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Background: Ibuprofen (IBU), a nonsteroidal anti-infla
solubility, which limits its clinical application.
Objective: In the present study, we aimed to develop therm
to improve the dissolution and bioavailability o

retention time.

Results: The optimized SLN:
of —21.00 £ 0.59 mV. The ed successful encapsulation of the drug inside the nanoparticle as only peaks responsible
well with XRD spectra, which showed a completely amorphous state of the IBU-SLNs
re of the pure drug. The gelation temperature of the prepared IBU-SLN-ISG was 33.30 £ 0.78°C, the
gelation time was 14. rength was 54.00 + 1.41 s, and the mucoadhesion was (11.54+0.37) x 102dyne/cm?. The in vitro

importa ed much better absorption of IBU and improved bioavailability in rats. In addition, IBU-SLN-ISG
caused ge to rectal tissues, and could be retained in the rectum for a long time.
Conclusi ermosensitive in situ gel loaded with IBU-solid lipid nanoparticles might be further developed as a more convenient

and effective &gl dosage form.

Keywords: therm®sensitive gel, ibuprofen, solid lipid nanoparticle, rectal delivery, bioavailability

Introduction

Ibuprofen (IBU), a nonsteroidal anti-inflammatory drug (NSAID), is a nonselective cyclooxygenase (COX) inhibitor,
exerts potent pyrolysis, analgesic and anti-inflammatory effects after oral or rectal administration.' It could be used to
treat rheumatoid arthritis, various forms of joint and non-articular rheumatism, as well as pain caused by inflammatory

peripheral nervous system involvement, exacerbation of gout, neuralgia, myalgia, ankylosing spondylitis, radiculitis, and

Drug Design, Development and Therapy 2022:16 14071431 1407
Received: 24 December 2021 © 2022 Huang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing the

Accepted: 27 April 2022
Published: 12 May 2022

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-5111-038X
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Huang et al Dove

trauma.” It is most prescribed for the treatment of fever and moderate pain in childhood. However, IBU is evaluated as
a BCSII drug according to the Biopharmaceutical Classification System (BCS). IBU shows poor gastrointestinal
absorption due to the low solubility or dissolution rate to water (21 mg/L at 25°C).> And it is rapidly bio-transformed
with a serum half-life of 1.8 to 2 hours, which means that patients are required to administer it three to five times daily.*
Therefore, finding a desirable delivery is necessary to ameliorate these defects.

Rectal route offers a noninvasive and useful route for drug administration when systemic or local effects are required.
The rectum offers a relatively constant environment for drug delivery that allows a constant steady-state concentration of
drug in plasma and partially avoids hepatic first-pass effect or gastrointestinal drug absorption difficulties.’®
Suppositories, a common form of rectal administration, have been favorable dosage forms for infants, children and
unconscious patients. However, the use of conventional solid suppositories is often accompanied by discomfort.

Furthermore, conventional solid suppositories might reach the end of the colon and make the carg experience

development of a new thermosensitive liquid suppository has prompted investig S¥ith this new
method of delivery: indomethacin,® ace‘[aminophen,lo’ll diclofenac sodium,>®! yne,'> insulin, ¢ %
carbamazepine,'® diltiazem hydrochloride,” etodolac?' nimesulide,”® flurb ’ ol hydrochloride.**
However, since IBU is a poorly water-soluble drug, we have to inc ion by applying some

formulation strategies to improve that.
There are many approaches to enhance the solubility of IBU, ritization,?® solid dispersion,”'
and self-emulsifying drug delivery system. Recently, solid lipid nfoparticles @ .Ns) gel system may serve as a solution

to overcome the limitations of the solubility related low bioavaigili SLNs can comprise physiological and

and gelling when temperature increases.' mers were reported not to cause any damage to mucosal

membranes.”**® To modulate the gel

sitive gel loaded with ibuprofen-solid lipid nanoparticles (IBU-
SLN-ISG) for prolonging i ime and improving its bioavailability after rectal delivery. The physico-

distribution, zeta pof{W@s tion temperature, gel strength and in vitro dissolution. Furthermore, the in vivo
pharmacokineti i i@rtation of IBU in situ gel (IBU-ISG) and IBU-SLN-ISG were also investigated

Material

Materials
Ibuprofen (IBU, content 99.9%) was purchased from Shandong Xinhua Pharmaceutical Co., Ltd. (Zibo, China). Stearic
acid and glycerol monostearate were obtained from Shanghai Qingxi Chemical Technology Co., Ltd. (Shanghai, China).
Hyaluronic acid was obtained from Shanxi Tengmai Biological Technology Co., Ltd. (Xi’an, China). Poloxamer 407 and
Poloxamer 188 were acquired from BASF (Ludwigshafen, Germany). Purified water was used after deionization and
filtration in a Millipore VR system. Tween 80 was purchased from Sichuan Jinshan Pharmaceutical Co., Ltd. (Sichuan,
China). Acetonitrile and methanol of HPLC grade were purchased from Fisher Scientific. Paediatric Ibuprofen
Suppository was obtained from Shanxi Taiyuan Pharmaceutical Co., Ltd. All other chemical reagents and solvents
used were of analytical grade.
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Preparation of Ibuprofen-Solid Lipid Nanoparticles

The solid lipid nanoparticles loaded with IBU were prepared by a hot homogenization method.?’ Briefly, IBU was
dissolved in a mixture of stearic acid (SA) and glyceryl monostearate (GMS) in a water bath at 70°C to form the lipid
phase. The surfactant Tween 80 was dissolved in purified water at the same temperature to form the aqueous phase. Then,
the aqueous phase was added to the lipid phase, and the mixture was stirred with an IKA EUROSTAR digital stirrer at
1000 rpm for 15 minutes in a 70°C-water bath to obtain a primary emulsion. Afterward, the obtained pre-emulsion was
sonicated using a probe sonicator (Ultrasonic Homogenizer JY92-1IN) at 50% of amplitude during 10 minutes to obtain
a nanoemulsion. Next, the hot nanoemulsion was magnetically stirred for 10 min in an ice bath to recrystallize the lipid
and form the SLNs solution. The obtained IBU-SLNs solution was freeze-dried in a freeze dryer (EYELA-FDU-2100,
Japan) and was analyzed by SEM, XRD and FTIR method. The process was that the IBU-SLNs solution was frozen at

—50°C for 48 h in the lyophilizer chamber followed by primary drying at —35°C and 150 mtg 4 h, followed by

Optimization of Ibuprofen-Solid Lipid Nanoparticles
The optimization of IBU-SLNs formulation parameters were studied by Box-Be i i Ware Design-Expert
8.0.6.°° Based on the results obtained in preliminary experiments, three inde
stearic acid (A), glyceryl monostearate (B) and surfactant Tween 80 (C n, 17 IBU-SLN preparations

were formed, and optimized by the results of encapsulation efficie loading (DL, R2), mean particle size

by the fitness of the model among the linear (main effects only) action (effects and interactions) and quadratic
models (effects, interactions and quadratic terms). Based on th del, a polynomial equation suitable for each
response was determined and used to evaluate the infl of the 1 variable on the studied response. A model with

a p-value of less than 0.05 was considered statistically he objective function of this research was to maximize the
EE and DL, and minimize MPS, PDI and ZP.

nd Their Levels in the Box-Behnken Design

Levels
-1 0 |
Independent variables
A=Amount of stearic acid (g) 0.1 0.2 0.3
B=Amount ofglyceryl monostearate (g) 0.1 0.2 03
C=Amount of Tween 80 (g) 0.2 0.4 0.6
Dependent variables Constraints
R1=Encapsulation efficiency (EE%) Maximize
R2= Drug loading (DL%) Maximize
R3=mean particle size (MPS, nm) Minimize
R4=polymer dispersity index (PDI) Minimize
R5=zeta potential (ZP, mV) Minimize
Drug Design, Development and Therapy 2022:16 htps: 1409
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Table 2 Box-Behnken Experimental Design and the Effects of Different Formulation Variables on EE (RI), DL (R2), MPS (R3), PDI
(R4), ZP (R5)

Run Actual Value Variables Response Values
A (g) B (g) C(g) RI (%) R2 (%) R3 (nm) R4 R5 (mV)
| 0.2 0.2 0.4 87.61 11.93 188.57
2 0.2 0.1 0.6 85.48 7.04 110.50
3 0.2 0.3 0.6 86.43 9.54 95.50
4 0.1 0.2 0.2 80.46 10.09 184.80
5 0.1 0.2 0.6 83.45 7.20 114.83
6 0.3 0.3 0.4 87.26 11.35 119.40
7 0.1 0.3 0.4 81.55 9.51 119.70
8 0.2 0.2 0.4 89.53 14.90 273.67
9 0.2 0.2 0.4 88.79 14.94 217.17
10 0.2 0.2 0.4 87.18 13.30
Il 0.2 0.1 0.2 72.72 7.72
12 0.3 0.1 0.4 8l.12 7.25
13 0.3 0.2 0.2 76.09 7.18
14 0.2 0.3 0.2 84.10 10.68
15 0.3 0.2 0.6 90.28 825
16 0.2 0.2 0.4 85.46 13.
17 0.1 0.1 0.4 83.59 12.65
a suitable scattering intensity.*® The zeta potential of IB:SLNs w. e using the same instrument based on an

electrophoretic light scattering technique.?” In this study}
standard deviation (SD).

were determined three times and reported as mean +

Encapsulation Efficiency and Drug Loadi
s were determined by ultrafiltration and centrifugation.
Briefly, 100 pL of IBU-SLNs fo
(MWCO = 10 kDa; Solarbio
Centrifuge 5410 R) at 12,00

equations:
Entrap %): EE(%) = T2 5 100
Drug loadin (%): DL(%) = e Piee 100

Wiipia

where W, repréSents the total amount of IBU in IBU-SLNs, Wy, represents the free amount of IBU in IBU-SLNs,
and Wj;,;s represents the total amount of lipid nanoparticle.

HPLC Analysis of IBU

The content of IBU was determined by the HPLC method. The HPLC instrumentation included a CBM-20Alite system
controller, a Shimadzu LC-20AT solvent delivery system, a Shimadzu SPD-M20A UV/VIS photodiode array detector,
a Shimadzu SIL-20A auto injector and a Shimadzu CTO-20A column oven. The chromatographic data were collected
and processed by means of Shimadzu LC solution software (Shimadzu Corp). A Hypersil (4.6 X 250 mm, 5 um)
analytical column was used. The eluate was monitored at 263 nm. The mobile phase was an acetonitrile-sodium acetate

1410 "

Dove!

Drug Design, Development and Therapy 2022:16


https://www.dovepress.com
https://www.dovepress.com

Dove Huang et al

buffer (pH adjusted to 2.5 with acetic acid) (60:40, v/v) with a flow speed of 1.0 mL/min. The injection volume was 20
pL, and the column temperature was 35°C. The run time was 10 minutes and the retention time of IBU was
approximately 5.4 minutes. A linear correlation was acquired between peak area and concentration. The linear equation
was y=447.69x-4703.6 (R?=0.9992), where x is the concentration and y is the peak area. The assay was linear in the
concentration of 1.0~150 pg/mL. The limit of detection was 0.5 pg/mL.

Scanning Electron Microscope (SEM)
The shape and surface topography of IBU and IBU-SLNs were determined using scanning electron microscope (FP
2012/14 Quanta250; SE DETECTOR R580; USA) operating at 13kV. The freeze-dried IBU-SLNs powder was mounted
on a metal stub with double-sided adhesive tape and gold-coated under vacuum in an argon atmosphere prior to
observation.**

X-Ray Powder Diffraction (XRD)

X-ray powder diffraction technique was used to analyze the crystal structure of th gy To study the

setting of 30mA. Samples were scanned over a range of 3°-60° 20 ai
of 0.010°.%

Fourier Transform Infrared (FTIR) Spectroscopy

ed. In addition, the IBU in situ gel (IBU-ISG) was prepared in the same way
operties with IBU-SLN-ISG in vitro and in vivo. The calculated amount of P407,

as IBU-SLN-ISG
P188 and

Table 3 The GeM@poperties of the Formulation (X£SD, n=3)

Formulation P407/P188 Drug Gelation Gelation Gel Bioadhensive Force
(%, wiw) Form Temperature (°C) Time (s) Strength(s) (x10%dyne/cm?)
IBU-SLN-ISGI 18%/8% SLNs 32.20+0.56 17.67+2.08 42.33£1.53 10.57+0.3
IBU-SLN-ISG2 18%/10% SLNs 33.30+0.78 14.67+2.52 54.00£1.41 11.54+0.37
IBU-ISGI 18%/8% PD 35.05+0.67 38.67+1.53 28.50+3.54 6.71£0.90
IBU-ISG2 18%/10% PD 35.58+2.68 34.33%1.15 34.00+2.83 7.93+0.64

Note: 0.2% hyaluronic acid was added to each formulation.
Abbreviations: SLNs, solid lipid nanoparticles; PD, pure drug.
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Characterization of Thermosensitive in situ Gel

Measurement of Gelation Temperature and Gelation Time

The gelation temperature and gelation time were measured by the stirring magnetic bar method.*>’ Briefly, a transparent vial
containing a magnetic bar and 10 mL of the thermosensitive gel was placed in a low-temperature intelligent Magnetic Stirrer
(SNCL). A digital thermosensor connected to a thermistor was immersed in the ISG solution. In situ gel solution was heated at
a rate of 1-2°C/min with the continuous stirring of 50 rpm. When the magnetic bar stopped moving due to gelation, the
temperature displayed on the thermistor was determined as the gelation temperature. Briefly, a vial containing 10 mL of
formulation and a magnetic bar was immersed in a thermostated bath at 37°C, under continuous stirring at 50 rpm. The time at
which the magnetic bar stopped shaking, as a consequence of gelation, was recorded as the gelation time. The gelation

temperature and gelation time results are the mean of three separate determinations.

Measurement of Gel Strength

solution. The gel strength was determined by the time (s) the apparatus took to sink 5 cm
took more than 300 s to drop the apparatus into the gel, various weights were place

device is shown in Figure 1.

Measurement of Bioadhesive Force

The bioadhesive force of the in situ gel formulation was dete modified mucoadhesion measurement
vial was placed at 32-34°C for 10 min
situ gel during the measurement. A vial

was attached to one side of the balance and a 0.5 mL S@npr® he gel was placed between two mucous membranes

0]
Oo~0
0 0©
Figure | Gel strength measuring device; (A) weights; (B) device; (C) mess cylinder; (D) poloxamer gel.
1412 "= Drug Design, Development and Therapy 2022:16
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attached to the bottom of the vial. Bioadhesive force, the detachment stress (dyne/cm?), was determined from the
minimal weights that detached the two vials. The gel bioadhesion measurement setup is shown in Figure 2.

Measurement of Rheological Properties

The rheological behavior of IBU-SLN-ISG and IBU-ISG was investigated at 37°C using a modern rheometer MCR101
(Anton Paar, Austria) with a plate diameter of 50 mm and a cone Angle of 4°. The sample (1.2 g) was allowed to stand on the
plate for 60 s to eliminate the external force caused by placing the sample on the plate and to keep the sample in
a homogeneous temperature. Next, the corresponding elastic and loss modulus of the in-situ gel was determined isothermally
at 37°C by working at a shear rate of 0-100.”" 2° We research the changes of elastic modulus, loss modulus and angular
frequency, strain through amplitude sweep and frequency sweep. Viscosity measurement is performed at 37°C, which

represents physiological body temperature. The rheometer was used for viscosity measurement at g car rate of 100s .

In vitro Drug Release
Release studies were performed to evaluate the in vitro drug release pattern using t
bags with a molecular weight cutoff of 12~14 kDa were soaked in a release ®fore use. 5 mL of

each test formulation were individually placed in a dialysis bag. Both sides

+0.5°C with stirring at 50 rpm in a dissolution tester (Vision classic ica) W&t predetermined time points,
1 mL of the sample was withdrawn, and the volume was repl

ments were performed in triplicate.
The release mechanism of mucoadhesive in situ gels wit
three mathematical models, namely zero, first-orde efics

used to describe the drug release behavior from pol
lipid nanoparticle in situ gel is by fitting thegse Wt to the following equation:*

- k" (1

or the logarithmic form of equatio

Figure 2 Bioadhesive force-measuring device, (A) modified balance; (B) weights; (C) glass vial; (D) poloxamer gel; (E) nasal mucosa; (F) height-adjustable pan.
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M,

1
ogMC>O

= logk +nlogt 2)
where M/M is the fraction of released drug at time t, k is a characteristic constant of the liquid suppositories, n is an indicator

of the release mechanism. As the k value becomes higher, the drug is released faster. The n value of 1 corresponds to zero-order

release kinetics, 0.5 <n < 1 means a non-Fickian release model, and n = 0.5 indicates Fickian diffusion (Higuchi model).

Pharmacokinetic Study
Animal Studies
Eighteen male Sprague-Dawley rats weighing 240 +10 g was used for this study. They were randomly divided into three groups

(IBU-SLN-ISG, IBU-ISG, IBU-suppository), and fasted for 24 h prior to drug administration but allowed fige access to water.

a thread. A polyethylene tube was inserted into the right femoral artery of the rat. The aning
supposity, and those in IBU-SLN-ISG group or IBU-ISG group (30 mg/kg IBU) were admig
rectum 4 cm above the anus through a stomach sonde needle fitted with a glass sy

intervals (5, 15, 30, 45, 60, 90, 120, 240, 360 min). Plasma was separat
using a centrifuge 5810R and stored in plastic tubes at —20°C until

minutes (30—
and m/z 205.0

.0"(3%B). The most abundant fragment ions in multiple reaction monitoring (MRM) were adopted,
a/z 161.0 for IBU and m/z 280.1 — m/z 236.0 for IS at a collision energy of —10 V and —25 V were
btential of IBU and IS was —107 Vand —90 V, respectively. The total run time of the assay was 5.0 min.
The retention time of IBU was 1.77 minutes, and the retention time of the IS was 1.82 minutes. The ion spray voltage was
adjusted at 3.0 kV. The common parameters were as follows: nebulizer gas pressure was 45 psi; gas temperature was 550°C;
curtain gas, 20 arbitrary units; GS1, 45 arbitrary units and GS2, 50 arbitrary units.

The linear concentration range of ibuprofen in rat plasma was 0.01-100 pg/mL with a lower limit of quantification
(LLOQ) of 0.1pg/mL (R = 0.9958). The mean IBU plasma extraction recovery was (93.13 £+ 9.84) %, while (94.48 +
10.07) % of the internal standard was recovered. The intra-day precision was about 15% at the quantitation limit (100 ng/
mL) and less than 10% at higher concentrations. And the inter-day precision of low, medium and high concentrations was
16.98%, 11.29%, and 11.36%, respectively.

1414 "= Drug Design, Development and Therapy 2022:16
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Pharmacokinetic Analysis

The plasma IBU concentrations were evaluated using the equation from the standard curves that were run with each
batch of samples. The plasma concentration—time data were analyzed with the Drug and Statistics 2.0 software package
to determine the pharmacokinetic parameters. The maximum plasma concentration (Cp,.x, 1g/mL) and the time to reach
the maximum concentration (Ty,.x, h) were calculated using the rat plasma concentration—time curve. According to the
linear trapezoidal rule, we add the areas from 0 to t h to get the area under the curve from 0 to t (AUC,_,).

Histopathological Studies
Animal rectum segment from the IBU-SLN-ISG or IBU-ISG groups were collected immediately after 6 h of rectal
administration. The rectum was separated, rinsed with saline solution, and immersed in 10% neutral carbonate-buffered

formaldehyde, embedded in paraffin and cut into slices. The slices were stained with hemato in and examined

under a light microscope.”

Rectal Retention Study
Male, Sprague-Dawley rats weighing 240 + 10 g, were fasted for 24 h prior to i re allowed free

g/kg into the rectum 4 cm above the anus, using a stomach sonde needle.
the hair color around the anus to determine whether the gel has leake localization of IBU-SLN-
Statistical Analysis

All data were analyzed as mean values + SD. Statistical a

statistically significant.

Results and Discussion
Experimental Data Analysis

RI-R5
Factors DL (R2) MPS (R3) PDI (R4) ZP (R5)
Coefficient P-value Coefficient P-value Coefficient P-value Coefficient P-value

Model 0.001 I* 9.25 0.0039* 5.43 0.0181* 1.53 0.2932 1.27 0.3831
A 0.2599 2.74 0.1417 9.03 0.0198* 1.66 0.2386 0.23 0.6464
B 0.0096* 3.85 0.0907 0.15 0714 4.27 0.0776 2.57 0.153
C 0.0002* 1.24 0.3029 12.77 0.009* 2.18 0.1834 0.26 0.6226
AB 6.19 0.0417* 9.78 0.0167* 0.82 0.394 0.071 0.7981 1.36 0.2821
AC 1.6 0.0113* 293 0.1309 0.74 0.4182 0.9 0.3743 0.7 0.4301
BC 10.06 0.0157* 0.039 0.8481 0.0055 0.9429 0.7 04313 0.3 0.6017
A? 6.07 0.0433* 12.8 0.009* 0.88 0.3793 2.08 0.1928 3.28 0.1128
B? 8.68 0.0215* 6.63 0.0367* 23.96 0.0018* 0.87 0.3811 233 0.1705
c? 15.66 0.0055* 37.69 0.0005* 0.085 0.7797 1.19 03117 0.28 06115
Lack of Fit 1.23 0.4076 0.59 0.6509 1.22 0.4102 6.68 0.0489 20.98 0.0066
R2 0.9465 0.9225 0.8748 0.6635 0.621

Notes: *Significant value, with a 95% confidence interval. R? is the correlation coefficient.
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correlation between the response and selected variables (Table 4). The values of the obtained responses varied from
72.72% to 90.28% for EE, from 7.04% to 14.94% for DL, from 89.3 to 273.67 nm for MPS, from 0.24 to 0.77 for PDI,
from —24.37 to —15.0 mV for ZP. It was seen that the quadratic model was best fitted for both the responses studied. The
quadratic model generated for both responses was as follows:

EE(%) = 87.71 +0.714 4 2.05B + 4.03C + 2.054B + 2.84C — 2.01BC — 1.974%> — 2.36B8> — 3.17C>
DL(%) = 13.66—0.684 + 0.80B—0.46C + 1.814B + 0.994C — 0.12BC — 2.024> — 1.46B> — 3.46C*
MPS(nm) = 219.08 + 36.974 — 4.7B—43.97C — 15.84B — 14.97AC + 1.29BC — 15.914% — 83.02B* + 4.93C>

PDI = 0.52 4 0.064 — 0.096B—0.069C — 0.0184B — 0.0634C—0.055BC — 0.0924> — 0.Q

(P-value <0.05) for the EE (R1) and MPS (R3). It is also shown tha
a significant effect on EE (P < 0.05).
Based on the polynomial models, the results of three-dimend®nal response surle analysis were plotted (from

observed response. The 3D response
f GMS and Tween-80 on EE is greater
than that of A. It was also observed that as the lipid amo crease SLNs also increased. This may be due to

Figures 3-5), representing the effect of significant independent
surface of (C) is significantly steeper in Figure 3, indicating that

the increased internal phase, as more amounts of lipids sable for the dissolving of lipophilic drug IBU.>° The
increase in entrapment efficiency upon increasing

The DL depends on the solubility of th iqipid. Lipid crystalline structure has been correlated with
drug loading and release behavior. Sg d that amorphous structure provides superior drug loading

and retention than more crystalling . Qe3D response graph (Figure 4) showed that with the increasing use of

on the MPS of SLN t is shown that, when the amount of Tween 80 increases, the particle size of SLN
decreases. Higher amou ere able to reduce the size of SLNs. This effect is related to higher amount of
surfactant whi ion and stabilization of smaller particles due to the decrease in interfacial tension

phase and, consequently, control the aggregation of lipid particles.

%ed on the desirability function approach was utilized to predict the optimum formulation
composition wit@maximized encapsulation efficiency, maximized drug loading and minimized size. The optimum SLN
was formulated witlg@h20 g of SA, 0.25 g of GMS, and 0.55 g of Tween 80. The EE%, DL% and MPS of optimized IBU-
SLNs were (90.74 £ 1.40) %, (11.36 £ 1.20) % and (166.77 £ 2.26) nm, respectively, which are shown in Table 5. The
observed values of the responses were found to be nearly close to their predicted values. Moreover, the calculated
prediction error (%) values indicated good reliability of the model.

SEM Analysis

SEM has been widely used to acquire information on the size, shape, and surface morphology of nanoparticles. Figure 6
shows that IBU-SLNs were spherical or nearly spherical with a smooth surface (Figure 6). No major differences were
detected between the blank SLNs and IBU-SLNs.
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Design-Expert 8.0.6 software
EE(%)

I 90.28
7.7
X1=A:SA
X2=B:GMS

EE¢ %)

Actual Facor
C=Tween 80=0.50

Design-Expert 8.0.6 software
EE(%)

I 90.28
72.72
X1=A:SA
X2=C:Tween 80

EE¢ %

Actual Facor
B=GMS=0.24

Design-Exp

X2=C:Tween 80

Actual Facor 020 010
A=SA=0.23

Figure 3 Three-dimensional surface and interaction plots showing the effects of the independent variables on entrapment efficiency of IBU-SLNs.
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Figure 4 Three-dimensional surface and interaction plots showing the effects of the independent variables on drug loading of IBU-SLNs.
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Figure 5 Three-dimensional surface and interaction plots showing the effects of the independent variables on mean particle size of IBU-SLNS.
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Table 5 Predicted versus Observed Values of Optimized IBU-SLNs

Dependent Variables Predicted Observed Prediction Error (%)
RI=entrapment efficiency(%) 89.54 90.74%1.40 1.32
R2=loading efficiency (%) 11.60 11.36x1.20 2.11
R3=mean particle size (nm) 165.21 166.77+2.26 0.94
R4=polymer dispersity index 0.26 0.27+0.08 3.70
R5=zeta potential (mV) —20.73 —21.00+0.59 1.28

X-RAD Analysis

Since the change in crystallinity is an indicator of the formation of SLNs, X-ray powder diffraction pg

GMS, their physical mixtures and IBU-SLNs are shown in Figure 7. The characteristic peaks of

diffraction angles (20) of 6.0°, 12.0°, 16.0°, 17.0°, 19.0°, 21.0°, 24.0°, 25.0° and 27.0°, ind4 exists as
a crystalline substance. The diffraction pattern of the bulk lipid matrix showed remarkable di K, where the
lipids had sharp peaks. The diffraction pattern exhibited by the physical mixture can (perposition of
crystalline IBU and lipids. In contrast, the diffraction pattern of IBU-SLNS is a acterized by large
diffraction peaks, while the characteristic peaks of IBU and lipids do not exist.*’ peak observed in the
IBU-SLNs indicated that there was no IBU peak in the crystalline state in the SKs. ks may be at¥ibuted to the incorporation
of IBU into the lipid matrix and successful encapsulation of the drug insidg ipids. -ray results confirmed that the drug

T HV |mag O|mode| det | WD
13.00kV| 100x | SE |ETD|21.7 mm|4.67e-4 Pa JX U of TC IV 13.00 k| 100 X

Figure 6 Scanning electron microscope micrograph of (A) pure ibuprofen, (B) a physical mixture (between the lipids and ibuprofen), (C) Freeze-dried IBU-loaded SLNs, (D)
Freeze-dried blank SLNs.
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Figure 7 X-ray diffraction patterns of (A) ibuprofen, (B) stearic acid (SA), (C) glyceryl monostearate (GMS), (D) a physical mixture of lipid and ibuprofen, (E) freeze-dried
IBU-SLN and (F) freeze-dried blank SLN.

FTIR Analysis
Molecular interactions between components in SLNs were characterized by FTIR spectra. Fourier transform infrared
spectroscopy (FTIR) was also used to determine the functional groups present on the surface of the nanoparticle. The
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FTIR spectrums of pure IBU, pure SA, pure GMS, physical mixture (between the lipid and IBU), IBU-SLNs and blank
SLNs are presented in Figure 8. The characteristic peaks of IBU were at 1651 cm ! (carboxylic acid group - COOH) and
1226 ecm™' (C = C group of aromatic rings). GMS produced characteristic absorption peaks at wavelengths of
2916.57 cm™ ' (C-H, stretching), 1729.67 cm ' (carbonyl group C=0, stretching) and 1178 cm ™' (C-O, stretching).
The FTIR spectrum of SA showed the characteristic peaks of broad C-H stretching at 2915.71 cm™ ', C=0 stretching at
1699.64 cm ™. The spectrum of the physical mixture shows retention of the characteristic peak of ibuprofen with a slight
shift indicating no chemical interaction between IBU and excipients. And the FTIR spectra of IBU-SLNs showed
characteristic carbonyl peaks (carbonyl group C=0) for lipid and IBU were shifted and overlapped. There was a small
peak/shoulder, which was characteristic to the drug, and a significant shift occurred in their position compared to the
native spectrum of IBU. The intensity of this peak was low, indicating that IBU was captured in the lipid.*"** The FTIR

male for the lipid
could be identified. This corroborated well with XRD spectra, which showed a completely amog the IBU-

spectra confirmed successful encapsulation of the drug inside the nanoparticle as only peaks respg

lipid and IBU as well as formulation revealed that the specific functional groups of lip
surface had almost the same chemical characteristics as the pure lipid.*' This FTIR

Gel Properties Analysis
IBU-SLN-ISG was evaluated in terms of gelation temperature and

study showed that the gelation temperature of in situ gel G elea ith the increase in the proportion of P407,
Qur study indicated that when the ratio of P407 to
. herefore, a combination of 18% P407 and 10%
P188 was used in our study, in which 0.2% E : . T8 means that the formula is liquid at room temperature and

and gradually increased with the increase in the proportid
P188 was 18/10, the gelation temperature of

¥inistration position for a long time, increase the rectal absorption
time, and improve the rec i iency.’® Bioadhesion refers to the binding force of a liquid suppository to

oligosaccharides on th cosa and produce moderate bioadhesion. The stronger the biological adhesion, the more
it can prevent thg

large, the ge mucosa. Therefore, liquid suppositories must have a suitable bioadhesive force. Our
results sho as a suitable gel temperature (30-33°C), gel strength (54.00 + 1.41s) and bioadhesion
(11.54 £ 0.3 $ . -SLN-ISG was easily administered to the anus and remains in the administration site

without leakage. S@addition, this suppository with rectal mucosa adhesion cannot reach the colon end, resulting in that

the drug delivered not have a first-pass effect.

Rheological Properties Analysis

Rheological status is an important physical parameter in the development of a potential new drug delivery system for
topical use. The rheological behavior of IBU-SLN-ISG was evaluated. In order to measure linear viscoelasticity, the
linear viscoelastic region needs to be determined. We take ibuprofen in situ gel to determine this area by measuring G’
and G" as a function of strain amplitude.*> Figure 9A shows the different in situ gel energy storage (G') and loss (G")
modulus and shear strain amplitude y relationship. Based on the measurement results, the maximum deformation of the
three-dimensional network structure inside the gel could be obtained, and the amplitude sweep were carried out (strain is
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Figure 8 Fourier transform infrared spectroscopy spectra of (A) pure ibuprofen, (B) stearic acid, (C) glyceryl monostearate, (D) a physical mixture of lipid and ibuprofen,
(E) ibuprofen-loaded solid lipid nanoparticles and (F) blank solid lipid nanoparticles.
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Table 6 Shear Rate-Dependent Viscosity (Pa s) for the Formulation at 37°C

Sample Shear Rate (s™')
0.1 5 10 50 100
IBU-SLN-ISGI 3260 66.6 39.8 572 2.64
IBU-SLN-ISG2 7200 138 87.8 13.2 337
IBU-ISGI 4110 109 84.9 9.87 4.8l
IBU-ISG2 6730 136 84.9 13 5.0
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viscoelastic fluid. In the entire frequency scan range, G’ was always greater than G”; that is, its elastic component was
greater than its viscous component, showing that obviously elasticity was the main characteristic. And G’ did not change
with o, while G” decreased with @, and there was no significant frequency dependence, indicating that the gel always had
a stable three-dimensional network structure.*’ Oscillatory measurements by varying the frequency showed that the
elastic modulus of the IBU-ISG formulations was higher than IBU-SLN-ISG. It is shown that IBU-ISG has stronger
rigidity and greater hardness than IBU-SLN-ISG.

In vitro Drug Release Study
The in vitro release profiles of the different formulations are shown in Figure 10. The cumulative percentage releases of
IBU from IBU-SLN, IBU-SLN-ISG, and IBU-ISG were 93.86 +2.71%, 85.62 £ 2.14% and 72.82 + 5.87%, respectively,

approximate 22%, and it increased over time after 2 hours. This may be due to the slow
lipid matrix.*’ In the drug release mode of the IBU-SLN formulation, a biphasic patt

phase and on the

surface of SLN, resulting in a burst drug release phenomenon.”® Meanwhi se at the initial stage

surface of nanoparticles. Moreover, osmotic pressure difference, na ation in the dialysis bag was
higher than the drug concentration in the mediator, leading to d the release medium as well.”' IBU-
SLNs increased the solubility of IBU, resulting in a higher an and dissolution rate. The release of
IBU in IBU-SLN-ISG was slower than IBU-SLNs, which ml
The dissolution rate of IBU in IBU-SLN-ISG was the slowes
to the poor water solubility of IBU.

ong IBUBSLNs and IBU-SLN-ISG, which may be due

—— [BU-SLN-ISG
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Figure 10 In vitro drug release profiles of IBU from different formulation in phosphate buffer. (Data has been represented as the mean + SD; n = 3).
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The release data were analyzed with zero-order kinetic, first-order kinetic, Higuchi kinetic and Ritger-Peppas kinetic
models.’'>? The R? value for each model is presented in Table 7. It can be seen from the fitting results that R? is 0.9936,
indicating that the Fickian diffusion (Higuchi model) can better fit the in vitro drug release of IBU-SLN-ISG.'® The
Higuchi model describes the mechanism of controlled drug release, where the concentration of the drug in the matrix is
lower than its solubility, and the drug occurs by diffusing through channels in the membrane.>® The result may be
attributed to the reduced particle size and spherical shape of IBU-SLNS, resulting in an increase in the solubility of IBU
in the lipid matrix, so that the Higuchi model better describes the release behavior of IBU-SLN-ISG.>* Table 7 shows that
the n values of IBU-ISG were close to 0.5, suggesting that IBU might be released from the ISG by Fickian diffusion
through extramicellar aqueous channels of the gel matrix, which means the outer layer of poloxamer cross-linking

11
system.

Results of Pharmacokinetic Study
The plasma concentration—time curves are plotted in Figure 11, and the main pharmacokj
ized in Table 8. The plasma concentration of IBU in the IBU-SLN-ISG was significant
IBU solid suppository at each observing time.

According to the C,,,x and AUC values, IBU-SLN-ISG could achieve fast;

IBU- ISG were 8.63 h and 4.31 h, 6.83 h and 4.9 h, respectively. The A
pug-h/mL) was significantly higher than that of IBU-ISG (80.77 + 56,

N-ISG (136.28 £ 27.33
05) and IBU-suppository (41.39

The retention time was longer, and j s@fcct of slow and controlled release, which could reduce the frequency
of IBU administration. In contr, h ibuprofen in situ gel, IBU-SLN-ISG significantly increased the
area under the curve (AUC) a i ithe (MRT) of IBU drug. Plasma C,,,, reached (18.04 + 1.29ug/mL)
after IBU-SLN-ISG admi The MRT of IBU in IBU-SLN-ISG (8.63 h) was significantly longer than

than the latter. ference may be the presence of lipid matrix. The drug in IBU-SLN-ISG slowly
dissolves ag e rectum. On the contrary, the IBU-ISG is directly dispersed into the rectum, gels
and adhere osa. These results indicated that in-situ gels based on solid lipid nanoparticles would be

useful to deliv&@BU because it could increase the water solubility of IBU and prolong absorption. The experimental

Table 7 The Mathematical Model Fitting of Release Kinetics of IBU from Different Formulations

Model IBU-SLN-ISG IBU-ISG IBU-SLN
Zero-order kinetic M, = 3.83¢+ 19.70 R?>=0.7567 M, = 3.39¢+ 10.24 R*=0.8376 M, = 3.86¢ + 34.51 R?>=0.572I
First-order kinetic InM, = 0.217 + 85.64 R?=0.9398 InM, = 0.13¢ + 77.68 R?=0.9618 InM, = 1.25¢ + 92.41 R?=0.9950
Higuchi kinetic - = 20.861/7+0.99 R?=0.9936 e = 17.78/1—4.99 R?=0.9957 e =22.72/1 4 12.46 R?=0.8293
Rigiter- M = 23.831045 R?=0.9462 e = 13.93/%¢ R?=0.9546 - =39.48/"% R?=0.8816
Peppas kinetic
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25
—e— [BU-solid suppository
] —A— [BU-ISG

Plasma concentration(pug/mL)

ctal administration could increase the residence time of the
, and significantly improve the bioavailability of IBU.

IBU-Suppository IBU-ISG IBU-SLN-ISG
Crnax(ig/mL) 15.4143.23 16.1621.61 18.04+1.29
Trmax(h) 0.6020.14 1.25+0.35 1.500.00%*
t/a(h) 1.68+0.50# 4.90£0.9 1% 6.83+1.92%
AUC o _.q (pg h/mL) 18.94+8.33 39.31+1.27* 59.34426.57*
AUC o) (ug h/mL) 41.39£17.08 80.77+56.87* 136.28+27 334
MRT o_«y(h) 2.69£0.78 431%4.13 8.63+4.09%#

Notes: *P<0.05, **P<0.01, vs IBU-suppository; “P<0.05, *P<0.01 vs IBU-ISG; AUC(o_.«), area under the plasma concentration time
curve calculated by the trapezoidal rule from time O to infinity; SD, standard deviation; t;;;, elimination half-life; C.,,x peak plasma
concentration; T ., time to reach peak plasma concentration; F| represent absolute bioavailability.
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Figure 12 The morphology of rectal tissues after rectal administration of IBU-SLN-ISG and IBU-ISG: (A) control group, (B) 6 h after rectal administration of IBU-SLN-ISG,
and (C) 6 h after rectal administration of IBU-ISG.

same position after 6 h (Figure 13). However, the position of IBU-SLN-ISG within the rectum did not change
significantly over time, indicating that this formulation could be retained in the rectum for more than 6 hours. It

indicated that the bioadhesive force of the IBU-SLN-ISG is strong enough to hold the gelled suppository in the rectum
of rats for at least 6 h.

I 428 https://doi.org/10.2147/DDDT.S350886
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Figure 13 In vivo localization of IBU-SLN-ISG in the rectum at (A) 30 min and (B) 6 h after rectal 8 S he IBU-SLN¥SG composed of IBU-SLN/P407/P 188 with
0.1% methylene blue dye was administered into the rectum of rat. The localization of the formulation in the r&&@a was identified by a blue color.

Conclusion

Ibuprofen loaded SLNs were successfully developa aracteri ptimized employing Box-Behnken design for
rectal delivery. The effect of formulation variables ie of SA, GMS and Tween 80 on EE, DL, MPS, PDI and
ZP of SLNs was studied. The optimized SL} desirable physicochemical properties. The SLNs were
incorporated into thermosensitive gel pudoplastic flow behavior and fairly good texture for rectal
application. The in vitro results of 1§ N-ISG showed a biphasic release pattern with initial burst
release followed by sustained re . ' ntty, IBU-SLN-ISG produced much better absorption of IBU and
improved bioavailability in ra iti RU-SLN-ISG caused no irritation or damage to rectal tissues, and could be

sults suggested the potential application of IBU-SLN-ISG as a more
convenient and effecti rm for non-steroidal anti-inflammatory use.

Disclosure
The author, i interest in this work.
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