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Abstract
Cymbopogon citratus (DC) stapf. (Gramineae) is a herb known worldwide as lemongrass. The oil obtained, i.e., lemongrass 
oil has emerged as one among the most relevant natural oils in the pharmaceutical industry owing to its extensive pharmaco-
logical and therapeutic benefits including antioxidant, antimicrobial, antiviral and anticancer properties. However, its usage 
in novel formulations is constrained because of its instability and volatility. To address these concerns, the present study 
aims to formulate lemongrass-loaded SLN (LGSLN) using hot water titration technique. In the Smix, Tween 80 was selected as 
a surfactant component, while ethanol was taken as a co-surfactant. Different ratios of Smix (1:1, 1:2, 1:3, 2:1 and 3:1) were 
utilized to formulate LG-loaded SLN. The results indicated the fact that the LGSLN formulation (abbreviated as LGSLN1), 
containing lipid phase 10% w/w (i.e., LG 3.33% and SA 6.67%), Tween 80 (20% w/w), ethanol (20% w/w) and distilled 
water (50% w/w), revealed suitable nanometric size (142.3 ± 5.96 nm) with a high zeta potential value (− 29.12 ± 1.7 mV) 
and a high entrapment efficiency (77.02 ± 8.12%). A rapid drug release (71.65 ± 5.33%) was observed for LGSLN1 in a time 
span of 24 h. Additionally, the highest values for steady-state flux (Jss; 0.6133 ± 0.0361 mg/cm2/h), permeability coefficient 
(Kp; 0.4573 ± 0.0141 (cm/h) × 102) and enhancement ratio (Er; 13.50) was also conferred by LGSLN1. Based on in vitro study 
results, the developed SLN appeared as a potential carrier for enhanced topical administration of lemongrass oil. The observed 
results also indicated the fact that the phyto-cosmeceutical prospective of the nanolipidic carrier for topical administration of 
lemongrass oil utilizing pharmaceutically acceptable components can be explored further for widespread clinical applicability.
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Introduction

In past few years, lemongrass essential oil (Cymbopogon 
citratus; Gramineae) has been the topic of investigation 
owing to its wide applicability as antioxidant, antimicrobial, 
antiviral and anticancer agent in the healthcare industries 
(Mukarram et al. 2021). It is also used as a sedative or as 
an antimicrobial agent (Al-Harrasi et al. 2022; Souza et al. 
2022; Chen and Zhong 2022; Irfan et al. 2022; Faheem et al. 
2022) and additionally employed against several species of 
bacteria, fungi and mycoses (Kumar et al. 2022; Valková 
et al. 2022). Onawunmi et al. studied the antimicrobial effi-
cacy of lemongrass (LG) oil and further reported that both 
α-citral (geranial) and β-citral (neral) components have anti-
bacterial activity against gram-negative and gram-positive 
bacteria (Onawunmi et al. 1984).

LG oil is shown to have antibacterial activity which 
has led to its usage for the treatment and control of acne 
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(Lertsatitthanakorn et al. 2006; Valková et al. 2022). For 
drugs with systemic side effects, the development of topi-
cal drug delivery methods appears to be a suitable and 
advantageous technique. In such a pursuit,  the benefits 
of topical drug delivery over conventional routes of drug 
administration are often considered, particularly where 
localized action is desired. Novel topical drug delivery 
techniques can help in boosting the delivery of anti-acne 
agents by enhancing their skin localization while reduc-
ing the associated side effects (Zouboulis 2001; Ascenso 
et al. 2011). In vitro experimental data obtained from con-
ventional dosage forms often yield poor in vivo findings. 
Insufficient drug concentration upon peroral delivery in 
standard dosage form could be attributed to poor absorp-
tion, metabolism, excretion, poor solubility and exces-
sive variability in plasma concentrations. Delivering the 
drug using novel drug delivery systems is a prospective 
approach for overcoming these challenges. There are a 
few literature reports of some LG-based novel products 
like nanoemulsion (Salvia-Trujillo 2014), nanoparticle 
(Masurka 2011) and liposome (Cui et al. 2016). Various 
investigators have explored the use of solid lipid nano-
particles (SLN) as a suitable option to polymeric and liq-
uid lipid nanoparticles. SLNs are distinguished by their 
large surface area, increased payload, and the capability 
to safeguard the enclosed bioactive from the harsh biologi-
cal atmosphere while improving bioavailability. Because 
lipidic nanocarriers are very hydrophobic, they are slightly 
hydrated in aqueous systems, if at all, and so are unable 
to dissolve or disperse autonomously. As a result, formu-
lating these dispersions necessitates providing energy to 
the system in order to generate extremely small particles 
(in the nano-range) with a large specific surface area. 
Lipophilic drugs with superior lipid compatibility are fre-
quently chosen for incorporation into SLNs for maximum 
loading of therapeutics (Dolatabadi et al. 2015). High-
pressure homogenization technique (Liedtke et al. 2000; 
Dingler and Gohla 2002; Trotta et al. 2003; Jenning et al. 
2002), solvent emulsification or evaporation (Trotta et al. 
2003), high-speed stirring ultrasonication and the solvent 
diffusion method (Yadav et al. 2014; Yuan et al. 2008) are 
only a few of the techniques used to produce SLNs. For 
the present study, the hot water titrimetric method was 
selected to prepare SLN. Hence, the core objective of the 
current research study was to formulate lipidic nanocar-
rier-loaded LG oil (LGSLN) by the hot water titrimetric 
method and to ascertain the physicochemical attributes of 
the attained formulations.

The present work elaborates upon the potential of a 
nanolipidic carrier system in cosmeticology for topical 
delivery of LG oil, using pharmaceutically acceptable ingre-
dients. This study also highlights the ability of SLN as a 
permeation enhancer.

Material and methods

LG oil was bought from Aroma House, New Delhi, 
India. Carbitol, Cremophor-EL, Labrasol, Labrafil and 
plurol oleique were obtained ex-gratia from Gattefosse 
(Mumbai, India). All other chemicals used were of the 
AR grade.

Constructing the map of the nanoemulsion‑phase

Pseudoternary phase diagrams were developed by utiliz-
ing hot water titration techniques to assess the concentra-
tion scale of different constituents for the fabrication of 
nanolipid vehicle (Fig. 1). The LG oil was mixed with 
the pre-melted solid fat (stearic acid) on water bath. Smix 
(containing Tween 80 and Ethanol) was added into the 
lipidic mixture (Table 1). The external aqueous medium 
for titration was distilled water (maintained at a higher 
temperature in the same hot water bath). Different ratios 
of components of Smix (1:0, 1:1, 1:2, 1:3, 2:1, 3:1 and 4:1) 
were selected for the trials. For a thorough overview of 
phase diagrams to track nanolipidic formulations, these 
Smix ratios were determined by raising the co-surfactant 
concentration for surfactant and vice versa. Oil phase 
(LG)/stearic acid (SA): 1:2 and appropriate Smix were 
blended in different ratio stretching 1:9 to 9:1 in distinct 
pre-labeled vials for each phase diagram. A gradual titra-
tion using hot water phase was done for each ratio of 
oil phase and Smix. Water concentrations in the span of 
5–95% of overall amount at 5% gaps were achieved by 
varying the amount of hot water added (Thomas et al. 
2017; Zakir et al. 2021). This was done so that the bound-
aries of the nanoemulsions (NE) and different phases 
could be properly delineated. The areas of solid NE were 
clearly obtained on the pseudoternary phase diagram. The 
different corners of the triangle were having different 
components of the formulation ingredients like aqueous 
phase, oil phase and Smix.

Formulation development

SLNs were developed as reported by Muller and Lucks 
with slight modification (Muller and Lucks 1996; Faiya-
zuddin et al. 2010a). Pseudoternary diagrams had discrete 
nanolipidic regions. Different compositions from these 
regions were selected and the lipidic droplets were crys-
tallized by putting in chilled water (kept at a tempera-
ture 6–8 °C) with continuous stirring, which was contin-
ued for 45 min to minimize the variation in particle size 
distribution.
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Characterization and optimization of SLN

Thermodynamic stability test  Different stress tests of 
thermodynamic stability studies were used to screen 
out metastable formulations (Li et  al. 2005). Specified 
formulations were centrifuged for 30  min at a speed of 
5000  rpm to check for phase separation, creaming, and 
cracking. For the heating and cooling cycles, the formula-
tions that demonstrated no phase separation were chosen. 
Six temperature cycles (4  °C and 45  °C) were selected 
corresponding to storage conditions  for at least 48  h. 
Freeze thaw was used on the formulations that exhib-
ited stability at the specified stressed temperature. In this 

investigation, test formulations were thawed thrice  at 
temperatures ranging from − 21 to + 25 °C, maintaining 
at each temperature for a time period of 48 h (Table 2) 
(Mirza et  al. 2013). Table  3 shows the composition of 
selected LG-SLN that passed the physical stability tests.

Entrapment efficiency  Repeated washings were given to 
separate out non-entrapped LG from the SLN dispersions 
(Jaber et al. 2018). The following formula is used to cal-
culate the %entrapment efficiency:

where ‘T’ is the total amount of entrapped essential oil in 
the SLN dispersion and ‘S’ represents the amount of non-
entrapped LG in the dispersion medium. After extraction 
and dilution with methanol for a time span of 1 h in an ultra-
sonic bath, EE% was conducted using a UV spectrophotom-
eter at 595 nm. The entrapment efficiency of LG-loaded SLN 
(LGSLN) is shown in Table 4.

Particle size distribution and  zeta potential determina‑
tion  Globule size was calculated by employing a photon 
correlation spectrometer that analyzes light scattering 
variations. At a temperature of 25  °C and a 90° angle, 
the light scattering was analyzed. Droplet size analysis 
was performed using adequately diluted SLN samples 
(0.1 mL) diffused in double distilled water (50 mL). The 

[

(T − S)∕T
]

× 100,

Fig. 1   Phase diagrams indicating o/w nanoemulsion (shaded area) region of oil (LG: SA; 1:2 v/v), surfactant (Tween 80), co-surfactant (ethanol) 
at different Smix ratios [a (Smix 1:0), b (Smix 1:1), c (Smix 1:2), d (Smix 1:3), e (Smix 2:1), f (Smix 3:1) and g (Smix 4:1)]

Table 1   Phase behaviors of lemongrass oil in different surfactants 
and co-surfactants

Component Surface area ± SD (cm2)

Labrafil 57.14 ± 1.65
Labrasol 91.31 ± 2.14
Cremophor-EL 104.23 ± 2.01
Tween 80 266.24 ± 2.52
Tween 20 257.33 ± 1.16
Transcutol P 235.32 ± 1.96
Ethanol 242.54 ± 0.96
Plurol oleique 65.22 ± 1.53
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zeta potential (ZP), polydispersity index (PDI), and aver-
age droplet size were measured.

Viscosity  The viscosity of the optimized  formulations 
was evaluated using a Brookfield DV III ultra V6.0 RV vis-

cometer with spindle maintained at 25 ± 0.4  °C. Rheocalc 
V2.6 was used for the analysis (Mirza et al. 2013).

Drug release study

Franz diffusion cell was employed for conducting in vitro 
drug release study of drug (Bhaskar et al. 2009). Dialysis 
membrane having a 2.4 nm pore size and the molecular 
weight cut-off of 12,000–14,000 D was employed for the 
study. To imitate the pH of the skin, phosphate buffer (pH 
5.6) was taken in the receptor compartment. The donor com-
partment was filled with LGSLN dispersion (1 ml), and the 
receptor compartment had dissolution media (12 ml). The 
receptor section was kept at 37 ± 0.5 °C, and the medium 
was stirred moderately under magnetic stirring. At every 
predetermined time, 100 μl of the sample was taken out 
from the receptor compartment via the sampling port, and 
the same volume was swapped with the fresh medium. The 

Table 2   Thermodynamics 
stability testing of LG-SLN 
formulations

H/C heating and cooling (0 °C and 45 °C), Cent centrifugation (5000 rpm), Freeze freeze–thaw (− 21 °C 
and + 25 °C)

Smix ratio 
(S:CoS)

S. no. Percentage v/v of different 
components in formulations

Observations based on the ther-
modynamic stability studies

Inference

Oil Smix Water H/C Cent Freeze

Oil: Lemon grass + Stearic acid (1:2 v/v), Surfactant: Tween 80, Co-surfactant: Ethanol, External phase: 
Distilled water

 1:0 1 5 32 63 √ √ √ Passed
2 5 40 60 √ √ √ Passed
3 10 38 52 √ x - Failed
4 10 40 50 √ √ √ Passed
5 15 45 40 √ x - Failed

 1:1 6 5 30 65 √ √ √ Passed
7 5 38 57 √ √ √ Passed
8 10 40 50 √ √ √ Passed
9 10 43 47 √ √ √ Passed

10 15 38 52 x - - Failed
 1:2 11 5 36 59 √ √ √ Passed

12 5 41 54 √ √ √ Passed
13 10 44 46 √ x - Failed
14 10 45 45 √ √ √ Passed
15 15 47 38 x √ √ Failed

 2:1 16 5 35 60 √ √ √ Passed
17 5 41 54 √ √ √ Passed
18 10 42 48 √ x - Failed
19 10 41 49 √ √ √ Passed
20 15 41 44 x √ √ Failed

 3:1 21 5 38 57 √ √ √ Passed
22 5 55 40 √ √ √ Passed
23 10 39 51 √ √ √ Passed
24 10 50 40 √ √ √ Passed
25 15 45 40 √ √ x Failed

Table 3   Composition of selected LG-SLN that passed the physical 
stability tests

Formulation code % Composition of the selected 
formulation

Smix ratio

Oil Smix Water

LGSLN1 10 40 50 1:1
LGSLN2 10 43 47 1:1
LGSLN3 10 45 45 1:2
LGSLN4 10 41 49 2:1
LGSLN5 10 39 51 3:1



3 Biotech (2023) 13:318	

1 3

Page 5 of 11  318

drug content in the collected samples were analyzed by the 
developed HPTLC technique at 595 nm against trans-citral 
of LG (Faiyazuddin et al. 2010a; Ali et al. 2022).

In vitro skin permeation studies

Skin transport experiments were accomplished by the Franz 
diffusion cell (having surface area 7.16 cm2 and the capacity 
of receiver compartment 37 ml) by employing rat abdominal 
skin. The visceral tissue was removed carefully, and adher-
ent fat was removed by wiping with isopropyl alcohol, which 
was then rinsed using distilled water and kept at − 21 °C 
until needed. Then, it was mounted in the receptor compart-
ment of Franz diffusion cell by placing the stratum corneum 
side toward donor compartment. Ethanolic acetate buffer 
was taken as receptor medium, and the whole medium was 
swapped with fresh medium at every 30 min (12 cycles) to 
stabilize the skin. After placing 1 ml of SLN formulation 
into donor cell, samples were started to withdraw at definite 
interval (0.5, 1, 2, 4, 6, 8, 24, 36 and 48 h), then filtered 
using 0.45-μm syringe membrane filter, and quantified for 
drug by HPTLC at λmax of 595 nm as reported in previous 
section. Pure LG oil was taken as control.

Stability study at different storage temperature

For a period of 3 months, short-term stability studies were 
performed to verify the particle growth potential of the opti-
mized formulations. The SLN dispersion’s initial particle 
size was recorded. The samples were then divided accord-
ing to three stability conditions, i.e., 4 °C, 25 °C and 50 °C 
in dark settings. On day 1 and the 90th day, samples were 
taken out for particle size and zeta potential measurements.

Results and discussion

Screening of components

LG oil was used for the formulation of SLN formulations. In 
the present study, LG oil has been taken as a drug because 

there are enough literature reports on its anti-acne, antioxi-
dant, antimicrobial, antiviral and anticancer activities (Hol-
land and Jeremy 2005; Mukarram et al. 2021). The mis-
cibility potential of LG was assessed in solid fats. It was 
found out that LG was better miscible with stearic acid (SA) 
(even after cooling; ≤ 8 °C), then comes cetyl alcohol, and 
glyceryl monostearate. Ratio of liquid and solid lipid was 
also studied, and a composition (LG: solid fat: 1:2) with SA 
was taken as the final one. Phasic behavior of LG was also 
determined in different Smix ratios, as secondary parameters 
for the screening purpose. The defined phasic surface area 
of LG was found the highest in Tween 80 (266.24 ± 2.52 
cm2), followed by Tween 20 (257.33 ± 1.16 cm2), Transc-
utol (235.32 ± 1.96 cm2) and ethanol (242.54 ± 0.96 cm2) 
(Table 1). Although Transcutol appeared comparable to 
ethanol, its combination phasic behavior was poor with 
regard to ethanol. Based on the above findings, Tween 80 
(as surfactant) and ethanol (as co-surfactant) were chosen 
for the Smix composition for the formulation development.

Phase studies for LG oil

Pseudoternary phase diagrams were built by utilizing the 
hot water titration method at a temperature of 75 ± 0.5 °C. 
Phase diagram construction is a cumbersome process, espe-
cially when there is a target to precisely demarcate a phase 
limit (Faiyazuddin et al. 2010b). The formation of nanoe-
mulsion is a spontaneous process; hence, the requirement 
of free energy to drive the process is small (Qadir et al. 
2016). Hence, special efforts were made to ensure that no 
metastable NE system is selected. The pseudoternary phase 
diagram gives a pictorial view of correlation between phases 
and composition at each data point. For every Smix ratio, 
pseudoternary phase diagrams were created independently 
(Fig. 1a–g), so that oil/water (o/w) nano-provinces could 
be detected for the optimization of SLN formulations. The 
Smix ratio of 1:0 (Fig. 1a), 1:1 (Fig. 1b) and 2:1 (Fig. 1e) 
had a larger nanophase compared to the other Smix ratios. 
With a high proportion of Smix, an o/w solid NE zone was 
discovered near the water-rich vertex of the phase diagram. 
It suggests that Tween 80 is self-sufficient (i.e., co-surfactant 

Table 4   Droplet size distribution, surface charge analysis, rheological study and in vitro drug release of optimized SLN formulations

Formulation code Droplet size 
mean ± SD (nm)

Polydispersity 
index

Zeta potentials ± SD (mV) Viscosity 
mean ± SD 
(cps)

% Entrapment 
efficiency ± SD

% Drug release (24 h)

LGSLN1 142.3 ± 5.96 0.201  − 29.12 ± 1.7 134.21 ± 3.88 77.02 ± 8.12 71.65 ± 5.33
LGSLN2 168.6 ± 6.01 0.273  − 24.6 ± 2.6 136.26 ± 6.01 67.68 ± 9.86 68.36 ± 7.09
LGSLN3 175.1 ± 8.05 0.367  − 26.2 ± 0.79 138.56 ± 5.22 71.53 ± 9.98 63.97 ± 5.49
LGSLN4 149.4 ± 5.22 0.412  − 28.48 ± 0.92 131.51 ± 8.01 70.24 ± 7.76 52.69 ± 4.79
LGSLN5 205 ± 4.11 0.437  − 34.4 ± 0.76 142.55 ± 6.96 69.79 ± 11.56 48.86 ± 2.42
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is not required) to develop the nanoemulsion regions but 
the development of liquid crystalline state indicates to use 
co-surfactant.

It was observed that Smix 1:0 (Fig. 1a) was unable to 
efficiently address the surface tension created between oil 
phase and aqueous phase, so the liquid crystalline area was 
dominating in the pseudoternary phase diagram. While in 
the phase diagram of Smix 1:1 (Fig. 1b), the introduction of a 
co-surfactant appeared to make the film more pliable and the 
LC zone was visible, compared to Tween 80 alone (Fig. 1a). 
By utilizing Smix at approximately 69 ± 0.58% v/v, the maxi-
mal proportion of oil that was miscible in the phase diagram 
(Fig. 1a) was almost 29 ± 0.37%, demonstrating Tween 80’s 
superiority in nanosizing. It was also noted that by raising 
the concentration in Smix ratio (Smix 1:1–1:3; Fig. 1b–d), 
there was a slight decline in the nano-phasic region. How-
ever, by raising the surfactant concentration in Smix ratios 
(Smix 2:1–4:1; Fig. 1e–g), a significant increase in nanoe-
mulsion region was noted. The reason behind may be the 
additional reduction in surface tension between two immis-
cible liquids and enhanced fluidity/flexibility at the interface, 
which causes a small increment in the entropy of the sys-
tem and therefore more assimilation of the oil phase in the 
hydrophobic zone of the surfactant monomers (Faiyazud-
din et al. 2010b). The elaboration of nanophase system was 
paltry when surfactants attribute in Smix was increased from 
3:1 (Fig. 1f). It might be a phase of liquid crystalline pro-
duced by Tween-80 and not much supported by the current 
extent of co-surfactant. The maximum concentration of oil 
that could be solubilized by these ratios was 31 ± 0.27% v/v 
with around 65 ± 0.18% v/v of Smix (Fig. 1f). The findings 
are well in sync with the established fact that spontaneity of 
the nanoemulsion formation depends upon how efficiently 
the surfactant and co-surfactants lower the oil–water inter-
facial tension and change the dispersion entropy (Faiyazud-
din et al. 2010b; Qadir et al. 2016). In such case, solid NE 
development is impulsive, and the subsequent dispersions 
are physically stable (Jenning et al. 2000). When the Smix 
ratio of 4:1 was studied, no further enhancement in nanoe-
mulsion area was noted, and LC area started to appear into 
the phase diagrams. The reason behind may be the increased 
involvement of surfactant. When co-surfactant concentration 
was increased (1:2, 1:3, etc.), the nano-phasic regions drasti-
cally decreased (Fig. 1c, d). For our purposes, those SLNs 
were chosen with the help of pseudoternary phase diagram 
in which the quantity of oil phase could be accommodated 
with the least amount of Smix .

Formulation development

Optimum regions for distinct SLN were exhibited by Smix 
ratios of 1:1, 1:2, 1:3, 2:1 and 3:1 in pseudoternary phase 
diagrams. Other Smix combinations were also created, but 

they were not included in this investigation because of show-
ing very narrow nanophase areas when compared to LC 
forms. Based on the results of various thermodynamic stabil-
ity investigations, solid NE preparations with different for-
mulae were chosen from phase diagrams. Almost the whole 
array of NE incidence in the pseudoternary phase diagrams 
was studied, and several oil compositions with the lowest 
concentration of surfactant suggesting the occurrence of 
NEs were carefully chosen (Table 2). The oil (LG:SA::1:2) 
and the appropriate quantity of surfactant/co-surfactant 
were introduced in the stipulated ratio with drop-by-drop 
hot water until a crystal clear solution was formed, which 
was then solidified by adding cold water.

Thermodynamic stability test

Solid NEs are developed at a distinct proportion of oil/fat), 
surfactant ration (Smix) and aqueous phase (Jenning et al. 
2000; Mirza et al. 2013). It is a thermodynamically stable 
system. To get a stable and robust composition, several for-
mulations were exposed to different stressed conditions like 
centrifugation followed by heating–cooling and freeze–thaw 
cycle. Physically stable formulations were taken for addi-
tional studies. The individual components of all the formula-
tions are given in Table 2.

The basis for the selection of SLN from different com-
positions was based on the premise having a lesser Smix and 
higher oil content. The formulation having 5% v/v of oil 
exhibited superb transparency, but the amount of LG was 
very less to show pharmacological response. This concept 
led to raise the drug dose of the formulation. So, every for-
mulation that had a minimum of 10% (v/v) of the oil was 
selected for the planned study (Table 3).

Optimization and characterization of SLN

Entrapment efficiency  A large quantity of LG might be 
incorporated into the developed SLN, as shown in Table 3. 
As the drug itself was oil (LG), with the most miscibility in 
SA, it could be expected to get entrapped up to 100% with 
the solid lipid. The % entrapment efficiency of the developed 
formulation was assessed over a period of one month. The 
mixing of LG with SA led to better entrapment efficiency, 
i.e., 77.02 ± 8.12% (LGSLN1); 71.53 ± 9.98% (LGSLN3); 
70.24 ± 7.76% (LGSLN4); 69.79 ± 11.56% (LGSLN5); and 
67.68 ± 9.86% (LGSLN2). This is possibly due to the lipo-
philic nature and higher loading capacity in the optimized 
formulations. Further, the dual combination of liquid and 
solid lipids results in decreased order recrystallization (Jen-
ning et  al. 2000). The %EE of the LG in nanostructured 
lipidic carrier was comparable or better than earlier litera-
ture reports (Ma et al. 2021; Cui et al. 2016).
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Particle diameter and  surface charge analysis  The picto-
rial presentation of distribution of SLN is given statisti-
cally in Fig.  2. Table  4 presents the mean droplet size of 
optimized preparations (LGSLN1–LGSLN5) oscillating from 
142 to 205 nm. LGSLN5 had the largest droplet size, which 
can be attributed to the existence of larger concentration of 
surfactants, which led to enhanced viscosity in the system 
(Zhao et al. 2017). Due to a lack of co-surfactant concen-
tration, the rigid film was unable to provide additional 
flexibility for secondary nanosizing. Size analyses of the 
certain formulations revealed that there is increase in size 
by increasing the concentration of oil and surfactant. This 
could be because, even though the variation in droplet size 
across formulations was statistically insignificant (p > 0.05), 
the current amount of surfactant used  was not substantial 
enough to achieve uniform dispersion at the same Smix ratio 
(1:1). The PDI was found < 1 for every SLN, which indi-
cates a narrow distribution. LGSLN1 showed a minimum PDI 
(0.201) advocating better uniformity among droplets (Thati-
pamula et al. 2011). The TEM image of sample is given as 
supplementary material (S1). The size is not in sync with 

the particle size analysis. The reason behind may be that in 
TEM imaging figures are taken from a particular zone of the 
grid which may or may not capture a particular size range.

It is widely assumed that ZP values of − 30 mV and 
above characterize a stable system (Jenning et al. 2000). The 
LGSLN1 formulation had the highest ZP (− 29.12 ± 1.7 mV), 
which remained almost same (with insignificant variation) 
during the three months period at all temperatures condi-
tions (Table 5), indicating the stable nature of the product. 
On day first, LGSLN1–LGSLN5 formulation showed a ZP value 
of − 24.6 to − 34.40 mV, and was found to have changed 
slightly after 3 months (Room temp: 25 °C and 4 °C stor-
age temperature) (Table 5). LGSLN1–LGSLN5 when stored at 
50 °C showed the change in ZP varying from (− 18.02 to 
− 21.12 mV) with a drastic change in particle size (Table 5). 
An experiment by Freitas and Müller, examining the influ-
ence of temperature and light on ZP and physical stability 
in SLNs where poloxamer was taken as a stabilizer, backs 
up the results as observed at higher temperatures (Freitas 
and Müller 1999). As a result, it can be deduced that at high 
temperatures (50 °C), steric stabilizing property conferred 

Fig. 2   LG-SLN formulation characterized for a particle size distribution and b particle growth analysis with polydispersity index at different 
temperatures

Table 5   In vitro thermal stability studies for selected LG-SLN formulations (Temp: 4°, 25° and 50 °C; day: 0 and 90th day)

ZP zeta potential, PSD particle size distribution

Formulation code Mean droplet size ± SD (nm) and Zeta potential

At previous day After 90 days

ZP PSD 4 °C 25 °C 50 °C

PSD ZP PSD ZP PSD ZP

LGSLN1  − 29.12 ± 1.7 142.3 ± 5.96 146.6 ± 1.13  − 29.21 ± 0.56 148.5 ± 1.23  − 29.5 ± 1.33 183.19 ± 2.66  − 20.12 ± 2.2
LGSLN2  − 24.6 ± 2.6 168.6 ± 6.01 171.2 ± 0.37  − 30.12 ± 0.17 173.4 ± 1.02  − 31.92 ± 0.31 208.1 ± 0.89  − 19.7 ± 1.13
LGSLN3  − 26.2 ± 0.79 175.1 ± 8.05 176.3 ± 0.11  − 27.96 ± 0.73 181.69 ± 0.39  − 27.91 ± 2.48 214.7 ± 0.89  − 18.02 ± 0.12
LGSLN4  − 28.48 ± 0.92 149.4 ± 5.22 155.7 ± 0.33  − 27.32 ± 1.26 159.4 ± 0.41  − 27.02 ± 1.17 219.8 ± 0.97  − 18.88 ± 0.59
LGSLN5  − 34.40 ± 0.76 205 ± 4.11 207.88 1.97  − 34.01 ± 0.24 212.1 ± 2.11  − 33.19 ± 1.29 231.9 ± 1.88  − 21.12 ± 0.81
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by Tween 80 proves to be insufficient which results in par-
ticle aggregation.

Viscosity  Table 4 presents viscosity data of optimized for-
mulations (LGSLN1–GSLN5) ranging from 131 to 142 cps. 
The results of viscosity can relate to the distinct roles of 
the surfactant and co-surfactant taken to stabilize the 
selected oil ingredient in the formulation. The viscosity of 
the LGSLN1 was almost lowest (134.21 ± 3.88 cps) as com-
pared to other formulations (LGSLN2, LGSLN3 and LGSLN5), 
making it suitable for topical use (i.e., easily washable after 
use). Notably, the viscosity of the SLN formulations was 
found quite low. It is one of the hallmarks of this delivery 
system, i.e., low viscosity (Faiyazuddin et al. 2010b). The 
low viscosity value is likely attributable to the use of a small 
concentration of surfactant compared to the high oil content 
(as all the products had a same oil content).

Drug release study

Analyses were conducted to evaluate the drug release from 
different optimized formulations and pure LG. Drug release 
from SLN was exceedingly significant (p < 0.01) in com-
parison with pure LG (Table 4). A rapid release of drug 
from LGSLN1 was observed, as 71.65% of the drug was liber-
ated in 24 h. Other products exhibited comparatively slow-
release pattern [LGSLN2 (68.36) > LGSLN3 (63.97), > LGSLN4 
(52.69) > LGSLN5 (48.86)] compared to LGSLN1 in 24 h, 
while neat LG was very low (30% in 24 h). This finding 
reflects the fact that SLN formulations with smaller particle 
sizes have more surface area, allowing for faster dissolution 
and higher releases.

In vitro skin permeation studies

The penetration potential of the drug (LG) from the 
optimal formulations and pure LG were compared by 
skin permeation study. In vitro skin permeation exhib-
ited highest for LGSLN1 and lowest by the pure LG 
(control) (Fig.  3). Highest release was exhibited by 
LGSLN1. It might be due to its smallest droplet size and 
lesser viscosity as equated to other developed products 
(LGSLN1 > LGSLN2 > LGSLN4 > LGSLN3 > LGSLN5 > pure LG). 
In the lipid route of the stratum corneum (SC), the neutral 
lipids are organized as bilayers with their lipophilic chains 
fronting each other to produce a lipophilic bimolecular layer, 
is thought to be the mechanism by which SLNs improve 
drug permeation through the skin (Lertsatitthanakorn et al. 
2006). Drug available in the lipidic domain of SLN pen-
etrates directly into the SC, upsetting its bilayer configura-
tion in conjunction with the surfactant on the surface, in 
increased lipid route permeability to the drug. Alternatively, 
its hydrophilic site hydrates the SC deeply, which is par-
ticularly significant in the process of percutaneous drug 
absorption (Thomas et al 2017; Faiyazuddin et al 2010b). 
Majority of the lipophilic drugs follow the lipid pathway 
for percutaneous permeation (Lertsatitthanakorn et  al. 
2006; Zouboulis 2001). LG being lipophilic in nature, has 
the tendency to pass through the preexisting lipidic pathway 
more efficiently (Sinha et al. 2019). SLN is an outstanding 
vehicle for its increased percutaneous LG uptake because 
of its smaller size and lower viscosity spectrum (Fang et al. 
2008). Citral, which is a crucial constituent of LG and is a 
well-known permeability enhancer (Irfan et al. 2022; Rauber 
et al. 2005), can enable SLNs to more permeable following 
topical application.

Fig. 3   In vitro skin permeation 
profile of LG in SLN disper-
sions, (n = 3)
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Permeability data (Table 6) revealed that there was a 
remarkable enhancement in the steady-state flux (Jss), per-
meability coefficient (Kp) and enhancement ratio (Er) of opti-
mized SLNs as compared to pure LG (p < 0.05). Better per-
meation of LG oil from LGSLN1 could be mainly attributed 
to the combined effects of permeation enhancers including 
citral, Tween 80 and ethanol, as well as the least droplet 
size and lowest viscosity. Permeability parameters of all the 
SLNs and neat LG are given in Table 6.

Stability study at different storage temperature

Literature suggests that temperature has effects on particle 
size and zeta potential, which was studied here also. All the 
formulations were placed in glass vials and stored at diverse 
stressed conditions (4 °C, 25 °C and 50 °C) for three months. 
A miniature increase in droplet size was observed at 4 °C and 
25 °C but a significant increase in size was obtained at 50 °C. 
The mean particle diameter of the LGSLN1 stored at 50 °C 
was increased from 142.8 to 183.19 nm in three months, 
whereas 146.6 nm and 148.5 nm were observed when stored 
at 4 °C and 25 °C, respectively (Table 5). The result sturdily 
corroborates the shielding aptitude of Tween-80 at moderate 
temperatures. Similar results were also predicted in the case 
of other formulations (size: 50 °C > 25 °C > 4 °C). These 
judgments are also corroborated by ZP data obtained for 
the formulations maintained at different temperature condi-
tions (Table 5). Based on the foregoing data, the process 
of particle accumulation was intensified by increasing the 
storage temperatures. This is related to the destabilization 
of SLN dispersions as a result of increasing input energy 
from higher temperatures. The provided energy boosts the 
particles’ kinetic energy and encourages collisions, result-
ing in particle aggregation. Other factor could be the tem-
perature-dependent performance of the surfactant coating 
on the particle surface. Because of the preferential produc-
tion of platelet-shaped particles as a characteristic of the 
modification, the particle surface area increased when the 
polymorphic alterations of the lipid particles changed over 

time. Particle growth stemmed from the surfactant mole-
cules’ inability to provide an adequate coating to the newer 
particle surfaces formed. FTIR research was conducted to 
check for any potential incompatibilities between the LG 
oil and other formulation ingredients (Tween 80 and stearic 
acid). The results revealed that LG oil and other additives 
did not interact in any way and were compatible with one 
another (S2).

Conclusions

Based on the lowest droplet size, minimum polydispersity, 
lowest viscosity, appreciable drug release behavior and 
increased skin permeation profile, LGSLN1 was taken as opti-
mized solid lipid nanoparticle formulation containing lipid 
phase 10% w/w, Tween 80, ethanol and distilled water for 
topical applications. From in vitro outcomes, it can be con-
cluded that the established SLN could be an auspicious vehi-
cle for enhanced topical delivery of LG oil. The observed 
results also indicate the fact that the phyto-cosmeceutical 
perspective of the nanolipidic carrier for topical administra-
tion of LG oil utilizing pharmaceutically acceptable compo-
nents can be further explored in the future for widespread 
clinical applicability.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13205-​023-​03726-5.
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