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Abstract

The objective of the present paper is to formulate nanostructured lipid carriers (NLCs) of a calcium channel blocker,
isradipine, to enhance its oral bioavailability and prolong its antihypertensive effect apart from evaluating efficacy of the
formulation in isoproterenol induced myocardial infarction in rats. Formulation was optimized using quality by design
(QbD)-based approach. Three factors i.e., total lipid concentration (%), homogenization pressure (bar), and number of cycles
were optimized through Box-Behnken design to estimate their effect on critical quality attributes (CQAS) viz., size (nm), %
entrapment efficiency, and in vitro % drug release which were found to be 80.9 + 1.7 nm, 83.51 +2.15%, and 83.3 +3.86%
after 24 h, respectively. In vivo pharmacokinetic study indicated 4.207 and 1.907 times increase in the oral bioavailability
of optimized nanostructured lipid carrier without and with cycloheximide (lymphatic transport inhibitor), respectively.
Treatment with ISO (isoproterenol) significantly diverges the levels of antioxidant marker, TBARS (thiobarbituric acid), and
ultrastructure of the cardiac tissue indicating significant myocardial damage. Pretreatment of nanostructured lipid carrier
of isradipine (ISD-NLCs) significantly prevented the antioxidant status and ultrastructural changes in the heart. In conclu-
sion, this study confirms that optimized NLCs can substantially improve oral bioavailability of isradipine and presents a
promising strategy in the management of hypertension for longer duration of time apart from demonstrating its preclinical
efficacy in cardioprotection.

Keywords Nanostructured lipid carrier - Quality by design - Bioavailability enhancement - Hypertension - Myocardial
infarction

Introduction

Hypertension, a worldwide epidemic at present, is not a
disease in itself, but rather, it is an important risk factor
for serious cardiovascular disorders including myocardial
infarction, stroke, heart failure, and peripheral artery dis-
ease. [sradipine is a potent antihypertensive which acts on
calcium channel present on cardiac and vascular tissues
and inhibits the inflow of calcium resulting in vasodila-
tation. Unlike other calcium channel blockers, isradipine
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acts selectively on cardiac and skeletal muscle vascula-
ture especially on arterial side [1]. Isradipine comes under
BCS class II drug (low solubility/high permeability) which
shows variable absorption pattern due to solubility limita-
tion. Factors like low aqueous solubility, high clearance
rate, hepatic first pass metabolism, intestinal metabolism,
and P-glycoprotein mediated efflux of drug are the major
reasons for low oral bioavailability (15-24%) of this drug
[2—4]. Most of these problems associated with isradipine
were tried to overcome by formulating NLCs of isradipine
with chosen excipients. NLCs are a formulation of choice
owing to the advantages offered by it, such as high drug
encapsulation efficiency, biodegradability, biocompatibil-
ity, controlled release profile, and easy scale-up possibility
[5]. NLCs consist of mixture of liquid lipids with solid
lipids. Solid lipid nanoparticle with time tends to form
perfectly crystalline lattice creating less space for drug to
stay inside resulting in drug expulsion. In NLCs, forma-
tion of crystal structure is prevented due to presence of
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liquid lipid thus increasing the entrapment efficiency of
drug and reducing the risk of gel formation during stor-
age [6]. NLCs are formulated by lipids; drugs having high
log P value are suitable candidate for NLCs formulation
as loading capacity of lipophilic drugs are better in lipids
as compared with hydrophilic drugs. As lymphatic uptake
is possible through NLCs, therefore, hepatic first pass
metabolism is circumvented [7]. The excipients having
P-glycoprotein (P-gp) inhibitory effect will be used for
drug which are substrate for P-gp efflux thus potentiat-
ing the effectiveness of formulation in the management of
hypertension and myocardial infarction.

In earlier studies, isradipine has been found to show
antioxidant property [8, 9]. Due to this action of isradipine,
efficacy of isradipine in myocardial infarction (MI) was also
studied. Oxidative stress can result in advancement of myo-
cardial infarction. Such ischemic injury can be assessed by
analyzing the serum level of TBARS after isradipine dosing.
Cardioprotective role of isradipine can be assessed by induc-
tion of MI by isoproterenol (ISO), which is a non-selective
B-agonist that shows positive chronotropic and inotropic
effects at lower dose, while at higher dose, it depletes the
energy reserve of cardiomyocytes.

In present work, QbD was systematically integrated to
produce optimized formulation which was subsequently
evaluated for its efficacy in the management of hyperten-
sion and cardioprotection.

Materials and methods
Materials

Isradipine was procured from Novartis, Basel, Switzerland.
Emulcire 61 and Capryol 90 were procured from Gattefosse
(Saint Priest, France). Dialysis membrane-70 (molecular
weight cutoff [MWCO]=12,000-14,000 Da), LA 393-1
MT, was purchased from HiMedia, Mumbai, India. Isopro-
terenol was purchased from Sigma-Aldrich, St. Louis, Mis-
souri, USA. Poloxamer 188 was provided by BASF (India).
HPLC grade acetonitrile:water was purchased from Merck
India Ltd. (Mumbai, India). All other reagents used in the
experiments were of AR grade.

Animals

In vivo studies were carried out as per the protocols
approved by Institutional Animal Ethics Committee of Jamia
Hamdard, Hamdard University, New Delhi, India (approval
no. 1317). Albino Wistar rats weighing 200-250 g of either
sex were taken for the experiment. Animals housed in pro-
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pylene cages were kept under standard laboratory conditions
maintained at temperature 25 +2 °C and relative humidity
55 +5% RH with free access to standard diet and water.

Methods
Preparation of NLCs

NLCs were prepared by high pressure homogenization
method [10]. Accurate amount of solid lipid, Emulcire 61
(containing magnetic bead), and liquid lipid, Capryol 90,
was weighed and transferred to a beaker. Lipid phase was
melted at 60 °C. To this drug was added and stirred to obtain
homogenous mass. In a separate beaker (containing mag-
netic bead), aqueous phase was prepared by dissolving 3%
of surfactants tween 80 and poloxamer 188 in the ratio 2:1 in
distilled water. Both aqueous and lipid phases were heated at
same temperature 60 °C. Aqueous phase was then added to
beaker containing lipid phase kept on magnetic stirrer. Hot
dispersion was then subjected to high shear homogeniza-
tion at 6000 rpm using RQ-127A/D, Remi, India. This hot
dispersion was homogenized by high pressure homogenizer
(Stansted Fluid Power Ltd. Unit 5, New Horizon, ESSEX
CM19 5FN UK) at different pressure and number of cycles.
Dispersion was then allowed to cool down to room tem-
perature leading to formation of ISD-NLCs. To remove any
unentrapped drug from the surface of NLC purification was
performed using dialysis bag into 300 mL distilled water
stirred at 300 rpm for 24 h. Distilled water was replaced
after 12 h.

Optimization of NLCs as per response surface design

Box-Behnken design (BBD), a response surface methodol-
ogy design, was employed to optimize formulation using
Minitab 18 software (Minitab Inc., State College, PA).
Table 1 represents 3 factors (total lipid concentration (%),

Table 1 Independent and dependent variables used in Box-Behnken
design

Independent variables Levels
Low (-1) Medium (0) High (+1)
X, 1 35 6
X, 300 600 900
X; 3 6 9
Dependent variables Goal
Y, Minimize
Y, Maximize
Y; Maximize

X, total lipids (%), X, pressure (bar), X; no. of cycles, Y; size (nm), ¥,
EE (%), Y; drug release (%)



Drug Delivery and Translational Research (2022) 12:577-588

579

homogenization pressure (bar), and no. of cycles, 3 levels
(low, medium, and high levels of each factor) which affect
dependent variables (CQAs). Each experimental run as
obtained by Box-Behnken design was evaluated for their
CQAs viz., size, % entrapment efficiency, and % drug
release.

Selection of optimized formulation

Optimized formulation is one with desired CQAs i.e.,
smaller particle size, higher % EE, and higher in vitro drug
release. The optimized ISD-NLCs were identified using
numerical optimization method. Graphical optimization
method was employed to search optimum formulation in the
region of design space of overlay plot by setting the desired
range of CQAs.

Evaluation of optimized formulation

Size and entrapment efficiency Optimized ISD-NLCs were
characterized on the basis of its size, polydispersity index
(PDI), surface charge, and entrapment efficiency (% EE).
Size of ISD-NLCs was determined by dynamic light scat-
tering while surface charge was estimated by electrophoretic
mobility of the particles under the influence of electric field
using Malvern Zetasizer (Nano-ZS; Malvern instruments,
Malvern, UK).

% EE of ISD-NLCs was estimated by diluting 5 mL of for-
mulation to 10 mL with distilled water. Diluted sample was
centrifuged at 40,000 rpm for 45 min using ultracentrifuga-
tion (Beckman Coulter, India Pvt. Ltd.). Supernatant was
taken out and after suitable dilution with methanol drug
content was determined via UV spectrophotometer. % EE
were calculated using formula;

%EE = Wtotal - Wfree/wlotal % 100

where W, is the amount of drug used in preparing ISD-
NLCs, and Wy, is the amount of the drug in supernatant.

In vitro release The release studies of optimized ISD-
NLCs were evaluated in simulated gastric fluid (SGF)
of pH 1.2 and in simulated intestinal fluid (SIF) of pH
7.4 for 2 h and 24 h, respectively [11, 12]. Briefly, dialy-
sis bags (molecular weight cut off 12,000 Da) contain-
ing 1 mL of formulation corresponding 1.25 mg of drug
was placed in each beaker (at different pH) containing
200 mL of dissolution media (SGF and SIF) with 1%
Tween 80. Stirring speed was set at 100 rpm for dissolu-
tion media maintained at temperature 37 °C on magnetic

stirrer. Two milliliters of the aliquots were withdrawn at
different time interval and replaced with same amount of
dissolution media for maintaining constant volume. After
suitable dilution, aliquots were analyzed for drug content
by UV spectrophotometer.

Pharmacokinetic study Pharmacokinetic studies in rat were
investigated after oral administration of isradipine (ISD) suspension
(ISD suspended in 2% sodium carboxymethyl cellulose) and
ISD-NLCs at dose 12 mg/kg through 18-gauge oral feeding
needle. Rats were fasted overnight with free access to water
and divided into three groups (n=4), namely, (1) ISD sus-
pension, (2) ISD-NLCs, and (3) ISD-NLCs with cyclohex-
imide. Cycloheximide acts as lymphatic transport inhibitor
so it has been used in assessing role of NLCs in lymphatic
uptake. 3 mg/kg of cycloheximide was injected to group 3
through intraperitoneal route dissolved in saline (3 mg/mL).
After 1 h of injection, 12 mg/kg of ISD-NLCs were given
orally to third group. 0.2 mL of blood samples were col-
lected at different time interval (1,2,8,12 and 24 h) through
tail vein in microcentrifuge tube containing EDTA. Quanti-
fication of drug in plasma was done through HPLC method.

Estimation of isradipine in plasma Isradipine in plasma was esti-
mated by solvent extraction and partitioning. Briefly, to
0.2 mL of rat plasma, 0.5 mL of acetonitrile was added and
vortexed for a minute. To this mixture, 1 mL of ethyl acetate
was added, vortexed for a minute, and then centrifuged at
4000 rpm for 10 min.

The upper organic layer was transferred to a fresh test
tube and evaporated to dryness under nitrogen stream at
502 °C. Residue was reconstituted with 0.2 mL of mobile
phase, which is a combination of acetonitrile:water (50:50)
and filtered through 0.25-pm membrane filter. Concentration
of drug was estimated by injecting 20 uL of reconstituted
sample into the HPLC.

In vitro in vivo correlation Level A correlation represent-
ing point-to-point relationship between in vitro drug release
and in vivo drug absorbed was selected. Deconvolution of
in vivo plasma concentration-time data to % drug absorbed
was done using Wagner Nelson’s equation (13);

S AUCO — ¢
% drug absorbed = X % 100

AUCO — o
where Ct is the concentration of drug at time #; AUCO — ¢
and AUCO — oo are area under curve between time O to ¢
and O to infinity, respectively; and Ke is elimination rate
constant with value 0.048 h~!. Successive value of % drug
absorbed was calculated at different time point utilizing
above equation.
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Pharmacodynamic study: In vivo efficacy study in hyper-
tensive rats The preclinical assessment of antihyperten-
sive activity of the developed formulation was performed
on experimentally hypertensive rats. Hypertension was
induced by injecting deoxycorticosterone acetate (DOCA,
5 mg/kg in corn oil) subcutaneously at every fourth day
for 2 weeks [14]. Administration of DOCA elevated the
systolic BP in animals. The rat was then placed in the
restrainer, and the systolic blood pressure was recorded
using non-invasive blood pressure system (NIBP 200A;
Biopac System, Inc., Goleta, CA) based on cuff tail tech-
nique at 0, 1, 2, 4, 8, 24 h time intervals in triplicate. Fol-
lowing 2 weeks of treatment with DOCA, all the animals
were found to be hypertensive with mean systolic blood
pressure ranging 161.23-171.34 mm Hg. After 2 weeks,
for antihypertensive activity studies, the animals were
randomly distributed into three groups with four rats in
each group. The animals in group I served as control and
was given normal saline; group II and group III served as
treated group and were given ISD suspension and NLCs
formulation (12 mg/kg). Blood pressure of each group of
the rats was recorded again to check the efficacy of the
formulation.

Induction of myocardial infarction ISO (85 mg/kg, i.p.)
solutions in normal saline were injected to rats on 6th and
7th days of study to induce myocardial infarction.

Experimental protocol Total 16 Wistar rats were used for
study. After acclimatization, rats were randomly divided
into 4 groups consisting of 4 rats in each group. Group I
served as control and received normal saline (1 mL) orally
for 7 days. Group II served as toxic group and received nor-
mal saline (1 mL) orally for 7 day s and ISO (85 mg/kg, i.p.)
on 6th and 7th days. Group III and IV served as test group
and received isradipine and ISD-NLCs, respectively, both
at same dose of 12 mg/kg/day orally for 7 days and ISO
(85 mg/kg, i.p.) on 6th and 7th days.

Twenty-four hours after the last dose, blood from each
group was collected through tail vein of rat and centrifuged
to separate serum, which were stored at —20 °C +5 °C for
the biochemical analysis. Animals were then euthanized
by CO, anesthesia, and hearts were immediately removed,
washed with normal saline. Small piece of heart was pre-
served in 2.5% glutaraldehyde and 2% paraformaldehyde
solution in 0.1 M sodium phosphate buffer (pH 7.2) for
transmission electron microscopy. Remaining heart was kept
at —20 °C for biochemical estimations.

Biochemical estimation In myocardial tissue, the level of

lipid peroxide was determined as nmol malondialdehyde
(MDA) per mg of protein. Procedure as earlier reported by

@ Springer

Ohkawa et al. (1979) to estimate level of lipid peroxide was
used without any modification [15].

Briefly, to 0.2 mL of 10% heart homogenate, 0.2 mL of
8.1% sodium dodecyl sulfate, 1.5 mL of 20% acetic acid
adjusted to pH 3.5, and 1.5 mL of 0.8% aqueous solution
of thiobarbituric acid were added. Volume was adjusted to
4 mL by adding distilled water which was then heated in
oil bath for 1 h at 95 °C. Mixture was cooled and to it 1 mL
distilled water, and 5 mL mixture of n-butanol and pyridine
(15:1, v/v) was added and shaken vigorously. The content
was centrifuged at 4000 rpm for 10 min. The supernatant
(organic layer) was taken out, and its absorbance was read
at 532 nm. 1,1,3,3-tetramethoxypropane (TMP) as external
standard to generate standard plot from where the concentra-
tion of MDA as nmol in heart tissue can be obtained.

Transmission electron microscopy studies Small pieces
(1-1.5 mm) of animal myocardial tissue of left ventricle
were taken and rinsed several time with 0.1 M phosphate
buffer of pH 7.2. Samples were then immediately fixed with
2.5% glutaraldehyde and 2% paraformaldehyde solution in
0.1 M sodium phosphate buffer (pH 7.2) and stored at 4 °C
for 12 h. Samples were stained with 2% uranyl acetate and
2% lead acetate and evaluated under transmission electron
microscope (TEM) at All India Institute of Medical Sciences
and Research (AIIMS) New Delhi, India [16].

Statistical analysis All the results were expressed as
mean =+ standard deviation. One-way analysis of variance
(ANOVA) was used to compare groups followed by Den-
nett’s #-test. In all the cases, p < 0.05 was considered statisti-
cally significant.

Results

Formulation and analysis of NLCs as per response
surface design

Three levels three factors experimental design with 15
experimental trials are shown in Table 2. Each CQA was
found to follow quadratic model as given by the equation in
Table 3. As per ANOVA, each CQA represented R?>>97%,
indicating goodness of fit of quadratic model.
Supplementary data Figs. S1(A) and S1(B) demonstrate
that, as the total lipid concentration increases, a curvilin-
ear increase in particle size can be observed at low level
and high level of both pressure and no. of cycles indicating
that they are not interacting with fluctuation in the value of
total lipids. Supplementary data Fig. S1(C) shows inverted
umbrella shape curve indicating as homogenization pres-
sure increases till intermediate value size decreases mark-
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Tab!e 2 Experimental runs Run X, X, X, Y, Y, Y,

designed by Box-Behnken as

per three factors three levels 1 35 900 3 108.7 77.12 75.41
2 6 600 9 151.2 75.61 58.72
3 35 600 6 76.2 83.58 85.97
4 6 300 6 138.5 92.48 67.93
5 6 600 3 127.6 78.34 70.72
6 35 300 3 107.8 92.63 76.51
7 35 900 9 145.7 71.1 61.3
8 6 900 6 159.4 73.26 53.61
9 35 300 9 117.5 88.57 73.26
10 35 600 6 86.1 84.21 78.27
11 1 300 6 1014 78.61 77.1
12 1 600 3 86.5 73.94 77.91
13 1 600 9 77.8 69.64 83.93
14 35 600 6 89.3 85.49 74.94
15 1 900 6 84.3 64.24 80.46

edly. Further increase in pressure causes increase in the
size of particle. At low value of pressure as the no. of
cycles increases, size decreases till mid value of no. of
cycles while further increase causes increase in particle
size. At low pressure but at high value of pressure as the
no. of cycles increases, size increases linearly. But at high
value of pressure, size increases almost linearly as no. of
cycles is increased.

Supplementary data Fig. S1(D) indicates as the con-
centration of total lipid increases significant increase in
the % EE results till mid value of lipid concentration at
both low and high levels of no. of cycles. Further increase
in total lipid concentration causes decrease in % EE. As

Table 3 Model summary and regression equation for the studied
CQAs

CQAs R? R*(adj) R*(pred)
Size 99.13% 97.55% 86.44%
% EE 98.85% 96.79% 85.14%
% Drug release 97.91% 94.14% 81.85%

Regression equation in uncoded units for each CQA. Size =268.6—
18.34 total lipids (%) — 0.3840 pressure (bar) — 23.04, no. of
cycles+2.231 total lipids (%) X total lipids (%) +0.000257 pressure
(bar) X pressure (bar)+ 1.441 no. of cycles X no. of cycles+0.01267
total lipids (%) X pressure (bar)+1.077 total lipids (%) X no. of
cycles+0.00758 pressure (bar) X no. of cycles. EE=72.04+10.86
total lipids (%) — 0.0234 pressure (bar)+2.66 no. of cycles — 1.220
total lipids (%) X total lipids (%) +0.000004 pressure (bar) X pressure
(bar) — 0.269 no. of cycles X no. of cycles — 0.00162 total lipids (%)
X pressure (bar)+0.052 total lipids (%) X no. of cycles — 0.00054
pressure (bar) X no. of cycles. Drug release =26.7 4 8.62 total lipids
(%)+0.1031 pressure (bar)+6.31 no. of cycles — 0.700 total lipids
(%) x total lipids (%) — 0.000062 pressure (bar) X pressure (bar) —
0.281 no. of cycles X no. of cycles — 0.00589 total Lipids (%) X pres-
sure (bar) — 0.601 total lipids (%) X no. of cycles — 0.00302 pressure
(bar) X no. of cycles

the homogenization pressure increases, % EE decreases
linearly. Supplementary data Fig. S1(E) indicates umbrella
shape 3D curve revealing the same effect of total lipids
on % EE. Supplementary data Fig. S1(F) depicts marked
decrease in the value of % EE with increasing pressure
irrespective of no. of cycles revealing no interaction of
pressure with no. of cycles.

Supplementary data Fig. SI1(G) depicts curvilin-
ear decrease in % drug release as concentration of total
lipids increases. The value of % drug release was taken
at the time point of 24 h throughout the study. This trend
is irrespective of magnitude of pressure applied reveal-
ing no interaction of pressure with concentration of total
lipids. Supplementary data Fig. S1(H) indicates increase
in % drug release as the no. of cycles increases at low
concentration of total lipid. But at high concentration of
total lipids, increase in no. of cycles causes decrease in %
drug release. Supplementary data Fig. S1(I) is umbrella
shape 3D curve. As the pressure increases, % drug release
increases to maximum while further increase in pressure
after intermediate value while further increase in pressure
causes decrease in % drug release. As the no. of cycles
increases till its mid value, % drug release increases after
that decrease in its value is observed independent of the
magnitude of homogenization pressure.

Selection of optimized formulation

Response optimizer was used to find out the optimum for-
mulation by setting the desired goal. No constrain was
put on factors like total lipid (2.86%) and homogenization
pressure (500 bar) while nos. of cycles were hold at 6.
Supplementary data Table S1 indicates the composition
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Fig. 1 Overlay plot indicating
design space for ISD-NLC
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of the factors to obtain desired response with composite
desirability of 0.854. Best formulation was selected from
design space in the overlay plot after narrowing down the
constraints as depicted in Fig. 1.

Validation of optimization studies

Five checkpoint formulations were prepared, and their
observed responses were compared with predicted
responses as given by Minitab 18.0. Supplementary
data Fig. S2 illustrates that correlation plots prepared
between observed and predicted responses demonstrate
high R? value which was found to be greater than 0.96 in
each case indicating excellent goodness of fit.

Evaluation of optimized formulation
Size, zeta potential, and entrapment efficiency

Particle size of ISD-NLCs was found to be 8§0.9 + 1.7 nm
with PDI 0.251 +0.034 as shown in Supplementary Data
Fig. S3(A). Zeta potential (Supplementary Data Fig.
S3(B)) and entrapment efficiency of the optimized for-
mulation was found to be —15.8 mV and 83.51 +2.15%
respectively.

In vitro release

28.8 +2.94% of drug was released in SGF in 2 h while
83.3+3.86% of drug was released in SIF for 24 h
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Contour Plot of EE (%), Drug Release (%), Size (nm)
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(Fig. 2). Almost one-third of the drug was released from
SGF in first 2 h indicating quick drug release followed by
sustained release of drug for 24 h in SIF. % drug release
in 24 h from ISD-NLC was significantly higher than that
of isradipine drug suspension (p <0.001) at pH 7.4.

Pharmacokinetic study

Plasma drug concentration-time profiles of ISD suspen-
sion and ISD-NLCs with and without cycloheximide are
shown in Fig. 3. Difference in the plasma concentra-
tion of ISD-NLCs as compared with ISD-NLCS with
cycloheximide and ISD suspension at each time point
was significant (p < 0.01). Pharmacokinetic param-
eters exhibited by the formulation (ISD-NLCs) showed
remarkable increase in oral bioavailability as evi-
dent from Table 4. Oral bioavailability of ISD-NLCS
improved by 4.2-fold and 1.9-fold in contrast to ISD
suspension and ISD-NLCs with cycloheximide, respec-
tively. There was significant difference (p <0.01) in
Chax and t;, of ISD-NLCs (6987.64 ng/mL/h and
14.31 h) as compared with ISD-NLCs with cyclohex-
imide (1893.66 ng/mL/h and 11.84 h) and ISD suspen-
sion (2354.25 ng/mL/h and 8.52 h).

In vitro in vivo correlation

On plotting in vitro % drug release and in vivo % drug
absorbed as represented in Fig. 4, linear correlation with R*
of 0.9645 was obtained thereby indicating that in vitro test
can be used to predict in vivo performance of the
ISD-NLCs.
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Fig. 2 In vitro release study of 100 —0—pH1.2NLC —@—pH7.4NLC —o—pH 7.4 Susp
ISD-NLC and drug suspension

using dialysis method at pH 90

1.2 and 7.4. Data expressed as 80

mean+SD, n=3
70

60
50
40
30
20
10
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% Drug release

Pharmacodynamic study

In vivo antihypertensive activity was performed for
24-h period. All the animals of group I was found to be
hypertensive with mean systolic blood pressure between
161.23 and 171.34 mm Hg. Significant reduction in
mean systolic blood pressure (p <0.001) was found with
treatment groups Il and I i.e., 119.35 + 18.81 mm Hg
and 123.74 + 8.4 mm Hg, respectively, after 1 h of oral
administration as compared with group I (Fig. 5). Fur-
ther, ISD-NLCs were found to show mean systolic blood
pressure less than 130 mm Hg for the entire 24-h period.
ISD suspension showed maximum reduction in blood
pressure of 131.26 + 14.08 mm Hg for 4 h, and after that,

Fig.3 Plasma drug concen- 8000 -

tration—time profile of orally -

administered ISD suspension,

ISD-NLC and ISD-NLC with

cycloheximide (Cx) at the dose I
6000 +

of 12 mg/kg. Data expressed as
mean+ SD, n=4

4000

2000

Plasma drug conc (ng/mL)

Time (h)

there was elevation in blood pressure. Results suggested
that developed formulation of ISD-NLCs improves the
oral delivery of ISD.

Biochemical estimation

Figure 6 represents the effect of different groups on the level of
thiobarbituric acid-reactive substance (TBARS). By determin-
ing content of malondialdehyde (MDA), level of TBARS was
evaluated. Group II (toxic group, ISO-treated) showed significant
(»<0.001) increase in the level of TBARS as compared with
control group I (untreated, control). Group III (toxic group treated
with ISD) and group IV (toxic group treated with ISD-NLC)
represent significant decrease in the level of TBARS (p<0.01)

—@— ISD suspension

—0—ISD-NLC —©=—I1SD-NLC+Cx

30
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Table 4 Pharmacokinetic
parameters as obtained

after oral dosing of rat with
isradipine (ISD) suspension,
isradipine nanostructured
carrier (ISD-NLC) formulation
with and without cycloheximide
(Cx). Data expressed as
mean+SD (n=4)

Parameters ISD suspension ISD-NLC ISD-NLC with Cx
AUC,, , (ng h/mL) 18,710.44 +1759.25 78,725.72 +1948.62 27,426.5+12,325.28
Cax (ng/mL) 2354.25+356.28 6987.64 +597.9 1893.66 +359.64
Tax (h) 2+0.00 2+0.00 2+0.00

K, (h7™") 0.081302+0.021 0.048422+0.039 0.061086+0.052
AUC, , « (ng h/mL) 20,547.06 +1124.52 106,555.5 +34,257.51 29,024.76 +1539.84
AUMC,,,, (ng h%/mL) 119,942.5 +27,548.29 676,093.7+13,326.49 201,920.17 £983.17

AUMC,,, , (ng h%mL)
Ty ()
Relative bioavailability

186,611.6 +18,526.91
8.52+2.13

1,918,742 +22,356.47
14.31+4.19
4.207

396,370.6 +34,691.67
11.34+3.97
1.907

as compared with toxic group II. When group IV was compared
with group III, significant decrease in the level TBARS of ISD-
NLCs was observed at p <0.05.

Effect on the ultrastructure of cardiac tissue

Figure 7 shows effect of different treated groups on the ultra-
structure of left ventricle. Group I: (normal control) group
showed normal architecture of heart mitochondria and myo-
filament. Groups II: (toxic group) treated with Isoproterenol
(ISO; 85 mg/kg, i.p.) showed swollen heart mitochondria
with the ruptured mitochondrial cell membrane, the band
was totally damaged, protein got hampered, and cell death
was seen. Group III: group treated with ISD-NLCS (12 mg/
kg, i.p) was showing one intact nucleus. Mitochondria are
normal along with good appearance of myofilaments of the
heart; cristae are normal.

Fig.4 In vitro in vivo correla-
tion of ISD-NLC using Wagner
Nelson method

100 T

% drug released

Discussion

Accommodation of the drug in the mixture of solid lipid
and liquid lipid is higher due to their spatial dissimilarity
and increased imperfection in highly ordered crystal lattice
structure of solid lipid. This imperfection also decreases
time-dependent % drug expulsion from NLCs [17]. Similar
phenomenon occurred increasing isradipine solubility in the
mixture of Emulcire 61 and Capryol 90 in contrast to their
individual counterpart.

Three factors were selected finally to prepare optimized
formulation through BBD. Effect of each factor on CQAs
was studied by response surface plots. Curvilinear increase
in the size with increase in total lipid concentration could
be due to unavailability of adequate surfactant to emulsify
the system which resulted in agglomeration of the particles
[18]. Increase in particle size with increase in number of
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cycles could be attributed by particle aggregation. Increase
in homogenization pressure resulted in smaller particle size
as high kinetic energy is obtained by particle due to pressure
leading to disruption in size. Excess pressure and number
of cycles caused particle aggregation which led to increase
in particle size [19].

Till intermediate concentration of total lipid, % EE increases
because more amount of lipid was available to solubilize the
drug. In other words, extra space becomes available to entrap
more drug. The concentration of surfactant throughout the
experiment was kept constant. As the concentration of lipid
increases, there is increased possibility of reduction in emulsi-

Fig.6 Effect of ISD suspension 0.7
and ISD-NLC on antioxidant

parameters in myocardial

tissues during isoproterenol- 0.6
induced myocardial infarction

in rats. Data expressed as lén 05
mean + SD (n=4 animals per ~
group). Vehicle control: normal g
saline (0.5 mL/kg, i.p.); ISO: S c 04
toxic group (85 mg/kg, i.p.); o° é
ISD +1SO: ISD (12 mg/kg, € o
oral) +1SO (85 mg/kg, i.p.): £ 503
ISD-NLC+ISO: ISD-NLC b4
(12 mg/kg, oral)+1SO (85 mg/ < 0.2
kg, i.p.) @

0.1

Time (h)

fying efficiency of surfactant and thus hindering the nanopar-
ticles formation apart from aggregation of nanoparticles. This
instability could be the reason of decrease in EE% [20]. Increase
in number of cycles after intermediate level decreases % EE
because, when the particle breaks due to high kinetic energy,
then there is increased possibility of drug to get out of the parti-
cles. As the homogenization pressure was increased from mini-
mum to maximum level, % EE decreased to significant level as
high force disrupted the particle leading to drug loss [19].

Due to increase in the total lipid concentration, significant
decrease in the drug release was observed due to increase in
the viscosity of the formulation which hinders drug release

.

Group I/ Control

*
I |
T T T ' \

Group 11/ 1SO  Group 111/ ISD + ISO Group IV/ ISD-NLC
+1SO

@ Springer



Drug Delivery and Translational Research (2022) 12:577-588

Group H1
X g

Fig.7 Transmission electron microscopic study of the ventricle tis-
sue of rat heart. Group I (normal control) shows normal mitochondria
with normal myofilament with visible Z-band. Group II (toxic group)

[21]. Both, excess pressure and number of cycles, resulted
in decrease in % drug release. This could be attributed by
increase in particle agglomeration which hindered release
of drug. But minimum to intermediate increase in pres-
sure showed different trend, which was increase in % drug
release. Smaller size of particle as obtained by intermediate
supply of pressure could be the reason, as smaller size has
large effective surface area.

Amount of drug release from SIF was higher as compared
with SGF. This result could be due to presence of bile salts
which acts as natural wetting agent and promotes dissolution
and release of the drug [11]. In first 2 h, drug release was
quick which is necessary for immediate therapeutic action.
Quick drug release was followed by sustained drug release
for 24-h period to maintain therapeutic effect of drug for
longer duration of time. This sustained release profile could
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treated with ISO (85 mg/kg, i.p.) results in cell death with totally
damaged Z-band. Group III treated with ISD-NLC shows restoration
of myofilament band. Cell membrane is normal with intact nucleus

be attributed due to presence of drug well inside oil droplets
which is surrounded by solid lipid matrix [12].

Increased oral bioavailability of ISD-NLCs as compared
with ISD suspension could be attributed due to smaller size
of the NLCs and pre-enterocyte solubilization and absorp-
tion of the drug in lipid nanoformulation. In addition, it was
found that surfactants like Tween 80 and Poloxamer 188
act as P-gp efflux inhibitor, which could have contributed
in marked enhancement of drug level in plasma [6, 22].
Besides, in small size of the NLCs (< 100 nm), ISD-NLCs
protects drug from hepatic metabolism thus increasing con-
centration of drug in plasma [23].

Lipid-based carrier gets transported to lymphatic circu-
lation by two different ways either by transcytosis uptake
through M-cells which covers the Peyer’s patches of small
intestine or by increasing chylomicron production in the
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enterocytes which covers the NLCs surface and is secreted
into lymph [24]. In cycloheximide treated rats, lower con-
centration of drug in plasma as compared with untreated
rats reveals the role of lymphatic uptake of drug from oral
lipid-based carrier (NLCs). Cycloheximide acts as lymphatic
transport inhibitor by hindering the production of chylomi-
crons in enterocyte and thus transport of lipid-based carrier
into lymphatic circulation [25]. As seen in Fig. 5, mainte-
nance of low systolic blood pressure for 24 h is effectively
achieved by ISD-NLCs. This could be attributed by the
sustained release action of the ISD-NLCs which has main-
tained the therapeutic range for 24-h duration. Release of
drug from NLCs generally involves three processes. First is
dissolution of the drug present at the surface of NLCs which
results in immediate action of the drug in lowering blood
pressure. Second is diffusion of the drug from the NLCs due
to formation of the concentration gradient between drug pre-
sent in the NLCs and dissolution media (Intestinal media).
Third is degradation of the lipid surface of NLCs resulting
in slow release of the drug from the core of NLCs resulting
in sustained action of the drug and thus maintenance of low
blood pressure for 24-h duration [26].

Oxidative stress is one of the factors involved in cardio-
myopathy as evaluated by ISO treatment. However, exact
pathogenesis of cardiomyopathy is not clear. ISD apart from
hypertension has been found to show its effect in Parkinson
disease due to its neuroprotective role [27]. ISD has also
been found to have antioxidant effect [8]. Concentration of
MDA increases when rats are treated with ISO. In higher
concentration, MDA being the marker of cardiac damage
indicates the decrease in the antioxidants enzyme activity
[28]. ISD and ISD-NLCs at doses 12 mg/kg reversed the
increased levels of MDA thereby decreased lipid peroxi-
dation. Effect of ISD-NLCs on the level of lipid peroxide
was found to be significantly better (p <0.01) than ISD sus-
pension (p <0.05) when compared with the ISO group thus
showing efficacy of ISD-NLCs over ISD suspension.

The transmission electron micrographs of the mitochon-
dria of the heart in ISO group indicated damaged band pro-
tein with swelling in mitochondria which resulted in cell
death. Such type of mitochondria is characteristic feature
of myocardial ischemia. Rats pre-treated with ISD-NLCs in
ISO-treated groups showed restoration of myofilament bands
with normal cell structure.

Conclusion

ISD-NLCs were successfully optimized to achieve sustained
release with higher release rate indicating that dosing fre-
quency of the drug can be decreased. Efficacy of drug in
NLCs formulation enhanced due to increase in bioavail-
ability which suggested that low dose of drug in its NLCs

formulation is possible thus avoiding adverse drug effect.
ISD-NLCs showed better protection in ISO induced MI as
evident from the estimation of TBARS and TEM study. Con-
sidering these results, it can be concluded that ISD-NLCs
can be effectively utilized in the management of hyperten-
sion and is potentially effective against ISO induced MI.
The current study is a good example of formulation which
provides therapeutic value for the patients who develops
hypertension and issue like MI, as the formulation demon-
strated its efficacy in both the cases.
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