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Abstract

The objective of the present work was to optimize ritonavir (RTV)-loaded nanostructured lipid carriers (NLCs) to improve
bioavailability using a quality by design (QbD)-based technique. Risk assessment was studied using “cause and effect”
diagram followed by failure mode effect analysis (FMEA) to identify the effective high-risk variables for the formulation
development. Quality target product profile (QTPP) and critical quality attributes (CQAs) were initially assigned for the
proposed product. Central composite rotatable design (CCRD) was used to identify the individual and combined interactions
of formulation variables. RTV-loaded NLC (RTV-NLC) was prepared using emulsification-ultrasonication method. The
effect of formulation variables like ultrasound amplitude, lipid concentration, surfactant concentration on their responses like
particle size, polydispersity index (PDI), and entrapment efficiency (EE) were studied by CCRD. The optimized formulation
was subjected to lyophilization to obtain dry NLCs for solid-state analysis. DSC and PXRD investigations showed that RTV
was molecularly dispersed in lipid matrix indicating amorphous form present in the formulation. FESEM and AFM depicted
the spherical and uniform particles. The increase in solubility and dissolution rate is expected to be related to the molecular
dispersion, amorphous state, of the drug in the nanoparticle. The optimized NLCs showed good physical stability during
storage for 6 months. RTV-NLC was further subjected to in vitro studies and found a successful sustained release rate of
92.37 £ 1.03%. The parallel artificial membrane permeability assay (PAMPA) and everted gut sac model have demonstrated
the permeation enhancement of RTV. In vivo study observed the enhanced bioavailability with 2.86-fold suggesting optimized
NLC successfully overcome the issue of solubility.

Keywords Ritonavir - Quality by design (QbD) - Central composite rotatable design (CCRD) - Nanostructured lipid
carriers (NLCs) - Permeability

Introduction

Ritonavir (RTV), azapeptide protease inhibitor, is used
as a boosting agent in a highly active antiretroviral ther-
apy (HAART) regimen recommended by the world health
organization (WHO) for the treatment of human immunode-
ficiency virus (HIV) infection [1, 2]. It is a highly lipophilic
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agent with log p value 3.9 and categorized in class II drug of
the biopharmaceutical classification system (BCS). Its elimi-
nation half-life (t,/,) is 3-5 h and has variable bioavailability
of 40-50% having poor aqueous solubility [3, 4]. Despite
the promising drug molecule for the treatment of HIV, they
are not effective to eradicate the infection completely from
the host, and hence research work is in continuous mode all
over the world. The frequent administration of RTV in the
treatment of HIV is required to achieve the desired plasma
level. In addition, several issues come up with the conven-
tional dosage form including poor accessibility to lymphat-
ics, CNS, and genitals [5].

Few works have been attempted to resolve the solu-
bility and bioavailability issues by nanoformulations,
for example, solid lipid nanoparticles [6, 7] nanosuspen-
sion [8], solid dispersion [9, 10], liposome [3, 4, 11], and
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polymer-based nanostructures [12], and cyclodextrin-based
nanoformulation [13]. However, various authors suggested
a common drawback of SLNs including drug expulsion
during storage and limited drug loading [14-19] whereas
polymeric nanocarrier possess undesirable cytotoxicity
and unwanted accumulation of polymeric residue leads to
toxicity [20]. On the other hand, liposomes require high
production costs and show instability during storage is a
major limitation [21].

Nevertheless, lipids are biodegradable and biocompat-
ible which is used to completely protect the entrapped
drug and release controlled manner at a prolonged period.
SLNs were modified by loading oil into the lipid matrix of
SLNs to form an imperfect structure so that the maximum
amount of drug could encapsulate to enable a sustained
rate of drug release. This modified form has been known as
nanostructured lipid carriers (NLCs). They are designated
as the second generation of lipid carrier next to the SLN
and composed of GRAS (generally regarded as safe) status
solid lipid and liquid lipids (oil) which are stabilized by a
surfactant or blend of surfactant [15, 22]. On this ground,
manufacturing of NLCs was preferred for encapsulating the
lipophilic RTV. Here, we employed an appropriate propor-
tion of solid lipid and liquid lipid for the manufacturing of
NLCs which modulates the controlled release, drug target-
ing, and stability [23].

The use of high shear homogenization followed by the
assistance of ultrasound waves generated by probe-sonicator
using cavitation technology is the best option for the produc-
tion of uniformly sized nanocarriers. The plus point of the
energy-efficient technique is to control the operating param-
eters like power, processing time and does not require skilled
personnel for the operation [24]. Besides, probe-sonicator is
common equipment available in every research laboratory
and can be used for the production of nanocarriers using
ultrasound cavitation [25].

From our knowledge, this is the first report of produc-
tion of RTV loaded NLC with several systematic steps
of QbD approach to improve its bioavailability. In this
framework, QTPP was assigned before the start of a
process and CQA was defined based on the “cause and
effect” diagram and FMEA. The CCRD was used for sev-
eral experimental runs and employed for the optimization
process. The optimized NLC formulation was lyophilized
to convert free-flowing solid particles to study the solid-
state characterizations [26]. The release from the NLC
was monitored and studied by parallel artificial mem-
brane permeability assay (PAMPA) [27]. In supporting
this study, intestinal everted sac method (ex vivo model)
was used for the permeability study. Thereafter, in vivo
evaluation using Wistar rats was assessed for the enhance-
ment of bioavailability.
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Materials and methods
Materials

RTV (>98% pure) was obtained from Mylan Pharmaceutical
India Ltd. (Nashik, India) Compritol HD 5 ATO (solid lipid) and
Capryol 90 (liquid lipid) were received from Gattefosse (Mum-
bai, India). Pluronic F127 was purchased from Sigma-Aldrich
(Bangaluru, India). Tween® 80 and dialysis bag (M.W. cutoff
12,000-14,000 Da) was purchased from Hi-Media distributor
(Mumbai, India). Other chemicals and solvents used in fabrica-
tion and evaluation were of analytical reagent (AR) grades.

Approval of animal experiments protocol

The protocol for the animal experiments was prepared
according to guidelines of the Committee for Control and
Supervision of Experiments on Animals (CPCSEA) and
was approved by Institutional Animal Ethics Committee
(IAEC) (Approval ref. No. IAEC/RCPIPER/2018-19/29) of
R. C. Institute of Pharmaceutical Education and Research
(RCPIPER), Shipur, India. All animal experiments were car-
ried out according to the NIH publication No. 8023, revised
1923 guidelines for Care and Use of Laboratory animals.
All the animals (Wistar male rats weighing 180-200 g
approx.) were issued from the well-established animal house
of RCPIPER, Shirpur, India. They were housed for study
under appropriate controlled conditions of a temperature of
22 +5 °C and relative humidity (RH) 50+ 10%. The animals
were fed rat chow and continuous water until the day of study.

HPLC analysis of RTV

An estimation of RTV was performed using previously
reported RP-HPLC method with slight modification [28]. The
analysis was carried out by a reverse-phase C18 Princeton-
SPHER™ column using mobile phase consisting of phosphate
buffer (pH 4) and acetonitrile (50:50) at a flow rate of 1.2 mL/
min. The detection was performed by UV-—visible detector at
244 nm. Calibration curve was constructed over the range of
50-150 pg/mL with a regression coefficient (%) of 0.998. The
method was further validated as per International Conference
on Harmonization (ICH) guidelines, Q2 (R1) [29].

Product development using QbD tool

Step 1: quality target product profile (QTPP) and critical
quality attributes (CQAs)

The first step of QbD-based tool is to define QTPP for the
consideration of final product. It signifies highlighting the
patient-relevant product performance and characteristics
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that have improved the treatment. Selection of QTPP based
on ICH QS8 guideline that includes dosage form, dosage
strength, route of administration, pharmacokinetics, stabil-
ity, and product quality attributes (particle size, zeta poten-
tial, and PDI, EE, etc.) [30].

Critical quality attributes (CQAs) are the product charac-
teristics that depend on experimental factors, for example,
drug substances, excipient, and process parameters. These
factors can be critically examined and controlled to achieve
the desired target of a quality product. Thus, the identifica-
tion of CQA through the screening process is crucial, and
based on sound knowledge and available literature. Table 1
depicts the justification of QTPP and CQAs.

Step 2: risk assessment using ranking method

In order to find the actual components utilized in the devel-
opment of the product, the factors having intuition on the
performance of quality products were isolated. The experi-
mental factors were finalized using the process of risk iden-
tification analysis using cause and effect diagram and risk
assessment ranking method [30]. In this method, failure
mode effect analysis (FMEA) was employed to assign rank
depending on risk, and further high-risk holding factors were
isolated affecting CQAs of the final product.

Here, we enlisted all failDure modes for the preparation
of NLCs, and their assessment was done based on the prior-
ity ranking numbers which were implemented in our pre-
vious paper [23]. Each failure mode was given a priority
ranking number (PRN) and potential variables were selected

based on their PRN. The PRN is a scale from 1 to 36 num-
bers depicted in (Table S1, Supplementary data) and calcu-
lated by the following formula,

PRN = Serenity (S) X Occurence (O) X Detection (D)

where severity (S) is denoted as seriousness of failure,
occurrence (O) is portrayed how often failures can occur,
and detectability (D) is defined as the level of difficulty
in detecting failures. Thus, the identified variables were
employed in the production of NLCs using different levels
of variables in CCRD.

Step 3: production of RTV-loaded NLCs

RTV-loaded NLC was prepared by a modified pre-emulsi-
fication probe sonication method [31]. Briefly, a weighed
amount (50 mg) of RTV, Compritol HDS ATO, and Capryol
90 was added in 2 mL chloroform to form oily phase. On
the other hand, the measured amount of Pluronic F127 and
Tween 80 was dissolved in double distilled water to form an
aqueous phase. Both the phases were heated up to 55-60 °C
to produce a clear solution. Further, the hot surfactant solu-
tion was slowly added into the oily phase during continuous
stirring on a magnetic stirrer (Remi) to produce pre-emul-
sion. The prepared pre-emulsion was further homogenized
adequately under high-speed homogenization (Ultra-Turrax,
T25 Basic, Ika Werke, Stanfer, Germany) with 11,000 rpm
for 6 min. The hot condition was maintained during this pro-
cess and then subjected to probe sonication (PCI Analytics
Pvt. Ltd., Mumbai, India). The sonicator tip was immersed

Table 1 QTPP and CQAs for the preparation of NLCs and their justifications

QTPP

Target

Justification(s)

Dosage form

Dosage type
Route of administration
Drug content

Drug release
Pharmacokinetics
Stability
Alternate route
CQAs

Particle size
Dispersity index

EE

Freeze-dried nanocarriers

Controlled release
Oral

85-95%

More than 85%

Maximum C_,,, T,,, and AUC

determine performance
12 months

Target

Average particle size below 250 nm

Less than 0.300

Higher

Solid dosage form is a preferred choice of the patient because it easily enhances
the lymphatic uptake due to its nanosize thereby increases the bioavailability

Superior absorption is possible with controlled release from NLCs

Most preferred route for all including adults and child for the HIV treatment

IT is important to maintain the therapeutic requirement and need for treatment

Required for effective treatment and therapy inventiveness for improvement of
bioavailability of the drug

The maximum plasma concentration attained versus time provides a higher drug
absorption rate and enhance bioavailability

The therapeutic potential of the drug in NLCs depends on particle size. The
formulation should not have great variation during storage

NA

Justification(s)

Reduced particle size and increased surface area enables efficient active move-
ment in permeation through GI epithelial lining. The benefit of reduced size is
in the enhancement of solubility and bioavailability

The dispersity higher than 0.3 indicates the broader dispersity of particles. The
dispersity index below 0.3 is acceptable for the nanoformulation

Higher EE ensures higher encapsulation and drug loading. The controlled release
from the carrier can be obtained for higher therapeutic benefits
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in 9 mm in the NLC solution having a diameter of 17 mm.
The optimized conditions of sonication device which oper-
ates with ultrasound burst of 20:15 on/off cycles and irradi-
ated with 55 amplitude of ultrasonic intensity. The period
of sonication was continued for 15 min followed by being
placed in a cool place to produce the NLCs. The physical
mixture of pure drug and solid lipid was prepared in order to
aid in the study of solid-state characteristics and comparison
purposes.

Step 4: applying experimental design in production
of NLCs

The effect of ultrasound amplitude (A), lipid concentration
(B), and surfactant concentration on the responses (CQA)
like particle size (Y1), PDI (Y2), and EE (Y3) were evalu-
ated by using central composite rotatable design (CCRD)
coupled with response surface methodology (RSM)
(Table 2). CCRD includes extra edge value (— alfa, + alfa)
and is most appropriated among all the designs to explore
response surfaces, second-order polynomial model, and
allowing few experiments to run [32, 33].

As shown in Table 2, the independent variables such as
ultrasound amplitude (A), lipid concentration (B), and sur-
factant concentration (C) were selected based on risk assess-
ment and FMEA technique. The ultrasound amplitude was
identified as critical process variable (CPP) and solid lipid
and oil were identified as CMAs. The independent variables

with low (-1), middle (0), and high (+ 1) levels associated
with 10 non-center points and 5 center points were included
in statistical evaluation. The alfa values (— alfa, + alfa) were
auto-selected by the software. The output was analyzed
using software Design Expert 12 (DX 12) [34].

Step 5: statistical data analysis

Several batches of NLCs were run according to experimental
design. The analysis of responses like particle size, PDI, and
EE were performed in triplicate (mean +S.D., n=3). The
generated models were evaluated statistically and data calcu-
lations using ANOVA (analysis of variance) were suggested
the levels of significance of responses were highly signifi-
cant (P <0.05). Contour plot (2D) and response surface plot
(3D) were generated using Design Expert 12 (Version 12.0)
software to carry out the response surface analysis [35].

Step 6: QbD-based optimization and validation
of formulation

In order to optimize the formulation, the constraints were set
based on minimum particle size, minimum PDI, and maxi-
mum EE for the selected response (CQA) to obtain desirabil-
ity function. In the numerical method, desirability closest to
1 is considered for the optimization of the formulation. To
verify the optimized condition of the formulation, the sug-
gested optimized formulation (Table 3) was developed from

Table 2 CCRD for different

: . Independent variables
experimental run and their

Dependent variable (response)

responses Run Ultrasound Lipid concen- Surfactant Particle size (Y,) PDI (Y,) EE (Y;)

amplitude (A) tration (B) concentration

(%) (%) (©) (%)
1 40 2 0.29 191.1+1.01 0.311+2.12 87.01+1.20
2 40 2.70 1 213.5+2.05 0.204+2.93 92.03+2.12
3 54.14 2 1 164.4+1.03 0.362+1.03 68.04+0.23
4 50 1.5 1.5 159.3+1.06 0.215+0.32 81.10+1.32
5 40 2 1 187.9+1.23 0.209+1.06 83.20+1.43
6 30 2.5 1.5 227.4+2.01 0.214+0.34 94.30+3.23
7 40 2 1 190.1+2.03 0.186+1.32 84.12+1.32
8 25.85 2 1 247.4+1.13 0.288+3.02 80.01+3.12
9 40 2 1 184.8+1.04 0.209+1.43 81.10+0.32
10 40 1.29 1 172.1+0.53 0.135+0.23 91.04+043
11 40 2 1 202.2+0.94 0.144+0.34 74.03+1.04
12 40 2 1.70 162.2+1.04 0.241+£1.07 92.10+1.23
13 30 1.5 0.5 161.1+2.32 0.221+1.22 84.05+1.42
14 50 2.5 0.5 228.9+1.32 0.188+0.43 94.03+0.33
15 40 2 1 189.5+0.34 0.231+1.08 84.20+0.12

Mean + SD (n=3); lower values (— 1) were represented by 30% (A), 1.5% (B), 0.5% (C); middle values (0)
were represented by 40% (A), 2% (B), 1% (C); and higher values (+ 1) were represented by 50% (A), 2.5%
(B), 1.5% (C). Minimum alpha values (axial points) (— ) were represented by 25.85%, 1, 29%, and 0.29%;
maximum alpha values (axial points) (+ o) were represented by 54.14%, 2.70%, and 1.70%
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the experimental variables. The observed responses were
compared with predicted responses values [26].

Characteristics of prepared NLCs
Particle size and PDI measurement

The mean particle size and PDI of the NLCs were deter-
mined using a dynamic light scattering (DLS) technique
using zeta sizer (Malvern Zetasizer Nano ZS90, Malvern,
Worcestershire, UK). To avoid multiple scattering effects,
each sample was diluted in the proportion of 1:100 using
ultrapure (Milli Q) water before the measurement. The
refractive indices of disperse and dispersant (water) phases
were set to 1.59 and 1.330, respectively. The diluted disper-
sion was taken in the polystyrene cuvette and measured with
pre-set equilibration time 120 s. The detection temperature
was maintained at 25 °C. The results were reported as mean
diameter (size, pm) of triplicate measurements for particle
size and PDI.

(-potential measurement

The C-potential has a pronounced effect on the chemical
and physical properties of nanocarriers. The {-potential of
NLC formulation was measured by electrophoretic mobility
of particles using a Malvern Zetasizer, Nano ZS90 (Mal-
vern Instruments Co., Ltd., Worcestershire, UK). Each sam-
ple was diluted 100 times using ultrapure water before the
measurement. A clear disposable zeta cell (DTS1060C) was
used for the measurement of all samples at 25 °C. All the
measurements were performed in triplicate and reported as
surface potential (mV).

Drug entrapment (%) and drug loading (%)

A premier tabletop ultracentrifuge (Optima Max-XP, Beck-
man Coulter Inc., Brea, USA) was employed to determine
percent drug entrapment from the NLCs. Briefly, the accu-
rately weighed dispersion of NLCs was centrifuged at

20,000 RCF for 20 min, 4 °C to separate the supernatant
and nanocarrier pellets. The supernatant (1 mL) was suit-
ably diluted in methanol and scanned spectrophotometrically
(UV-1900, Shimadzu, Tokyo, Japan) at 244 nm. This pro-
cess was performed in triplicates and results were reported
in the percentage of drug entrapment.

Drug entrapment and drug loading were calculated by
the following Egs. (1) and (2) and expressed in mean values
(mean + SD),

%DE = w x 100 )
Wd — Wifd
DL=— x 100
% Wnlc % 2)

where Wy, Wy, and W, were the amount of total drug,
amount of free drug, and amount of NLCs, respectively.

Lyophilization of RTV-NLC

For the long-term stability purpose, the RTV-NLCs were
subjected to freeze-dried so that dry solid of RTV-NLCs
was obtained. Mannitol 3.5% was added into formulation as
cryoprotectant before loaded in freezer at — 80 °C for 24 h
followed by lyophilization for 40 h using freeze dryer (Virtis
Bench Top Lyophilizer, Spinco Biotech Pvt. Ltd) at 35-mT
vacuum pressure. After freeze-drying process, the secondary
drying was conducted at 20 °C for 12 h [36].

Percent drug content

For the determination of drug content, an accurate weighing
amount of 10 mg lyophilized NLC was dissolved in metha-
nol and subsequently sonicated and filtered through 0.22 pm.
The percent drug content was analyzed using HPLC at
244 nm and calculated by following formula.

Practical yield

% Drug content = ———— X
orue © Theoretical yield

100 3)

Table 3 Results for confirming

. . Experimental variables
optimization of formulation

(RTV-NLCs) Ultrasound Lipid conc. (%) Sur- Responses  Predicted values Observed values % Bias
amplitude factant
(%) conc. (%)
40 1.82 1.43 Particle size 189.86 187.23+1.03 1.3
PDI 0.110 0.119+0.02 8.18
EE 95.96 92.01+1.21 4.11
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Physical characterization of NLCs
FT-IR spectra

IR spectra of pure RTV, Compritol HD5 ATO (solid lipid),
PM of drug and lipids, optimized formulation, and RTV-
NLC were used to analyze the intermolecular interaction
of functional group between RTV and excipients in the
formulation. FT-IR spectroscopy was scanned on Fou-
rier transform spectrophotometer (FT-IR-430 Shimadzu
84008, Tokyo, Japan) equipped with a scanning range of
4000-500 cm™!. A total of 2 mg sample was mixed with
dried KBr in the ratio of 1:100, ground gently in a mortar,
and squeezed into a pellet for analysis.

Crystallinity studies

The crystallinity studies were performed by differential
scanning calorimetry (DSC) and powder X-ray diffraction
pattern studies (PXRD).

a. DSC (METTLER TOLEDO, USA) analysis was per-
formed for the samples of pure RTV, Compritol HD5
ATO, Capryol 90, and optimized NLCs to evaluate the
nature and thermal stability. Indium (In) standards were
used to calibrate the instrument and nitrogen gas was
supplied as purging. A sample of fixed amount (2 mg)
was taken and sealed in the standard aluminum crucible.
The sealed empty crucible was taken as a reference.

All the samples were analyzed over a rate of 10 °C/min from
25 t0 290 °C under a nitrogen environment. Onset, peak, and
end set temperature and enthalpy change were analyzed by
Mettler STARe V8.10 software [37, 38].

Crystallinity (%) was calculated using Eq. (4),

CI (%) = 6 H of lyophilized NLC y
> 5 H of bulk material X concentration of lipid phase

“

b. PXRD study was performed to record the diffraction
spectra of a sample using PXRD (Brucker AXS D8
advance®, Karlsruhe, Germany) for and optimized batch
NLCs. For the analysis, a small amount of samples were
placed in sample holder and scanned with angular speed
(2 h) of 2°/min at 30 mA operating voltage and 35 kV
current.

The solid sample was exposed on Cu at 1.5406 A° wave-
length and on a 20 scale with a range of 3—60 °C for analysis
of sample. PXRD spectra were obtained by diffractometry
software coupled with a diffractometer. The crystallinity was
computed by amorphous subtraction method that includes

@ Springer

dividing the crystalline area produced by RTV-NLCs to the
total area of diffractogram of RTV-NLCs [39].
The % crystallinity index (CI) was calculated using
Eq. (5):
Crystalline area

Cl (%) = x 100
(%) Crystalline area + Amorphous area )

Morphology determination

AFM To confirm the particle size and to study the mor-
phological feature of NLC, the atomic force microscopy
(AFM) was employed [34]. The optimized NLC sample
was dispersed in Milli-Q water and subsequently sonicated.
The thin film was prepared on AFM mica shit by spread-
ing the dispersion volume 10 pL and incubated for air-
dry overnight. The film was fixed on to AFM metal disk
using double-sided tube and placed under the scanner tube.
AFM analysis was performed using scanning probe micro-
scope (SPM) with Raman spectroscopy: TriA 100 (A. P. E.
Research Nanotechnology, Italy) in contact mode with sili-
con tip. The surface topography of RTV-NLC was recorded
and analyzed in triplicate [40].

FESEM (FESEM-S 4800, Hitachi, Japan) analysis Field
emission scanning electron microscopy (FESEM) (FESEM-
S 4800, Hitachi, Japan) analysis was performed in order to
find out the size, shape, and surface characteristics of nano-
particles [41]. The lyophilized NLC sample was dispersed in
an aqueous suspension and subsequently coated on a glass
slide of approximately 30 pL. The dried glass slide was sput-
ter (Hitachi E1010) with gold at 20 mA sputter to fabricate
the particles electrically conductively for 1-2 nm thickness
before imaging under accelerating voltage 30 kV [26].

TH-NMR

The 1H-NMR scan was recorded by (Bruker Avance III,
400 MHz) spectrometer at 400 MHzand at 298°K. A lig-
uid sample of nanodispersion was introduced in NMR tube.
Weighedamount of CDCI3 (D-chloroform) was added in the
tube for field login and TMS, as aninternal standard, was
added for 0 PPM for the recording of chemical shift values
of thecompound [43].

Stability studies

In order to find the changes of NLC characteristics at dif-
ferent conditions of temperature and humidity during the
storage according to the recommendation of ICH guideline
Q1A (R2). For this purpose, the accelerated storage condi-
tion 4 °C, 25 °C+2 °C/60% RH + 5% RH was selected and
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lyophilized NLCs sealed in a vial and properly and placed
in stability chamber (CHM-10S, REMI Instruments Ltd.,
Mumbeai, India) for the period of 6 months. The samples
were evaluated for particle size, PDI, and EE after 2nd, 4th,
and 6th months by dispersing in double-distilled water [42].

In vitro release study and pattern of kinetics

In vitro release study for prepared RTV-NLCs, PM and,
RTV-suspension was performed using a previously reported
method [15, 26]. Briefly, 200 ml simulated gastric solution
pH 1.2 at 37 C for first 2 h followed by phosphate buffer pH
at 6.8 at 37+0.5 °C as dissolution medium with stirring
speed of 100 RPM of the medium. At pre-set time interval,
samples were withdrawn and an equal volume of freshly
prepared buffer was replaced to maintain sink condition
throughout the study. The retrieved samples were filtered
and diluted with mobile phase accordingly and analyzed
by HPLC with UV detector. The results were reported as
mean + SD after three measurements.

PAMPA

Parallel artificial membrane permeability assay (PAMPA)
model was used to find out the passive permeability concen-
trations of drug. The experiment was performed according
to the procedure adopted by Choi et al. [44]. All the require-
ments such as BD Gentest® (Corning Inc., MA) containing
pre-coated lipid membrane, 96-well filter plate, phosphate
buffer pH 6.8, and RTV-loaded NLC and RTV-suspension
2 mg/mL were collected. Initially, BD Gentest membrane
(PAMPA membrane) was fitted in between donor and accep-
tor plate of 96-well filter plate. The upper portion of the
96-filter plate was used as donor and the lower plate was
used as an acceptor. The phosphate buffer of pH 6.8 was
used throughout the study. A donor sample solution of con-
centration 200 ug/mL was prepared by diluting RTV-NLCs
and pure RTV in saline phosphate buffer (pH 6.8) solution.

A measured amount of sample solution (200 puL) was
poured into the donor compartment of each well, and 300
pL phosphate buffer was poured into the receptor compart-
ment of each well separately. The donor well was placed on
the receptor well ensuring permeability membrane was in
contact with buffer solution.

After 6 h of incubation at room temperature, the plate
assembly was detached and samples from donor and recep-
tor were withdrawn followed by suitably diluted. RTV per-
meated the membrane was analyzed by HPLC. The experi-
ment was repeated in triplicate and the results were quoted
in mean+ S.D.

A permeability difference (<2%) signifies the integrity of
membrane. The permeability coefficient (Pe) is represented
by the following equation [27].

Pe = —In[1 - CA(I)/Cequilibrium]/A X (I/VD + 1/VA) X1

where Pe is permeability in the unit of cm/s, A is effective
filter area, and A =£x0.3 cm? (where f=apparent porosity
of the filter), VD is a donor well volume, VD =0.3 ml, VA
is a receptor well volume, VA =0.2 ml, ¢ is incubation time
(s), Cp (¢) is compound concentration in donor well at time
t, C,4(?) is a compound concentration in receptor well at time

1, and Cogijiprium 18 represented by the following equation.
co [Co(®) X Vp 4+ C,(1) X V4]
equilibrium (VD + VA)

Isolation and preparation of everted gut sac model

In order to investigate the permeability of the drug across the
intestinal epithelium the most useful everted gut sac model is
used. In this method, rats were kept on fasting for the period
of 24 h with the supply of only water ad libitum and not
supplied feed before the experiment. The whole procedure
was adapted according to method described by Shekhawat
and Pokharkar et al. [31]. The test animal was sacrificed
by the survival dislocation method. The small intestine was
excised through the abdominal incision of 4-5 cm and the
underlying mesenterium was removed by manual stripping.

An appropriate segment of the intestine was identified
and separated into 10+0.2 cm sacs (2 cm below the pylorus,
duodenum, and 20 cm below the pylorus, jejunum), flushed
with water, and then aerated ice-cold KRB buffer solution.
The glass rod was inserted into the intestinal segment and
everted the entire intestine.

The sac was closed at one end and another end was also
closed by filling 1 ml of NLC suspension and drug suspen-
sion individually. The intestinal sac was suspended individu-
ally in 50 ml oxygenated KBr buffer solution maintaining the
temperature at 37 °C. At a pre-set time, the sample (0.5 mL)
was collected and replaced by an equal volume of the freshly
prepared buffer solution. After the experiment, the sac area
was measured for the apparent permeability calculation. The
withdrawal sample was measured by a UV spectrophotom-
eter at 244 nm after diluting suitably. The experiment was
performed in triplicate and the data was used in data analysis
statistically.

Permeability was obtained by plotting the amount of drug
transport across the sac area under study against time (min)
[31]. Considering the equation of regression analysis, the
slope was taken as permeation flux (J, mg/min).

The apparent permeability (P,,,) was calculated math-
ematically by the following equation:

J
P =
PP AXCi
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where Ci is the initial drug concentration (ug/mL) in the
mucosal compartment, A is the surface area of the intestinal
sac.

In vivo pharmacokinetic studies

Male Wistar rats approximately weighing 180-200 g were
issued from the animal house of RCPIPER, Shirpur, and
housed in cage separately. They were categorized into three
groups and each group have six animals supplied feed and
filtered water 24 h. They were kept in a place to acclima-
tize before the experiment. Animals were kept on fasting
overnight. They were administered orally to three groups
of rats at a dose of 54 mg/kg [4]. The dose receiving three
groups was categorized into RTV-suspension, RTV-PM, and
RTV-NLCs. The heparinized tube was kept ready for the
collection of the blood sample. Approximately 0.3 mL blood
sample was withdrawn from the orbital plexus at predeter-
mined at the pre-set time of the point of 0.5,1,2.4, 8, 12, and
24 h for oral administration. The collected blood sample
was ultracentrifuged (Optima Max- XP, Beckman Coulter
Inc., Brea, USA) for 6000 rpm for 20 min at 4 °C to separate
plasma and kept at — 20 °C until analysis.

Plasma sample extraction and bioanalysis

The plasma sample was spiked with a mixture of pure
RTYV and internal standard zidovudine (AZT) solution each
(0.1 mL). To this solution, ethyl acetate was added for the
purpose of deproteinization and vortexed properly. After-
ward, this solution was centrifuged at 4000 rpm at 10 min
in order to separate the ethyl acetate as a supernatant. The
obtained residue was collected and analyzed by above
described RP-HPLC method. The method was further vali-
dated for specificity, linearity, sensitivity, accuracy, preci-
sion, recovery, and robustness.

Pharmacokinetic parameters and statistical analysis

The calculations of pharmacokinetic parameters were estab-
lished using a Microsoft excel based PK solver 2.0 add-in
program. Non-compartmental analysis model was studied to
determine the pharmacokinetic parameters. The relative bio-
availability was determined by reported method [45, 46] and
AUC,_; (r=24) was established by the trapezoidal method.
The various pharmacokinetic parameters including C,,,
(max. plasma concentration), t,,, (time of occurrence), AUC
o (area under the curve, t=24), and MRT (mean residence
time) were calculated.

For statistical data analysis GraphPad Prism 6.0 (Graph-
Pad Software Inc., CA, USA) was employed. All the results
were reported in mean+ S.D. (n=3). The data were con-
sidered to be statistically significant (P <0.05) applying
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Student’s 7-test and one-way ANOVA (analysis of variance)
followed by Dunnett’s multiple comparisons.

Results and discussion

NLCs are an effective delivery system for the hydropho-
bic drug and targeting the drug across the membrane. The
composition was selected based on solubility studies and
formulation was developed using ultrasound waves based
using QbD tool. The NLCs were prepared by microemul-
sification-probe sonication method in which addition of
drug into the mixture of Compritol HD5 ATO (solid lipid)
and Capryol 90 (liquid lipid) in the ratio of (70:30) which
produces maximum room for the incorporation of drug and
was stabilized by the combination of surfactants. Micro-
particles of lipid droplets of pre-emulsion broke down on
ultrasonication leading to the formation of NLCs by acous-
tic cavitation [47].

QbD-based experimental framework

The significant role of the QbD-based experimental frame-
work is the identification of specific features that define
the quality of the product considering the patient-centric
approach. Critical attributes of the final products that makes
patient-centric, efficacious, and safe product [16].

QTPP and CQAs

The objective of QbD-based framework is to produce a qual-
ity product with understanding and consistently prove their
adequate performance. QbD-based experimental framework
was utilized to accomplished the production of NLCs. Itis a
systematic and knowledge-based framework for the devel-
opment of a novel formulation to enhance the quality of
the product from the initial point of the experiment. In this
framework, the initial step, i.e., QTPP, was kept in mind as
a goal throughout the experiments.

Risk assessment

Risk assessment was performed by constructing the cause
and effect diagram (Fig. 1) in accordance with ICH Q9
guidelines. The high-risk possessing factors were isolated
which have an impact on the performance of the CQA. The
risk factors might be the critical process parameters and
critical material attributes which displayed on the cause
and effect diagram. According to the risk assessment stud-
ies (Table S1), factors were categorized into high-, low-,
and medium-risk levels. The factors possessing high risks
were the concentration of lipids, the concentration of sur-
factant blend, and the process parameter, i.e., ultrasound
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Fig.1 “Cause and effect” diagram portraying all the variables

amplitude. Lipid concentration held the highest risk in this
formulation because it is the main excipient in the for-
mulation and it was selected based on solubility. Solubil-
ity implies a higher percentage of EE and hence it was
isolated. Second, the surfactant concentration used in
NLC has attracted attention for the function of reduction
in interfacial tension and stabilize the system [48]. The
reduced particle size is the function of the optimum level
of ultrasound amplitude and hence held the highest risk.
However, factors falls under the low and negligible risk,
they were neglected.

Influence of experimental variables

A detailed description experimental variables on particle
size, PDI, and EE (studies are given in supplementary data).
Graphical representation of the significant effect of interre-
lation and interactions of independent variables on respec-
tive responses are presented as 3-dimensional (3D) response
surface plot (Fig. 2).

Drug loading

The NLC formulation was shown an elevated drug loading
capacity, and it was found to be 2.35% w/w. This is due to
the component used in the preparation of NLC, i.e., mixtures
of solid (Compritol HD5 ATO) and liquid lipid (Capryol 90)
contribute to achieving many imperfections that offer space
to accommodate the high amount of drugs [49].
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The &-potential of all the NLC formulations was found to
be in the range of —9.8 +0.25 to—13.6 +0.12. The NLC
formulation was stabilized by the combination of nonionic
surfactant such as Tween 80 and Pluronic F127 which lead
to reduction in zeta potential values. The decrease in zeta
potential values may lead to aggregation of particles. How-
ever, in our case, decrease in {-potential values was due to
lowering of free energy of the system due to an interaction
between nonionic surfactant (Tween 80) and drug molecule
[31]. It was observed that the particles were unable to aggre-
gate due to complete covering of particles and greater stabil-
ity was maintained.

QbD-based optimization and validation study

The desirability functions data and generated the overlay
plot showed the prediction values on the flag (Fig. S1, Sup-
plementary data). The identified optimized batch showed
the desirability of 0.87 which was closest to 1. The yellow
region, on the overlay plot, suggested that the area of design
space with feasible value and the gray region expressed the
area where the response value did not fit the quality product
[50].

The observed values were compared with predicted
values and % bias was calculated. As per the results dis-
played in Table 3, the minimum % bias for the particle
size and EE were observed. The formulation showed a
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Fig.2 Response surface plot depicting influence of experimental variables on particle size A, polydispersity index (PDI) B, and entrapment effi-

ciency (EE) C

maximum % bias for the PDI (i.e., 8.18%). It has been
said that the polydispersibility index must be below 0.3,
indicating uniformity of the particle distribution [23].
This might be due to the effect of human error or prob-

ably instrument error.
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Lyophilization of RTV-NLCs

For the solid-state characterization and long-term stability
purpose, the prepared optimized NLCs were converted into
the free-flowing solid powder. Moreover, it possesses several
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advantages such as ease of handling and ease of administra-
tion. NLCs were lyophilized without cryoprotectant leads to
agglomeration, aggregation phenomenon as the irreversible
step after drying. This may be due to the chain entanglement
in steric stabilizer (Tween 80) and drug particle fusion [31].
Therefore, several concentrations of mannitol (1.5%, 2.5%,
and 3.5%) as a cryoprotectant were tried. The concentration
of mannitol 3.5% was optimized based on the evaluation of
particle size and PDI and EE.

Drug content

The assay of NLC for the percent drug content denotes the
quantity of drug present in the prepared formulation. The
percent drug content of lyophilized RTV-NLC was found to
be 79.96 +0.54% w/w.

Physical characterization of NLCs
FT-IR spectroscopy

The FT-IR spectra of pure RTV, solid lipid (Compritol HD5
ATO), PM, and lyophilized NLCs are depicted in Fig. 3. The
peaks (Fig. 3A) are depicted at 3356.26 cm™' (N-H stretch-
ing), 2964.69 (C-H stretching), 1710 (C=0O stretching), and
1631 (-C=C-, stretching aromatic carbon) confirming the
characteristic structure of RTV [9, 10]. IR spectra of lipid
mixture (Fig. 3B) shows the characteristic broadband peaks
at 3650 and 3150 cm™! which are attributed to —OH stretch-
ing. The absorption peaks observed at 1737.92 cm™! and
1462.09 cm™~! were observed at the characteristic range of
(C-0O) stretching and methyl —CH deformation vibration. The
spectra of PM (Fig. 3C) showed 2912.61 cm™! (C-H) stretch-
ing, 1737.92 cm™! (C=0) stretching, and 1467.88 corresponds
to methyl (-CH) deformation vibration [51]. An optimized
formulation (Fig. 3D) showed the reduced absorption peak at
3356.15cm™, 1710 cm™, and 1631 cm™, and the number of
smaller absorption peaks in a range of 1813.15-2998 cm™" get
reduced which were corresponding to the crystalline fraction
of drug converted into the amorphous form. This could be
further confirmed in the study of DSC and PXRD.

Crystallinity studies

DSC study DSC (Fig. 4) was run in order to find the drug-
excipient interaction and crystallinity index of developed
NLCs in a nitrogen environment. In this process, thermo-
gram of pure RTV showed a sharp peak at 124.74 °C cor-
responding to their melting point represented in Fig. 4A.
DSC thermogram of Compritol HD5 ATO corresponds to
the melting point at 63.51 °C (Fig. 4B). Thermogram of
PM showed the endothermic peak at 119.78 °C and 66 °C,
respectively, which corresponds to the shifted peak of Com-

pritol HD5 ATO and pure RTV (Fig. 4C). It indicates the
crystalline RTV converted into the amorphous by complete
solubilization process. Figure 4D representing the thermo-
gram of RTV-loaded NLCs indicated the shorten and shifted
peaks of the drug completely solubilized and present in an
amorphous state. This is further supported by PXRD stud-
ies. Additionally, it is crucial to note that enthalpy of lipid
matrix (Compritol HD 5 ATO) at 121.52 J/g as 100%, the
crystallinity index (CI) of RTV-NLC was calculated using
Eq. (4) and found to be 33.80% demonstrating partial crys-
tallization of lipid [22].
PXRD study X-ray diffraction (XRD) is studied for the inves-
tigation of polymorphism and crystalline properties NCLs
[52]. The diffractogram of RTV (Pure) and optimized RTV-
NLCs were studied (Fig. S2). The plotted diffractogram 2
theta scale in X-axis and arbitrary count on Y-axis to identify
the nature of the material. The diffractogram of pure RTV
showed several peaks ranging from 5 to 30 °C and the scale
indicated totally crystalline material. In brief, a diffraction
angle of 20 values at 6.838, 14.789, 17. 134, 18.128, and
21.582 corresponds to the intensity counts 67.09, 198.53,
372.38, 503.07, and 579.33, respectively, which confirms
the RTV. It indicates the pure RTV is highly crystalline in
nature. However, the reduced characteristic peak of ATV in
the mixture of drug-lipid shows partial reduction crystalline
converted into amorphous due to solubilization nature [53].
The XRD spectra of lyophilized RTV-NLC showed a large
reduction in peak, and its 20 values are 9.77, 19.90, 22.14,
and 27.96 correspond to intensity count of 223.28, 303.79,
454.38, and 248.41, respectively. The other peaks of ATV
were almost disappeared and reduced peaks in comparison
to the pure drug during the process of NLC [4]. It clearly
indicated that the role of encapsulating material (Compritol
HD 5 ATO) and the intensity of the sonication process.
PXRD is used to find the polymorphism characteristics of
lipid nanoparticles and changes in the crystalline order dur-
ing production [54]. The crystallinity index was calculated
and found to be 39.07%.

Morphological determination

AFM study AFM study images of RTV-NLC were recorded
with AFM instrument associated with RAMAN microscope
and are depicted in Fig. Sa—c. Optimized formulation shows
the spherical particle in 3D topographic image with an aver-
age particle size in the range of 85-200 nm. The average
particle size obtained by AFM study was in good agreement
with DLS measurement [34]. Histogram looks like the par-
ticle size distribution graph showing most of the particles
lazing between 100 and 200 nm. The height of the particles
appears lower in comparison to the original height of the
particle, and this was due to the pressure of the AFM tip
during the AFM measurement [55].

@ Springer



1764 Drug Delivery and Translational Research (2022) 12:1753-1773

A
[A]
b i I Y
: - 2 23 Bk
f N & LN 8 8
/ C-H Stretching Ester linkage, C=0
N-H Stretching Stretching aromatic
carbon
.
5 2
%T
, |
! T | "
5 & § 2 ga‘j ~
F il iR : PR (1
¢ y & N o
C-H Stretching C-0. Stretching C-H, deformation vibration : { "'n.,;l.-" 1.,1 I{"_—‘ ey
|"'r| ,\'I o f
- fl |<| 2;' l
o ',I III LA | k
— ALY - |
p |I Fy IKI| | / "-,{u) iy u‘j 3
3 | j'W’ 1| & 5
\ s I\"l II] IIl ‘r:lq "f ::.: P
3 2w Vg @
.9 - "'4.”.:".;' |‘ ] L)' [D]
4 5
/1 z '_-V\ C-H. deformation vibration
C-H Stretching
4
8 /oy yoF
P % 3 &
/ r(?. = § -
r!. ’ = § 2 8 @
v / ; C-0, Stretching - ‘\ g
g C-H. deformation vibration =

C-H Stretching

o ] G I e e | A U ] DU U S ] et S B e ] D) e ] S | P M S0 I D U] ISt |

3300 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500
1/cm

Fig. 3 Fourier transform infrared (FT-IR) spectra of RTV A, Compritol HD 5 B, (physical mixture) PM of RTV-Compritol HD 5 C, and optimized RTV-NLC D

@ Springer



Drug Delivery and Translational Research (2022) 12:1753-1773

1765

D1, 11.09.2020 12:46:07

Vv‘wooo mg

ala

Integral -380.05 mJ
10 normalized  -80.86 Jg™-1
mwW Onset 122.16 °C
Peak Height  13.60 mW [A]
Peak 124.74 °C
Extrapol. Peak 124.60 °C
Endset 129.47 °C
) Past Width  4.12°C
D2, 11.09.2020 13:2149
D2, 4.7000 mg
Integral -744.97 mJ
5 nomelized  -158.50Jg”-1
mw Onset 46.93 °C
Peak Height 8.62 mW
Peak 63.51°C
Extrapd. Peak 66.83 °C
Endset 69.28 °C [B]
Peak Width ~ 14.28 °C
D3, 11.09.2020 14:15:42
D3, 5.2000 mg
5
mw
Integral -564.62 m)
rormalized  -108.58 JgA-1 Integral -66.00 m)
Onset 50.72 °C normalized  -12.69 Jg~-1 C
Peak Height  7.04 mW Onset 115.56 °C [ ]
Peak 66.19 °C Peak Height ~ 1.78 mW
Extrapol. Peak 64.33 °C Peak 119.78 °C
. Endset 70.63 °C Extrapol. Peak  119.89 °C
Peak Width ~ 14.35°C Endset 123.82 °C
Peak Width  5.18°C
D4, 11.09.2020 14:47:32
D4, 3.5000 mg
Integral -294.80 mJ [D]
10 normalized  -84.23 Jg~-1
mw Onset 160.59 °C
Peak Height  10.70 mW
Peak 164.11 °C
Extrapol. Peak 164.34 °C
Endset 166.90 °C
Peak Width 3.68°C
40 50 60 70 80 90 100 110 120 30 140 150 160 170 180 190 >
A YO TN N T YT TN N NN N T TN NN [N T OO TN Y T T TN TN O N T SN N T T N T T T NN O TN O T YT T T O N 1 IS o O U [ W A T N [ O |
I e e o o e e o o e B S L B o o e e e o e -+t
0 1 2 3 4 5 6 e 8 9 10 11 12 13 14 15 min

Lab: METTLER STAR® SW 12.10

Fig.4 Differential scanning calorimetry (DSC) thermogram of RTV A, Compritol HD 5 B, (physical mixture) PM of RTV-Compritol HD 5 C,
and optimized RTV-NLC D

@ Springer



1766

Drug Delivery and Translational Research (2022) 12:1753-1773

0.20

] i\
0.15 ‘
0.35 um ]

0.00 pm ]
0.10

¥ [um]
11

| [ |
3 W

0.05 7
TTTTTTT T T

1* \” \ — Profie 2
J
MM

peak hesght (Sp):
th (Sv):

i g

21

Fig.5 Image depicted atomic force microscope (AFM) analysis a, b, ¢, and field emission scanning electron microscope (FESEM) analysis d of

the optimized NLC

FESEM This is the modern technique to evaluate the mor-
phology of the particles of the developed nanoparticle. Fig-
ure 5d shows spherical particles which correspond to the
DLS measurement of the particle size of NLC [56]. Homo-
geneous size distribution was confirmed by the FESEM
analysis.

THNMR

NMR spectra (Fig. 6) of pure RTV and RTV-NLC were
studied for interactions and molecular hydrogen bonding
between drug molecules and lipid. As shown in Fig. 6A, the
sharp proton signal at 0.8294 ppm, 1.3654 ppm, 2.9437 ppm,
5.1983 ppm, 6.9810-7.0971 ppm, and 8.2613 ppm can be
attributed to doublet, 3H, -CH;; multiplate, 6H, -CH,; allylic
hybridized C-H; singlet, sp? hybridized C-H; multiplate aro-
matic proton, and singlet, 1H, -NH, confirming RTV. The
intense signal at 7.264 ppm could be attributed to the resid-
ual impurity of solvent CDCl5.

On the other hand, as can be seen in Fig. 6B presenting
the spectra of NLCs, signal of drug proton disappeared, indi-
cating the complete molecular solubilization of drug fraction
in the matrix of lipids. In particular signal of aromatic ring
H, sp? hybridized C-H and allylic sp> hybridized C-H was
disappeared. This could be due to the function of the fraction
of drug molecule solubilized completely in a lipid matrix.
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Also, this could be due to the transformation of crystalline
form into amorphous molecules. These results were further
supported by DSC and PXRD.

Stability study

The freeze-dried nanocarriers were evaluated after each
2nd, 4th, and 6th months for variation in particle size, PDI,
and EE. An insignificant difference was observed for the
particle size and PDI. In the case of EE, a slight variation
was obtained after the 4th and 6th months (Table 4). The
reduction in entrapment was observed due to the surface
modifying property coupled with porosity inducer ability
provided by Pluronic F127. The combination of Tween 80
and Pluronic F127, non-ionic emulsifiers renders the steric
stabilization and electrostatic repulsion maintains the physi-
cal stability of the NLCs [57, 58].

Release simulation at physiological condition
and kinetic study

In vitro RTV release studies were performed using dialysis
bag from optimized NLCs, PM and, RTV-suspension. The
release profile and their kinetics were compared in order
to study the access in the systemic circulation. The drug
release was found 92.37% for the optimized RTV-NLC and
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that of the RTV suspension was found 42.65% and PM for
55.21% (Fig. 7). The initial rapid release 25% for 2 h from
the optimized NLC and thereafter sustained release for the
next 24 h was considered as a maintenance dose. The slow
release from the drug suspension is due to various reasons
such as poor solubility of the drug, lack of controlled release
modulator (lipid matrix), and even lack of surfactant.

As can be seen in Fig. 7, the release rate of PM was
greater than ATV suspension, this was due to the com-
plete molecular solubilization of drug molecule in lipids,

and hence, release can be controlled by lipid mixture. But
release rate could not meet with the release rate of NLC
formulation because the release of the drug from the for-
mulation was regulated by combined lipid matrix and sur-
factant [7].

The potential ingredients in optimized NLCs have a sig-
nificant role in nanosizing and solubilizing of the particle
which facilitates the reducing interfacial tension. Thus,
use of solubility enhancers like Tween 80 and Pluronic
F127 contributed to the formulation so that dissolution and
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Table 4 Stability study for

s Measure- Parameters
optimized RTV loaded NLCs ment in
month
Particle size PDI EE
4°C 25°C 4°C 25°C 4°C 25°C
0 (initial) 187.23+1.20 189.23+1.32 219+1.20 219+1.10 92.01+0.21 92.10+1.02
2 189.25+1.62 191.21+0.12 222+1.02 223+1.21 92.06+0.36 92.32+0.01
4 197.21+0.32 196.10£0.32 225+1.32 224+1.32 91.32+1.20 91.21+0.32
6 197.01+0.62 197.14+1.20 227+0.12 225+1.02 91.01+1.62 92.41+0.36

Values are expressed as mean=+ SD (n=3) and statistical significant difference (p value <0.05)

controlled release can be obtained. Thus, a combination of
these surfactants in formulation could facilitate to obtain the
reduced particle size modulation of release rate.

The drug release from the optimized formulation could
be controlled by the union of solid lipid and liquid lipid [59].
The initial rapid release might be because of the unentrapped
RTYV particles stuck on the surface of the NLCs. Another
decisive factor is the state of the drug substance which has
an impact on the dissolution rates. During the nanosizing
process, the amorphization of RTV in the formulation was
ensured via ultrasound treatment. The study of DSC and
PXRD characterization corroborated the amorphous state
of RTV in the formulation [60].

The optimized NLC formulation was examined by vari-
ous release kinetic models and best-suited model was found
to be Higuchi-matrix. The correlation coefficient (R?) was
found to be 0.990. The release exponent () and rate constant
(k) were found to be 0.259 and 17.42, respectively. Thus,
the release mechanism demonstrated the Fickian diffusion
model since the release exponent, n is less than 0.5.

Fig. 7 In vitro drug release
profile from RTV-suspension,
RTV-PM, and optimized RT V-
NLC

120 +

Drug Release (%)

Intestinal everted sac studies

Everted sac technique can be used to assess the permeability
of drugs from the intestine. The results obtained from this
experiment can be compared to results of in vivo experi-
ments [61]. The rat intestinal everted sac study was per-
formed for the comparison of optimized NLCs, PM, and
pure drug suspension at 37 +0.5 °C. The intestinal transport
of drug particles was increased in case of optimized formu-
lation than the drug suspension and PM. The nanonization of
the particle and amorphization of the drug can be enhanced
the solubility and ultimately permeability by modulating in
NLC.

Drug transport through rat everted gut sac was supported
by PAMPA study in order to meet the paracellular or active
transport or otherwise PAMPA model fails to predict the
permeability. After the everted sac permeability study, rate
and extent of drug were determined as per the performance
of each formulation. It was found that permeation of drug
increased 2.7-fold as compared to the RTV suspension and

==¢==RTV-NLC
== RTV-Suspension

PM
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Table 5 Apparent permeability through intestine in rat gut sac model
and pharmacokinetic profile of RTV-NLCs, PM, and RTV-suspension
in rat plasma

Formulations Apparent
permeability
Pypp)
Optimized RTV-NLCs 18.32
RTV-PM 7.825
RTV-Suspension 6.25

1.8-fold compared to RTV-lipid mixture (PM). An increase
in permeability was due to the nanometric particle size,
and also Pluronic F127 is a surface modifier that enhances
the porosity of encapsulated the drug particle so that the
release of the drug was easily influenced [58]. Additionally,
the amphiphilic nature of Tween 80 used in formulation and
acts as solubility enhancer contributed majority of formula-
tion for reduction of particle size. Thus, the combined effect
of surfactant, i.e., Tween 80 and Pluronic F127 could be
enhanced the permeability of the RTV.

PAMPA

A non-cell PAMPA model was used in order to evaluate
the permeability efficiency of RTV transcellular mechanism
of passive diffusion. For transcellular diffusion, the desired
characteristic, i.e., adequate lipophilicity is required to trans-
port. Thus, the majority of the drug can access systemic
circulation using passive diffusion. This is a reproducible,
fast, and robust study. It is quick, easy, high throughput, and
having a low cost compared to cell-based or in vivo tech-
niques, which is a crucial advantage of this method [62]. To

our best knowledge, PAMPA model was not used before this
to study the permeability efficiency of RTV-NLC.

Table 5 shows an adequate permeability of RTV-NLCs in
comparison to the RTV-suspension and PM. This was due to
the improved log p value associated with lipid encapsulated
the drug. As a result, the permeability was increased due to the
higher lipid concentration in NLCs. Table 5 shows the lowest
permeability value for pure RTV and highest permeability value
for NLC formulation. The RTV-NLCs have P, value is 2.34-
fold than that of PM and 2.93-fold than pure RTV-suspension.

Further, it was observed that absorption occurs through the
GIT and it was the function of solubility of the drug in GI
milieu. Thus, the absorption and permeability of drug were
due to the adequate solubility and reduced particle size of NLC
formulation. Most importantly, the solubility of drug observed
because of amorphous nature of drug present in NLC matrix
and could be contributed to enhancing permeability.

In vivo pharmacokinetic study

The pharmacokinetic performance of the optimized RTV-
NLC batch was studied using Wistar rats. PK solver 2.0
add-in program installed in Windows 8-based Microsoft
Excel software was used to establish a pharmacokinetic pro-
file. The linearity equation was utilized to assess the drug
concentration in plasma using the estimated and validated
HPLC method. Figure 8 depicts the plasma drug concen-
tration against time profile showing comparison between
optimized NLCs, PM, and drug suspension. A significant
difference was observed in in vivo performance. The C,,,
for optimized NLCs (0.472 4+ 0.21) was 2.86-fold more than
pure drug suspension (C,,,,=0.165+0.12) and 1.85-fold
more than PM (C,,,,=0.255+0.03) (Table 6).

=== RTV-Suspension
== RTV-PM
RTV-NLCs

Fig.8 Plasma concentration 0.6 -
profile of RTV in rats post-oral
administration of RTV-
suspension, RTV-PM and opti- 0.5 - T
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% 0.4 -
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Table 6 Pharmacokinetic

Pharmacokinetic parameters RTV-suspension RTV-PM RTV-NLCs

profile of RTV-NLCs, PM,

and RTV-suspen.si'on after f)ral T, .. (h) 2 4 4

gfs mg/kg) administration in C, .. (ng/mL*h) 0.165+0.12 0.255+0.03 04724021
AUC (, (ng/mL*h) 2.40+0.24 2.99+2.32 4.44+0.11
AUC ., (ug/mL*h) 2.67+0.02 3.90+2.10 3.44+2.82
MRT (h) 10.15+1.25 1628 +1.12 11.62+0.21
Vz/F 1418.5+1.32 1695.24+1.01 802.04+0.21
CI/F 153.38+0.01 102.51+0.21 78.26+0.12
Relative bioavailability - - 286%

Values are expressed as mean+ SD (n=3), and statistical data were analyzed by one-way ANOVA and fol-
lowed by Dunnett’s tests, with significance level p <0.05

C

max
mum concentration

This could be observed because the pure drug was solu-
bilized completely in a matrix with their molecular level.
The enhanced plasma drug concentration of optimized
NLCs could be due to the reduced particle size and higher
absorption rate resulting in improved bioavailability. From
the results, the relative bioavailability was found to be 286%
as calculated from reported literature [63]. Additionally,
improved pharmacokinetic performance in Wistar rats was
due to the fraction of oil (liquid lipid) which augmented the
higher drug encapsulation and facilitates the controlled drug
release. For this reason, NLC presents as the best formula-
tion comparison to others for RTV delivery.

Thus, higher absorption and improved bioavailability
could be possible due to the higher encapsulation of drug in
the lipid matrix. The drug fraction was completely solubi-
lized and present in amorphous form makes easy to enhance
dissolution rate. Moreover, reduced particle size and higher
surface area were due to the ultrasound amplitude and
smaller particle size could enhance the absorption in the gas-
trointestinal wall. However, the use of non-ionic surfactants,
Tween 80, and Pluronic F127 facilitate easy absorption and
improved drug transport through the lymphatic system.
The higher MRT values (Table 6) of optimized RTV-NLCs
depicted a longer residence time as compared to drug sus-
pension and PM. Moreover, high protein binding capacity
of the drug leads to lower metabolism [55].

Conclusion

The present study deals with the development of NLCs using
QbD-based approach successfully to improve permeability and
bioavailability of RTV. The DSC and PXRD studies confirmed
the phase transition behavior of RTV which was observed during
NLCs production. In vitro studies demonstrated that RTV-NLCs
were exhibited sustained release pattern and in vivo parameters
showed that the bioavailability of drug increased by 2.86 fold.

@ Springer

maximum concentration, AUC area under curve, MRT mean residence time, T,

e tiMeE to attain maxi-

Therefore, preparation of NLCs is the best option and
significantly brilliant carriers for encapsulation of lipo-
philic drugs. The cost-effective and potential NLC formula-
tion can be manufactured on commercial scale using novel
QbD-based approach in future. Thus, it was concluded that
development of NLC has a wide scope and can be dominated
as a promising delivery system for improvement oral bio-
availability of RTV.
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