days 96.27 + 3.22 98.58 +1.93
40 °C/ 180 days 97.80 + 1.42 96.78 + 1.53
Initial 98.86 + 1.18 98.96 + 2.01
IBSLN3 4 °C/ 180 days 88.52 + 1.22 97.08 + 2.04
RT/ 180 days 96.45 + 2.42 98.07 +1.27
40 °C/ 180 days 95.65 + 3.21 95.99 + 1.19
Initial 99.98 + 0.98 99.23 + 1.42
IBNE 4 °C/ 180 days 97.06 +£1.18 98.73 £+ 2.39
RT/ 180 days 97.88 + 0.58 95.23 + 2.01
40 °C/ 180 days 91.57 + 1.32 88.97 + 1.57

when S378 was added to the CP matrix (for IBSLN1 and IBSLN2 stabi-
lized with the same emulsifier) or the lipid matrix was made from only
S378 (IBSLN3), less ibuprofen was expelled from the IBSLN dispersions
stored at 4 °C. This was explained by the formation of a less ordered
structure, as indicated by the low %CI and/or melting enthalpy. In
addition, IBSLN-P188 samples (IBSLN1, IBSLN2, and IBSLN3) exhibited
a higher %E.E. than IBSLN-TG450 samples after storage at 4 °C for 180
days. The low %E.E. seen for ibuprofen after storage for 180 days at 4 °C
was attributed to the increased %CI, as shown in Table 2, which resulted
in drug expulsion from the lipid matrix of the SLNs. According to the
literature, an increase in the %CI indicates the formation of an ordered
structure in the lipid matrix, which results in less space for drug ac-
commodation (Ghasemiyeh and Mohammadi-Samani, 2018; Salvi and
Pawar, 2019). No differences were observed for the %E.E. of IBNE-
TG450 and IBNE-P188 (p > 0.05) because the IBNEs were prepared
from MCT, which did not crystallize during storage. Based on the above
results, the optimized IBSLN was obtained by selecting suitable surfac-
tants and ratios of the binary lipid matrix.

3.6. Occlusion factor
Due to the formation of nanosized solid-state particles, SLNs are

known to exhibit higher occlusion factors than NEs after application on
the skin (Wissing and Muller, 2002). Fig. 5 shows the occlusion factors
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Fig. 5. Occlusion factors of IBSLNs and IBNEs stabilized with TG450 and P188
after production. * Statistically significant difference at 95% confidence interval
(p < 0.05).
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for IBSLNs and IBNEs stabilized with TG450 and P188. It was found that
addition of S378 into the CP matrix decreased the occlusion factor due to
lower crystallinity of the lipid matrix. In a comparison of the effects of
emulsifiers on the occlusion factors of IBSLNs prepared with the same
lipid phase composition, it was found that IBSLN1 and IBSLN2 stabilized
with TG450 exhibited higher occlusion factors than IBSLN1 and IBSLN2
stabilized with P188 (p < 0.05). This was attributed to the differences in
lipid crystallinity as demonstrated by the DSC and XRD analyses.
Although the IBSLN3 and IBNE samples stabilized with TG450 and P188
did not show melting endotherms in the DSC thermograms, IBSLN3
exhibited a higher occlusion factor than IBNE (p < 0.05). This finding
indicated that the supercooled melt of the IBSLNs had a higher occlusion
factor than the liquid state of the IBNEs.

3.7. Invitro release study

The different crystallization behaviors of the IBSLN-TG450 and
IBSLN-P188 samples might affect the ibuprofen release profiles of the
IBSLNs. Therefore, the cumulative amounts of ibuprofen released from
the IBSLN-TG450 and IBSLN-P188 samples were compared. In addition,
the amounts of ibuprofen released from the IBSLN and IBNE samples
after storage at RT for 180 days were measured and compared to the
initial time to observe the effects of storage time on the ibuprofen release
profiles for the IBSLNs and IBNEs.

In a comparison of the cumulative amounts of ibuprofen released at
24 h, IBSLN1-TG450 showed the highest ibuprofen release (p < 0.05),
followed by IBSLN2-TG450 and IBSLN3-TG450, as illustrated in Fig. 6.
This suggested that incorporation of S378 into the CP matrix retarded
the release of ibuprofen from the IBSLN2-TG450 sample. In contrast, the
cumulative amount of ibuprofen released from IBSLN-P188 was not
significantly different (p > 0.05). As shown in Table 2, the %CI for all
IBSLN-P188 samples was lower than 2.0%, indicating that the lipid
matrix of the IBSLN-P188 formed a supercooled melt rather than a
crystalline structure. As a result, no difference was observed for the
cumulative amount of ibuprofen released from IBSLN-P188 (p > 0.05).

A comparison of the in vitro release profiles for IBSLNs containing
different emulsifiers showed that the cumulative amounts of ibuprofen
released from the IBSLN-P188 samples after 24 h tended to be higher
than those for the IBSLN-TG450 samples, which contained the same
lipid matrices (Fig. 6). As previously reported (Chantaburanan et al.,
2017), the ibuprofen was localized within the tiny nanocompartments of
S378 in the CP matrix of IBSLN2-TG450. This led to the low amount of
ibuprofen released from IBSLN2-TG450. Due to the supercooled melt
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Fig. 6. Cumulative amounts of ibuprofen released (mg) from IBSLNs and IBNEs
stabilized with TG450 and P188 at 24 h.
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formed by IBSLN-P188 (IBSLN1-P188, IBSLN2-P188, and IBSLN3-
P188), the ibuprofen was homogeneously distributed in the lipid ma-
trix, as indicated by the DSC and XRD analyses. Therefore, the ibuprofen
diffused more readily from the lipid matrix of IBSLN-P188 than from the
matrix of IBSLN-TG450. These results indicated that emulsifiers had an
impact on the crystallization of the lipid matrices, and formation of the
inner structures of the CP matrices and subsequently affected the
amounts of ibuprofen released from the IBSLNs. In the case of IBNEs, no
difference was observed for the cumulative amounts of ibuprofen
released from IBNE-TG450 and IBNE-P188 samples (p > 0.05).

To study the effects of storage time on the in vitro release profiles of
the IBSLN and IBNE samples, the amounts of ibuprofen released from the
IBSLNs and IBNEs were determined after storage at RT for 180 days and
compared to the initial time amounts, as depicted in Fig. 7. After 180
days of storage, the amounts of ibuprofen released from the IBSLNs were
comparable to the initial levels (p > 0.05), except for IBSLN1-TG450 (p
< 0.05). Therefore, the storage time had a small effect on the amount of
ibuprofen released from the IBSLNs.

3.8. In vitro skin permeation study

An in vitro skin permeation study was performed with PBS pH 7.4 at
37 + 0.5 °C. The sink condition of all Franz diffusion cells was main-
tained during the experiments. In addition, the resistance of the
epidermis was evaluated before and after the experiments to confirm the
barrier properties of the epidermis during the experiment. The
epidermis resistances before (17-26 kQ/ em?) and after (15-24 kQ/cm?)
the experiments were almost constant, indicating the epidermal integ-
rity (Chantasart et al., 2007; Ibrahim and Li, 2010).

The amounts of ibuprofen permeated into the receptor phase and the
amounts of ibuprofen retained in the epidermis were determined after
24 h. Fig. 8 shows the cumulative amounts of ibuprofen permeated into
the receptor media over 24 h from IBSLN and IBNE samples stabilized by
TG450 and P188. The cumulative amount of ibuprofen permeated from
the IBSLNs was significantly higher than that from the IBNEs (p < 0.05).
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In the in vitro release studies, the amounts of ibuprofen released from the
IBNEs tended to be higher than those from the IBSLNs, as previously
discussed. According to Fick’s first law of diffusion, the rate for diffusion
of a substance depends on the concentration gradient. The higher release
rate of the IBNEs was expected to enable more ibuprofen permeation
into the receptor phase. However, in this study, IBSLNs showed higher
permeation into the receptor phase than the IBNEs, especially for IBSLN-
TG450. The enhanced drug penetration into the skin was attributed to
occlusion, e.g., covering of the skin with an impermeable film or the use
of formulations that provided occlusive effects (oleaginous ointments)
(Hafeez and Maibach, 2013). Numerous studies have also shown that the
occlusive properties of SLNs enhanced drug penetration into the deeper
skin layer (Teeranachaideekul et al., 2008; Bhaskar et al., 2008; Gonullu
et al., 2015; Lopez-Garcia and Ganem-Rondero, 2015), which led to
facile permeation of the drug through the receptor phase. Therefore, the
higher amounts of ibuprofen permeated in the receptor phases of the
IBSLNs could have been due to the higher occlusion factors of the
IBSLNs. In contrast, the IBNEs exhibited low occlusion factors. Due to
the high release rates and low occlusion, the IBNEs exhibited more
ibuprofen retained in the epidermis but less ibuprofen permeated into
the receptor phase.

Among the IBSLN-TG450 formulations, IBSLN1-TG450 showed the
highest cumulative amount of ibuprofen permeated after 24 h (p <
0.05), followed by IBSLN2-TG450 and IBSLN3-TG450, respectively. The
highest permeation level of IBSLN1-TG450 was due to the higher release
of ibuprofen and the greater occlusion factor relative to those of IBSLN2-
TG450 and IBSLN3-TG450.

Although the amounts of ibuprofen released from the IBSLN-P188
formulations were comparable, the cumulative amounts of ibuprofen
permeated for IBSLN1-P188 after 24 h were the highest (p < 0.05), while
those of IBSLN2-P188 and IBSLN3-P188 were not significantly different
(p > 0.05). The difference in ibuprofen permeation for IBSLN-P188
could be explained by the difference in occlusion.

In comparing the ibuprofen skin permeation levels of IBSLN-TG450
and IBSLN-P188 comprising the same lipid matrix compositions,
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Fig. 7. Cumulative amounts of ibuprofen released from IBSLNs and IBNEs after production and storage at RT for 180 days. * Statistically significant difference at 95%

confidence interval (p < 0.05).
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IBSLN-P188 showed a lower amount of permeated ibuprofen but more
retained ibuprofen, as shown in Fig. 8. This indicated that the emulsi-
fiers had an influence on the skin permeation of ibuprofen from the
IBSLNs. As previously discussed, IBSLN-TG450 had a higher %CI and
occlusion factor than IBSLN-P188. These phenomena favored drug
penetration into the deep skin (Souto et al., 2022; Afra et al., 2020). In
comparing between IBNE-TG450 and IBNE-P188, no difference was
observed in the ibuprofen permeation levels (p > 0.05), suggesting that
the emulsifier used in this study did not promote drug penetration into
the skin.

An evaluation of the effect of storage time on in vitro skin permeation

for all formulations showed that the cumulative amounts of ibuprofen
permeated after 24 h did not change or slightly increased from their
initial levels, as shown in Fig. 9. These results were in accordance with
those of the in vitro release study.

4. Conclusion

IBSLNs and IBNEs stabilized with TG450 and P188 were developed
and their stabilities were observed after storage at different tempera-
tures (4 °C, RT, and 40 °C) for 180 days. The results suggested that the
long-term stability of IBSLNs was ensured by selecting a suitable
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emulsifier and/or incorporating S378 into the CP matrix. Changes in the
in vitro skin performances such as the drug release profile or skin
permeation rate, after storage at RT for 180 days depended on the
compositions of the IBSLNs, which were related to the %CI. Therefore,
the selection of suitable compositions for the lipid matrix and emulsifier,
and appropriate storage conditions provided optimal formulations. In
addition, changes in the %CI were useful in predicting the stabilities and
performance profiles of lipid nanoparticles.
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