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ABSTRACT

Objective: This study aimed to develop and optimize isradipine-loaded polymeric freeze-dried nanoparticles prepared by solvent shifting method
with the help of the experiment design for improving oral drug bioavailability and minimizing dosing intervals.

Methods: Isradipine is a potent anti-hypertensive drug that is matrixed in polymeric freeze-dried nanoparticles using solvent shifting. In this work,
a 3-factor, 3-level box-Behnken design was used to optimize the process parameters like a drug: PLA concentration (A), poloxamer 407
concentration (B), and stirring speed (C). In addition, responses were measured as dependent variables such as percentage drug release, particle
size (nm), Zeta potential (mV), and % entrapment efficiency.

Results: Mathematical equations and response surface plots were used to relate the dependent and independent variables. The optimization model
exhibited 97.36 % drug release, 153.14 nm particle size,-25.9 mV Zeta potential, and 78.25% entrapment efficiency, respectively. The observed
responses were in close agreement with the predicted values of the optimized process. Fourier transform infrared spectroscopy, morphological
studies, and in vitro drug release studies characterized the prepared polymeric nanoparticles.

Conclusion: The improved freeze-dried polymeric nanoparticle samples exhibited an in vitro drug release rate of more than 90% at 24h. Based on
in vivo pharmacokinetic parameters, the isradipine-loaded polymeric nanoparticles show better bioavailability than pure drug's suspension form.
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INTRODUCTION

The present era of nanotechnology has tremendous potential for
solving the issues related to ineffective dissolution and diminished
oral bioavailability of anti-hypertensive classes of drugs. Henceforth
the applicability of the multiple drug delivery methods has come to
light as the strategies for accelerating the development of novel drug
molecules which are poorly soluble [1]. Thus, using the traditional
dosage forms might lead to poor patient compliance and over-or
under-medication [2]. Nanocarriers have garnered the attention of
scientists lately, and they have exhibited significant advantages over
traditional dosage forms in the oral delivery of hydrophobic drugs
[3]. Polymeric nanoparticles have particle sizes ranging from 10 to
100 nm and are colloidal drug delivery vehicles. Biodegradable,
synthetic, and natural polymers synthesize these nanostructures [4].
The curative effectiveness of polymeric nanoparticles is highly
reliant on the release of drugs and polymeric biodegradation.
Isradipine (ISRA), a dihydropyridine derivative classified as a
calcium channel blocker, treats high blood pressure by blocking the
effects of calcium ion transmembrane entry into smooth muscle cells
in the vascular system. Due to its low oral bioavailability of (15-
24%) (ISRA) faces the challenge of reduced therapeutic response
and pharmacologic outcome, thus the present research was
streamlined to develop and optimize a novel strategy by the
implementation of a QbD (Quality by Design) approach. The method
encompasses the design and development of PLA-based Isradipine-
loaded lyophilized nanoparticles utilizing the technique of solvent
displacement. Standard regulatory bodies like USFDA have
authorized polymer PLA as a biocompatible and biodegradable
copolymer of lactic acid [5]. PLA is a semicrystalline and amorphous
linear aliphatic thermoplastic with clear clarity and attainable
flexibility. As a result, we chose isradipine (ISRA), an extremely
hydrophobic drug, for our research. Polymeric nanoparticles have
sparked the interest of scientists in the last 20 y as a highly
promising delivery system [6]. This method not only compensates
for the errors in conventional optimization methods but also
possesses added features, such as considering the correlation

between various influential elements with the possible outcome on
critical attributes of quality (CQAs). The QTPPs identify critical
quality attributes (CQAs) [7, 8]. The objective of this study was to
develop and optimize isradipine-loaded polymeric freeze-dried
nanoparticles prepared by solvent shifting method with the help of
the design of experiment for the improvement of oral bioavailability
and minimization of dosing intervals.

MATERIALS AND METHODS
Materials

Microlabs Pvt. Ltd provided isradipine, poloxamer 407, and
(Poly-lactic acid) or polylactide (PLA) as a sample gift from Zydus
Cadila (Mumbai, India). Sigma Aldrich, India, provided acetone and
mannitol. Throughout the study, all essential ingredients used in the
research have been of excellent quality.

Methods
Preparation of PLA-based nanoparticles

To synthesize these nanoparticles, the authors had to use a solvent-
shifting strategy. The organic phase consisted of 10 ml of acetone,
which dissolved the required quantities of isradipine and PLA. The
stabilizer concentrations of (0.5% w/v, 1.0% w/v, and 1.5 % w/v
poloxamer 407) were added to the aqueous phase, which was then
added and mixed with the organic phase steadily through an
injection syringe of gauge size # 27, this set up was subjected to 1h
of continuous magnetic stirring (Model: Remi 2MLH) at 2000 rpm, to
eliminate the unwanted residues of acetone the formulation was
subjected to rotary evaporation technique (Model: Blue RV 10
Digital V-C Rotary Evaporator). After that, it was subjected to
ultrasonication (Model: SONIC and MATERIAL VCX-500) for about
10 min at a 40% amplitude ratio to promote uniformity and the
reduction in the size of the particles. The prepared nanosuspension
was then filtered before lyophilization (Model: Martin Christ Alpha
2LD PLUS) by adding a cryoprotective agent (PVP) 5% at-58 °C and
0.040 pressure. These freeze-dried formulations were transferred
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carefully into the glass vials and kept in a desiccator for future
research findings and characterizations [9].

Critical quality characteristics (CQAs) and quality target
product profiles (QTPPs)

In a broad sense, QTPP is a prerequisite for creating the necessary
quality in terms of safety and efficacy, as well as facilitating the
diagnosis of product CQAs [10]. The QTPPs were determined based
on regulatory, scientific, and practical factors and risk assessments,
as stated in table 1. CQAs are established utilizing QTPPs, which
manage the creation of processes and products [11, 12].

Int ] App Pharm, Vol 15, Issue 4, 2023, 60-70

Screening of solvents based on solubility

To investigate the drug's solubility, acetone, ethanol, DMSO, distilled
water, phosphate buffer 6.8 and 7.4, 0.1N HCI, methanol, acetonitrile,
DMF, PEG 200, and 400 were all utilized. A reasonable quantity of
the drug was incorporated into each solvent. The solution was
agitated for 72 h in a mechanical shaker (Rivotek, Riviera Glass Pvt.
Ltd.) with a temperature condition maintained at 37+0.5 °C within a
water bath. The vials were examined for complete solubilization of
the drug substance frequently. All mixtures were allowed to be
inserted into centrifuge tubes in order to eliminate any insoluble or
immiscible drugs [13-16].

Table 1: Estimated parameters with the pre-determined target for PLA-loaded ISRA nanoparticles

Quality target product  Target CQAs Pre-determined Justification

profiles (QTTPs)

Dosage type Sustained release % Drug release  =90-95% The study's objective is to accomplish sustained drug
dosage forms at 24h release, which is essential for greater absorption.

Dosage form Freezed dried Zeta potential 2+20mV In terms of nanosuspension stability, this is one of the
nanoparticles critical factors.

Drug release and Cmax and AUC higher Mean particle 100 nm-200 nm  Particle size in these ranges is incredibly important

absorption
Enhanced entrapment

compared to pure drug  size (nm)
Higher entrapment Entrapment
efficiency

and essential for drug solubility and absorption.

65-80% Higher entrapment efficiency is essential for drug dose

management and therapeutic efficacy, thus being
extremely essential.

Analytical method based on ultra-fast liquid chromatography
(UFLC)

The methodology was facilitated using an ODS C18 (250 mm x 4.6
mm x 5 mm) chromatographic column and a (Model: Shimadzu SPD-
20M) liquid chromatographic system with a photodiode array (PDA)
detector. The final optimized trail was acquired using acetonitrile
and water (70:30%v/v) as the solvent system (mobile phase), a flow
rate of 1 ml/min, and a run time of 5 min. With a column oven
temperature of 40 °C, the injection volume was kept consistent at 20
ul. Chromatographic identification was carried out by employing a
PDA detector with a maximal wavelength of 254 nm. Furthermore,
with a retention time (Rt) of 4.821 min and no peak interference,
this novel method is efficient for the drug isradipine [17].

Preliminary screening by taguchi orthogonal array (OA design)

A preliminary assessment was conducted using a Taguchi design
with seven components and two levels to identify the most relevant
factor(s) impeding the CQAs. An array of eight formulations for
Taguchi design of the experiment matrix were developed and built,
accompanied by evaluation for the CQAs presented. An ANOVA was
applied to assess the overall significance of each aspect. Finally, the
p-value was actualized to identify the essential factors [18].

Systematized optimization of formulation by the design of
experiments (DoE)

A 3-factor, and 3-level Box-Behken Design response surface method
was utilized to optimize the composition of polymeric nanoparticles.
The experimental trials were developed using Stat-Ease Design
Expert ver. 12.1.1 software, with the ratio of Drug: PLA (mg) (X1)
and Poloxamer 407 % w/v (X2), Stirring speed(X3) as independent
variables, and three levels (-1, 0, and 1) generated to examine the
substantial effect of these numerous elements or response. Precisely,
% drug release (Y1), particle size in nm (Y2), zeta potential mV (Y3),
and% entrapment efficiency (Y4). After assembling the 17
formulation runs, CQAs were checked [19].

Solid-state characterization methods
Micromeritic method

The flow properties (angle of repose), % moisture content, and Carr’s
index of the developed freeze-dried PNs of ISRA were evaluated to
understand the content uniformity, feasibility, and scalability aspects
of these powders in the subsequent dosage forms [20, 21].

Measurement of particle size and zeta potential

The particle size was determined using the Malvern apparatus of
(Model: Malvern ZETASIZER NANO ZS Malvern ZEN3600 RED) laden

with (PCS) that was implied to estimate and assess the particle size
and zeta potential. The uniformity within the colloidal dispersion is
highly influenced by zeta potential values [22].

Estimation of entrapment efficiency

The % entrapment efficiency of the drug ISRA within the fabricated
polymeric nanoparticles was determined by measuring the
concentration of (ISRA) within these nanostructures. The estimation
was carried out by taking 10 ml of ISRA PNs, which were subjected
to centrifugation by a cooling centrifuge (Model: Eltec Lab RC 4815)
for a period of 30 min at a temperature of-4 °C at 10000 rpm. The
centrifugation dialysis process helps remove the unentrapped free
drug [23]. The drug entrapment efficiency (%EE) of these PNs of
ISRA was determined and calculated, as shown in Eq. (1)

Total drug quantity — Quantity of free drug

% Entrapment Efficiency = x100 ... [Eq. 1]

quantity of total drug
Fourier transform infrared spectroscopy (FT-IR

The physical interactions of the drug isradipine were identified via
FT-IR spectrometry (Model: SHIMADZU IR AFFINITY-1). FT-IR
spectrum of varied isradipine and physical combinations (PM) with
PLA and poloxamer 407 was generated utilizing Potassium bromide.
The drug-excipient interaction was evaluated using calculated
transmittance from 4000 to 400 cm'. Peak matching was used to
assess any interactions between isradipine and the additional
excipients [24].

Differential scanning calorimetry (DSC)

DSC (Model: SHIMADZU DSC-60) evaluation was utilized to explore
the drug's compatibility with the polymer. Dried nitrogen was
applied as the effluent gas to warm all specimens (10 mg) in
aluminum pans. DSC thermograms of isradipine, PLA, and
Poloxamer 407 and physical combinations of ISRA and PLA, ISRA
and poloxamer 407 were determined [25].

In vitro drug release

In this in vitro drug release analysis for pure drug ISRA, the dialysis
bag diffusion approach (Himedia; dialysis membrane-60; Avg. flat
width-25.27 mm, Avg. diameter-159 mm with 10000 kDa-
12000KDa with 5 ml capacity) was used. For the initial 2 h, 5 ml of
all formulations were loaded in a dialysis membrane, sealed, and
dipped in 150 ml of 0.1N HCI at sink conditions. It was then
immersed in a 6.8 pH phosphate buffer solution for 24 h. The system
was maintained at 37 °C with constant magnetic stirring at 200 rpm.
Next, samples (2 ml) were removed from the receptor compartment
at preset time intervals and replaced with fresh 0.1 N HCl and
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phosphate buffer pH 6.8. After that, 1 ml of ethyl acetate was added
to the sample and separated into 1 ml. The solutions were vortexed
in a cyclomixer, and the supernatant layer was collected in a test
tube containing 0.5 ml. This test tube was preserved for drying
before injecting the mobile phase and examining it with RP-UFLC
[26,27].

Pharmacokinetic studies in vivo

The pharmacokinetic profile parameters of isradipine in rabbit
serum after an oral dose of 0.46 mg of isradipine nano-formulation
and 0.93 mg of pure drug in suspension form were evaluated that
used a rapid and effectively validated RP-UFLC methodology. 12
male albino rabbits weighing 2 kg were selected. They were divided
into two groups of six animals each, one for the test (nano-
formulation) and one for the standard (control) (aqueous
suspension of isradipine). They were also served sterile meals and
given fresh water twice a day. Before testing, all animals were
subjected to a 15-day washout period [28]. On the contrary side, the
test proved accurate and sensitive enough to predict isradipine
concentrations in rabbit serum samples. Nevertheless, the test
proved robust and adequately sensitive to identify isradipine on a
consistent basis.

The dose for rabbit was calculated as follows

Total dose (in humans)X 0.07 (factor for each rabbit)X 2kg weight of rabbit/1.5

5mg X 0.07X2
=——o = 046mg...(Eq2)

Collection of blood samples and study design

Animals have fasted for a single-dosage bioavailability study. The
oral bioavailability of the enhanced ISRA composition and an
aqueous suspension of the pure drug was examined in rabbits [29].
For the research, a healthy breed of male rabbits was taken. Then, 1
ml of blood was collected from the animal's ear vein as a blank
sample. The animal was then given a pure medication solution in
distilled water. Blood was collected from both rabbits' ear veins at
2h intervals (0, 2, 4, 6, 8, 12, and 24h) at different time points. After
that, the samples were then centrifuged for 20 min at 5000 rpm. The
serum (supernatant layer) was carefully collected using a
micropipette. The UFLC technique was used to examine all of the
samples. The area under the curve (AUC) and many pharmacokinetic
parameters were calculated, including the elimination rate constant
(K), half-life (t1/2), peak plasma concentration (Cmax), time to
obtain peak plasma concentration (Tmax), and peak plasma
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concentration (Cmax). Additionally, the pharmacokinetic
investigation was authorized by the Institutional Animals Ethics
(926/P0O/Re/5/06/CPCSEA, Approval No. 105)., of Roland Institute
of Pharmaceutical Sciences, Berhampur. All animal tests were
carried out following the ARRIVE recommendations and in
conjunction with the UK Animals (Scientific Procedures) Act, 1986
and related guidelines, as well as EU Directive 2010/63/EU on
animal research.

Powder X-ray diffraction (p-XRD)

A powder X-ray diffractometer was used for the diffraction
investigations (Model: Rigaku, Japan, Smart Lab 9 kW). The samples
were subjected to nickel-filtered CuKa radiation (40 kV, 30 mA) and
scanned to undertake powder-XRD. It was carried out on ISRA's
pure drug and optimized lyophilized PNs. After that, the results were
plotted as peak height (intensity) versus time (h) [30].

Scanning electron microscopy (SEM)

The morphology of nanoparticles has been examined using high-
resolution, 30 kV scanning electron microscopy (Model: Jeol, JSM-
6390LV) Japan. Initially, the formulation sample adhered to the
carbon-coated metallic stub. However, since it utilizes a high-energy
electron to scan over the surface of a specimen with an Au and Pt
coating to improve contrast and signal-to-noise ratio [31], SEM helps
to explore surface characteristics in depth. In addition, ISRA's pure
drug and optimized lyophilized PNs were evaluated, and surface
morphology was assessed.

Accelerated stability study

The improved nanoparticle formulation was tested for 6 mo in a
stability chamber (Model: TH 200G, Thermolab, Thane, India). The
formulations were packed in capsules and packed in a glass
container with a cotton seal until they were kept at 40 °C in a
stability chamber. After 0, 1, 2, 3, and 6 mo of stability, the
specimens were assessed for particle size, zeta potential, and drug
release.

RESULTS
Screening of solvents on the basis of solubility

In acetone, DMSO, and ethanol, the saturation solubility of isradipine
(ISRA) was 3026.33+115.22 pg/ml, 2458.22+102.40pug/ml, and
4365.22+109.34 pg/ml, as illustrated in fig. 1 respectively.

Fig. 1: Saturation solubility for selection of solvent, all data showed as mean+SD (n=6); where n is the number of observations

Taguchi-based design for factors screening

The Taguchi screening was conducted based on the selection of the
different factors as suggested by the design matrix along with their
coded values, such as A-Drug: PLA concentration and B-Poloxamer

407 concentration, C-Ultrasonication time, D-Stirring speed, E-
Stirring type, F-Temperature, and G-Stirring time, as depicted in
table 2. The relationship between the individual factors and their
causative effect on each response are correlated using the p-values
of the regression coefficients.
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Table 2: Design matrix for factor screening as per taguchi design along with the experimental results of various CQAs

Runs A B C D E F G % Drug release Particle size Zeta potential Entrapment
(nm) (mV) efficiency
1 1 2 2 1 1 2 2 66.85 259.45 -9.5 0.452
2 2 2 1 2 1 1 2 39.23 435.46 -4.1 0.562
3 2 1 2 1 2 1 2 47.45 365.36 -5.4 0.541
4 1 1 1 2 2 2 2 82.33 210.36 -19.3 0.366
5 2 1 2 2 1 2 1 50.36 315.23 -6.5 0.531
6 1 1 1 1 1 1 1 79.58 232.56 -12.5 0.399
7 2 2 1 1 2 2 1 40.23 385.22 -4.2 0.671
8 1 2 2 2 2 1 1 58.34 295.47 -7.5 0.481
Factors Codes Low level (1) High level (2)
PLA conc.(mg) A 5 10
Polaxamer 407 conc (gm%) B 1% 2%
Ultrasonication time (mins) C 5 15
Stirring speed(rpm) D 1000 2000
Stirring type E Magnetic Mechanical
Temperature ° C F 25 40
Stirring time (h) G 1 2
Design, optimization, and analysis of experiments concentration and Stirring speed upon the observed responses. Each
component consisted of three levels (-1, 0, and 1) low, intermediate
Table 3. Depicts the systematized combinations of all 17 and high levels of the factors which were selected through the

formulations as per the box-Behnken design. It consisted of 3-factor
3-level design matrix that was further utilized to study the effect of
influential factors such as Drug: PLA concentration, poloxamer 407

preliminary screening methods and its data analysis from the
Pareto-charts. All the 17 formulations were further characterized to
determine the effects of multiple parameters on individual CQAs.

Table 3: Composition of optimized runs of polymeric nanoparticles (ISRA) as per box-Behnken design with stated CQAs

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 Response 4
Runs A: Drug: PLA B: Poloxamer 407 C: Stirring Drug release Particle size Zeta Entrapment
conc conc speed potential efficiency
mg gm% rpm % nm mV %
1 1 1 0 12.22 652.11 -5.65 13.25
2 0 0 0 72.29 235.89 -21.89 65.69
3 1 0 -1 19.36 593.35 -7.5 20.01
4 0 0 0 66.25 269.21 -21.64 60.91
5 0 1 1 52.09 273.69 -20.26 58.12
6 0 0 0 60.45 290.11 -20.01 55.22
7 0 1 -1 49.87 329.65 -17.33 40.1
8 0 0 0 59.15 301.96 -19.67 49.78
9 0 -1 1 40.89 378.11 -16.47 35.98
10 -1 0 1 76.18 210.25 -22.36 70.66
11 1 -1 0 33.59 510.45 -11.66 26.11
12 -1 0 -1 39.58 432.09 -14.55 32.62
13 -1 1 0 97.36 153.14 -25.9 78.25
14 0 0 0 55.36 316.21 -18.11 44.22
15 -1 -1 0 80.26 190.44 -22.95 73.55
16 1 0 1 26.55 529.15 -10.22 24.54
17 0 -1 -1 34.56 493.32 -12.64 29.66
Independent variables Levels
Low (-1) Medium (0) High (1)
X1: DRUG: PLA ratio (mg) 1:1(5 mg) 1: 1.5 (7.5 mg) 1:2(10 mg)
X2: POLAXOMER 407 CONC % 0.5% 1% 1.5%
X3: STIRRING SPEED (rpm) 1000 1500 2000

2D and 3D response surface analysis

Effect of the factors on % drug release, particle size, zeta
potential and entrapment efficiency as CQAs

The CQA % Drug release contour plot and 3D plot are shown in fig.
2(a) and 2(b). Trial run No.13 seemed to have the highest
percentage of release, 97.36 %, as shown in a comparison among
these formulations. Run No. 1 has a minimal value of 12.22% due to
high levels (1) of Drug: PLA concentration and the high level of
Poloxamer 407 concentrations, which may be attributable to the
greater concentration of polymer PLA resulting in enhanced particle
size and reduced drug diffusion. The contour plot and 3D plot of the
CQA particle size are depicted in fig. 2(c) and 2(d). It varies from
153.14 nm for run 13 to 652.11 nm for run 1. The contour plot and

the 3D plot of the CQA zeta potential are depicted in fig. 21 and 2(f).
Both the concentrations of A-Drug: PLA and B-Poloxamer 407
appear to significantly impact the CQA Zeta values. At a lower level,
it varies from-25.9mV for run 13 to-5.65mV for run 1. The contour
plot and the 3D plot of the CQA %entrapment efficiency are shown
in fig. 2(g) and 2(h). The % Entrapment appears to be influenced
equally by A-DRUG: PLA and B-Poloxamer 407 concentrations. It
ranges from 78.25% for run 13 and 13.25% for run 1.

ANOVA of the experimental design

The ANOVA summation for multiple elements and their relevance in
regard to the quadratic model was identified. The model F-values for
drug release, particle size, zeta potential, and entrapment efficiency
were reported to be 8.79, 10.35, 9.61, and 5.43, respectively. p-values
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for the quadratic model for distinct CQAs are less than 0.05, implying
that the model has statistical significance. Its p-values for % drug
release, particle size, zeta potential and% entrapment efficiency
were estimated as 0.0061, 0.0387, 0.060, and 0.0238, respectively,
and p-values less than 0.05 indicate that the model terms are
substantial. The perturbation and the predicted v/s actual plots for
the observed values are effectively illustrated in fig. 3 (A-H).

Analyses overlay plots to establish the design space

The optimized ISRA PNs were produced utilizing the Box-Behnken
design with 5 mg ISRA, 5 mg PLA, and 1% w/v Poloxamer-407
concentrations. Table 4 shows an overview of the optimization
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approach as well as the predicted and experimental values of the
optimized formulation’s responses.

Solid-state characterization of PNs
Micromeritic investigations

The angle of repose is 29.92+0.36°, the percent moisture content is
2.3+0.6, and the Carr’s index is 15.24+0.94, according to the
micrometric characteristics of lyophilized polymeric nanoparticles
as depicted in table 5. Run 13 was identified as the best formulation
with improved flow properties based on these micrometric
parameters.

30 Surface

30 Surface

lets el

30 Surface

(H)

Fig. 2: (A)and(B) % Drug release, (C) and(D) particle size, I and (F) zeta potential and (G)and(H) %Entrapment efficiency for the (2D) and
(3D) plots of the chosen influential factors on observed CQAs

Table 4: Illustrates the predicted and observed response values for the CQAs

Run 13 response Predicted Predicted Observed Std SE 95% Cllow  95% Clhigh  95% TIlow 95% TI high

mean median dev mean for mean for mean for 99% for 99%
pop pop

Drug release (%) 93.46 93.46 97.36 11.52 9.98 69.86 117.06 21.20 165.71

Particle size (nm) 148.93 148.93 153.14 7295 63.18 -0.47 298.34 -308.51 606.38

Zeta potential (mV) -25.79 -25.79 -25.90 2.59 2.24 -31.10 -20.48 -42.05 -9.53

Entrapment 70.25 70.25 78.25 12.87 7.15 54.79 85.709 8.32 132.18

efficiency (%)

Particle size and zeta potential measurement

The optimal size range for ISRA’s PNs was discovered to be (153.14
nm), i.e., for run 13. Depicted in fig. 4(a). The Isradipine loaded PLA-

NPs produced were spherical, with a homogeneous size distribution
and particle size of 200 nm.

Run No. 13 had a zeta potential of (-25.9) fig. 4(b).

64



(€

(G)

Fig. 3: (A) and (B) %Drug release, (C) and(D) particle size, I and (F) zeta potential and (G)and(H) % Entrapment efficiency for the

[

Preckect
£

w00
wa |
100
§ =
o
»

Frect

Debashish Ghose et al.

Predicted vs. Actual

a
e
i ®
Ly e (B) g
:‘4 -
: |
P~
Pradicted vs. Actual
4/”
i
(D) ¢
. - !
R . A
serusl
Predicted vs, Actual
re
& .
i
y (F) #
pz
= e
Actust
Predicted v, Actual
-
= & >
- {
e B
H)
LoL Ll
-

Int ] App Pharm, Vol 15, Issue 4, 2023, 60-70

Perturbation
A
5 -——
[
v - T
Eoviation from Refarence Point Coded Units)
Perturbation
<
®
-
. .

Devistion from Reference Point (Coded Units)

Perturbation

<
" -

A

. . . .
10w as00 a0 asn

Devistion from Reference Point (Coded Units)

Perturbation

~
" .
<
'
Deviatian from Referance Point (Coded Units)

predicted v/s actual plots and perturbation plots of the observed responses

Distribution [%)

Rel. frequency [%]

= oo wae [

Particle diameter [nm)]

(A)

e

100 100 w0 o =0 oo

Zeta potential distribution [mV]

(B)

dn

@0

Fig. 4: (A) Particle size distribution and (B) zeta potential curves of optimized formulation batch

65



Debashish Ghose et al.

Int ] App Pharm, Vol 15, Issue 4, 2023, 60-70

Table 5: Micromeritic parameters and % moisture content of the pure isradipine and polymeric formulation (optimized)

Formulations Carr’s index Angle of repose (0) Moisture content (%)
Pure drug ISRA 26.59+1.08 37.5%1.22 2.9+0.54
Optimized formulation 15.24+0.94 29.92+0.36 2.3+0.6

All data showed as mean+SD (n=6); where n is the number of observations

Entrapment efficiency

Of all 17 experiments conducted, Poloxamer-407 1.5% w/v at a
stirring speed of 1500rpm was reported to have the maximum
entrapment efficiency (78.25%) (Drug: PLA concentration 5:5 mg).

Fourier transform infrared spectroscopy (FT-IR

The interactions between isradipine and polymer were investigated
using FT-IR spectroscopy. FT-IR spectra of selected ISRA and
physical mixture (PM) with PLA and Poloxamer 407 were recorded
on IR employing Potassium bromide with a resolution of 4 cm-1 in
the 4000-400 cm™ range. In FT-IR investigation for purified
isradipine, C-N stretching at 1224 cm-1, C-O vibration at 1669 cm',
N-H at 3694 cm-, O-H vibration at 3624 cm-!, and C=C vibration at

3244 cm! were identified. Finally, as shown in FT-IR studies of a
combined effect of polymers and drugs, there is no significant
change as depicted in fig. 5(A-E).

Differential scanning calorimetry (DSC)

The thermograms of isradipine(ISRA) reveals a prominent peak at
169.11 °C, revealing the drug’s crystalline nature, an onset temp of
165.69 °C, and an end set temp of 172.42 °C, that correlates to the
drug’s melting temperature. ISRA DSC thermograms and physical
ISRA mixtures with adjuvants have been examined. The
thermograms of ISRA displayed a strong endothermic peak at
169.11 °C (Tfus), with a latent heat of fusion (Hfus) of-39.28m], as
shown in fig. 6(a-e).
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Fig. 5: FT-IR spectrum of (A) pure drug, (B) Poloxamer 407, (C) PLA, (D) Drug+polymer mixture (E) Formulated PLA-loaded nanoparticles
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Fig. 6: DSC thermogram of (A) pure drug, (B) Poloxamer 407, (C) PLA, (D) Drug+polymer mixture (E) Formulated PLA-loaded
nanoparticles
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Studies on drug release in vitro

Fig. 7(a) illustrates the drug release behaviour for ISRA and pure-drug
optimised PNs. The graph demonstrated that the optimised batch had
a significant increase in drug release of about 97.36% at 8h, i.e. over
1.5 times more drug release than the pure drug following an 8h study.
The optimal drug-loaded PNs R? values were determined to be 0.889,

120
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0.833, and 0.958 for pure drug, 0.978 for zero-order, 0.952 for first-
order, and 0.922 for the Higuchi model. The formulations (F13, F15
and F10) exhibited better drug release due to the presence of lower
proportion of Drug: polymer (PLA) concentration, whereas an
exception was observed with the formulation (F12); with a prevalence
of diminished drug release of (39.5%) at 24h, which could be
attributed to its lower stirring speed during the process i.e., 1000rpm.

100

=]
=

@

=

release{pg/ml)

YaCumulative drug

30

2500
E
2 2000
3
£ hseo
¥
g 1600 o "‘\
E e A
o
o H 10

15 20 25 an

Fig. 7: (A) In vitro drug release of the prepared formulations, (B) Serum-drug concentration (ng/ml) v/s time (h) curve of optimized
formulation batch vs pure drug suspension. All data showed as mean*SD (n=6); where n is the number of observations

Pharmacokinetic in vivo study

Fig. 7(B) illustrates its mean plasma levels of ISRA vs. time plots of the
optimized PNs of ISRA and pure drug after the pharmacokinetic
investigation. These estimated parameters for several pharmacokinetic
parameters are reported in table 6. Tmax Was observed to be 8h for the

improved formulation, compared to 8h for pure-drug ISRA, showing that
the drug was released consistently. The amplified ISRA PNs had a Crax of
1836.55ng/ml, in comparison to 822.69ng/ml for the pure ISRA drug.
The AUC of optimized ISRA PNs was observed to be 28936.63
(ng/h)/ml), which is more than three-fold greater than that of the area
under the curve of the pure drug (9457.25 (ng/h)/ml).

Table 6: Pharmacokinetic values (In vivo) of isradipine (pure drug suspension) and improved polymeric nanoparticles

Formulations Cmax (ng/ml) Tmax (h) Ke AUC « 0, (ng/h)/ml
Isradipine suspension (drug) 822.69+0.025 8+0.062 170.5 9457.25+0.056
Optimized formulation 1836.55+0.011 8+0.021 182.7 28936.63+0.048

All data showed as mean+SD (n=6); where n is the number of observations, except Ke
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Fig. 8: P-XRD graphs of (A) Isradipine (pure drug), (B) freeze-dried polymeric nanoparticles
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(A)
Fig. 9: Illustration of SEM (A) Isradipine (pure drug), (B) Freeze-dried polymeric nanoparticles

(B)

Table 7: Post-accelerated stability values of the CQAs (%drug release, particle size, zeta potential and %entrapment efficiency

Time in (Months) % Drug release

Particle size (nm)

Zeta potential (mV)

% Entrapment efficiency

0 97.369+0.02*
1 93.332+0.06*
2 91.258+0.12*
3 89.560+0.22*
6 83.223+0.03*

p-value o < (0.05) significant difference exists  0.077

153.14+0.01* -25.9+0.03* 78.25+0.02*
156.32+0.02* -26.36+0.04* 72.30+0.03*
159.22+0.06* -28.28+0.01* 70.25+0.05*
164.10+0.01* -28.69+0.02* 68.35+0.04*
164.96x0.02* -29.21+0.06* 64.06+0.02*
0.069 0.085 0.065

(*) % Drug release, Particle size, Zeta potential and % Entrapment efficiency are represented as mean+SD (n=6); where n is the number of

observations

Powder X-ray diffraction (p-XRD)

Fig. 8(A) and 8(B) exhibit the XRD patterns of pure drug ISRA and
optimum ISRA PNs. Pure-drug ISRA diffraction angles of 15.9°, 17.3°,
18.9°, 20.1°, 20.4°, 23.6°, and 24.2° exhibited significant peaks,
affirming a typical crystalline pattern.

Scanning electron microscopy (SEM)

The SEM pictures of isradipine (pure drug) and optimum PNs of
ISRA are shown in fig. 9(A) and (B), correspondingly.

Accelerated stability studies

The table 7 shows the ANOVA design's p-values during the
accelerated stability study. The p-value for all CQAs is more than
0.05, suggesting no significant change.

DISCUSSION

The selection of solvents was based on the drug's peak solubility
(i.e., quantitative solubility for other co-solvents) among the various
solvents, such as ethanol, acetonitrile, methanol, phosphate buffer
pH 6.8, and pH 7.4 and DMSO was determined. Still, acetone has
been selected as a solvent for the required study based on the
solubility, which was found to be maximum compared to other
solvents. Taguchi Orthogonal array design was undertaken to
predict the influential factors with numerous trials for each aspect
during the preliminary screening of the influential factors; out of all
seven significant parameters, only three highly critical ones were
selected and justified as per the CQAs. The influential variables like
the Drug: PLA concentration, the Poloxamer 407 (%w/v) stabilizer
concentration, and the stirring speed were highly significant
variables that were further considered for the design optimization
and identification of design space within the predicted range. Similar
results were also reported by Alam T, Khan S, et al. in 2018.

Effect of the factors on %drug release as CQAs: This was suggested by
the reddish zone from the 2D and 3D plots, which is anticipated to be
predominant at a low level (-1) of Drug and PLA ratio and a higher
level (1) of stabilizer, i.e., Poloxamer 407 (%w/v), signifying greater
than 90% release of drug in 24h, based on the simulations. The
particle size and aggregation increased with the elevation in the
polymer concentration, which was noticed in other trials with higher

levels (1) of the Drug: PLA ratio. Thus, this prolonged the release
process and significantly influenced the dissolution performance [32].

Effect of the factor on Particle size as CQAs: The low level of factors
A-Drug: PLA concentration (-1), it was also observed that a bluish
tinge region persisted, i.e., the existence of lesser particle size, which
is shown by drug-polymer concentration at (-1) and high level (1) of
stabilizer. Therefore, it can also be anticipated that at low levels of A-
Drug: PLA concentration, particle size is diminished, and this lowers
dramatically as the factor A-concentration rises, as indicated by the
light yellowish zone [33], and an increase in PLA concentration leads
to an increase in viscous forces that resist droplet disintegration by
stirring and sonication.

Effect of the factor on ZP as CQAs suggested the prevalence of dark
blue area, which promises to have a substantial impact on the above
CQA [34], it implies a higher value of zeta potential for A-Drug: PLA
concentration low level (-1) and B-Poloxamer 407 concentration at a
high level (1).

Effect of the factor on %entrapment efficiency as CQAs and its
findings revealed that the %EE value remains below 80% when the
polymer and stabilizer ratio is within the (-1 to 1) coded range. The
stabilizer concentration plays a vital role appropriate entrapment of
the drug within the polymeric nanostructures [35].

The micrometric characteristics of lyophilized polymeric
nanoparticles suggested that particles exhibited good flow
properties and the percentage moisture content within the desired
range. Therefore, these lyophilized powders should exhibit a
desirable flowability and compressibility for their further scale-up
and processing into tablet and capsule dosage form.

The zeta-sizer device was employed to assess the size of the
particles of all compositions. A few formulations had particle sizes
more prominent than 500 pm, implying that polymeric
nanoparticles were less likely to be present. In addition, the
increasing polymer content had a pleiotropic effect on the size of
particles, producing a hazy aspect because of higher aggregation.

The effect of various process factors demonstrates that the solvents,
excipients, and method were adopted appropriately. Inadequate
entrapment causes the PNs to rupture, which reduces the drug
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loading and entrapment efficiency of all PNs manufactured with
different stabilizer concentrations. Thus, the optimized formulation
showed enhanced entrapment efficiency.

The interactions between isradipine and polymeric mixtures were
studied using FT-IR analysis. The FT-IR spectrum of specified
Isradipine and physical mixtures (PM) with PLA and Poloxamer 407
were analyzed. Because these peaks remained intact in the IR
spectra of the physical mixtures, this shows no interactions between
the drug and the polymers. The result indicated Isradipine
compatibility with different ingredients.

The DSC thermograms for the lyophilized formulation showed an
exothermic peak indicating amorphization of the drug after
lyophilization; such results were also reported by Jena et al [36].
Isradipine thermograms confirm the drug's crystalline structure;
regardless, DSC thermograms of physical combinations and freeze-
dried sample F13 also indicated a prominent endothermic peak.
According to studies, peak characteristics for pure drug and
formulation do not differ; hence, no drug-excipient interactions were
deduced in this study.

Consequently, combining Drug: PLA with Poloxamer-407 produces a
better dissolving profile than utilizing the drug separately. In
addition, several kinetic governing equations, such as zero-order,
first-order, and Higuchi models, are used better to understand drug
release mechanisms and fit kinetic models. As a result, pure drug
release is governed by Fickian diffusion kinetics, but ISRA-optimized
PNs are governed by non-Fickian diffusion kinetics.

The increase in bioavailability explains that the drug's solubility
profile and absorption through the gastrointestinal membrane have
improved. Furthermore, in vivo studies suggest that using adjusted
PNs of ISRA enhanced the drug's permeation and absorbing
potential substantially, as reflected by the significantly improved
pharmacokinetic criterion compared to pure isradipine.

The P-XRD study for lyophilized formulation did not exhibit any
peaks at any of the 28 angles suggesting complete amorphization of
the drug. The results of the P-XRD study concur with the results of
DSC studies. Significant peaks were seen in the pure drug,
confirming a characteristic crystalline nature. Nevertheless, the
relatively narrow distinct peak at such angles was minimized in
optimized ISRA PNs, indicating an amorphous nature and molecular
trapping of the drug in the powder form.

In the SEM, the pure-drug ISRA seems to have a rough surface with
crystalline characteristics. At the same time, the freeze-dried
formulation indicated that the particles appeared spherical.

As a result, the optimized freeze-dried PNs of ISRA were assessed to
attain the stability specifications since the CQAs weren't altered
significantly with time, reflecting the formulation's stability
characteristics in an accelerated state.

CONCLUSION

The systematic creation of PNs of Isradipine, a new hypertension
medication, was carried out in this study employing a quality-by-
design strategy to optimize drug bioavailability. During the QbD
process, the initial QTPPs and CQAs were found and justified. For
preliminary screening of the formulations, the Taguchi screening
design was used, and the BBD was used for systematic optimization.
The regression equation, as well as the response surface, were
investigated. To find the effective model term, an ANOVA
investigation was performed. The maximum and lower limits of
distinct CQAs were established to optimize freeze-dried PNs of
Isradipine. The optimum combination for freeze-dried PNs
employing BBD was 5 mg ISRA: 5 mg PLA: Poloxamer-407 (1.0%
w/v). The improved freeze-dried polymeric nanoparticle samples
exhibited an in vitro drug release rate of more than 90% at 24h, a
particle size of 153.14 nm, and a zeta potential of-25.9 mV, with an
entrapment efficiency of 78.25%. Compared to an aqueous
suspension of pure medication, in vivo studies indicated a 3-fold
improvement in oral bioavailability with improved Cmax and AUC
for optimal formulation. The CQAs showed no significant changes in
storage after six months, as evidenced by p-values for all CQAs,
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according to an accelerated stability assessment of ISRA's optimized
PNs. The current research revealed that for the drug's PLA-based
polymeric nanoparticles, an ideal amalgamation of 5 mg ISRA: 5 mg
PLA and (1.5%w/v) Poloxamer 407 delivered sustained drug release
and improved bioavailability.
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