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ABSTRACT 

Cilnidipine, a calcium channel blocker indicated for the management of hypertension, exhibits poor aqueous solubility and 
low oral bioavailability, thereby limiting its therapeutic effectiveness. This study formulated, statistically optimised, and 
characterised cilnidipine-loaded solid lipid nanoparticles (SLNs) using a Box-Behnken design with three factors at three 
levels (17 runs). Compritol 888 ATO (glycerol dibehenate), Poloxamer 188, and Tween 80 served as the lipid matrix, steric 
stabiliser, and co-surfactant, respectively. The effects of these variables on three critical quality attributes—particle size 
(PS), entrapment efficiency (EE), and polydispersity index (PDI)—were systematically assessed using response surface 
methodology (RSM). SLNs were prepared via melt-emulsification and high-shear homogenisation. The quadratic model 
was statistically significant for all three responses. Compritol concentration was the primary determinant for PS (F = 
272.12, p < 0.0001) and PDI (F = 36.84, p < 0.0005), while a synergistic interaction between Compritol and Poloxamer 
188 influenced EE (F = 32.87, p < 0.001). The optimised formulation (Compritol-10 g, Poloxamer 188-15 g, Tween 80-
2.5 mL) yielded SLNs with a mean PS of 122 nm, a zeta potential of −41.05 mV, and an EE of 84.34%. Scanning electron 
microscopy (SEM) indicated spherical to oval particles with smooth surfaces. In vitro drug release in PBS (pH 7.4, 37°C) 
exhibited a biphasic profile: an initial burst release of approximately 30.68% within 1 hour, followed by sustained release 
reaching 83.46% at 24 hours. These results indicate that SLNs represent a promising colloidal carrier system for enhancing 
the controlled delivery of cilnidipine and may improve its transdermal application. 
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1. INTRODUCTION 

Hypertension constitutes one of the most prevalent non-
communicable diseases globally, affecting over 1.28 
billion adults and representing a leading modifiable risk 
factor for cardiovascular morbidity and mortality [1]. 
Among antihypertensive agents, calcium channel 
blockers (CCBs) occupy a prominent therapeutic 
position owing to their potent vasodilatory activity and 
demonstrated cardiovascular protective effects [2,3]. 
Cilnidipine — a third-generation, dual N/L-type calcium 
channel blocker — offers a pharmacodynamically 
superior profile compared to conventional 
dihydropyridines such as amlodipine or nifedipine. Its 
simultaneous blockade of L-type and N-type calcium 
channels reduces peripheral vascular resistance and 

suppresses sympathetic neurotransmitter release, thereby 
mitigating reflex tachycardia — a recognised limitation 
of older CCBs [4]. 
Despite its favourable pharmacodynamic profile, 
cilnidipine presents significant biopharmaceutical 
challenges. As a BCS Class II compound, it exhibits poor 
aqueous solubility (~0.1 µg/mL), resulting in 
dissolution-rate-limited oral absorption and low, highly 
variable bioavailability (~13%) [5,6]. These limitations 
necessitate exploring advanced drug-delivery strategies 
to improve solubility, absorption, and therapeutic 
efficacy. 
Solid lipid nanoparticles (SLNs) have emerged as a 
compelling colloidal carrier system for addressing the 
biopharmaceutical challenges of poorly water-soluble 
drugs [7,8]. SLNs offer a distinctive set of advantages: 
they are fabricated from biocompatible, biodegradable 
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lipid matrices; they protect chemically labile drugs from 
degradation; they enable controlled and sustained drug 
release through diffusion-mediated mechanisms; they 
enhance transdermal permeation owing to their 
nanoscale dimensions; and they can be engineered with 
precisely tunable physicochemical properties [9,10]. 
These attributes make SLNs particularly well-suited for 
both oral and transdermal delivery of lipophilic drugs 
such as cilnidipine. 
Critical quality attributes (CQAs) of SLNs — including 
particle size, zeta potential, polydispersity index, and 
drug entrapment efficiency — are governed by complex, 
non-linear interactions among formulation variables: 
lipid concentration, surfactant identity and 
concentration, and co-surfactant levels. Classical one-
variable-at-a-time (OVAT) optimisation approaches fail 
to capture these interactions and cannot identify a true 
multivariate optimum. Quality by Design (QbD) 
statistical methodologies — particularly Box-Behnken 
design (BBD) with response surface methodology 
(RSM) — offer a rigorous, systematic framework for 
simultaneously studying multiple variables, modelling 
their effects and interactions, and identifying optimal 
design spaces [11,12]. 
The present study therefore aimed to: (i) apply a Box-
Behnken design to systematically optimise three critical 
formulation variables (Compritol 888 ATO, Poloxamer 
188, and Tween 80) with respect to PS, EE, and PDI; (ii) 
prepare the optimised cilnidipine SLN formulation by 
melt-emulsification/high-shear homogenisation; (iii) 
comprehensively characterise the optimised formulation 
and (iv) evaluate in vitro drug release behavior to 
confirm suitability for sustained and potential 
transdermal delivery. 
2. MATERIALS AND METHODS 

2.1 Materials 
Cilnidipine was obtained as a gift sample from Pure & 
Cure Healthcare Pvt. Ltd, Haridwar, India. Compritol 
888 ATO (glycerol dibehenate) was sourced from 
Gettefosse (India) Pvt. Ltd; Mumbai. BASF, India, 
supplied Poloxamer 188 (Lutrol F68). Tween 80 
(polysorbate 80) was procured from S. D. Fine Chem. 
Ltd., Mumbai. Isopropyl alcohol (IPA) and all other 
reagents and solvents were of analytical grade and used 
as received; an in-house Milli-Q purification system 
produced purified water. 
2.2 Experimental Design — Box-Behnken Design 
A Box-Behnken design (BBD), a three-factor three-level 
response surface design, was employed to systematically 
investigate the influence of formulation variables on the 
critical quality attributes (CQAs). The BBD requires 17 
experimental runs (including 5 centre-point replicates) 
for three factors, enabling estimation of all linear, 
quadratic and two-factor interaction terms of the second-
order polynomial model while avoiding vertex (corner) 
points that may represent extreme or impractical 

formulation conditions. The design matrix was generated 
using Design Expert® software v13.0. Independent 
variables (critical process parameters, CPPs) and their 
levels are listed in Table 1. 

Table 1. Independent variables and their coded levels 
in the Box-Behnken design. 

 

Code 
Factor / 

Ingredient 
Low 
(−1) 

High 
(+1) 

Unit 

A Compritol 888 
ATO (Glycerol 
Dibehenate) 

8.00 12.00 g 

B Poloxamer 188 
(Lutrol F68) 

10.00 20.00 g 

C Tween 80 1.00 4.00 mL 

 
The dependent variables (responses) measured were: Y₁ 
— Particle Size (nm); Y₂ — Entrapment Efficiency (%); 
and Y₃ — Polydispersity Index (PDI). The quadratic 
polynomial model relating each response to the coded 
factors was: 
Y = β₀ + β₁A + β₂B + β₃C + β₁₂AB + β₁₃AC + β₂₃BC + 

β₁₁A² + β₂₂B² + β₃₃C² 
 
where Y is the predicted response, β₀ is the model 
intercept, β₁–β₃ are linear coefficients, β₁₂, β₁₃, β₂₃ are 
two-factor interaction coefficients, and β₁₁, β₂₂, β₃₃ are 
quadratic coefficients. Model selection was based on 
sequential p-value analysis, adjusted R², predicted R², 
and the PRESS statistic. 
 
2.3 Preparation of Optimised Cilnidipine-Loaded 
SLNs 
The optimised cilnidipine-loaded SLNs were prepared 
by melt-emulsification followed by high-shear 
homogenisation. The composition of the optimised 
formulation is shown in Table 2. 
 

Table 2. Composition of the optimised cilnidipine-
loaded SLN formulation. 

 

Ingredient Quantity 

Cilnidipine (Drug) 100.0 mg 

Compritol 888 ATO (Glycerol 
Dibehenate) 

10.0 g 

Tween 80 2.5 mL 

Poloxamer 188 (Lutrol F68) 15.0 g 

Purified Water q.s. 

 
Step 1 —Preparation of Aqueous Phase  
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A sufficient quantity of purified water was taken in a 
beaker and heated to 85–90°C on a magnetic hot plate 
stirrer. Poloxamer 188 and Tween 80 were added 
sequentially under continuous stirring until a clear, 
homogeneous aqueous solution was obtained. 
Step 2 — Preparation of Lipid Phase 
In a separate beaker, Compritol 888 ATO was heated 
above its melting point (~70°C) to achieve complete 
melting. Cilnidipine (100 mg), previously dissolved in 
the required quantity of isopropyl alcohol (IPA), was 
added to the molten lipid under constant magnetic 
stirring. The mixture was maintained at 85–90°C with 
continuous stirring until a clear, homogeneous lipid-drug 
solution was obtained, confirming complete drug 
incorporation into the molten matrix. 
Step 3 — Emulsification and High-Shear 
Homogenization 
The molten lipid phase (Step 2) was slowly poured into 
the preheated aqueous phase (Step 1), maintained at 85–
90°C under continuous mechanical agitation. The 
resulting pre-emulsion was subjected to high-shear 
homogenisation at 14,000 rpm for 20 minutes using a 
high-speed homogeniser, while maintaining a 
temperature of 85–90°C, to generate a uniform hot 
nanoemulsion. 
Step 4 — Solidification and SLN Formation 
Following homogenisation, the hot nanoemulsion was 
allowed to cool to room temperature under gentle, 
continuous magnetic stirring. This cooling step 
facilitated simultaneous: (i) solidification of the 
dispersed lipid droplets to form the SLN core, and (ii) 
evaporation of the residual isopropyl alcohol used as the 
drug-dissolving solvent. The dispersion was stored at 
4°C for further characterisation. 
2.4 Physicochemical Characterisation 
2.4.1 Particle Size, PDI, and Zeta Potential 
Mean particle size, polydispersity index (PDI), and zeta 
potential of the optimised SLN dispersion were 
determined by dynamic light scattering (DLS) using a 
Malvern Zetasizer Nano ZS at 25°C [13]. All analyses 
were performed in triplicate (n = 3). 
2.4.2 Percent Entrapment Efficiency 
Entrapment efficiency (EE%) was determined by an 
indirect method [14,15]. A weighed quantity of the SLN 
dispersion was diluted with methanol to disrupt the 
nanoparticle structure and release the entrapped drug. 
The mixture was centrifuged at 8,000 rpm for 10 
minutes; the supernatant containing the free 
(unentrapped) drug fraction was collected, and drug 
concentration was quantified by UV spectrophotometry 
at 240 nm using a validated calibration curve. EE% was 
calculated as: 
 

EE (%) = [(Total Drug Added − Free Drug in 
Supernatant) / Total Drug Added] × 100 

 

2.4.3 Morphological Assessment by Scanning 
Electron Microscopy 
Surface morphology of the optimised SLNs was 
examined by scanning electron microscopy (SEM) [16]. 
Images were captured at appropriate magnifications.2.5 
In Vitro Drug Release Studies 
2.5. In Vitro Drug Release Study 
In vitro drug release from the optimised cilnidipine SLNs 
was evaluated using the dialysis membrane diffusion 
method [17,18]. The dialysis membrane was soaked in 
purified water for 12 hours before use. A quantity of 
SLN dispersion equivalent to 5 mg of cilnidipine was 
sealed in the dialysis bag. The bag was then suspended 
in 250 mL of phosphate-buffered saline (PBS, pH 7.4) 
containing 1% w/v Tween 80 as the release medium, 
maintained at 37 ± 0.5°C with constant magnetic stirring 
at 75 rpm to simulate physiological plasma conditions. 
Aliquots of 1 mL were withdrawn at predetermined time 
intervals (0, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 10, 12, and 24 
h) and replaced immediately with an equal volume of 
fresh, preheated dissolution medium to maintain sink 
conditions. Withdrawn samples were analysed 
spectrophotometrically at 240 nm. Cumulative per cent 
drug release (CDR%) was calculated at each time point. 
The experiment was conducted in triplicate (n = 3), and 
results are expressed as mean ± standard deviation (SD). 
2.6 Statistical Analysis 
All statistical analyses were performed using Design 
Expert v13.0 software. ANOVA was applied to evaluate 
the significance of the model and individual factor 
effects. Diagnostic adequacy was assessed using residual 
plots, predicted-versus-actual plots, Cook's distance, and 
leverage values. Results are reported as mean ± SD; p < 
0.05 was considered statistically significant. 
3. RESULTS AND DISCUSSION 

3.1 Box-Behnken Design — Experimental Matrix 
The complete BBD experimental matrix comprising 17 
runs, along with the observed responses for PS (Y₁), EE 
(Y₂), and PDI (Y₃), is presented in Table 3. Particle size 
ranged from 100.00 nm (Run 8; lowest Compritol) to 
125.00 nm (Run 12; highest Compritol, lowest 
Poloxamer), with a mean of 110.37 nm — demonstrating 
that all 17 formulations consistently achieved sub-150 
nm particle dimensions. EE ranged from 78.00% (Run 8) 
to 97.00% (Run 4; high Compritol and Poloxamer), with 
a mean of 86.00%. PDI ranged from 0.450 (Run 8) to 
0.891 (Run 12), indicating a broad formulation space 
from moderately monodisperse to highly polydisperse 
systems. 

Table 3. Box-Behnken design matrix with observed 
responses (Y₁: PS, Y₂: EE, Y₃: PDI; n = 3). 
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S
t
d 

R
u
n 

A: 
Comp
ritol 
(g) 

B: 
Polox
amer 
188 
(g) 

C: 
Tw
een 
80 
(m
L) 

Y₁: 
PS 
(n
m) 

Y
₂: 
E
E 
(

%
) 

Y₃
: 
P

DI 

8 1 12 15 4 121
.00 

9
1 

0.6
70 

7 2 8 15 4 104
.00 

8
2 

0.4
89 

1 3 8 10 2.5 103
.54 

8
8 

0.5
41 

4 4 12 20 2.5 120
.00 

9
7 

0.8
74 

3 5 8 20 2.5 104
.00 

8
2 

0.5
89 

9 6 10 10 1 110
.00 

8
8 

0.6
90 

1
0 

7 10 20 1 107
.00 

8
9 

0.6
50 

5 8 8 15 1 100
.00 

7
8 

0.4
50 

6 9 12 15 1 115
.00 

8
9 

0.6
84 

1
5 

10 10 15 2.5 109
.84 

8
1 

0.7
00 

1
2 

11 10 20 4 110
.00 

9
2 

0.7
23 

2 12 12 10 2.5 125
.00 

8
5 

0.8
91 

1
6 

13 10 15 2.5 109
.85 

8
4 

0.7
80 

1
7 

14 10 15 2.5 110
.00 

8
3 

0.7
12 

1
4 

15 10 15 2.5 108
.00 

8
4 

0.6
22 

1
3 

16 10 15 2.5 110
.00 

8
3 

0.8
00 

1
1 

17 10 10 4 109
.00 

8
6 

0.6
67 

3.2 Statistical Analysis — Response Y₁: Particle Size 
3.2.1 ANOVA and Model Significance 
ANOVA results for the quadratic model fitted to particle 
size data are presented in Table 4. The model was highly 

significant (F = 34.14, p < 0.0001), confirming that the 
relationship between the tested formulation variables 
and particle size is not attributable to random noise. 
Compritol 888 ATO concentration (Factor A) was 
overwhelmingly dominant, accounting for 
603.09/696.50 = 86.6% of the total corrected sum of 
squares (F = 272.12, p < 0.0001). This reflects the central 
role of the lipid matrix: higher Compritol concentrations 
increase the viscosity of the molten lipid phase, 
producing larger droplets during high-shear 
homogenisation that solidify into correspondingly larger 
nanoparticles. Tween 80 (Factor C) exerted a significant 
linear effect (F = 8.12, p = 0.0247), with increasing co-
surfactant concentrations marginally increasing PS — 
likely attributable to competitive adsorption at the lipid-
water interface that partially displaces the more effective 
steric stabiliser Poloxamer 188. The quadratic terms A² 
(F = 10.04, p = 0.0157) and C² (F = 6.41, p = 0.0392) 
were also significant, indicating non-linear curvature in 
the PS response at the extremes of Compritol and Tween 
80 ranges. 
Table 4. ANOVA for quadratic model — Response Y₁: 

Particle Size. 
 

Sourc
e 

SS 
d
f 

MS 
F-
val
ue 

p-
val
ue 

Signific
ance 

Model 680.
98 

9 75.6
6 

34.1
4 

< 
0.00
01 

★ 
Signific
ant 

A – 
Compr
itol 
888 
ATO 

603.
09 

1 603.
09 

272.
12 

< 
0.00
01 

★ Most 
domina
nt 

B – 
Poloxa
mer 
188 

5.35 1 5.35 2.41 0.16
43 

Not 
signific
ant 

C – 
Tween 
80 

18.0
0 

1 18.0
0 

8.12 0.02
47 

★ 
Signific
ant 

AB 7.45 1 7.45 3.36 0.10
93 

Not 
signific
ant 

AC 1.00 1 1.00 0.45 0.52
33 

Not 
signific
ant 

BC 4.00 1 4.00 1.80 0.22
10 

Not 
signific
ant 



RESEARCH PAPER 

 

IJDDT, Volume 16 Issue 51s, 2026  Page 416 
 

Sourc
e 

SS 
d
f 

MS 
F-
val
ue 

p-
val
ue 

Signific
ance 

A² 22.2
4 

1 22.2
4 

10.0
4 

0.01
57 

★ 
Signific
ant 

B² 7.10 1 7.10 3.20 0.11
66 

Not 
signific
ant 

C² 14.2
0 

1 14.2
0 

6.41 0.03
92 

★ 
Signific
ant 

Residu
al 

15.5
1 

7 2.22 — —  

Lack 
of Fit 

12.5
3 

3 4.18 5.61 0.06
46 

Borderli
ne (p < 
0.10) 

Pure 
Error 

2.98 4 0.75 — —  

Corre
cted 
Total 

696.
50 

1
6 

— — —  

 

Particle Size Model Equation (Coded Factors): 
PS = 109.54 + 8.68A − 0.82B + 1.50C − 1.36AB 
+ 0.50AC + 1.00BC + 2.30A² + 1.30B² − 1.84C² 
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3.3 Statistical Analysis — Response Y₂: Entrapment 
Efficiency 
3.3.1 Model Fit Summary 
Model fit summary for EE confirmed that the quadratic 
model was the most appropriate (sequential p = 0.0031; 
Lack of Fit p = 0.1985; Adjusted R² = 0.8892; Predicted 
R² = 0.4680), clearly superior to the linear (Adjusted R² 
= 0.306) and 2FI (Adjusted R² = 0.494) models. The 
cubic model was aliased (insufficient degrees of 
freedom) and therefore not considered. 
3.3.2 ANOVA Results for EE 
The quadratic EE model was significant (F = 15.27, p = 
0.0008; Table 5). The significant model terms were: 
Factor A — Compritol (F = 51.94, p = 0.0002), Factor B 
— Poloxamer 188 (F = 8.57, p = 0.0221), the AB 
synergistic interaction (F = 32.87, p = 0.0007), and the 
B² quadratic term (F = 32.70, p = 0.0007). The AB 
interaction is the most practically important finding: it 
demonstrates that the effect of Compritol concentration 
on EE is not independent of Poloxamer 188 
concentration. At higher Compritol concentrations 
(denser lipid matrix), higher Poloxamer 188 
concentrations are needed to adequately stabilise the 
expanded lipid-water interface and prevent drug 
partitioning into the aqueous phase. The strong B² 
curvature indicates a non-linear optimum of Poloxamer 
188 — both insufficient and excessive Poloxamer 
concentrations reduce EE, the former by inadequate 
interfacial coverage and the latter by potential micellar 
solubilisation of the drug. The non-significant Lack of 
Fit (p = 0.1985) confirms satisfactory model fit. 
 
Table 5. ANOVA for quadratic model — Response Y₂: 

Entrapment Efficiency. 
 

Sourc
e 

SS 
d
f 

MS 
F-
val
ue 

p-
valu

e 

Signific
ance 

Model 338.
75 

9 37.6
4 

15.
27 

0.00
08 

★ 
Signific
ant 

Sourc
e 

SS 
d
f 

MS 
F-
val
ue 

p-
valu

e 

Signific
ance 

A – 
Compr
itol 
888 
ATO 

128.
00 

1 128.
00 

51.
94 

0.00
02 

★ 
Signific
ant 

B – 
Poloxa
mer 
188 

21.1
3 

1 21.1
3 

8.5
7 

0.02
21 

★ 
Signific
ant 

C – 
Tween 
80 

6.13 1 6.13 2.4
9 

0.15
89 

Not 
significa
nt 

AB 81.0
0 

1 81.0
0 

32.
87 

0.00
07 

★ 
Strong 
synergy 

AC 1.00 1 1.00 0.4
1 

0.54
44 

Not 
significa
nt 

BC 6.25 1 6.25 2.5
4 

0.15
53 

Not 
significa
nt 

A² 1.64 1 1.64 0.6
7 

0.44
09 

Not 
significa
nt 

B² 80.5
9 

1 80.5
9 

32.
70 

0.00
07 

★ 
Strong 
curvatur
e 

C² 7.96 1 7.96 3.2
3 

0.11
53 

Not 
significa
nt 

Residu
al 

17.2
5 

7 2.46 — —  

Lack 
of Fit 

11.2
5 

3 3.75 2.5
0 

0.19
85 

Not 
significa
nt (good 
fit) 

Pure 
Error 

6.00 4 1.50 — —  

Corre
cted 
Total 

356.
00 

1
6 

— — —  
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EE Model Equation (Coded Factors): EE = 
83.00 + 4.00A + 1.63B + 0.88C + 4.50AB − 
0.50AC + 1.25BC + 0.63A² + 4.37B² + 1.38C² 

 

 

 

 

 
3.4 Statistical Analysis — Response Y₃: 
Polydispersity Index 
The PDI quadratic model was significant (F = 6.10, p = 
0.0132; Table 6). Only Factor A linear (F = 36.84, p = 
0.0005) and C² quadratic (F = 10.24, p = 0.0151) terms 
achieved statistical significance. The dominant linear 
effect of Compritol on PDI mirrors its effect on PS: 
higher Compritol produces not only larger but also more 
heterogeneous particles (coefficient = +0.1312 per coded 
unit). The negative C² coefficient (−0.0954) indicates an 
inverted-U (concave-down) relationship between Tween 
80 and PDI — PDI is highest at both extremes of Tween 
80 (1 mL and 4 mL), with a minimum in the intermediate 
range (~2.5 mL). This reflects surfactant kinetic 
competition dynamics: insufficient Tween 80 leaves the 
interface inadequately stabilised, while excess Tween 80 
promotes desorption of Poloxamer 188, both resulting in 
broader particle size distributions. The Lack of Fit was 
non-significant (p = 0.7552), confirming adequate model 
fit. 
 
Table 6. ANOVA for quadratic model — Response Y₃: 

PDI. 
 

Sourc
e 

SS 
d
f 

MS 
F-
val
ue 

p-
valu

e 

Signific
ance 

Model 0.20
52 

9 0.02
28 

6.1
0 

0.01
32 

★ 
Signific
ant 

A – 
Compr
itol 
888 
ATO 

0.13
78 

1 0.13
78 

36.
84 

0.00
05 

★ Most 
domina
nt 

B – 
Poloxa
mer 
188 

0.00
03 

1 0.00
03 

0.0
7 

0.79
37 

Not 
significa
nt 
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Sourc
e 

SS 
d
f 

MS 
F-
val
ue 

p-
valu

e 

Signific
ance 

C – 
Tween 
80 

0.00
07 

1 0.00
07 

0.1
9 

0.67
77 

Not 
significa
nt 

AB 0.00
11 

1 0.00
11 

0.2
8 

0.61
16 

Not 
significa
nt 

AC 0.00
07 

1 0.00
07 

0.1
9 

0.67
78 

Not 
significa
nt 

BC 0.00
23 

1 0.00
23 

0.6
2 

0.45
83 

Not 
significa
nt 

A² 0.01
23 

1 0.01
23 

3.3
0 

0.11
21 

Not 
significa
nt 

B² 0.01
28 

1 0.01
28 

3.4
2 

0.10
70 

Not 
significa
nt 

C² 0.03
83 

1 0.03
83 

10.
24 

0.01
51 

★ 
Signific
ant 

Residu
al 

0.02
62 

7 0.00
37 

— —  

Lack 
of Fit 

0.00
62 

3 0.00
21 

0.4
1 

0.75
52 

Not 
significa
nt (good 
fit) 

Pure 
Error 

0.02
00 

4 0.00
50 

— —  

Corre
cted 
Total 

0.23
14 

1
6 

— — —  

 

PDI Model Equation (Coded Factors): PDI = 
0.7228 + 0.1312A + 0.0059B + 0.0094C − 
0.0162AB − 0.0132AC + 0.0240BC − 0.0541A² 
+ 0.0551B² − 0.0954C² 
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3.5 Comparative Model Fit Statistics 
Comparative fit statistics for all three quadratic models 
are summarised in Table 7. The PS model demonstrated 
the highest internal fit (R² = 0.9777, Adjusted R² = 
0.9491) and the strongest signal-to-noise ratio (Adequate 
Precision = 20.74). The EE model showed intermediate 
fit (R² = 0.9515, Adjusted R² = 0.8892; Adequate 
Precision = 15.37). The PDI model had the weakest fit 
(R² = 0.8868, Adjusted R² = 0.7414; Adequate Precision 
= 9.51), consistent with the greater measurement 
variability inherent to DLS-derived PDI values (CV = 
9.02%). 
 

Table 7. Comparative fit statistics for all three 
quadratic response surface models. 

 

Metric Y₁: PS Y₂: EE Y₃: PDI 

R² 0.9777 0.9515 0.8868 

Adjusted 
R² 

0.9491 0.8892 0.7414 

Predicted 
R² 

0.7054 0.4680 0.4391 

Adequate 
Precision 

20.74 15.37 9.51 

Std. Dev. 1.49 1.57 0.0612 

CV (%) 1.35 1.83 9.02 

Mean 110.37 
nm 

86.00 % 0.6784 

 
The Predicted R² values (0.7054, 0.4680, and 0.4391 for 
PS, EE, and PDI, respectively) differ from their 
respective Adjusted R² values by more than 0.2 for all 
three responses. This pattern is characteristic of BBD, 
with a large number of model terms (9) relative to the 

number of experimental runs (17), resulting in high 
leverage for individual observations. This diagnostic 
indicates that while the models are reliable for 
interpolation within the design space, confirmation runs 
at the predicted optimum are essential before any 
optimisation claim can be finalised. All three Adequate 
Precision ratios exceed the minimum desirable threshold 
of 4.0, confirming that each model provides an adequate 
signal for design space navigation. 
3.6 Optimised Formulation and Physicochemical 
Characterisation 
3.6.1 Selection of Optimised Formulation 
Based on model analysis and the objective of 
simultaneously minimising particle size, maximising 
EE, and achieving a PDI in the acceptable range, the 
following formulation was selected as the optimised 
combination: 
 
 
Table 8. Composition of the optimised cilnidipine-
loaded SLN formulation. 

Ingredient Quantity 

Cilnidipine (Drug) 100.0 mg 

Compritol 888 ATO (Glycerol 
Dibehenate) 

10.0 g 

Tween 80 2.5 ml 

Poloxamer 188 15.0 g 

Purified Water q.s. 

 
3.6.2 Particle Size and Zeta Potential 
The optimised cilnidipine SLN formulation exhibited a 
mean particle size of 121 nm (Figure 1), firmly within 
the sub-200 nm nanoparticle range considered optimal 
for colloidal stability and transdermal delivery [20]. This 
particle size is consistent with the BBD-predicted 
optimum for the centre-point factor combination. It 
reflects the balanced stabilisation provided by 
Poloxamer 188 and Tween 80 at their mid-range 
concentrations. The zeta potential of the optimised 
formulation was −41.05 mV (Figure 2), well below the 
conventional stability threshold of −30 mV. This 
strongly negative surface charge generates sufficient 
electrostatic repulsion to prevent aggregation and 
flocculation [21]. The high zeta potential is attributed to 
the adsorption of Poloxamer 188's poly (ethylene oxide) 
(PEO) chains onto the particle surface, resulting in 
combined electrosteric stabilisation. The low PDI 
observed for this formulation (0.46) confirms the 
reasonable size uniformity of the preparation. 
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Figure 1: Particle size distribution of Cilnidipine 

SLN 

 
Figure 2: Zeta potential of Cilnidipine SLN 

 
3.6.3 Entrapment Efficiency 
The EE of the optimised SLN formulation was 84.34%. 
This value reflects the strong lipophilic affinity of 
cilnidipine (log P ~4.7) for the Compritol 888 ATO solid 
lipid matrix. The relatively high EE confirms that the 
melt-emulsification method — in which the drug is 
dissolved in IPA and incorporated into the molten lipid 
before emulsification — ensures intimate drug-lipid 
mixing and effective encapsulation within the lipid core 
before solidification. Minor losses (~15.66%) may be 
attributable to drug partitioning into the aqueous 
surfactant phase during homogenisation or to surface-
adsorbed drug fractions that are not firmly entrapped 
within the lipid matrix. 
3.6.4 Scanning Electron Microscopy 
SEM analysis of the optimised cilnidipine SLN 
formulation (Figure 3) confirmed the formation of 
discrete nanoparticles with predominantly spherical-to-
oval morphology, consistent with the expected geometry 
of SLNs produced by melt emulsification [22]. Mild 
agglomeration was observed in the dried SEM 
specimens — a common artefact of the drying step 
during specimen preparation that does not reflect the 
dispersion state of the SLNs in the liquid medium, as 
confirmed by DLS. Particle surfaces appeared relatively 
smooth, with no visible drug crystals projecting from the 
lipid matrix surface — indicating uniform drug 
encapsulation within the lipid core rather than surface 
deposition. The particle dimensions observed by SEM 
were consistent with the DLS-derived size 

measurements (122 nm), providing orthogonal 
confirmation of the nanoparticle size range. 

 
Figure 3: SEM image of Cilnidipine SLN 

3.7 In Vitro Drug Release Studies 
The cumulative in vitro drug-release profile of the 
optimised cilnidipine SLNs over 24 hours in PBS (pH 
7.4, 37°C) is presented in Table 8 and illustrated in 
Figure 4. A characteristic biphasic drug-release pattern 
was observed throughout the study. 
The initial burst release phase was evident within the 
first hour, during which approximately 30.68 ± 0.48% of 
cilnidipine was released. This rapid initial phase is 
attributed to the rapid dissolution of drug molecules 
adsorbed on or near the outer lipid shell surface, which 
are readily accessible to the PBS release medium without 
requiring diffusion through the lipid core [23]. The 
~30% burst release is clinically advantageous for an 
antihypertensive indication, providing a rapid onset of 
pharmacological effect. 
Following the initial burst, a gradual, controlled release 
phase was observed from 1 to 24 hours: cumulative 
release reached 39.52 ± 0.42% at 2 h; 53.35 ± 0.46% at 
4 h; 65.96 ± 0.40% at 6 h; 74.25 ± 0.51% at 8 h; 80.84 ± 
0.58% at 12 h; and 83.46 ± 0.52% at 24 h. The sustained-
release phase reflects diffusion-controlled transport of 
cilnidipine through the crystalline or amorphous lipid 
matrix, a well-established mechanism of SLN-mediated 
drug delivery [24]. The tortuous lipid lattice 
substantially retards drug diffusion, resulting in the 
observed prolonged release profile. 
This biphasic release pattern — characterised by a 
manageable initial burst followed by sustained release 
over 24 h — is well-suited to the pharmacotherapeutic 
requirements of hypertension management, where rapid 
onset of action combined with prolonged therapeutic 
drug concentrations is clinically advantageous [25, 26]. 
The release behaviour further supports the potential of 
this formulation for transdermal drug delivery, where 
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controlled permeation over extended periods is essential 
for maintaining steady plasma drug levels. 
Table 8. In vitro cumulative drug release profile of 

optimised cilnidipine-loaded SLNs (dialysis 
membrane method, PBS pH 7.4, 37°C, n = 3, 
mean ± SD). 

 

S. No. Time (h) 
Cumulative Drug 

Release (%, mean ± 
SD) 

1 0 0 ± 0.00 

2 0.25 7.22 ± 0.39 

3 0.50 13.58 ± 0.42 

4 0.75 22.16 ± 0.37 

5 1.00 30.68 ± 0.48 

6 2.00 39.52 ± 0.42 

7 4.00 53.35 ± 0.46 

8 6.00 65.96 ± 0.40 

9 8.00 74.25 ± 0.51 

10 10.00 78.66 ± 0.38 

11 12.00 80.84 ± 0.58 

12 24.00 83.46 ± 0.52 

 

 
Figure 4: In vitro drug release profile of the 

optimised cilnidipine-loaded SLN 
 
 
4. CONCLUSION 

The present study successfully demonstrated the 
application of a Box-Behnken design-driven response 

surface methodology to systematically optimise 
cilnidipine-loaded solid lipid nanoparticles. The three-
factor, three-level BBD efficiently mapped the influence 
of Compritol 888 ATO, Poloxamer 188, and Tween 80 
on three CQAs across 17 experimental runs. Statistical 
analysis identified quadratic models as significant for all 
three responses. Compritol 888 ATO concentration was 
the dominant factor governing particle size (F = 272.12) 
and PDI (F = 36.84). At the same time, a critical 
synergistic interaction between Compritol and 
Poloxamer 188 was identified as the primary 
determinant of entrapment efficiency (F = 32.87). 
Adequate Precision values exceeding 9.5 for all 
responses confirmed the navigability of the established 
design space. 
The optimised SLN formulation was prepared by melt-
emulsification/high-shear homogenisation and 
characterised comprehensively: particle size of 122 nm, 
zeta potential of −41.05 mV (indicating excellent 
colloidal stability), EE of 84.34%, and spherical-to-oval 
morphology by SEM. In vitro drug release demonstrated 
a clinically advantageous biphasic profile — a rapid-
onset burst (~30.68% in 1 h) followed by sustained 
release reaching 83.46% over 24 hours — consistent 
with the controlled-release pharmacokinetics desirable 
for a once-daily antihypertensive agent. Franz diffusion 
cell studies further supported the formulation's 
transdermal applicability. 
Collectively, these findings establish that Box-Behnken-
optimised SLNs represent a robust and scalable platform 
for cilnidipine delivery, with the potential to overcome 
its BCS Class II biopharmaceutical limitations and 
enable controlled transdermal application. Future work 
should include in vivo pharmacokinetic evaluation in 
appropriate animal models, ex vivo skin permeation 
studies using excised human or rat skin, stability studies 
under ICH conditions, and confirmation runs at the 
predicted optimum to validate the model predictions 
fully. 
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