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Abstract

The principle objective of the present work was to design and evaluate suitable
nanocarriers to improve therapeutic effectiveness of lopinavir by improving plasma
exposure and selective distribution towards viral reservoir sites. Lopinavir is a potent HIV
protease inhibitor and integral part of highly active antiretroviral treatment. Lopinavir shows
poor plasma exposure after oral administration and high inter-patient variability in humans
due to its poor aqueous solubility, extensive pre-systemic metabolism and P-gp efflux. To
improve oral bioavailability, currently marketed formulation of lopinavir (Kaletra®; co-
formulation of lopinavir/ritonavir in combination of 4:1) contains sub-therapeutic dose of
ritonavir. Ritonavir, being CYP and P-gp inhibitor, significantly improves plasma exposure
of lopinavir.

In order to achieve the broader objective of the present work, suitable analytical and
bioanalytical methods were developed using liquid chromatography for determination of
lopinavir in bulk formulation and biological matrices. Pre-formulation studies were
performed to establish necessary physicochemical data of lopinavir prior to formulation
development. Nanoparticulate formulations were developed by identifying and optimizing
critical factors in the manufacturing process using optimization techniques (DoE). The
prepared nanoparticles were extensively characterized for surface morphology, particle size,
encapsulation efficiency and in vitro drug release.

Extensive pharmacokinetic studies (single dose-oral, IV and tissue distribution
studies) were performed against marketed formulation to investigate the in vivo performance
of the prepared nanoparticles in the healthy rat model. Mechanistic studies such as
microsomal stability, intestinal permeability study and lymph transport inhibition study
were carried out to explain the mechanism involved in absorption and disposition of
nanoparticles.

Results indicated that developed and validated analytical and bioanalytical methods
were sensitive and selective for determination of lopinavir in bulk, formulation and
biological samples. Extensive pre-formulation studies indicated the lipophilic nature and pH
independent ionization characteristics. Results from drug-excipient studies revealed no
significant interaction of drug with various excipients used in formulation.

Biodegradable and biocompatible lipid based (stearic acid) and polymeric

nanocarriers (poly-e-caprolactone and pullulan acetate) were chosen for delivery of

\%



lopinavir. Critical variables such as polymer, surfactant concentrations and time of
homogenization demonstrated significant impact on particle size, surface charge and
encapsulation efficiency of nanoparticles. Microscopic imaging and particle size
measurement confirmed that nanoparticles are near spherical with size in the range of 200
nm. In vitro drug release from the loaded nanoparticles was controlled over 45-75h. This
could be explained by reciprocal powered time model release kinetics. The optimized
nanoparticles (SLNs and PCL NPs) have shown high drug entrapment efficiency (>90%).
Single dose pharmacokinetic studies demonstrated a significant improvement in
plasma exposure of lopinavir following oral administration of lopinavir nanoparticles. SLNs
showed highest improvement in oral bioavailability (>5 folds) of lopinavir followed by PCL
NPs (>4 folds) and PA NPs (>2 folds). Significant improvement in oral bioavailability was
attributed to protection from pre-systemic metabolism and P-gp efflux and improvement in
both active and passive uptake of lopinavir from the GIT. Lymph transport inhibition
studies demonstrate the role of the lymphatic system in transport of SLNs. Tissue
distribution studies revealed increased availability of the drug towards viral reservoir sites
such as liver, spleen and lymph nodes. Co-administration of ritonavir showed significant
improvement of plasma exposure of lopinavir but failed to maintain higher drug
concentration at targeted organs. Collectively, these results indicate that prepared
nanocarriers have great potential for delivering lopinavir to HIV viral reservoir sites. Drug
delivery using nanoparticles would be advantageous over the currently available marketed

formulation of lopinavir.
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Chapter 1

Introduction




1.1 AIDS and human immunodeficiency virus

The human immunodeficiency virus (HIV) was unknown until the early 1980's but
since then it has infected millions of people in a worldwide pandemic. HIV is a member of
the genus lentivirus from the retroviridae family responsible for acquired immunodeficiency
syndrome (AIDS). At present there are two known types of HIV: HIV-1 and HIV-2. Of the
two, HIV-1 is more virulent, transmittable and prevalent and is the cause of the majority of
the HIV infections globally [1, 2].

The term AIDS represents the entire range of diseases caused by the HIV from early
infection to late stage symptoms. This condition progressively reduces the effectiveness of
the immune system and leaves individuals susceptible to opportunistic infections and
tumors. The disease naturally targets only a few cell types including cluster of
differentiation 4 (CD4") T cells, CD4" monocytes/macrophages, dendritic cells and
microglial cells [3, 4]. Nearly 99% of all viral replication occur in activated and
productively infected CD4" T cells of the blood and lymphoid tissues such as peripheral
secondary lymphoid organs, the spleen, lymph nodes and gut associated lymphoid tissues
[5].

1.2 Incidence of HIV/AIDS

AIDS is now a pandemic; in 2012, it was estimated that 35.3 million people lived
with the disease worldwide. According to the report, the new HIV infections have fallen by
33% since 2001. Nevertheless, in 2012, 2.3 million people became newly infected with HIV
worldwide [6]. Till today, over 36 million deaths due to HIV related illness have been
reported. Out of which, 1.6 million people have died in 2012 [6]. Asia, home to 60% of the
world’s population, is only second to sub-Saharan Africa in terms of the number of people
living with HIV. India accounts for roughly half of Asia’s HIV prevalence. HIV estimations
of 2012 corroborate the fact that the HIV epidemic in India continues to decline at the
national level including new infections and AIDS related deaths. However, still around 2.09
million people in India are living with HIV. Of these, an estimated 36% are women and
3.5% are children [7].

The spread of HIV in India has been uneven. HIV epidemics are more severe in the
southern half of the country and the far northeast. The highest HIV prevalence rates are
found in Andhra Pradesh, Maharashtra, Tamil Nadu and Karnataka in the south; and

Manipur and Nagaland in the northeast [8].



HIY adult (1549 yrs)
oravalence

Fig. 1.1: Global Prevalence of HIV infection. Fig. source: Global report. UNAIDS report on the
global AIDS epidemic 2013.

1.3 Viral structure and pathogenesis of HIV infection

A mature HIV virus consists of a bar-shaped electron dense core containing the viral
genome; two short strands of ribonucleic acid (RNA) along with enzyme reverse
transcriptase, protease, ribonuclease, and integrals, all encased in an outer lipid envelope
derived from a host cell [9]. This envelope has 72 surface projections or spikes, containing
antigens gp 120 and gp 41 that aid in the binding of the virus to the target cells expressed
with the CD4" receptors. The genome of HIV contains three major genes: gag, pol, and env.
These genes code for the major structural and functional components of HIV. The structural
components encoded by env include the envelope glycoproteins (gp 120 and gp 41).
Components encoded by the gag gene include core nucleocapsid proteins p55, p40, p24
(capsid, or “core" antigen), p17 (matrix), and p7 (nucleocapsid) and the important proteins
encoded by pol are the enzyme proteins p66, p51 (reverse transcriptase), p11 (protease), and
p32 (integrase) [10, 11].

The pathogenesis of HIV infection is a function of the virus life cycle, host cellular
environment, and quantity of viruses in the infected individual. HIV requires living host
cells to replicate. After entering the body, the viral particle is attracted to a cell with the
appropriate CD4" receptor molecules where it attaches by fusion to a susceptible cell
membrane or by endocytosis and then enters into the cell. The likelihood of infection
depends on both the initial viral load in the body fluids which contacts the host and the
number of cells containing CD4" receptors at the point of contact [12]. CD4" is a

glycoprotein found on the surface of immune cells, such as T lymphocytes, natural killer
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(NK) lymphocytes, monocytes, macrophages, microglial cells in the brain, and dendritic
cells (epithelial Langerhans cells and follicular dendritic cells in lymph nodes) [13].

HIV entry into a host cell begins with gp120 binding to the CD4" receptor, which
induces a conformational change in gp 120, exposing co-receptor binding sites which leads
to the fusion of gp 41 of HIV and host cell membranes. Once within the cell, the viral
particle releases its genetic material; the RNA. The enzyme reverse transcriptase that is
bound to the HIV RNA then triggers the synthesis of linear double-stranded cDNA
(proviral) from RNA. The HIV proviral DNA is inserted into the host cell genomic DNA by
the integrase enzyme of the HIV and that initiates the translation process. Viral components
such as gag proteins are assembled in the inner part of the host cell membrane, and virions
then begin to bud off. During the budding process, HIV protease cleaves viral proteins into
their functional forms. The infected cells can then release virions by surface budding, or
infected cells can undergo lysis with a burst release of new HIV virions, that can then infect
additional cells [14]. The life cycle of HIV is illustrated in Fig 1.2.

1.4 HIV and viral reservoirs

HIV can gain access in the human body even through the intact oropharyngeal,
cervical, vaginal, and gastrointestinal mucosal surfaces. Routes of HIV entry into mucosal
lamina propria include dendritic cells, epithelial cells, and microfold (M) cells. Dendritic
cells that squeeze between “tight” epithelium may capture HIV and deliver it to underlying
T cells, resulting in dissemination to lymphoid organs. The conventional dendritic cells,
such as langerhans cells are found in epithelia and can cross endothelium and circulate
freely into both lymphoid and mucosal tissues. Thus, dendritic cells play a key role in
dissemination of HIV infection [15, 16].

Within the lymph nodes, HIV virions are trapped in the processes of follicular
dendritic cells, where they reside in endosomal compartments formed from invaginations of
the cell surface membrane. These compartmentalized virions in dendritic cells may further
infect CD4" lymphocytes that are percolating through the nodes. Cells of the mononuclear
phagocyte system, including those in lymph nodes, spleen, liver, and bone marrow can then
become infected with HIV. Besides lymph nodes, the gut associated lymphoid tissues
(GALT) in gastrointestinal sub-mucosa provides a substantial reservoir for HIV. When HIV
is carried to local sites in the body, particularly to regional lymph nodes and to GALT, the
antigen-presenting cells such as macrophages or dendritic cells act as a "Trojan horse” [17-
19].
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Fig. 1.2: Life cycle of HIV-I. Figure source: Métifiot M, Marchand C, Pommier Y. HIV integrase
inhibitors: 20-year landmark and challenges. Adv Pharmacol. 2013; 67: 75-105.

1.5  Antiretroviral therapy

Since 1984, several strategies have been adopted for the effective treatment of
HIV/AIDS. In line with this, bone marrow transplantation, lymphocyte transfusions,
thymus transplantation, and therapeutic apheresis to remove virus-bearing cells have been
tried without much success against HIV infection and are therefore no longer employed.
Later, research focus was shifted to the development of effective and safe antiretroviral
(ARV) drugs with an aim to block HIV replication and subsequent progression of AIDS.
Presently, the greatest success in the clinical management of HIVV/AIDS has been observed



with the use of ARV drugs such as reverse transcriptase inhibitors and protease inhibitors
[20].
1.5.1 Reverse transcriptase inhibitors

Two sub-classes of reverse transcriptase inhibitors have been developed since 1990s
against HIV infections. Nucleoside reverse transcriptase inhibitors (NTRIs) were first class
of drugs that include zidovudine (ZDV), didanosine (ddl), zalcitabine (ddC), stavudine
(d4T), lamivudine (3TC), and abacavir (ABC). Reverse transcriptase is an enzyme found in
retroviruses that is necessary for their replication. The reverse transcriptase inhibitors have
shown effectiveness in preventing infection of uninfected CD4" cells. Drug intolerance and
drug toxicity are the major drawbacks for all NRTIs used to treat HIV infection. Another
sub-class, non-nucleoside reverse transcriptase inhibitors (NNRTIS) has also been
developed to treat HIV infection. The first generation drugs in this sub-class include
nevirapine, delavirdine, and efavirenz. Second generation drugs with less cross-resistance
include diarylpyrimidines analogues etravirine and rilpivirine [21].

1.5.2 Protease inhibitors (Pls)

Proteases are enzymes that split the peptide bonds of larger proteins into smaller
proteins. HIV protease is part of the precursor protein gp 160 and facilitates the maturation
process. HIV protease autocleaves itself from the precursor protein gp 160. Following
autocleavage, gpl60 is cleaved into the two glycoproteins (gp 120 and gp 41) of the viral
coat. Then it promotes maturation of HIV by splitting retroviral precursor polyproteins into
structurally essential glycoproteins and proteins. Thus, HIV protease allows immature, non-
infectious virions to become mature, infectious virions.

Protease inhibitors (PIs) prevent maturation of newly formed virions by preventing
the cleavage of HIV's polyproteins. Thus, protease inhibitors are effective against the spread
of new infections and are integral part of the current therapy. The Pls approved by the
USFDA are: saquinavir, ritonavir, indinavir, nelfinavir, amprenavir, atazanavir and
lopinavir-ritonavir co-formulation [22].

Most of the Pls exhibit poor oral bioavailability due to high first pass metabolism
and rapid clearance. Hence, protease inhibitors are often most effective at high doses, but
adverse reactions to these toxic agents may limit their use. All of them may cause
gastrointestinal symptoms, including nausea, vomiting, and diarrhea, lipodystrophy,

impaired glucose intolerance, hepatotoxicity and paresthesias [23, 24].



1.5.3 Highly Active Antiretroviral Therapy (HAART)

Development of an effective drug delivery approach for the treatment of HIV/AIDS
has been a global challenge. With better understanding of pathogenesis and replication
processes of HIV, single agent antiretroviral therapy has been largely substituted by
combination therapy. The primary rationale for using multiple agents is to disrupt HIV
replication at multiple-points in the life cycle and avoid the emergence of resistance. Each
of these “cocktail” regimens often comprises two nucleoside analogues and a Pl to achieve a
potential synergistic effect. Sometimes a secondary Pl at low dose (typically ritonavir) is
included to “boost” up the bioavailability of the primary PIl. Because of their higher clinical
efficacy in lowering the mortality and morbidity in HIV patients, these therapeutic
combinations are referred as the Highly Active Antiretroviral Therapy (HAART). It is
reported that combinations of reverse transcriptase inhibitors with P1 have significantly
increased the life span of the HIVV/AIDS patient [25, 26].

1.6 Clinical challenges in AIDS therapy

Although, the HAART is an integral part of standard treatment; antiretroviral drugs
show poor clinical outcome. Being a chronic therapy, patient non-compliance to the dosage
regimen is a major problem that is commonly seen with the antiretroviral therapy. Further,
failure to adhere to prescribed therapies threatens the emergence of resistance [24, 27].
Though, dosing regimens for antiretroviral therapy is complex, it is essential that patients
adhere to the regimen for adequate and continued suppression of viremia. An adherence rate
of 95% is required for optimal suppression of viremia [28].

Factors like heavy pill burden (due to poor bioavailability and rapid clearance),
drug-induced side effects, frequent drug-drug interactions, and high cost of the therapy have
been considered as the possible reasons for patient non-compliance with existing
conventional formulations [29]. Moreover, the majority of the currently available
antiretroviral drugs is unable to reach ‘viral reservoirs’/HIV localization sites at an effective
concentration for the necessary time duration leading to poorer clinical outcomes [30]. The
overall consequence is that, upon discontinuation of therapy and upon the development of
drug resistance, HIV is able to re-seed the systemic circulation and continue to propagate
the infection [31, 32].

1.7 Nanotechnology-a revolution in drug delivery systems

The combination of controlled release technology and targeted drug delivery may

provide a more efficient and less harmful solution to overcome the limitations present in

HAART. Recent research has focused on developing nanoparticulate based drug delivery



systems capable of enhancing bioavailability and delivering therapeutic agents selectively to
the target organs like lymphatic viral reservoirs [33]. In order to facilitate the distribution
and control the release, a drug may be attached or encapsulated to the nanoparticles. Thus,
nanoparticle offers a unique solution to the pharmacokinetic barriers for successful therapy
such as P-gp efflux, first pass metabolism and rapid clearance [34].

In the recent past, the exponential growth of nanoscience and nanotechnology has
surged into notable innovations in the field of pharmaceutical sciences with tremendous
impact on therapeutics and diagnostics [35-37]. The advent of nanotechnology in
pharmaceutical sciences has added a new dimension to the century old concept of targeted
drug delivery systems [38-40].

Nanoparticle, the closest version of the ‘magic bullet’ proposed by Sir Paul Ehrlich,
is now feasible to design and produce in the laboratory. The nanodrug delivery systems are
in the limelight due to their outstanding potential to improve availability of drug at the
physiological sites/organs where the pharmacological activity is desired [41, 42]. In
comparison with their conventional counterpart, materials at nanoscale level exhibit
significantly different quantum mechanical properties leading to a fundamental change in
their physical, chemical and biological properties. Several researchers have demonstrated
the possibility of manipulating the primary characteristics of the drugs such as melting
point, magnetic properties without altering its chemical composition. This ability to
manipulate and/or organize matter systematically at the nanometer scale is spurring a
revolution in science, engineering, technology and inevitably drug delivery and therapeutics
[43].

1.8 Nanotechnology in antiretroviral therapy: opportunities and challenges

Nanoparticulate drug delivery system offers unique advantages over conventional
therapy. The nanometric size of these carriers allows for efficient crossing of biological
barriers and cellular barriers and can enter most of the cells. As a result, these carriers can
readily and rapidly interact with biomolecules on both the cell surface and within the cell
without altering the inherent property of the molecule. Thus, nanoparticles exhibit a
significant change in cellular interactions leading to noninvasive access to the interior of
living cells and present the opportunity for unprecedented gains on clinical and basic
research frontiers [41].

One of the major challenges in conventional dosage form of antiretroviral therapy is
the poor drug bioavailability, off-target distribution and associated side effects [23]. Recent

advances in nanotechnology have advocated that nanoparticles are effective in altering the



pharmacokinetics of drugs such as rapid and improved absorption, selective bio-distribution,
reduced degradation and elimination [44-46]. Therefore, nanoparticles which have a size
small enough to allow intra-capillary or trans-capillary passage and appropriate surface
coating to avoid metabolism and efflux could provide an ideal solution for antiretroviral
therapy. Moreover, controlled and targeted delivery of nanoparticles to the lymphatic
system can also improve the therapeutic outcome of current antiretroviral therapy [33, 47].
1.8.1 Nanoparticles and physiological barriers

Intestinal mucosa acts as a major barrier for entry of orally delivered nanoparticles
[48]. The luminal surface of the GI tract is entirely protected by a thick viscoelastic,
negatively charged mucus layer. Consequently, mucus layer acts as a ‘trap’ for many sub-
micron particles and particles having positive surface charge [49]. Several researchers have
suggested that particles less than 200 nm can only diffuse through the mucus barrier [50].
On the contrary, few researchers have also demonstrated the nanoparticle uptake in to the
body after oral administration with sizes larger than 200 nm [48].

The surface charge on the nanoparticles plays an important role in determining its
fate after oral administration. In the past few years, extensive research has been done in the
design and development of mucoadhesive nanoparticles using positively charged polymers
including chitosan and its derivatives. Forces like hydrogen bonding, van der Waals force
interactions, polymer chain interpenetration and electrostatic/ionic interactions between
negatively charged mucin and positively charged polymer can cause mucoadhesion [51].
Smaller particles carrying strong positive charge readily bind to the mucosa and exhibit
longer residence time in the Gl tract. While, the negatively charged particles move 20-30
times faster towards the epithelium and display lesser retention time. In conclusion, for an
effective oral delivery, a fine balance between mucoadhesion and mucus-penetration should
be maintained [52].

1.8.2 Endocytic uptake mechanisms for nanoparticles from GI Tract

Different mechanisms exist for uptake of water-soluble and water-insoluble
compounds through GI tract. The water-soluble small molecules passively diffuse through
the intestinal barriers via water filled aqueous channels by a process known as paracellular
diffusion. In humans, these aqueous channels are reported to be as small as 4 to 8 A. These
pores act as barriers for water insoluble molecules, macromolecules and other particulate
matter (e.g. nanoparticles) [53].

The uptake of nanoparticles in Gl tract can follow two routes: paracellular route and

transcellular route. However, the tight junctions between the epithelial cells largely restrict



the entry of particles through the paracellular route, making the role of paracellular transport
for nanoparticles trivial [54]. Transcellular transport is a major transport mechanism for
uptake of orally administered nanoparticles. The steps involved in transcellular transport of
nanoparticles via oral route are: (i) uptake of nanoparticle at the apical side of the cell (ii)
transport through the epithelial cell and (iii) release of nanoparticle at the basolateral side of
the epithelial cell [54].

Several mechanisms have been proposed for transcellular transport of nanoparticles
across the intestinal barrier. These include, but not limited to, transcytosis, receptor-
mediated uptake by enterocytes and microfold cells (M-cells) and, to a small extent,
paracellular uptake. [55]. The M-cells, found in follicle associated epithelium of the Payer’s
patches, have a unique ability to deliver foreign materials by transepithelial transport from
the lumen to organized mucosa-associated lymphoid tissues (O-MALT). The apical
membrane of M-cells is designed to facilitate adherence and uptake of antigens and to
efficiently deliver to the intra-epithelial pocket and underlying lymphoidal tissues [56].
Targeting M-cells could be a feasible option for orally delivered nanoparticles and vaccines.
However, this type of uptake is limited because M-cells constitute of less than 1% of the
total intestinal epithelial cell population. Further, after transport through M-cells, the entry
of nanocarriers to systemic circulation is limited because the cargo often gets trapped in the
local lymph nodes. Therefore, for drugs that need to reach the blood circulation for systemic
action, this route is less suitable; it is more prudent to target these types of drugs to the
absorptive epithelial cells (or the enterocytes) of the intestine [57, 58].

The uptake of nanoparticles through enterocytes can be described by several energy
dependent processes. These include macropinocytosis, clathrin-mediated endocytosis,
caveolae-mediated endocytosis and clathrin-and caveolae-independent endocytosis [59, 60].
Different endocytic pathways for nanoparticle uptake through enterocytes are illustrated in
Fig. 1.3 and Fig 1.4.

The clathrin mediated endocytosis (CME) is a “classical route” of access for
particulate materials into the cell. It is a common route for uptake of physiologically
important molecules (cholesterol and iron) and is present in all mammalian cells. The CME
can occur as specific ligand-receptor interaction or via non-specific endocytosis [61].

The specific CME involves concentration of high-affinity transmembrane receptors
and their bound ligands into “coated pits” on the plasma membrane [62].The assembly of
clathrin molecules on the coated pit induces an invagination of the membrane and forms a

clathrin-coated vesicle (100 to 120 nm). The cargo containing invagination is then pinched-
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off from the cell membrane to form vesicles that are further degraded by acidified early and
late endosomes (Fig. 1.4) [61, 63].

On the other hand, caveolae-mediated endocytosis is a highly regulated process
involving complex signaling pathways. It is associated with cholesterol and sphingolipid-
rich microdomains of the cell membrane. Caveolae are flask-shaped invaginations on the
plasma membrane that can ‘engulf” cargo molecules or carriers binding to their surface.

These invaginations are static structures with a size of 50 to 100 nm on plasma membrane

[64, 65].
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Few researchers have also reported that the cellular entry of particulate matter can
occur via caveolae- and clathrin-independent pathways in the cells devoid of both CME and
caveolin-1 [61]. The caveolae- and clathrin-independent pathways have been classified as:
Arf6-dependent, flotillin-dependent, Cdc42-dependent and RhoA-dependent pathways [66].
All these pathways generally require some specific lipid compositions and are mostly
dependent on cholesterol [67]. However, not many nanocarriers have been reported to
utilize different sub-types of the clathrin- and caveolae-independent endocytosis [68].

The macropinocytosis is clathrin-, caveolae- and dynamin-independent non-specific
transport mechanism driven by Rho-family GTPases [69]. The macropinocytosis is initiated
by transient activation of receptor tyrosine kinases by growth factors. Here, a large (0.5 to 2
pUm) heterogeneous, dynamic, vesicular structures at the cell surface called, macropinosome
is formed; particles smaller than 2 um can be internalized into enterocytes by this
mechanism [70].

Apart from pinocytosis, nanoparticles can also be taken up by phagocytosis
mechanism. Phagocytosis is an endocytic mechanism that occur primarily in phagocytic
cells like macrophages, monocytes, neutrophils and dendritic cells [71]. Process of
phagocytosis involves opsonization of nanoparticles (by activation of complementary
system) followed by ingestion of the particle by the cells. Opsonization process aids in
identification of foreign material present in the blood to antigen presenting cells by
adsorption of protein, such as immunoglubulins (IgG and IgM), complement components
(C3, C4, C5) and blood serum proteins (including laminin, fibronectin). The size of the
phagosome formed can vary greatly depending on the size of the cargo. It can range from
few hundred nanometers to dozens of microns [72].

1.8.3 Oral uptake mechanisms for lipid-based nanoparticles

Following oral administration, lipid based nanocarriers can access the
blood/lymphatic circulation system by various mechanisms that includes M-cells and
GALT, stimulating chylomicron production, transport via triglyceride-rich lipoproteins and
digestion of lipid by lipases and formation of vesicles/micelles [73].

Following the action of lipases, the products of lipid metabolism - monoglyceride
and fatty acid are taken up into the enterocytes (Fig 1.5). Once inside, these products of lipid
metabolism are re-joined to form triglycerides in the smooth endoplasmic reticulum.
Subsequently, they get assembled into triglyceride-rich lipoproteins (TG-LPs) [74]. These
TG-LPs are then exocytosed into the lamina propria where the tight-junctions and presence

of an underlying basement membrane prevent their easy access into blood capillaries [75].
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Therefore, the TG-LPs then selectively access the lymphatic systems where the adjacent
cells are arranged in an overlapping manner resulting in ‘gaps’ between the cells. Colloidal
species like TG-LPs can sneak through these ‘gaps’ thus gaining entry into the lymphatic
system and bypassing the portal hepatic circulation [74, 75].

Lipid based nanocarrier system can affect drug disposition in three ways: (a) by
enhancing solubility of hydrophobic drugs in the intestinal milieu through alterations to the
composition and character of the colloidal environment; (b) by preventing enterocyte-based
drug efflux and metabolic processes and (c) altering the pathway (portal vein versus the
intestinal lymphatic system) of drug transport to the systemic circulation [76].
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Fig. 1.5: Schematic representation of lipid transport by the mesenteric lymph or portal blood upon
oral delivery. Fig. source:
http://www?2.estrellamountain.edu/faculty/farabee/BIOBK/biobookdigest.html. Accessed July 28,
2014,
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1.8.4 Fate of nanocarriers after oral delivery

The in vivo fate of a drug after oral administration is determined by combination of
several processes such as absorption, distribution, metabolism and excretion. Irrespective of
the mechanism involved, these pharmacokinetic processes are in many ways dependent on
the physico-chemical properties of the drug. In past few years, extensive research work has
been carried out for the development of delivery systems which can modulate the in vivo
fate of drugs for the improvement of the final therapeutic outcome [77-79]. Although,
nanoparticles are reported to act mainly on the drug distribution process in the body, they
also have potential to modify the absorption, metabolism and excretion processes of the
loaded drug. The potential advantage of nanoparticles over naked drug are: enhancement of
oral bioavailability, controlled release of drug from the carrier matrix, site specific drug

delivery and reduced gastric complications (achieved by overcoming one or more physical
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problems such as low solubility, poor permeability, gut-wall metabolism, first-pass effect
and physical and chemical instability) [80, 81].

As discussed in the previous sections of this chapter, several mechanisms contribute
to uptake of orally administered nanoparticles. The lymphatic absorption of nanoparticles
through GALT and chylomicron transport bypasses the portal blood circulation to the liver
and thus the entrapped drug is protected from pre-systemic metabolism [57, 58, 76].

Moreover, after oral administration, nanoparticles provide extended physical
protection to the entrapped drug from hostile gastrointestinal tract environment including
gut metabolizing enzymes and harsh pH conditions. However, composition of nanoparticles
plays a significant role in its stability (in the GI tract). Nanoparticles comprising insoluble
polymers or high-carbon chain length lipids are more useful, because, they are neither
immediately degraded nor do they release the entrapped drug rapidly in GI tract [82].

Upon reaching systemic circulation, nanoparticles come in contact with various
blood components such as plasma proteins and blood cells. Like other xenobiotic entering
into vascular compartment, most nanoparticles evoke body immune responses which in turn
activate a cascade of immune activity with a sole purpose of exterminating the nanoparticles
from the body. Several researchers have reported that, irrespective of their chemical
composition, nanoparticles are cleared immediately after systemic administration. Short
half-life is consistently observed with nanoparticles manufactured using polymers like: poly
styrene, poly(lactic acid), albumin, poly(lactic acid-co-glycolic acid), poly(alkyl
cyanocrylate) and poly(aryl starch) [83-85]. Recognition of nanoparticulate DDS by
macrophage cells of reticulo-endothelial system (RES) is the primary mechanism for
detection and elimination. It is now known that particle phagocytosis principally depends on
the rate of particle opsonisation [86-88]. Rapid uptake of nanoparticles by the RES cells
poses a significant challenge in drug targeting. Saba et al. have reported that the Kupffer
cells of the liver contribute to 85-95% of the body’s total elimination capacity of
nanoparticles. This scavenging mechanism also exists in the spleen and bone marrow and is
also found to play a pivotal role in the elimination of nanoparticles [86-88].

It has been demonstrated that the particle size and particle charge have a significant
impact on bio-distribution and systemic elimination of nanoparticles [89]. It is reported that
larger particles have a greater tendency to aggregate and accumulate in the liver and are
cleared rapidly than smaller nanoparticles. Nanoparticles larger than 200 nm are selectively
screened by monocytes and macrophages of the liver and spleen [89]. Hence, their

distributions to these organs are commonly observed following oral administration.
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The particle charge also has a significant impact on the pharmacokinetics of
nanoparticles. Levchenko et al. have reported that strong negatively charged nanoparticles
are taken up to a greater extent by macrophages in the liver that contributes to faster
elimination from the body [90]. On the other hand, positively charged particles tend to
aggregate in presence of serum proteins. Strong positively charged nanoparticles (-
potential of ~ +40 mV) also exhibit rapid clearance from plasma and tend to accumulate in
liver and lungs [91].

Therefore, it is critical to strike a balance between particle size and particle charge
when designing long-acting nanoparticulate DDS for systemic drug delivery.

1.9  Preparation of nanoparticles

Although several methods are reported in the literature for the preparation of
nanoparticles, principally these methods are classified into two broad categories as a) top-
down approach and b) bottom-up approach.

a) Top-down approach

Most of the top down approaches use conventional size reduction method to produce
the desired size of nanoparticles including comminuting, milling or grinding. The
processing of these macroscopic materials is externally well-controlled. However,
application of this technique in nanoparticulate drug delivery system is limited as the energy
requirement is significantly high. Moreover, this technique is not suitable for heat and
pressure sensitive materials such as proteins, peptides, and several other small molecule
drugs [92].

b) Bottom-up approach

In bottom up technique, the raw material is taken in a pre-miniaturized form
(molecular/atomic level) and later either allowed to self-assemble into nanomaterial or
assembly is facilitated by the addition of other catalysts. During the assembly process, other
molecules of interest can be incorporated into the nanomaterial to finally get a composite
nanoproduct. Although, this technique requires a small amount of energy, controlling the
process of nanoparticle formation is a challenging task for the formulation scientists.

In the recent past, bottom up approaches have been extensively investigated and
have become an integral part in manufacturing nanoparticulate DDS. This technique offers
the advantage of selecting suitable chemical reagents and solvents for sensitive drugs such
as peptides, vaccines and genes [93]. Since these fine nanoparticles demonstrate a tendency

to aggregate upon storage, the stabilization of prepared nanoparticles is a challenging task.
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Bottom-up approach can be further classified as (i) two steps procedures and (ii)
single step procedures. The two steps procedure involves (a) preparation of the emulsified
system and (b) formation of polymer nanoparticles from an emulsion. The preparation steps

involved in both these methods are summarized in Fig. 1.6.

A) (B)
Organic phase Aqueous phase Organic phase Agqueous phase
(Drug + Polymer (Water +/- (Polymer + (Drug + water +/-
+ solvent +/- oil) surfactant) solvent +/- oil) surfactant)

(1) Emulsification step using mechanical processes

Emulsion Aqueous Primary
ofw phase emulsion

Secondary
emulsion [(w/o)/w]

< (i1) Solvent extraction >
v

Nanoparticle formation Nanoparticle formation

Fig. 1.6: Schematic representations of single (A) and double (B) emulsion techniques for
nanoparticle preparation. Fig. source: Vauthier C, Bouchemal K.Methods for the
preparation and manufacture of polymeric nanoparticles. Pharm Res. 2009; 26: 1025-58.

1.9.1 Two steps procedure: preparation of the emulsified system

All these methods require two immiscible phases and a surface active agent to
produce nanoparticles. However, the methods used to achieve the dispersion of one phase in
the other to obtain nanoparticles is diversified. Most of these methods are based on
mechanical processes and are related to the high-energy emulsification techniques [94].
They allow for the preparation of emulsions uniform sized droplets that can easily be scaled
up wherever necessary [95]. A good example here is the colloidal mill. In some methods,
extrusion process is used to obtain fine emulsion. In these types of machines, the dispersed
phase is forced to penetrate a micro-filtration device that results in pre-determined droplet
size of dispersed phase. This dispersed phase is later introduced into the continuous phase to

complete the emulsion formation [96].
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1.9.2 Two steps procedure: formation of polymer nanoparticles from an emulsion
1.9.2.1 Inducing polymer precipitation by solvent removal

There are many ways to provoke polymer precipitation in the emulsion droplets by
removing the solvent. Solvent can be extracted from the organic phase by different methods
such as solvent evaporation, fast diffusion after dilution or salting out. These methods lead
to production of “nanospheres” when formed from oil-in-water emulsion [97]. Liquid core
containing “nanocapsules” can be obtained by adding oil in the polymer solution composing
the emulsion droplets. Water containing nanocapsules can be produced by multiple
emulsion method (e.g w/o/w emulsion). In general, nanocapsules formulated by multiple
emulsion method are much larger in size than the oil-containing nanocapsules obtained by
simple emulsions [98].

A) Obtaining nanoparticles by emulsification—solvent evaporation

This is one of the earliest methods for formation of nanoparticles. In this method,
emulsions are formulated with polymer solutions prepared in volatile solvents.
Dichloromethane and chloroform were widely used in the past but are now replaced by
ethyl acetate which displays a better toxicological profile. Conversion of the emulsion into a
nanoparticle suspension occurs by the evaporation of the solvent which is allowed to diffuse
through the continuous phase of the emulsion. This is a slow process and usually carried out
under vacuum. The process of solvent evaporation is biphasic—initial rapid evaporation
phase where ~90% of solvent is evaporated, followed by a slower evaporation phase for the
remaining 10% solvent [99].

In the first phase, the size of the particle rapidly decreases and reaches a critical
lower value. However, in the second evaporation phase, the particle size again increases due
to coalescence. The emulsification—solvent evaporation method has been widely applied to
prepare nanoparticles composed of PLA, PLGA and PCL using pluronic F68 as stabilizing
agent [100, 101].

B) Obtaining nanoparticles by emulsification—solvent diffusion

The emulsification—diffusion solvent method is also called emulsification—solvent
displacement method. It has been successfully employed to prepare biodegradable
nanoparticles in an efficient and reproducible manner [102]. For this method to be
successful, the solvent used to prepare the emulsion must be partly soluble in water. The
emulsion is prepared by saturating each phase with the other. Mutual saturation of both
phases is obtained by mixing the two liquids in equal volume and waiting for phase

separation to collect the saturated phases. Once the oil-in-water emulsion is obtained, it is
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diluted with excess of pure water. This aids in diffusion of solvent into the bulk of the
aqueous phase leading to precipitation of the polymer. Suitable solvents include benzyl
alcohol, propylene carbonate, ethyl acetate, isopropyl aceatate, methyl acetate, methyl ethyl
ketone, benzyl alcohol, benzyl lactate and isovaleric acid. Surfactants like pluronic F68,
PVA and sodium taurodeoxycholate are generally added as stabilizers to the aqueous phase.
Polymers suitable for this method are: PLA, PLGA, PCL and Eudragit® E [103-106].

In general, diameter of the particles produced by this method is around 150 nm
[107]. During initial stages, the particle size is reduced because of solvent extraction. Unlike
the solvent evaporation process, the solvent extraction process takes milli seconds. Thus,
drop in the particle size is abrupt. With increase in miscibility of the solvent with water, the
mean diameter of the particles is significantly lowered. Size can also be reduced by
increasing the rate of stirring and increasing the concentration of stabilizing agent. Increase
in polymer concentration leads to increase in particle size [108, 109].
C) Obtaining nanoparticles by emulsification—reverse salting out

The main difference between this and the previous method is in the composition of
the emulsion. The emulsion is formulated with a polymer solvent which is normally totally
miscible with water, e.g. acetone. This method consists in dissolving high concentration of
salt or sucrose (several mol/l) chosen for their strong salting out effect in the aqueous phase.
Examples of suitable electrolytes are magnesium chloride, calcium chloride, and
magnesium acetate. These hydrophilic molecules retain water for their own solubility. Thus,
they modify the miscibility of water with other solvents such as acetone. The polymer
dissolved in acetone is precipitated out resulting in formation of nanoparticles [110, 111].
1.9.2.2 Obtaining nanoparticles by gelation of the emulsion droplets

In this method, nanoparticles are obtained from the emulsion by gelifying the
dissolved polymer. This method is limited to polymers that show gelifying behavior.
Gelification of polymer can be achieved by means like change in temperature, change in
pH. When these methods are used for water soluble polymers, hydrogel nanoparticles are
obtained [112].
1.9.2.3 Inducing nanoparticle formation by in situ polymerization

To produce nanoparticles by in situ polymerization, first a monomer is added in the
emulsion instead of a polymer solution and the polymer is formed in situ by polymerization
to give nanoparticles. Poly(alkylcyanoacrylate) is the most commonly used polymer in this
method [113].
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1.9.3 One step procedure: obtaining nanospheres by methods based on

nanoprecipitation of a polymer

The nanoprecipitation method, also called solvent displacement was developed by
Fessi et al [114]. It is one of the easiest methods to prepare nanospheres. The basic principle
of this technique is close to the one described earlier for the preparation of emulsions by
spontaneous emulsification. For this method, the system should contain following three
components: polymer, the polymer solvent and the non-solvent of the polymer. Solvents
that are miscible with water but are also easily removed (e.g alcohol and acetone) are used
to prepare the nanoparticles. The nanoparticles form instantaneously during the rapid
diffusion of the polymer solution in the non-solvent. The resulting colloidal suspension
contains polymer particles with well-defined size (typically below 200 nm in diameter) and
Is characterized by a narrow distribution [115, 116].
1.9.4 One step procedure: methods based on ionic gelation

These types of nanoparticles are synthesized completely in aqueous media. lonic
nanogels are obtained when aqueous solutions of charged polysaccharides are treated with
oppositely charged ions. This process has to be performed at low dilution levels using
concentration of polysaccharide below its gelling point. Clusters formed in the pre-gel phase
are stabilized by forming complex with opposite charged polyelectrolytes e.g. sodium
alginate-calcium salts. Chitosan is another gelling polysaccharide which has been used to
produce nanoparticles through a gelling process. lonic gels can form by adding small
polyphosphates ions like tri-polyphosphates. Poly(ethyleneglycol) and
Poly(propyleneglycol) and pluronic can be used as co-polymer to icrease stability. Change
of pH from acid to basic pH can cause shrinkage of nanoparticles because the intra-
molecular electric repulsions inside the particle mesh are reduced. lonic strength variations
also result in structural changes in nanoparticles. In presence of KCI, the chitosan-TPP
nanoparticle swells which may result in disintegration of the nanoparticles [117, 118].
1.10 Lipid based nanoparticles — Solid lipid nanoparticles

Solid lipid nanoparticles (SLNs) have been developed as an alternative to
emulsions, liposomes, polymeric micro and nanoparticles. SLNs consist of a solid lipid
matrix that is in solid state at both room and body temperatures. High carbon chain fatty
acids, fatty acid esters and waxes are used as solid lipids in the preparation of SLNs.
Typically, the SLNs particle size ranges from 80 to 1000 nm [119, 120]. The SLNs can alter
the inherent properties of the drug incorporated in them. They act by enhancing the

dissolution rate (thus, improving oral bioavailability of many drugs), improving tissue
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distribution, targeting organs and protecting the drug from in vivo processes like metabolism
in the gut/liver [121, 122].Numerous factors like solubility of the drug in the lipid matrix,
physicochemical properties of the drug, nature of the lipid and surfactant used and
manufacturing method play an important role in determining the amount of drug loaded into
the SLNs [123]. A systemic classification of lipid-based formulation for oral delivery, as

proposed by Pouton [123], is presented in Fig. 1.7.

‘ Type | (Only triglyceride oils) (no surfactant)
Type Il (Oils with water insoluble surfactants )
(HLB <12)

Type llIA (Fine emulsions: Oils with surfactants and
small amount of co-solvents)

Type HIB (Micro emulsions: Oils with surfactants and
greater amount of co-solvents)

Type IV (Surfactant blend: No oils; only water soluble
su actants and co-solvents used)

Fig. 1.7: Pouton’s classification of lipid-based formulations for oral delivery. Fig. source: Pouton
CW. Formulation of poorly water-soluble drugs for oral administration: Physicochemical
and physiological issues and the lipid formulation classification system. Eur J Pharm Sci.
2006; 29: 278-287.

1.10.1 Production methods for lipid nanoparticles
a) High pressure homogenization

The high pressure homogenization method can be further divided as i) hot
homogenization and ii) cold homogenization method.
i) Hot homogenization method

The hot homogenization method involves homogenization of drug containing molten
lipid, dispersed into a hot aqueous surfactant solution using a high-speed stirrer at an
elevated temperature (above the melting range of the lipid). This results in the formation of
a coarse pre-emulsion which is further subjected to high pressure homogenization to get
nanosized dispersion of lipid droplets. In a typical formulation, one to three homogenization
cycles are used. The nanoemulsion is then cooled to room temperature that causes lipids to
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crystallize and finally results in the formation of SLNs. This method is primarily useful to
encapsulate lipophilic and thermostable drugs [124-126].

To improve loading efficiency, few modifications have been reported to hot
homogenization technique such as preparation of lipid nanoparticles via o/w micro-
emulsion technique. In this, lipid micro emulsion is rapidly quenched using cold aqueous
medium (below 5 °C) under mechanical stirring. This method is more suited for fatty acids
and lipids (e.g. stearic acid, glyceryl monostearate and glyceryl behenate) with low melting
point (50 to 70 °C). The major disadvantage of this method is the removal of excess water
and surfactant/co-surfactant from the final formulation [127].

Cold homogenization technique is yet another modification of hot homogenization
technique in order to encapsulate temperature sensitive drugs and to improve loading
efficiency of the formulation [124].

b) Preparation by solvent emulsification-evaporation/diffusion

In this method, the lipid is dissolved in an organic solvent and is then emulsified
with an agueous phase containing surfactant/co-surfactant mixture. Stirring ensures
formation of an o/w type emulsion while an ambient temperature is maintained. The solvent
is removed under reduced pressure to precipitate the lipids and yield nanoparticles.
Depending on the lipid type and surfactant, the particle size of nanoparticles formed by this
method varies from 30 to 100 nm. The most important advantage of this method is the
avoidance of high temperatures to melt the lipids [128, 129].

Several modifications of the method have led to improved product performance such
as double emulsion method (w/o/w) [130, 131] and use of high pressure homogenization
and preparation of solvent free nanoparticles [132]. The double emulsion method has
potential to encapsulate, wide variety of molecules such as hydrophilic and macromolecules.
1.11  Characterization of nanoparticles

A unique therapeutic benefit of nanoparticulate drug delivery principally originates
from their changed physico-chemical properties. The evaluation of properties aids in
enhancing the theoretic performance of nanoparticulate DDS. Like all other pharmaceutical
formulations, in vivo performance of nanoparticulate formulations can be correlated with the
critical product attributes such as particle size, size distribution, surface morphology and
properties, drug loading efficiency, in vitro drug release behavior. Although, FDA has not
released specific guidelines for characterization of nanoparticulate DDS, most of the
methods currently employed are of similar nature as that of their sub-micronic colloidal

associates such as micelles, liposomes, emulsion. Several unique properties of
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nanoparticulate DDS offer distinct advantages as compared to conventional DDS, which are
extensively investigated during their characterization.
1.11.1 Particle size and polydispersity index

Most of the advantages offered by nanoparticles are based on the assumption that
they exist in a sub-micronic range. As discussed earlier, the particle size offers a unique
advantage to this drug delivery system. Hence, particle size and polydispersity index (PDI)
are the most important parameters for the characterization of nanoparticles. However, owing
to the small size of nanoparticles and their sensitivity to the immediate environment, there is
a significant analytical challenge in determination of accurate particle size. Moreover, size
of nanoparticles may exist in a homogeneous (mono-dispersed) or heterogeneous (poly-
dispersed) form imposing additional challenges [133, 134].

PDI is a measure of the width of particle size distribution with the sample. A small
value of PDI is highly desirable that indicates narrow size distribution of nanoparticles. A
colloidal system is considered to have a narrow size distribution if the values of PDI lie in
the range of 0.1 to 0.2 (monodisperse). PDI values of 0.2 to 0.5 are indicative of a
polydisperse colloidal system [135].

Most commonly used methods for the determination of particle size and size
distribution are based on light scattering (static or dynamic) and imaging (electron
microscopy) techniques [136]. The former class represents the advanced spectroscopic
techniques such as photon correlation spectroscopy (PCS), quasi-elastic light scattering
(QELS); while, the latter methods represent advanced imaging techniques such as scanning
electron microscopy (SEM), transmission electron microscopy (TEM), scanning tunneling
electron microscopy (STEM), atomic force microscopy (AFM).

a) Dynamic light scattering

Dynamic light scattering (DLS) based instruments, records the variation in the
intensity of scattered light, resulting from the interference of light scattered by individual
particles due to Brownian motion, on time scale (US). The intensity of fluctuation is then
transmitted to an autocorrelation function, G(t), that decays exponentially. The
microprocessor in the PCS calculates the diffusion coefficient (D) of the particles in the
given dispersion media (at given temperature and viscosity). The value of D is then related
to particle size by Stokes-Einstein equation. Stokes-Einstein equation to determine particle

size:
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D kT
~ 3mnd

Where,
D = Diffusion coef ficient of the particles
k = Boltzmann's constant (1.3806488 x 10723 m? kgs 2 K1)
T = Absolute temperature (K = °C + 273.15)
n = Viscosity of the dispersion medium

d = Diameter of a spherical particles

PCS represents the most frequently used technique for accurate estimation of the
particle size and size distribution based on DLS [137].
b) Electron microscopy

SEM offers advantages of morphological examination with direct visualization of
particulate surface. In this, a high-energy electron beam is targeted at the sample and a three
dimensional image of the sample is obtained on the screen. The sample is observed at
various zoom levels and finally, the image is captured using the software attached to the
SEM instrument. TEM operates at relatively smaller particle size and it provides structural
information using electron diffraction [138, 139]. However, in contrast to SEM, the TEM
generates two dimensional images of the sample. TEM permits differentiation among
nanocapsules, nanospheres, liposomes and emulsions. Techniques based on electron
microscopy offer several advantages in morphological and sizing analysis; however, they
provide limited information about the size distribution and true population average.
Moreover, these techniques are time consuming, costly and frequently need complementary
information about sizing distribution.
C) Atomic force microscopy

AFM offers ultra-high resolution in particle size measurement and is based on a
physical scanning of samples at a sub-micron level using a probe tip of atomic scale. The
instrument provides a topographical map of the sample based on forces between the tip and
the sample surface. Samples are usually scanned in contact or non-contact depending on
their properties. AFM provides the most accurate description of particle size and size

distribution and requires no mathematical treatment [140, 141].
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1.11.2 Surface properties

Surface properties of nanoparticulate DDSs are critical in determining their drug
delivery potential, as these properties govern the overall in vivo performance of the DDS.
These properties also modulate the in vitro performance, such as stability, stability drug
entrapment and drug release kinetics. The specific surface area, surface charge and surface
hydrophobicity are important properties of nanoparticles as these govern the physico-
chemical and electrostatic interactions with biological components and overall distribution
of loaded nanoparticles.

a) Surface charge

Surface charge of the colloidal drug carriers can be determined by electrophoretic
mobility of nanoparticles. The surface charge is represented as the zeta potential, which can
be derived from the electrophoretic mobility by using Helmholtz-Smoluchowski equation.
The value of zeta potential is usually considered important to the stability of a colloidal
dispersion. It is used as a predictive tool for stability of nanoparticles upon storage.
Additionally, this information may be useful in predicting the effectiveness of the barrier
function against opsonization under in vivo conditions after surface modification or
treatment.

Zeta potential with values of less than -30 mV or more than +30 mV is considered
suitable for the stability of colloidal dispersions [142, 143]. This is true only in case of
colloidal dispersions purely stabilized by electrostatic forces.

b) Surface hydrophobicity

Surface hydrophobicity can be determined by several techniques such as
hydrophobic interaction chromatography, biphasic partitioning, adsorption of probes,
contact angle measurements. Frequently, nanoparticles are surface engineered to decrease
surface hydrophobicity as it leads to opsonization. In the recent past, several sophisticated
techniques have been reported in literature for surface analysis of nanoparticles. X-ray
photon correlation spectroscopy permits the identification of specific chemical groups on
the surface of nanoparticles [144].

C) Specific surface area and other properties

Specific surface area of dried nanoparticles can be measured by sorptometric
techniques. Together with density measurements, these data provide critical information
about the porosity, density distribution within the particle, and structural properties
(smoothness, imperfection).The latter studies can be carried out by gas Pycnometer as
described by Kreuter [145].
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1.11.3 Bulk properties

Most of the bulk properties indicate the ability of nanoparticles to efficiently deliver
the drug to the site of action. However, the ultimate in vivo performance of the
nanoparticulate systems govern the gross product performance, including drug loading and
entrapment efficiency, drug release kinetics, drug stability and compatibility. In vitro
evaluation of these properties provides a better understanding of various pharmaceutical
considerations, which may aid in the development and optimization of the product.
a) Drug loading and entrapment efficiency

Therapeutic success of nanoparticulate DDS is attributed to its ability to release the
drug within the vicinity of the site of action at the required rate over the extended duration.
A drug associated with nanoparticles offer unique advantages, which are not available with
free drug. Thus, the extent of incorporation of the drug to nanoparticles (drug loading
capacity) is the most critical factor in determining in vivo efficacy. The loading capacity of a
formulation is expressed as the amount of drug loaded (or encapsulated) in the nanoparticles
to the total amount of matrix forming material used. The loading capacity depends on
factors like relative solubility of drug and matrix forming material in a given solvent (for
polymeric nanoparticles), solubility of the drug in the matrix forming material (for SLNs
and NLCs) and polymorphic nature of the matrix forming material and method used for the
manufacture of nanoparticles [104]. The loading capacity (LC%) is given by the following

formula:

LC(%) = (Total amount of drug) — (Amount of free drug) X 100
(%) = Total amount of nanoparticles

The ability of manufacturing process and components to incorporate or associate the
drug efficiently in nanoparticles is represented as drug entrapment efficiency (EE), which
can be conveniently determined by analyzing the free drug and entrapped drug or total drug.

The EE is calculated using the following formula:

(Total amount of drug) — (Amount of free drug) X

EE(%) = 100

Total amount of drug

Within the formulation the drug can either be entrapped within the reservoir
(nanocapsules) or uniformly dispersed within the matrix (nanospheres) and or it may be

associated with the surface of nanoparticles. Loosely associated and adsorbed drugs can be
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separated by mild washing treatment with suitable solvent media. The overall efficiency of
the manufacturing process is represented as a recovery of the product obtained.
b) In vitro drug release kinetics

In a conventional DDS, the drug is released from the formulation at the site of
administration or absorption and released drug migrate across various biological barriers
reaching the desired site of action. The mathematical model for the release studies are based
on the premise that the rate and extent of drug available at the site of action is a function of
free drug released at the site of absorption or administration.

Unlike the conventional DDS, the nanoparticulate systems have ability to cross
various biological barriers as they permeate inside the systemic circulation and other tissues
with differential affinity. Therefore, mathematical model used in modeling of release data
from conventional DDS may not be suitable for nanoparticulate DDS.

In line with this, Polakovic et al. have made significant contributions in explaining
the release behavior of drugs from the nanoparticulate DDS [146]. Many previous attempts
to model diffusion-controlled drug delivery from nanoparticulate DDS are largely based on
the empirically determined diffusion coefficient. In this, the release kinetics of the drug can
be explained by Fickian Kinetics, if the drug is in dissolved state or by the Higuchi’s square-
root kinetics, if the drug is uniformly dispersed in the polymer matrix.

For the first time, Polakovic et al. have suggested two main possible models to
investigate the release rate of the drug from the polymeric nanoparticulate DDS and these
are based on the diffusion and the dissolution phenomenon.

Recently, Jo et al. have reported a revised mathematical expression for diffusion
models based on Fick’s second law for diffusion phenomenon [147]. Further, coefficient
reported by Jo et al. is significantly different than that of Polakovic et al. and gives more
accurate mathematical expression. Unlike conventional models, these mathematical models
are applicable to nanoparticulate DDS and can explain the controlled-release behavior
during circulation in the blood stream and localization on the target site.

Further, Jalil et al. have suggested that the various formulation factors such as
diffusion through particle pores, intact polymers, water swollen polymers and surface
desorption along with the surface or bulk erosion of the polymeric matrix influence the
release mechanism of the drug from spherical DDS. Often, one or more such mechanisms
contribute in the process of drug release. To some extent, polymer matrix erosion
contributes in drug release, while the other factors indirectly influence the rate of drug

release through diffusion mechanisms as they affect the particle morphology. In addition,
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swelling of polymer network and solid drug dissolution are also reported to play significant
role in modulation of drug release from nanoparticulate DDS [148, 149].

Drug release from lipid based nanoparticles (SLNSs) depends on various parameters
such as particle size, composition of formulation (such as surfactant/surfactant mixture,
amount of drug incorporated, structural properties of lipid and drug), production methods
and conditions (such as time, production temperature, equipment, sterilization and
lyophilization).

The drug incorporation model of SLNs is crucial to the drug release pattern. In the
case of SLNs production by cold homogenization technique, the drug-loaded lipid phase
remains mainly in the solid state. Since, mobility of the drug molecularly dispersed in
colloidal particles is very limited: drug release is prolonged over several weeks [130].

On contrary to this, fast initial drug release (burst effect) is commonly observed in
the drug-enriched shell model (ie, about 100% within <5 min) due to the large surface area
of drug depositon on the particle surface. Higher surface area due to smaller particle size in
the nanometer range gives higher drug release. Further, crystallization behavior of the lipid
carrier and high mobility of the drug lead to fast drug release [150]. Muller et al. have
established that drug release from nanoparticles with drug-enriched core follows Fick law
diffusion [119].

Significance of the individual mechanism of drug release from nanoparticles varies
with factors such as molecular weight of the polymer, composition, crystallinity, the loading
amounts of the drug, interaction between polymer and drug. These factors can be adjusted in
a formulation design to achieve the desired release profile of the drug.

The accurate mathematical modeling of the drug release rate is a key input in the
design and development of nanoparticulate DDS. Most commonly employed mathematical
modeling to determine drug release kinetics from nanoparticles are:

1. Zeroorder model: F = kyt,

2. Firstorder model: In(1 — F) = —ks t,

3. Higuchi model: F = ky +t,

4. Reciprocal powered time model: (1/F—1) = m/t°

Where, F is fraction of drug released up to time t; ko, ks, ky, m and b are model parameters.
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1.11.4 Drug stability and other properties

Nanoparticulate DDS provides extendable protection to the entrapped drug by
reducing interaction with external factors such as enzymatic, proteolytic and oxidative
stress. The protective function of nanoparticulate DDS is assessed by the in vitro
characterization for stability of free drug and encapsulated drug. Like conventional DDS,
the preparation of nanoparticles involve several processing steps, wherein, the drug is
exposed to various stressed conditions such as solvents, homogenization, high speed shear,
heat treatment, freeze-drying etc. Stability of drug during and after preparation is analyzed
in a similar way to that of a conventional DDS.
a) Thermal properties and crystallinity

Nanopaticulate materials provide significantly different properties as compared to
free drugs. Thermal properties provide a good understanding about the materials such as the
physicochemical properties of polymer, drug, stabilizer, and other excipients and their
compatibility with each other. Moreover, the measurement of thermal properties such as
glass transition temperature, melting temperature and their associate enthalpies offer unique
advantages, which can be used to determine the nature and speciation of crystallinity within
the nanoparticles [151]. These techniques always provide complement information to X-ray
diffraction analysis and it can be used to determine the relative extent of multiple phases in
the nanomaterial and their possible interaction. Differential scanning calorimetry (DSC)
represents the most frequently used analytical tool for thermal analysis of samples. The
information obtained from a DSC thermogram is illustrated in Fig. 1.8.

Oxidation
or
Decomposition

Melting

Glass
Transition

Cross-Linking
(Cure)

Crystallization

Fig. 1.8: Various phase transitions in a typical DSC thermogram.
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b) Wide angle X-ray diffraction (WAXS)

Wide angle X-ray diffraction (WAXS) is a rapid analytical technique primarily used
for phase identification of a crystalline material (polymorphism and degree of crystallinity)
and can provide useful information on unit cell dimensions. This technique refers to the
analysis of Bragg peaks scattered to wide angles. Principally, crystalline materials give rise
to sharp diffraction peaks whereas, amorphous material produce broad, diffuse scattering of
X-rays. WAXS uses information about the position, intensity, width, and shape of
diffraction peaks in a pattern from a polycrystalline sample. Together with DSC, WAXS
provides valuable information to elucidate the crystallinity and polymorphic nature of
polymer/nanocomposite [151]. In many cases, the nature of API (bulk and entrapped API)
can be ascertained with the use of these techniques.

1.12 Drug information

Lopinavir is a potent HIV protease inhibitor (PI) and an integral part of Highly
Active Anti Retroviral Therapy (HAART) program. It (Fig. 1.9) is chemically designated as
(2S)-N-[(1S,3S,4S)-1-benzyl-4-{[(2,6-dimethylphenoxy)acetyl]amino}-3-hydroxy-5 phenyl
pentyl ]-3-methyl-2-(2 oxotetrahydropyrimidin1(2H)-yl) butanamide.

It is used against HIV infections as a fixed-dose combination with ritonavir under
the trade name of Kaletra® and Aluvia® [152]. Detailed information about lopinavir is given
in Table 1.1.

Nﬁ{ﬁﬂ
E/NH

Fig. 1.9: Chemical structure of lopinavir.
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Table 1.1: Drug information.

Parameters Description

Drug Name Lopinavir

Category Antiretroviral
Therapeutic class HIV Protease Inhibitor
Chemical formula C37H48NgO05S,

Generic name Lopinavir

Proprietary name Kaletra® and Aluvia®
Proprietor Abbott Laboratories
CAS registry number 192725-17-0

Melting point 124-127

Molecular weight 628.80

Water solubility 1.9 pg/ml

Physical state White crystalline solid
Hydrophobicity clog P 4.69

lonization constant (pKa)  13.39

Physical stability Hygroscopic; -20°C freezer

1.12.1 Clinical Pharmacology
a) Mechanism of action
HIV protease plays a crucial role in the viral life cycle. It is a homodimeric aspartic

protease; involved in the post-translational processing of the HIV gag-pol polyprotein.
Protease produces mature infectious virus particles through cleavage of the viral gag and
gag-pol precursor proteins. The gag precursor protein encodes for all the structural viral
proteins, matrix (pl17, MA), capsid (p24, CA) and nucleocapsid (p7, NC) and the viral
enzymes: protease, reverse transcriptase and integrase [153, 154]. Lopinavir is a highly
potent and specific peptidomimetic inhibitor of the HIV-1 protease. Therefore, the main
antiviral mechanism of lopinavir is to prevent further infection of susceptible cells [155].
b) Spectrum of activity and resistance profile

Lopinavir has demonstrated significant antiretroviral activity against laboratory
strains and clinical isolates of HIV-I [156]. In MT4 cell lines, the concentration of lopinavir
required to reduce 50 % cellular activity (EC50%; replication) of HIV-I ranges between 10-
27 nM against laboratory strains and 4-11 nM against several HIV-1 subtype B clinical
isolates. However, the presence of human serum (50% HS) attenuates the anti-viral activity
of lopinavir. In this case, the mean EC50 values of lopinavir against HIV-1 laboratory
strains ranges from 65-289 nM [157].

Several in vitro studies were performed to elucidate the resistance profile of

lopinavir. After sequential in vitro passages in the presence of lopinavir and ritonavir,
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mutations were mainly observed at positions 32 (V32l), 46 (M461) and 84 (184V). These
mutations are often associated with resistance to other protease inhibitors. In clinical isolates
from patients who had failed therapy to ritonavir, a reduced susceptibility to lopinavir was
demonstrated [158].

C) ADME of lopinavir

Lopinavir was developed by Abbott in an attempt to improve on the HIV resistance
and serum protein-binding properties of the company's earlier protease inhibitor, ritonavir.
However, like other Pls, lopinavir suffers from several pharmacokinetics problems. It
exhibits low plasma profile and short half-life with wide inter-individual variability both in
rats and humans when administered alone [159, 160]. The absolute bioavailability of
lopinavir in humans has not been established. However, in rats following single dose
administration the oral bioavailability of lopinavir was ~ 25% [156, 161].

Similarly, in humans, following oral administration of a single 400-mg dose,
lopinavir shows rapid absorption with Cpax Of less than 1ug/ml [156]. One of the primary
reasons for the low bioavailability of lopinavir in humans is attributed to extensive first pass
metabolism and poor aqueous solubility [160, 161].

Several in vitro metabolism studies reveal that lopinavir is extensively metabolized
by the gut and hepatic cytochrome P450 system, almost exclusively by the CYP3A isozyme.
Studies conducted with human hepatic microsomes reveal that lopinavir primarily
undergoes oxidative metabolism and at least 13 lopinavir oxidative metabolites have been
identified in humans [159, 162].

Additionally, it is also a substrate for efflux transporters such as P-gp and Multidrug
Resistance Protein (MRP2) [163, 164]. Recent studies demonstrate that these efflux
transporters play an important role in limiting the oral bioavailability of lopinavir by an
active secretion process. Co-interplay between CYP3A4 and P-gp at absorption site is
thought to dramatically reduce the oral bioavailability of lopinavir in humans [164].

P-gp is an important protein of the cell membrane that pumps many foreign
substances out of cells and thus, plays an important role in drug distribution and disposition
process [165]. Wide distribution and strategic locations of P-gp including the mucosal
surface of gastrointestinal tract (enterocytes), biliary and renal canaliculi cells, blood brain
barrier and immune cells leads to significant reduction in the intracellular accumulation of
lopinavir at target reservoir sites [166, 167]. As a result, when given alone in conventional
formulation, it fails to achieve therapeutic concentration in blood and target viral reservoirs

leading to a poor clinical outcome of the therapy [168-170].
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d) Kaletra® (lopinavir/ritonavir)

Several pre-clinical and clinical studies demonstrate that low dose of ritonavir co-
administration drastically improves the oral plasma exposure of lopinavir by reducing its
first-pass metabolism and rapid clearance. After single oral dose administration of
lopinavir/ritonavir (2:1) in rats (10 mg/kg lopinavir) and humans (5.7 mg/kg), there was a 2-
fold increase in Crax and a 6-fold increase in AUC for the rat and a 44-fold increase in Cpax
and a 182-fold increase in AUC in humans respectively [156, 171]. It is reported that
ritonavir inhibits the microsomal activity of hepatic and gut CYP 3A4/5 in a concentration
dependent-manner resulting in increased plasma lopinavir concentrations [171].

Therefore, in order to improve the bioavailability and effectiveness of lopinavir,
Abbott pursued a strategy of co-administering lopinavir with sub-therapeutic doses of
ritonavir, a potent CYP P450 3A4 inhibitor. The combination is marketed by Abbott
Laboratories as Kaletra® (high-income countries) and Aluvia® (low-income countries).
Thus, co-formulation of lopinavir/ritonavir (Kaletra®) was the first combination pill to
contain a drug (lopinavir) not available separately. Kaletra® received accelerated FDA
approval in the year 2000 for the treatment of HIV infection [152].

e) ADME of lopinavir in Kaletra®

Following oral administration of Kaletra® (400 mg lopinavir/100 mg ritonavir),
lopinavir shows fairly rapid absorption with Cyax being observed within 4.0 h [171]. The
absolute bioavailability of lopinavir in humans is unknown due to the lack of an adequate
intravenous formulation. However, after oral administration, lopinavir in combination with
ritonavir is well absorbed and the relative bioavailability of lopinavir increases by 77-fold.

From a radio-labeled study, the amount of **C lopinavir unchanged recovered in the
feces accounted for approximately 20%, indicating extensive absorption of lopinavir.
Further, no significant effect of food on oral absorption of Kaletra® tablets has been
established [156, 152].

As discussed earlier, lopinavir is eliminated mainly through oxidative metabolism
via CYP3A. Ritonavir is a very potent inhibitor of the metabolism of lopinavir (Ki equal to
0.013 uM (0.009 pg/ml)). Further, other than CYP3A4, ritonavir is also known to inhibit
CYP2D6 and to a lesser extent CYP2C9/10 and CYP2C19 [156]. The primary route of drug
elimination is hepato-biliary secretion and it is excreted via the feces (>80% of the dose).
From a study conducted in human volunteers (n=19), following a 400/100 mg labeled-
lopinavir/ritonavir dose, the apparent oral clearance (CL/F) and half-life of lopinavir was

5.98 + 5.75 I/h (mean = SD,) and 5 h (4-6 h) respectively. Such a low clearance of lopinavir
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argues well with the fact that metabolism of lopinavir is decreased in the presence of
ritonavir. As no intravenous formulation is available, the total volume of distribution (V4) of
lopinavir in Kaletra® is unknown. However, the apparent distribution volume in man was
estimated to be around 40 | [156, 152]. Low V4 of lopinavir (with high log P) indicates the
significant role of P-gp in limiting the drug distribution process in tissues.
f) Indications

Kaletra® (lopinavir/ritonavir co-formulation) is indicated for the management of
advanced HIV infection in adults and pediatric patients older than 14 days, in combination
with other antiretroviral agents [152].
) Dosage and administration

Kaletra® is currently available as film coated tablets in two strengths: 200-mg
lopinavir/50-mg ritonavir per tablet and 100-mg lopinavir/25-mg ritonavir per tablet and as
oral solution containing 80 mg lopinavir and 20 mg ritonavir per ml. The recommended
daily dose for Kaletra® tablets in adult patients is 400 mg/100 mg (given as two 200/50 mg
tablets) by mouth b.i.d with or without food. Tablets may be administered to adult patients
as once (800 mg/200 mg; given as four 200/50 mg tablets) daily regimen, but latter
approach is preferable as high evidence of diarrhea, nausea and vomiting is associated with
once daily regimen [152].
h) Adverse effect

Clinical studies have shown that adverse effects observed during Kaletra® therapy
frequently occur in patients that present an advanced HIV infection than in HIV-naive
patients. Diarrhea, vomiting and asthenia are the most common dose-related adverse
reactions of Kaletra® in both adult and pediatric patients. However, these side effects are
usually reversible on discontinuation of therapy. Pancreatitis, hepatotoxicity and QT
prolongation have also been reported as potentially life-threatening side effects during post-
marketing surveillance in HIV-1 infected patients

Other adverse effects that have been associated with therapy include diabetes
mellitus/hyperglycemia, immune reconstitution syndrome, fat redistribution and
hyperlipidemia [23, 172,173].
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1.13 Summary

Despite the enormous development in molecular understanding of HIV, even the
rationally designed therapeutic approaches suffer from major problems such as poor
physicochemical properties (drug instability and poor bioavailability); non-specific
distribution; emergence of inherent and acquired resistance by pathogens; intra and inter
subject pharmacokinetic variations; sub-optimum drug levels due to activated efflux
systems and recurrence of the disease [4, 32]. Most of these reasons are interlinked but they
need to be addressed individually. In order to translate new techniques into clinical practice;
various aspects of this disease will remain as a formidable challenge in drug delivery for the
ultimate success of the therapy.

On the other hand, nanotechnology and nanoscience are becoming increasingly
important for various drug delivery applications in several therapeutic and diagnostic
segments. Considering the fact that the diameter of smallest blood capillaries is 4 pm, the
US-FDA has approved the use of nanoparticles of less than 1 um for intravenous
application. Similar requirements are also applicable for intra-muscular and subcutaneous
application of nanoparticulate DDS in order to reduce the possible irritation reaction.

1.14 Problem definition and research objectives

It is reported that though lopinavir is a potent P1 against HIV-1, when given alone, it
fails to achieve therapeutic concentration in blood and target viral reservoirs [168, 169]. In
order to re-establish anti-HIV activity of lopinavir, ritonavir, a known CYP inhibitor, is co-
formulated in low dose as a pharmacokinetic booster for lopinavir. Lopinavir/ritonavir is a
fixed dose combination drug for the treatment of HIV infection and is currently marketed by
Abbott as Kaletra®.

Though, the co-formulation of ritonavir has significantly improved the plasma
exposure of lopinavir; a desired therapeutic concentration of lopinavir at viral reservoir sites
can not be achieved for the necessary time duration [174]. This is attributed to off-target
distribution and the inability of the drug molecule to permeate into viral reservoirs from the
blood [30]. Consequently, HIV remains viable in these viral reservoirs even when sufficient
concentration of lopinavir is available in the blood leaving patients susceptible to re-
infection upon discontinuation of the therapy [175-177]. Moreover, like classical
chemotherapy, lopinavir requires continuous treatment regimen extending over a time
demanding frequent administration [152].

Additionally, researchers have also raised several concerns over the use of ritonavir

in the Kaletra® formulation. Several researchers have reported a significant contribution of
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ritonavir in synergizing the side effects of Kaletra® formulation [173]. Life threatening
serious side effects of Kaletra® treatment, as mentioned in the previous section, is reported
to be one of the major reasons for patient non-compliance with anti-HIV therapy. In
addition to this, dose-dependent severe Gl intolerance is a cause of frequent
lopinavir/ritonavir therapy modification or interruption [152, 172].

Moreover, owing to the presence of ritonavir, Kaletra® formulation behaves like
potent CYP3A inhibitor [152, 178]. Therefore, initiating treatment with Kaletra® in patients
receiving medications metabolized by CYP3A or initiating medications metabolized by
CYP3A in patients already maintained on Kaletra® may result in increased plasma
concentrations of concomitantly administered medications. Higher plasma exposure of
concomitant medications can result in increased or prolonged therapeutic or adverse effects,
potentially leading to severe, life-threatening or fatal events. Thus, there is a need of
ritonavir-free strategy for improving lopinavir oral bioavailability and also to achieve
optimum lopinavir concentration to HIV localization sites in the body.

The poor clinical outcome of Kaletra® formulation has triggered several researchers
to look for a safe and effective alternative of ritonavir in lopinavir/ritonavir combination. In
the recent past, many researchers have attempted to improve therapeutic efficacy of
lopinavir without combining it with ritonavir [163, 179-174]. Various strategies including
chemical modification [179], pharmacokinetic [163] and formulation design [180-184] have
been explored.

In an approach to evade the first-pass metabolism and efflux of lopinavir, Agarwal et
al have synthesized peptide pro-drugs of lopinavir [valine-valine-lopinavir (VVL) and
glycine-valine-lopinavir (GVL)]. In vitro studies demonstrate the potential of pro-drug
approach to improve permeability and microsomal stability of lopinavir [179].

In pharmacokinetic approach, du Plooy et al. have investigated the effects of
verapamil, a P-gp inhibitor on the oral bioavailability of lopinavir. The results demonstrate a
significant role of P-gp in limiting oral bioavailability of lopinavir and also indicate a
significant improvement of plasma exposure by blocking the efflux mechanism [163].

On the other hand, few researchers have also explored the formulation strategy to
overcome the problems associated with the current conventional formulation including
melt-extruded lopinavir tablet formulation [180] and surface stabilized lopinavir
nanocrystals [181]. In both these cases, improvement in oral bioavailability was observed
due to enhanced solubility and dissolution rate of lopinavir.
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Though, all the approaches showed significant improvement in plasma exposure of
drug: no efforts have been made to improve selective distribution of the drug towards viral
reservoir sites. There is a clinical need to achieve therapeutically effective concentration in
the viral reservoir sites which can be achieved by targeting drug to these sites. Moreover,
controlled drug release at the target site for extended duration is key to successful HIV
therapy.

To achieve better anti-HIV effect by improving bioavailability and enhancing
selective distribution of the drug towards viral localization sites, researchers have also
explored nanoparticulate DDSs. In line with this, Destache et al. have successfully
demonstrated the use of PLGA based nanoparticles in delivering combination of
antiretroviral drugs (ritonavir, lopinavir and efaverinz) to peripheral blood mononuclear
cells [184].

In the present work, we hypothesized that by increasing concentration of lopinavir in
blood and viral reservoir sites (with the use of nanoparticles), we can improve the
therapeutic outcome of drug. Moreover, reframing ritonavir from the current co-formulation

would further reduce the drug associated side effects and improve the patient compliance.

Thus, the primary objective of the present work was to:
I. Design and develop nanocarriers for lopinavir.
Il. Investigate in vitro/in vivo performance of optimized nanocarriers of lopinavir in

comparison with marketed formulation (Kaletra®).

To achieve this broad objective, following specific studies were carried out in the present

work:

e Quality parameters of the drug product were evaluated by well-established methods and
protocols.

e Suitable analytical and bioanalytical methods were developed using liquid
chromatography for determination of lopinavir in formulation and biological matrices.

e For the efficient product development, the pre-formulation studies were performed to
establish necessary physico-chemical data of lopinavir prior to formulation
development. Studies were performed to address the product specific questions related
to drug solubility, stability, drug-excipient compatibility.

e Formulation development was carried out by identifying and optimizing the critical
factors in the design and the process using optimization techniques (DoE). The prepared
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nanoparticles were extensively characterized for surface morphology and shape, particle
size and size distribution, drug content (loading and entrapment efficiency) and in vitro
drug release. Further, optimized formulations were studied for the drug product stability
and reproducibility.

Pharmacokinetic studies were performed to investigate the in vivo performance of the
prepared nanoparticles in the healthy rat model. Microsomal stability studies were
conducted to investigate the extent of metabolic protection offered by nanoparticles to
loaded drug. In vitro rat intestinal permeability studies were carried out to investigate
the mechanism of nanoparticle uptake. In vivo lymph transport inhibition studies were
conducted to understand the contribution of lymphatic system in the uptake and
transport of nanoparticles.

Tissue distribution studies were conducted to study the comparative distribution pattern
of free lopinavir and lopinavir upon loading into nanocarriers towards the selective
organs like lymph nodes, spleen, and liver after oral administration.

The in vivo bio-distribution behaviour of lopinavir loaded nanoparticles after oral and

intra venous administration was studied in comparison with the pure drug.
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Chapter 2

Analytical and Bioanalytical
Methods




2.1 Introduction

Bioanalytical chemistry is the qualitative and quantitative analysis of drug substances in
biological fluids (mainly plasma and urine) or tissue. It plays a significant role in the evaluation
and interpretation of bioavailability, bioequivalence and pharmacokinetic data [1]. The main
analytical phases that comprise analytical and bioanalytical services are method development,
method validation and sample analysis (method application). Owing to increased
interdependence among countries in recent times, it has become necessary for results of many
analytical methods to be accepted internationally. Consequently, to assure a common level of
quality, the need for and use of validated methods has increased [2]. Pharmacokinetic and bio-
equivalency studies require very precise and accurate assay methods that are well validated to
quantify drugs in biological samples. The assay methods have to be sensitive enough to
determine the biological sample concentration of the drug and/or its metabolite(s) for a period
of about five elimination half-lives after dosage of the drug [3]. The assay methods also have to
be very selective to ensure reliable data, free from interference of endogenous compounds and
possible metabolites in the biological samples.

An insensitive and inaccurate analytical method results in erroneous conclusions about
the drug product. As an antecedent to formulation development, analytical method development
and validation was undertaken. Though, there are several methods described in the literature for
the analysis of lopinavir in drug products and bulk formulations [4, 5]. We developed and
validated in-house analytical method that was customized to suit our needs. For analysis of
lopinavir in aqueous samples, high performance liquid chromatography (HPLC) method has
been developed and validated in the present work.

Several simultaneous bioanalytical methods, using liquid chromatography tandem mass
spectrometry (LC-MS), have been reported for estimation of lopinavir in human plasma and/or
other biological matrices [6-13]. Extensive literature survey reveals that few bio-analytical
methods [14-17] employing high-performance liquid chromatography (HPLC) have also been
developed for estimation of lopinavir in plasma matrix. Although, it is indisputable that some of
the earlier reported methods are sensitive and accurate, they mostly rely on the use of LC-MS
technique that makes them expensive and involves many steps for sample preparation and
processing. Moreover, most of these methods were aimed for simultaneous estimation of

lopinavir with other protease inhibitors in human plasma thus, were not suitable for animal

53



studies. Extensive literature survey did not reveal any bioanalytical method for estimation of
lopinavir in rat plasma which can be useful for in vivo pharmacokinetic evaluation of drug
delivery systems containing lopinavir in rat models. Therefore, it was envisaged to develop a
simple, rapid, sensitive, accurate and reliable HPLC method for estimation of lopinavir in rat
plasma.

2.2  Analytical method development and validation using HPLC

2.2.1 Instruments

The liquid chromatography system employed was Shimadzu HPLC (Shimadzu, Japan)
with solvent delivery system from binary pumps (Model LC-20AD, Prominence Liquid
Chromatograph, Shimadzu, Japan), auto injector (Model SIL-20A HT, Prominence Auto
Sampler, Shimadzu, Japan) and photo diode array (PDA) UV detector (Model SPD-M20A,
Prominence UV Detector, Shimadzu, Japan). Data collection and integration was accomplished
using LC Solutions, 1.25 version software.

Other instruments used in the method development and validation include vortex mixer
(Model VX-200, Labnet International Inc., USA), sonicator (Model SONICA® 2200 MH,
Soltec, Italy), refrigerated centrifuge (Model C-24 BL, Remi, India) and deep freezer (Model
BFS-345-S, Celfrost Innovations Pvt Ltd., India). pH meter (Model pHTestr 30, Eutech
Instruments, Singapore) was used for measuring pH of all buffer systems used. Membrane
filters of 0.22 um (Millipore, USA) were used for filtration of aqueous phase of mobile phase
system.

The HPLC system was stabilized for 1 h at 1 ml/min flow rate, through baseline
monitoring prior to actual analysis. Lopinavir was monitored at a wavelength of 210 nm.

2.2.2 Chemicals and Reagents

Lopinavir was obtained as a gift sample from Mylan Laboratories, India. Acetonitrile
(HPLC grade), methanol (HPLC grade) and ammonium acetate (LiChropur®) were purchased
from Merck laboratories, India. Ethanol and polyethylene glycol (PEG) 400 were purchased
from S.D. Fine Chem. Ltd., India. Milli-Q water purification system (Millipore, USA) was used
for obtaining high quality HPLC grade water.

2.2.3 Sample preparation

The primary stock solution of 1 mg/ml of lopinavir was prepared in methanol. From the

primary stock solution, working stock solution was prepared to get the concentration of 100
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ug/ml of lopinavir. Appropriate dilutions of the working stock solution were carried out in
methanol to get different concentrations of aqueous standards of lopinavir.
2.2.4 Method development

In the analytical method development, various combinations of mobile phases (with
different strengths, compositions and pH conditions) and stationary phases (columns) were
explored to produce quality chromatogram of lopinavir. Quality parameters such as peak shape,
tailing factor, retention time (RT) and height equivalent to theoretical plates (HETP) were
considered for the optimization of chromatography conditions.
2.2.5 Method validation

The validation was performed as per ICH guidelines. The developed HPLC method was
validated with respect to the following parameters [18].
a) Specificity

To determine the specificity of the developed method in the presence of excipients, the
drug was spiked with the excipient used for the preparation of nanoformulation. The drug was
extracted from these excipient by sonication in DCM and methanol pre-mixture (50:50 v/v) for
5 min followed by centrifugation at 10,000 rpm for 15 min. The supernatant solution was
diluted with the methanol and injected into the HPLC. A placebo formulation was processed
separately as mentioned above and injected into the HPLC system followed by the standard
lopinavir solution (1000 ng/ml). The developed chromatograms were also analysed by HPLC-
PDA detector to check the peak integrity as peak purity. The chromatograms of placebo
formulation and standard lopinavir were compared to monitor interferences from excipients at
the retention time of lopinavir.
b) Linearity and range

The linearity plot was constructed for lopinavir in the range of 125 to 8000 ng/ml. The
primary stock solution of 1 mg/ml of lopinavir was prepared in methanol. From the primary
stock solution, secondary stock solution of 100 ug/ml lopinavir was prepared. Appropriate
dilution of the primary and secondary stock solutions were carried in methanol to get
calibration standards (125, 250, 500, 1000, 2000, 4000 and 8000 ng/ml) and analytical quality
control samples (LQC = 375, MQC = 1500 and MQC = 6000 ng/ml) of lopinavir. The

calibration curve was plotted as concentration of the respective drug solutions versus the peak
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area at each level for six days. The coefficient of regression (r?), slope and intercept values
were determined and statistically evaluated.
C) Precision

Precision reflects the random errors which occur in a method. Precision is usually
measured as the coefficient of variation or relative standard deviation (RSD) of analytical
results acquired from independently prepared quality control standards. The precision of the
method was determined at quality control levels covering entire range of linearity. The intraday
precision was evaluated by analysing six sample solutions (n=6) at each level in two different
sets in a day. Similarly, the inter-day precision was evaluated in three consecutive days (n=18).
The lopinavir concentrations were determined and the relative standard deviations (RSD) were
calculated.
d) Accuracy and recovery

In order to evaluate the accuracy of the proposed method, a recovery test was performed
by adding a known amount of standard solutions to the placebo formulation before extraction,
followed by analysis using the proposed method. The recovery studies were done in the three
different levels at 80%, 100%, and 120% of assay concentration using the standard spiking
method. The placebo formulation was spiked with 800, 1000, and 1200 ng/ml of standard
lopinavir. The prepared samples were analysed using proposed chromatographic conditions.
The amount recovered was using the linearity curve. The percentage of recovery was

calculated according to the following formula:
(Amount found in spiked placebo sample) X 100

Recovery (%) =

Spiked amount
e) Sensitivity

The sensitivity of the method was assessed by using seven calibration standards and was
expressed as a limit of detection (LOD) and limit of quantification (LOQ) for lopinavir. The
LOD and LOQ were determined using standard deviation of intercept (o) and slope (s) of the

calibration curve. Following equations were used to determine LOD and LOQ values:

(1) LoD = 3¢ () LOQ = X2

S

f) Stock solution stability

The solution stability of lopinavir was carried out at bench top, refrigerated condition
and in auto-sampler. A stock solution of 100 pg/ml of lopinavir was prepared in methanol. The
solution was further diluted to get the lopinavir concentration of 1000 ng/ml and subjected to
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bench top and auto-sampler stability conditions. The stock solution was subjected to the
refrigerated stability condition and monitored for 30 days as long-term stability. The samples
after being subjecting to various stability conditions were injected into the HPLC system. The
concentration was determined at pre-determined time interval using freshly prepared calibration
curve.

) System Suitability

The purpose of the system suitability test is to ensure that the complete testing system
(including instrument, reagents, columns, and analysts) is suitable for the intended application.
System suitability testing is an integral part of liquid chromatographic methods which is used to
verify the reproducibility of the chromatographic system for the analysis to be done. The tests
are based on the concept that the equipment, electronics, analytical operations, and samples to
be analysed constitute an integral system that can be evaluated as such. In the current USFDA
guidelines on “validation of chromatographic methods,” the following acceptance limits are
proposed as initial criteria.

For the present study, 1000 ng/ml of lopinavir was injected six times to record the
system suitability parameters. From results, it is evident that tested parameters are well within
the acceptable limits. Results are presented in Table 2.5.

h) Sample preparation and method application

Validated method was successfully employed for estimation of lopinavir in various
samples. For encapsulation efficiency, 1 ml of nanosuspension was added to 5 ml DCM and
methanol pre-mixture (50:50, v/v) to dissolve the polymer matrix and release the free drug.
Samples were then subjected to ultra-sonication using a probe sonicator (Vibra cell, Sonics,
USA) for 5 min at a fixed amplitude (30 W output) followed by centrifugation for 15 min at
10,000 rpm, 4 °C. A clear supernatant was obtained in each case; 1 ml of the supernatant was
transferred to 10 ml calibrated volumetric flasks and the volume was made with the methanol.

For solid sample analysis, a quantity of the product, powdered tablets (Lopimune® 200
mg tablets) or nanoparticles equivalent to 5 mg lopinavir were weighed and taken into a 10 ml
volumetric flask. In all the cases, the volume was made up to 10 ml with the solvent system
(DCM: Methanol 50:50, v/v), sonicated for 5 min and centrifuged (Remi, Mumbai, India) at 10,
000 rpm for 15 min. A clear supernatant was obtained in each case; 1 ml of the supernatant was

transferred to 10 ml calibrated volumetric flasks and the volume was made with the methanol.
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2.2.6 Results and discussion
2.2.6.1 Method development

To optimize the RP-HPLC parameters, several mobile phase compositions were tried in
combination with different columns and pH conditions. A satisfactory separation and good peak
symmetry for lopinavir was obtained using Phenomenex column (250 x 4.6 mm; 5 um particle
size) with isocratic mobile phase ammonium acetate: ACN (20:80 v/v) at a flow rate of 1.0
ml/min. Lopinavir was monitored at a wavelength of 210 nm.

Initial trials of chromatographic separations were tried with ammonium acetate buffer in
combination of organic phases like methanol and acetonitrile. After a series of screening
experiments, it was concluded that acetonitrile gave better peak shapes than methanol. The
chromatographic conditions were further optimized by using different compositions of
acetonitrile in the mobile phase. From trials, a significant effect of acetonitrile compositions on
quality of chromatogram was observed. A longer retention time of more than 18.0 min and
broad peak of lopinavir was obtained with low acetonitrile (45 %) composition in mobile phase.
Also, the peak tailing of lopinavir was more than 2.To reduce the peak tailing and total elution
time of lopinavir, it was decided to increase the organic phase of the mobile phase up to 80%.
High amount of ACN significantly reduced the elution time of lopinavir to 7.10 with tailing
factor less than 2.

To determine the effect of mobile phase pH on quality of chromatogram, optimization
trials for mobile phase pH were also conducted at three different pH levels. By attempting the
various pH of the mobile phase (pH 4.5, unadjusted, and 9.5), it was observed that the retention
time for lopinavir was found to be around 7.20 min in all the above mentioned pH and there
was no significant effect of pH on the retention time. The peak shape was found to be good
across the pH range. This can be explained on the fact that analyte (lopinavir) is a weakly
ionized hydrophobic compound. Hence, for the present method no pH adjustment for
ammonium acetate was made.

For the selection of stationary phase, chromatographic separation was performed in
Waters Symmetry and Luna Phenomenex columns. The retention time of lopinavir on Waters
Symmetry C18 (250 x 4.6 mm, 5 um) was relatively longer as compared to Phenomenex (250 x

4.6 mm, 5 um). The peak was broader and column efficiency was less in case of Waters
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Symmetry column leaving it unconsidered for the present study. Data obtained from

optimization trials are summarized in Table 2.1.

Table 2.1. Optimization trials for chromatographic conditions.

Parameters | Effect of organic phase Effect of mobile phase pH Effect of stationary phase

(% ACN) (with fixed 80 % ACN) Luna Waters
Phenomenex Symmetry

45 65 80 45 6.8 9.5 Unadjusted pH & 80% ACN

R; 18.40 13.50 7.10 7.10 7.30 7.30 7.30 8.10

T 2.50 1.28 1.04 1.05 1.09 1.09 1.09 2.01

K 1.95 2.01 2.21 2.09 2.01 2.01 2.01 1.98

N 8060.50 9345.40 | 10005.20 | 99901.91 | 99005.60 | 98805.20 | 99005.60 88564.40

2.2.6.2 Method validation
a) Specificity

The present method was found to be highly specific as there was no interference at
retention time of the lopinavir from the placebo formulation. The specificity of the method was
also investigated by conducting a photodiode-array analysis to investigate the integrity of the
drug peaks and to clarify the purity of the peaks. The total peak purity was monitored for
lopinavir. The peak purity was found to be greater than the peak purity threshold which
indicated that the peak of lopinavir was pure and there was no interference from excipients.The
specificity of the method is illustrated in Fig. 2.1.
b) Linearity and range

The response for the detector was determined to be linear over the range of 125 to 8000
ng/ml for lopinavir. The calibration curve was plotted as concentration of the drug versus the
response (area of the drug peak) at each level (Table 2.2). The proposed method was evaluated
by its coefficient of determination and intercept value calculated in the statistical study (n=6).
From a linear regression analysis, the slope (£ standard error) and intercept (+ standard error)
were found to be 855 (x 0.82) and 2916.82 (+ 323.06) respectively with a regression

coefficient value of 0.9995.
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Fig.2.1: Representative chromatograms of a) pure lopinavir (1000 ng/ml); b) extracted lopinavir (1000
ng/ml) from nanoformulation; c¢) extracted blank nanoformulation; and d) purity graph of
extracted lopinavir.

C) Precision

The precision was carried out at three different concentrations of lopinavir over the
linearity range. The % RSD of inter-day and intra-day precision obtained was less than 5% for
lopinavir. The intra-day and inter-day precision of lopinavir was in the range of 0.93-1.32 and
2.57-4.58, respectively (Table 2.3). From the data obtained, the developed HPLC method was
found to be highly precise.

d) Accuracy and recovery

The assay concentration for lopinavir was considered to be 1000 ng/ml. The recovery
was calculated using the placebo spiking method at three levels of 80-120% of the assay
concentration. The mean absolute recovery ranged from 97.19-102.02%. With the proposed

HPLC method, lopinavir showed consistent and high absolute recoveries at all the tested

concentration levels. The recovery data for the lopinavir is shown in Table 2.4.

e) Sensitivity
In the proposed method, the LOD and LOQ of lopinavir were calculated as 27.79 and

92.54 ng/ml respectively. For practical purpose, the LLOQ was considered as 125 ng/ml.

f) Solution stability

While determining the solution stability of lopinavir, it was observed that the
methanolic solution of lopinavir is stable at bench top and auto-sampler for 12 h and 24 h,

respectively. Also lopinavir was stable at refrigerated condition for 30 days.
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Table 2.2. Linearity and range of lopinavir.

Nominal Back®calculated . §
concentrations | concentrations RSD® | Accuracy RE
(ng/ml) (ng/mI)£SD (0) | (%) (%)
125 131.10 +5.90 450 | 104.88 4.88
250 252.20+10.81 4.28 100.88 0.88
500 507.61+19.10 3.76 101.52 1.52
1000 1002.21+32.01 | 3.10 102.20 2.20
2000 1940.42 £ 46.22 | 2.38 97.01 -2.99
4000 3910.11 + 34.80 | 0.89 97.75 -2.25
8000 8050.33+30.40 | 0.38 100.62 0.62

Each value represents the average of six independent determinations (n = 6).

"RSD (%) = - —x 100; ° Accuracy = Back caleulated conc o 4

Nominal conc

Back calculated conc—Nominal conc
‘RE (%) = x 100

Nominal conc

Table 2.3. The precision data of lopinavir by the proposed HPLC method.

QC levels Intra-day (n = 12) Inter-day (n = 18)
(ng/ml) MeanxSD RSD (%) | MeanzSD RSD (%)
LQC (375) 381.11+5.41 141 377.11 £18.50 4.90
MQC (1500) | 1480.01 £28.50 | 1.92 1490.08 £ 36.91 | 2.47
HQC (6000) | 6170.20 +38.01 | 0.61 5930.06 + 55.67 | 0.90
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Table 2.4. Recovery studies by placebo-spiking method.

o § Spiked level | Amount added | Mean absolute® | RE®
o o (%) (ng/ml) recovery® + SD (%) | (%)
o

" 80 800 101.98 + 3.05 1.98
2 100 1000 0719+ 294 | -2.81
ﬁ 120 1200 98.08 £ 2.67 1.92
80 800 102.01 £ 3.02 2.01
§ 100 1000 99.06 = 3.66 -0.94
120 1200 98.79 £ 2.44 -1.21

Each value represents the average of six independent determinations (n = 6).

Amount recovered Back calculated conc—Nominal conc
——— x100; °RE = x100

b
Recovery =
y Amount added Nominal conc

Table 2.5: System suitability parameters.

Parameter Limit Observed value
Capacity factor K>>?2 2.208 £ 0.002
Injection precision RSD<1%forn>6  0.23

Tailing factor T<?2 1.04 £0.13
Theoretical plates/meter N > 2000 10013.41+ 120.50

2.3 Bioanalytical method development and validation
2.3.1 Method development

In the process of analytical method development for lopinavir, mobile phase
optimization was done by trying different aqueous phase and non-aqueous phase combinations.
Various buffers with different pH and in varying compositions with acetonitrile and/or
methanol were investigated. Based on analytical method, composition of mobile phase was
further fine-tuned to produce good quality chromatogram of lopinavir in plasma matrix. Mobile
phase was selected based on the criteria of peak properties (retention time and asymmetric
factor), sensitivity (height and area), ease of preparation and applicability of the method for in

vivo studies in rats.
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2.3.2 Stock solution preparation and calibration range

Primary stock solution of lopinavir (1 mg/ml) was prepared in volumetric flask by
dissolving accurately weighed amount of lopinavir in methanol. Secondary stock solutions
(10X) of lopinavir were prepared by making appropriate dilutions in methanol.

Plasma calibration standards and plasma quality control samples were prepared by
spiking 10 pl of appropriate standard solutions of lopinavir in 90 pl of drug-free rat plasma to
obtain final concentrations of 250, 500, 1000, 1500, 2000, 2500, 3000, 4000 ng/ml for
calibration curve and 800, 1600 and 3200 ng/ml for lower quality control (LQC), medium
quality control (MQC) and higher quality control (HQC) samples respectively. Blank sample
was prepared by spiking 10 pl of methanol (drug diluent) in 90 pl of blank plasma. All
solutions were stored at 4 °C till further use.

2.3.3 Extraction technique

A simple, single-step protein precipitation method was followed for extraction of
lopinavir from wistar rat plasma. A 100 pl of the drug spiked plasma sample was pipetted into a
RIA vial and 350 pl of acetonitrile (protein precipitating solvent) was added to it and vortex
mixed for 2 min. Samples were then centrifuged at 9000 rpm at 4 °C for 20 min. From the
centrifuged samples, 300 ul of supernatant was transferred to a sample loading vial and injected
into the HPLC system.

2.3.4 Bioanalytical method validation

The developed method was validated statistically as per the guidelines given by
International Conference on Harmonization [18] and United States Pharmacopoeia (USP 2003)
[19]. Steps involved in bioanalytical method validation are summarized in Fig 2.2.

a) Selectivity

Selectivity of the method can be defined as non-interference by the proteins and other
impurities present in the bio-matrix at the retention time shown by lopinavir. Six different lots
of drug-free rat plasma samples were extracted and analyzed for assessment of specificity and
selectivity. Overlaid chromatograms of blank plasma, plasma standard (1500 ng/ml) and in vivo

test sample are shown in Fig. 2.3.
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Fig. 2.2: Steps involved in the bioanalytical method development and validation.
b) Linearity

Plasma calibration standards were prepared and analyzed in five independent runs.
Individual standard curves were constructed using the observed peak area to that of nominal
concentration. A calibration curve was constructed from a blank sample (plasma sample
processed without drug) and eight non-zero concentrations ranging from 250 ng/ml to 4000
ng/ml. The data are presented in Table 2.6.
C) Accuracy

For determining the accuracy of the proposed method, different quality control (QC)
levels of lopinavir in plasma (LQC = 800 ng/ml, MQC = 1600 ng/ml and HQC = 3200 ng/ml)
were prepared independently and analyzed (n = 6). The data are presented in Table 2.7.
d) Precision

Repeatability was determined by analyzing all three QC levels of drug concentrations.
Inter-day and intra-day variation and analyst variations were studied to determine the
intermediate precision of the proposed method. Three QC levels of drug concentrations in
triplicates were prepared twice in a day and studied for intra-day variation (n = 6). The same
protocol was followed for three different days to study inter-day variation (n = 18).The percent
relative standard deviation (%RSD) was calculated from the predicted concentrations obtained

by the regression equation. The data are presented in Table 2.8.
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e) Sensitivity

Limit of quantification (LOQ) is defined as the minimum concentration of lopinavir in
plasma sample that can be quantified with less than 20% RSD [18, 19]. In order to determine
LOQ, six independent plasma samples containing 250 ng/ml of lopinavir were prepared and
analyzed using a developed method. The peaks were integrated and concentrations were
calculated using calibration equation. Mean concentration and %RSD for these six values were
determined.

The LOD and LOQ were also determined using standard deviation of intercept () and
slope (s) of the calibration curve. Following equations were used to determine LOD and LOQ

values:

(1) LOD = % (2) LOQ = 15“

f) Recovery

Recovery of the drug was determined by comparing the area obtained from plasma
(extracted) samples with analytical standard (un-extracted) samples. For the recovery
experiment, plasma extracted samples were prepared by spiking lopinavir at three different
concentration levels (LQC, MQC and HQC) in triplicate. Precision of lopinavir recovery at
each level (n = 3) was determined and is presented in Table 2.9.
) Stability

Freeze thaw stability of lopinavir in rat plasma was determined using three QC (LQC,
MQC and HQC) samples for three freeze-thaw cycles. Total of four sets were prepared in
triplicates and one set of the prepared concentrations was analyzed on the day of preparation
(no freeze thaw cycle) and the remaining three sets were frozen at —20 °C for 24 h. Frozen
samples were thawed by keeping the sealed tubes at room temperature for at least 1 h. One set
in triplicate was analyzed and the remaining two sets were kept at —20 °C for freezing and were
analyzed after two and three freeze thaw cycles. The percentage deviation from the mean
concentrations observed on the day of preparation was calculated and is presented in Fig. 2.4a.

Post extraction stability of the processed samples of lopinavir in rat plasma was
investigated by preparing five sets of QC samples (LQC, MQC and HQC) in triplicates.
Processed samples were kept in the sample rack of auto sampler and samples were analyzed in

triplicates every 6 h for 24 h period on the day of preparation. The percentage deviation from
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the mean concentrations observed at zero time was calculated. Results obtained are shown in
Fig. 2.4b.

Long-term stability of lopinavir in rat plasma was determined by preparing three QC
samples (LQC, MQC and HQC). Total of four sets were prepared in triplicates and one set of
the prepared concentrations was analyzed on the day of preparation. The remaining three sets
were frozen at —20 °C. One set each of stored samples was analyzed after 3, 7 and 15 days of
sample preparation by thawing them at room temperature. The percentage deviation from the
mean concentrations observed on day of preparation was calculated and the values obtained are
shown in Fig. 2.4c.

2.3.5 Pharmacokinetic Study

Lopinavir formulation for intravenous (IV) bolus administration was prepared by
dissolving the drug in a solvent mixture of PEG 400, ethanol and water (10:40:50) just before
the commencement of study. The formulation was administered through tail vein in male wistar
rats (n = 6), weighing 180 to 220 g, at a dose of 5 mg/kg. Blood samples were drawn from
retro-orbital plexus of wistar rats at 0.083, 0.17, 0.25, 0.50, 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 12.0 and
24 h post dose in microfuge tube pretreated with sodium citrate solution (3.8% wi/v). Clear
supernatant plasma was separated from the blood after the centrifugation at 3400 rpm, 4 °C, for
10 min. Samples were kept at —20 °C till further analysis. A baseline blank plasma sample was
drawn from each animal before drug administration. All samples were processed according to
the procedure described earlier and analyzed using the validated HPLC method.

Various pharmacokinetic parameters were calculated from measured lopinavir plasma
concentrations verses time profiles after IV bolus administration using non-compartmental
model and compartmental models in WinNonlin Professional software (Version 4.0, Pharsight
Corporation, USA).

2.3.6 Results and discussions
2.3.6.1 Method development

Optimization of mobile phase consisting of aqueous phase (10 MM ammonium acetate)
and acetonitrile (35:65 v/v) was based on peak properties (retention time and asymmetric factor)
and sensitivity (height and area). With optimized mobile phase, retention time of lopinavir was
found to be 13.51 + 0.15 min with an asymmetric factor of 1.21 + 0.10. Mobile phase had
significant impact on elution time of lopinavir. The retention time of lopinavir was increased up
to 21.02 min with decreasing acetonitrile composition from 65% to 50% v/v; whereas, same
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composition of methanol (65% v/v) produced a broad peak of lopinavir with longer elution
time. No significant effect of mobile phase pH on retention time and quality of chromatogram
was observed. Hence, an isocratic mixture of 10 mM ammonium acetate (without pH
adjustment) and acetonitrile in the ratio of 35:65 v/v was finally selected as mobile phase. The
total chromatographic run time was 17 min and elution of lopinavir occurred at 13.51 min.
2.3.6.2 Method validation
a) Selectivity

Simple and efficient one-step precipitation technique was used to separate lopinavir
from rat plasma. The technique was found to be suitable for estimation of lopinavir from bio-
matrix with no interference from endogenous protein impurities. No interference was observed
in processed test samples. Blank plasma sample also showed absence of any interference at
retention time of the drug as shown in Fig. 2.3. Thus, the proposed method was found to be
specific and selective for the estimation of lopinavir in rat plasma.
b) Linearity

Different concentrations and their corresponding areas are shown in Table 2.6. At all
the concentration levels, %RSD did not exceed 5.93. Linearity was studied over a concentration
range of 250 ng/ml to 4000 ng/ml. The calibration curve in rat plasma was linear in the selected
calibration range. According to linear regression analysis, the slope (+ standard error) and
intercept (x standard error) were found to be 90.34 (x 0.87) and 2475.66 (x 532.97)
respectively with a regression coefficient value of 0.996. Lower values of standard error of
estimate (5.63) and MSSR (1.95 x 10™) indicates high precision of the developed method.
Lower F¢y value of 0.039 in comparison to Fgit (5, 35) value of 2.48 at p < 0.05, further

confirmed precision of the proposed method.
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Fig. 2.3: Overlaid chromatograms of a) pure lopinavir (3200 ng/ml); b) plasma calibration standard
(1500 ng/ml); c) in vivo test sample; and d) blank plasma.

Table 2.6. Calibration data of lopinavir in wistar rat plasma.

Nominal Back®calculated A RE?
) ) RSD” | Accuracy®
concentrations concentrations (%)
b (%) | (%)

(ng/ml) (ng/ml) £ SD
250 256.80 +£12.61 4,91 102.72 2.72
500 490.49 £+ 19.69 4.01 98.11 -1.89
1000 980.29 + 40.60 4.14 98.29 -1.71
1500 1471.41 + 45.45 3.09 98.10 -1.90
2000 1990.40 + 55.60 2.79 99.49 -0.51
2500 2475.08 + 60.69 2.45 99.10 -0.90
3000 2940.61 + 64.56 2.19 98.11 -1.89
4000 3940.11 +75.70 1.92 98.45 -1.55

Each value represents the average of five independent determinations (n = 5).

Back calculated conc

b _ SD . _
RSD (%) = oan X 100; Accuracy =

x100;

Nominal conc

Back calculated conc—Nominal conc
‘RE (%) = x 100

Nominal conc
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C) Accuracy

All three quality control samples (LQC = 800 ng/ml, MQC = 1600 ng/ml and HQC =
3200 ng/ml) showed an accuracy ranging from —1.37% to 0.61% with maximum %RSD of 4.78
across all the QC levels, establishing the accuracy of the method (Table 2.7).
d) Precision

In repeatability study, %RSD ranged from 0.32 to 4.96 across all QC samples (Table
2.8). The %RSD values for intra-day variation were not more than 4.96 and for inter-day
variation were less than 4.73. Acceptable %RSD values indicated the repeatability and
intermediate precision of the method.
e) Sensitivity

The mean percentage accuracy of six independent samples of 250 ng/ml, calculated
against calibration equation and was found to be 93.1 with a %RSD value of 4.88. Hence, the
concentration of 250 ng/ml was considered as the lowest limit of quantification (LLOQ) for the
proposed method. From the mean calibration curve (n = 5), LOD and LLOQ of lopinavir were

calculated as 39.62 and 131.91 ng/ml respectively.

Table 2.7. Accuracy and precision data for the proposed method in wistar rat plasma.

Predicted concentration® (ng/ml) Mean accuracy®
Level
Range Mean® (+SD°) %RSD* (%)
LQC (800 ng/ml) 737 - 842 789.00 = 37.74 4.78 -1.37
MQC (1600 ng/ml) | 1608 - 1640 | 1623.46 + 12.17 0.75 1.47
HQC (3200 ng/ml) | 3168 - 3247 | 3219.54 + 27.72 0.86 0.61

“Each value is mean of six independent determinations (n = 6); *Predicted concentration of lopinavir was
calculated by linear regression equation; “Standard deviation; “Percentage relative standard deviation;
®Accuracy is given in relative error % =[100 x (predicted concentration — nominal
concentration)/nominal concentration.)].
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Table 2.8. Results of intermediate precision study in wistar rat plasma.

Level Intra-day repeatability (%0RSD®) (n=3) | Inter-day repeatability
eve
Day-1 Day-2 Day-3 (%0RSD?) (n=18)
4.37 3.30 4.34
LQC 4.73
4.43 4.21 4.96
0.32 2.17 1.89
MQC 1.44
0.43 1.30 0.63
1.03 0.69 0.60
HQC 1.57
0.57 0.46 0.81

®Percentage relative standard deviation.

f) Recovery

The absolute recovery of lopinavir from the spiked rat plasma samples, when compared

with analytical standards of same concentration, was within 97.50% to 100.19% with %RSD

less than 4.03 at each concentration level. The high (nearly 100%) mean percent recovery

values (Table 2.9) which precludes the use of internal standard and low %RSD values (%RSD

< 5.0) established the extraction efficiency of the selected solvent for precipitation and also

robustness of the method.

Table 2.9. Absolute recovery of lopinavir from plasma samples following protein precipitation

extraction method.

Nominal Concentrations (ng/ml) | % Mean recovery® (+SD°) | %RSD*
LQC (800) 99.32+4.01 4.03
MQC (1600) 97.50 £1.32 1.35
HQC (3200) 100.19 £1.44 1.44

*Percent drug recovery = [(Peak area of plasma standard/peak area of analytical standard of
same concentration) x100]; ® Standard deviation; © Percentage relative standard deviation.
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) Stability

The stability of lopinavir in rat plasma was evaluated using QC samples under different
stress conditions and the results obtained are shown in Fig. 2.4. In freeze thaw stability, no
significant degradation of lopinavir was observed up to three cycles over a period of three days.
The deviation from the zero time concentration was found to be less that 8.0% at the end of
three freeze thaw cycles as shown in Fig. 2.4a. In post extraction stability study of the
processed samples, lopinavir was found to be stable for 24 h, with a maximum deviation of less
than 2.0% from the zero time concentration as shown in Fig. 2.4b

In long-term stability studies, lopinavir was found to be stable for 15 days when stored
at —20 °C. The deviation in recoveries of lopinavir after analysis at 3, 7 and 15 days of sample
preparation was found to be within acceptable limits (Fig. 2.4c). The results of this study
indicated that storage temperature of —20 °C was adequate for storing the samples for at least 15
days.

2.3.7 Pharmacokinetic application

The developed and validated HPLC method for lopinavir estimation in rat plasma was
applied to pharmacokinetic study of 1V bolus administration of the drug in rats. The mean
plasma concentration versus time profile of lopinavir following IV administration is given in
Fig 2.5.

The time course of plasma drug concentration was found to follow a mono-exponential
equation, concentration = 3168.7 e with a good correlation coefficient (r* = 0.999)
indicating that the drug follows one compartment open model in rats. The pharmacokinetic
parameters obtained from the study using non-compartmental and compartmental analysis were
area under the curve (AUC) = 3850.33 + 263.87 h*ng/ml, area under the first-moment curve
(AUMC) = 4403.07 + 171.33 h®ng/ ml, mean retention time (MRT) = 1.15 + 0.05 h,
concentration at time zero (C,) = 3168.68 + 289.88 ng/ml, elimination half-life (T.,) = 0.82
0.03 h and volume of distribution (V) = 1592.09 + 146.44 mi/kg.

Samples collected till 3 h (approximately equal to 4 times half-life of drug) post 1V
bolus administration of the drug were analyzed in the study indicating the sensitivity and the
applicability of the in vivo pharmacokinetic studies of the drug in rats.
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Fig. 2.4: Stability study of lopinavir in rat plasma a) freeze thaw stability; b) post extraction stability; c)
long term stability. Each point represents mean of three independent determinations.
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Fig. 2.5: The mean plasma concentration versus time profile of lopinavir in rats after intravenous bolus
administration of the drug (5 mg/kg, n = 6).

2.4  Partial method validation for rat tissue samples

The proposed bioanalytical method was partially validated for analysis of lopinavir in
tissue samples (liver, spleen and lymph node). Parameters for partial method validation were
critically selected as per USFDA guidelines. Method was validated for recovery, sensitivity,
selectivity, precision, accuracy, linearity, long term and short term stability.
2.4.1 Preparation of calibration curve and quality control samples

Tissue calibration standards and quality control samples were prepared by spiking 10 pl
of appropriate standard solutions (10X) of lopinavir in 90 pl of blank tissue homogenate to
obtain final concentrations of 200, 600, 1200, 1600, 3200, 6400 ng/ml for calibration curve and
800, 2000 and 4000 ng/ml for lower quality control (LQC), medium quality control (MQC) and
higher quality control (HQC) samples respectively. Blank sample was prepared by spiking 10
pl of methanol in 90 ul of blank homogenate.
2.4.2 Sample preparation and extraction

After exsanguinations, tissues of interest (liver, spleen and mesenteric lymph nodes)
were quickly removed, weighed and homogenized (25% w/v) in water: methanol (80:20)
solution. Samples were stored at —70 °C until further analysis.

The plasma extraction protocol (section no 2.3.3) was followed with minor modification
for recovery of drug from tissue samples. Briefly, in each aliquot (100 pul) of tissue homogenate
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300 pl of acetonitrile (protein precipitating solvent) was added and vortex mixed for 2 min.
Samples were then centrifuged (10,000 rpm; 4 °C) for 20 min and the resultant clean
supernatant (75 pl) was injected into HPLC.
2.4.3 Validation parameters

To investigate the existence of potential chromatographic interferences from
endogenous compounds (matrix effects) at the retention time of lopinavir, selectivity studies
were conducted. Selectivity was evaluated by comparing the chromatograms generated after the
analysis of blank samples (liver, spleen and lymph node homogenates) obtained from six
different rats with those achieved from the corresponding spiked sample. Results are presented
in Fig. 2.6.

Other parameters such as recovery, stability, precision and accuracy were conducted
with quality control samples as discussed earlier.
2.4.4 Results and discussion

From 2.6, no significant interference was observed at the retention time of lopinavir,

indicating specificity of the method.

uVv
19000 -

14000 |
9000 - /

4000 -

A Bt

-1000 9 2 4 6 8 10 12 14 16

Time (min)

Fig. 2.6: Overlaid chromatograms of a) pure lopinavir solution (2000 ng/ml); b) spiked lopinavir (600
ng/ml) in liver tissue; and c) processed blank liver tissue.

The linearity of the analytical method was determined by developing a six point
calibration curve in the range of 200 ng/ml to 6400 ng/ml; analyzed in three independent runs.
Calibration curve was constructed by least-square linear regression of the peak area versus the
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nominal concentrations of analyte spiked to drug-free tissue samples. The calibration curves

were linear across the calibration range. The mean regression equations (n = 3) for calibration

curves of lopinavir in various tissue matrices are summarized in Table 2.10.

Table 2.10: Calibration curve parameters for lopinavir tissue samples (n = 3).

2

Matrix type Calibration standards (ng/ml) | Slope (= SE) Intercept (x SE) r

Liver 200, 600, 1200, 1600,3200, 6400 | 100.05 (+ 1.65) | 2834.20 (+ 723.45) | 0.996
spleen 200, 600, 1200, 1600,3200, 6400 | 99.07 (+ 1.05) 2675.09 (£ 598.12) | 0.997
Lymph node 200, 600, 1200, 1600,3200, 6400 | 110.23 (+ 1.47) | 2910.8 (£ 603.49) | 0.995

Table 2.11 summarizes the intra- and inter-day precision and accuracy for lopinavir

evaluated by assaying the QC samples. The results demonstrate that the values were within the

acceptable range and the method was accurate and precise. Recovery of lopinavir from the

spiked tissue samples, when compared with analytical standards of same concentration, across
the QC levels tested was in the range of 93.78 % to 99.92% All recoveries had RSD less than

6.5% throughout the entire standard concentration ranges, showing robustness of extraction

method.

From the stability data obtained in rat tissue (liver, spleen and lymph node)

homogenates, no significant loss was observed for lopinavir when spiked QC samples were

stored at room temperature for 4 h and at —70 °C for 30 days. The analyte was also

demonstrated to be stable after three freeze-thaw cycles at —70 °C.,
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Table 2.11. Precision, accuracy and recovery for the analysis of lopinavir in rat tissues (n = 3
days, three replicates per day).

*Measured Global
Analvtes Nominal concentration Intra-day | Inter-day "RE recovery
y concentration (ng/ml): n=9 RSD (%); | RSD (%), (%) (%);
(ng/ml) gimb., n= n=3 n=9 n=9
-4.74
-2.40
Liver | 800 (LQC) 780.79 5.91 9.91 97.60
-2.45
1600 (MQC) 1560.69 4.60 8.70 97.54
-5.96
3200 (HQC) 3009.10 3.90 6.31 94.03
-5.75
200 (LLOQ 188.49 10.91 13.12 94.25
-6.23
800 (LQC) 750.50 6.10 10.40 93.78
Spleen >
1600 (MQC) 1500.70 2.90 7.22 93.79
-5.97
3200 (HQC) 3009.00 4.30 8.91 94.03
-0.75
200 (LLOQ 198.50 11.62 15.93 99.25
-1.45
Lymph | 800 (LQC) 786.81 6.70 10.73 98.55
node -0.08
1600 (MQC) 1598.79 5.30 10.61 990.92
-4.13
3200 (HQC) 3068.00 4.21 6.61 95.87

*Mean of back calculated tissue concentrations. Measured concentration was calculated by linear
regression equation; °Accuracy is given in RE (%) = [100 x (measured concentration—nominal
concentration)/nominal concentration)]

2.5  Conclusions

The developed and validated methods for estimation of lopinavir in aqueous and
biological samples (plasma and tissues) were found to be precise, specific, and reproducible.
Recovery of lopinavir from various matrices by protein precipitation technique using
acetonitrile was highly efficient (>90%). In addition, the drug was found to be stable under
various processing and storage conditions. The method allows high sample throughput due to
the simple procedure for sample preparation and relatively short run time. The method was
successfully employed in determining drug content and pharmacokinetic parameters following

IV bolus administration in rats.
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Chapter 3

Preformulation Studies




3.1 Introduction

For a successful formulation design, the prior information of physicochemical and
biological properties of the drug is vital to produce an effective, stable and marketable
product. Frequently, this prior information reduces the efforts in later stages of product
design and development by reducing cost and time to market [1]. Preformulation studies are
designed to investigate specific drug characteristics which address identity, purity and
strength of the substances and quality of the drug product. The data generated from the
preformulation studies can be utilized to understand the behaviour of drug within and
outside the body.

Classically, a standard pharmaceutical product development study includes
comprehensive drug characterization such as determination of ionization constant, partition
coefficient, solubility, polymorphism and hydrate, powder properties, thermal behaviour,
molecular spectroscopic profile, drug excipient compatibility and stability [2, 3]. However,
considering the scope of nanoparticulate formulations, methods were selected to investigate
product specific questions, which offers a rational basis for nanotechnology based product
design and the development strategies.

Physicochemical properties of lopinavir like aqueous solubility, dissociation
constant and partition co-efficient have been reported in literature [4, 5]. However, it is
prudent that we confirm these parameters again and also determine other parameters like
melting point, purity, and stability under various processing conditions before delving into
the actual formulation development. Moreover, as a part of preformulation studies, we also
established the compatibility of lopinavir with various excipients that we planned to use in
the formulation of nanoparticles.

3.2  Materials
3.2.1 Chemicals and reagents

Lopinavir was obtained as a gift sample from Mylan Laboratories Ltd. (Hyderabad,
India). Poly-g-caprolactone (PCL) and pullulan were purchased from Polysciences, Inc.
(Warrington, USA). Poloxamer 407 (P407), poloxamer 188 (P188), poly vinyl alcohol
(PVA) and mannitol (Pearlitorl SD) were procured form Signet Chemicals (Mumbai, India).
Polyethylene glycol 400 (PEG 400), sodium lauryl sulfate (SLS), polysorbate 80 (Tween
80) were purchased from Merck Ltd. (Mumbai, India). The lipids— stearic acid, glyceryl
monostearate, glyceryl distearate, glyceryl tristearate (Dynasan 118), and glyceryl
tribehenate (Compritol ATO 888) were purchased from Himedia Pvt. Ltd. (Hyderabad,

India). All other chemicals and reagents were of analytical grade.
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3.2.2 Instruments

A digital pH meter equipped with a glass electrode and automatic thermal
compensation probe (pH Tutor, Eutech Instruments, Singapore); calibrated digital analytical
balance (Sartorius 2244S-CW, Goettingen, Germany); temperature controlled water bath
with shaker (Remi, Mumbai, India); humidity and temperature controlled cabinet (Remi,
Mumbai, India); rotary flash evaporator (Rotavapor R-215, Bucchi Labortechnik AG,
Postfach, Switzerland); ultrasonicator (Vibracell, Sonics, Connecticut, USA); vortex mixer
(Vortex 3, lka India Pvt Ltd., Bengaluru, India) were used for these studies. All the
analytical instruments were calibrated prior to use.
3.2.3 Methods
3.2.3.1 Preparation of reagents and buffers

Various buffers (0.1 M strength) ranging from pH 1.2 to 7.4 were prepared in
accordance to procedures described in the United States Pharmacopeia [6]. Triple distilled
water (TDW) was used as a solvent in all the cases.
3.2.3.2 Procedures and protocols
. Bulk characterization

Following in-house tests were performed to establish identification and
characterization of lopinavir.
a) FT-IR absorption spectrum of lopinavir

The FT-IR spectrum of pure lopinavir was recorded in solid state using KBr as a
dispersion medium (1:10) using JASCO FT/IR-4200 (Jasco Inc., Maryland, USA)
spectrometer in the range of 4000400 cm™. An average of 40 scans was taken per sample.
b) Thermal analysis using DSC

Thermal analysis was carried out using DSC 60 (Shimadzu, Kyoto, Japan)
instrument. For the study, accurately weighted samples were taken in aluminium pan and
crimp sealed. In the DSC chamber, samples were allowed to equilibrate at 25 °C. Then, the
samples were subjected to heating run over temperature range of 25 to 200 °C at a heating
rate of 5 °C per min. DSC thermograms were directly obtained from the software supplied
with the instrument.
C) Assay and purity assessment

For assessment of purity of the drug and to quantify the drug from the bulk sample,

an in-house validated HPLC method (as described in Chapter 2) was used.
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d) Molecular weight confirmation

To confirm the molecular weight of the drug, methanolic solution of lopinavir (1
pg/ml) was prepared and injected into LC-MS system (Shimadzu LCMS-2020, Shimadzu
Corporation, Kyoto, Japan). Drug was scanned for base peak both in positive and negative
polarity.

1. Determination of drug solubility

In the present work, the solubility study of lopinavir was carried out in selected
aqueous media maintained at various pH conditions using the shake flask method. The pH
range selected for aqueous solubility study was in accordance with the in vivo physiological
conditions.

The saturation solubility of lopinavir was determined in buffered solutions with pH
ranging from 1.2 to 7.4 at 37 °C. In this, an excess amount of drug (10 mg) was added to 10
ml of buffered solutions. Samples were agitated in a water bath shaker maintained at 37 °C.
After 48 h, samples were centrifuged 5000 x g for 15 min to get a clear supernatant. The
clear supernatant was then suitably diluted and analysed at 210 nm using a validated HPLC
method against aqueous linearity as described in analytical section. Three replicates were
taken for each sample and final values were expressed as mean + S.D.

I11.  Partition coefficient

Partition coefficient is the ratio of concentrations of a compound in a mixture of two
immiscible liquids at equilibrium. These coefficients indicate the preference of drug
solubility in the two immiscible phases. Partition coefficient of lopinavir was determined by
previously reported shake flask method using n-octanol-water system [7]. The n-octanol
phase was pre-saturated for 24 h with water at room temperature (25 + 2 °C). Prior to start
of the experiment, the n-octanol layer was separated by centrifugation (80 x g, 2 min) from
the aqueous layer. To 10 ml of this water saturated organic phase, equal proportion of pre-
saturated water (with n-octanol) was added. To 20 ml of the total mixture, 0.1 ml aliquot of
1 mg/ml lopinavir in methanol was added. The flasks were incubated on a rotary shaker
(125 rpm), maintained at 25 + 2 °C for 24 h. After 24 h period, triplicate samples from each
phase were collected from the flasks and analysed for drug content using validated HPLC

method. The partition coefficient of lopinavir was calculated using the following formula:

l:’o/w = Coctanol /Cwater
Where, Cyctanor @Nd Cyater are the concentration of lopinavir in n-octanol and pure water

respectively.
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The saturation solubility of lopinavir in n-octanol was independently determined by
incubating a known excess of lopinavir in n-octanol. The drug stability of lopinavir during
experiment in n-octanol was confirmed by comparing the time zero concentration of drug
with values obtained after 3 days of incubation at 25 °C.

IV.  Stability studies

The stability studies of lopinavir were performed in order to evaluate the integrity of
drug molecules under various pH conditions during the product manufacturing and in vivo
biological environment. If the drug is extensively degraded, it may substantially reduce the
potency of the drug. Moreover, the degradation products of the drugs may be toxic to the
consumer [8]. The stability studies were preformed both in liquid and solid states.

a) Liquid state stability studies

The liquid state stability for lopinavir was studied on various un-buffered and
buffered pH solutions. Lopinavir stock solution (1 mg/ml) was prepared in methanol and
appropriate volume of this stock was spiked into various buffered and un-buffered solutions
with pH ranging from 1.2 to 10. The final concentration in each case was 1 pug/ml. Three
sets of samples were also prepared in TDW.

The prepared solutions were placed on a temperature controlled water bath shaker
(Remi, Mumbai, India) at fixed temperature of 25 + 2 °C. At pre-determined time points (0,
2, 4,6, 12 and 24 h and 2, 4, 8, 15, 30, 45 and 60 days), an aliquot of sample was
withdrawn and analysed for drug content using previously described validated HPLC
method. The amount of drug remaining in the solution was plotted as a function of time.
The order of degradation kinetics and the degradation rate constants were determined for
respective solutions.

b) Solid state stability studies

For solid state stability, thermal stability studies were conducted while subjecting
lopinavir to various thermal conditions with humidity. Procedure is discussed in detail under
drug-excipient compatibility studies.

V. Drug-excipients compatibility studies

Excipients play an important role in determining the stability of the final
formulation. It is common knowledge that formulation stability is affected by various
factors such as chemical nature of excipient, moisture content, temperature, light, oxygen,
relative humidity, packaging material, processing method and nature of packaging.
Therefore, drug: excipient compatibility studies are integral part of preformulation studies.

In the following section, the actual protocol followed for these studies is presented.
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The purpose of this protocol is to describe the procedure for investigation of possible

changes in the physicochemical characteristics and the purity of lopinavir in presence and/

or absence of excipients.

a) Sample details

Lopinavir manufactured by Mylan Laboratories Ltd. was used for the preformulation

compatibility study. The details of lopinavir to be used for compatibility study are tabulated

as shown in below Table 3.1.

Table 3.1: Details of the APl used in drug: excipient compatibility studies.

Sr. No. Name of the API

Batch No. / Lot No.

Mfg. by

1. Lopinavir

LOP-0090410

Mylan

The details of individual excipients to be used in compatibility study are tabulated as
shown below in Table-3.2. Individual excipient shall be sifted through # 40 ASTM SS sieve.

Table 3.2: Details of excipients used in drug: excipient compatibility studies.

l?lg Excipient General Function Mfg. by
1. Mannitol Cryoprotectant Roquette Pharma
2. Sucrose Cryoprotectant Domino
Non-ionic . .
3. Tween 80 Surfactant Sigma Aldrich
Non-ionic Sigma
4 Poloxamer 188 (P188) Surfactant Chemicals
Non-ionic Sigma
> Poloxamer 407 (P407) Surfactant Chemicals
. Non-ionic . .
6. Poly vinyl alcohol Surfactant Sigma Aldrich
7. Poly-g-caprolactone (PCL) Polymer Polysciences Inc.
8. Pullulan acetate Polymer In-house
9. Sodiul lauryl sulfate (SLS) Anionic Surfactant | Sigma Aldrich
10. | Stearic acid Lipid Himedia
11. | Glyceryl monostearate Lipid Himedia
12 Glyceryl tristearate (Dynasan Lipid Himedia
118)
Glyceryl behenate - o
13- 1 (Compritol ATO 888) Lipid Himedia
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b) Sample preparation

Solid state interactions between drug and various excipients were studied by
subjecting physical admixtures of drug and excipient to different stress conditions (as
mentioned in Table 3.3). Samples were studied for physical observation (color, odor and
physical state), drug content (assay), thermal (DSC) and spectroscopic analysis (FT-IR).

Drug and excipient were weighed accurately and mixed homogeneously by sieving
(mesh #40) and blending process. Prepared admixtures were transferred to a set of glass
vials with screw cap and wrapped with aluminium foil. Each vial was kept at a refrigerated
(2-8 °C), ambient (room temperature; 25 °C/ 60%RH) or accelerated condition (AT; 40 °C/
75%RH). Pure drug stability data obtained for each condition was treated as control.

At pre-determined time interval, samples were withdrawn in triplicate to perform
physical inspection and drug content analysis. Drug content data were plotted against the
time function and rate constant for each degradation curve was determined. In order to
investigate possible physical and chemical interactions, at the end of stability period (6
months), thermal and spectroscopic analysis was performed. Sample description and storage

conditions are presented in the Table given below.
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Table 3.3: Details of different samples, drug: excipient ratios and test conditions used for
drug: excipient compatibility studies.

Drug: Excipient

Sample Rati
atio Initial | 25 °C/60%RH | 40 °C/75%RH
Lopinavir ! v v ol
Mannitol ! v v v
Sucrose ! v v v
PCL ! v v v
Pullulan acetate ! v v v
Stearic acid ! v v v
Glyceryl Monostearate ! 0 v ol v
_
o
Tween 80 1 > |V v v
5
1
-
PVA a3 |V v v
- . 1.9 =
Lopinavir + Mannitol ’ E v v v
1:9 3
Lopinavir + Sucrose ' % v v v
- 1:9 S
Lopinavir + PCL & v v v
Lopinavir + Pullulan Acetate 19 v v ol
Lopinavir + Stearic acid 19 v v v
Lopinavir + Glyceryl 1:9 N N N
Monostearate
Lopinavir+ Tween 80 1l v v v
Lopinavir + PVA 1 v v v
Lopinavir + PCL+ Tween 80 1:307 v v v
Lopinavir + Pullulan acetate | 1:10:25 N N N
+ PVA
Lopinavir + Stearic acid+ 1:45:12.5 N N N

PVA
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3.3 Results and discussion
I Identification and bulk characterization of lopinavir
a) FT-IR absorption spectrum

The infrared absorption spectrum of the lopinavir showed characteristic absorption
peaks at 3358 (O-H stretching), 2954 ( C-H stretching),1651(amide bond carbonyl
stretching; -C=0 ),and 1528 (urea C=O stretching) which are in agreement with the

reported values from the literature [9]. The FT-IR spectrum for bulk lopinavir is shown in
Fig. 3.1.
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Fig. 3.1: FT-IR spectrum of lopinavir in bulk form.

b) Thermal analysis

The DSC thermogram of pure drug demonstrated a single sharp endothermic peak
onset at 90.25 °C and peak endset at 103.05 °C. The average melting peak appeared at 97.38
°C. The single strong endothermic peak indicates that the sample of lopinavir is crystalline

in nature. The DSC thermogram data is presented in Fig. 3.2 below.
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Fig. 3.2: DSC thermogram of pure lopinavir.
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C) Molecular weight

In positive ionization mode, the protonated molecular ions (M+H)" are usually the
dominant species. Sometimes, molecular ions can also be accompanied by salt adducts such
as Na* (M+23) and K" (M+39). The mass spectrum for pure lopinavir in positive mode
(M+H) showed two distinct peaks at m/z 629 and m/z 651. The two peaks obtained in our
sample correspond to the sodium adduct of lopinavir (651 g/mol; (M+Na) and base form of
lopinavir (629 g/mol). A strong peak at m/z 627 in negative scan further confirms the
molecular weight of lopinavir as 628 g/mol, which is in close agreement with the reported

values [10]. The data is represented in Fig. 3.3.
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Fig. 3.3: Mass spectrum of lopinavir in a) positive and b) negative mode.

d) Assay and purity assessment

The assay results showed that the lopinavir used in the study has a purity of 98.91%.
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1. Determination of drug solubility

The data from solubility studies in different pH conditions are presented in Fig. 3.4.
The extent of solubility of lopinavir was found to be nearly same (~2.5 pug/ml) across the pH
conditions (pH 1.5 to 7.4). Results indicate that solubility of lopinavir is pH independent.
Lopinavir is reported to be a BCS class Il drug with log p~4.7 (lipophilic) and pKa value of
13.69 (poor ionization property). Data are in close agreement with previously published
reports [5].
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Fig. 3.4: Solubility profile of lopinavir (LPV) in different pH conditions and water. Each data

represents mean = SD (n = 3).

1. Partition coefficient

From experiment, the octanol-water partition coefficient (Pyy) of lopinavir was
found to be 40051 + 1571 (mean = SD, n = 3). The log Py value of the mean observation
was calculated as 4.60 which is in close agreement with the reported value of 4.69 [5].
Moreover, findings of partition coefficient experiments correlate well with the solubility
data.

Prior to experiment, the solubility studies of lopinavir in n-octanol and water were
also carried out to ensure that, at equilibrium, the distribution of lopinavir in n-octanol and
water was not limited by its solubility. The saturation solubility of lopinavir in n-octanol

was found to be 1.5 + 0.78 mg/ml by independent experiments.
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IV.  Stability studies
a) Liquid state stability studies

In order to estimate the stability of lopinavir in various pH conditions, the logarithm
of percentage lopinavir unchanged was plotted as a function of time (Fig. 3.5) and slope of
the curve was used to determine degradation rate constants (Ky) at the respective pH
condition. From the result, it is evident that the degradation of lopinavir followed first-order
rate Kinetics with high correlation coefficient values (Table 3.4). Data indicates the
lopinavir’s sensitivity towards extreme pH conditions. The rate of degradation was
relatively higher in both acidic condition and basic condition. Whereas, the degradation rate
of lopinavir was minimal at neutral pH conditions with the first order degradation rate
constant of 0.13 x 102 day™. Though, it is expected that while passing through GIT,
lopinavir would be exposed to extreme acidic environment for a maximum period of 4 h; the
fraction degradation during this period would be negligible. From these studies, it is
suggested that lopinavir needs to be processed at neutral condition and prolonged exposure

to extreme acidic and alkaline conditions must be avoided.
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Fig 3.5: First-order plot of lopinavir (LPV) degradation in various pH conditions at 25 °C.
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Table 3.4: First-order degradation rate constants (Kq) and respective regression coefficients
for lopinavir under different pH conditions.

pH condition | K4 x 10° (per day) | Regression co-efficient (r?)
1.2 0.57 0.9833
45 0.25 0.9067
6.8 0.13 0.9569
7.4 0.15 0.9001
9.0 0.38 0.9638

V. Drug-excipient compatibility studies

The drug-excipient compatibility studies were conducted in various drug
substance/excipient combinations. Excipients for the study were chosen based on their
potential for use in preparation of lopinavir nanoparticles. The study indicated that lopinavir
is stable in presence of all the tested excipients at both ambient and accelerated conditions.
The drug was found to follow first order degradation Kinetics in the mixture. Lopinavir
showed good stability at controlled room temperature and accelerated temperature with the
highest degradation rate constant of 0.52 x 10° day™ and 0.76 x 10 day™ respectively.

Drug content analysis showed high recovery of drug (> 95%) after 6 months of
storage at different stress conditions, which further supports the stability of lopinavir in the
physical mixture.

Furthermore, thermal analysis indicated no significant change in endothermic peak
of the drug when stored in combination with various excipients; suggesting the physical
compatibility of the drug with all studied excipients. In all the physical mixtures, drug
showed nearly same melting point peak at 97.2 °C, without any additional thermal events.
However in few cases, due to residual moisture in the sample, a broad interfering peak was
observed ranging from 93 °C to 110 °C.

Further, these findings were supported by infrared absorption spectrum as it
confirmed the absence of possible chemical interaction between drug and selected excipient.

The drug-excipient compatibility study did not reveal any physical and chemical
interaction between drug and various selected excipients. Hence, compatibility study would
support the rationale for selection of various excipients and justify the longevity of finished

product. The data obtained from the study are presented in the Table 3.5.
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Table 3.5: Compatibility analysis data of lopinavir with selected excipients.

> Thermal
Sample Name Storage conditions (};er dla?/) Assi\y (%) _ analysis
(mean £ SD, n = 3) Peak (°C)
Initial - 100 97.3
Lopinavir 25°C /60%RH 0.32+0.010 975+18 96.7
40°C /75%RH 0.56 +0.012 96.5+1.9 97.1
Initial - 98.5+2.1 96.2
Lopinavir+Mannitol 25°C /60%RH 0.45+0.012 97.8+1.1 95.1
40°C /75%RH 0.55+0.011 96.0+2.2 95.2
Initial - 98.2+1.2 96.3
Lopinavir+PCL 25°C /60%RH 0.32+0.013 97.1+1.1 96.1
40°C /75%RH 0.59 +0.012 96.4+24 95.8
Initial - 97.3+2.0 95.2
Lopinavir+Stearic acid 25°C /60%RH 0.48 £ 0.013 96.5+19 93.8
40°C /75%RH 0.63+0.014 955+2.6 93.6
Initial - 99.4+1.1 97.1
Lpoinavir+Pullulan acetate | 25°C /60%RH 0.31+£0.012 985+1.2 96.5
40°C /75%RH 0.58 +0.011 975+15 96.8
Initial - 98.3+2.0 97.3
Lopinavir+Tween 80 25°C /60%RH 0.48 £ 0.015 96.3+1.9 96.7
40°C /75%RH 0.76 £ 0.014 95.8+3.0 95.4
Initial - 99.4+1.0 96.4
Lopinavir+PVA 25°C /60%RH 0.34+0.012 98.9+1.2 96.5
40°C /75%RH 0.53+0.014 975+1.6 97.1
Initial - 98.90+ 1.7 96.5
Lopinavir+PCL+Tween 80 | 25°C /60%RH 0.52+0.014 96.5+1.9 97.1
40°C /75%RH 0.69 +0.014 95.8+2.1 96.7
Initial - 98.86+ 1.5 96.2
Lopinavir+Stearic acid+PVA | 25°C /60%RH 0.32 +0.011 96.9+1.8 95.3
40°C /75%RH 0.57 £0.013 95.8+1.8 95.9
Lopinavir+ Initial - 989+1.1 97.2
Pullulan acetate+PVA 25°C /60%RH 0.31+0.013 97.1+1.2 96.3
40°C /75%RH 0.58 £ 0.011 96.9+1.6 97.2

SD — Standard deviation; PCL — Poly (e-caprolactone); PVA — Polyvinyl Alcohol.
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Lipid based nanoparticles
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4.1 Introduction

Solid lipid nanoparticles (SLNs) are unique lipid-based drug-delivery carriers for a
number of reasons, including: i) feasibility to achieve particle in the size range of nanoscale
after drug encapsulation; ii) availability of biocompatible and biodegradable lipids; iii) ease
of preparation and scale up and economical to manufacture and iv) possibility to prepare
nanoparticles without using any organic solvent systems [1, 2].

In comparison to other lipid based nanocarriers (nanoemulsion, liposome), SLNs
offer controlled release of encapsulated drug attributed to its solid core which significantly
reduces the drug mobility [3]. Additionally, SLNs in a powder form, when loaded into
pellets, capsules, or tablets can further control the drug release over an extended period of
time. However, the undesired particle growth by agglomeration or coagulation resulting in
rapid “burst release” of the drug could limit the application of SLN formulation. Drug
expulsion from SLNs during storage has also been reported as a major disadvantage of the
present formulation. Several strategies have been investigated to improve stability of SLNs
including the addition of a surfactant coating, and creating imperfection in the lipid matrix
by adding chemically different solid lipid or lipid oils [3-5].

In preparation of nanoparticulate drug delivery system, the formulation parameters
and the process variables can affect the particle size, shape, charge, and encapsulation
efficiency of the nanoparticles which ultimately govern the therapeutic performance of the
product. Therefore, preparation of SLNs is challenging with the influence of various
formulation parameters such as nature and proportion of drug (lipophilicity and solubility),
lipid (chain length and digestibility) and stabilizers (HLB value) and processing variables
such as phase volume ratio, processing temperature, speed/intensity, time of mixing and rate
of evaporation/cooling [6, 7].

It is reported that the nature of lipid has a significant impact on the particle size and
loading capacity of nanoparticles. Irrespective of processing method used, lipids with higher
melting point produce larger particle size.  Further, the drug loading capacity of
conventional SLNSs is limited by the solubility of the drug in the lipid melt, the structure of
the lipid matrix and the polymeric state of the lipid matrix. Drug solubulization in a lipid
matrix ensures the greater partitioning of the drug towards the lipid core leading to high
payload [8, 9]. Furthermore, researchers have demonstrated a significant correlation in in
vivo performance of SLNs with the selection of lipids. It is reported that lipids with higher
carbon chain length are resistant to the intestinal lipase and co-lipase system, resulting

higher plasma concentrations and longer circulation time of the loaded drug [9, 10].
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Selection of both appropriate surfactant and concentration are critical to produce
stable SLNs with good entrapment efficiency. As discussed earlier, size and stability of
SLNs depend on the stability of the primary o/w emulsion. Therefore, in order to produce
stable nanoparticles, the primary emulsion system must contain emulsifier/surfactant with
suitable HLB value in appropriate concentration. Upon addition, emulsifier gets distributed
at o/w interface and stabilizes macro-emulsion for further processing. Surfactant stabilizes
nanoparticles either by imparting charge or creating stearic hindrance. Thus, it prevents
agglomeration of nanoparticles during storage [11, 12].

Another parameter that significantly affects the stability of SLNs is the rate of
cooling of lipid. The pure solid lipids are crystalline in nature and prefer to exist in a low
energy and a highly ordered state called the B-polymorphic state. During the preparation of
SLNSs, fast cooling creates an unstable and disordered amorphous o crystalline structure,
which allows drug retention within lipid matrix. However, during the storage period, this -
crystalline form gets converted slowly to B-crystalline structure; a thermodynamically stable
state of lipid. This change in crystallinity of lipid structure reduces the number of
imperfections in the lipid matrix, leading to subsequent expulsion of drug in a phased
manner [13]. Effect of ageing on drug expulsion in SLNs formulation is shown in Fig 4.1.

I. Freshly prepared SLN formulation II. Aged SLN formulation
Crystalline lipid matri
Amorphous clusters of //'TT\ rstatine Hpid mate
drug entrapped in = ' : >
imperfections of the Al ED A _.-Lki s "

lipid matrix

2

Drog expelled out of the
lipid matrix

Fig. 4.1: Effect of ageing on drug expulsion in SLN formulation.

In the recent past, with the use of SLNs, several attempts have been made to improve
the therapeutic effectiveness of antireteroviral drugs by targeting lymphatic system and
enhancing oral bioavailability [14, 15]. Results from these studies demonstrate the potential

of SLNs in the effective delivery of anti-HIV drugs.
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The objective of the present work was to i) design and characterize lopinavir loaded
SLNs and to ii) compare in vivo performance of the optimized formulation with the
currently marketed lopinavir/ritonavir co-formulation.

SLNs were rationally designed and optimized using Plackett—Burman Design and
Box—Behnken Design (BBD) and data were statistically analyzed using Design Expert
software (Full version 8.0.7.1, Stat- Ease Inc., Minneapolis, MN). Processes involved in

achieving optimum formulation of SLNs are shown in Fig. 4.2

w
« Screening and selection of lipids and surfactants.
« Identification of critical variables by Plackett-Burman Design.
J
~
 Optimization of nanoparticles by Box-Behnken design.
J
w

stability studies.

« Particle size, shape morphology, zeta potential, drug loading, drug release and

J
* Invitro : Metabolism study, permeability study, cytotoxicity study.
* Invivo: Single dose oral & IV pharmacokinetic studies, tissue
distribution study and lymphatic transport study. )

Fig. 4.2: Steps involved in the design, characterization and pharmacokinetic evaluation of SLN
formulations.

4.2  Materials

Lopinavir (LPV) was obtained as a gift sample from Mylan Laboratories Ltd.
Hyderabad, India. High purity lipids (stearic acid (SA; molecular weight, 284.4 g/mol),
glyceryl monostearate (GMS), glyceryl distearate (GDS), glyceryl tristearate (GTS), and
glyceryl behenate (GB) were purchased from M/s Himedia Pvt. Ltd. (Hyderabad, India).
Poloxamer 407 (P407), Poloxamer 188 (P188), polysorbate 80 (Tween 80) and mannitol
were procured form Signet Chemicals, Mumbai, India. All other chemicals used were of
analytical grade and the solvents were of HPLC grade. Freshly collected Milli-Q water
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(Millipore, Billerica, MA) was used in preparation of aqueous mobile phase of HPLC
analysis.

4.3  Methodology

4.3.1 Screening and selection of lipid for preparation of SLNs

Selection of lipids for preparation of lopinavir loaded SLNs was based on the
potential of lipid to encapsulate drug and its cost effectiveness. It is reported that in solid
lipid nanoparticles, drug is either dissolved or dispersed in the lipid matrix. Therefore,
extent of drug solubility in a lipid matrix is a good indicator of its encapsulation efficiency.
In order to determine the maximum solubility of lopinavir in different lipid matrices,
previously reported method with slight modification was followed [16]. Briefly, accurately
weighed amount of lopinavir (10 mg) was added to a screw-capped glass vial. To this,
individual lipids [stearic acid (SA), glyceryl monostearate (GMS), glyceryl distearate
(GDS), glyceryl tristearate (GTS), or glyceryl behenate (GB)] were added in incremental
amounts while maintaining the temperature of the vial 5-10 °C above the melting point of
the lipid. Drug solubility in lipid solution was visually monitored. Absence of any
suspended particles in the molten lipid was considered as a visual endpoint for drug
solubilisation.

Surfactants were carefully selected for the preparation of SLN formulations. For the
initial trials, two distinct types of surfactants (polyvinyl alcohol and polysorbate 80 or tween
80) having different mechanisms of nanoparticle stabilization were selected. From the
literature, it is evident that polyvinyl alcohol (PVA) is a widely used steric stabilizer for the
preparation of nanoparticles. PVA absorbs on to the nanoparticle surface and creates
repulsive barrier that prevents particle aggregation. On the other hand, being HLB value 16,
tween 80 is a preferred surfactant for stabilizing o/w type emulsion. Hence, deemed suitable
for preparation of SLN formulations [17, 18].

Solubility of lopinavir in various lipid matrices was established and data are
presented in Fig. 4.3. From the study, the lowest amount of lipid required to dissolve 10 mg
of lopinavir was determined. It is assumed that lipid having a higher solubility for lopinavir
(lipid with lowest amount) will exhibit better drug loading in the SLNS.

The data from study reveals a significantly higher solubility of lopinavir in stearic
acid than any other lipids chosen for the study. Stearic acid is an endogenous long-chain
saturated fatty acid and a primary component of fats in both animal and plant sources,
providing better biocompatibility and low toxicity. Therefore, stearic acid based

nanoparticles is considered to be a potential drug carrier for oral delivery of lopinavir [19].
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Fig 4.3: Solubility profile of lopinavir in different lipids in terms of amount of lipid required to
dissolve 10 mg of lopinavir. Each value represents mean + SD of three independent
observations. SA — stearic acid, GMS — glyceryl monostearate; GDS — glyceryl distearate,
GTS — glyceryl tristearate, GB — glyceryl behenate.

Considering the cost effectiveness, biodegradability, biocompatibility and extensive
solubility of lopinavir, stearic acid was selected as a drug carrier for formulation of lopinavir
loaded SLNs.

4.3.2 Experimental Design

The method for preparation of lopinavir SLNs involves several variables. To screen
critical variables that affect quality attributes of SLNs, a low resolution Plackett-Burman
Design (PBD) was used. Total of 11 variables were studied at two levels to determine their
influence on two responses, viz. entrapment efficiency percentage (EE %) and particle size
of loaded SLN formulations. The variables studied were: type of surfactant (PVA and tween
80), concentration of surfactant (0.5% and 1.5% w/v), temperature of surfactant solution (25
and 75 °C), volume of external phase (10 and 30 ml), speed of homogenization (7500 and
12500 rpm), time of homogenization (2 and 8 min), amount of lipid (400 and 1200 mg),
time of ultra-sonication (5 and 15 min), amplitude of ultra-sonication (70% and 100%),
ultra-sonication pulse (continuous and pulse mode) and temperature during homogenization
(25 and 75 °C).

Based on the results obtained from PBD, three critical variables that significantly
affect EE and particle size were identified (Table 4.1). These variables were further
optimized using Box-Behnken Design (BBD). BBD, a sub-type of response surface

methodology (RSM), was employed to develop quadratic models for optimization process
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and to reduce the number of experimental trials. A 17-run, 3-factor, 3-level BBD was
constructed to evaluate main effects, interaction effects and quadratic effects of identified
initial factors. Non-linear quadratic model generated by BBD design was in the following
form:

Y = by + biXq + bpXo + bsXg + b1oX1Xp + b13X1 X + 023X X3 + b1y Xs?+ bppXo?+ baXs?

Where, Y is measured response associated with each factor level combination; by -
bss are regression coefficients of respective factors and their interaction terms computed
from observed experimental values of Y and Xj, Xy, X3 are the coded levels of independent
variables. The terms XiX», XoXs, XsX1 and Xi? (i = 1, 2 or 3) represent the interaction and
quadratic terms respectively. Dependent and independent variables selected are shown in
Table 4.1. Critical variables evaluated in present study were surfactant concentration (Xy),
lipid amount (X;) and ultra-sonication time (X3). Responses studied were particle size (Y1)
and EE (Y;). Experiment design matrix generated by software is presented in Table 4.2.

Table 4.1 Variables and their levels in Box-Behnken Design (BBD).

Levels used
Low (-1)  Medium (0) High (+1)

Factor

Independent variables

X1 = Surfactant concentration (% w/v) 0.5 1 1.5

X, = Lipid amount (mg) 400 800 1200

X3 = Ultra-sonication time (min) 5 10 15
Dependent variables Constraints

Y= Particle size (nm) Minimum

Y, = Entrapment efficiency (%) Maximize

4.3.3 Preparation of solid lipid nanoparticles (SLNSs)

Lopinavir SLNs were prepared by previously reported warm oil-in-water micro-
emulsion dispersion technique [20]. Briefly, stearic acid (quantity varied as per
experimental design) was held in a molten state at 75 + 0.5 °C and accurately weighed
quantity of lopinavir (20 mg) was dispersed thoroughly in it to form a homogenous
dispersion. Aqueous phase (25 ml) was prepared by dissolving PVA (quantity varied as per
experimental design) into high purity water which was then heated. When temperatures of
both the phases became isothermal, hot surfactant solution was added to molten lipid phase
under homogenization (Polytron PT 3100D, Kinematica, Switzerland) at 10000 rpm for 3
min while maintaining the temperature at 75 + 0.5 °C. The obtained microemulsion was

quickly ultra-sonicated using a probe sonicator (Vibra cell, Sonics, USA) for a specific time
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period at a constant amplitude (80 W output). The obtained o/w nanoemulsion was then
cooled down in an ice-bath to form SLNs and the volume was finally adjusted to 75 ml with
high purity cold water. Resultant colloidal preparation was centrifuged at 20,000 x g for 45
min to obtain lopinavir loaded SLNs. Prepared nanoparticles were washed three times with
water to remove adherent free drug from the outer surface of nanoparticles. Washed
nanoparticles were re-suspended in water and subjected to pre-freezing at —80 °C for 6 h.
Further, freeze-drying was carried for 12 h at —110 °C in a lyophilizer (Coolsafe 110-4,
Scanvac, Denmark). Five percent mannitol was used as a cryoprotectant. This lyophilized
powder was stored in sealed glass containers at room temperature till further use. The

scheme of preparation is illustrated in Fig. 4.4 below.

A: Lipid Phase ] B: Aqueous Phase
(Stearicacid + LPV) (PVA + Water)
75+0.5°C 75+0.5°C

H: Freeze dried powder

i}

G: Freeze drying

i}

F: Washing (3 cycles)

D - -
O l:%:

Ice-bath
W
J =
|
C: High-speed Homogenization D: Ultrasonication E: Separation
10,000 rpm; 3 min N )
25 +0.5°C (Centrifugation @ 20,000 x g)

Fig. 4.4: Schematic representation of preparation of lopinavir SLNs by o/w micro-emulsion
dispersion technique.

4.3.4 Analysis of lopinavir
The concentration of lopinavir present in different matrices was determined by RP-

HPLC method as described in earlier section no. 2.2.
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4.3.5 Nanoparticles characterization
a) Particle size and zeta potential analysis

Particle size, size distribution and zeta potential of the prepared NP dispersions were
measured by Zetasizer (Nano ZS, Malvern Instruments Ltd., Worcestershire, UK). All the
samples were suitably diluted with double distilled water before measurement.
Backscattering was measured by a detector at an angle of 173°. Instrument temperature was
set at the 37 °C during the measurement.

b) Scanning electron microscopy (SEM) analysis

The surface morphology of optimized SLN formulation was examined under
scanning electron microscope (JSM-6360LV Scanning Microscope; Jeol, Tokyo, Japan).
Before analysis, 100 pl of SLN dispersion was placed on an aluminum stub and dried
overnight under vacuum. This was then sputter-coated using a thin gold-palladium layer
under an argon atmosphere using a gold sputter module in a high-vacuum evaporator (JFC-
1100 fine coat ion sputter; Jeol, Tokyo, Japan). These coated samples were then scanned
and photomicrographs were taken at an acceleration voltage of 15 kV.

C) Differential scanning calorimetry (DSC)

DSC analysis was carried out using DSC 60 (Shimadzu, Kyoto, Japan) instrument.
Accurately weighted samples were taken in an aluminium pan and crimp sealed. Samples
were equilibrated at 25 °C in DSC chamber. After sufficient equilibration time, samples
were heated over a temperature range of 25 to 200 °C with constant heating rate of 5 °C/min
during analysis.

d) Entrapment efficiency (EE) and drug loading determination

Drug EE was determined by previously reported ultra-filtration method [21] with
slight modification using microfilters (Amicon Ultra; MWCO; 10 KbDa). Briefly,
microfilters containing 0.5 ml of SLN dispersion (suspended in water) were centrifuged at
6000 x g for 30 min to separate un-entrapped drug (free drug, Wiree 1opinavir) from the total
drug (Wiotal 1opinavir) @dded to the formulation. Un-entrapped drug (drug diffused through the
membrane) was quantified by validated RP-HPLC method as described in an earlier section.
Drug EE was calculated by following equation:

Wtotal lopinavir - Wfree lopinavir

EE(%»:[

]x100

Wtotal lopinavir
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Absence of membrane adsorption (non-specific binding) of lopinavir was confirmed
by filtering lopinavir solution (1.5 pg/ml) prepared in phosphate buffer saline through
microfilters. Recovery studies confirmed minimal adsorption of lopinavir (< 1%).

e) In vitro release study

In vitro drug release study of lopinavir nanoparticles was performed using the
dialysis bag method [22]. Both free drug and lopinavir loaded nanoparticles were studied for
in vitro release behaviour. For the study, a sealed dialysis bag (MWCO, 12-14 kDa, pore
size 2.4 nm), containing free drug or loaded NPs equivalent to 1.5 mg lopinavir was
completely submerged in to 50 ml drug release media (PBS containing 0.1% w/v Tween 80,
pH 7.4). The temperature of the media was maintained at 37 + 0.5 °C and media was stirred
at 50 rpm using magnetic bead. The drug release media were completely replaced at pre-
determined time intervals to the maintain sink conditions. Cumulative release of lopinavir in
sample solution was determined by HPLC.

Obtained data were fitted into zero order, first order, Higuchi and reciprocal-
powered time mathematical models for evaluation of release kinetics. Regression coefficient
(r?) and time for 50% dissolution (tss;) Were calculated for the best-fit model.

1) Zero order model: F = kyt,

2) Firstorder model: In(1 — F) = —kft,
3) Higuchi model: F = ky W/,
4) Reciprocal powered time model: (1/F —1) = m/t°

Where, F is fraction of drug released up to time t; ko, ki, kg, m and b are model parameters.

f) Stability studies

Stability of prepared formulations was assessed as per International Conference on
Harmonization (ICH) Q1A (R2) guidelines (ICH, 2003) [23]. Briefly, lopinavir loaded NP
suspensions were stored in sealed glass vials at at 25 + 2 °C/60 + 5% relative humidity in
stability chamber (Remi, Mumbai, India). Control samples were stored at 2-8 °C in a
refrigerator. Both of these samples were analyzed at monthly intervals over a period of three
months for particle size, zeta potential and EE. Statistical evaluation was done using
GraphPad Prism version 5.03 for Windows software (GraphPad Software, San Diego,
USA).
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4.3.6 Invitro/in vivo evaluation of optimized SLNs
a) Pharmacokinetic study
) Selection of animal model

One of the most important facets of biomedical research is selecting the species of
laboratory animal best suited for a particular purpose. Use of laboratory animals as model is
often based on the premise that animals are more or less similar with respect to many
biological characteristics and thus can be compared with humans. More specifically, animal
models used during the pre-clinical evaluation are deemed appropriate if metabolites
observed in humans (by in vitro methods or by clinical studies) are also formed in the
animal model [24].

To study the pharmacokinetic behaviour of lopinavir, rat is considered the best
animal model due to close similarities in metabolism and disposition characteristics of
lopinavir in rats and humans. In a cross species study, Sham et al have demonstrated poor
oral bioavailability of lopinavir attributing to extensive first pass metabolism and rapid
clearance in both human and rat [25]. Metabolite profiling of lopinavir conducted with
human liver microsomes and rat liver microsomes also reveals a close resemblance in
metabolic pathways and metabolite formation [26]. Further, researchers have also
demonstrated the sensitivity of rat towards the booster effect of ritonavir. Moreover, several
researchers have used rat as a model to screen anti-HIV activity and booster effects of
ritonavir [27, 28]. Thus, based on available literature, rat was chosen as an animal model to
study the drug disposition behavior of various lopinavir formulations.

i) Validation of animal model

In order to validate rat as an appropriate pharmacokinetic model for human,
metabolism studies of lopinavir in rat liver microsomes and human liver microsomes were
conducted. From the metabolism data, in vivo hepatic clearance of lopinavir (with and
without ritonavir) was predicted for both of the species [29].

Hepatic clearance study of lopinavir was performed using established methods
adapted from literature [30]. Substrate (lopinavir) and protein (microsomes) concentrations
were optimized before the experiment. Results indicate that a maximum of 10 uM substrate
and 1 mg /ml protein (of microsomal enzymes) can be used to study linear metabolism of
lopinavir. Parent depletion method was used to determine in vitro t;;, of drug. The analyte
peak areas were respectively converted to percentage drug remaining, using the T= 0 peak
area values as 100%. The slope of the linear regression from log-percentage remaining

versus incubation time relationships (-k) was used in the conversion to in vitro ty,, values by
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in vitro ty, = -0.693/k. Conversion to in vitro CL iy (ml/min/kg) was done using the

following formula:

0.693 ml incubation 45 mg microsomes _ 20 gm liver

CLin =

invitrot1/2 mg microsomes gm liver kg b.w.

Details of experimental conditions are discussed under microsomal study section
(4.3.6 d). Samples were terminated at pre-defined time intervals of 0 min, 5, 10, 15, 30, 45
and 60 min. Results obtained from metabolism studies are presented in Fig. 4.5.

45 - {CQh: 54.5)
40 -~
35 ~
30 -
25 ~
20 - (Qh:21.2)
15 -~
10 -~
5 -
D. -

Predicted Hepatic Clearance
[ml/min/kg)

HLM RLM
HLPV OLPV+RTV

Fig. 4.5: Microsomal clearance study of lopinavir (with and without ritonavir 2.5 uM) in HLM and
RLM. Parent depletion method was used to determine hepatic clearance of lopinavir (10

HM).

Result from metabolism study reveals high hepatic clearance of lopinavir in both rat
and human. Predicted hepatic clearance of lopinavir for human and rat was 15.8+1.3
ml/min/kg and 38.9+2.5 ml/min/kg respectively. From the data, oral bioavailability of a

lopinavir was predicted using following equation [30];

F= [1—(%)]){100

Where Clh is hepatic clearance and Qh is portal blood flow. Portal blood flow in

humans and rats are reported to be 21.2 ml/min/kg and 54.5 ml/min/kg respectively.
The oral bioavailability of lopinavir in rats (~28%) and humans (~25%) were

predicted to be poor which agrees well with the reported literatures [31, 32]. Further, from

the data, it is also evident that the rat microsomal system responds well towards ritonavir
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and nearly similar reduction of hepatic clearance of lopinavir was observed in both of the
microsomes.

Hence, from metabolism data, we validated rat as an appropriate model to study
pharmacokinetic characteristics of lopinavir, ritonavir and lopinavir/ritonavir co-
formulation.

iii) Dose selection and study restrictions

Human equivalent therapeutic dose in rats was calculated using the allometric
equation for pharmacokinetic study of lopinavir [33]. As discussed earlier, recommended
dose of lopinavir in adult patients for HIV treatment is 400 mg - lopinavir /50 mg -
ritonavir. Based on body surface area, scaled down dose of Kaletra® in rat was calculated to
be ~ 20 mg/kg lopinavir and 5 mg/kg ritonavir. Therefore, powder equivalent to lopinavir 20
mg/kg (and ritonavir 5 mg/kg) was orally administered to rats assigned for co-formulation
group. In all pharmacokinetic studies, lopinavir/ritonavir co-formulation was prepared by
crushing Kaletra® equivalent Lopimune® tablets (200 mg/50 mg) and suspending in 0.5%
w/v methylcellulose (MC).

The study was restricted to fasted male rats, as a marked sex difference [34] and
drug—food interaction [35] effects have been reported on the pharmacokinetic parameters of
lopinavir and ritonavir in humans.

Pharmacokinetic studies were performed using male wistar rats, weighing 180-220
g. Animals were fasted overnight (12 h) before dosing and continued on fasting until 4 h
post administration of the formulation. Thereafter, rat chow diet was provided ad libitum. In
all studies, freshly prepared drug formulations were administered.

iv) Pharmacokinetic study design
A) Single dose oral study

For the oral pharmacokinetic study, based on study design, three different treatment
groups were taken with five animals in each treatment group. Treatment groups were
designated as: Group A (control group) - treated with lopinavir alone (20 mg/kg, lopinavir
suspended in 0.5% w/v MC); Group B - treated with lopinavir/ritonavir co-formulation
(20/5 mg/kg); Group C- treated with optimized lopinavir SLN formulation (20 mg/kg).

In a separate set of study, effect of lipid on the pharmacokinetics of lopinavir was

evaluated by co-administering free lopinavir with blank SLNs (10 ml/kg).
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B) Single dose 1V bolus study

Intravenous pharmacokinetic studies of lopinavir were conducted following single
dose bolus administration (IV, 4 mg/kg, 1 ml/kg) of free lopinavir solution and lopinavir
SLNs. For the study, animals were randomly divided into two groups with five animals in
each group. Group A (control group) - treated with a free lopinavir solution; Group B -
treated with lopinavir loaded SLNs. For intravenous administration, lopinavir was dissolved
in PEG:Ethanol:Water pre-mix.

(03] Blood collection

Blood samples were collected from the orbital sinus into microfuge tubes containing
(10% v/v) anti-coagulant (3.8% wi/v sodium citrate) at pre-dose, 0.17, 0.25, 0.5, 1, 2, 3,4, 6
, 8 .and 12 h post dose for oral studies and at pre-dose, 0.08, 0.17, 0.25, 0.5, 1, 2, 4, and 6 h
post dose for IV studies. Collected blood samples were kept on ice until further processing.
These samples were further harvested for plasma by centrifuging at 4 °C for 10 min at 650 x
g and then stored at —70 °C until further analysis. The samples were analyzed by a validated
HPLC method for estimation of lopinavir in rat plasma matrix.

b) Tissue distribution study

Lopinavir bio-distribution was assessed in male wistar rats (180 + 20 g; n = 36). The
rats were randomly divided into three groups with 12 animals in each group. The groups
were designated as: Group A (control group) - treated with lopinavir (20 mg/kg, lopinavir
suspended in 0.5% w/v MC) alone; Group B - treated with lopinavir/ritonavir co-
formulation (20/5 mg/kg); Group C - treated with the optimized lopinavir SLN formulation.

Three rats from each group were sacrificed at 0.5, 1, 2 and 4 h post-dosing.
Individual animals were perfused with heparinized (5 1U) saline (0.9% w/v NaCl) through
the portal vein in order to remove circulating blood from body organs before tissue
collection. Tissues of interest (liver, spleen and mesenteric lymph nodes) were collected and
stored at —70 °C until further analysis.

As discussed earlier, prior to analysis, tissue samples were thawed to room
temperature, minced and homogenized to a fine paste (25% wi/v) in a tissue homogenizer
(Remi, Mumbai, India) along with methanol:water (1:4) mixture. Lopinavir was extracted
from tissue homogenate by adding a protein precipitating agent, acetonitrile in the ratio 1:3
(v/v). Extracted samples were centrifuged (6000 x g for 15 min) and resultant clean
supernatant (75 pl) was injected into the HPLC to determine lopinavir concentration in

tissue samples.
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c) Lymph transport inhibition study

Cycloheximide (CXI) is known to inhibit lymphatic uptake by interfering with
secretion process of chylomicrons in enterocytes [36]. To discern the mechanism of SLN
uptake, pharmacokinetic studies of free lopinavir and lopinavir SLNs were carried out in
presence of CXI.

Based on experimental design, rats were randomly divided into four groups with
three rats in each group. Groups were designated as follows: Group A and Group B — rats
received (20 mg/kg) either free lopinavir or lopinavir SLNs; Group C and Group D — rats
pre-treated with CXI and received either free lopinavir or lopinavir SLNs. Group C and
Group D animals were pre-treated with CXI (3 mg/kg) intra-peritoneally (i.p.) 1 h prior to
the drug administration. An equal volume of saline (3 mg/kg) was administered (i.p.) to
Group A and Group B rats.

d) In vitro metabolism stability study

In vitro metabolism stability studies were performed by incubating free lopinavir,
lopinavir/ritonavir (ritonavir at an effective concentration of 2.5 uM) co-formulation and
lopinavir SLNs with rat intestinal microsomes (RIM) and rat liver microsomes (RLM) (1
mg/ml) at an effective concentration of 10 pM. The metabolism reaction was initiated by
addition of NADPH (2 mM) in phosphate buffer (100 mM, pH 7.4). Incubations were
performed at 37 °C in a shaking water bath for 30 min. The reaction was terminated by
addition of cold acetonitrile. Samples were vortexed briefly and centrifuged at 6000 x g for
15 min. Resultant clean supernatant (75 ul) was injected into HPLC. Percentage metabolism
of lopinavir was determined in all three test conditions.

In a separate set of experiment lopinavir was incubated in enzyme free buffer for 30
min to determine absence of lopinavir degradation in buffer (data not shown).

Effect of excipients present in SLN formulation on metabolic function of the
microsomal enzyme system was examined by incubating blank SLNs (SLNs prepared
without drug) along with free lopinavir. Any difference in metabolism (compared with free
lopinavir alone) was taken as enzyme inhibition.

e) Intestinal uptake study

Everted gut sac studies in rats were performed using established methods adapted
from literature [37]. For the study, male wistar rats were fasted overnight for 12 h and
sacrificed by cervical dislocation. The rat intestinal segments were identified and separated
from the body. A length of 8-10 cm of jejunum was rapidly removed and gently everted

over a glass rod. Everted intestine was then slipped off the glass rod and placed in a flat dish
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containing Krebs-Henseleit bicarbonate (KHB) buffer oxygenated with O,/CO, (95% / 5%)
at 37 °C. Further, KHB solution (0.5 ml) was filled into the everted gut sac. The sac was
sealed by tying open ends with silk thread. Intestinal sacs were then placed in individual
incubation chambers containing free lopinavir (2.5 pg/ml), lopinavir/ritonavir (lopinavir and
ritonavir at an effective concentration of 2.5 pg/ml and 0.625 pg/ml, respectively) co-
formulation, lopinavir SLNs (2.5 pg/ml), and lucifer yellow (10 pg/ml) prepared in KHB
buffer at a maintained temperature of 37 °C.

In order to discern the uptake mechanism, permeability studies for lopinavir in free
lopinavir, lopinavir/ritonavir co-formulation and lopinavir loaded SLNs were conducted at
low temperature or in the presence of specific endocytosis inhibitors; chlorpromazine (CPZ,
10 pg/ml) and nystatin (NYT, 25 pg/ml). After an incubation time of 60 min, intestinal sacs
were carefully removed, blotted onto filter paper and contents were collected. Intestinal sacs
were rinsed thrice with KHB solution and rinsings were pooled with original content for
analysis. Samples were analyzed by a validated HPLC method.

In the present study, lucifer yellow was chosen as a fluorescent hydrophilic
paracelluar marker to evaluate epithelial cell tightness over the study period [38]. Lucifer
yellow was measured by previously reported spectrofluorimetric method [39] with
excitation and emission wavelengths of 418 and 512 nm. Briefly, calibration curve for
lucifer yellow was prepared in buffer solution. Mucosal and serosal samples were
centrifuged for 10 min at 3000 xg to precipitate mucus and other solid matter. Samples were
appropriately diluted with a blank buffer before analysis.

Papp Values, expressed in cm/s, were calculated [40] in each experimental condition
using the following equation:

_cdQ 1
Papp = ( dt ) X AxCO

Where dQ/dt is the rate of appearance of lopinavir or lucifer yellow in the everted
gut sac (receiver compartment), C, is the initial concentration of lopinavir or lucifer yellow
outside everted gut sac (donor compartment) and A is the total cross sectional area of tissue.
4.4  Statistical analysis

All in vitro studies were performed in triplicate and data from these experiments are
expressed as mean + SD. Non-compartmental pharmacokinetic analysis was performed
using Phoenix® WinNonlin® (Pharsight Inc., Mountain view, CA, USA) to determine

various pharmacokinetic parameters. Unpaired t-test or Analysis of Variance (ANOVA),
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followed by Dunnett’s test (Graphpad Prism, version 5.03) was used to assess any

significance of difference between means. The significance level was set at 5%.
45  Results

45.1 Experimental design
a) Preliminary experiments

Critical process variables in preparation of SLN formulations were screened using
low resolution Plackett-Burman design (PBD). Particle size and EE of lopinavir loaded
SLNs were taken as critical quality attributes. From PBD, amount of lipid, surfactant type,
surfactant concentration and ultra-sonication time were found to be most critical variables
influencing EE and particle size. For evaluation of the effect of surfactant; type two
surfactants, tween 80 and PVA were selected. Formulations prepared with tween 80 (1%
w/v) showed low particle size (245.2 + 2.2 nm) and moderate EE (40.4 + 3.3%). However,
formulations with PVA (1% wi/v) showed particle size of 239.5 £ 3.2 nm and EE of 75.6 £
2.1%. Difference in EE is explained by the difference in saturation solubility of lopinavir in
aqueous solution of these surfactants. The saturation solubility of lopinavir in tween 80 and
PVA solutions (1% w/v) were 45.8 = 1.4 pug/ml and 2.5 = 0.8 pg/ml respectively. Hence,
PVA was selected as a surfactant for further trials.
b) Box-Behnken design

Selected critical variables showed statistically significant influence on particle size
and EE (Table 4.3). Quadratic equations establishing main effects and interaction effects
were determined based on estimation of statistical parameters generated by Design Expert
software. Statistical validation of quadratic equations was confirmed by ANOVA. In Fig.
4.6 (a-d), response surface graphs illustrating the effects of critical variables on the particle
size and the EE of SLNs are presented.

Effects on particle size (Y1)

As shown in Table 4.2, particle size of formulations ranged between 218.5 nm (run
1) and 415.0 nm (run 8); this indicated sensitivity of critical variables selected for study.
Experiments carried out at the center points (run 1, 6, 13, 16 and 17; n = 5) of the design
indicate reproducibility of experiment as coefficient of variation (CV) is less than 2%.

Independent factors affecting particle size can be explained by following quadratic equation:

Y1=219.7 - 9.76 (X1) + 18.3 (X2) + 2.19 (X3) + 0.75 (X1X2) + 3.53 (X1X3) — 29.90 (X2X3)
+90.34 (X1 %) + 47.96 (X;%) + 40.49 (X39)
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A regression coefficient () of 0.9432 for the equation indicated a good correlation

between observed response and selected critical variables. Residuals were distributed

randomly around zero and there was no effect of experimental sequence on the trend of

residuals.

Effects on entrapment efficiency (EE, Y2)
As shown in Table 4.2, EE varied between 45.1% (run 11) to 83.0% (run 1) which

indicates that the response was sensitive towards selected factors. Experiments performed at

the center points of the design (run 1, 6, 13, 16 and 17; n = 5) confirmed that the

experimental method was highly reproducible (CV < 3%). From the data presented in Table

4.3, it is evident that independent factors affecting EE were; concentration of surfactant

(X1), amount of lipid (Xz) and time of ultra-sonication (X3).

Effect can be explained by following second-order polynomial quadratic equation:

Y, =79.80 + 6.70 (X1) + 11.61 (Xp) + 3.99 (X3)— 3.55 (X1X2) — 3.40 (X1X3) — 1.27 (X2X3)
— 7.44 (X1?) — 6.81 (X,?) — 8.36 (X3°)

The regression value of above equation was 0.9866 indicating suitability of the

selected design model. Residual analysis showed that residuals were normally distributed

around zero and there was no trend of residuals on the outcome.

Table 4.2. Box-Behnken experimental design.

Surfactant Lipid Ultra-sonication  Particle  Entrapment
Run concentration  amount time size efficiency
(X1, % Wiv) (X3, mg) (X3, min) (Y1, nm) (Y, %)
1 1.0 800 10 218.5 83.0
2 0.5 800 15 367.8 59.8
3 0.5 800 5 3725 59.2
4 15 400 10 299.0 62.0
5 1.0 400 15 366.8 51.8
6 1.0 800 10 220.0 77.0
7 15 800 5 327.8 75.8
8 0.5 1200 10 415.0 76.2
9 1.0 1200 5 309.5 80.0
10 1.0 400 5 239.3 55.0
11 0.5 400 10 353.4 45.1
12 1.5 1200 10 364.2 78.9
13 1.0 800 10 222.0 81.0
14 1.5 800 15 335.9 62.2
15 1.0 1200 15 316.2 717
16 1.0 800 10 217.0 77.4
17 1.0 800 10 221.0 81.1
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b)

d)
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Fig. 4.6: a) Response surface plot showing effect of surfactant concentration (X;) and lipid
amount (X,) on particle size; b) Response surface plot showing the effect of surfactant
concentration (X;) and ultra-sonication time (X3) on particle size; ¢) Response surface
plot showing the effect of surfactant concentration (X;) and lipid amount (X,) on
entrapment efficiency; d) Response surface plot showing effect of surfactant
concentration (X;) and ultra-sonication time (X3) on entrapment efficiency.

C) Optimization and validation

To acquire an optimized formulation, desirability function (0.95) was probed using
Design Expert software. As shown in Table 4.1, selection of optimum formulation was
based on pre-set criteria. Conditions for optimal formulation as predicted by the software
were as follows: surfactant concentration = 1.09% (w/v), lipid amount = 880.23 mg and
duration of ultra-sonication = 9.05 min. To prove the validity of this statistical model,
verification runs (n = 6) with these conditions were carried out; Wilcoxon Sign Rank Test
was used to identify statistically significant differences between actual and theoretical
values. At o = 0.05, there was no statistically significant difference between actual and
theoretical values for particle size (p > 0.0867) and EE (p > 0.875). This affirms the validity
of the proposed model. Optimized formulation exhibited particle size of 223.3 + 4.3 nm,
and EE of 83.1 + 2.35%.

Table 4.3. Statistical analysis results of particle size and entrapment efficiency (EE).

Source Particle size (Y1) EE (Y,)

Sum of DF F-value P-value Sum of DF F-Value P-value
Squares Squares

Model 68738.63 14.54 0.001* 2237.02 57.19 0.0001*
X1 4145.05 7.89 0.0262* 176.72 40.66  0.0004*
Xs 2679.12 5.1 0.049*  1078.8 248.22 0.0001*
X3 2363.28 45  0.0716" 714 16.43  0.0049*
X1 X2 2.25 0.0042 0.9497" 50.41 11.6 0.0114*
X1X3 49.7 0.095 0.7674"  46.24 10.64  0.0138*

X1 34361.53 65.41 0.0001* 23291 53.59  0.0002*
X, 9685.9 18.44  0.0036* 195.41 4496  0.0003*
X4 6902.05 13.14  0.0085* 294.45 67.75 0.0001*
Residual 3677.53 30.42
Lack-of -fit 3661.73 309.01 0.078 1.62
Pure error 15.8 28.8 4

Total 72416.16 16 2267.44 16
*Significant at p < 0.05. "Not significant at p < 0.05 (non significant lack-of-fit).

9 9
1 1
1 1
1 1
1 1
1 1
XoX3 3576.04 1 6.81  0.035* 6.5 1 1.5  0.2608"
1 1
1 1
1 1
7 7
3 3 0075 0.9702°
4
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4.5.2 Nanoparticles characterization

From SEM photomicrograph, near spherical shape of optimized lopinavir SLNs was
evident (Fig. 4.7). Mean particle size, polydispersity index (PDI) (Fig. 4.8) and zeta
potential value of optimized lopinavir SLNs (n = 6) were 223.3 £ 4.3 nm, 0.21 + 0.11 and

—21.23 £ 2.5 mV respectively. The negative zeta potential was attributed to the presence of

free carboxylic acid groups in SA.

Sow Destrhtirm by miersihy

» 884121 2 T 10 10T

Fig. 4.7 and 4.8: Scanning electron microscopic image (right) and particle size distribution profile
(left) of the optimized lopinavir SLNSs.

Fig. 4.9 shows DSC thermograms for pure lopinavir, bulk stearic acid (SA, lipid),
physical mixture of lopinavir and SA (1:1), blank SLNs and lopinavir SLNs. DSC
thermogram for pure lopinavir showed a sharp melting peak at 97.2 °C while bulk SA
showed melting peak at 69.8 °C. In DSC thermograms of blank and lopinavir SLNs, an
additional peak observed at 168.3 °C was of mannitol (used as cryoprotectant).

Fig. 4.10 represents in vitro drug release profiles of optimized SLNs and free
lopinavir. Free lopinavir completely released from dialysis bag within 5 h. Lopinavir SLNs
showed a bi-phasic release pattern; this was characterized by an initial rapid release (45%)
in first 8 h followed by slow and continuous drug release up to 96 h. Drug release kinetics
were studied by fitting data into various mathematical models. From regression analysis,
drug release from SLNs was most appropriately described by reciprocal-powered time
model (r* = 0.9763). In comparison, zero-order kinetics (r* = 0.3198), first-order kinetics (r*
= 0.9437) and Higuchi kinetics (> = 0.8784) showed relatively lower r? values. Time taken
for 50% drug release (tsoe) from SLNs was calculated to be 11.21 h.
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Fig. 4.9: Overlaid DSC thermograms of pure lopinavir, bulk SA (lipid), bulk PVA, physical
mixture of lopinavir: SA (1:1), lopinavir: PVA (1:1), lopinavir: SA: PVA (1:1:1), blank
SLNs and lopinavir SLNs. LPV, lopinavir; SA, stearic acid; PVA, polyvinyl alcohol;
SLNs, solid lipid nanoparticles.
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Fig. 4.10: In vitro drug release profile of free lopinavir and lopinavir SLNs in PBS pH 7.4. Data are
presented as mean £ SD (n = 3).

Stability estimation for optimized lopinavir SLN suspension was done on the basis

of particle size, EE, zeta potential and PDI variations during three month study period.

Results show (Fig. 4.11) that there was no significant (p < 0.05) change in assessed

parameters when lopinavir SLNs are stored at 2-8 °C. Similarly, SLN sample stored at 25 +
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2 °C/60 + 5% RH showed no significant change in particle size and zeta potential. However,
in these samples, statistically significant (p < 0.05) reduction in EE was observed. The EE
of SLNs at the end of 3 months was 70% of initial formulation. Hence, storage of SLN

under refrigerated condition is recommended.
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Fig. 4.11:Stability characteristics of lopinavir loaded SLNs in terms of mean particle size, entrapment
efficiency (EE), Zeta potential and polydispersity index (PDI) stored at; a) 2-8 °C and b) 25
+ 2 °C and 60% * 5% RH. The data are expressed as mean *+ S.D. of six independent
determinations (n = 6). “Statistically significance difference (p < 0.05) as compared to 0
month EE sample. LPV, lopinavir; SLNs, solid lipid nanoparticles.

4.5.3 Invitro/in vivo evaluation of optimized nanoparticles
a) Pharmacokinetic studies

Comparative pharmacokinetic performances of free lopinavir, lopinavir/ritonavir co-
formulation and optimized lopinavir SLNs following oral administration to male wistar rats
are shown in Fig. 4.12 and Table 4.4.
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Following oral administration, both lopinavir/ritonavir co-formulation and lopinavir
SLNs showed statistically significant improvement in the pharmacokinetics of lopinavir as
determined by AUC, Cnax and mean residence time (MRT).

Co-administration of RTV with lopinavir (Group B) significantly increased
lopinavir AUC by 3.7 folds (p < 0.001), Crax by 2.1 folds (p < 0.001) and MRT by 1.5 folds
(p < 0.05) as compared to free lopinavir (Group A). Whereas, lopinavir SLNs (Group C)
increased lopinavir AUC by 5.1 folds (p < 0.001), Cnax by 2.6 folds (p < 0.001) and MRT
by 1.7 folds (p < 0.05). Statistically no significant effect was observed on time to reach
maximum plasma concentration (Tnax) in either of treatment groups as compared to free
lopinavir.

Comparative pharmacokinetic parameters of free lopinavir and lopinavir SLNs
following 1V administration are given in Table 4.4. Statistically significant change in
disposition parameters of lopinavir was observed following 1V administration of loaded NPs
as compared to free lopinavir solution. Total plasma clearance (CL) of lopinavir from SLNs
reduced by 36% (p < 0.01). On the contrary, a significant increase in Ty, (increased by 2.05
folds, p < 0.01), V4 (1.6 folds, p < 0.05) and AUC (increased by 2.3 folds, p < 0.01) was
demonstrated.

2000 -

Mean plasma concentration of LPV
* SD (ng/ml)

14

Time (h)

—&— Free LPV suspension —i— Co-formulation -=& - LPV SLNs

Fig. 4.12: Mean plasma concentration-time profile of lopinavir following oral administration of
free lopinavir, lopinavir/ritonavir co-formulation and lopinavir SLNs to wistar rats (n =

5). The data are expressed as mean + SD. LPV, lopinavir; RTV, ritonavir; SLNs, solid lipid
nanoparticles.
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To understand the effect of lipid on pharmacokinetics of lopinavir, blank vehicle was
co-administered with free lopinavir. Data obtained from study (Fig. 4.13) did not reveal any

significant effect of lipid matrix on pharmacokinetic parameters of free lopinavir.

Table 4.4.Pharmacokinetic parameteres of lopinavir post oral and IV administration of free
lopinavir, lopinavir/ritonavir co-formulation and lopinavir SLNs to wistar rats.

Oral (20 mg/kg) Free lopinavir Lopinavir/RTV Lopinavir SLNs
Parameters (Group A) (Group B) (Group C)

Crax (ng/ml) 645.85 + 89.7 1350.45 + 113.417 1694.39 + 156.59"
Trnax () 0.85(0.75-1.0) 0.89 (0.75-1.0) 1.4 (0.75-2.0)
MRT(h) 5.09 + 0.25 7.81+0.47" 8.57+0.52

AUC (ng/ml*h) 1655.52 + 53.34 6151.75 + 112.45 8402.05 + 98.59""
Fre 3.72+0.21 5.07 £0.35

1V (4 mg/kg) Free lopinavir Lopinavir SLNs
Parameters (Group A) (Group B)

C, (ng/ml) 2342.01 + 114.17 - 1788.702 + 170.54
Tus 0.76 £ 0.12 - 1.54+0.13"

CL (ml/h/kg) 1543.52 + 129.41 - 985.56 + 101.23"
V, (ml/kg) 1658.99 + 133.09 - 2593.98 + 298.23"
AUC (ng/ml*h) 2592.10 + 183.34 - 5879.56 + 310.25
Fe - - 2.3+ 0.13

“Statistically no significance difference (p > 0.05) between Group B and C; ~ Statistically
significance difference (p < 0.001) as compared to Free lopinavir (Group A). The data are
expressed as mean = S.D. LPV, lopinavir; RTV, ritonavir; SLNs, solid lipid nanoparticles.
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Fig. 4.13: Effect of lipid on pharmacokinetic parameters of free lopinavir following oral
administration to wistar rats (n = 5). The data are expressed as mean + SD. LPV,
lopinavir.

b) Tissue-distribution study
The tissue-distribution study was done for free lopinavir, lopinavir/ritonavir co-
formulation and lopinavir SLNs to determine the exposure of lopinavir in target organs

(liver, spleen and mesenteric lymph nodes).
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As shown in Fig. 4.14, statistically significant (p < 0.01) accumulation of lopinavir
from lopinavir SLNs was observed in all three tissues of interest. In comparison to free
drug, in liver tissue, Cmax Of lopinavir from SLN increased by 1.8 folds and AUC increased
by 1.9. Similar observation was made in spleen tissue where Cnax increased by 2.4 folds,
AUC increased by 2.3 folds for lopinavir SLNs. In lymph nodes, accumulation of lopinavir
from SLN was evident. Here, for lopinavir SLNs, Cmax increased by 2.5 folds and AUC by
2.6 folds.

Following co-administration of lopinavir with ritonavir, statistically significant (p <
0.05) accumulation of lopinavir in liver tissue was observed. In this case, when co-
administered with ritonavir, lopinavir’s Cnax increased by 1.3 folds and AUC increased by
1.4 folds. However, for spleen and lymph nodes, no statistically significant change in Cyax
and AUC was observed.

C) Lymphatic transport inhibition study

The data from this experiment (Fig. 4.15) indicated that plasma concentrations of
lopinavir from lopinavir SLNs in CXI pre-treated rats (Group D) were significantly lower
than saline pre-treated rats (Group B). In CXI pre-treated rats, following oral administration
of lopinavir SLNs, Cnax and AUC,., of lopinavir were significantly reduced (p < 0.05) by
31.32 % and 44.44% respectively. However, statistically no significant change in plasma

exposure of free lopinavir was observed in CXI pre-treated rats.
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Tissue distribution study of free lopinavir, lopinavir/ritonavir co-formulation and
lopinavir loaded SLNs following oral administration to wistar rats. Three animals were
sacrificed at each time point to harvest a) liver, b) spleen and c) mesenteric lymph node

tissues. The data

are expressed as mean = SD. LPV, lopinavir; RTV, ritonavir; SLNs, solid lipid

nanoparticles.
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Fig. 4.15: Lymphatic transport inhibition study of lopinavir SLNs in normal rats (n = 3). To block
lymph transport, rats were intra-peritoneally pre-treated with CXI (3 mg/kg) 1 h prior to
the drug administration. *Statistically no significance difference (p> 0.05) as compared to
free lopinavir; Statistically significance difference (p< 0.05) as compared to LPV SLNs.
The data are expressed as mean + S.D. CXI, cycloheximide; LPV, lopinavir; SLNs, solid
lipid nanoparticles.

d) In vitro metabolism stability study

Results obtained from in vitro metabolism stability studies are shown in Fig. 4.16.
Mean percentage metabolism of lopinavir was reduced significantly (p < 0.001) upon co-
incubation with RTV (metabolism of 8.5% in RIMs; 7.8% in RLMs) as compared to free
lopinavir (metabolism of 89.2% in RIMs; 81.3% in RLMs) after 30 min of incubation
period in both of the microsomes. Similarly, mean percentage metabolism of lopinavir in
lopinavir SLNs (metabolism of 14.1% in RIMs; 18.4% in RLMs) was found to significantly
(p < 0.001) reduce as compared to free lopinavir. However, statistically no significant

change in metabolism of free lopinavir was observed upon co-incubation with blank SLNs.
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Fig. 4.16:Metabolism stability of free LPV, LPV/RTV co-formulation and LPV SLNs after 30 min
incubation with RIM and RLM atl mg/ml protein concentration. ***Statistically
significance difference (p < 0.001) as compared to Free LPV. The data are expressed as
mean = S.D. LPV, lopinavir; RTV, ritonavir; SLNs, solid lipid nanoparticles; RIM, rat
intestinal microsomes; RLM, rat liver microsomes.

e) Nanoparticles uptake study

Table 4.5 presents a comparison of apparent permeability (Papp) Values of lopinavir
after 60 min incubation through rat everted gut sacs. Experimental results demonstrated a
significant increase in Pqy, values of lopinavir in lopinavir/ritonavir co-formulation and
lopinavir SLNs as compared to free lopinavir (control group at 37 °C). Co-administration of
ritonavir with lopinavir significantly increased Pap, of lopinavir by 2.7 folds (p < 0.01) as
compared to control group. Whereas, the Py, Of lopinavir SLNs was found to increase by
1.9 folds (p < 0.01) as compared to control group.

In order to investigate the mechanism of SLNs uptake into everted gut sac, intestinal
uptake study of lopinavir was further performed at 4 °C and in presence of CPZ and NYT.
Results revealed that low incubation temperature (4 °C) and presence of specific inhibitors
significantly (p < 0.05) reduced the intestinal uptake of NPs. As shown in Table 4.5,
intestinal uptake of SLNs at 4 °C was reduced by about 25 % than 37 °C control. The P 4, of
lopinavir SLNs was reduced by 27% and 38% than control after co-incubation with CPZ
and NYT respectively.

However, treatment conditions (reduced temperature and presence of endocytic
uptake inhibitors) did not bring any significant change in Py, values of free lopinavir,
lopinavir/ritonavir co-formulation and lucifer yellow.
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Table 4.5. Effect of incubation temperature and endocytic uptake inhibitors
(chlorpromazine, 10 ug/ml and nystatin, 25 pg/ml) on intestinal permeability of
free lopinavir, and lopinavir loaded SLNs.

Papp (X 10° cm/s)

Groups

Control (37°C)  at4°C (+)CPZ (HNYT
Free lopinavir 2.62 +0.31 2.71£0.31 2.85+0.28 2.71+£0.29
LPV/RTV Co-formulation  6.98 +0.36 " 7.12+0.26"  7.21 +0.48" 6.88 + 0.41"
Lopinavir SLNs 5.18 +0.36 3.89+0.16° 376+0.21°  3.22+0.14°
Lucifer Yellow 0.18+0.03 0.21+0.02*  0.16+0.02" 0.19+0.01"

**Statistically significance difference (p < 0.01) as compared with Free lopinavir; *Statistically no
significance difference (p > 0.05); @Statistically significance difference (p < 0.05) as compared with
lopinavir SLNs without inhibitor. The data are expressed as mean + S.D. LPV, lopinavir; RTV,
ritonavir; SLNs, solid lipid nanoparticles; CPZ, chlorpromazine; NYT, nystatin.

4.6  Discussion
4.6.1 Experimental design

Utility of statistical design in screening of variables and manufacture of SLNs was
reaffirmed from the results of experimental design. Fig. 4.6a-b shows the effect of surfactant
concentration and lipid amount on particle size at fixed ultra-sonication time. It was
observed that an increase in amount of lipid caused a corresponding increase in particle size.
With increasing lipid amount in external phase, interfacial tension between lipid and
aqueous phase increases, leading to coalesce and increase in particle size [41].

For a fixed amount of lipid, effect of surfactant concentration on particle size was
non-linear (Fig. 4.6a). Increase in PVA concentration up to 1% wi/v decreased particle size.
Beyond this concentration, particle size increased. The initial reduction of particle size by
PVA is due to reduction of interfacial tension between lipid and aqueous phase and
stabilization of newly formed particles (due to steric stabilizing effect) [42]. However, at
higher concentrations, hydrophobic interactions between PVA molecules dominate, leading
to aggregation and increase in particle size.

From Fig. 4.6Db, it is evident that the curvature of ultra-sonication time is gradual.
However, surfactant concentration shows significant curvature in the same figure. Hence,
we infer that within selected limits, ultra-sonication time does not influence particle size
significantly.

Effect of surfactant concentration and lipid amount on the EE is shown in Table 3
and illustrated in Fig 4.6¢c. Steep curvature for EE when viewed from lipid axis indicates

that with the increasing amount of lipid, EE increases. With increase in lipid amount,
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lopinavir’s entrapment in lipophilic matrix increases. Higher amount of lipid also provides
an additional number of particles into which lopinavir gets entrapped.

From Fig. 4.6¢c, at fixed ultra-sonication time, EE significantly increases by
increasing both amounts of surfactant and lipid. This effect may be explained by increased
viscosity of medium which prevents rapid diffusion of lopinavir into the bulk of medium
increasing its EE [43]. With increasing surfactant concentration, it is also possible that
lopinavir gets entrapped in surfactant layer covering SLN surface leading to higher EE.

From Fig. 4.6d, it is evident that ultra-sonication time has a positive effect on EE. As
time of ultra-sonication increases, there are relative, but insignificant (p < 0.05) reduction in
particle size. This increases the surface area available for drug accommodation. The overall
effect is increased in EE with an increase in ultra-sonication time.

4.6.2 Nanoparticles characterization

Optimized formulation exhibited particles in nanometric size with high EE and low
PDI value (Fig. 4.8). Low PDI indicates that optimal conditions are suitable for the
production of stable lopinavir NPs with narrow size distribution.

In Fig. 4.9, absence of lopinavir peak in thermograms of SLN indicates that
lopinavir was present in amorphous form within a lipid matrix. No shift in peak position for
lopinavir or SA was observed in physical mixture, indicating absence of incompatibility
between SA and lopinavir.

In SLNs manufactured by hot melt emulsion technique, majority of incorporated
drug remains at the core of the lipid matrix [42]. However, a portion of the drug remains
bound at lipid-surfactant interface. This disparity in drug distribution can result in bi-phasic
drug release pattern from SLN. As evident from Fig. 4.10, lopinavir loaded SLN presented
similar bi-phasic drug release pattern; initial burst release due to surface presence of
lopinavir followed by more sustained release due to drug embedded in core of lipid matrix.
Due to hydrophobic nature, stearic acid reduced drug dissolution and drug release when
included in the formulation.

The drug release kinetics of encapsulated drugs in nanoparticles is a major
determinant for its biological effect. Thus, evaluation of drug release kinetics is of
paramount importance in the nanodrug delivery system. Mathematical modeling of drug
release kinetics provides a basis for the study of mass transport mechanisms that are
involved in the control of drug release.

Reciprocal time release model takes into account both diffusion and dissolution

controlled process. This model has been shown to be superior to other mathematical models
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for drug release from NPs [44]. Moreover, the reciprocal time release model can also be
used to get tsoo Value. The bi-phasic drug release pattern from NPs can be useful in giving
an initial loading dose (of loosely bound drug); later, drugs inside NPs can provide can
provide a controlled release effect. This helps in improving mean retention time of the drug
and its plasma exposure. Hence, the bioavailability of the drug improves as a consequence
of metabolic protection, lower clearance and increased retention. Increased bioavailability
also increases the therapeutic efficacy and reduces the overall dose of the drug [45].

Various methods are available to assess the drug release from nanoparticulate
systems. Use of dialysis bag for release studies is widely reported technique and convenient
to perform [46]. However, it suffers from certain drawbacks. It has been reported that slow
equilibration of drug with outer media limits an accurate analysis of initial drug levels in
formulations where the burst release is high. Therefore, in such cases true drug release
profile could be underestimated.

4.6.3 Invitro/in vivo evaluation

A series of comparative pharmacokinetic studies were conducted to assess in vivo
performance lopinavir SLNs in comparison with marketed formulation. Further, mechanistic
studies were performed to discern the mechanism involved in the pharmacokinetic
improvement of lopinavir in SLNs.

From oral pharmacokinetic studies and published literature, it is evident that
lopinavir exhibits poor bioavailability, due to both high first-pass metabolism and P-gp
efflux [47]. Significant improvement in plasma exposure of lopinavir in the presence of
ritonavir (co-formulation) could be attributed to reduced first-pass metabolism and/or P-gp
efflux. For the same reason, ritonavir is co-formulated with lopinavir as a pharmacokinetic
booster in the marketed formulation.

From our study, lopinavir SLNs demonstrated significant (p < 0.05) increase in
plasma exposure compared to free lopinavir (Fig. 4.12). High lopinavir exposure could be
possibly due to reduced first pass metabolism/P-gp efflux and or improved intestinal
permeability of encapsulated lopinavir. Additionally, uptake of lopinavir SLNs by the
lymphatic route also helps in bypassing first-pass metabolism and P-gp efflux thus
increasing bioavailability of lopinavir.

In order to validate the role of metabolic protection in improving the oral
bioavailability, single dose IV study of lopinavir SLNs was carried out. From data, a
significant reduction in plasma clearance and extended half-life indicates the significant role

of metabolic protection (in the liver) in improving the oral bioavailability of encapsulated
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lopinavir. Further, from pharmacokinetic data, it is also evident that relative bioavailability
obtained from oral study is considerably higher than intravenous study. This suggests the
involvement of absorption factors in enhancing plasma exposure of lopinavir such as
improved permeability, avoidance of first pass metabolism and lymphatic transport of
SLNs.

Further, we performed metabolism studies in tandem with IV studies to verify the
fact that nanoparticles offers metabolic protection to encapsulated drug. In vitro metabolism
stability studies conducted with RIM and RLM illustrate that lopinavir undergoes extensive
metabolism; mediated exclusively via Phase-I microsomal enzymes of gut and liver. It was
also evident from the result that SLNs could offer metabolic protection to lopinavir which is
akin to ritonavir. Further, data evaluate the inhibitory action of ritonavir on CYP activity.
No significant change in lopinavir metabolism in presence of blank SLNs suggests the
protective nature of SLNs to entrapped drug than the inhibitory action of excipient to
enzyme activity.

From the result, it is concluded that drastic increase in plasma levels of lopinavir
after co-administration with ritonavir is probably due to inhibition of CYP 3A enzyme
system by ritonavir. Similarly, metabolic protection offered by SLNs to lopinavir (gut wall
and liver) aids in achieving longer circulation time leading to higher plasma exposure which
concurs well with in vivo data.

Rat everted gut sac model was used to investigate intestinal permeability and uptake
mechanisms of lopinavir presented in co-formulation and SLNs. From the study, significant
increase in Py, Of free lopinavir in the presence of ritonavir reveals considerable role of P-
gp in limiting oral absorption of lopinavir. However, in this study, we have not considered
the use of control inhibitors for CYP; attributing outcome of study to P-gp modulation alone
may not be accurate. In the present model, we could not distinguish the role of transporter
from metabolism.

A significant increase in P4y, Of lopinavir SLNs as compared to free drug suggested
that SLNs could efficiently cross the intestinal barriers. Improved permeability of drug
fabricated into nanoparticles is attributed to its active uptake through endocytosis
(phagocytosis/pinocytosis) process, M-cells and extended protection to loaded drug against
gut metabolizing enzymes and efflux transporters like P-gp. It is widely reported that low
temperature (4 °C) could arrest the energy dependent processes including endocytosis.
Hence, to understand the role of active mechanisms in the uptake process of SLNs, we

carried out the everted gut sac study at two different temperatures; 37 °C (control) and 4 °C.
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The results indicate significant reduction in P,y value of lopinavir SLNs at lower
temperature as compared to optimal incubation temperature (37 °C). On the contrary, no
significant effect of incubation temperature on intestinal permeability of free lopinavir was
observed. This implied that uptake of NPs in everted gut sacs could be possibly a result of
an active uptake process.

Further, to establish uptake mechanisms, studies were carried out with specific
endocytosis (phagocytosis/pinocytosis) process inhibitors. CPZ and NYT were selected as
uptake inhibitors because of their ability to inhibit clathrin coated pit associated receptors
and abolishing caveolae function respectively [48]. Results from this study demonstrated a
significant reduction in Py, of lopinavir SLNs in the presence of specific endocytic uptake
inhibitors. This indicates that uptake of lopinavir SLNs occurs by endocytosis process.
Further, it could be deduced that both clathrin and caveolae mediated endocytosis
mechanisms were involved in the uptake of lopinavir SLNSs.

Similar studies were also performed with free lopinavir and lopinavir/ritonavir co-
formulation using uptake inhibitors. From Py, values presented in Table 4.5, it is evident
that uptake of either free lopinavir or lopinavir/ritonavir co-formulation was unaffected by
the presence of uptake inhibitors. From this, we concluded that endocytosis plays a trivial
role in the uptake of lopinavir. It also signifies a significant role of passive diffusion in
absorption of free lopinavir.

In the present study, lucifer yellow was used as a paracellular marker. Low Pgp,
values of lucifer yellow across the experimental conditions indicate the integrity of the cell
membrane during the experiments.

In order to establish in vivo performance of lopinavir SLNs at targeted organs, tissue
distribution study was conducted and compared against the distribution pattern of free
lopinavir and marketed formulation. Data obtained from tissue distribution studies indicate
high localization of lopinavir in liver tissues as compared to spleen and lymph nodes.
Superior blood perfusion to liver compared to other organs may result in accumulation of
free lopinavir in the liver. In case of loaded SLNs, higher distribution was seen in the spleen
and lymph nodes. This indicates lymphatic uptake of SLNs following oral administration.
Moreover, it is also reported that nanoparticles, larger than 200 nm after oral administration,
are selectively transported to liver and spleen and are eliminated via monocytes and
macrophages [49]. Selective distribution of lopinavir SLNs to these organs is thought to

enhance lopinavir concentration and drug distribution (Vg) as observed in pharmacokinetic

128



studies. Such distribution pattern of SLNs following oral administration is in close
agreement with the previously reported literature [49].

Similarly, following administration of the co-formulation, higher accumulation of
lopinavir in liver tissues is attributed to metabolic protection offered to lopinavir by
ritonavir. This augments well with the results from in vitro metabolism stability data.
However, it is noteworthy that the ritonavir co-administration failed to increase lopinavir
concentration in poorly perfused organs like spleen and lymph nodes, while, lopinavir
loaded SLNs produced significantly higher levels in these organs.

It has been reported that lipid nanoparticles reach the lymphatic system either by
direct endocytosis/transcytosis uptake by membranous epithelial cells (M-cells) covering
Payer’s patches in intestine or by conversion into triglyceride-rich lipoprotein. Size of
chylomicron precludes their absorption into blood capillaries and therefore they are secreted
into the lymphatic system [50]. To corroborate this hypothesis, oral pharmacokinetic studies
were further carried out in the presence of a lymph transport inhibitor, CXI. The CXI is
known to block lymphatic transport pathway by hampering the chylomicron formation
without causing damage to other active and passive absorption pathways [36].

In contrast to free lopinavir, presence of CXI significantly reduces plasma exposure
of lopinavir SLNs. This affirms lymphatic uptake as a possible mechanism of nanoparticle
absorption. From this study, we could demonstrate the significant role of lymphatic
transport in absorption of orally administered SLNs. However, we could not deduce the role
of other uptake/transport mechanisms. Passive absorption followed by portal transport is the
most preferred route of free drug absorption. Therefore, it can be concluded that SLNs show
selective preference for lymphatic system over conventional portal transport.

It is reported that viral reservoirs present in lymphoidal organs are poorly accessed
by conventional therapy. In conventional therapy, minimum effective concentration of the
drug can not be maintained for the necessary time duration at the site of HIV localization.
Higher distribution of lopinavir SLNs in such tissues at all-time points assures higher
lopinavir availability in these reservoirs. Thus, as compared to conventional
lopinavir/ritonvir therapy, better therapeutic outcome of lopinavir from lopinavir SLNSs

could be expected.
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4.7  Conclusions

Lopinavir was successfully fabricated into SLNs with high EE and desirable particle
size range. Processing conditions for the manufacture of these lopinavir SLNs were
identified and optimized using DoE with good correlation between actual and predicted
values. Plasma exposure of lopinavir from lopinavir SLNs was comparable to exposure
obtained from lopinavir/ritonavir co-formulation. Metabolic protection and increased
intestinal permeability were demonstrated as possible reasons for improving lopinavir oral
bioavailability in either of the formulations. Relatively higher distribution of lopinavir SLNs
in poorly perfused lymphoidal tissues as compared to lopinavir/ritonavir co-administration
suggests that lopinavir loaded SLNs could be safer and more effective alternative to
currently marketed co-formulation. In conclusion, formulating SLNs for poorly soluble
lopinavir was an effective approach in improving its oral bioavailability and lopinavir
exposure to HIV reservoirs which may prove beneficial in the treatment of HIV infected
patients. Additionally, this investigation can also form the basis for the use of SLNs in

designing lymph-targeted oral delivery system for other HIV-protease inhibitors.
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Polymeric nanoparticles
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4.8 Introduction
Polymer-based nanoparticles are nano-sized polymeric colloidal particles in which a

drug of interest can be conjugated or adsorbed onto the surface or encapsulated inside their
polymeric matrix. By virtue of encapsulating labile drugs inside a nanocarrier, the solubility
and stability of therapeutic agents can be enhanced, providing a chance to re-evaluate the
therapeutic potential of drugs because of poor pharmacokinetics. A variety of natural or
synthetic biodegradable polymers as well as non-biodegradable polymers have been
employed for the fabrication of polymeric nanoparticles. However, synthetic polymers such
as poly-lactic-co-glycolic acid (PLGA), poly-g-caprolactone (PCL),
polyalkylcyanoacrylates, polymethylmethacrylates (Eudragits) and natural polymers like
chitosan and pullulan are most widely used for fabrication of polymeric nanoparticles [51,
52].

Polymeric nanoparticles provide an attractive alternative for long-term delivery of
therapeutic agents meant for chronic administration. By virtue of controlled release,
improved bioavailability and targeted delivery these drug loaded NPs cut overall cost of
medicine, reduce risks of toxicity thus, improve patient compliance and are superior to
conventional formulation [53]. Among the various NPs, PLGA based polymeric
nanoparticles have been widely investigated for delivery of antiretroviral drugs [54].

Poly-¢-caprolactone (PCL) is semi-crystalline biodegradable and biocompatible
polyester with low glass transition temperature and melting point. It is non-toxic and non-
mutagenic polymer. Post administration, PCL is degraded slowly by hydrolysis of its ester
linkages in systemic circulation. Owing to hydrophobic, slow degradation and low melting
point, PCL is considered to be most suitable polymer for delivering drugs that require
frequent and chronic administration like lopinavir. In comparison with other biodegradable
polymers like PLA and PLGA, it demonstrates greater stability in the GI environment and a
negligible tendency to generate acidic impurities during degradation. Moreover, it is
considerably economical than other polymers such as polyglycolide, polylactide, and their
co-polymers [55-57].Therefore, in the present work, we selected PCL as one of the
polymeric carriers for oral delivery of lopinavir.

Pullulan is a non-toxic, non-immunogenic, biodegradable and neutral linear
polysaccharide consisting of a-1, 6 linked maltotriose residues. This unique linkage pattern
is believed to be responsible for the structural flexibility and solubility of pullulan, resulting
in distinct film- and fiber-forming characteristics not exhibited by other polysaccharides
[58, 59]. In the recent past, pullulan is widely investigated for its biomedical applications in
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various aspects such as targeted drug, gene delivery and diagnostic imaging using quantum
dots [60].

Pullulan cannot self-associate in aqueous solutions due to its high water solubility. It
can be chemically derivatized to alter its water solubility or provide reactive groups. To
widen its application, several derivatives of pullulan have been synthesized in recent past
[61, 62]. Most pullulan derivatizations are intended to reduce its water solubility or to
introduce charged or reactive groups for functionality. In line with this, Zhang et al have
explored the potential of hydrophobized pullulan as a drug delivery carrier to encapsulate
anticancer drug; epirubicin [63]. Pullulan acetate (PA) is a well explored derivative of
pullulan that can form self-aggregating colloidal nanoparticles in aqueous environments
with an inner hydrophobic core. Hydrophobic pockets of pullulan acetate nanoparticles
make this polymer suitable for delivery of lipophilic drugs like lopinavir [64].

In the present work, different nanoparticulate delivery systems for lopinavir have
been proposed using biodegradable and biocompatible polymers such as poly-e-
caprolactone and pullulan acetate. Emulsion-solvent evaporation method was employed for
the fabrication of lopinavir nanocarriers. This technique is demonstrated to have some
advantages compared with other methods such as rapid and easy preparation process with
more critical variables to control particle size and great potentials in promoting large-scale
production [65].

Primary objectives of the present work were to i) prepare and characterize lopinavir
loaded polymeric nanoparticles and to ii) compare in vivo performance of lopinavir loaded
nanoparticles with the currently marketed lopinavir/ritonavir co-formulation.

Lopinavir loaded poly- e-caprolactone nanoparticles (PCL NPs) were rationally
designed and optimized using Plackett—Burman Design and Box—Behnken Design (BBD)
and data were statistically analyzed using Design Expert software. Prepared nanoparticles
were extensively characterized for particle size, surface morphology and charge, drug
encapsulation efficiency and in vitro drug release. In vivo performances of loaded
nanocarriers were extensively evaluated in male wistar rats.

49  Materials

Lopinavir (purity > 99%) was obtained as a gift sample from Mylan Laboratories,
Hyderabad, India. Pullulan (Mw = 200 KDa) was purchased from Hayashibara (Tokyo,
Japan). Poly-e-caprolactone (Molecular weight 65,000 g/mol) was purchased from
Polysciences, Inc., Warrington, USA. Rat intestinal microsomes (RIM), rat liver
microsomes (RLM) and NADPH were procured from BD Gentest, Woburn, USA. HPLC
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grade acetonitrile, ammonium acetate, heparin, methanol, methylene chloride (DCM),
potassium dihydrogen phosphate and sodium citrate were purchased from Merck
Laboratories, Mumbai, India. Methyl cellulose (molecular weight 14 KDa, viscosity 15 cps)
and Tween 80 were purchased from S.D. Fine Chemicals Ltd, Mumbai, India. A Milli-Q
water purification system (Millipore, MA, USA) was used for obtaining high quality HPLC
grade water.

4.10 Methodology

4.10.1 Experimental Design for PCL NPs

Low resolution PBD, a factorial design matrix, was used to identify critical
formulation and manufacturing factors in the preparation of lopinavir loaded NPs. A total
of 8 factors were studied at two levels to determine their effect on two responses, viz.,
entrapment efficiency (EE) and particle size (nm) of loaded NPs. The variables studied
were: Amount of polymer, type of surfactant (tween 80 and poloxamer 407), concentration
of surfactant, type of an external phase (DCM and chloroform), volume of external phase,
speed of homogenization, time of homogenization, rate of external phase addition (rapid and
slow).

Based on particle size and EE data obtained from PBD, we selected tween 80 (as
surfactant) and DCM (as external phase solvent) for preparation and optimization of
lopinavir loaded NPs. Three critical factors including the concentration of surfactant,
amount of polymer and time of homogenization were identified in the optimization process.
From these initial experiments, limits and range for identified critical factors were set for
subsequent optimization studies using BBD.

BBD, a sub-type of response surface methodology (RSM), was employed to develop
quadratic models for optimization process and to reduce the number of experimental trials.
A 17-run, 3-factor, 3-level BBD was constructed to evaluate main effects, interaction effects
and quadratic effects of identified initial factors. Non-linear quadratic model generated by
BBD design was in the following form:

Y = bo + biXq + bpXo + bsXs + bioXeXp + 13X Xs + basXoXs + b1aXo®+ bpoXo ™+ bgaXs?

Where, Y is measured response associated with each factor level combination; bg- bs3
are regression coefficients of respective factors and their interaction terms computed from
observed experimental values of Y and Xj, X,, X3 are the coded levels of independent

factors. The terms XiXa, X2Xs, XsX1 and Xi? (i = 1, 2 or 3) represent the interaction and
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quadratic terms respectively. Dependent and independent factors selected are shown in
Table 4.6.

Critical factors evaluated in this study were concentration of surfactant (X;), amount
of polymer (X;) and time of homogenization (X3). Responses studied were particle size (Y1)

and EE (Y;). Experiment design matrix generated by the software is shown in Table 4.7.

Table 4.6. Critical factors and their levels in the Box-Behnken Design (BBD).

Levels used
Critical Factors Low (-1) Medium (0) High (+1)
Independent
X1 = Surfactant concentration (% w/v) 0.5 1 1.5
Xz =Polymer amount (mg) 100 200 300
X3 = Time of homogenization (min) 15 30 45
Dependent Constraints
Y, = Particle size (nm) Minimum
Y, = Entrapment efficiency (%) Maximize
Table 4.7. Box-Behnken experimental design
Critical Factors Response Variables
RUN Surfactar)t Polymer Homo_genation Palfticle Entl_’a_pment
concentration  amount time size efficiency
Xy, Yowlv)  (Xo, mg) (X3, min) (Y1, nm) (Y2, %0)
1 1.0 200 30 170.5 92.3
2 1.0 100 45 138.4 78.5
3 1.0 200 30 174.1 92.8
4 0.5 200 15 215.0 81.1
5 0.5 300 30 204.2 86.6
6 15 100 30 188.9 80.3
7 1.0 200 30 178.4 88.8
8 1.0 300 45 176.9 93.4
9 15 200 15 232.6 88.7
10 1.0 300 15 212.1 89.0
11 0.5 200 45 174.2 87.8
12 15 300 30 230.7 94.4
13 0.5 100 30 165.1 735
14 1.0 200 30 1714 87.5
15 1.0 200 30 172.2 87.2
16 15 200 45 208.6 92.3
17 1.0 100 15 163.3 76.8

135



4.10.2 Preparation of poly-g-caprolactone nanoparticles (PCL NPs)

Lopinavir loaded PCL NPs were prepared by previously reported oil-in-water
emulsion-solvent evaporation technique [66] with minor modifications. This method was
adopted for manufacturing formulations listed in Box-Behnken Design (BBD). The
manufacturing conditions and component ranges were selected after initial screening using
Plackett-Burman Design (PBD). Briefly, lopinavir (10 mg) and specific amount of polymer
(100 mg to 300 mg) were dissolved in 5 ml of DCM, which constituted organic phase. This
organic phase was slowly added into the 50 ml aqueous phase containing tween 80 (0.5%
w/v to 1.5% w/v) under magnetic stirring (800 rpm) to form a primary emulsion. Primary
emulsion was further subjected to high speed homogenization (at 5000 rpm, Polytron PT
3100D, Kinematica, Switzerland) for specific time period (15 min to 45 min). Resultant
colloidal preparation was centrifuged at 20,000 x g for 45 min to obtain lopinavir loaded
NPs. Prepared NPs were washed three times with water to remove adherent free drug from
the outer surface of NPs. Washed NPs were re-suspended in water and subjected to pre-
freezing at —80 °C for 6 h. Further, freeze-drying was carried for 12 h at -110 °C in a
lyophilizer (Coolsafe 110-4, Scanvac, Denmark). Five percent mannitol was used as a
cryoprotectant. This lyophilized powder was stored in sealed glass containers at room

temperature till further use. The scheme of PCL NPs preparation is illustrated in Fig. 4.17.
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A: Organic Phase B: Aqueous Phase
(DCM + LPV + PCL) (Tween 80 + Water)

H: Freeze dried powder

)

G: Freeze drying

i)

F: Washing (3 cycles)

C: Primary Emulsion
(Magnetic stirring @ 800 rpm) D: Nanoemulsion E: Separation
(Homogenization @ 5000rpm)  (Centrifugation @ 20,000x g)

Fig. 4.17: Schematic representation of preparation of PCL NPs by emulsion solvent evaporation
method.
4.10.3 Synthesis and preparation of pullulan acetate nanoparticles (PA NPs)
4.10.3.1 Synthesis of pullulan acetate

Pullulan acetate (PA), as hydrophobized pullulan, was synthesized by previously
reported Motozato’s method [67]. Briefly, 2 g of pullulan was dissolved by vigorous stirring
in 20 ml of formamide maintained at 54 °C. For acetylation of pullulan, 6 ml pyridine and
15 ml of acetic anhydride was added to the above solution while maintaining the
temperature at the 54 °C for 48 h. A dark-brown precipitate was obtained that was further
purified by triturating with 1000 ml distilled water and 500 ml methanol. The solid material

was vacuum-dried for 24 h, to finally obtain the product.
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Fig. 4.18: Chemical structures of pullulan and PA.

4.10.3.2Characterization of pullulan acetate
a) FT-IR spectroscopy

Fourier transform infrared (FT-IR) spectra of pullulan and PA were recorded on a
FT-IR 4200 (JASCO, USA) spectrometer in the range of 4000-400 cm™ by KBr pellet
method (1% sample in KBr). The samples were vacuum dried before FT-IR scan. A total of
40 scans were taken for each sample.
b)  'H NMR spectroscopy

The proton nuclear magnetic resonance (*H NMR) spectra were recorded on a
Shielded Varian Inova spectrometer at 500 MHz (International Equipment Trading Ltd.,
Vernon Hills, USA) using tetramethylsilane (TMS) as an internal standard. Samples were
dissolved in deuterated dimethyl sulfoxide (DMSO-ds) before analysis. All NMR spectra
were acquired at ambient temperature.

The degree of substitution (DS) in PA for acetyl groups was calculated from the
integration value of acetyl protons (A) observed at 1.8-2.2 ppm and the OH protons and H-1
to H-6 protons (B) of pullulan moiety observed at more than 3.5 ppm. The DS values were

calculated by the NMR method using the following equation:
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10A . - A—-__ B i
DS = GBiA) derived from the equation: == 0G0 (corresponding to area for

each hydrogen in a glucose unit), where x equals DS [63].
c) Preparation of PA NPs

Lopinavir loaded PA NPs were prepared according to the previously reported oil-in-
water emulsion-solvent evaporation technique [66] with minor modifications. Briefly,
accurately weighed quantities of lopinavir (10 mg) and PA (100 mg) were dissolved in 5 ml
of DCM, this constituted organic phase. To form the primary emulsion, the organic phase
was dropped into 50 ml aqueous PVA (0.5%, w/w) solution by means of a syringe fitted
with needle (Internal diameter - 0.75 mm), positioned a few centimeters above the surface
of the medium under gentle magnetic stirring (800 rpm). The primary emulsion was further
subjected to high speed homogenization (at 5000 rpm, Polytron PT 3100D, Kinematica,
Switzerland) for 15 min. The resulting colloidal preparation was centrifuged at 20,000 X g
for 45 min to obtain lopinavir loaded PA NPs. To remove the adherent free drug and excess
PVA, the pellet was re-suspended in deionized water and centrifuged three times at 20,000
x g for 15 min each. Washed NPs were re-suspended in deionized water and subjected to
pre-freezing at —80 °C for 6 h. Further, freeze-drying was carried for 24 h at -110 °C in a
lyophilizer (Coolsafe 110-4, Scanvac, Denmark). Mannitol (5% w/v) was used as a
cryoprotectant. This lyophilized powder was stored in sealed glass containers at room
temperature till further use. The scheme of PA NPs preparation is illustrated in Fig. 4.19.

4.10.4 Nanoparticles characterization

Prepared nanoparticles were characterized for particle size, size distribution, surface
charge, surface morphology, thermal analysis, encapsulation efficiency, release kinetics and
storage stability as discussed in earlier sections (4.4.5 a-f). For PA NPs, DSC scans were

taken for liquid dispersions without adding mannitol.
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A: Organic Phase B: Aqueous Phase
(DCM +LPV + PA) (PVA+ Water)

H: Freeze dried powder

T

G: Freeze drying

i}

F: Washing (3 cycles)

C: Primary Emulsion

(Magnetic stirring @ 800 rpm) D: Nanoemulsion E: Separation
(Homogenization @ 5000 rpm) (Centrifugation @ 20,000 x g)

Fig. 4.19: Schematic representation of preparation of PA NPs by emulsion solvent evaporation

method.

4.10.5 In vitro/ in vivo evaluation
a) Pharmacokinetic study design
i) Single dose oral study

Pharmacokinetic studies were conducted following oral (20 mg/kg, 10 ml/kg)
administration of free lopinavir suspension, lopinavir/ritonavir co-formulation and lopinavir
loaded PCL NPs/PA NPs. In pharmacokinetic studies, animals were randomly divided into
three groups; Group A (control group) - treated with lopinavir alone; Group B - treated with
co-formulation; Group C- treated with lopinavir loaded NPs.
i) Single dose 1V bolus study

Intravenous pharmacokinetic studies of lopinavir were conducted following single
dose bolus administration (I, 4 mg/kg, 1 ml/kg) of free lopinavir solution and lopinavir
loaded nanoparticles formulations (PCL NPs and PA NPs). For the study, animals were
randomly divided into two groups with five animals in each group. Group A (control group)

- treated with a free lopinavir solution; Group B - treated with either PCL NPs or PA NPs.
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For pharmacokinetic study of each formulation, separate set of animals were used in the
control group.
i) Blood collection

Blood samples were collected from the orbital sinus into microfuge tubes containing
anti-coagulant (3.8% w/v sodium citrate) at pre-dose, 0.17, 0.25, 0.5, 1, 2, 3, 4,6, 8 and 12
h post dose for oral studies and at pre-dose, 0.08, 0.17, 0.25, 0.5, 1, 2, 4, and 6 h post dose
for IV studies. Collected blood samples were kept on ice until further processing. These
samples were further harvested for plasma by centrifuging at 4 °C for 10 min at 650 x g and
then stored at —70 °C until further analysis. The samples were analyzed by a validated
HPLC method for estimation of lopinavir in rat plasma matrix.
b) Tissue distribution study

To study the bio-distribution pattern of polymeric NPs, 36 male wistar rats (180 + 20
g) were randomly divided into three groups with 12 animals in each group. The groups were
designated as: Group A (control group) - treated with lopinavir (20 mg/kg, lopinavir
suspended in 0.5% w/v MC) alone; Group B - treated with lopinavir/ritonavir co-
formulation (20/5 mg/kg); Group C - treated with lopinavir loaded PCL NPs/ PA NPs.

Three rats from each group were sacrificed at 0.5, 1, 2 and 4 h post-dosing.
Individual animals were perfused with heparinized (5 1U) saline (0.9% w/v NaCl) through
the portal vein in order to remove circulating blood from body organs before tissue
collection. Tissues of interest (liver, spleen and mesenteric lymph nodes) were collected and
stored at —70 °C until further analysis.
c) In vitro metabolism stability study

In vitro metabolism stability studies were performed by incubating free lopinavir,
lopinavir/ritonavir (ritonavir at an effective concentration of 1.25 pM) co-formulation and
lopinavir polymeric nanoparticles (PCL NPs & PA NPs) with rat intestinal microsomes
(RIM) and rat liver microsomes (RLM) (1 mg/ml) at an effective concentration of 5uM.
Reaction was initiated by addition of NADPH (2 mM) in phosphate buffer (100 mM, pH
7.4). Incubations were performed at 37 °C in a shaking water bath for 30 min. The reaction
was terminated by addition of cold acetonitrile. Samples were vortexed briefly and
centrifuged at 6000 x g for 15 min. Resultant clean supernatant (75 pl) was injected into the
HPLC. Percentage metabolism of lopinavir was determined in all three test conditions. In a
separate set of experiment, free lopinavir was incubated with reaction buffer without
enzymes for 30 min to ensure stability of free lopinavir in the reaction buffer. No non-

enzymatic degradation of lopinavir was observed.
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Enzyme inhibition due to formulation excipient present in NPs was investigated by
incubating blank NPs (NPs prepared without drug) along with free lopinavir; difference in
metabolism (compared with free lopinavir alone) was taken as a sign of enzyme inhibition.
d) Intestinal uptake study

Everted gut sac studies in rats were performed using established methods adapted
from literature [37]. As discussed earlier, Intestinal sacs were placed in individual
incubation chambers containing free lopinavir (2.5 pg/ml), lopinavir/ritonavir (lopinavir and
ritonavir at an effective concentration of 2.5 pg/ml and 0.625 pg/ml, respectively) co-
formulation, lopinavir loaded PCL NPs/PA NPs (2.5 pug/ml), and lucifer yellow (10 pg/ml)
prepared in KHB buffer at a maintained temperature of 37 °C.

In order to discern the uptake mechanism, permeability studies for lopinavir in free
lopinavir, co-formulation and loaded NPs were conducted at low temperature or in the
presence of specific endocytosis inhibitors; chlorpromazine (CPZ, 10 pg/ml) and nystatin
(NYT, 25 pg/ml). After an incubation time of 60 min, intestinal sacs were carefully
removed, blotted onto filter paper and contents were collected. Intestinal sacs were rinsed
thrice with KHB solution and rinsings were pooled with original content for analysis.
Samples were analyzed by a validated HPLC method.

Papp Values, expressed in cm/s, were calculated in each experimental condition using
the following equation [40]:

_c4dQ 1
Papp = ( dt )X AxCO

Where dQ/dt is the rate of appearance of lopinavir in the everted gut sac (receiver
compartment), C, is the initial concentration of lopinavir outside everted gut sac (donor
compartment) and A is the total cross sectional area of tissue.

4.10.6 Statistical Analysis
As discussed in section no. 4.4, various statistical tests were employed to assess any

significance of difference between means.

411 Results
4.11.1 Experimental design for PCL NPs

Selected critical factors showed a statistically significant effect on observed
responses for particle size and EE (Table 4.7). Quadratic equations establishing main effects
and interaction factors were determined based on estimation of statistical parameters

generated by software. Statistical validation of quadratic equations was confirmed by
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ANOVA. Three dimensional response surface graphs for illustrating the effects of selected
critical factors on selected responses are shown in Fig. 4.20 (a-d).
a) Effects on particle size (Y1)

As shown in Table 4.7, particle size of formulations ranged between 138.4 nm (run
2) and 232.6 nm (run 9), indicating sensitivity toward critical factors selected for the study.
Experiments carried out at the center points (run 1, 3, 7, 14 and 15; n = 5) of the design
indicate reproducibility of experiment as coefficient of variation (CV) is less than 2%.
Independent factors affecting particle size were concentration of surfactant (X;), amount of
polymer (X;) and duration of homogenization (X3) (Table 4.8).

These effects can be explained by following quadratic equation:
Y1 =176.80 + 12.50 (X1) + 21.13 (X2) — 15.63 (X3) + 0.75 (X1X2) — 4.25 (X1X3) — 2.5 (X2X3) +
27.35 (X12) — 7.4 (X2%) + 3.1 (X5%)

Regression coefficient (r?) of the above equation was 0.9563, indicating a good
correlation between observed response and selected critical factors. The residuals were
distributed randomly around zero and there was no effect of experimental sequence on the
trend of residuals.

b) Effects on entrapment efficiency (EE, Y3)

As shown in Table 4.7, EE varied between 73.5% (run 13) to 94.4% (run 12) which
indicates that the response was sensitive towards selected factors. Experiments performed at
the center points of the design (run 1, 3, 7, 14 and 15; n = 5) confirmed that the
experimental method was highly reproducible (CV < 3%). Data presented in Table 4.8 show
that independent factors affecting EE were concentration of surfactant (X;), amount of
polymer (X;) and time of homogenization (X3).

Effect can be explained by following second-order polynomial quadratic equation:
Y, =90.7 + 3.38 (X;) + 6.88 (X2) +2.00 (X3) + 0.25 (X1X2) — 0.5 (X1X3) + 0.5 (X2X3) — 2.23
(X1?) —5.23 (X,2) — 1.48 (X5%)

The regression value of above equation was found to be 0.922 indicating suitability
of selected design model. Analysis of residuals indicated that residuals were normally
distributed around zero.
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Fig. 4.20: a) Response surface plot showing the effect of polymer amount and surfactant

concentration on particle size; b) Response surface plot showing the effect of time of
homogenization and surfactant concentration on particle size; ¢) Response surface plot
showing the effect of polymer amount and surfactant concentration on entrapment

efficiency; d) Response surface plot showing the effect of time of homogenization and
surfactant concentration on entrapment efficiency.
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Table 4.8. Statistical analysis results of particle size and entrapment efficiency (EE).

Particle size (Y1) EE (Y2)
Source Sumof  DF F-value Sumof  DF F-value
Squares P-value Squares P-value
Model 10247.33 9 635.07 0.0001" 659.95 9 126.74 0.0001"
X 1250.00 1 697.21 0.0001" 91.12 1 157.50 0.0001"
X, 3570.13 1 1991.30 0.0001" 378.12 1 653.55 0.0001"
X3 1953.13 1 1089.39 0.0001" 32 1 55.31  0.0001"
X1 X5 2.25 1 1.25  0.2996" 0.25 1 0.43 0.5320"
X1 X3 72.25 1 40.30 0.0004" 1 1 1.73 0.2300"
XoX3 25.00 1 13.94  0.0073" 1 1 1.73 0.2300"
X4 3149.57 1 1756.73 0.0001" 20.84 1 36.03  0.0005"
X,? 230.57 1 128.60 0.0001" 114.95 1 198.67  0.0001"
X4 40.46 1 22.57  0.0021" 9.16 1 15.83  0.0053"
Residual 12.55 7 4.05 7
Lack-of-fit 9.75 3 464 0.0861" 3.25 3 5.42  0.0681"
Pure error 2.80 4 0.8 4
Total 10259.88 16 664 16

*Significant at o < 0.05, "Not significant at a < 0.05.

C) Optimization and validation

Desirability function (0.98) was probed using Design-Expert software to acquire an
optimized formulation. Selection of optimum formulation was based on pre-set criteria as
shown in Table 4.6. Conditions for optimal formulation as predicted by the software were as
follows: surfactant concentration = 1.36 % wi/v, polymer amount = 270.74 mg and the
duration of homogenization = 40.15 min. To prove the validity of this statistical model,
verification runs (n = 6) with these conditions were carried out and Wilcoxon Signed Rank
Test was used to identify any statistically significant difference between actual and
theoretical values. At a = 0.05, there was no statistically significant difference between
actual and theoretical values for particle size (p < 0.0732) and EE (p < 0.8543) thus
affirming validity of the proposed model. Optimized formulation exhibited particle size of
195.3 £ 2.3 nm, and EE of 93.95 + 1.23%.
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4.11.2 Synthesis and characterization of PA

PA was synthesized by replacing free hydroxyl groups present in glucose units of
pullulan with the acetate groups (Fig. 4.18). Comparison of the FT-IR spectra of pullulan
(Fig. 4.21(a)) and PA (Fig. 4.21 (b)) confirms the introduction of acetate groups in PA (Fig.
4.21 (b)), as indicated by the C=0 stretching at 1752 cm™* C-O stretching at 1250 cm *and
1109 cm*, CH3 deformation at 1370 cm™" and presence of O—C=0 bend at 603 cm . The
peak at 3470 cm originating from stretching vibration of the hydroxyl (-OH) group
became relatively weak following acetylation in PA further indicating the substitution of

free -OH groups.
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Fig. 4.21: FT-IR spectra of pullulan (a) and pullulan acetate (b).

Comparative *H NMR spectra of pullulan and PA dissolved in DMSO-dg is shown in
Fig. 4.22. Intensity of hydroxyl proton signals of PA observed at 4.5-5.6 ppm decreased in
comparison with pullulan. The *H NMR spectra of PA also demonstrated the introduction of
additional methyl proton signals at 1.8-2.2 ppm, which can be assigned to the acetyl groups.
The acetylation of pullulan was successful with the procedure followed. However, we could
not precisely assign few proton signals observed at 3 ppm and above due to the complexity
of the signals.

The calculated value of DS, post acetylation, was 2.91. Results indicate that nearly
all the hydroxyl (-OH) groups have been substituted by acetyl moiety. Higher DS would
render more hydrophobicity to PA [68] that could further accommodate more amount of

drug thereby increasing the EE.
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Fig. 4.22: "H NMR spectra of pullulan (a) and pullulan acetate (b) in DMSO-d.

4.11.3 Characterization of PCL NPs and PA NPs

SEM studies revealed that lopinavir loaded PCL NPs and PA NPs were almost
spherical in shape (Fig. 4.23). Data from the particle size analysis demonstrated a unimodal
size distribution of prepared nanoparticles. Mean particle size, polydispersity index (PDI)
and zeta potential value of optimized PCL NPs (n = 6) were 195.3 + 2.3 nm, 0.10 + 0.01 and
—19.74 £ 2.1 mV respectively. Whereas, mean particle size and the PDI of lopinavir loaded
PA NPs (n = 6) were 197 = 4 nm and 0.11 + 0.01 respectively. The mean zeta potential
value of lopinavir loaded PA NPswas -3 +1 mV.

The EE studies demonstrated high efficiency of the polymeric NPs in encapsulating
lopinavir. EE of PCL NPs and PA NPs were 93.95 + 1.23 and 76.5 £+ 3.5% respectively.
High EE could be possibly due to hydrophobic interactions between lopinavir and polymer

molecules.
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Fig. 4.23: Scanning electron microscopic images (left side) and Particle size distribution profiles
(right side) of a) PCL NPs and b) PA NPs.

Fig. 4.24 (a and b) shows DSC thermograms for pure lopinavir, pure polymers (PCL
and PA), physical mixture of lopinavir and polymer (1:1), blank NPs and lopinavir loaded
polymeric nanoparticles (PCL NPs and PA NPs). DSC thermogram for pure lopinavir and
lopinavir in physical mixture showed a sharp melting peak at 97.2 °C. PCL showed melting
peak at 56.3 °C whereas, no endothermic peak was observed for pullulan acetate across the
scanning range up to 200 °C. In DSC thermograms of blank and PCL loaded NPs, an
additional peak observed at 168.3 °C was of mannitol (used as cryoprotectant).

In vitro drug release profile of nanoparticles formulations (PCL NPs and PA NPs)
and free lopinavir are presented in Fig. 4.25. Free lopinavir showed complete dissolution
within 5 h. Unlike free lopinavir, polymeric nanoparticles showed a bi-phasic release
pattern, which was characterized by an initial rapid release followed by slow and continuous
drug release. In the initial phase, PCL NPs showed 60% drug release in first 10 h followed
by a slow and continuous drug release up to 75 h. Whereas, PA NPs exhibited 53% drug
release in the first 8 h followed by a slow and continuous drug release.
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Fig. 4.24: a) Overlaid DSC thermograms of LPV, PCL, PM, blank NPs and LPV NPs. LPV,

lopinavir; PCL, poly-e-caprolactone; PM, physical mixture (1:1); NPs, nanoparticles.
b) Overlaid DSC thermograms of LPV, PA, PM, blank NPs and PA NPs. LPV,
lopinavir; PA, pullulan acetate; PM, physical mixture (1:1); NPs, nanoparticles.
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Drug release kinetics was studied by fitting data into various mathematical models.
From regression analysis, drug release from PCL NPs was most appropriately described by
reciprocal-powered time model (r* = 0.9877). In comparison, zero-order kinetics (r* =
0.2873), first-order kinetics (r* = 0.9399) and Higuchi kinetics (r* = 0.8987) showed
relatively lower r? values. Time taken for 50% drug release (tsos;) and mean dissolution time
(MDT) from NPs was calculated to be 7.34 h and 51.9 h respectively.

A similar observation was made for PA NPs drug release profile. From regression
analysis, it is evident that reciprocal-powered time model (r* = 0.988) was best suited for PA
NPs release profile. In comparison, zero-order kinetics (r* = 0.287), first-order kinetics (r* =
0.939) and Higuchi kinetics (r* = 0.898) showed relatively lower r? values. Times taken for
50% drug release (tso%) and mean dissolution time MDT from NPs were calculated to be
6.96 h and 40.71 h respectively.
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Fig. 4.25: In vitro drug release profiles of lopinavir loaded PCL NPs (left side) and PA NPs (right
side) in simulated blood pH condition (PBS, pH 7.4). The data are expressed as mean +
SD (n = 6). LPV, lopinavir; PCL, poly-e-caprolactone, PA NPs, pullulan acetate
nanoparticles.

Formulation stability of NPs was evaluated by measuring particle size, zeta
potential, PDI and EE at 0, 1, 2 and 3 months of storage at ambient temperature. As shown
in the Fig. 4.26, mean particle diameter, zeta potential and EE of NPs were not significantly
affected by storage at ambient temperature. From the same Fig, small change in PDI values
was observed over time. However, for all samples, upon storage, PDI values remained
below 0.2 suggesting that the particle population remained fairly homogeneous without any

significant aggregation in NP dispersion during storage.
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Fig 4.26: Stability characteristics of lopinavir loaded a) PCL NPs b) PA NPs in terms of mean
particle size, entrapment efficiency (EE), Zeta potential and polydispersity index (PDI)
stored at 25 + 2 °C and 60% + 5% RH. The data are expressed as mean + SD of six
independent determinations (n = 6). LPV, lopinavir; PCL, poly-e-caprolactone; PA,
pullulan acetate.
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4.11.3 In vitro/in vivo evaluation of nanoparticles

a) Pharmacokinetic studies

The in vivo behaviour of lopinavir loaded nanoparticles formulations were
assessed by performing pharmacokinetic studies in male wistar rats. Pharmacokinetic
behaviour of free lopinavir, lopinavir/ritonavir co-formulation and lopinavir loaded
nanoparticles formulations after oral administration is shown in Fig. 4.27 and Fig. 4.28.

Following oral administration, both co-formulation and lopinavir NPs showed
statistically significant improvement in pharmacokinetics of lopinavir as determined by
area under the curve (AUC), maximum plasma concentration (Cnax) and mean residence
time (MRT) (Table 4.9 and 4.10).

Co-administration of ritonavir with lopinavir (Group B) significantly increased
lopinavir AUC by 3.7 folds (p < 0.001), Cmax by 2.0 folds (p < 0.001) and MRT by 1.5 folds
(p < 0.05) as compared to free lopinavir (Group A).

On the other hand, PCL NPs significantly increased AUC by 4.4 folds (p < 0.001),
Cmax by 3.0 folds (p < 0.001) and MRT by 1.30 folds (p < 0.05) as compared to free
lopinavir. Similarly, following oral administration of PA NPs, AUC, Chax and MRT of
loaded lopinavir increased by 2.3 folds (p < 0.01), 1.64 folds (p < 0.05) and 1.3 folds (p <
0.05) respectively. However, statistically no significant difference in Tyax Was observed in
either of the formulations as compared to free lopinavir.

Comparative pharmacokinetic parameters of free lopinavir and lopinavir NPs post
IV administration are summarized in Table 4.9 and Table 4.10. Statistically significant
change in disposition parameters of lopinavir was observed following IV administration of
loaded NPs as compared to a free lopinavir solution. Total plasma clearance (CL) of
lopinavir from PCL NPs reduced by 27% (p < 0.05), whereas, a significant (p < 0.01)
increase in half-life (increased by 1.82 folds, p < 0.01), and AUC (increased by 1.91 folds)
was observed.

In case of PA NPs, as compared to free lopinavir solution, total plasma clearance
(CL) of lopinavir was reduced by 22% (p < 0.05). A significant (p < 0.01) increase in half-
life (increased by 1.59 folds), and AUC (increased by 1.80 folds) value of lopinavir was
observed upon loading in to PA NPs.
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Table 4.9 Pharmacokinetic parameters of lopinavir following oral and IV administrations of

free lopinavir, lopinavir co-formulation and PCL NPs to rats (20 mg/kg; n = 5)

Oral (20 mg/kg) Free lopinavir Co-formulation PCL NPs
Parameters (Group A) (Group B) (Group C)

Crnax (ng/ml) 645.85 + 67.70 1260.41 + 113.41" 1893.13+220.16"
Trnax (M) 0.85(0.75-1.0) 0.85 (0. 5-1.0) 1.1 (0.75-2.0)
MRT(h) 4.99 +0.50 7.81+0.49" 6.51+ 0.49"

AUC (ng/ml*h) 1555.52 + 53.34 6051.75 + 132.41" 6829.44 + 98.59"
Frel - 3.89+0.21 4.39+ 0.42

IV (4 mg/kg) Free lopinavir PCL NPs
Parameters (Group A) (Group B)

C, (ng/ml) 2534.01 + 134.12 - 1874.16 + 120.14™
T 0.72 +0.05 - 1.32+0.017

CL (ml/h/kg) 1543.59 + 107.34 - 1134.28 + 95.13"
Vg (mi/kg) 1578.59 + 116.54 - 1924.20 + 109.45
AUC (ng/ml*h) 2592.41 + 215.23 - 4951.00 + 321.34™
Frel - - 1.91+0.12

Statistically significance difference (*p < 0.05; **p < 0.01;***p < 0.001) as compared to Free
lopinavir (Group A). The data are expressed as mean £ S.D. T s« values in bracket are expressed in
range. LPV, lopinavir; PCL, poly-g-caprolactone; Cnax, maximum plasma concentration; T ax,
time to reach maximum plasma concentration; MRT mean residence time; AUC, area under the
curve; F, relative bioavailability

Table 4.10 Pharmacokinetic parameters of lopinavir following oral and IV administrations

of free lopinavir, lopinavir co-formulation and PA NPs to rats (20 mg/kg).

Oral (20 mg/kg)

Free Lopinavir

Co-formulation

PA NPs (Group C)

Parameters (Group A) (Group B)

Crmax (ng/ml) 646.15 + 67.70 1259.18 + 123,51 1060.34 + 86.51"
Trnax () 0.75 (0.5-1.0) 0.80 (0.5-1.0) 0.75 (0.5-1.0)
MRT(h) 5.19 +0.19 7.67+0.17" 6.75+0.25"

AUC (ng/ml*h) 1620.82 + 59.32 6192.15 + 123.15 " 3782.50 + 76.87"
Frel - 3.82+0.31 2.32£0.26

1V (4 mg/kg) Free Lopinavir

Parameters (Group A) PANPs (Group B)
C, (ng/ml) 2423.01 + 124.18 - 1981.17 + 111.12°
T 0.75+0.11 - 1.19 £0.02”

CL (ml/h/kg) 1531.51 + 121.14 - 1191.23 +85.11"
Vg (ml/kg) 1650.59 + 123.58 - 1884.10 £ 99.15"
AUC (ng/ml*h) 2612.11 + 195.13 - 4778.02 + 342.317
Frel - - 1.8+ 0.11

Statistically significance difference (*p < 0.05; **p < 0.01) as compared to Free lopinavir (Group
A). The data are expressed as mean + S.D. T, values in bracket are expressed in range. LPV,
lopinavir; PA NPs, pullulan acetate nanoparticles; Cpax, Maximum plasma concentration; Tmax,
time to reach maximum plasma concentration; MRT mean residence time; AUC, area under the
curve; F, relative bioavailability.
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Fig. 4.27: Mean plasma concentration versus time profile of free lopinavir and PCL NPs after oral
administration to male wistar rats (n = 5). The data are expressed as mean + S.D. LPV,
lopinavir; NPs, nanoparticles.
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Fig. 4.28: Mean plasma concentration versus time profile of free lopinavir and PA NPs after oral
administration to male wistar rats (n = 5). The data are expressed as mean + S.D. LPV,
lopinavir; NPs, nanoparticles.

155



b) Tissue-distribution study

In order to establish in vivo performance of lopinavir loaded PCL NPs and PA NPs
at targeted organs, tissue distribution studies were conducted and compared with the
distribution pattern of free lopinavir. As shown in Fig. 4.29, it is evident that lopinavir from
loaded NPs was significantly (p < 0.01) accumulated in the liver (AUC increased by 2.7
folds, Chnax increased by 3.2 folds), spleen (AUC increased by 2.10 folds; p < 0.01, Cnax
increased by 1.6 folds; p < 0.05) and lymph node tissues (AUC increased by 1.70 folds; p <
0.05, Cpax increased by 1.9 folds; p < 0.01) as compared to free lopinavir post-oral
administration.

Correspondingly, lopinavir from PA NPs showed significantly (p < 0.05) higher
accumulation (Fig. 4.30) in liver (AUC increased by 1.69 folds, Cnax increased by 1.60
folds) and spleen tissues (AUC increased by 1.53 folds; Cnax increased by 1.64 folds).
Whereas, marginally higher, though the statistically insignificant accumulation of lopinavir
from PA NPs in mesenteric lymph node tissues was observed.

Following the co-administration of lopinavir with ritonavir, statistically significant
(p < 0.05) accumulation of lopinavir in liver tissue was observed. In this case, when co-
administered with ritonavir, lopinavir’s Cpax increased by 1.58 folds and AUC increased by
1.4 folds. However, for spleen and lymph nodes, no statistically significant change in Cpax

and AUC was observed.
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Fig. 4.29:
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Tissue distribution study of free lopinavir, lopinavir/ritonavir co-formulation and
lopinavir loaded PCL NPs following oral administration to wistar rats. Three animals
were sacrificed at each time point to harvest a) liver, b) spleen and c) mesenteric lymph
node tissues. The data are expressed as mean = S.D. LPV, lopinavir; RTV, ritonavir;
NPs, nanoparticles.
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node tissues. The data are expressed as mean + S.D. LPV, lopinavir; RTV, ritonavir; PA
NPs, pullulan acetate nanoparticles.
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c) In vitro metabolism stability study

Results obtained from in vitro metabolic stability studies using RIMs and RLMs are
shown in Fig. 4.31. Mean percentage metabolism of lopinavir was reduced significantly (p
< 0.001) upon co-incubation with ritonavir (metabolism of 10.1% in RIMs; 9.2% in RLMs)
as compared to free lopinavir (metabolism of 89.2% in RIMs; 81.3% in RLMs) after 30 min
of incubation period in both of the microsomes.

Similarly, in comparison with the control group, metabolism of lopinavir in loaded
PCL NPs (24% in RIMs; 22% in RLMs) and PA NPs (35% in RIMs; 29% in RLMs)
decreased significantly (p < 0.001). No statistically significant change (< 3%) in metabolism

of free lopinavir was observed upon co-incubation with blank NPs.
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Fig. 4.31:Metabolism stability of free LPV, LPV/RTV co-formulation and LPV NPs after 30 min
incubation with RIM and RLM atl mg/ml protein concentration. ***Statistically
significance difference (p < 0.001) as compared to Free LPV. The data are expressed as
mean = S.D. LPV, lopinavir; RTV, ritonavir; PCL, poly-e-caprolactone; PA NPs, pullulan
acetate nanoparticles; RIM, rat intestinal microsomes; RLM, rat liver microsomes.

d) Nanoparticles uptake study

Data obtained from permeability studies are shown in Table 4.11. Experimental
results indicate a significant increase in apparent permeability (Papp) Of lopinavir in the
presence of ritonavir and upon loading into NPs as compared to free lopinavir. The Papp

values of PCL NPs and PA NPs were found to increase by 1.88 folds (p < 0.01) and 1.61

folds (p < 0.01) respectively. Low incubation temperature (4 °C) and presence of specific

inhibitors significantly (p < 0.05) reduced the intestinal uptake of NPs. As shown in Table

4.11, intestinal uptake of PCL NPs and PA NPs at 4 °C was only about 39% (p < 0.01) and
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44% (p < 0.01) of that at the 37 °C respectively. In co-incubation with CPZ, the P 4, values
of PCL NPs and PA NPs reduced by 37% and 30% respectively. Similarly, in the presence
of the NYT, Pgp of PCL NPs and PA NPs significantly decreased by 34% and 39%
respectively.

Table 4.11.Effect of incubation temperature and endocytic uptake inhibitors
(chlorpromazine, 10 ug/ml and nystatin, 25 pg/ml) on intestinal permeability of
free lopinavir, and lopinavir loaded polymeric nanoparticles.

Papp (X 10°° cm/s)

Groups .

Control (37 °C) at4°C (+)CPZ (#)NYT
Free lopinavir 2.58 + 0.31 2.63+0.29 2.72+0.32 2.44 +0.22
LPV/RTV Co-formulation 6.68 +0.317" 6.92+ 0.29" 6.81 + 0.38" 6.72 + 0.32"
Lopinavir PCL NPs 486+0.35 1.90+£0.24°¢  306+021°©  3.22+0.26°
Lopinavir PA NPs 416 +0.41" 1.85+0.27°¢  291+0.23°2 254 +0.240
Lucifer Yellow 0.25+ 0.04 0.28+0.03" 0.22+ 0.05" 0.29+ 0.03"

**Statistically significance difference (p < 0.01) as compared with Free lopinavir; *Statistically no
significance difference (p > 0.05) as compared with respective control group (37 °C); @Statistically
significance difference (p < 0.05) as compared with respective control group (37 °C). The data are
expressed as mean = S.D. LPV, lopinavir; RTV, ritonavir; PCL, poly-e-caprolactone; PA NPs,
pullulan acetate nanoparticles; CPZ, chlorpromazine; NYT, nystatin

412 Discussion
4.12.1 Experimental Design for PCL NPs

Results of experimental design provided considerable useful information and
reaffirmed utility of statistical design for the conduct of experiments. From Fig 4.20a, for a
given concentration of surfactant, an increase in polymer amount leads to significant
increase in particle size. This could be due to increase in viscosity of the continuous phase
with the increase in the amount of polymer which results in reduction of evaporation rate of
organic phase thereby leading to formation of larger particles [69]. It is also evident that at
constant polymer amount, with an increase in surfactant concentration up to an optimal
level, particle size decreases; beyond this, an increase in particle size is seen. The initial
reduction of particle size by surfactant was attributed to reduction of interfacial tension
between dispersed organic phase and dispersion media (aqueous phase) [70]. However, at
higher surfactant concentrations, hydrophobic interactions between surfactant molecules

dominate, leading to aggregation and increase in particle size.

160



As shown in Fig 4.20 b, increase in length of homogenization time resulted in
reduced particle size. Longer duration of homogenization results in increased energy input
that prevents agglomeration of NPs.

Effect of surfactant concentration and polymer amount on the EE at a constant
homogenization time is shown in Table 4.7and illustrated in Fig 4.20c. A steep curvature for
EE when viewed from polymer axis indicates that, with increasing amounts of polymer, EE
increases. This is expected because with increasing amount of polymer, the lipophilic drug
lopinavir gets better entrapped in the hydrophobic polymeric matrix. Higher amount of
polymer also provides an additional number of particles into which lopinavir gets entrapped.

Likewise, from Fig 4.16¢ at fixed homogenization time, it is evident that with
increasing surfactant concentration, EE of lopinavir increases. This is because more
lopinavir molecules get entrapped within the surfactant layer present at the surface of NPs,
leading to a high EE [71]. Further, with increasing polymer and surfactant concentration,
viscosity of the medium increases, preventing rapid diffusion of lopinavir into the bulk of
medium leading to higher EE [72].

From the polynomial equation for EE and Fig 4.20 d, it is evident that
homogenization time has a positive effect on EE. With increasing homogenization time,
energy input increases, leading to reduction of particle size and increase in surface area
which increases EE.

4.12.2 Nanoparticles characterization

Fabricated polymeric nanoparticles of lopinavir exhibited particles in the nano size
range with high EE and low PDI value. Low value of PDI indicates the usefulness of the
proposed method in producing stable polymeric NPs with a relatively narrow size
distribution.

The oil-in-water emulsion-solvent evaporation technique is widely used method for
preparation of polymeric nanoparticles. Several researchers have validated the application of
solvent evaporation in the encapsulation of hydrophobic compounds by producing
nanoparticles with high EE [65].

Data from zeta potential studies indicated strong negative surface charge on PCL
NPs. Negative zeta potential acquired on the surface was probably due to the presence of
lactone residues on the polymeric matrix surface. However, the weak negative zeta potential
of PA NPs was attributed to the presence of weakly ionized acetate functional groups on the

polymeric surface.
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From the stability data, it can be concluded that the polymeric based lopinavir
nanoparticles were stable for at least 3 months upon storage at ambient temperature. No
significant particle aggregation was seen in any of the formulations. It is assumed that due
to high surface charge leading to strong electrostatic repulsion is involved in providing
stability to PCL NPs. The particle stability of PA NPs was attributed to steric stabilization
effect of PVA. It is reported that PVA adsorbs onto the NP surface and creates a repulsive
barrier that prevents particle aggregation during storage [18]. However, extensive stability
studies need to be performed to fix the shelf-life of NPs in different storage conditions.

In Fig 4.24 absence of lopinavir peak in thermograms of loaded NP formulations
(PCL NPs and PA NPs) indicate that the majority of lopinavir is present in amorphous form
within the polymeric matrix. No shift in peak position for lopinavir or PCL was observed in
physical mixture, indicating absence of incompatibility between PCL and lopinavir.

The drug release profile indicates bi-phasic release pattern from loaded NPs. Initial
rapid release may be due to the presence of lopinavir molecules on the surface of NPs
entrapped in surfactant layer. In the second phase, the observed slow release is due to slow
diffusion of the entrapped drug from NPs matrix.

4.12.3 Invitro/in vivo evaluation

In vivo performances of lopinavir loaded polymeric nanoparticles formulations were
evaluated against the marketed formulation of lopinavir in male wistar rats. Series of
comparative pharmacokinetic studies were conducted to understand mechanisms involved in
the pharmacokinetic improvement of lopinavir NPs.

From oral the pharmacokinetic studies, it is evident that lopinavir has poor
bioavailability; presumably due to high first-pass metabolism, rapid clearance and P-gp
efflux. Results obtained from co-administration group demonstrated booster effect of
ritonavir on pharmacokinetics of lopinavir as indicated by AUC, Cnax and CL. Significant
improvement in plasma exposure of lopinavir could be attributed to reduced first-pass
metabolism and/or P-gp efflux.

Similarly, lopinavir loaded polymeric nanoparticles demonstrated significant
improvement in the oral pharmacokinetics of lopinavir. High plasma exposure of lopinavir
from polymeric nanoparticles could be possibly a result of reduced metabolism/P-gp efflux
and/or increased intestinal permeability of lopinavir upon loading.

To understand in vivo clearance modulation of lopinavir upon loading, nanoparticles
were intravenously injected to rats and apparent rate of elimination was calculated. A

significant reduction in plasma clearance and extended half-life following IV administration
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indicates metabolic protection (in the liver) offered by polymeric NPs to encapsulated
lopinavir. Further, from pharmacokinetic data, it is also evident that the relative
bioavailability obtained from oral study is considerably higher than intravenous study. This
suggests that apart from diminished clearance, other factors such as improved permeability
and avoidance of first-pass metabolism is contributing significant role in enhancing the oral
bioavailability of polymeric nanoparticles.

We undertook in vitro metabolism stability studies in order to substantiate metabolic
protection extended by nanoparticles to encapsulated lopinavir. Metabolism studies
conducted with RIM and RLM illustrate extensive metabolism of free lopinavir and also
demonstrated that NPs could offer metabolic protection to loaded drug. Metabolic
protection offered by NPs to lopinavir (gut wall and hepatic) aids in achieving longer
circulation time by bypassing first pass metabolism leading to higher plasma exposure of
lopinavir. In vitro data agrees well with in vivo behaviour of lopinavir.

Intestinal uptake of NPs was investigated in rat everted gut sac model to explore the
uptake mechanism and contribution of absorption in improving oral bioavailability of
lopinavir NPs. A significant increase in Papp Of lopinavir NPs as compared to free lopinavir
suggested that NPs could efficiently cross intestinal barriers. Improved permeability of drug
fabricated into nanoparticles is attributed to its active uptake through endocytosis
(phagocytosis/pinocytosis) processes. Further, extended protection to loaded drug against
gut metabolizing enzymes and modulation of P-gp function could also improve the
intestinal permeability of lopinavir [73]. However, we could not evaluate the possible role
of P-gp modulation in permeability of lopinavir NPs.

It is widely reported that at lower temperatures (4 °C), energy dependent processes
like endocytosis could be blocked [74]. Hence, to discern the uptake mechanism, we carried
out a permeability study of lopinavir NPs at two different temperatures ie at 37 °C (control)
and 4 °C. The data from the study indicates significant reduction in Py, value of lopinavir
NPs. However, no significant effect of incubation temperature on intestinal permeability of
free lopinavir was observed. This implied that uptake of NPs in everted gut sacs could be
possibly a result of energy dependent active uptake process.

Further, it has been reported that specific endocytic uptake inhibitors like
chlorpromazine (CPZ) and nystatin (NYT) could reduce uptake of NPs by either inhibiting
clathrin coated pit associated receptors at cell surface or abolishing caveolae function
respectively [48]. Hence, to identify the mechanism of nanoparticles uptake, intestinal

everted gut sac study was extended and performed in the presence of CPZ and NYT. From
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the study results, it could be deduced that both clathrin- and caveolae mediated endocytosis
mechanisms were involved in the uptake of lopinavir NPs. From this, we concluded that
endocytosis plays a trivial role in the uptake of lopinavir. It also signifies a significant role
of passive diffusion in absorption of free lopinavir. Moreover, no significant change in Py
value of free lopinavir in the presence of CPZ and NYT also overrules interaction of CPZ
and NYT with P-gp and other transporter systems.

In order to establish in vivo performance of lopinavir NPs at targeted organs, tissue
distribution studies were conducted and compared with the distribution pattern of free
lopinavir and marketed co-formulation. As shown in Fig. 4.29 & 4.30, lopinavir in loaded
NPs significantly accumulated in the liver, spleen and lymph node tissues in comparison to
free lopinavir. Data suggests that following oral administration nanoparticles are taken up
into the lymphatic system and transported to lymphoidal organs. Various researchers have
reported the similar behaviour of orally administered NPs [75]. It has been reported that the
M-cells covering Peyer’s patches take up NPs by a combination of endocytosis and/or
transcytosis mechanism. The size of these particles takes them to the lymphatic system
through relatively larger openings rather than blood capillaries whose pore sizes are tiny.
However, we could not observe a significant accumulation of lopinavir following oral
administration of PA NPs in lymph node tissue. Higher localization of lopinavir in liver
tissue than other tissues could be possibly due to superior blood perfusion to the liver.
Moreover, it is reported that kuffer cells present in the liver have remarkable ability to
engulf nanoparticles that may further lead to high localization of nanoparticles to liver [76].

From results, it is notable that though ritonavir co-administration (in marketed
formulation) was able to improve the plasma exposure of lopinavir significantly, but failed
to maintain high concentrations at viral reservoir sites as compared to nanoparticles (with
the exception of PA NPs).

In a similar study, Destache et al. have demonstrated significant improvement of
lopinavir exposure (over 8 folds) following intra-peritoneal administration of lopinavir
loaded PLGA NPs as compared to free lopinavir. Further, higher distribution of NPs to
liver, kidney, spleen and brain was also reported [77]. Our data are in reasonable agreement
with the previously reported data. However, in our case, nanoparticles formulations were
administered by oral route. Apparently, these results should be viewed with sagaciousness
as route of administration in both cases are different.

It is reported that the HIV remains viable in the lymphoid organs, the main viral

reservoir sites, even when sufficient concentration of the anti-HIV drug is available in the
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blood circulation. The majority of the anti-retroviral drugs (including lopinavir co-
formulation) are unable to reach these viral reservoir sites. Hence, for better therapeutic
efficacy, it is desirable to have higher amounts of lopinavir for longer duration of time in
lymphoid organs (liver, spleen and lymph nodes). In the present work, we demonstrated that
with the use of lopinavir nanocarriers, better distribution of lopinavir could be achieved at
targeted organs in comparison with lopinavir/ritonavir co-formulation. Therefore, in
conclusion, lopinavir loaded polymeric nanoparticles could be a better alternative than
conventional lopinavir therapy for treatment of HIV infection and prevention of its relapse.
4.13 Conclusions

Lopinavir was successfully fabricated in polymeric nanocarriers; PCL and PA with
high EE and desirable particle size range. The method used in the manufacture of NPs was
robust and yielded nearly monodisperse particles of nanometric size (~200 nm). Critical
factors for manufacturing PCL NPs were identified and optimized using DoE with good
correlation between actual and predicted values. Optimized lopinavir PCL NPs showed a
significant increase in oral bioavailability as compared to free lopinavir suspension. We
have shown that hydrophobically modified pullulan nanoparticles are promising carriers to
improve oral bioavailability of lopinavir. Compared to the free drug, we also demonstrated
that lopinavir in polymeric nanoparticles was metabolized to a lesser extent in the liver and
gut. Moreover, metabolic protection and lymphatic uptake of NPs helped in achieving a
significantly higher bioavailability of lopinavir than free drug. In summary, lopinavir loaded
NPs could prove effective in addressing a major delivery challenge for anti-HIV drugs in
reaching the viral reservoir sites that are normally inaccessible by conventional therapy. In
conclusion, formulating PCL and PA NPs for poorly soluble lopinavir was an effective
approach in improving its exposure to HIV reservoirs and reducing dose which may prove
beneficial in the treatment of HIV infected patients.
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Chapter 5

In vitro Cytotoxicity
Assessment




5.1 Introduction

The primary goal for nanoparticle entrapment of drugs are either enhanced delivery to,
or uptake by, target cells and or a reduction in the toxicity of free drug to off-target sites.
Although nanoparticles have tremendous potential for a host of applications, their adverse
effects on living cells have raised serious concerns recently for their use in the healthcare and
consumer sectors. Entrapment of nanoparticles in the mononuclear phagocytic system of liver
and spleen that leads to organ toxicity is one of the major concerns in nanoparticulate drug
delivery systems [1]. It is reported that nanoparticles are taken up into the reticulo-endothelial
cells through various energy dependent endocytosis process. Inside the cell, nanoparticles
interact with various organelles and are digested by lysosomal enzymes and drug will be
released [2].

De Jong et al. have reported that cynoacrylate and polystyrene nanoparticles could cause
transient alterations in liver function and acute inflammation attributed to their active
accumulation into macrophage cells of liver. In addition, these nanoparticles significantly
reduced antioxidant defences of hepatocytes probably as a result of local release of oxidative
species. Observed toxicities of ingested nanoparticles were attributed to the size and bio
incompatible nature of polymers [3]. Moreover, various researchers have also reported the
significant impact of surface charge of nanoparticles on normal physiology of systemic
circulation like cellular integrity of erythrocytes, platelets aggregation and blood coagulation
[4].

Several in vitro nanotoxicity assays examine nanoparticles influence on a single,
homogeneous, immortal cell type. The cell types chosen for toxicological study should be a true
representative of cellular components that are deemed to be exposed to nanoparticles following
administration [5]. Therefore, in the present work, cell toxicity studies (MTT assay and
hemolysis tests) were conducted to assess biocompatibility of developed nanoparticles (SLNSs,

PCL NPs and PA NPs) with macrophages; an integral part of reticulo-endothelial system.

5.2 Materials

The RAW 264.7 mouse macrophage cell line was obtained from American Type
Culture Collection (ATCC) USA. 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT), cyanmethemoglobin reagent (CMH) and hemoglobin standards were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). Dulbecco’s modified Eagle’s
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medium (DMEM), Ca**/Mg"*-free Dulbecco’s phosphate-buffered saline (DPBS), Triton X-
100, fetal bovine serum (FBS), penicillin and streptomycin for cell culture were obtained from
Invitrogen-Gibco (Grand Island, NY, USA). Different concentrations of blank nanoparticles
(0.5 mg/ml and 2 mg/ml) were prepared by appropriate dilutions of nanoparticles pellet,
obtained after centrifugation (20,000 x g for 15 min), in deionized sterile water.
5.3  Methodology
53.1 MTT assay

In order to determine the cell toxicity, previously reported MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed using RAW
264.7 mouse macrophage cell lines [6]. In brief, RAW 264.7 cells (mouse monocyte
macrophages) harvested from growing cells as a monolayer were seeded onto 96-well plates
(5,000 cells/well), and incubated for 24 h. The prepared blank nanoparticles were appropriately
diluted with media buffer to get final concentrations of 0.5 mg/ml and 2 mg/ml. The media in
the wells were replaced with 100 pl of diluted nanoparticles dispersions and incubated for 4h.
Later, to remove nanoparticles, cells were washed with 100 ul of PBS solution, and incubated
with fresh media and cultured in 5% CO,, at 37 °C for 48 h. At the end of the incubation period,
10 pl of 10 mg/ml concentration of MTT was added to each well and incubated further for 3 h
at 37 °C. DMSO (200 pl) was then added to each well to dissolve the internalized purple
formazan crystals. Each sample was tested in triplicates. The UV absorbance at 570 nm was
measured using a Microplate Reader (spectramax plus384, Micromolecular, USA). The results
were expressed as a percentage of the absorbance of the non-treated cells. In the present
experiment, Triton X-100 (0.5 % and 2%) was used as a positive control.
5.3.2 Hemolysis test

Hemolysis test in rat blood was performed using established methods adapted from
literature [7]. Briefly, the total hemoglobin concentration of heparinized whole blood was
measured using the cyanmethemoglobin (CMH) method against a hemoglobin concentration
standard curve at an absorbance wavelength of 540 nm. The blood was then diluted to a
hemoglobin concentration of 10 mg/ml with Ca""/Mg**-free DPBS. Blank nanoparticles
samples (SLNs, PCL NPs and PA NPs) at two different mass concentrations (0.5 mg/ml and 2
mg/ml) and positive and negative controls were analyzed in triplicate.

To determine extent of hemolysis, an aliquot (100 pl) of nanoparticle suspension in

water was added to microcentrifuge tubes, followed by the addition of 700 pl of Ca™/Mg**-free
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DPBS. Within 3 min, equal amount of diluted blood was added to each of the tubes. The tubes
were incubated in a 37 °C water bath for 4 h with gentle inversion of the sample tubes every 30
min. Following the incubation, the tubes were centrifuged at 800 x g for 15 min at room
temperature. The supernatants were mixed in a 1:1 ratio with CMH reagent and analyzed at 540
nm. Sample absorbance was corrected for background interference (i.e., nanoparticles in DPBS
without blood). The concentration of cell-free hemoglobin in each sample was assessed from
the hemoglobin standard curve and by accounting for the 16-fold dilution factor for the samples
and controls. Water was used as a negative control and Triton X-100 (0.5% and 2% v/v) was

used as a positive control. Following equation was used to determine the extent of hemolysis:

Cell-free hemoglobin concentration

Hemolysis (%) = x 100

Total hemoglobin concentration

5.4  Results and discussion

Assays of metabolic activity are the most common methods used to determine cell
viability following nanoparticle exposure. Of these assays, the MTT assay in live cells is
considered to be most reliable and sensitive method to measure cytostatic activity (shift from
proliferation to quiescence) of potential medicinal agents and toxic materials [7]. In this, MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] is reduced to purple formazan,
which can be detected spectrophotometrically.

Hemolysis of erythrocytes in response to nanoparticles can be a measure of both
membrane disruption and extreme cellular toxicity. This test is especially important for
nanoparticles that are intended to be directly introduced into the bloodstream. The
spectrophotometric detection of hemoglobin is an extremely sensitive technique to measure
extent of hemolysis [7]. It has been widely employed by various researchers to predict the
impact of size, surface charge and constituents of nanoparticles on cellular integrity of blood [7,
5].

From MTT assay (Fig. 5.1), it is evident that even after prolonged contact with the cells
(4 h), developed nanoparticles exhibited low cytotoxicity (< 10%) up to 2 mg/ml. Similar
results were observed in hemolysis study (Fig. 5.2). Co-incubation of nanoparticles with blood
did not reveal any significant hemolysis. From in vitro data, it is evident which the polymers
used in preparation of nanoparticles are biocompatible.
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Polymers like stearic acid, PCL and pullulan acetate are reported to be biocompatible
and biodegradable [7-9]. Moreover, it is also reported that anionic nanoparticles (all the three
nanoparticles carry anionic surface charge) are generally nontoxic than cationically charged
nanoparticles [3, 4]. Data obtained from cytotoxicity studies are in close agreement with
previous reports.

In conclusion, from study, it is evident that developed nanoparticles are safe and
biocompatible. However, thorough pre-clinical investigation needs to be conducted before
extrapolating the obtained results to humans.
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Fig. 5.1: Cytotoxicity study of blank nanoparticles in mouse macrophage cells. Triton X was used as
positive control at two concentration levels; 0.5 % (v/v) and 2% (v/v). Cells were incubated
with blank NPs for 4h. Cell toxicity was measured by the MTT cell proliferation method.
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Fig. 5.2: In vitro hemolysis test results for diluted rat blood exposed to various particles. Triton
X was used as positive control at two concentration levels; 0.5 % (v/v) and 2% (v/v).
Blood was incubated with blank nanoparticles for 4h. Extent of hemolysis
(hemoglobin) was measured by cyanmethemoglobin (CMH) method.
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Chapter 6

Conclusions




6.1  Conclusions

Nanotechnology-based platforms for systemic delivery of antiretroviral drugs have
attracted several researchers worldwide in the recent past. The advent of nanotechnology
has brought new dimensions to the current strategies for effective treatment of HIV/AIDS.
There are emerging novel approaches in which nanotechnology can enhance patient
compliance and therapeutic outcome of the present therapy. In the present work, studies
were aimed to design and characterize nanoparticulate delivery systems to improve
therapeutic efficacy of lopinavir by selective distribution of drug to reasonably inaccessible
viral reservoir sites.

An accurate, precise and robust analytical method is an integral part of formulation
development and pharmacokinetic evaluation of dosage forms. Therefore, analytical and
bioanalytical methods were developed and critically validated for analysis of lopinavir in
aqueous and biological samples using high-performance liquid chromatography (HPLC).
Both the analytical and bioanalytical methods were found to be sensitive and selective
towards lopinavir. The validated bioanalytical method was successfully employed for
pharmacokinetic evaluation of various formulations of lopinavir. Developed bioanalytical
method was found superior to other reported methods for determination of lopinavir in rat
plasma samples.

Pre-formulation studies are important to establish physicochemical properties of a
drug prior to formulation development. Data from pre-formulation studies demonstrated pH
independent ionization pattern of lopinavir with a maximum aqueous solubility of ~2.5
pug/ml. Thermal analysis indicated lopinavir as a crystalline material with a sharp melting
point at ~97 °C. The partition co-efficient of lopinavir was found to be 4.2 indicating the
lipophilic nature of the drug. The results of the drug-excipient studies indicated no
significant interaction with most of the excipients used in the preparation of nanoparticles
formulations.

For preparation of lipid based (SA) and polymeric nanocarriesrs (PCL and PA) of
lopinavir, hot homogenization and solvent-evaporation techniques were found suitable
respectively. Nanoparticles characteristics such as particle size and size distribution, surface
charge and encapsulation efficiency were found to be dependent on various formulation and
process parameters. Manufacturing parameters such as amount of polymer, concentration of
emulsifier and process parameter such as time of homogenization/sonication were identified

as critical variables, in preparation of lopinavir nanoparticles (SLNs, PCL NPs and PA
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NPs). Lopinavir loaded SLNs and PCL NPs were rationally optimized using a low
resolution Plackett—Burman design followed by Box-Behnken design. The optimized
experimental conditions provided good quality nanoparticles with reproducible
characteristics. The particle size analysis and microscopic imaging revealed that prepared
nanoparticles (both lipid based and polymeric) were near spherical in shape with particle
size ~200 nm. Optimized nanoparticles showed high encapsulation efficiency (>90%) for
lopinavir. Pullulan acetate was explored as a potential carrier system for oral delivery of
lopinavir. Pullulan acetate was successfully synthesized from pullulan and extensively
characterized by IR and NMR techniques. PA NPs exhibited moderate EE (>70%) and
unimodal size distribution.

Lopinavir loaded nanoparticles showed bi-phasic drug release pattern with the initial
bust release followed by slow and continuous release up to 75 h. Drug release from all of
the three formulations followed reciprocal-powered time model. Drug release from SLNs
(tso0 11.21 h) was relatively slower than other two polymeric nanoparticles; PCL (7.34 h)
and PA NPs (6.96 h). Polymeric nanoparticles showed good stability in dispersed state when
stored at room temperature (25 + 2 °C/60 *+ 5% RH) for 3 months. On the contrary, SLNs
were stable only at refrigerated condition. SLNs showed significant loss in EE over 3
months of storage at room temperature. Stability assessment of formulation was based on
particle size, PDI, surface charge and entrapment efficiency.

Oral pharmacokinetic studies in rat confirmed the poor bioavailability of free
lopinavir attributed to first pass metabolism, P-gp efflux and poor solubility. Intravenous
studies revealed rapid clearance of lopinavir leading to poor plasma exposure and short half-
life (~0.7 h). In vitro metabolism studies indicated CYP dependent extensive metabolism of
lopinavir in gut and liver, contributing to pre-systemic metabolism of drug. Everted gut sac
studies illustrate poor permeability of free lopinavir probably due to P-gp efflux.

A series of studies (both in vitro and in vivo) were conducted to understand booster
effects of ritonavir on pharmacokinetic of lopinavir. Co-administration of ritonavir showed
high plasma exposure of lopinavir following oral administration. In vitro metabolism and
permeability studies revealed that improvement in oral bioavailability of lopinavir could be
probably due to the inhibitory action of ritonavir on CYP mediated metabolism and P-gp
medicated efflux of lopinavir.

Comparative pharmacokinetic evaluations of developed nanoparticles were

conducted and compared against marketed formulation (Kaletra; a co-formulation of
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lopinavir and ritonavir). Studies demonstrated that co-administration of ritonavir though
significantly improves plasma exposure of lopinavir, but not sufficient enough to maintain
high concentration in lymphoidal organs.

On the contrary, in vivo pharmacokinetic and bio-distribution studies in rat indicated
that SLNs and PCL NPs are potential carriers for effective delivery of lopinavir with
promising enhanced plasma exposure and drug distribution to viral reservoir sites.

PA NPs though found effective in improving oral bioavailability (against free
lopinavir) but failed to produce high concentrations of lopinavir both in plasma and
lymphoidal tissues in comparison with currently marketed formulation.

Several mechanistic studies were conducted to explain the in vivo performances of
delivered nanoparticles. Intestinal permeability studies conducted with endocytic uptake
inhibitors suggest the significant role of clathrin and caveolae in nanoparticles uptake. It
also indicates that nanoparticles are efficient in crossing intestinal barriers by surpassing P-
gp efflux leading to improvement in oral bioavailability.

Further, pharmacokinetic studies conducted in CXI pre-treated rat following oral
administration of SLNs exhibited significant drop in plasma exposure of lopinavir. Study
suggests the possible involvement of lymphatic uptake and selective transport of
nanoparticles to lymphoidal organs. Nanoparticles uptake data are in close agreement of
tissue distribution studies. In vitro metabolism studies conducted with intestine and liver
microsomes affirms the role of metabolic protection offered by nanoparticles to loaded drug
during systemic circulation.

The pharmacokinetic profile of lopinavir was found to be altered when delivered in
nanoparticles. A multi fold increase in plasma exposure of lopinavir, as characterized by
AUC and Cax, Was observed with loaded nanoparticles. Similarly, an increase in half life
and volume of distribution following nanoparticles administration indicates increase in drug
residence time in the systemic circulation and addition distribution of drug to poorly
perfused organs (spleen and lymph nodes) and cells (macrophages and monocytes). Tissue
distribution studies of nanoparticles reveal improved availability of drug for longer duration
in these viral reservoir sites. The selective and enhanced distribution of drug to lymphoidal
organs may provide sufficient concentration of lopinavir leading to the reduced possibility
of viral resistance and relapse of infection. Studies also indicated good compatibility of
developed formulations following oral administration to male wistar rats without any acute

side effects. In vitro cytotoxicity studies further support the safety of developed formulation.
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Thus, delivery of lopinavir using nanoparticles would be advantageous over
available conventional formulation with selective distribution to the site of action over an
extended duration. In HIV/AIDS patients, orally delivered nanoparticles would be
preferentially localized to GALT and other lymphoidal organs that are widely considered as
“Trojan horse’ for HIV infection. Moreover, it may also offer the benefit of ritonavir free
therapy along with reduced dose and dosing frequency, leading to decreased untoward
effects, improved patient compliance and clinical management of infection.

6.2  Future scope and directions

In order to establish the benefit risk ratio, further studies are needed to be conducted
for the developed formulations in real clinical patients. Current therapy demands chronic
administration of the drug which could cause drug accumulation and non linearity in
pharmacokinetics due to modulation of certain transporters/enzyme proteins. Multiple and
chronic dosing pharmacokinetic studies would address the effectiveness of the
nanoparticulate drug delivery systems in such cases. Additionally, in vitro cell uptake
studies in different immune cells may be carried out to investigate the intracellular
concentration of the drug at viral replication sites. In the present work, pullulan acetate a
novel polymer was explored as a potential carrier for oral delivery of lopinavir. Further
studies are needed to be conducted to optimize PA NPs. Furthermore, safety aspects of PA

should be evaluated before extrapolation of data to humans.
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