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a b s t r a c t

In the past, curcumin was the go-to medication for diabetes, but recent studies have shown that tetrahy-
drocurcumin is more effective. The problem is that it’s not very soluble in water or very bioavailable. So,
our research aims to increase the bioavailability and anti-diabetic efficacy of tetrahydrocurcumin in
streptozotocin-induced diabetic rats by synthesizing tetrahydrocurcumin-loaded solid lipid nanoparti-
cles. Box Behnken Design was employed for the optimization of tetrahydrocurcumin-loaded solid lipid
nanoparticles (THC-SLNs). The optimal formulation was determined by doing an ANOVA to examine
the relationship between the independent variables (drug-to-lipid ratio, surfactant concentration, and
co-surfactant concentration) and the dependent variables (particle size, percent entrapment efficiency,
and PDI). Particle size, PDI, and entrapment efficiency all showed statistical significance based on F-
values and p-values. The optimized batch was prepared using a drug-to-lipid ratio (1:4.16), 1.21% con-
centration of surfactant, and 0.4775% co-surfactant (observed with a particle size of 147.1 nm, 83.58 ± 0
.838 % entrapment efficiency, and 0.265 PDI, and the values were found very close with the predicted
ones. As the THC peak vanishes from the DSC thermogram of the improved formulation, this indicates
that the drug has been transformed from its crystalline form into its amorphous state. TEM analysis of
optimized formulation demonstrated mono-dispersed particles with an average particle size of 145 nm
which are closely related to zetasizer’s results. In-vitro release study of optimized formulation demon-
strated burst release followed by sustained release up to 71.04% throughout 24 hrs. Increased bioavail-
ability of the adjusted THC-SLN was found in an in vivo pharmacokinetics research with 9.47 folds
higher AUC(0-t) compared to plain THC-suspension. Additionally, pharmacodynamic experiments of opti-
mized formulation demonstrated a marked decrease in blood glucose level to 63.7% and increased body
l.com (V.
n.edu.in
Parvez),

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsps.2023.101727&domain=pdf
https://doi.org/10.1016/j.jsps.2023.101727
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:bhartikaushish@gmail.com
mailto:shailu.bhatt@gmail.com
mailto:abhishekt1983@gmail.com
mailto:varshat1983@gmail.com
mailto:manish_singh17@rediffmail.com
mailto:ravinderbasniwal7661@gmail.com
mailto:deepkaushik@rediffmail.com
mailto:tarun.virmani@mvn.edu.in
mailto:girish.kumar@mvn.edu.in
mailto:omalkmali@pnu.edu.sa
mailto:asali@pnu.edu.sa
mailto:mohkhalid@ksu.edu.sa
mailto:asalamahmed5@gmail.com
https://doi.org/10.1016/j.jsps.2023.101727
http://www.sciencedirect.com/science/journal/13190164
http://www.sciencedirect.com


J. Bharti Sharma, S. Bhatt, A. Tiwari et al. Saudi Pharmaceutical Journal 31 (2023) 101727
weight from 195.8 ± 7.223 to 231.2 ± 7.653 on the 28th day of the study and showed a better anti-
diabetic effect than plain drug suspension. Results of stability studies revealed that formulation can be
stored for longer periods at room temperature. Tetrahydrocurcumin can be effectively administered by
SLN for the treatment of diabetes.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Curcumin is a polyphenolic compound used in the treatment of
various diseases. It is obtained from turmeric which is mentioned
in Ayurveda as a medicinal plant of curcuma species (Farsani
et al., 2021; Kumar et al., 2023). Tetrahydrocurcumin (THC) pos-
sesses the same pharmacological properties as curcumin as it is a
major metabolite of curcumin. It is more stable in the intestine
and 0.1 M phosphate buffers of various Ph. It has more antioxidant
potential compared to curcumin while the pro-oxidant and anti-
inflammatory activities are higher in curcumin (Trivedi et al.,
2020). Diabetes mellitus characterized by hyperglycemia and
metabolic alternation is carbohydrates, lipid and proteins is con-
sidered worldwide as a most challenging chronic disease (El-
Bagory et al., 2019). Diabetes mellitus can be prevented or treated
using plant products and among these curcumin can be used in
various aspects like insulin resistance, increasing lipid level,
increased blood glucose level, necrosis, and b-cell dysfunction
(Zhang et al., 2013). THC shows more effectiveness in the treat-
ment of diabetes mellitus and hyperlipidemia compared to cur-
cumin as it enhances the plasma insulin level and reduces the
blood glucose, liver cholesterol, triglycerides, and phospholipid
level (Yuan et al., 2020). Several effects of THC i.e. antihyperlipi-
demic (Pari and Murugan, 2007), antioxidant (Murugan and Pari,
2006a), on blood glucose and plasma insulin (Pari and Murugan,
2005), on plasma antioxidants (Murugan and Pari, 2006b), lipid
peroxidation (Murugan and Pari, 2006c), protein level, and hepatic
& renal functional markers are reported in streptozotocin-induced
diabetic rats by Pari and Murugan (Murugan and Pari, 2007). They
reported higher effectiveness of THC than compared to curcumin in
every aspect of diabetes mellitus. But it has poor efficacy, due to
incomplete release at the site of absorption, short gastric emptying
time, poor aqueous solubility, and primary excretion via the non-
renal route (Lai et al., 2020; Setthacheewakul et al., 2011). In a
study, the in vitro release of THC was found to be 94.24% from
the electrospun nanofibers and its transdermal diffusivity confirms
its suitability for wound healing or other skin ailments
(Rramaswamy et al., 2018). Solid lipid nanoparticles (SLNs) with
10–1000 nm particle size are spherical in shape and have multiple
advantages over the other nanoformulations (Kumar et al., 2022a).
These contain solid lipids and surfactants and can be easily pre-
pared on a lab-scale (Rana et al., 2020). They are effective for the
delivery of active ingredients via oral, skin, nasal, or any other
route as they are biologically safe and can be stored for longer peri-
ods (Ganesan et al., 2018; Virmani et al., 2022). These are suitable
for hydrophilic as well as hydrophobic drugs with high resistance
power in gastric environment (Shaveta et al., 2020). SLN prevent
the gastrointestinal degradation of drug and increase lymphatic
uptake of drugs thus enhancing the bioavailability of the drugs
(Alhalmi et al., 2022c; S. Bhatt et al., 2018). Kakkar et al. developed
the SLN of THC and efficiently delivered them topically in skin
inflammation (Kakkar et al., 2018). As per literature search, no
nanoformulation is available for the delivery of THC orally which
overcomes its limitations like poor aqueous solubility. In a study,
the aqueous solubility and bioavailability of the THC were
enhanced by a self-micro emulsifying drug delivery system
(Sermkaew et al., 2013).
2

SLNs were developed in our study for the oral administration of
THC for diabetes mellitus management in streptozotocin-induced
diabetic rats. The effect of selected independent variables (drug-
to-lipid ratio, surfactant concentration, and co-surfactant concen-
tration) and their interaction were checked on the dependent vari-
ables (particle size, percent entrapment efficiency, and PDI).
Statistical analysis of experimental data was done using ANOVA.
2. Materials and methods

2.1. Chemicals

Tetrahydrocurcumin was provided as a free sample by Sunpure
Extracts Pvt. Ltd., India. Streptozotocin was procured from Sigma
Aldrich (Germany). Sodium lauryl sulfate and glyceryl monos-
tearate (GMS) were procured from Central Drug House (P) Ltd.,
New Delhi. Tween 80 was purchased from Qualikems Fine Chem.
The rest of the chemicals used were of analytical grade and were
obtained from the MM College of Pharmacy, Mullana, Ambala,
India.

2.2. Instruments

After in vitro drug release, samples were analyzed using a
double-beam UV–visible spectrophotometer (Shimadzu, UV-
1800). The thermal analysis of the pure drug and the formulation
were conducted using a DSC Q20 V24.11 Build 124 and a Perkin
Elmer- DSC-8000, respectively. Zetasizer was used to measure
the particle size, zeta potential, and polydispersity index (PDI)
(Malvern Zetasizer, Ver. 7.11). The transmission electron micro-
scope was used to examine the morphology of the improved SLN
(H-7500, Hitachi Ltd., Japan). In vitro, experiments were performed
using a dialysis membrane (molecular weight cut off: 12–14 kDa)
from Himedia, Mumbai, India. A Spectrum FT-IR/FIR Spectrometer-
400 from Perkin Elmer, USA, was used to perform the FTIR (Fourier
Transform InfraRed) analysis.

2.3. Preliminary screening

2.3.1. Selection of lipid
Solubility studies were used for the selection of lipids. 500 mg

of each lipid was melted at a temperature not exceeding 5 �C of
their melting point on the water bath. THC was added in incre-
ments of 5 mg till a clear solution was obtained. The quantity of
drug added before the precipitation observed was considered as
the solubility of the drug (Hazzah et al., 2015).

2.3.2. Selection of surfactant and co-surfactant
It is reported in the literature that a surfactant of optimum HLB

is required for the stabilization of the SLN formulation. Tween 80
with an HLB value of 15, produces stable SLN with optimum parti-
cle size (Gaur et al., 2014). In a study, a formulation containing
tween 80 was observed with small particle size as compared to
Tego care, the results were correlated with the HLB value of Tween
80 (Sznitowska et al., 2017). So, we have selected tween 80 as a
surfactant. We have selected soy lecithin as a co-surfactant as it

http://creativecommons.org/licenses/by-nc-nd/4.0/
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provides the film strength to SLN so that the maximum drug can be
entrapped in the lipid (Tan et al., 2017).

2.3.3. Selection of drug, lipid, and surfactant concentration
As per the literature review, the maximum concentration for

the drug-to-lipid ratio, surfactant, and co-surfactant used for the
trial batches are 1:10, 3%, and 1%. For the selection of the best com-
bination of excipients, the prepared SLNs were visually observed
for gelation, phase separation, and creamy effect.

2.4. Preparation of THC-loaded SLN using experimental design

2.4.1. Preparation of THC-loaded SLN (THC-SLN)
SLN were prepared by the previously published method of Ban

et al., 2020; with slight modification in which emulsification fol-
lowed by sonication was employed (Ban et al., 2020). Glyceryl
monostearate, soy lecithin, and THC were used in the lipid phase
and tween 80 in the aqueous phase. Both phases were heated sep-
arately at 70 �C. After heating, a high-speed mechanical stirrer was
used for mixing the aqueous phase in the lipid phase and temper-
ature was maintained at 70 �C. The stirring rate was maintained for
30 min at 70 �C. Sonication was performed for 8 min at 40% ampli-
tude using a probe sonicator to reduce the globule size as the glob-
ules can be breakdown using maximum energy for a long time at
high temperatures (Sharma et al., 2021). But beyond a limit, the
increasing amplitude and time cause particle aggregation thus
increasing the particle size (Behbahani et al., 2017). After sonica-
tion, the prepared SLNs were immediately stored at 4 �C.

2.4.2. Selection of formulation variables
Three levels (+1,0 and �1) of the drug-to-lipid ratio, concentra-

tion of surfactant, and co-surfactant concentration (independent
variables) were selected as shown in Table 1.

2.4.3. Experimental design
Box Behnken Design was used to conduct all the experiments as

it consumes less time with less runs (Yasir et al., 2021; 2018). The
design was implemented using a trial version of Design Expert�

software that suggested a total of 15 experimental runs with three
center points to minimize the uncontrolled variables as shown in
Table 2. These suggested formulations were developed and ana-
lyzed for selected responses.

2.5. Statistical analysis

Study of variance (ANOVA) was used in conjunction with
Design Expert� software to conduct the statistical analysis of vari-
ables. There was an examination of the formulation variables and
their interaction to see how they affected the outcomes. Using
sequential p-value, lack of fit p-value, adjusted R2, and forecasted
R2, the Design Expert� software determined the best-fitting model.
P-values<0.05 and F-values greater than 0.05 indicate that each
component has a significant contribution (Behbahani et al.,
2017). The connection between causes and effects can be visual-
ized using counter and 3-D surface graphs (Dudhipala and Janga,
2017). In a polynomial equation, a diminishing effect on the
Table 1
Components used in Box Behnken Design.

Factor Name Units

A Drug-to-lipid ratio
B Surfactant concentration %
C Co-surfactant concentration %

3

response is represented by a negative sign for the magnitude of
the coefficient and an increasing effect by a positive sign
(Alhalmi et al., 2022a).

2.6. Selection of optimized formulation

To get the best possible particle size, PDI, and entrapment effi-
ciency, the THC-SLN was optimized. Optimization was performed
using a numerical approach based on a desired function ranging
from 0 to 1 and an overlay plot derived from a graphical method.
The optimal formulation was created using the predicted values
of the variables with the highest desire function. The results of
the predictions were compared to the actual results (Syed et al.,
2021).

2.7. Determining the nature of SLN

2.7.1. Particle size and PDI
After diluting the newly produced SLNs formulations with dis-

tilled water 100 times, particle size and PDI were measured using
a Malvern zetasizer (Malvern, UK). It was done three times to
ensure accuracy.

2.7.2. Percent entrapment efficiency
1 ml of prepared formulations was centrifuged for 45 min at

18000 rpm and 4℃ using a cooling centrifuge separately
(Priyanka et al., 2018). The UV–Visible spectrophotometer was
used for the determination of the unentrapped drug by analyzing
the supernatant. The percent entrapment efficiency (%EE) was cal-
culated using Equation (1) as given below:

%EE ¼ Total drug added � Unentrappeddrug
Total drug added

X100 ð1Þ
2.8. Optimized formulation characterization

2.8.1. Particle size, zeta potential, and PDI
The optimized formulation was analyzed for determination of

particle size, zeta potential, and PDI in triplicate after diluted 100
times with distilled water using Malvern zetasizer (Malvern, UK).

2.8.2. Drug content
The concentration of the drug was ascertained by sonicating

0.1 ml of SLN for 2 min in 10 ml of methanol and then filtering
the mixture through a 0.45-lm syringe filter (Padhye and
Nagarsenker, 2013). The potency of the drugs was determined by
spectrophotometric analysis at 280 nm using the following
equation:

Drug content ¼ Amount of drug obtained
Total amount of drug

X100 ð2Þ
2.8.3. In-vitro release study
The solubility studies of THC were conducted in simulated gas-

tric fluid pH 1.2, simulated intestinal fluid (SIF) pH 6.8, and SIF 7.4.
THC was discovered to be more soluble in simulated intestinal fluid
Level

High (+1) Medium (0) Low (-1)

1:6 1:4.5 1:3
2.50 1.75 1
0.20 0.35 0.5



Table 2
Values obtained after several experimental runs were conducted using Box Behnken Design.

Run Drug-to-lipid ratio Surfactant concentration (%) Co-surfactant concentration (%) Particle Size (nm) EE (%) PDI Zeta Potential (mV)

1 1:3 1.75 0.50 125.4 69.1 ± 1.27 0.125 �21.0
2 1:4.5 1 0.50 184 85.3 ± 0.98 0.291 �25.7
3 1:4.5 2.5 0.20 131.7 79.3 ± 1.24 0.239 �20.3
4 1:4.5 1.75 0.35 149.3 84.1 ± 0.93 0.287 –23.1
5 1:4.5 2.5 0.50 127 82.7 ± 0.96 0.206 �19.9
6 1:6 2.5 0.35 317.7 89.4 ± 0.79 0.302 –22.3
7 1:4.5 1.75 0.35 149.2 84.2 ± 1.22 0.288 –23.2
8 1:6 1.75 0.20 374.7 87.9 ± 0.85 0.342 �26.4
9 1:4.5 1.75 0.35 149.3 84.1 ± 1.16 0.287 –23.2
10 1:6 1 0.35 418.9 86.5 ± 0.95 0.358 �26.8
11 1:3 1.75 0.20 132 59.8 ± 0.87 0.139 �18.4
12 1:3 2.5 0.35 121.8 66.9 ± 1.26 0.099 �18.2
13 1:4.5 1 0.20 219 72.2 ± 0.85 0.298 �25.6
14 1:3 1 0.35 141.6 62.4 ± 0.78 0.157 –23.5
15 1:6 1.75 0.5 365.8 92.1 ± 0.92 0.321 �25.9
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at pH-7.4; this finding lead the development of a UV–Visible spec-
trophotometer approach to estimating THC and the method was
validated according to guidelines of International conference on
harmonization (Sharma et al., 2021). Since THC is a hydrophobic
substance, in-vitro experiments were performed using tween 80
(at a concentration of 0.5%) and simulated intestinal fluid (pH-
7.4) to increase THC solubility and attain the sink condition. The
developed procedure was verified in accordance with ICH stan-
dards. A diffusion approach using a dialysis membrane was used
for in vitro drug release investigations (Rahman et al., 2019). Dial-
ysis membranes (molecular weight cut off: 12–14 kDa) were pre-
soaked in distilled water for 12 h before the in-vitro tests, and
then 10 mg of THC and optimized THC-SLN equivalent to 10 mg
of THC was injected into each end and tied off. Dialysis tubes con-
taining THC and SLN were stored in conical flasks with simulated
intestinal fluid (pH 7.4 + 0.5% tween 80). The samples were agi-
tated in an incubator bath shaker at 100 rpm and 37 ± 1 �C. A
1 ml sample of the dissolving media was taken at a set interval
and then analyzed using a UV–visible spectrophotometer. We were
able to keep the sink in working order by constantly replenishing
the withdrawn volume with new dissolving media.
2.8.4. Drug release kinetics
The optimal formulation release kinetics were calculated using

various mathematical models, including the zero-order, first order,
Korsmeyer-Peppas, and Higuchi models. The in vitro drug release
data is shown as a function of time as a zero-order model. It
demonstrated prolonged drug release without tablet disintegration
(Wojcik-Pastuszka et al., 2019). To produce a straight line, first-
order kinetics must be observed as the cumulative log percentage
of the drug still present over time (Dash et al., 2010). The mathe-
matical expression of the mechanism of sustained-action medica-
tion, including drug release from the matrix system, was
achieved in the Higuchi model. According to the Fickian diffusion
theory, the drug’s release rate is proportional to the square root
of the amount of time that passes. To visualize the data, we take
the square root of the time (Bruschi, 2015) and plot it against the
cumulative percentage of drug release. Release kinetics by the
Korsmeyer-Peppas model (Chen et al., 2020) is used for the first
60% of cumulative drug release, taking into account both non-
fickian and fickian diffusion behavior and the value of the coeffi-
cient. To calculate the release kinetics of medication using the
Korsmeyer-Peppas model (Dash et al., 2010), a plot of the cumula-
tive percentage of drugs released over time in log format is
obtained.
4

2.8.5. Morphological study via TEM
Morphological studies of optimized formulation were con-

ducted using a transmission electron microscope (TEM, Hitachi -
H-7500, Japan). The optimized SLN formulation was diluted and
stained using 1% w/v phosphotungstic acid (a negative stain) and
then observed under TEM for morphological investigation.

2.8.6. DSC study
Before DSC (differential scanning calorimeter) analysis, the

water content of the SLN was removed by lyophilization. Thermo-
grams of the drug, lipid, and their physical mixture were obtained
using DSC Q20 V24.11 Build 124. PerkinElmer- DSC-8000 was uti-
lized to obtain the DSC thermogram of lyophilized optimized SLN.
The dried samples of optimized SLN (5–10 mg) were put in an alu-
minum pan and scanned with a heating rate of 10 �C/minute in a
50–300 �C temperature range against the reference standard (Yasir
et al., 2017).

2.8.7. FTIR study
Spectrum 400 FT-IR/FIR Spectrometer, Perkin Elmer, USA was

used for FTIR Study of THC, GMS, their physical mixture, and the
lyophilized optimized THC-SLN using KBr pellet system. The
absorption bands with characteristic peaks were obtained in the
range of 4000–650 cm�1.

2.9. In vivo studies

Albino Wistar rats (175 ± 25 g) collected from the animal House
of PBRI, Bhopal were used to conduct animal studies. Experiments
were conducted after prior approval by Institutional Animal Ethics
Committee (IAEC), under Reference No. – PBRI/IAEC/08–22/027
from PBRI, Bhopal.

2.9.1. Pharmacokinetic study
Albino Wistar rats were acclimatized for seven days before the

experiment in standard in-house conditions. Rats were kept on free
water access for 14–16 h before the experiment and pharmacoki-
netic study of the THC and optimized THC-SLN. In two groups of
rats (n = 3), suspension of THC in tween 80 (group I) and optimized
THC-SLN (group II) were taken for pharmacokinetic studies. The
group I rats were administered orally with the suspension of THC
by gavage 80 mg/kg at a single dose and rats of group II were
administered with the amount of optimized THC-SLN equivalent
to 80 mg/kg. A blood sample was collected from the caudal vein
at at 0, 0.5, 1, 3, 6, 12, and 24 h intervals by nicking each rat’s tail
and kept in heparinized micro-centrifuge tubes. To compensate for
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the blood loss, normal saline (0.3 ml) was administered to rats
after each serial sampling. Plasma was obtained by centrifuging
the heparinized blood at 10000 rpm for 10 min. Plasma was stored
at �80 �C before HPLC analysis (Shukla et al., 2017; Zhang et al.,
2018). The pharmacokinetic parameters of THC and THC-SLNs
were calculated and compared to check the significance of results
using an unpaired t-test. The significance level was checked based
on p < 0.05 and all data are presented as mean ± SD.

2.9.1.1. HPLC analysis. The method developed by D’Souza et al. was
slightly modified and used to conduct HPLC analysis (D’Souza and
Devarajan, 2013). HPLC analysis was performed using an RP-HPLC
instrument equipped with a PDA detector (SPD-M20A, Shimadzu,
Japan), an auto-sampler, Phenomenex, C18 (4.6 � 250 mm i.d.,
5 lm particle size), and an LC-solution software.

The mobile phase used was the mixture of Solvent A (Acetoni-
trile) Solvent B (Methanol) and solvent C (Water) (40:23:37v/v).
The column temperature of 25℃, the flow rate of 1.0 ml/min, and
the isocratic elution mode was used with 50 lL injection volume.
Detection was carried out at 280 nm.

The chromatogram of the blank was obtained by injecting the
precipitating plasma using acetonitrile, filtered through membrane
filters (0.22 l Millipore). For the chromatogram of standard THC,
the stock solution of THC (1 mg/mL) was prepared in acetonitrile.
The predetermined concentrations of stock solution were diluted
with acetonitrile to obtain the working solutions. Each working
solution in 10 lL concentration was spiked separately in 90 lL of
plasma to obtain the calibration sample solutions. The clear super-
natant obtained after ultracentrifugation of prepared solutions at
15000 rpm, for 15 min at 4 �C was filtered through membrane fil-
ters (0.22 l Millipore), and injected in the HPLC system in 50 lL
volume (Prisilla et al., 2012).

500 lL of acetonitrile was added to the stored pharmacokinetic
study samples and vortexed for 1 min. The clear supernatant
obtained after ultracentrifugation of the mixture at 15000 rpm,
for 15 min at 4 �C was filtered through membrane filters (0.22 l
Millipore) and injected in the HPLC system in 50 lL volume.

2.9.2. Pharmacodynamic study
2.9.2.1. Animals. Albino Wistar rats were procured from the Animal
House of PBRI, Bhopal were housed at 22 ± 2 �C in four groups in
separate cages having six animals each. Animals were given a stan-
dard diet (water ad libitum and golden feed, New Delhi) and kept
at light: dark cycle (12:12) (El-Far et al., 2017).

2.9.2.2. Induction of diabetes. Rats were injected with STZ intraperi-
toneally (i.p.) at a single dose of 60 mg/kg body weight for the
induction of diabetes. STZ dose was prepared by dissolving it in
ice-cold 0.1 M citrate buffer. STZ-induced hypoglycemia was over-
come by giving glucose solution (5%) to all the rats overnight. Ani-
mals were considered as diabetic with blood glucose levels above
200 mg/dl on the 3rd day of STZ injection (Li et al., 2009, Zafar
et al., 2021). After the 4th day of the STZ injection, treatment with
THC and optimized THC-SLN was started, which was considered as
the 1st day of treatment, and treatment was continued up to
28 days. During treatment, blood glucose level and body weight
were observed at 0, 7, 14, 21, and 28 days (Anchi et al., 2019).

2.9.2.3. Experimentation. Four groups of rats (n = 6) were used.
Except for Group I, diabetes was induced in all the groups by the
above-mentioned procedure. On the 1st day of treatment, animals
of Group I were considered as normal control and given blank SLN
(5 ml/kg) only. The animals of Group II were considered as diabetic
control, and given blank SLN (5 ml/kg), group III animals received
5

the pure THC suspension (dose, 80 mg/kg) (Pari and Murugan,
2005), and group IV animals received optimized THC-SLN
(80 mg/kg) per day. All doses were given p.o. up to 28 days.

2.9.2.4. Statistical analysis. One-way ANOVA followed by the Bon-
ferroni test was used. The value p < 0.05 was considered signifi-
cant. All the data were presented as mean ± SD.

2.10. Stability studies

The optimized formulation was stored at temperature/relative
humidity conditions 25 ± 2℃/60%±5% and 40℃±2℃/75%±5% for
180 days and its particle size, % entrapment efficiency, and PDI
was checked at specific time intervals (Agarwal et al., 2020).

3. Results and discussion

3.1. Preliminary screening

3.1.1. Selection of lipid
The maximum solubility of THC was obtained in the glyceryl

monostearate (7%) followed by the compritol 888 ATO (4%), cetos-
tearyl alcohol (3%), stearic acid (1%), palmitic acid (1%), and dyna-
san114 (0.5%).

3.1.2. Selection of surfactant and co-surfactant
SLNs were prepared using Tween 80 and soy lecithin as a sur-

factant and co-surfactant respectively.

3.1.3. Selection of drug, lipid, and surfactant concentration
Acceptable results were obtained using the drug-to-lipid ratio

of 1:6 with 2.5 % surfactant (Tween 80) and 0.5 % co-surfactant
(soy lecithin).

3.2. Statistical analysis

The 3-D response surface and 2-D counter plots depict the
response surface analysis of factors and responses as shown in
Figs. 1 and 2. The quadratic model was suggested by the sequential
model sum of squares which is based on the highest-order polyno-
mial for all the responses. ANOVA was used for statistical analysis
of data obtained for all the responses given in Table 3.

3.2.1. Analysis of particle size
The particle size was obtained in the range of 121.8–418.9 nm.

The model F-value of 568.53, p-value < 0.05 suggested that model
was significant. In the case of particle size (Y1), A, B, C, AB, BC, A2,
B2, and C2 were significant model terms with p-values<0.05. The
model was improved by removing all the insignificant terms. The
predicted R2 was in close agreement with the adjusted R2. The
Adeq precision indicated by the signal-to-noise ratio of Y1 was
found to be 67.5452, which is greater than 4, suggesting the fitness
of the selected model. The lack of fitness was observed as non sig-
nificant. In the present study, The positive sign of A2 depicted that
particle size was increased with an increase in the drug to lipid ratio.
While the negative coefficient obtained for factors B and C shows
the reduction in particle size with an increased surfactant and
co-surfactant concentration. A positive value of B2 and C2 indicated
an increase in surfactant concentration beyond the limit could
exceed the particle size. The interaction between GMS and tween
80(AB) could decrease the particle size as depicted in Equation (3).

Y1 ¼ þ149:27þ 119:54A� 33:16B� 6:90C � 20:35AB

þ 7:58BC þ 92:39A2 þ 8:34B2 þ 7:82C ð3Þ



Fig. 1. 2-D response surface plots of selected responses (A) particle size, (B) % EE and (C) PDI.

Fig. 2. 3-D response surface plots of selected responses (a) particle size, (b) % EE and (c) PDI.

Table 3
Statistical analysis using ANOVA.

Parameters Particle size Percent Entrapment efficiency PDI

p-value 2.67 1.23 1.96
F-value 0.99 0.99 0.99
Adjusted R2 0.99 0.99 0.99
Predicted R2 0.98 0.95 0.98
Adeq Precision 67.54 40.26 66.47
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3.2.2. Analysis of percent entrapment efficiency
The percent entrapment efficiency was observed in the range of

59.8 ± 0.878–––92.1 ± 0.925%. The model F-value of 174.16 and p-
values < 0.05 imply the model was significant with A, B, C, AC, BC,
A2, B2, and C2 significant model terms. The insignificant lack of fit
proved the variability of responses by model. The predicted R2

and adjusted R2 difference was<0.2 which indicated a reasonable
agreement between them. The signal-to-noise ratio was 40.268;
indicating an adequate signal as the value was greater than 4.
6

Hence, this model can be used for navigation of the design space.
The response surface plots and equation for entrapment efficiency
are depicting all the three-factor contributing to increasing the
entrapment efficiency. The positive sign of factor A indicated the
higher the drug-to-lipid ratio will result in maximum entrapment
efficiency. The positive symboled factors B and C in the equation
showed that the surfactant and co-surfactant concentration also
increase the entrapment efficiency. While the negative coefficient
of AC and BC showed that soy lecithin tends to decrease the effect
of tween 80 and lipid on entrapment efficiency by altering their
functions as shown in Equation (4). While more than sufficient
concentration of any of the variables will decrease the entrapment
efficiency as explained by the negative coefficient of A2, B2, and C2

this could be the effect of gel formation, micelles, etc. The maxi-
mum drug entrapment was achieved with 1:6 (a drug-to-lipid
ratio) with 1.75 % of a surfactant and 0.5 % of the co-surfactant.

Y2 ¼ þ84:13þ 12:21Aþ 1:49Bþ 3:75C � 1:28AC � 2:42BC

� 5:24A2 � 2:59B2 � 1:67C2 ð4Þ
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3.2.3. Analysis of PDI
The model with an F-value of 452.97 and p-values<0.05 was

found to be significant. In PDI, significant model terms were A, B,
C, BC, A2, B2, and C2. The equation was generated by improving
the model using all the significant model terms only. The lack of
fitness was marginally non significant. The Predicted R2 was found
within close agreement with the adjusted R2. An adequate signal
was indicated by a signal-to-noise ratio of 66.474. The response
surface plot and equation depict an increase in PDI with the
drug-to-lipid ratio and a decrease by an increase in the surfactant
and co-surfactant concentration (Alhalmi et al., 2022b). The nega-
tive coefficient of AC and BC showed that the soy lecithin together
with surfactant and lipid tend to decrease the PDI and make the
homogeneous dispersion. The negative coefficient of A2, B2, and
C2 indicated the decrease in PDI with the excess amount of lipid,
surfactant, and co-surfactant, as shown in Equation (5).

Y3 ¼ þ0:2873þ 0:1004A� 0:0323B� 0:0094C � 0:0065BC

� 0:0425A2 � 0:0158B2 � 0:0130C2 ð5Þ
3.3. Selection of optimized formulation

To obtain the small particle size, optimum PDI, and higher
entrapment efficiency, the optimization was done using a design
expert. The predicted value for all three independent variables is
shown in the overlay plot. The drug-to-lipid ratio, concentration
of surfactant, and co-surfactant (1:4.16, 1.21, and 0.4775%) were
used to prepare the optimized batch based on the desirability
index as shown in Fig. 3. The predicted values of responses i.e.,
147.337 nm for particle size, 82.371% for entrapment efficiency,
and 0.2647 for PDI were obtained. The observed values for particle
size, entrapment efficiency, and PDI of the optimized batch were
found to be 147.1 nm, 83.58 ± 0.838 %, and 0.265 respectively,
and these were found very close to predicted values. The optimized
batch was characterized using FTIR, DSC, morphological studies, in-
vitro drug release, drug release kinetics, and stability studies.
Fig. 3. Desirability index for selec
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3.4. Characterization of optimized THC-loaded SLN

3.4.1. Particle size, zeta potential, and PDI
An optimized batch was observed with a particle size of

147.1 nm and PDI of 0.265 as shown in Fig. 4. The zeta potential
of optimized THC-loaded SLN was �24.6 mV, representing the sta-
bility of the formulation as shown in Fig. 5.

3.4.2. Drug content
The optimized formulation’s drug content was found to be 99.

5 ± 0.45%.

3.4.3. In vitro release study
The plain drug suspension showed 85.50 % release in 24 h.

While the optimized formulation showed a burst release of 27 %
in the first 2 h followed by a sustained release of 71.04% up to
24 h as shown in Fig. 6.

3.4.4. Drug release kinetics
The correlation coefficient (R2 = 0.9883) was found with the

highest value for the Korsmeyer-peppas model as shown in
Fig. 7. The value of diffusion exponent N was found between 0.45
and 0.89.

3.4.5. Morphological study via TEM
The particles were found to be spherical in size, monodispersed

on the surface, and showed no clumps in the morphological studies
of optimized formulation (Fig. 8). The particles were in close agree-
ment with the size obtained using a zetasizer.

3.4.6. DSC studies
Fig. 9 shows the DSC thermograms of THC, glyceryl monos-

tearate, physical mixture, and optimized formulation. In the DSC
thermogram of THC and GMS, a sharp endothermic peak at
96.59℃ with an enthalpy energy of 362.2 J/g and at 59.97℃ with
an enthalpy energy of 353.0 J/g were observed respectively. Only
a slight shift of peaks from 59.97℃ to 57.19℃ (GMS) and from
tion of optimum formulation.



Fig. 4. The particle size of optimized SLN.
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96.59℃ to 87.86℃ (THC) from the physical mixture was observed.
The peak of THC disappeared in the optimized formulation and the
peak of GMS was broadened and shifted from 59.97℃ to 54.95℃ in
formulation.

3.4.7. FTIR studies
All the characteristic peaks were present in the physical mix-

ture with slight shifting (Fig. 10). The comparison of the character-
istic peaks of functional groups in the interpretation of THC,
physical mixture, and optimized formulation is shown in Table 4.
In optimized THC-SLN, the presence of peaks for all the groups
was confirmed only there was a foremost change in the character-
istics peak of -C-OCH3 stretching in the optimized formulation, but
it was still within the specified range of the IR chart.

3.5. In vivo studies

3.5.1. Pharmacokinetic study
The comparison between the AUC of the plain THC suspension

and optimized THC-SLN is shown in Fig. 11.
The pharmacokinetics parameters such as Cmax, Tmax, AUC(0-t),

AUC(0-inf), Kel, T1/2, Vd, Cl, and relative bioavailability (F) were
obtained using plasma concentration versus time profile and
results are shown in Table 5. The half-life of optimized THC-SLN
8

(14.46 ± 3.33 hrs) was significantly higher than a plain drug sus-
pension (6.1 ± 1.8 hrs). The elimination rate constant, clearance,
and Vd of the optimized THC-SLN were lower than plain THC sus-
pension. Cmax and AUC(0-inf) were found to be 6.56 and 10.92 folds
higher than the plain drug suspension. The optimized THC-SLN
showed relative bioavailability of 1092%.
3.5.2. Pharmacodynamic studies
3.5.2.1. Effect of optimized THC-SLN on diabetes mellitus. The blood
samples were taken at different days intervals and mean blood glu-
cose levels were analyzed for all the groups; as shown in Table 6.
Diabetes was induced in animals significantly (p < 0.001) by using
STZ. Fasting blood glucose level was observed at greater
than 200 mg/dl compared to non-diabetic control. Stable mean
blood glucose level was observed in animals of group I throughout
the study. Animals of Group II were found diabetic significantly
(p < 0.001) by the end of the study with a mean blood glucose level
of 309.4 ± 3.528 compared to non-diabetic control. Mean blood
glucose level was reduced (266.0 ± 9.022–128.7 ± 8.503 mg/dl)
in Group III animal (pure THC suspension), significantly
(p < 0.001) compared to group II (diabetic control). Blood glucose
level was found to be decreased by 51.6% by the end of the 28th
day. A mean blood glucose level (283.2 ± 7.188–102.6 ± 7.274 m
g/dl) was changed significantly (p < 0.001) in Group IV (STZ



Fig. 5. Zeta potential of optimized THC-loaded SLN.

Fig. 6. In vitro release of free drug and optimized batch (n = 3).
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Fig. 7. Release kinetics of optimized batch.

Fig. 8. TEM image of optimized THC-SLN.
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(60 mg/kg) + optimized THC-SLN) compared to group III (STZ
(60 mg/kg) + pure THC suspension) and group II (diabetic control)
animals. Blood glucose level was found to decrease up to 63.7% by
the 28th day of the study as shown in Fig. 12. Several reasons can
be worked for the antidiabetic activity of THC, such as its effective-
ness in reducing the blood glucose level, metabolism of carbohy-
10
drates, restoration of enzyme activity, and insulin binding to its
receptors (Rivera-Mancía et al., 2015). A study showed that THC
improves glucose homeostasis by reducing the blood glucose level,
enhancing the secretion of insulin from existing b-cells, increasing
animal body weight, and increasing plasma insulin level by reduc-
ing gluconeogenic enzyme activity in the STZ-induced diabetic rats



Fig. 9. DSC Thermogram of (a) THC (b) GMS (c) Physical Mixture (d) Optimized THC-SLN.
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(Pari and Murugan, 2005). THC showed higher antioxidant activity
as compared to curcumin due to the increased enzyme activity
involved (Murugan and Pari, 2006a).

3.5.2.2. Effect of optimized THC-SLN on body weights. The body
weight of non-diabetic control animals was stable throughout
the study. At the same time, the body weight of group II animals
was drastically decreased significantly in comparison with non-
diabetic control (p < 0.001). The body weight of animals receiving
the pure drug suspension and optimized THC-SLN improved signif-
icantly (p < 0.001) than diabetic control animals. A more improve-
ment in body weight of animals receiving optimized THC-SLN was
observed compared to plain drug suspension significantly
(p < 0.05) as shown in Fig. 13.
11
3.6. Stability studies

A stability study was conducted for six months period as shown
in Table 7. Slightly more changes were observed in the entrapment
efficiency at accelerated conditions compared to room tempera-
ture, while the physical appearance of the formulation was the
same.

After 6 months, the particle size of the optimized formulation
was changed from 147.1 to 167.2 nm at room temperature condi-
tions, and from 147.1 nm to 213.0 nm at accelerated conditions. In
accelerated conditions, PDI was quite stable for 30 days, but it was
found to be increased at the end of 180 days. While at room tem-
perature conditions, PDI was stable for up to 6 months. Insignifi-
cant changes were observed in the particle size, entrapment



Fig. 10. FTIR spectra of (A) tetrahydrocurcumin (B) GMS (C) physical mixture (D) optimized THC-SLN.

Table 4
FTIR interpretation of tetrahydrocurcumin, physical mixture, and optimized formulation.

S. No. Interpretation IR absorption bands (cm�1)
(THC spectra)

IR absorption bands (cm�1)
(Physical Mixture)

IR absorption bands (cm�1)
(Optimized THC-SLN)

1 OH stretching of the phenol group 3306.8 3307.1 3405.3
2 C = O stretching of Carbonyl 1731.7 1732.2 1733.2
3 enol C-O stretching 1289.0 1268.0 1247.5
4 C–H bending of the methyl groups 1468.7 1464.4 1467.5
5 -C-OCH3 stretching 1046.4 1037.9 992.7
6 O–H bending 1420 1425.8 1391.5
7 C-OH 1102.0 1107.5 1098.6
8 C–H Strechings of alkane 2914.7, 2849.4 2915.7, 2850.2 2915.3, 2851.2
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efficiency, and PDI. Particle size was with a narrow size distribu-
tion even after 6 months. PDI was<0.5 results showing that uni-
form distribution was maintained throughout the stability period.
4. Discussion

Glyceryl monostearate was selected as a lipid for SLN prepara-
tion based on results obtained by the solubility study, because
maximum solubility of THC was obtained in the glyceryl monos-
tearate, as it contains mono-, di- as well as triglycerides, so it can
solubilize maximum drug amount. we have selected tween 80 as
12
a surfactant and soy lecithin as a co-surfactant. Tween 80 helps
to decrease the particle size and increase the entrapment efficiency
in SLN. A study proved that pluronic F68 produced a formulation
with larger particle size and PDI than compared to tween 80 and
the reason may be, pluronic F68 has a higher HLB value than tween
80 (Iizhar et al., 2016). Since the drug was slightly aqueous soluble
as compared to curcumin so soy lecithin would help to enhance the
entrapment efficiency, also less amount of lipid will be required for
the formulation of SLN by the addition of soy lecithin as a co-
surfactant. Trials were conducted for the selection of drug-to-
lipid ratio, surfactant, and co-surfactant concentration. As we
observed that less amount of lipid was required for the preparation



Fig. 11. Comparison of pharmacokinetics study of plain THC suspension and optimized THC-SLN (n = 3).

Table 5
Pharmacokinetics parameters of optimized THC-SLN and plain THC suspension (n = 3).

Pharmacokinetic parameter Optimized THC-SLN* Plain THC suspension* Unpaired T-test, p-value

Cmax) (ng/ml) 1624.43 ± 58.35 247.35 ± 26.38 0.0007, extremely significant
AUC(0-t) (ng/ml*h) 19411.70 ± 421.97 2049.35 ± 271.92 <0.0001, extremely significant
AUC(0-inf) (ng/ml*h) 23921.80 ± 566.82 2181.88 ± 357.90 <0.0001, extremely significant
Tmax(hrs) 6 ± 0.00 3 ± 0.00 –
Kel(h�1) 0.047 ± 0.037 0.113 ± 0.09 –
t1/2(hrs) 14.46 ± 3.33 6.1 ± 1.8 0.034, significant
Vd (L) 102.16 ± 13.20 669.51 ± 27.28 0.0014, a very significant
Cl (L/h) 4.81 ± 2.58 75.72 ± 9.63 0.0065, significant
F 1092% – –

*The values are expressed as Mean ± S.D.

Table 6
Pharmacodynamic study showing the mean blood glucose level (mg/dl) of rats (n = 6).

S. No. Treatment Blood glucose level (mg/dl)

0 Day 7 Day 14 Day 21 Day 28 Day

1 Group I (Non-diabetic control) 104.1 ± 2.43 109.7 ± 4.44 107.1 ± 3.54 111.0 ± 4.30 109.4 ± 2.83
2 Group II (Diabetic control) 294.1 ± 3.59*** 299.7 ± 4.75 304.1 ± 4.40 307.0 ± 4.41 309.4 ± 3.52***
3 Group III (THC Suspension, 80 mg/kg) 266.0 ± 9.02*** 238.1 ± 6.80*** 192.6 ± 9.95*** 156.4 ± 8.60*** 128.7 ± 8.50***
4 Group IV (THC- SLN,80 mg/kg) 283.2 ± 7.18*** 219.5 ± 8.78*** 173.5 ± 6.55*** 129.2 ± 7.46*** 102.6 ± 7.27***
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of SLN, the reason for the same may be some of the portions may
be solubilized in the aqueous phase (Zhang et al., 2013) and the
use of soy lecithin as a co-surfactant (Tan et al., 2017). Total 15 for-
mulations were prepared by utilizing box behnken design. The sta-
tistical analysis of experimental data for all three responses was
done using ANOVA. The high level of positive significance of factor
A showing the contribution of lipids in increasing the particle size,
the reason may be the coalesce in the formulation and increase in
viscosity observed with increased concentration of lipid. Also, the
additional space provided by the lipid for the entrapment of the
drug so decreases the total surface area and increases the particle
size (Shah and Pathak, 2010). At a high drug-to-lipid ratio, due to
viscosity sonication gets affected, and produces large particles
(Iizhar et al., 2016). On the other hand, smaller particle size was
obtained upon increasing the surfactant andco-surfactant concen-
tration. As the surfactants form a stable dispersion by reducing the
surface free energy and surface tension. They break down the dro-
plets of lipid melt and prevent the formation of aggregates thus
13
decreasing the particle size (Khames et al., 2019). But positive sig-
nificant B2 and C2 indicated that beyond the limit, an increase in
surfactant and co-surfactant concentration results in the formation
of micelles and could also increase the particle size (Kumar et al.,
2022b). The decrease in the particle size was observed with the
interaction of lipid and sufactant that might be due to the surfac-
tant which surrounds the lipid droplets to decrease its size while
the interaction of lipid and soy lecithin tends to increase the parti-
cle size as together they tried to entrap all the drug by strengthen-
ing the film formed (Tan et al., 2017). The maximum % entrapment
efficiency was obtained with high drug to lipid ratio. The reason
may be the mixture of acylglycerols provides more space for the
entrapment of drugs (Shah and Pathak, 2010). Surfactant and co-
surfactant also increased the % entrapment efficiency up to some
extent. The increasing effect was due to tween 80 (Iizhar et al.,
2016) and soy lecithin (Tan et al., 2017) which increase the film
strength of formulation. The polynomial equation showed that
excess amount of any of the variables resulted in decrease in the



Fig. 12. Pharmacodynamic study showing the mean blood glucose level (mg/dl) at different time intervals of different groups of rats (n = 6).

Fig. 13. Pharmacodynamic study showing the effect of formulations on the body weight (g) of treated rats (n = 6).
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% entrapment efficiency. This may be due to the formation of gel
and micelles, etc. The maximum drug entrapment was achieved
with the higher lipid concentration with the optimum amount of
surfactant and co-surfactant. The homogeneous distribution of
particles in SLN could be explained by PDI near 0 and for the nar-
row particle size distribution acceptable PDI is up to 0.5 (Agarwal
14
et al., 2020). In our study, PDI was found to be decreased by
increasing the surfactant concentration and increased by increas-
ing drug to lipid ratio. The reasons may be the same as with the
particle size. Co-surfactant also decreased the PDI and contributed
in the formation of homogeneous dispersion. Polynomial equation
showed that excess amount of lipid, surfactant, and co-surfactant,



Table 7
Six months stability profile of optimized THC-SLNs (n = 3).

Duration 25�C ± 2�C/60% ± 5% RH 40�C ± 2�C/75% ± 5% RH

S. No. Time (Days) Physical Appearance EE ± SD (%) Particle Size (nm) PDI Physical appearance EE ± SD (%) Particle Size (nm) PDI

1 0 Off white suspension
throughout the study

83.58 ± 2.13 147.1 0.265 Off-white suspension
throughout the study

83.58 ± 0.83 147.1 0.265
2 30 81.09 ± 1.73 148.0 0.265 80.66 ± 1.96 149.6 0.269
3 60 80.93 ± 1.66 149.7 0.267 78.01 ± 1.48 154.3 0.278
4 90 80.08 ± 1.78 151.8 0.269 75.17 ± 1.83 176.8 0.291
5 180 78.49 ± 1.35 167.2 0.272 69.95 ± 1.76 213.0 0.316
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decreased the PDI, this could be explained as no free drug will be
present in suspension with the use of an excess amount of these
three variables. Optimization was done using the design expert
software to obtain the formulation batch with small particle size
and high % entrapment efficiency. The optimized batch’s results
were found in very close agreement with the predicted values,
which proved the significance of our design. The prediction of
the stability of a formulation is done by Zeta potential, which is
expressed as the difference in electrical voltage in surface-
charged particles. The zeta potential within the range of
+/�30 mV is considered ideal (Andrade et al., 2019). The zeta
potential of all the THC-loaded SLN was observed within the range,
which represents the formulations’ stability. Drug content analysis
confirmed that drug was not degraded during preparation of SLN.
Higher solubility of THC was obtained in the alkaline medium than
the acidic medium in the solubility studies conducted for the selec-
tion of disssolution media. The results were also supported by Kak-
kar et al. and co-workers in their studies, where THC offers
superior stability at pH 7.4 (Kakkar et al., 2018). Simulated intesti-
nal fluid (pH-7.4) along with Tween 80 (0.5%) was used as a disso-
lution media for in-vitro release stuides. The burst release was
observed initially because there may be some drug present at the
outer region of the formed SLN and later on sustained effect was
observed due to the slow release of the drug from the inner core
of SLN (H. Bhatt et al., 2018). In the drug release kinetics study,
the highest value of the correlation coefficient (R2 = 0.9883) was
observed for the korsmeyer Peppas model. This showed the release
of drugs from the matrix in a controlled manner (Sharma et al.,
2021). As the value of diffusion exponent N was between 0.45
and 0.89, the drug release was following the non-fickian diffusion
mechanism (Arora et al., 2011). This indicated that the mechanism
of drug release was diffusion followed by erosion. Firstly the media
was diffused into the matrix in a controlled manner then the outer
layer of SLN was eroded or solubilized to allow drug release in dis-
solution media (Sermkaew et al., 2013). In the morphological study
conducted using TEM, particles were found spherical in shape and
mono-dispersed on the surface without showing any clumps. The
DSC thermogram of the THC and GMS revealed that these are crys-
talline in nature. Both, THC and GMS are found compatible with
each other in DSC studies of physical mixture. The disappearance
of peak of THC in the optimized formulation confirmed the conver-
sion of the drug to the amorphous from crystalline form. The peak
of GMS was broadened and shifted in formulation indicating the
formation of SLN (Wadetwar et al., 2020). The shifting in peak
may be due to the reduction of particle size in SLN than lipid in
bulk, the presence of co-surfactant and surfactant, and the pro-
vided high surface area (Gardouh, 2013; Wang et al., 2016). All
the characteristic peaks were present in the FTIR of physical mix-
ture with slight shifting, which confirmed no chemical interaction
between lipid and drug (Wadetwar et al., 2020). In optimized THC-
SLN FTIR spectra, the presence of peaks for all the groups con-
firmed the encapsulation of a stable form of THC in the lipid. There
was a foremost change in the characteristics peak of -C-OCH3

stretching in the optimized formulation, but it was still within
15
the specified range of the IR chart. The presence of all the peaks
of functional groups in the formulation showed that probe sonica-
tion did not alter the structure of lipids (Öztürk et al., 2019). While
shifting and broadening of the peaks and reduction in density in
the peaks from the peaks of the THC may be due to the formation
of SLN which confirmed the hydrogen bond presence between THC
and lipid (Sharma et al., 2021). In pharmacokinetic study, we have
compared our optimized formulation with the plain drug suspen-
sion. The tmax and half-life of optimized THC-SLN were found to
be higher when compared to the plain drug suspension. While
clearance, elimination rate constant and Vd of the optimized for-
mulation were found to be lower than the plain curcumin suspen-
sion, confirming the presence of the drug in the body for a longer
period of time(Shukla et al., 2017). The prolonged and sustained
release effect was shown by optimized THC-SLN as its Cmax and
AUC(0-inf) were found to be higher than the plain drug suspension.
The enhanced bioavailability may be due to the SLN providing a
higher surface area, thus enhancing the drug’s solubilization. Lipids
in the formulation bypass the portal circulation and prevent
CYP3A-mediated drug metabolism. They alter the gastric residence
time of the drug, so it helps increase their uptake by the lymphatic
system (Baek and Cho, 2017). In anti-diabetic study of optimized
THC-SLN, a quite acceptable decrease of 63.7 % was observed in
the blood glucose level of the animals and found almost similar
to mean blood glucose level of non-diabetic control animals by
the 21st day of the treatment. Compared to plain drug suspension
marked improvement was observed in the body weight in animals
received optimized THC-SLN. Several reasons may have worked for
anti-diabetic activity of THC, such as its effectiveness in reducing
the blood glucose level, restoration of enzyme activity, and insulin
binding to its receptors (Pari and Murugan, 2005). A study also
reported that THC could improve glucose homeostasis by enhanc-
ing insulin secretion from existing b-cells, increasing the body
weight of the animal and increasing plasma insulin level by reduc-
ing gluconeogenic enzyme activity in the STZ-induced diabetic rats
(Pari and Murugan, 2005). THC showed higher antioxidant activity
as compared to curcumin due to the increased enzyme activity
involved (Murugan and Pari, 2006a). During the stability study,
SLN were found with the narrow particle size distribution even
after 6 months at accelerated and room temperature conditions.
Slight changes were observed in the % entrapment efficiency at
accelerated conditions when compared to room temperature. In
contrast, no differences were observed in the physical appearance
of the drug, which showed that no crystallization of the drug was
occurred during storage period. The heterogenecity was observed
in PDI at the end of 180 days at accelerated conditions, while it
was almost stable throughout the period at room temperature.
The stability study concluded that the formulation can be stored
for an extended period at room temperature. Slight changes
can be observed at the accelerated conditions. These findings
showed that SLN could be a promising drug delivery system for
controlled delivery of tetrahydrocurcumin in the management of
diabetes mellitus and can be preferred over the conventional
dosage forms.
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5. Conclusions

Glyceryl monostearate was found to be a lipid-soluble solvent
in the development of THC-SLN. The experimental batches were
used to determine the ideal concentrations of surfactant and co-
surfactant. To construct effective SLN formulations, a box Behnken
design was used. The effects of the independent variables (a drug
to lipid ratio, surfactant concentration, and co-surfactant concen-
tration) and their interaction on the desired outcomes were inves-
tigated (particle size, entrapment efficiency, and PDI). Particle size,
entrapment efficiency, and PDI were all measured to be 147.1 nm,
83.580 ± 838%, and 0.265 for the optimized batch, respectively,
which was extremely near to the predicted values. The in vitro
investigation found that the medication was released in a rapid
burst at first, possibly because it was concentrated on the outer
layer, and then gradually decreased in concentration over 24 h.
The morphological analysis demonstrated that the particles were
monodispersed and spherical. An enhanced formulation was
reported to have much greater bioavailability and antidiabetic
potential than ordinary drug dispersion. Therefore, SLN may serve
as a transport mechanism for THC in the treatment of diabetes.
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