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The intention of the current work was to develop and optimize the formulation of biodegradable polymeric nanocapsules for
lamivudine (LMV) in order to obtain desired physical characteristics so as to have improved liver targetability. Nanocapsules were
prepared in this study as aqueous-core nanocapsules (ACNs) with poly(lactide-co-glycolide) using a modified multiple emulsion
technique. LMV was taken as a model drug to investigate the potential of ACNs developed in this work in achieving the liver
targetability. Three formulations factors were chosen and 3° factorial design was adopted. The selected formulation factors were
optimized statistically so as to have the anticipated characteristics of the ACNs viz. maximum entrapment efficiency, minimum
particle size, and less drug release rate constant. The optimized LMV-ACNs were found to have 71.54 + 1.93% of entrapment
efficiency and 288.36 + 2.53 nm of particle size with zeta potential of —24.7 + 1.2 mV and 0.095 + 0.006 h™" of release rate constant.
This optimized formulation was subjected to surface modification by treating with sodium lauryl sulphate (SLS), which increased
the zeta potential to a maximum of —41.6 + 1.3 mV at a 6 mM concentration of SLS. The results of in vivo pharmacokinetics from
blood and liver tissues indicated that hepatic bioavailability of LMV was increased from 13.78 + 3.48 ug/mL  h for LMV solution
to 32.94+5.12 ug/mL * h for the optimized LMV-ACNs and to 54.91 +6.68 yg/mL * h for the surface-modified LMV-ACNs.

1. Introduction

Lamivudine (LMV) is an antiviral drug of class nucleoside
reverse transcriptase inhibitors, used in the hepatitis B
treatment. Hepatocytes are the major target for the liver-
tropic viruses such as hepatitis B virus (HBV), and these cells
are the site of replication for HBV [1, 2]. Hence, any anti-
HBV drug like LMV needs to be developed into a dosage
form that can deliver the drug predominantly to the liver
tissue so as to achieve the highest therapeutic benefit with
fewer side effects.

Colloidal drug delivery systems are capable of delivering
the loaded drug at the target site of action, thus improving
the therapeutic efficacy and reducing the side effects of the
drug [3]. Polymeric nanoparticles are physically more stable
and flexible for modification. These can be modified into
having a wide range of surface properties among the dif-
ferent systems viz. solid lipid nanoparticles, niosomes, and
liposomes [4, 5]. Biodegradable polymers like poly (lactide-
co-glycolide) (PLGA) are less toxic and digestible in the
body fluids. Hence, these are most widely employed cur-
rently for nanoparticle preparation [6]. Liver targeting can
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be achieved by broadly two types of approaches viz. active
targeting and passive targeting approaches. Active targeting
approaches need liver-specific ligands on the nanoparticle
surface otherwise targeting cannot be achieved. Targeting
ligands for cell-specific receptors on the liver have to be
chosen selectively to guide active targeting of the nano-
particles. Few such receptors on the liver for example are
asialoglycoprotein receptor (ASGP-R) on the hepatocytes,
galactose receptors on the Kupfler cells, uroplasminogen
receptors on the hepatic stellate cells, hyaluronan fibro-
nectin, and denatured collagen receptors on the sinusoidal
endothelial cells. Though few such ligands such as lacto-
bionic acid, glycyrrhetinic acid, and asialofetuin are iden-
tified and reported, still their reliability and reproducibility
are yet to be studied [7]. Targeting by external triggering
(like applying an external magnetic field or sound waves)
demands sophisticated facility, and also, the patient is
needed to be hospitalized [8-10]. Targeted drug delivery by
biochemical triggering/impulses may also be possible, but
this limits the selection of carrier systems or polymers
Taking into account these difficulties and limitations, liver
targeting through passive targeting approaches can possibly
be simple yet reliable.

Passive targeting of the liver can be achieved by making
use of the characteristics of the liver, particularly its en-
docytosis property. The fate of nanoparticles upon in-
travenous administration largely depends on their physical
characteristics. Those characteristics include particle size
and surface properties such as hydrophobicity and zeta
potential [11]. Nanoparticles with particle sizes below
200 nm can escape phagocytosis by the reticuloendothelial
system (RES)/macrophages and can have high circulatory
time in the blood. On the other hand, nanoparticles of size
just above 200nm with a hydrophobic surface and high
negative zeta potential are readily phagocytized by RES and
delivered into RES-rich organs like the liver [12, 13].
Modification of surface hydrophobicity, charge, and particle
size can be achieved by carefully controlling the formulation
of nanoparticles. Hence, in this work, passive targeting of the
liver through modification of size and surface properties
was opted.

The major aim of this work was to develop aqueous-core
nanocapsules (ACNs) to achieve high drug entrapment as
well as liver targetability of the loaded drug. Few literature
reports suggested that ACNs, a novel form of polymeric
nanoparticles, have high potential in loading hydrophilic
drugs to a greater extent. Vignaud et al. developed ACNs for
a high water-soluble drug, doxorubicin HCI. Through these
ACNS, the authors could obtain the entrapment efficiency of
the doxorubicin HCI to a maximum of 80% [14]. Cosco et al.
developed ACNs with PLA for loading a high water-soluble
drug, gemcitabine HCL. These authors also reported that the
ACNs were efficient in achieving higher loading of water-
soluble drugs [15]. Deng et al. also described the efficiency of
polymeric ACNs in improving the loading of high water-
soluble drugs in their review [16]. LMV, considering its
physicochemical properties and therapeutic action in the
liver tissue, was taken as a model drug to study the ability of
the ACNs to deliver the drug to the liver tissue. The ACNs
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for LMV were prepared through the W/O/W emulsification
method using PLGA RG503H, a hydrophobic and bio-
degradable polymer. The development of ACNs was per-
formed through the design of experiments (DoE) approach.
DoE is a statistical tool whose application is now mandated
by the regulatory bodies in pharmaceutical/biotechnological
industries. Under the DoE, the preparation of ACNs was
designed as a 3’ factorial design of response surface
methodology. Three formulation parameters were taken as
the critical material attributes (CMAs) viz. concentrations of
the PLGA and the surfactant in secondary emulsion, and
also the nature of the external water phase. The prepared
ACNs were subjected to thermal analysis to know the
physical state of LMV in the ACNs. Particle size (PS) and
surface charge were analyzed by Zetasizer. Morphology of
the surface of the ACNs was investigated by transmission
electron microscopy (TEM). Also, entrapment efficiency
(EE) and in vitro drug release studies by the dialysis bag
method were performed. To optimize the formulation of
ACNs, the responses taken were EE, PS, and drug release rate
constant (k). Formulation of the ACNs was optimized by the
desirability functions approach, a statistical approach, with
the target of reduced PS (to have more diffusivity into tissues
including the target liver tissue), high EE (to reduce the
weight of formulation per dose), and less drug release rate
constant (to get a prolonged duration of action). Later, the
optimized formulation of LMV-ACNs was subjected to
surface modification upon treatment with sodium lauryl
sulphate, an anionic surfactant to enhance the negative zeta
potential of LMV-ACNs. These formulations were studied
for in vivo pharmacokinetic studies in rat models to know
the hepatic distribution and hepatic bioavailability of the
optimized and then surface-modified LMV-ACNs. The final
formulation was also studied for its cytotoxicity. Similar
work was reported by Srikar and Rani [17] by taking
tenofovir as the model drug to develop ACNs with the
objective of only formulation optimization. However, in the
current work, the optimized formulation of the LMV-ACNs
was subjected to in vivo pharmacokinetic studies so as to
justify its liver targeting potential.

2. Materials and Methods

2.1. Materials. LMV was obtained from Hetero Drugs Ltd
(Hyderabad, India); PLGA RG503H (RESOMER-RG503H)
was procured from Sigma-Aldrich (Mumbai, India); MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide], trypsin, DMEM (Dulbecco’s modified Eagles
medium), and phosphate-buffered saline (PBS) were ac-
quired from Sigma Chemicals Co. (St. Louis, MO); fetal
bovine serum (FBS) was procured from Gibco; Pluronic F-
68, sodium lauryl sulphate (SLS), and Span 80 were acquired
from S.D. Fine Chemicals (Mumbai, India). All remaining
materials employed in this study were of analytical grade.

2.2. Fourier Transform Infrared Spectroscopy (FTIR). The
compatibility of LMV with PLGA, Pluronic F-68, and SLS
was tested using FTIR (Alpha, Bruker). Pure LMV and
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physical mixtures (100 mg of LMV with 100 mg of each of
the above excipients) were prepared as pellets in a hydraulic
press after thoroughly mixing with potassium bromide.
These pellets were individually exposed to scanning in
wavelength regions from 4000 cm™ to 400 cm™ [18], and
spectra were recorded.

2.3. Preparation of LMV-ACNs

2.3.1. Experimental Design. In the present work, LMV-
ACNs were developed by modified multiple emulsifica-
tion (W/O/W). The three most significant formulation
parameters were selected based on the knowledge from
previous literature, and each was taken at three levels. The
ranges of the independent variables were taken based on
several preliminary trials. These trials were performed with
varying levels of independent factors. The levels for opti-
mization were finalized as the minimum and maximum
levels at which nanoparticles were yielded with sufficient
suitability to perform characterization studies. These were
concentration of polymer out of total weight of nanocapsules
(factor A: PLGA RG503H-50%, 62.5% and 75% w/w), the
concentration of Pluronic F-68 in the outer aqueous phase
(factor B: 0%, 0.25% and 0.5% w/v), and the proportion of
glycerol in the outermost water phase (factor C: 0%, 25% and
50% v/v). With Design-Expert v8.0 software, a 33full-
factorial design was created for the experiment. There are
a total of 28 runs because each combination of the factor
levels was treated as a single block with a single center point.
The PS, EE, and k were chosen as response variables. Table 1
provides a description of the components and the matching
levels that were taken, and Table 2 provides information on
the experimental runs.

2.3.2. Preparation of LMV-ACNs. Multiple emulsification
method as reported by Cruz et al.[19] with some modifi-
cations was employed to develop LMV-ACNs. The same
method is employed for the development of the ACNs of
tenofovir in our earlier work [17] was employed here with
the change of drug into LMV. The inner aqueous phase (W1)
was made by solubilizing LMV in the solvent mixture of
methanol and water taken at a 1:4 ratio. The polymer was
solubilized in chloroform to constitute the organic phase
(O). Two mL of the W1 was added drop by drop into 10 mL
of the O, which was maintained kept mixing at 12000 rpm
and continued for 30 minutes to develop the primary
emulsion of w/o type. Then, immediately, this emulsion
dropped slowly into 20 ml of external phase (glycerol and
Pluronic F-68 concentrations were as shown in the table)
(W2) under continuous mixing to yield multiple emulsions
of W1/O/W2. Mixing was continued until chloroform from
the middle organic phase was evaporated to yield PLGA
nanocapsules with an aqueous core containing LMV (hence,
named LMV-ACNs). Then, the LMV-ACNs were recovered
as a pellet from the nanosuspension by centrifugation at
8,000 rpm and 4°C for 30 min (Sorvall ST 8R, ThermoFisher
Scientific). The pellet of LMV-ACNs was dispersed in fresh

distilled water containing mannitol as cryoprotectant and
lyophilized (FDB-5502, Operon) for 24 hours to obtain
powdered LMV-ACNs.

2.3.3. Surface Modification. The optimized formulation of
LMV-ACNs was subjected to surface modification with the
objective of enhancing the negative zeta potential. For this,
a sequence of aqueous solutions of SLS was prepared in
order to obtain 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 mM concen-
trations. The optimized formulation of LMV-ACNs of
weight 0.2 g was added separately into 10 mL of each of the
above SLS solutions. These mixtures were mechanically
stirred (RQ-5 Plus, Remi) at 1000 rpm for about two hours at
room temperature and then studied for their zeta potential
[20, 21].

2.4. Differential Scanning Calorimetry (DSC). By using the
DSC (DSC-60, Shimadzu) on the pure drug, pure polymer,
and optimized LMV-ACN:s, the physical states of LMV and
PLGA in the manufactured ACNs were examined [22]. The
samples were prepared as per the process reported [17], and
the DSC was carried out by increasing the temperature in
a nitrogen atmosphere from 20 to 250 degrees Celsius at
a speed of 10°C/min. The spectra were then recorded.

2.5. TEM Analysis. The surface of the LMV-ACNs was
examined employing a transmission electron microscope
(Tecnai G2-30, FEI, Netherlands). The optimized formula-
tion of LMV-ACNs was dispersed in water to sufficient
dilution, and a drop of it was attached to the carbonated
copper grid and waited till dried. Then, this was viewed
under the microscope, and photomicrographs were
taken [23].

2.6. Particle Size and Zeta Potential. Based on the dynamic
light scattering (DLS) concept, ZetaSizer Nano ZS90
(Malvern Instruments, UK) [24] evaluated the sizes and zeta
potentials of the produced LMV-ACNSs. The analysis was
carried out with a fixed scattering angle of 90° and a tem-
perature of 25°C. After properly diluting each sample with
distilled water, measurements were made in triplicate
for each.

2.7. Entrapment Efficiency. After preparation, the obtained
LMV-ACNs nanosuspension was centrifuged at 8,000 rpm
and 4°C for a period of 30 min. The supernatant was col-
lected and subjected to a spectrophotometry (Evolution 201,
ThermoFisher Scientific) assay to estimate the amount of
LMYV that remained unentrapped into ACN’s at a maximum
wavelength (A,,.x) of 271 nm. From this value, the LMV
entrapped can be obtained by subtracting the obtained
unentrapped amount from the initial amount of LMV taken
[14, 25]. The EE was quantified by using the following
formula:
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TaBLE 1: Description of the three formulation factors and their levels taken in this work.
i Level

Factor Description

-1 0 +1
A Polymer concentration in final weight of nanocapsules (% w/w) 50 62.5 75
B Surfactant concentration in secondary emulsion (% w/v) 0 0.25 0.5
C Concentration of glycerol in external phase (% v/v) 0 25 50

TaBLE 2: Combinations of the formulation factors according to the selected factorial design and the observed results* of characterization

studies of LAM-ACNGs.

Factor level

Particle size Zeta potential

. a (g C -1
Formulation code A B c EE* (%) (nm) (mV) k(™)
F1 -1 -1 -1 21.59+3.18 305.2+3.4 -246+1.5 0.243 £0.02
F2 -1 0 -1 32.14+2.54 289.3+25 -269+1.7 0.224 +£0.05
F3 -1 +1 -1 28.42 +2.67 2743+1.9 -25.7+0.9 0.206 +0.03
F4 -1 -1 0 32.68 £3.22 302.1+5.2 —-26.3+2.1 0.218+0.03
F5 -1 0 0 48.29+1.96 286.5+4.2 -229+23 0.186 +0.04
F6 -1 +1 0 42.06 +4.06 272.3+2.6 -253+14 0.165+0.02
F7 -1 -1 +1 44,52 +3.28 268.3+2.1 —243+1.8 0.196 + 0.06
F8 -1 0 +1 54.38 +4.25 242.5+3.2 -249+0.8 0.174+0.03
F9 -1 +1 +1 52.29 £ 2.98 231.3+1.8 -26.2+1.5 0.147 +£0.04
F10 0 -1 -1 38.96 £2.17 324.8+2.7 -25.6+2.3 0.206 +£0.03
F11 0 0 -1 43.58 +3.26 318.2+5.7 -23.7+1.7 0.197 £0.01
F12 0 +1 -1 42.19 +3.09 304.3+3.1 -243+1.1 0.165+0.03
F13 0 -1 0 46.36 +4.21 322.6+3.6 -229+3.1 0.186 £0.02
F14 0 0 0 57.47 +3.84 313.9+2.3 -241+24 0.178 £0.06
F14 0 0 0 56.39 +£2.61 3106+1.4 -253+19 0.169 +0.04
F15 0 +1 0 52.62 +2.46 299.6+2.8 -239+1.8 0.154+0.02
Fl6 0 -1 +1 59.72 +4.22 3159+3.5 -249+2.1 0.143 +0.03
F17 0 0 +1 69.84 +1.96 302.5+2.2 -254+1.3 0.126 +0.05
F18 0 +1 +1 66.92 +2.05 294.1+4.7 -23.7+3.2 0.112+0.02
F19 +1 -1 -1 36.85+2.31 341.2+4.3 -28.1+2.6 0.175+0.04
F20 +1 0 -1 42.52+1.87 320.5+3.9 -273+29 0.162 +0.03
F21 +1 +1 -1 40.36 +3.04 311.6+1.5 -25.2+1.6 0.148 +0.04
F22 +1 -1 0 52.39+2.12 336.1+1.9 -26.7+1.2 0.159 +£0.05
F23 +1 0 0 59.86 +3.28 323.5+2.4 -24.6+1.9 0.153+0.02
F24 +1 +1 0 53.58 £2.31 308.1+1.5 -22.7+0.7 0.138 +£0.02
F25 +1 -1 +1 63.93+1.86 322.5+3.1 -26.2+2.2 0.121 £0.04
F26 +1 0 +1 73.41+2.13 302.4+2.5 —-26.7+2.1 0.108 +£0.03
F27 +1 +1 +1 69.35+2.54 286.9+2.3 —25.8+2.7 0.094 £ 0.02
*“The results were expressed as average + standard deviation for n=3.
Amount of LMV taken — Amount of unentrapped LMV
EE (%) = x 100. (1)

Amount of LMV taken

2.8. In Vitro Drug Release Studies. Drug release for LMV-
ACNs was performed with the help of a dialysis bag (Dialysis
Membrane-110; HiMedia Lab. Pvt. Ltd., Mumbai) [26, 27].
One dose equivalent LMV-ACNs were dispersed in a small
amount of water and transferred into the dialysis bag.
100 mL of 0.1N HCl as buffer medium was taken in a beaker
and was kept for continuous stirring at 100 rpm on a mag-
netic stirrer (IMLH, Remi). The dialysis bag containing the
ACNs was immersed in the beaker containing the medium.
Samples of two mL from the medium were taken at prefixed
time points for a total period of 24 h. After every sampling,
two mL of fresh buffer was substituted into the beaker. The

samples were quantified by measuring absorbance at 271 nm
in a spectrophotometer to quantify the amount of LMV
released from the ACNGs.

2.9. Design Validation and Optimization. Design-Expert
software was used to perform the DoE validation. All the
formulations of LMV-ACNs, obtained by performing the
runs according to the model, were estimated for the selected
response variables. The obtained values of these response
variables were analyzed statistically by the response surface
polynomial quadratic model. Plots of predicted versus actual
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values were plotted, and for each response, an analysis of
variance (ANOVA) was run to see whether the chosen
model and design were significant enough to warrant
optimization.

To meet the objectives for each of the three responses of
the LMV-ACNSs, the optimization of the design’s chosen
formulation elements was carried out. The goals were set as
reduced PS (to have more diffusivity into tissues, including
the target liver tissue), high EE (to reduce the weight of
formulation per dose), and less k (to get a prolonged du-
ration of action) [28, 29].

2.10. In Vitro Cytotoxicity Studies. The MTT test was used to
assess the toxicity of LMV-ACNs on HeLa cell lines that
were procured from NCCS, Pune [30]. This test was carried
out similarly as we reported earlier [17].

2.11. In Vivo Pharmacokinetic Studies. Male Wistar rats
having 236-261 g of body weight were chosen for the in vivo
biodistribution and pharmacokinetic investigations. The rats
were maintained in an animal house at 22 +0.5°C temper-
ature with 50 + 5% RH. The study protocol was studied and
accepted by the Institute Animal Ethics Committee (IAEC)
of the University College of Pharmaceutical Sciences,
Acharya Nagarjuna University, Guntur (IAEC No.:
ANUCPS/IAEC/AH/P/20/2015). The rats were maintained
for overnight fasting with allowance to take water only until
four hours after dosing.

All 24 animals were separated into four groups, con-
taining six animals in every group. The groups were labelled
as L1: control; L2: aqueous LMV solution; L3: optimized
LMV-ACNs; and L4: surface-modified LMV-ACNs. Except
for the control group, all the rats in the remaining three
groups were administered with the respective formulation at
the same LMV equivalent dose of 7.6 mg/kg [31]. The dose
was adjusted to 0.4 mL and was given through the saphenous
vein of one leg. Blood samples were taken from the lateral
saphenous vein of the second leg at 0.5, 1.0, 2.0, 4.0, 8.0, 12.0,
18.0, and 24.0h after dosing. After every time point, three
animals from each group were sacrificed and the liver was
isolated. The animals were exposed to CO, for anestheti-
zation. Then, the anesthetized rats were euthanized carefully
by cervical dislocation [32]. The isolated liver was homog-
enized in an isotonic phosphate buffer of pH 7.4. The tissue
was transferred into 10mL of the buffer in a glass ho-
mogenizing cup supplied with the glass-teflon tissue ho-
mogenizer (Remi, RQ-127A/D). The tissue was
homogenized for 2 min. at 8000 rpm [33]. Then, the obtained
homogenate was subjected to LMV extraction.

2.11.1. Preparation of Biological Samples. Liquid-liquid ex-
traction technique was employed to extract the LMV from
the biological samples [34]. Plasma was taken by centri-
fuging the blood samples at 8000 rpm for 15min. at 4°C.
100 yL of the plasma sample or liver homogenate, 10 yL of IS
solution (Nelfinavir 50 yg/mL) were mixed in a vortex mixer
(CM-101 Plus, Remi) for 20 sec., and 1.5 mL of acetonitrile

(ACN) was added and again mixed for 15min. The su-
pernatant was separated and dried on a constant temper-
ature water bath until the complete evaporation of ACN. The
dried residue was diluted with the mobile phase. These
samples were stored at —25°C until analysis using high-
performance liquid chromatography (HPLC).

2.11.2. Sample Analysis. LMV in the biological samples was
estimated by a modified and validated HPLC (Infinity I LC
System, Agilent) method reported by AV Singh et al. Nel-
finavir at 50 yg/mL was added as the internal standard (IS).
The mobile phase was composed of 0.25% triethylamine
buffer (pH 3.0) and ACN at a 70: 30 ratio with a flow rate of
I mL/min. 20 L of the sample was administered into the
column (Poroshell 120 EC-C 18; 4.6 x 100 mm) and ran the
system for 5min. The LMV was detected at 258 nm using
a PDA detector.

2.12. Statistical Analysis. All the statistical analysis including
the ANOVA was performed using the Design-Expert soft-
ware. The statistical significance was conveyed at p <0.05.
All the experimental results were presented as mean-
+ standard deviation of the three observations.

3. Results and Discussion

3.1. FT-IR. The spectra of pure LMV and its physical
mixtures with the selected excipients are shown in Figure 1.
Figure 1(a) of pure LMV exhibited peaks at 3326.53, 1652.46,
1286.25, and 1159.79 cm™" corresponding to the charac-
teristic groups of LMV viz. amino group stretch, carbonyl of
cysteine ring, asymmetrical oxathiolane C-O-C stretching,
and symmetrical oxathiolane C-O-C stretching, respectively
[35]. Spectra (Figures 1(b)-1(d)) of the LMV mixtures with
the taken polymer and surfactants also exhibited the above
characteristic peaks at the matching wave numbers as those
of pure LMV. Hence, there was no incompatibility aroused
between LMV and the excipients, and these excipients could
be used in the development of formulations for LMV.

3.2. TEM. The surface morphology of the LMV-ACNs was
studied by TEM, and the photographs are presented in
Figure 2. These illustrated that the prepared ACNs were
almost spherical and their surface was smooth and uniform
without any dents or protrusions.

3.3. DSC. During the preparation of the ACNs, LMV was
taken as an aqueous solution. Hence, the state of the LMV in
the developed ACNs had to be investigated. For this pur-
pose, DSC was performed for the pure LMV, pure PLGA,
and the LMV-ACNs, and the obtained spectra are illustrated
in Figure 3. The pure LMV spectrum showed an endotherm
sharply near 180°C which corresponded to the melting point
of LMV, and this confirmed that the pure LMV was in the
crystalline state. However, the spectrum of the LMV-ACNs
did not indicate any such endotherm. This result designated
that the crystalline LMV might be either in the molecular
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FIGURE 1: FT-IR spectra of (a) LMV, (b) physical mixture of LMV and PLGA RG503H, (c) physical mixture of LMV and pluronic F-68, and
(d) physical mixture of LMV and Span 80.
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dispersion form or converted into an amorphous form in the
ACNs [36]. This could be attributed to the way of in-
corporating LMV into the nanocapsules during preparation.

3.4. Experimental Design. An analysis of the impact of the
chosen factors on the response variables was planned to
investigate through a 3° factorial design. In order to clarify

the quadratic impacts of the factors on the responses, full-
factorial designs are helpful. A polynomial quadratic model
was used to statistically analyze the responses.

The resulting equations for the responses were

EE = + 57.52+7.55 % A+2.82 % B+12.65 %+ C—1.15 * AB + 1.49 * AC
+ 0.57 « BC—5.80 * A~ 6.44 * B> —0.41  C*,
Particle size = + 315.09 +21.17 * A —14.23 + B—12.39 % C + 0.38 % AB +5.43 % AC

— 1.12%BC-14.35% A2 +1.75 % B> - 9.15 % C,

(2)

k=+0.17-0.028 * A—0.018 * B—0.028 % C +0.0053 * AB —0.0005 * AC
— 0.00017 % BC +0.0046 * A2 —0.0022 * B> - 0.007 * C*.

From the equations, it was deduced that all three of the
selected factors had a positive effect on EE; factor A had
a positive effect, while factors B and C had a negative effect
on the PS; it was deduced that all three of the factors had
a negative effect on k. The parts that follow go into further
detail about these influences.

3.5. Entrapment Efficiency. The EE values were obtained in
the range of 21.59-73.41% (as shown in Table 2). The in-
fluences of the factors on EE are shown in Figures 4(a) and
4(b) for LMV-ACN:s in the form of contour plots.

It was very visible how the concentration of the polymer
affected the EE, which rose with the level of factor A. This
could be as a result of the drug being bound more firmly by
a high concentration of polymer, which would reduce drug

leakage. Increases in viscosity brought about by increased
polymer concentrations also reduced drug diffusion from
ACNs, increasing EE [37]. Additionally, at greater polymer
levels, the reduction in surface area and increase in path
length caused by the larger particles limited the drug’s escape
through diffusion out of the nanocapsules, increasing the EE
[38]. The effect of factor B was intriguing since the EE rose
when it was increased from 0.0% to 0.25%, but it decreased
when it was increased to 0.5%. The first increase might have
resulted from the surfactant stabilizing the emulsion and
preventing the drug leakage. However, at a further rise in
surfactant concentration, the drug would diffuse out of the
nanocapsules and become micellarly soluble in the external
aqueous phase [39]. The rise in viscosity and density of the
exterior phase of the secondary emulsion upon raising the
level of factor C may be responsible for the increase in EE
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that follows an increase in glycerol content. According to the
Stokes-Einstein equation [40], viscosity can decrease dif-
fusion, which means that less amount of drug would leak
into the external phase and boost EE. Table 3 displays the
significant results for each of the three factors at p <0.05.

It was discovered that the highest EE was just 74.31%.
This may be because the LMV has a high water solubility,
which could lead to some leakage. However, in the case of
LMV and other comparable highly water-soluble drugs,
these EE values for the ACNs produced with PLGA were
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TaBLE 3: Results of ANOVA for the quadratic model for three selected response variables.
S Response Source SS* Df° MSS° F p Inference®
no. value value
Model 4617.96 9 513.11 174.90 <0.0001 Significant
A° 1025.74 1 1025.74 349.63 <0.0001 Significant
Bf 143.31 1 143.31 48.85 <0.0001 Significant
C® 2881.67 1 2881.67 982.24 <0.0001 Significant
AB 16.01 1 16.01 5.46 0.0313 Significant
1 EEb (%) AC 26.76 1 26.76 9.12 0.0074 Significant
BC 3.88 1 3.88 1.32 0.2654 Not significant
A? 214.65 1 214.65 73.17 <0.0001 Significant
B? 264.47 1 264.47 90.15 <0.0001 Significant
c’ 1.08 1 1.08 0.37 0.5522 Not significant
Residual 52.81 18 2.93
Lack of fit 52.22 17 3.07 5.27 0.3315 Not significant
Model 16802.45 9 1866.94 38.11 <0.0001 Significant
A 8064.50 1 8064.50 164.60 <0.0001 Significant
B 3464.58 1 3464.58 74.43 <0.0001 Significant
C 2762.72 1 2762.72 56.39 <0.0001 Significant
AB 1.69 1 1.69 0.034 0.8548 Not significant
2 Particle size (nm) AC 354.25 1 354.25 7.23 0.0150 Significant
BC 14.96 1 14.96 0.31 0.5873 Not significant
A? 1312.04 1 1312.04 26.78 <0.0001 Significant
B? 19.61 1 19.61 0.40 0.5349 Not significant
c? 533.27 1 533.27 10.88 0.0040 Significant
Residual 881.88 18 48.99
Lack of fit 876.43 17 51.55 9.47 0.2508 Not significant
Model 0.035 9 3.84x107° 63.80 <0.0001 Significant
A 0.014 1 0.014 231.81 <0.0001 Significant
B 5.62x107 1 5.62x107 93.39 <0.0001 Significant
C 0.014 1 0.014 235.53 <0.0001 Significant
AB 3.41x107* 1 341x107* 5.67 0.0285 Significant
3 K () AC 3.00x 10:: 1 3.00 x 10:: 0.05 0.8258 Not significant
BC 3.33x10 1 3.33x10 0.0055 0.9415 Not significant
A? 1.36x107* 1 1.36x107* 227 0.1493 Not significant
B? 310x107° 1 310x107° 0.52 0.4819 Not significant
c’ 3.16x107* 1 3.16x107* 5.25 0.0342 Significant
Residual 1.08x107° 18 6.13x107°
Lack of fit 1.04x10°° 17 4.05x107° 1.51 0.5724 Not significant

Note. *Sum of squares; bdegrees of freedom; “mean sum of squares; dp value less than 0.05 indicates model terms are significant; “polymer concentration (%
w/w); 'surfactant concentration in secondary emulsion (%w/v); concentration of glycerol in external phase (%v/v); hentrapment efficiency; 'release rate

constant.

found to be higher than those reported by other authors
using alternative methodologies [41-43]. This shows that the
water-soluble drug could be effectively loaded into nano-
capsules using both the PLGA polymer and the ACNs ap-
proach used in this work.

3.6. Particle Size. All formulations of LMV-ACNs were
found to have PS ranging from 231.3 to 341.2 nm (Table 2).
Contour plots illustrating the impact of the factors on PS are
displayed in Figures 4(c) and 4(d). PS increased as the level
of factor A increased. This might be as a result of the polymer
depositing on the core material’s surface after the solvent is
removed [44]. Higher polymer levels may, therefore, cause
more polymers to settle around the globules in the dispersed
phase, resulting in larger particles. At higher viscosities,

shearing effectiveness may also be reduced, potentially
resulting in the creation of big particles [45]. It was dis-
covered that the surfactant-containing nanoparticles had
smaller particles than the surfactant-free ones. This could be
as a result of surfactant’s capacity to reduce interfacial free
energy, which could lead to the formation of a more stable
finer emulsion. These findings followed a similar pattern to
those reported by Krishnamachari et al.[46] and Gupta et al.
[47]. When water was used as the secondary emulsion’s
external phase, higher particle sizes were seen than when
aqueous glycerol was used at 25% and 50% v/v. The glycerol
concentration-induced increase in the outer phase’s vis-
cosity would prevent the globules from the primary emul-
sion from aggregating. As can be seen in Table 3, every
component was determined to have a significant impact on
particle size at p <0.05.



10

Design-Expert® Software

0.50
Desirability
#® Design Points
1
0 0.38
X1 = A: Polymer conc. S
X2 = B: Surfactant conc. §
g 0.25
&
Actual Factor =
C: Conc. of glycerol = 50.00 3
&
0.13
0.00
50.00

Advances in Pharmacological and Pharmaceutical Sciences

Prediction 0.88803

Desirability

62.50 68.75 75.00

A: Polymer conc.

56.25

FIGURE 5: Desirability plot showing the maximum desirability for the set desirability criteria.

y =-0.1684x + 91.003

% Viability
Ul
(=]

0 100 200 300
Concentration (ug/mL)

®

FIGURE 6: MTT assay images showing (a)-(e) the intensity of cells at different concentrations of LMV-ACNSs ranging 5-200 yg/mL and
(f) plot of concentration versus % viability. (*The data presented were the mean with standard deviation as the error bars for three

observations).

3.7. Drug Release Studies. Figures 4(e) and 4(f) illustrate how
three factors affect the response k. The generated ACNs’ drug
release was shown to be significantly impacted by factor A,
with a drop in k observed with an increase in polymer
content. This could be because as the level of factor A in-
creases, the k decreases due to an increase in particle size.

The diffusion path length would increase with increasing
particle size, which could lead to a reduction in the drug
release rate. The impact of the factor B was noteworthy, as
evidenced by the observation of reduced drug release with an
increase in concentration. The primary emulsion’s outer
volatile organic phase (chloroform) may interact more with
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presented were the mean of three observations, and the comparison was made at a significance limit of p <0.05).

the external aqueous phase as surfactant concentration rises,
slowing the rate of evaporation. As a result, the ACNs with
a stiffer membrane were produced, and the drug release rate
was reduced [39, 48]. Factor C also had an impact, as an
increase in glycerol concentration was accompanied by
a decrease in k value. This may be the result of the viscosity
increasing at higher glycerol concentrations, which may
have slowed the evaporation of chloroform. The polymer
membrane of the nanocapsules produced by delayed
evaporation rates may have been stiffer and less porous [48],
which may have slowed the pace at which drugs are released
from them. All three factors’ effects were determined to be
significant at p <0.05 (Table 3).

All LMV-ACN formulations were shown to fit the first-
order kinetics of drug release, as shown by the zero- and
first-order kinetic plots. The non-Fickian diffusion mecha-
nism of drug release was determined using Higuchi’s and
Korsmeyer-Peppas plots.

3.8. Design Validation. The adjusted and predicted R* values
for each response variable were found to be close, with
a difference between them of less than 0.2, suggesting that
this may be explored for optimization or design space de-
velopment. Table 3 displays the results of the ANOVA. Each
response’s model F value indicates that the model was
significant at p < 0.05. This suggests that the response surface
quadratic model was suitable for elucidating the impact of
the factors on the responses. Furthermore, supporting this
was the negligible lack-of-fit values. These findings signified
that this could be extended to further optimization.

3.9. Optimization. Out of all the alternatives the software
offered for the set desire, one solution (as illustrated in
Figure 5) had the highest desirability of 0.888 at a combi-
nation of factors of 75% w/w of the factor A, 0.45% w/v of the
factor B, and 50% v/v of the factor C. At this combination,

the values of the response factors are, as indicated by the
software, 70.69% of EE, 294.99 nm of PS, and 0.099 h™" of k.
Using this ideal combination of the factors, a new formu-
lation of LMV-ACNs was created and the characterization
tests were carried out for the response variables. The results
showed that the EE was 71.54%, the PS was 288.4 nm with
a polydisperse index (PDI) of 0.245, the zeta potential was
—24.7mV, and the k was 0.095h™". These outcomes and the
ones provided by the design showed a strong correlation. As
a result, the optimal formulation of LMV-ACNs was thought
to be this combination of the three factor levels.

3.10. Surface Modification. The zeta potential of the opti-
mized LMV-ACNs was —24.7 mV. This negative zeta po-
tential might be due to the polymer PLGA RG503H which
contains free carboxylic acid groups as the end groups on it
[49, 50]. This high negative zeta potential is an advantage as
it can control the aggregation of ACNs in the dispersion and
can improve the physical stability.

The literature states that nanoparticles with high nega-
tive zeta potential can be easily opsonized and cleared from
the blood to reach RES-rich organs such as the liver [51]. So,
the optimized ACNs of LMV were further treated with SLS
in order to increase their negative zeta potential. After
treatment with SLS, the zeta potential of LMV-ACNs was
observed to be increased to a maximum zeta potential of
—41.6 mV at a 6 mM concentration of SLS. Hence, with this
zeta potential, the ACNs were assumed to have more tar-
getability to reach the liver, which had to be confirmed by in
vivo biodistribution studies.

3.11. In Vitro Cytotoxicity Study. This study was conducted
on the optimized LMV-ACNs that were prepared with
PLGA RG503H. The reason behind the use of the HeLa cell
lines is that these cells are resistant to cell death by natural
apoptosis, and they are destroyed only due to the



Advances in Pharmacological and Pharmaceutical Sciences

12

(50°0 > d yo Jruuy dueoyrudis e je spewr sem uostredurod pue ‘SUONILAIISO 1Y) JO ULIW
a1} a1om pajuasaxd ejep oYy, , ) “ooueIea £poq [e30] LD UONNQLIISIP JO SWIN[OA d)B)S APEa)S I A 9T} 9UIPISIT UBIW : YAl DAIND UONEIUOU0d Fnip ewse[d-awin) o) Jopun BdIe 2DV OJI[-J[BY uoneurwi /1

LT0OF60°¢ €0+68¢ ¥E0+CES €COF0TY CCoOFICTE L0'0FS0°C (u/34/7) D S
C00F¥T0 $00F€C0 STOF8S0 S0'0F970 S0'0+8C0 90°0FC€0 VD “A i
¢S TF+6TTT 6T'T+CS91 8'T+¢€S6 0CT+I1C91 6T T+V911 S6'0F€S9 (W) LIN €
899F 16'%S CIrS+v6'Ce 8V’ ¢ ¥8L¢I 9L'GF¢T0¢ Y6V +8L'LT YEYFYETT (g * Tw/31) DAV 4
060 F89°ST LLOFISTI LETF8S9 VCIFPTTI 68°0F€T'8 8V 0FETY (W @4 T
*NOV SNOV VOTd-AIN'T uonnjos AIN'T SNOV SNOV VOTd-AN'T uonnjos AIN'T 1o30wered
VOTd-AWT PayIpoti-a5e)ing ’ VOTd- AT paylpow-adeying : ‘ou °g
SIRUR{0dBULIBY ]
IOATT euise|[d

SNDV-AJAT JO SI1pn3s UOINQLIISIPOI] OAIA UT WOJJ paure}qo ejep 1Al pue ewseld jo sisAfeue [ejuswnireduwroouou Jajje s1jowered onounjooewreyd snowrea SUImoys sjnsay f I14V],



Advances in Pharmacological and Pharmaceutical Sciences

cytotoxicity of the test substances. So, these cell lines can give
accurate results of cytotoxicity by the test substance. There
were five concentrations employed, ranging from 5 to
200 ug/mL. Figures 6(a) through 6(e) depict the images of
the cells following the therapy. A viability plot (Figure 6(f))
was created from the obtained % viability at these con-
centrations by creating a linear regression equation. The
concentration of the test substance needed to prevent the
development of 50% of cells is known as half the maximum
inhibitory concentration, or ICs, [52]. It was discovered that
LMV-ACNs had an ICsq of 243.5+ 11.8 yg/mL. This high
ICs (a 300 mg adult dose produces a maximum plasma
concentration of 1.4 ug/mL; hence, this ICs, is approxi-
mately 173.5 times the dose) value indicates that both LMV
and PLGA RG503H in the LMV-ACNs are not toxic and
relatively safe.

3.12. In Vivo Biodistribution/Bioavailability Studies. In vivo
biodistribution/bioavailability studies were performed for
pure LMV solution and optimized LMV-ACNs and surface-
modified LMV-ACNs in rats. From the HPLC results, the
LMYV was found to be eluted at 2.38 min. and the Nelfinavir
(IS) was eluted at 3.57 min. The ratios of the peak areas of the
LMV and the IS were equated against the previously de-
veloped calibration curve to quantify the plasma concen-
tration of the LMV. The obtained data of plasma and liver
drug concentrations are illustrated in Figures 7(a) and 7(b),
respectively. These data were subjected to noncompartmental
analysis to find various pharmacokinetic properties so as to
understand the impact of formulation of ACNs and their
surface modification on plasma and the hepatic bioavailability
of LMV. The results are shown in Table 4. In plasma, steady-
state volume of distribution (V) and elimination half-life (¢,,
») increased when formulating LMV into ACNs which in-
dicates that LMV distributes more into the body as the
nanoparticles can diffuse into various tissues. Whereas for the
data obtained from the liver tissue, the V was found to
decrease from 0.58 L/kg of LMV solution to 0.23L/kg of
LMV-ACNs. This indicated that more concentration of the
drug was confined in the liver since only fewer amounts were
distributed out of the liver. This could be attributed to the
surface hydrophobicity [53, 54] and negative zeta potential of
the LMV-ACNs as they were made of PLGA that might
induce their phagocytosis and make them more available to
the liver [12, 50]. This could also be further justified by the
observed hepatic AUC, which increased to 32.94 yg/mL * h
for the LMV-ACNs compared to 13.78 yg/mL * h for pure
LMV solution. So, it is evident that LMV-ACNs prepared
from PLGA make the LMV more available in the liver where
it is actually needed. Still, a further significant (p <0.05)
increase in hepatic AUC (66.7%) and decrease in V; (64.3%)
were observed upon surface modification of LMV-ACNs with
SLS. This might be due to the increased negative zeta potential
which could improve the phagocytosis of nanoparticles into
RES-rich organs such as the liver. This was further supported
by a significant increase (p < 0.05) in hepatic mean residence
time (MRT) (34.7%) and a decrease in clearance (19.7%) upon
surface modification of LMV-ACNs.
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These observed results are justified by the work reported
by Nag et al. [55] regarding the passive targeting ability of
the PLGA nanoparticles. These authors developed PLGA
nanoparticles for loading tannic acid (TA) and vitamin E for
the treatment of alcoholic liver damage (ALD). The prepared
nanoparticles were found to have a zeta potential of
—-21.2mV. The in vivo and histopathology results revealed
that recovery of the liver was highest in the animals treated
with the PLGA-TA-E nanoparticles than those treated with
plain TA and plain vitamin E. The authors ascribed this
result to the improved delivery of the TA and vitamin E to
the liver by the nanoparticles owing to their hydrophobic
nature and surface charge. In one more study reported by
Zhang et al. [56], Cholesterol-based nanoparticles were
developed for loading miRNA to treat ALD. Besides, the
miRNA was paired with polyethyleneimine (PEI) and made
into nanoparticles. In vivo biodistribution and histopa-
thology studies revealed greater accumulation of the RNA
from the cholesterol-based nanoparticles than the PEI-
paired RNA. The authors attributed this observation to
the surface hydrophobicity of the nanoparticles owing to the
presence of cholesterol. Few other similar reports regarding
the passive liver targeting ability of nanoparticles are
reviewed by Warner et al. [57].

These recent literature reports suggested that the pro-
posed mechanism of liver targeting in this work is justified.
Besides the charge, the surface hydrophobicity of the PLGA
nanoparticles to a greater is responsible for the passive liver
targeting. Opsonins in the blood easily detect and attack the
hydrophobic particles that are administered into the blood
through the IV route. The opsonized nanoparticles can be
readily engulfed by the reticuloendothelial system (RES) rich
organs such as liver and spleen [58, 59]. This mechanism of
phagocytosis is even more prominent for the nanoparticles
with a negative charge and with a size of above 200 nm [57].
These possible mechanisms could be responsible for the
greater accumulation of the LMV from the PLGA nano-
particles developed in this work.

4, Conclusion

The current research work was executed out with the ob-
jective of achieving liver targetability by developing bio-
degradable nanocapsules for delivering LMV. The
experiment was designed successfully with 3°full-factorial
design. All three selected formulation parameters were
observed to have a quadratic effect on the three responses.
This further proceeded to graphical optimization. The op-
timized formulation was obtained as ACNs containing
PLGA at 75% w/w, Pluronic-F68 at 0.45% w/v, and glycerol
in the external phase at 50.00% v/v. The optimized ACNs
were further coated with SLS so as to increase the zeta
potential. The in vivo biodistribution studies indicated that
the optimized ACNs increased the hepatic bioavailability of
LMV by 139% when compared to pure LMV. Further,
surface modification of the optimized ACNs resulted in an
increase in the hepatic bioavailability of LMV by 66.7% when
compared to the optimized ACNs. These findings designated
that the hepatic targetability was accomplished by
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developing the ACNs and was further increased by surface
modification, thus demonstrating the successful achieve-
ment of the study objectives. Hence, this ACN formulation
can be extended to drugs like LMV in achieving liver-specific
delivery to enhance their therapeutic outcomes.

Data Availability

All the necessary data sufficient to understand the work are
presented in this manuscript.

Conflicts of Interest

All authors declare that they have no conflicts of interest.

Acknowledgments

The authors acknowledge Vignan’s Foundation for Science
Technology and Research, Guntur, India, and Ajman Uni-
versity, Ajman, UAE, for providing the required in-
frastructure to execute this research work.

References

[1] S. Gao, Z. P. Duan, Y. Chen et al., “Compartmental HBV
evolution and replication in liver and extrahepatic sites after
nucleos/tide analogue therapy in chronic hepatitis B carriers,”
Journal of Clinical Virology, vol. 94, pp. 8-14, 2017.

[2] C. Seeger and W. S. Mason, “Molecular biology of hepatitis B
virus infection,” Virology, vol. 479-480, pp. 672-686, 2015.

[3] A.Tewabe, A. Abate, M. Tamrie, A. Seyfu, and E. Abdela Siraj,

“Targeted drug delivery—from magic bullet to nanomedicine:

principles, challenges, and future perspectives,” Journal of

Multidisciplinary Healthcare, vol. 14, pp. 1711-1724, 2021.

B. Begines, T. Ortiz, M. Pérez-Aranda et al, “Polymeric

nanoparticles for drug delivery: recent developments and

future prospects,” Nanomaterials, vol. 10, no. 7, p. 1403, 2020.

[5] G.]Joshi, M. Patel, D. Chaudhary, and K. Sawant, “Preparation
and surface modification of polymeric nanoparticles for drug
delivery: state of the art,” Recent Patents on Drug Delivery and
Formulation, vol. 14, no. 3, pp. 201-213, 2021.

[6] A. Gagliardi, E. Giuliano, E. Venkateswararao et al., “Bio-
degradable polymeric nanoparticles for drug delivery to solid
tumors,” Frontiers in Pharmacology, vol. 12, Article ID
601626, 2021.

[7] R. Rohilla, T. Garg, A. K. Goyal, and G. Rath, “Herbal and
polymeric approaches for liver-targeting drug delivery: novel
strategies and their significance,” Drug Delivery, vol. 23, no. 5,
pp. 1645-1661, 2016.

[8] Y. L. Liu, D. Chen, P. Shang, and D. C. Yin, “A review of
magnet systems for targeted drug delivery,” Journal of Con-
trolled Release, vol. 302, pp. 90-104, 2019.

[9] A.Barzegar-Fallah, K. Gandhi, S. B. Rizwan, T. L. Slatter, and
J. N. Reynolds, “Harnessing ultrasound for targeting drug
delivery to the brain and breaching the blood-brain tumour
barrier,” Pharmaceutics, vol. 14, no. 10, p. 2231, 2022.

[10] P. C. Lyon, M. D. Gray, C. Mannaris et al., “Safety and

feasibility of ultrasound-triggered targeted drug delivery of

doxorubicin from thermosensitive liposomes in liver tumours

(TARDOX): a single-centre, open-label, phase 1 trial,” The

Lancet Oncology, vol. 19, no. 8, pp. 1027-1039, 2018.

B.T. Ledford, T. G. Wyatt, ]. Vang, J. Weiss, N. D. Tsihlis, and

M. R. Kibbe, “Effects of particle size, charge, shape, animal

=

(11

Advances in Pharmacological and Pharmaceutical Sciences

disease state, and sex on the biodistribution of intravenously
administered nanoparticles,” Particle and Particle Systems
Characterization, vol. 40, no. 7, Article ID 2300001, 2023.

[12] H. Wang, C. A. Thorling, X. Liang et al., “Diagnostic imaging

and therapeutic application of nanoparticles targeting the

liver,” Journal of Materials Chemistry B, vol. 3, no. 6,

pp. 939-958, 2015.

R. Tang, R. Li, H. Li et al., “Design of hepatic targeted drug

delivery systems for natural products: insights into nomen-

clature revision of nonalcoholic fatty liver disease,” ACS

Nano, vol. 15, no. 11, pp- 17016-17046, 2021.

S. Vrignaud, N. Anton, C. Passirani, J. P. Benoit, and

P. Saulnier, “Aqueous core nanocapsules: a new solution for

encapsulating doxorubicin hydrochloride,” Drug Develop-

ment and Industrial Pharmacy, vol. 39, no. 11, pp. 1706-1711,

2013.

[15] D. Cosco, D. Paolino, F. De Angelis et al., “Aqueous-core
PEG-coated PLA nanocapsules for an efficient entrapment of
water soluble anticancer drugs and a smart therapeutic re-
sponse,” European Journal of Pharmaceutics and Bio-
pharmaceutics, vol. 89, pp. 30-39, 2015.

[16] S. Deng, M. R. Gigliobianco, R. Censi, and P. Di Martino,

“Polymeric nanocapsules as nanotechnological alternative for

drug delivery system: current status, challenges and oppor-

tunities,” Nanomaterials, vol. 10, no. 5, p. 847, 2020.

G. Srikar and A. P. Rani, “Tenofovir loaded poly (lactide-co-

glycolide) nanocapsules: formulation optimization by de-

sirability functions approach,” Indian Journal of Pharma-
ceutical Education and Research, vol. 54, no. 2S,

pp. $230-5240, 2020.

A. Fadlelmoula, D. Pinho, V. H. Carvalho, S. O. Catarino, and

G. Minas, “Fourier transform infrared (FTIR) spectroscopy to

analyse human blood over the last 20 years: a review towards

lab-on-a-chip devices,” Micromachines, vol. 13, no. 2, p. 187,

2022.

[19] K. P. Cruz, B. F. Patricio, V. C. Pires et al., “Development and
characterization of PLGA nanoparticles containing 17-
DMAG, an Hsp90 inhibitor,” Frontiers in Chemistry, vol. 9,
Article ID 644827, 2021.

[20] H. Rouco, P. Garcia-Garcia, C. Evora, P. Diaz-Rodriguez, and

A. Delgado, “Screening strategies for surface modification of

lipid-polymer hybrid nanoparticles,” International Journal of

Pharmaceutics, vol. 624, Article ID 121973, 2022.

I. Mohammed, D. Al Shehri, M. Mahmoud, M. S. Kamal, and

O. S. Alade, “A surface charge approach to investigating the

influence of oil contacting clay minerals on wettability al-

teration,” ACS Omega, vol. 6, no. 19, pp. 12841-12852, 2021.

B. Rojek and M. Wesolowski, “A combined differential

scanning calorimetry and thermogravimetry approach for the

effective assessment of drug substance-excipient compati-

bility,” Journal of Thermal Analysis and Calorimetry, vol. 148,

no. 3, pp. 845-858, 2023.

[23] T.M. Duong, K. Sharma, F. Agnese et al., “Practice of electron

microscopy on nanoparticles sensitive to radiation damage:

CsPbBr3 nanocrystals as a case study,” Frontiers in Chemistry,

vol. 10, Article ID 1058620, 2022.

G. Yalgin, S. Oztuna, A. S. Dalkilig, and S. Wongwises, “The

influence of particle size on the viscosity of water based ZnO

nanofluid,” Alexandria Engineering Journal, vol. 68, pp. 561-

576, 2023.

J. Shailender, P. R. Ravi, M. Reddy Sirukuri, A. Dalvi, and

O. Keerthi Priya, “Chitosan nanoparticles for the oral delivery

of tenofovir disoproxil fumarate: formulation optimization,

characterization and ex vivo and in vivo evaluation for uptake

(13

(14

[17

[18

[21

(22

[24

[25



Advances in Pharmacological and Pharmaceutical Sciences

mechanism in rats,” Drug Development and Industrial
Pharmacy, vol. 44, no. 7, pp. 1109-1119, 2018.

[26] M. M. Hefny, A. S. Elmezayyen, and A. M. Tawfik,

“Anomalous kinetic study of atenolol release from ATN@

DNA a core-shell like structure,” Scientific Reports, vol. 13,

no. 1, p. 3120, 2023.

Y. Kim, E. J. Park, T. W. Kim, and D. H. Na, “Recent progress

in drug release testing methods of biopolymeric particulate

system,” Pharmaceutics, vol. 13, no. 8, p. 1313, 2021.

[28] A. H. Asif, P. K. Desu, R. R. Alavala, G. S. N. K. Rao,

N. Sreeharsha, and G. Meravanige, “Development, statistical

optimization and characterization of fluvastatin loaded solid

lipid nanoparticles: a 32 factorial design approach,” Phar-

maceutics, vol. 14, no. 3, p. 584, 2022.

S. R. Pardeshi, M. P. More, P. B. Patil, A. Mujumdar, and

J. B. Naik, “Statistical optimization of voriconazole nano-

particles loaded carboxymethyl chitosan-poloxamer based

in situ gel for ocular delivery: in vitro, ex vivo, and toxicity
assessment,” Drug Delivery and Translational Research,

vol. 12, no. 12, pp. 3063-3082, 2022.

A. T. Kiddane, M. J. Kang, T. C. Ho et al., “Anticancer and

apoptotic activity in cervical adenocarcinoma HelLa using

crude extract of ganoderma applanatum,” Current Issues in

Molecular Biology, vol. 44, no. 3, pp. 1012-1026, 2022.

[31] A. B. Nair and S. Jacob, “A simple practice guide for dose
conversion between animals and human,” Journal of Basic and
Clinical Pharmacy, vol. 7, no. 2, pp. 27-31, 2016.

[32] N. H. Shomer, K. H. Allen-Worthington, D. L. Hickman et al.,
“Review of rodent euthanasia methods,” Journal of the
American Association for Laboratory Animal Science, vol. 59,
no. 3, pp. 242-253, 2020.

[33] A. K. Aslund, R. J. Vandebriel, F. Caputo et al., “A com-

parative biodistribution study of polymeric and lipid-based

nanoparticles,” Drug Delivery and Translational Research,

vol. 12, no. 9, pp. 2114-2131, 2022.

A. Vikram Singh, L. K. Nath, and N. R. Pani, “Development

and validation of analytical method for the estimation of

lamivudine in rabbit plasma,” Journal of Pharmaceutical

Analysis, vol. 1, no. 4, pp. 251-257, 2011.

[35] Y. Ramesh, B. Sarayu, G. Hari Chandana, O. Neelima, and

S. Sana, “Formulation and evaluation of lamivudine nano-

suspension,” Journal of Drug Delivery and Therapeutics,

vol. 11, no. 4-S, pp. 71-77, 2021.

J. Shailender, P. R. Ravi, P. Saha, A. Dalvi, and S. Myneni,

“Tenofovir disoproxil fumarate loaded PLGA nanoparticles

for enhanced oral absorption: effect of experimental variables

and in vitro, ex vivo and in vivo evaluation,” Colloids and

Surfaces B: Biointerfaces, vol. 158, pp. 610-619, 2017.

[37] K. H. Lee, F. N. Khan, L. Cosby, G. Yang, and J. O. Winter,

“Polymer concentration maximizes encapsulation efficiency

in electrohydrodynamic mixing nanoprecipitation,” Frontiers

in Nanotechnology, vol. 3, Article ID 719710, 2021.

T. Yuan, L. Gao, W. Zhan, and D. Dini, “Effect of particle size

and surface charge on nanoparticles diffusion in the brain

white matter,” Pharmaceutical Research, vol. 39, no. 4,

pp. 767-781, 2022.

[39] N. Sharma, P. Madan, and S. Lin, “Effect of process and

formulation variables on the preparation of parenteral

paclitaxel-loaded biodegradable polymeric nanoparticles:

a co-surfactant study,” Asian Journal of Pharmaceutical Sci-

ences, vol. 11, no. 3, pp. 404-416, 2016.

J. Brillo, A. I. Pommrich, and A. Meyer, “Relation between

self-diffusion and viscosity in dense liquids: new experimental

[27

[29

(30

(34

[36

(38

[40

(41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

15

results from electrostatic levitation,” Physical Review Letters,
vol. 107, no. 16, Article ID 165902, 2011.

L. Singh, Y. E. Choonara, L. C. du Toit, P. Kumar,
A. Chakraborty, and V. Pillay, “Design, characterization and
optimization of lamivudine-loaded amphiphilic HA-g-ECL
nanoparticles,” Journal of Drug Delivery Science and Tech-
nology, vol. 39, pp. 75-87, 2017.

D. Mishra, N. Jain, V. Rajoriya, and A. K. Jain, “Glycyrrhizin
conjugated chitosan nanoparticles for hepatocyte-targeted
delivery of lamivudine,” Journal of Pharmacy and Pharma-
cology, vol. 66, no. 8, pp. 1082-1093, 2014.

F. Makita-Chingombe, H. L. Kutscher, S. L. DiTursi,
G. D. Morse, and C. C. Maponga, “Poly (lactic-co-glycolic)
acid-chitosan dual loaded nanoparticles for antiretroviral
nanoformulations,” Journal of Drug Delivery, vol. 2016, Ar-
ticle ID 3810175, 10 pages, 2016.

C. L. Dominguez-Delgado, Z. Akhtar, G. Awuah-Mensah,
B. Wu, and H. D. C. Smyth, “Effects of process and formu-
lation parameters on submicron polymeric particles produced
by a rapid emulsion-diffusion method,” Nanomaterials,
vol. 12, no. 2, p. 229, 2022.

M. M. Kasprzak, M. Jarzebski, W. Smulek et al., “Effects of
concentration and type of lipids on the droplet size, encap-
sulation, colour and viscosity in the oil-in-water emulsions
stabilised by rapeseed protein,” Foods, vol. 12, no. 12, p. 2288,
2023.

Y. Krishnamachari, P. Madan, and S. Lin, “Development of
pH-and time-dependent oral microparticles to optimize
budesonide delivery to ileum and colon,” International
Journal of Pharmaceutics, vol. 338, no. 1-2, pp. 238-247, 2007.
B. Gupta, B. K. Poudel, S. Pathak et al., “Effects of formulation
variables on the particle size and drug encapsulation of
imatinib-loaded solid lipid nanoparticles,” AAPS PharmSci-
Tech, vol. 17, no. 3, pp. 652-662, 2016.

T. Munekata, T. Suzuki, S. Yamakawa, and R. Asahi, “Effects
of viscosity, surface tension, and evaporation rate of solvent
on dry colloidal structures: a lattice Boltzmann study,” Physics
Reviews E., vol. 88, no. 5, Article ID 052314, 2013.

M. M. El-Hammadi and J. L. Arias, “Recent advances in the
surface functionalization of PLGA-based nanomedicines,”
Nanomaterials, vol. 12, no. 3, p. 354, 2022.

B. M. Al Meslmani, G. F. Mahmoud, and U. Bakowsky,
“Development of expanded polytetrafluoroethylene cardio-
vascular graft platform based on immobilization of poly
lactic-co-glycolic acid nanoparticles using a wet chemical
modification technique,” International Journal of Pharma-
ceutics, vol. 529, no. 1-2, pp. 238-244, 2017.

S. Honary and F. Zahir, “Effect of zeta potential on the
properties of nano-drug delivery systems-a review (Part 2),”
Tropical Journal of Pharmaceutical Research, vol. 12, no. 2,
pp. 265-273, 2013.

P. Garcia-Molina, F. Garcia-Molina, J. A. Teruel-Puche,
J. N. Rodriguez-Lopez, F. Garcia-Canovas, and J. L. Mufioz-
Muiioz, “The relationship between the IC50 values and the
apparent inhibition constant in the study of inhibitors of
tyrosinase diphenolase activity helps confirm the mechanism
of inhibition,” Molecules, vol. 27, no. 10, p. 3141, 2022.

J. Kohn and R. Langer, “Bioresorbable and bioerodible ma-
terials,” in Biomaterials Science: An Introduction to Materials
in Medicine, B. D. Ratner, A. S. Hoffman, F. J. Schoen, and
J. E. Lemons, Eds., pp. 64-72, Elsevier Academic Press,
London, UK, 2004.

D. J. Hines and D. L. Kaplan, “Poly (lactic-co-glycolic) acid—
controlled-release systems: experimental and modeling



16

(55]

(56]

(57]

(58]

(59]

insights,” Critical Reviews in Therapeutic Drug Carrier Sys-
tems, vol. 30, no. 3, pp. 257-276, 2013.

S. Nag, K. Manna, M. Saha, and K. Das Saha, “Tannic acid and
vitamin E loaded PLGA nanoparticles ameliorate hepatic
injury in a chronic alcoholic liver damage model via EGFR-
AKT-STAT3 pathway,” Nanomedicine, vol. 15, no. 3,
pp. 235-257, 2020.

C. Zhang, Y. Hang, W. Tang et al., “Dually active polycation/
miRNA nanoparticles for the treatment of fibrosis in alcohol-
associated liver disease,” Pharmaceutics, vol. 14, no. 3, p. 669,
2022.

J. B. Warner, S. C. Guenthner, J. E. Hardesty, C. J. McClain,
D. R. Warner, and 1. A. Kirpich, “Liver-specific drug delivery
platforms: applications for the treatment of alcohol-associated
liver disease,” World Journal of Gastroenterology, vol. 28,
no. 36, pp. 5280-5299, 2022.

E. Papini, R. Tavano, and F. Mancin, “Opsonins and dys-
opsonins of nanoparticles: facts, concepts, and methodolog-
ical guidelines,” Frontiers in Immunology, vol. 11, Article ID
567365, 2020.

T. U. Wani, S. N. Raza, and N. A. Khan, “Nanoparticle
opsonization: forces involved and protection by long chain
polymers,” Polymer Bulletin, vol. 77, no. 7, pp. 3865-3889,
2020.

Advances in Pharmacological and Pharmaceutical Sciences





