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PRECLINICAL DEVELOPMENT OF NOVEL CHEMOTHERAPEUTIC AGENT
ACILPSZG: FORMULATION OPTIMIZATION, IN VITRO

CHARACTERIZATION, AND IN VIVO PHARMACOKINETICS

By
Ritu Gupta
Texas Southern University, 2022

Professor Huan Xie, PhD, Advisor

Preclinical development of novel chemotherapeutic agent AC1LPSZG, a
mammalian target of rapamycin (mTOR) inhibitor, involved development of sensitive
reverse-phase ultra-performance liquid chromatography (UPLC) and LC-MS/MS methods
for guantification of AC1LPSZG in in vitro study samples and rat plasma, respectively.
Pharmacokinetic studies were done in SD rats after intravenous injection of cosolvent
formulations. The resulting pharmacokinetic parameters were analyzed using non-

compartmental analysis (NCA) and two-compartmental modeling.

Poly (D, L-lactic-co-glycolic acid) (PLGA) is most used biodegradable synthetic
polymer for nano drug delivery due to its non-toxic and biodegradable nature, and tunable
release properties. PLGA nanoparticles (NPs) were prepared by ‘nanoprecipitation’
technique using a nonionic surfactant poloxamer P188. The particle size, size distribution,

and zeta potential of prepared nanoparticles were analyzed using dynamic light scattering
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(DLS). The drug entrapment efficiency (%EE) was accessed by ultra-sonication of
lyophilized NPs with acetonitrile and analyzing the drug content using UPLC. Design of
Experiments (DoE) strategy using Design Expert® software (version 13) was successfully
used to optimize PLGA (50:50) based NPs of AC1LPSZG. Optimized batch was prepared
using 5 mg drug and 4 mL aqueous phase volume with EE of 41.2%, NP size of 124 nm,
drug load of 2.6% and zeta potential of — 15 mV. We conclude similar DOE approaches
can help to understand and optimize innovative manufacturing processes, needed for the

quality by design (QbD) preparation of other nano-formulations.

The in vitro drug release was tested in phosphate buffer pH 6.8 for 72 hours,
employing USP-4 apparatus CE7-smart (SOTAX®) incorporated with Float-A-Lyzer
dialysis cells at 300 kDa molecular weight cut-off (MWCOQO), flow rate 16 mL/min and
temperature 37°C. Different surfactants were explored to enhance the drug solubility and
accelerate the in vitro drug release. The influence of three different surfactants: SLS
(Sodium  Lauryl  Sulfate-anionic), Tween 80 (non-ionic) and CTAB
(Cetyltrimethylammonium bromide- cationic) on drug solubility, sink conditions and
dissolution behavior was demonstrated. The solubility improvement was in the order of
SLS > Tween80 > CTAB and dissolution efficiency was improved with the increase of
surfactant concentration. The developed in vitro drug release method was able to
discriminate among different release profiles. In brief, similar discriminatory test method

can be used as a quality control tool to identify critical formulation and process parameters



and can also be used as a surrogate for bioequivalence studies if a predictive IVIVC (In

vitro In vivo correlation) is obtained.
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CHAPTER 1 INTRODUCTION

1.1 Nanotechnology and Nano drug delivery systems (NDDS)

Nanotechnology is an emerging technology that encompasses a broad range of
FDA-regulated products, including foods, cosmetics, and drug delivery systems. Materials
in the nanoscale range (at least one dimension in size range of 1 to 100 nm) (Figure 1.1)
are unique as they can exhibit different physical, chemical, or biological properties
compared to their larger-scale counterparts. “Nanotechnology products” are the products
that contain or are manufactured using materials in the nanoscale range, as well as the
products that contain or are manufactured using materials exhibiting dimension-dependent

phenomena (FDA & Nanotechnology, 2014).

Nano drug delivery systems (NDDS) are formulation approaches to improve
therapeutic efficacy and safety of conventional dosage forms (Ventola, 2017). These
NDDS may improve therapeutic drug performance by enhancing drug solubility,
minimizing gastric degradation, controlling drug release or extending circulation time for
greater drug accumulation (Deng et al., 2019). NDDS can dodge the physiological barriers
like immune clearance, renal clearance, mechanical, enzymatic, and pH degradation to
achieve higher drug levels at lower doses. Passive targeting of NDDS utilizes well known
‘enhanced permeability and retention (EPR)’ effect characterized by increased vascular

permeability and poor lymphatic drainage of the tumor microenvironment (e.g., Doxil®,



Baxter Healthcare Corp.). Active targeting is based on receptor-ligand binding (Gupta et
al., 2021). NDDS attached to a suitable ligand (e.g., antibodies, proteins) can bind to
receptors present on specific cells (e.g., trastuzumab binds to HER2 receptors) (Attia et al.,

2019).

Based on the integrity of particles, the NDDS can be classified into two broad
categories, nonrigid nanoparticles (NPs) and rigid NPs. The nonrigid NPs consist of
relatively soft structures easily disrupted by external forces. Lipid-based NPs such as
liposomes and solid lipid NPs are categorized as nonrigid NPs. Rigid NPs are known to
possess significant mechanical strength compared with nonrigid NPs and encompass

polymeric NPs, carbon nanotubes, and metal-based NPs (Mahato, 2017).

1.2 Polymeric NDDS

Polymeric NDDS are being enormously investigated for a range of delivery routes
like oral (Sonaje et al., 2010), transdermal (Rao et al., 2015), vaginal (Leyva-Gomez et al.,
2018), ocular (Sanchez-Lépez et al., 2017) and parenteral (Joshi & Muller, 2009) routes to
treat a range of diseases such as diabetes (Wong et al., 2020), malaria (Guo et al., 2013),
tuberculosis (Hwang et al., 2015) and cancer (Awasthi et al., 2018). They possess better
targeting abilities, higher encapsulation efficiency and long-term storage capabilities than
other nano-carriers (Kammari et al., 2017). Polymeric NDDS can be classified as
nanospheres or nanocapsules. Nanospheres consist of polymeric matrices, whereas the

nanospheres consist of vesicles (generally oily) covered with polymers (Mahato, 2017).



Polymeric NDDS may consist of natural, synthetic, or semisynthetic polymers. Natural
polymers consist of chitosan (Lima et al., 2018; Ozturk & Kiyan, 2020), alginate (Sanna et
al., 2012), albumin (Li et al., 2015; Shubhra et al., 2014), hyaluronic acid (HA)(Choi et al.,
2010), collagen (Grant et al., 2014), and gelatin (Sahoo et al., 2015). Ethyl cellulose (Basta
et al., 2020) and cellulose acetate (Beisl et al., 2019) are some semisynthetic polymers used
for NPs preparation. Synthetic polymers can be classified as biodegradables and
nonbiodegradables. Biodegradable polymers self-degrade over time due to hydrolysis and
therefore require no surgical removal. Poly(e-caprolactone) (PCL), poly(L-lactic acid)
(PLA), poly(glycolic acid) (PGA) and Poly(D,L-lactic-co-glycolic acid) (PLGA) are
examples of biodegradable polymers. PLGA is the most used biodegradable polymer
because of its non-toxic and biodegradable nature and tunable release properties (Taghavi
et al., 2017). Polyacrylamide (Sandland et al., 2021) and polystyrene (Balbi et al., 2017)

are examples of nondegradable polymers used for NPs preparation.
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1.3 Preparation of Polymeric NDDS

The selection of appropriate method for NPs preparation depends on the
physicochemical properties of the drug and polymer. Small laboratory-scale methods
include two broad categories: top-down approaches (dispersion of preformed polymers)
and bottom-up (polymerization of monomers) strategies. Large-scale NPs preparation
methods include supercritical fluid technology and spray drying. Preparation methods
using preformed polymer include emulsion-solvent evaporation, emulsion-solvent
diffusion, nanoprecipitation, salting out, and nonaqueous phase separation methods

(Kammari et al., 2017).

1.3.1 Emulsion-Solvent Evaporation Method

This is a two-step method mainly used for lipophilic drugs (Figure 1. 2). The first
step involves emulsifying polymer solution into an aqueous phase and the second step
requires evaporation of the organic solvent. Solvent evaporation results in precipitation of
nanospheres that are collected by ultracentrifugation. Nanosphere size depends on the type
and concentration of surfactant, homogenization time and speed, phase ratio, and polymer

concentration (Desgouilles et al., 2003; Urbaniak & Musiat, 2019).
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Figure 1. 2: Emulsion-Solvent Evaporation Method

1.3.1.1 Double Emulsion-Evaporation Method

The emulsion-solvent evaporation method suffers from poor entrapment efficiency
of hydrophilic drugs. Introduction of additional water phase in the above technique enables
incorporation of hydrophilic drugs (Figure 1. 3) (Lamprecht et al., 2000; Ritu &
Meenakshi, 2013). These double emulsions are also called “emulsions of emulsions,”
where dispersed phase droplets contain smaller droplets of another dispersed phase (Igbal

etal., 2015).
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1.3.1.2 Emulsions-Solvent Diffusion Method
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This method is a modification of the solvent-evaporation method as shown in

Figure 1. 4 (Zhang et al., 2009). It offers several advantages, such as high encapsulation

efficiency, narrow size distribution, no need for homogenization, high batch-to-batch

reproducibility, and easy scaleup. However, it becomes difficult to eliminate large volumes

of water, and this method is not suitable for water-soluble drugs due to their leakage into

the external aqueous phase (Quintanar-Guerrero et al., 2012).
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Figure 1. 4: Emulsions-Solvent Diffusion Method

1.3.1.3 Spontaneous Emulsification Solvent Diffusion Method

This method is also a modification of the solvent-evaporation method using a
mixture of two organic solvents (Figure 1. 5) (Chenetal., 2014). This method can produce
small particles, but there are some disadvantages, such as the presence of the considerable
amount of toxic residual organic solvent and particles tend to aggregate during the solvent-
evaporation process. In a modified spontaneous emulsification solvent diffusion method,
use two water-miscible organic solvents (e.g., ethanol/acetone or methanol/acetone)
instead of a mixture of water-miscible and less water-miscible organic solvents (Murakami

et al., 1999) can avoid these problems.
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Figure 1. 5: Spontaneous Emulsification Solvent Diffusion Method

1.3.2 Solvent Displacement / Nanoprecipitation method

The solvent displacement / nanoprecipitation method is well suited for most poorly
soluble drugs. The underlying principle involves interfacial deposition of the polymer after
displacement of organic solvent from an oil phase to an aqueous phase (Figure 1. 6)
(Zielinska et al., 2020). The polymer concentration in the organic phase, rates of organic
phase into the aqueous phase, type, and concentration of surfactant affect the particles size
and encapsulation efficiency (Alshamsan, 2014; Gaonkar et al., 2017; Saadati &

Dadashzadeh, 2014; Sahin et al., 2017).
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Figure 1. 6: Solvent Displacement / Nanoprecipitation method

1.3.3 Salting Out Method

This method is based on separating a water-miscible organic solvent (salting out)
from an aqueous solution. Initially, a high concentration of salts hinders the miscibility of
the organic phase into an aqueous gel and leads to o/w emulsion. Subsequently, the reverse
salting-out effect results in hardening of NPs. The addition of sufficient aqueous phase to
o/w emulsion lowers the ionic strength of electrolyte and causes migration of hydrophilic
organic solvent from the oil phase to the aqueous phase (Figure 1.7) (Lim & Hamid, 2018).
Salting out does not require an increase in temperature and, therefore may be helpful for
heat-sensitive substances (Wang et al., 2016). Several manufacturing parameters can be
varied, including stirring rate, internal/external phase ratio, the concentration of polymers
in the organic phase, type of electrolyte concentration, and type of stabilizer in the aqueous

phase. This technique has advantages like high encapsulation efficiency, high yield, small
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particle size, and easy scale-up. Main disadvantages include unsuitability to lipophilic

drugs and extensive washing steps (Allémann et al., 1992; Galindo-Rodriguez et al., 2004;

Galindo-Rodriguez et al., 2005; Mendoza-Mufoz et al., 2012).
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Figure 1. 7: Salting Out Method
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**electrolytes; magnesium chloride and calcium chloride, or non-electrolytes; sucrose. Electrolytes should

not be soluble in an organic solvent.

1.3.4 Nonaqueous Phase Separation Method

This method is suitable for both hydrophilic and lipophilic drugs; hydrophilic drugs

are dissolved in the aqueous phase, and lipophilic drugs are dissolved in the polymer

solution. The basic principle behind this method is use of a second organic solvent such as

silicone oil (miscible with the first organic solvent but nonsolvent for the drug) (Figure 1.
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8). It decreases polymer solubility, and phase separation of polymer results in adsorption

of polymer coacervate onto drug molecules (Kammari et al., 2017).
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Figure 1. 8: Nonaqueous Phase Separation Method

1.3.5 Supercritical Fluid Technologies

Any substance above its critical temperature and critical pressure is called a
supercritical fluid (SCF) (Soh & Lee, 2019). These fluids have very low viscosity, high
diffusivity, and high compressibility (Akbari et al., 2020). They can diffuse through solids
like a gas and dissolve materials like a liquid (Figure 1. 9). Carbon dioxide and water are
the two most common SCFs. Supercritical fluid (SCF) technologies like ‘rapid expansion
of supercritical solutions’ (RESS), ‘gas-antisolvent’ (GAS) (Esfandiari & Ghoreishi,
2013), ‘supercritical fluid-antisolvent’ (SAS) (Campardelli et al., 2015) and its various

modifications are being developed to design drug delivery systems including NPs due to
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SCF’s inert, economical, non-toxic, and environmentally friendly properties (Chakravarty

et al., 2019; Meziani et al., 2009).
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Figure 1. 9: Rapid Expansion of Supercritical Solutions (RESS) Method

*A prerequisite for this technology is that the drug should effectively dissolve in the SCF.

A modification of the classical RESS method is ‘rapid expansion of a supercritical
solution into a liquid solvent’ (RESOLV). It involves a rapid expansion of supercritical
solution into a liquid instead of an air or gas phase (Sun et al., 2001). An SCF can also be
used as an antisolvent and may lead to precipitation of dissolved substrate from a liquid

solvent (Chakravarty et al., 2019; Meziani et al., 2009).
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1.3.6 Spray Drying

Spray drying is a widely known technology that can transform liquids (solutions,
suspension, emulsions, pastes, slurries, or melts) into solid powders at the nano range
(Figure 1. 10). The size distribution depends on formulation parameters such as
concentration and nature of wall material (e.g., gums, proteins, modified starch, polyvinyl
alcohol, Pluronic F127, PEG 1000, Tween 80) and process parameters such as drying gas
flow rate, relative spray rate, inlet, and outlet temperature and location of powder collection

(Abdel-Mageed et al., 2019; Draheim et al., 2015; Jafari et al., 2008; Li et al., 2010).
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Figure 1. 10: Spray Drying
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1.3.6.1 Spray Freeze Drying (SFD)

In spray freeze drying, spray drying technology is combined with lyophilization or
freeze-drying. This modified method consists of three steps: the atomization of feed
solution into liquid nitrogen to form nano-droplets, freezing, and the lyophilization of
frozen droplets after the evaporation of liquid nitrogen (Ali & Lamprecht, 2014; Wang et
al., 2012).

1.3.7 Emulsion Polymerization Method

In this method, monomers (e.g., acrylate polymers) emulsion droplets are
polymerized in the presence of a drug to produce NPs. During polymerization, low
viscosity monomer droplets gradually convert into a sticky polymer-monomer mixture, and
then, further, increase in internal viscosity results in solid particles (Figure 1. 11) (Lovell
& Schork, 2020). Primary loci in the emulsion polymerization process are continuous
aqueous phase, monomer droplets, monomer-swollen micelles (if surfactant concentration
is above CMC), and polymer particles (Lovell & Schork, 2020). Parameters that affect
polymerization include monomer concentration, surfactant concentration and type, initiator
amount, feeding mode, and reaction temperature (Zhang et al., 2015). Microemulsion
polymerization, precipitation polymerization, and suspension polymerization are some
specific forms of this process (Kotti & Kiparissides, 2010). Microemulsions, optically
transparent and thermodynamically stable systems, require much more surfactant than
classic emulsions to stabilize a large internal interfacial area. These microemulsions may

be polymerized using chemical, photochemical, and high-energy gamma radiation
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techniques. Polymerization of O/W microemulsions is termed "microemulsion

polymerization”, whereas polymerization of W/O microemulsions is termed “inverse
microemulsion polymerization™. Inverse microemulsion polymerization is used in water-

soluble polymers (Kade & Tirrell, 2014; Pavel, 2004; Zhang & Yang, 2015).
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Figure 1. 11: Emulsion Polymerization Method
* Monomer is usually relatively insoluble in water, and drug is either dissolved or dispersed in the monomer

prior to emulsification, ** spherical aggregates of typically 50—100 surfactant molecules



17

1.4 Characterization of Polymeric NDDS

1.4.1 Particle size

Fine particles and molecules always remain in random thermal motion, known as
Brownian motion. They diffuse at a speed corresponding to their size; smaller particles
diffuse faster than the larger ones. Dynamic Light Scattering (DLS), also referred as photon
correlation spectroscopy (PCS) or quasi-elastic light scattering (QELS), is a technique that
measures the diffusion of particles moving under Brownian motion.

When the NPs are illuminated by a narrow beam of laser, the intensity of light
scattered at a specific angle fluctuates with time and is detected using a sensitive avalanche
photodiode detector (APD). A digital autocorrelator generates a correlation function (based
on the Stokes-Einstein equation) to convert the intensity changes in terms of particle size
and size distribution (Carvalho et al., 2018; Holzer et al., 2009).

As Brownian movement depends on temperature, precise temperature control is
essential for accurate size measurements. Sample concentrations should be chosen such
that the results are independent of the concentrations taken. With very low sample
concentrations, not enough light is scattered for measurement. On the other hand, with high
sample concentrations, the light scattered by one particle is scattered by another one
(known as multiple scattering) and sample cannot freely diffuse due to particle interactions.
Maximum and minimum sample concentrations depend on the size of particles.

Recommended minimum sample concentrations for 100 nm to 1 pum size particles is 0.01g/1
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(10 % mass), and maximum sample concentration is 1% mass (assuming density of
1g/cm®). DLS requires a larger number of particles thus providing much better statistics
than SEM. Low instrument cost and short measurement time are additional advantages of
this technique (Bootz et al., 2004; MalvernZetasizer & Performance; ZetasizerNano &

Manual, 2003)

1.4.2 Zeta Potential

The charge acquired by a particle or molecule in a specific dispersion medium is
referred as zeta potential. Particles with high charge magnitudes are more stable as due to
similar charges as they repel each other and resist aggregation. Thus, particle stability can
be modified by altering pH, type of ions, and ionic concentration using certain additives
(e.g., surfactants and polyelectrolytes). When charged particles are dispersed in a liquid an
electric double layer is developed around them instantaneously. The inner layer composed
of oppositely charged ions is tightly coupled to the core of the particle and called ‘stern
layer’. The second outermost layer composed of both opposite and same charge ions is
loosely bound to the particle and called as ‘diffuse layer’. Within the diffuse layer, at the
particle-liquid interface, there is a hypothetical plane or boundary called ‘slipping plane’
or ‘shear plane’. Any ions within this slipping plane will move with the moving particle
while in an electric field. The zeta-potential is the potential difference between the electric
double layer around moving particles and the layer of dispersant (agueous or organic

liquid) at the slipping plane (Bhattacharjee, 2016).



19

~ Slipping
plane
Electrical

double
layer

Surface potential

Figure 1. 12: Electrical Double Layer with Zeta Potential

Zeta potential is measured using Laser Doppler Electrophoresis, a combination of
two techniques: Electrophoresis and Laser Doppler Velocimetry. An electric field is
applied across the electrode pair at each end of the cell filled with nanoparticle dispersion.
Charged particles start moving towards oppositely charged electrodes. Particles’ velocity
is measured per unit field strength and expressed as electrophoretic mobility. Dynamic
Light Scattering (DLS) is the most common technique for measuring the electrophoretic

mobility of NPs. Laser Doppler electrophoresis measures small frequency shifts in the
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scattered light due to the movement of particles in an applied electric field. The frequency

shift Af is expressed by the following equation 1:

__2vsin(8/2)
- A

Af Equation (1)

where v is velocity of moving particle, 0 is light scattering angle and A is laser wavelength.
The measured electrophoretic mobility (UE) is converted to zeta potential ({) through

Henry’s equation.

__ 2eCF(ka)
= —3T]

UE Equation (2)

where ¢ and n are dielectric constant and viscosity of the dispersant respectively while

F(ka) is Henry function (Carvalho et al., 2018; Kaszuba et al., 2010)

1.4.3 Thermal Analysis (DSC & TGA)

Differential scanning calorimetry (DSC) and thermogravimetry (TG or TGA) are
two most common thermal analysis techniques.
1.4.3.1 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a useful technique for the determination
of thermal events, thermal degradation, oxidative stability, and water loss of materials. It
can also be used to determine the glass transition of polymers, an important thermal event
indicating the miscibility of polymer blends. Glass transition temperature (Tg) is a

temperature at which amorphous materials shows transition from a brittle state to a viscous
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state (Tomoda et al., 2020). DSC is widely used to demonstrate that the drug encapsulated
in polymeric NPs is present in molecular dispersion (dissolved state) form, in contrast to a
crystalline form of pure drug (Panyam et al., 2004; Sindhu et al., 2015; Yallapu et al.,

2010).

DSC instruments measure temperature and heat flow corresponding to different
material transitions as a function of time and temperature. They can be of two types based
on the mechanism of operation- heat-flux DSC and power-compensated DSC. In heat-flux
DSC, an empty reference pan and a sample-loaded pan both are kept onto a thermoelectric
disk. This thermoelectric disk is surrounded by a furnace heated at a linear heating rate.
Due to the heat capacity (Cp) of the sample, a temperature difference arises between the
sample and the reference pan. Area thermocouples measure this temperature difference and
modified Ohm’s law (thermal equivalent) is used to know the heat flow between sample
and reference pans. Where q is heat flow between sample pan and reference pan, AT is

temperature difference, and R is resistance of thermoelectric disk.
q=— Equation (5)

In a power-compensated DSC, sample and reference pans are placed in separate
furnaces and separate heaters are used to heat both. The difference in thermal power
required to maintain sample and reference at the same temperature is plotted against

temperature or time (Gill et al., 2010).
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1.4.3.2 Thermogravimetry TGA

Thermal behavior of NPs is characterized by thermogravimetry (TGA) to determine
their thermal and oxidative stability, water content, and chemical composition. Sample
mass is observed against time or temperature to monitor the physical and chemical changes
in the sample under a controlled environment, either in an isothermal furnace or by
temperature change (decrease or increase) at a constant rate. TGA is a destructive technique
and not suitable for volatile samples (Shi et al., 2018; Sindhu et al., 2015; Tansik et al.,

2013; Tomoda et al., 2020; Tukulula et al., 2015).

1.4.4 Drug Loading (DL) and Entrapment Efficiency (EE)

In the direct method for entrapment efficiency determination, the drug present
within the NPs is calculated after dissolving them in acetonitrile and analyzing them using
UPLC. In the indirect method, the amount of free drug is analyzed in the supernatant
recovered during the washing step using the following formula (Seju et al., 2011; Sun et

al., 2015). Drug load can be calculated considering the weight of prepared NPs.

. Amount of drug encapsulated X100
% EE (Indirect) = fdrg d

Equation (6)

Amount of drug initially taken to prepare NPs
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Amount of drug encapsulated X100

% DL = Equation (7)

Weight of prepared NPs

1.4.5 In Vitro Dissolution for NDDS

In vitro dissolution becomes an indispensable quality control tool to predict the in
vivo physiologic response of NDDS. Knowledge of the BCS class of a drug alone is not
adequate to predict the complex bi- or tri-phasic in vitro release profiles. As formulation
parameters (critical material attributes, CMAS) and process parameters (critical process
parameters, CPPs), in addition to drug properties (solubility and permeability) complicate
the drug release from NDDS (Kamaly et al., 2016). CMAs and CPPs are formulation and
process parameters respectively that can ensure the critical quality attributes (CQAS) (e.g.,
particle size, size distribution, zeta potential, and % encapsulation efficiency) of NDDS
(Chiesa et al., 2018; Krull et al., 2017; Schubert & Miller-Goymann, 2003; Stevens et al.,
2015). A well established in vitro release method can help recognize CMAs and CPPs
during the early stage of the formulation development (Bastogne, 2017). Depending on the
preparation techniqgue CMAs can include surfactant concentrations, drug-polymer ratio,
drug-lipid ratio, organic to aqueous phase ratio and CPPs can include processing

temperature, flow rate, sonication time, stirring rate, flow, injection rate.

Two dissolution pairs can be compared using a quantitative approach known as

‘dissolution efficiency’ (DE) (Khan, 2011) or two qualitative approaches known as
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‘similarity factor’ (f2) and ‘difference factor’ (f1). An f2-value between 50-100 and an f1-
value between 0-15 make the two dissolution profiles similar. Similarity factor is a very
popular comparison parameter among researchers as even a small difference in profiles
results into a big drop in f2-value, being it a log function parameter(Anderson et al., 1998;
FDA & SUPAC, 1997; Kassaye & Genete, 2013; Shah et al., 1998; Zhang et al., 2010; Zuo
et al., 2014). Such type of studies help to compare the generic formulations with innovator
drug product and assist in development of generic NDDS formulations(Tang et al., 2019;

Yuan et al., 2017).

Parameter Value Inference
f2-value .
o 50-100 Similar profiles
(Similarity Factor)

(Difference Factor)

fl-value ‘ [ 0-15 ‘ [ Similar profiles ‘

Figure 1. 13: Model independent approaches (F1&F2) for dissolution profile
comparison
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Equation (8)

fr = {[ZlR;—Ttl
i=1

/ lgﬂt] } <100

Equation (9)

ta
/ y-dt
t

DE = —" x100
Yoo X (ta — t1)

Equation (10)

where n is total number of dissolution time points, Rt sand Ttare mean % drug dissolved at

time t for reference and test formulations respectively, y is % drug dissolved, yioo is
maximum dissolution. Area under the curve ( fttlz y.dt ) is evaluated using trapezoid

(model independent) or model dependent methods (Anderson et al., 1998).

1.4.6 Factors affecting In Vitro Dissolution of NDDS

There are several factors related to NDDS that affect the in vivo performance of
products. These factors include the Biopharmaceutics Classification System (BCS) of drug,
size and shape, formulation parameters, environmental conditions, biocompatibility and

residual solvents.
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Biopharmaceutics Classification System (BCS) of drug

The BCS is based on drugs’ solubility and intestinal permeability. It can reflect the
oral bioavailability and in vivo performances of NDDS. Most feasible drug delivery
technologies can be chosen based on BCS class of a drug (Figure 13) (FDA & M9, 2018).
The revised BCS classification system—known as the developability classification system
(DCS)—yprovides the significance of particle size in the determination of dissolution-rate
limited absorption(Butler & Dressman, 2010). DCS class Ila drugs have ‘dissolution rate-
limited’ absorption and it is possible to achieve their complete oral absorption by size
reduction. DCS class IIb drugs have ‘solubility-limited’ absorption, their bioavailability
depends on gastric pH. They would remain incompletely absorbed unless formulated in

solubilized dosage forms.
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Figure 1. 14: Nano drug delivery systems (NDDS) for various BCS classes.
Size and shape of NPs

Size and shape can influence cytotoxicity and in vivo drug release from NPs.
Needle-shaped NPs may induce greater cytotoxicity than the spherical NPs (Zhang et al.,
2017) and small size particles adsorb more biomolecules (protein-corona) (Xiong et al.,
2013). Such type of toxicity and irritancy may influence the in vivo drug release because
of cell edema and the presence of inflammatory cells (e.g., macrophages and neutrophils)

(Zolnik & Burgess, 2008).
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Formulation parameters

Various formulation parameters (e.g., drug/ polymer ratio, stabilizer concentration,
choice of solvent, organic to aqueous solvent ratio, lipid ratio), as well as process
parameters (e.g., preparation technique, rate of stirring and solvent removal, temperature),
may be modified to get desired release profile from NDDS (Sedighi et al., 2019; Sharma

etal., 2014).

In Vivo Environment and Protein-Corona

Spatiotemporal (controlled by site and time) interactions of environment and
biological factors form a spontaneous layer of biomolecules in the vicinity of NPs called
“protein-corona.” Various NPs properties e.g., shape, size, topology, surface charge and
hydrophobicity directly influence the nature of its protein-corona. NPs attached to its
protein-corona act as a biological unit that will interact with various barriers (physical,
chemical, or immunological) inside the body influencing its biodistribution (Behzadi et al.,
2014; Jain et al., 2017). NP surface modifications can reduce the nonspecific binding and
aggregations (Bagwe et al., 2006). Polyethylene glycol (PEG) modifications is a highly
tested approach to increase NP circulation time and avoid immune recognition (Fam et al.,

2020; Suk et al., 2016).

To develop a biorelevant in vitro drug release method for NDDS, it becomes very
crucial to study the effect of biorelevant concentrations of plasma proteins and other blood

components such as bile salts, cholesterol, and phospholipids (Lu et al., 2019; Wallenwein
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et al., 2019; Yeo et al., 2019; Zhang et al., 2019). Depending on the environment and
specific use of NPs special test setup may be required e.g., two-stage drug release to
simulate the drug release in circulation on the way to the target site (Xu et al., 2012), donor-
acceptors vesicle pair can be used to simulate drug release to phospholipid cell membrane

(Shabbits et al., 2002).

For realistic dissolution testing, sink conditions are usually recommended to
achieve fast and complete dissolution. To attain the sink condition, the drug’s saturation
solubility, in the selected dissolution medium, should be more than thrice the drug
concentration. (Phillips et al., 2012). Cosolvents (e.g., PEG 400) (Bala et al., 2006; Phillips
et al., 2012), enzyme (e.g., pepsin) (Anand et al., 2011) or surfactants, synthetic (e.g.,
Tween 80, SLS, CTAB) or biorelevant (bile salts, phospholipids) can be added for poorly
water-soluble drugs to achieve clinically relevant solubility and reach sink conditions
(Anand et al., 2011; Huang et al., 2018; USP43NF38, 2020; Weng et al., 2020). Hence, the
solubility/stability of drugs should be tested in the target media (under relevant
hydrodynamic conditions) before dissolution testing of the actual dosage form to identify
such issues at the earliest. However, in some cases, non-sink conditions are maintained to

obtain slow dissolution rates and discriminatory dissolution profiles (Liu et al., 2013).

Biocompatibility

Some excipients can be cytotoxic when used in high concentrations. In vivo enzyme

markers such as lactate dehydrogenase (LDH) (Madani et al., 2020) or
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immunohistochemical techniques such as TdT dUTP Nick End Labeling assay or TUNEL

(Mo & Lim, 2005) can be used to test the biocompatibility of such excipients.

Residual Solvents

NDDS preparation usually involves the use of different organic solvents. Residual
solvents can affect drug particle size, wettability, and dissolution, and can have toxic
effects. Based on individual health and environmental hazards Q3C document of ICH
(International Council for Harmonization of Technical Requirements for Pharmaceuticals
for Human Use) classifies existing solvents into three classes and recommends their
acceptable limits. This guideline is applicable to all routes of administration and all dosage
forms (FDA & ICHQ3C, 2017; FDA & Q3C, 2018; ICH, 2019) (FDA & Liposome, 2018).
Specific guidelines have also been set forth to identify residual impurities in NDDS(FDA

& Safety, 2014).

Dikpati et al. (Dikpati et al., 2020) have provided useful recommendations to
minimize residual solvents in NDDS. These include the use of class 11 solvents (e.g., ethyl
acetate, acetone, dimethyl sulfoxide), solvent-limiting preparation techniques (e.g.,
supercritical fluid technology, microfluidics, high pressure homogenization) (Anton et al.,
2012; Paliwal et al., 2014), use of disposable measuring devices and multiple purification
steps (e.g., size exclusion chromatography, electrophoresis, dialysis, ultrafiltration)

(Paliwal et al., 2014; Robertson et al., 2016).
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1.4.6.1 Accelerated in vitro release testing

Sustained release NDDS may release drugs for several days to months. Accelerated
in vitro drug release tests can predict ‘real-time’ release and speed up the analyses
(Shen et al., 2016). However, researchers need to be cautious as applied stress
conditions (extreme pH values, elevated temperature) can also alter the drug release

mechanism (Shameem et al., 1999; Zackrisson et al., 1995; Zolnik et al., 2006).

1.4.7 In Vitro Drug Release Methods For NDDS

Drug release from NDDS can be established using either in vivo or in vitro
(acellular or cellular) tests as shown in Figure 1.14. Dialysis membrane methods are
extensively utilized in vitro-acellular tests, use of the continuous flow method (USP 4

apparatus) is a promising trend (Figure 1.15) (Gupta et al., 2021)
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Figure 1. 15: Dissolution rate assessment of NPs
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1.4.7.1 Dialysis membrane methods

In dialysis membrane methods, NPs are placed inside the pretreated dialysis bag
that is placed in an outer media compartment. Drug release samples can be collected from
the outer compartment agitated with a magnetic stirrer (Figure 1.15a). In the reverse
dialysis method, NPs are placed in the outer media compartment and samples are taken
from media inside the dialysis bag. Such type of setup provides excellent sink conditions
(Figure 1.15b) (Calvo et al., 1996; Xu et al., 2012). In the side-by-side dialysis method,
the membrane separates equal volume donor and receiver compartments (Figure 1.15c¢)
(Chidambaram & Burgess, 1999). Dialysis bag methods can also be combined with USP

apparatus 1 and USP apparatus 2 (Bhagav et al., 2011).

Membrane molecular weight cutoff (MWCO), the ratio between donor and
acceptor cell volumes, and stirring conditions, are governing parameters in dialysis
methods. Pore size should be such that it prevents leakage of NPs but can allow easy drug
passage (100 times the molecular size of drug) (Shen & Burgess, 2013; Xu et al., 2012).
The limitations associated with these methods are potential membrane binding of a drug,
leakage of NPs and media from improperly sealed dialysis bags, incomplete drug release
in case of high equilibration times or non-sink conditions and inaccurate results if instead
the dissolution membrane becomes rate-limiting of dialysis process (D’Souza, 2014; Heng

et al., 2008).
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1.4.7.2 Sample and separate methods

The NPs are added directly into the release medium held in a beaker or USP
apparatus 1 or 2 (Gao et al., 2013; Sievens-Figueroa et al., 2012; Weng et al., 2020). In
some cases, NPs may be filled into gelatin capsule shells (Saroj & Rajput, 2018). At
specified time intervals, dispersed NPs are separated from media using different separation
techniques like ultracentrifugation, ultrafiltration, or combination of both, and subsequent
supernatant/filtrate is analyzed for drug release (Ham et al., 2009; Morales-Cruz et al.,
2012). However, it is quite difficult to efficiently separate NPs from release media. Long
and high-speed ultracentrifugation can destabilize NPs leading to accelerated drug release

and filters may get clogged during filtration (Kim et al., 1997; Shen & Burgess, 2013).

1.4.7.3 Continuous flow method or USP 4 apparatus

In this method, NPs suspension is filled in specially designed ready-to-use dialysis
cells e.g., Float-A-Lyzer® G2 cells (made of cellulose ester). The cell dimension and
molecular weight cutoff can be selected as per the type of dosage forms (Figure 1.15d). In
an open loop configuration, fresh solvent circulates continuously to maintain the infinite
sink conditions. This setup is useful for easy IVIVC development for poorly soluble drugs
(Figure 1.15e). In a closed loop configuration, a small volume of media recirculates
through the dialysis cells to overcome the problem of the limit of quantification (Brown,

2005; Forrest et al., 2018; Tang et al., 2019). (Figure 1.15f)
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1.5 Cosolvent formulation for pharmacokinetic profile investigation

Preliminary preclinical evaluation of a novel chemical entity (NCE) requires
formulating an aqueous solution formulation. This would allow easy administration to
preclinical species and ensure uniformity of content. However, majority of NCEs have poor
aqueous solubility that necessitates the use of some formulation strategies to improve its
aqueous solubility. Such strategies may include development of cosolvent-based systems,
suspensions, emulsions, etc. Cosolvent-based approach is widely used simple approach to
formulate poorly soluble drugs for the purpose of establishing preliminary pharmacokinetic
profiles. It involves rational use of different solvents for drug solubilization via vortexing
or sonication (with or without use of heat). Examples of various cosolvents used include
different grades of polyethylene glycols (PEG), propylene glycols; glycerol; diethylene

glycol monoethyl ether (Transcutol®), pyrrolidones and alcohol etc. (Shah et al., 2014).
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1.6 Background of compound AC1LPSZG

Adenosquamous carcinoma is a rare subtype of non-small cell lung cancer
(NSCLC). Development of targeted therapies for adenosquamous carcinoma has received
rising attention in recent years. The mammalian target of rapamycin (mTOR) is one such
promising target selectively dysregulated in NSCLC (Fumarola et al., 2014). mTOR
regulates the cell growth, proliferation, metabolism and lies upstream/ downstream of
many frequently mutated oncogenic pathways. Several mutations (gain or loss of function)
may cause hyperactivation of mTOR pathway and result in various cancers. mTOR
inhibitors, alone or in combination with Rapamycin (firstly described mTOR inhibitor) are
being evaluated in ongoing clinical trials(Hua et al., 2019). mTOR, a protein kinase, along
with other different proteins, forms two distinct protein complexes known as mTOR
complex 1 and 2 (mMTORC1 and mTORC2) that regulate different cellular processes
(Cargnello et al., 2015; Mabuchi et al., 2015; Paoloni et al., 2010; Yoon & Choi, 2016)

(Figure 1.17).
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The recently identified synthetic compound AC1LPSZG is a new generation

mTORCZ1/2 inhibitor. In preliminary in vitro studies, AC1LPSZG significantly reduced the
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viability of HTB-lung tumor cells (2). This study has revealed the anti-NSCLC potential
of AC1LPSZG and drives its further preclinical development. AC1LPSZG is (2E)-3-(4-
bromophenyl)-2-(phenylsulfonyl)-N-(pyridine-3-ylmethyl) prop-2-enamide with
molecular formula C21H17BrN2O3S (Figure 1.17). Lipinski’s rule of five suggests that
ACI1LPSZG is a drug-like compound. Its molecular weight is 456 Da (<500 Da), partition
coefficient (log P) value is 3.47 (<5), one hydrogen bond donor (<5) and 5 hydrogen bond
acceptors (<10). The software predicted its strongest pKa(acid) value is 11.0 £0.5 and its

strongest pKa(base) value is 4.7 £0.1.

o

Br

Figure 1. 18 : Chemical structure of Compound AC1LPSZG
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1.7 Specific aims of this project

To further develop AC1LPSZG for future clinical application, we designed the

preclinical studies with the following specific aims:

1.7.1 Specific Aim 1: To develop ultra-performance liquid chromatography (UPLC) and
liquid chromatography-tandem mass spectrometry (LC-MS/MS) assays for the analysis of
AC1LPSZG concentration in vitro and in vivo.

1.7.2 Specific Aim 2: To develop an optimized AC1LPSZG co-solvent formulation for in
vivo study and obtain the pharmacokinetic profile after intravenous administration.

1.7.3 Specific Aim 3.1: To develop AC1LPSZG loaded PLGA nanoparticles using Design
of Experiment (DoE).

1.7.4 Specific Aim 3.2: To study in vitro drug release profile of AC1LPSZG loaded PLGA

nanoparticles using USP 4 apparatus.



CHAPTER 2 ITERATURE REVIEW

2.1 Cosolvent systems for Pharmacokinetic Studies

Pharmacokinetic profile of a novel lactone-stabilized camptothecin (CPT) analog,
named CZ48, was compared in cosolvent system containing dimethyl sulfoxide:
polyethylene glycol 400: ethanol (2:2:1 by volume) and in nanosuspensions using both

PBS and human plasma (Dong et al., 2019).

A simulated stomach duodenum model was used to predict the effect of fluid
volume and prandial gastric flow patterns on nifedipine pharmacokinetics using capsules
filled with cosolvent mixture of polyethylene glycol (PEG) and glycerin (Honigford et al.,

2019).

Compared with commercial tablets, the co-solvent formulation of riluzole
(comprising of 15% v/v PEG 400, 20% v/v propylene glycol and 10% v/v glycerin) showed
a faster rate of absorption and sustained pharmacokinetics with significantly longer

elimination half-life (Sarkar et al., 2018).

41
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2.2 PLGA Nanoparticle Applications

Poly (lactic-co-glycolic acid) (PLGA) is an FDA-approved biodegradable polymer
and several PLGA based products have already been approved by FDA against a variety
of diseases including PLGA microparticles (e.g., Lupron Depot® for prostate cancer and
endometriosis, Somatuline® Depot for acromegaly, and Bydureon BCise® for type 2
diabetes) and PLGA implants (e.g., Zoladex® for Breast-Cancer, Ozurdex® for Diabetic
macular edema and Eligard® for advanced prostate cancer) (Pardeshi et al., 2021).

The application of PLGA based NPs is a promising approach to treat a variety of
diseases (Danhier et al., 2012) and is explored to deliver a variety of pharmaceuticals
including haloperidol (Budhian et al., 2005), insulin (Zhang et al., 2012), Docetaxel (Patel
et al., 2018), bone morphogenetic protein (BMP-2)(del Castillo-Santaella et al., 2019),
curcumin (Duse et al., 2019), vitamin E (Varga et al., 2019), paclitaxel (Morelli et al.,

2019), thiazolidinedione (Monge et al., 2020) and atorvastatin (Grune et al., 2021).

2.3 Mechanisms of Drug Release from PLGA Based Systems

Many PLGA-based delivery systems have been developed for a variety of drugs
with delivery spans ranging from days to years. PLGA is a water-insoluble polymer
(Kitchell & Wise, 1985) but multiple mechanisms lead to drug release from PLGA-based

drug delivery systems. Different mechanisms may dominate at different time points and at
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different locations within the same system. There are four true rate controlling release

mechanisms (Fredenberg et al., 2011):

Diffusion through water-filled pores

Diffusion through the polymer

Erosion (no drug transport)

Osmotic pumping

2.3.1 Diffusion through water-filled pores

When polymer is in contact with water (in vitro or in vivo), it starts absorbing it to
create small water-filled pores within the polymer matrix. The size and number of these
pores increase with time constructing a porous network of connected water-filled pores to
allowing drug release (Mochizuki et al., 2008). It is a dominant release mechanism for
large hydrophilic drugs (e.g., proteins) because they cannot easily diffuse through
hydrophobic polymer and the osmotic pressure is usually compensated by swelling
polymer. This release mechanism mainly depends on the porous structure of polymer and
the processes governing pore formation or pore closure (Zhang et al., 2018). Diffusion
through water-filled pores is mostly used to describe the initial stage of drug release(burst

release phase), prior to the beginning of the polymer erosion (Liu et al., 2019).
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2.3.2 Diffusion through polymer

In contrast to diffusion through water-filled pores, the diffusion through a polymer
depends on the physical state (instead of the porous structure) of the polymer. This is the
dominant release mechanism for small hydrophobic molecules during polymer
transitioning from a glass-like vitreous stage to a more plastic rubbery state. Low molecular
weight polymers have higher diffusivity due to more flexible polymer chains (Karlsson et
al., 2001; Wischke & Schwendeman, 2008). The glass transition temperature (Tg) of
PLGA in delivery systems may be lower than that of the original polymer due to
degradation during processing, sterilization and the plasticizing effects of additives, water
or residual water (Blasi et al., 2005; In Pyo Park & Jonnalagadda, 2006; Loo et al., 2004;

Ricci et al., 2005; Sun et al., 2013).

2.3.3 Erosion (no drug transport)

Erosion could be the dominant release mechanism for low molecular weight PLGA
formulations (Corrigan & Li, 2009) (K&rber, 2010). Erosion involves the ‘mass loss’ after
hydrolytic degradation of the polymer. Relative rates of water diffusion into the polymer
matrix and polymer erosion determine if the erosion is a surface or bulk phenomenon.
When water diffusion into the polymer matrix is faster, bulk erosion takes place. On the
other side, when polymer erosion is faster, surface erosion takes place. PLGA is well

known to undergo hydrolytic degradation via bulk erosion (Jain et al., 2010) . Hydrolysis
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of ester bonds generates shorter chain alcohols and intermediate acids (lactic acid and
glycolic acid) throughout the polymer. These acid monomers diffuse into the surrounding
release medium. Concurrently, bases from bulk medium (phosphate buffer pH 7.4) diffuse
into the polymer matrix to neutralize the acids, but at a slower rate, resulting in a net drop
of system pH. Since hydrolytic cleavage of ester bond is a proton-catalyzed reaction this
low system pH further accelerates the polymer degradation termed as autocatalysis.
Diffusional path lengths for acids and bases will depend on the size of the PLGA-based
system and determine if autocatalytic will occur or not. Autocatalysis can accelerate the
drug release and can also inversely affect the stability of some drugs (Klose et al., 2006;
Siepmann et al., 2005).

Polymer erosion may lead to drug release without transport. Assuming homogenous
drug distribution throughout the polymer, drug release profiles identical to polymer loss
(erosion) were reported (Shah et al., 1992). When the drug is not molecularly dispersed
within the polymer system, the drug (crystalline or amorphous aggregates) will first
dissolve and then subsequently diffuse out of the polymer into the surrounding bulk
medium (Klose et al., 2006). Maintenance of sink conditions for hydrophobic drugs is very
critical so that concentration does not reach saturation and concentration gradient is

maintained (Fredenberg et al., 2011).
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2.3.4 Osmotic pumping

This is a less common release mechanism for PLGA-based delivery systems (Hu et al.,
2018). Osmotic pumping is defined as the drug transport due to osmotic pressure created
by water absorption into a non-swelling system. Such type of transport is based on the
convection instead of a drug diffusion (Gu et al., 2016). And, the rate of water influx should
be equal to the rate of water efflux after an initial equilibrium period (Fredenberg et al.,
2011). Itis possible for hydrophobic polymers with high molecular weights, high viscosity
and high lactide to glycolide ratio (100:0 or 85:15) as swelling and erosion will be minimal.
However, most delivery systems use low molecular weight PLGA, and any osmotic
pressure is balanced out by volume increase due to significant polymer swelling (Gu et al.,
2016; Murphy & Lampe, 2018). Osmotic transport depends on the length of channels while
diffusive transport depended on both the length and the area of channels (Fredenberg et al.,

2011; Sun et al., 2021).

2.4 Factors/ Processes affecting Drug Release from PL GA Based Systems

Researchers have been working for a long time to understand the impact of various
factors that influence the drug release profile from PLGA-based delivery systems. Polymer
composition, molecular weight, polymer dispersity, temperature, processing and
sterilization conditions, drug solubility, drug loading and drug-drug/ polymer interaction

are some important factors.



47

2.4.1 Polymer Composition (lactide to glycolide ratio)

The rate of in vivo degradation of PLGA depends on the molar ratio of lactic acid
to glycolic acid. Release patterns from PLGA-based systems can be modified by simply
altering this ratio (Kitchell & Wise, 1985). The degradation rate of polymers prepared with
a greater percentage of hydrophobic lactic acid (e.g., PLGA 75:25) decreases due to
decreased ability of water molecules to diffuse into copolymers leading to slower
hydrolysis (Keles et al., 2015). In addition, lactic acid is optically active and optically pure
enantiomer is preferred for drug delivery due to accelerated hydrolysis from polymers

prepared with racemic mixture (Amann et al., 2010; Kitchell & Wise, 1985).

2.4.2 Molecular Weight and Dispersity

Both polymer molecular weight and polymer dispersity (molecular weight
distribution) influence the rate of hydrolysis. PLGA with higher molecular weight and
lower polymer dispersity showed a small initial release and a longer sustained release phase

(Kitchell & Wise, 1985).

2.4.3 Temperature

The kinetics of PLGA hydrolysis is temperature dependent. An increase in
temperature increases the degradation of PLGA with any lactide to glycolide ratio (50/50,
75/25 or 100/0) (Keles et al., 2015).Agrawal et. al. (1997) demonstrated that activation

energies for hydrolytic degradation of PLGA were distinctly different at temperatures
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below and above glass transition temperature (Tg). It was recommended that results derived
from tests performed at temperatures above Tg should not be used to predict PLGA

degradation at temperatures below T4 (Agrawal et al., 1997).

2.4.4 Processing and sterilization

Processing and sterilization can affect the chemistry and morphology of PLGA,
altering the hydrolysis rate and consequently remodeling the release rate of entrapped
drugs. Supercritical carbon dioxide processing (at ambient temperatures and moderate
pressures) results in a porous morphology due to escaping gas bubbles from solidifying
polymer. It also causes a drop in glass transition temperature (Tg) to influence the
hydrolysis rates of polymer (Keles et al., 2015).

Gamma irradiation of PLGA 50:50 microparticle increased its degradation rate, as
revealed by FTIR imaging. Gel permeation chromatography (GPC) showed a decrease in
molecular weight of PLGA 50:50 and DSC analysis exhibited a decrease in glass transition
temperature (Tg) with increased dose of gamma irradiation. All these findings indicated
that gamma irradiation brings about severe changes in polymer morphology. It reduces the
overall molecular weight of polymer matrix due to a chain scission degradation mechanism

(Keles et al., 2015).
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2.4.5 Drug Solubility

Hydrolytic degradation of PLGA involves two steps: diffusion of water into the
polymer matrix (swelling) and its hydrolysis reaction. Effective diffusion rate (diffusion
coefficient) of water into the polymer matrix and, the effective reaction rate for hydrolysis
were studied for various drugs with differing water solubilities. The highest rates of
diffusion (swelling) and degradation (hydrolysis) were obtained for a hydrophilic drug
while lower values were obtained for a relatively hydrophobic drug with low solubility.
Nevertheless, release rates of all drugs were not explained by their water solubility and a
better understanding of their release pattern and relation with water is solicited (Siegel et

al., 2006).

2.4.6 Drug Loading

Drug loading in PLGA matrix-based delivery systems depends on drug solubility.
Kitchell and Wise (1985) demonstrated that system durations may vary from 30 days to
1600 days for the drugs with solubilities ranging from 4000 pug/ml to 0.02 pg/ml. They
suggested that soluble macromolecules (e.g., proteins and peptides) will be released quite
rapidly. PLGA systems with low drug content may provide long-term delivery of such

molecules (Kitchell & Wise, 1985).
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2.4.7 Drug—drug or drug-polymer interactions

Drug-drug interaction (physical or chemical) or high affinity of a drug for the polymer

may result in an incomplete drug release (Wong et al., 2001).

2.5 In Vitro Drug Release from PLGA based NPs

Dexamethasone-loaded PLGA NPs were prepared using solvent emulsification-
evaporation method and in vitro drug release was tested using Franz vertical
diffusion static cells in phosphate buffer (pH 7.4) PLGA NPs showed a sustained
release profile with only 42% drug released in 600 min. In contrast, free
dexamethasone showed a release rate close to 100% in just 120 min followed by a

rapid decline in drug (Ribeiro et al., 2021).

PLGA (50:50) (Resomer® RG 503H, MW34 kDa) NPs significantly improved the
in vitro drug release of poorly water-soluble drug Zaleplon prepared via
emulsification—solvent evaporation technique. Drug release profiles were
established using 5-cm dialysis sac (spectra-por, cut-off 12-14 KDa) and PBS
(pH 7.4) as release medium. Longer sonication time during the emulsification step
of preparation resulted in NPs with a large number of pores and released drug more
quickly. A significant decline in initial burst release (from 36% to 24%) was

observed in increasing PLGA concentrations (from 2.5% to 10%) due to particles
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with smaller pore size and more tortuous entanglement of polymer chains. Whereas
NPs prepared with higher concentrations of stabilizer (1% and 1.5% w/v PVA) had
smaller size and higher surface area, thus, showing significantly higher initial burst
effect than formulations prepared with lower stabilizer concentrations (0.5% wi/v

PVA) (Haggag et al., 2021).

Docetaxel NP formulations were developed using PLGA (50:50) polymer (with
acid terminal group and low-molecular-weight 6,700 Da) by modified
emulsification solvent evaporation technique. In vitro drug release was tested in
PBS buffer with sample and separate method. Both, PLGA NPs and PLGA-PEG
NPs displayed biphasic release profiles with an initial burst release for the first 24
h of the test. PLGA-PEG NPs demonstrated a higher and faster drug release profile
compared to PLGA NPs with an overall 25% and 49% drug release after 5 days,

respectively (Rafiei & Haddadi, 2017).

PLGA (Resomer RG 50:50 H; Mw 40-75 kDa, inherent viscosity 0.45-0.6 dl/g)
NPs and PLGA-PEG blend NPs of curcumin were prepared by single-emulsion
solvent-evaporation technique. The in vitro drug release was evaluated in
phosphate-buffered saline (PBS) (0.01 M, pH 7.4) using a sample and separate
method. Both NPs sustained the drug release, PLGA NPs released the drug more

slowly than PLGA-PEG blend NPs. PLGA-PEG NPs demonstrated a biphasic
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release pattern with a burst release of 21% in initial 24 h followed by a sustained
release of 56.9% for nine days. Drug release from PLGA NPs was more progressive
with no biphasic profile. Only 5.8% of curcumin was released in the first 24 h and

a total of 37% drug was released over nine days (Khalil et al., 2013).

Donepezil NPs were formulated by solvent emulsification diffusion— evaporation
method utilizing PLGA 50:50 (RH 503, Molecular weight 35-40kDa). In
vitro release study was done using a dialysis tube (MW cut off 2000 Da) in PBS
(pH 7.4). Donepezil-loaded NPs showed a biphasic release pattern, an early burst
effect observed within 30 min followed by sustained drug release over a period of
25 days. While donepezil solution (control) released 61.49% drug in only 240 min.
Cumulative percentage drug release from PLGA NPs depended on drug-polymer
ratio. It increased from 76.11% to 92.03 % by decreasing drug-polymer ratio from
1:10 to 1:1. Coating of PLGA NPs with 1% polysorbate 80 slightly lowered the

drug release (87.42% for drug-polymer ratio 1:1) (Bhavna et al., 2014).
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2.6 USP 4 as Discriminatory In Vitro Dissolution Method

The lack of robust and biorelevant in vitro drug release methods for NDDS prompts
the researchers to select arbitrary release methods. USP 4 emerges as a promising solution
due to various advantages including its discriminatory capabilities. Much efficient
simulation of intraluminal hydrodynamics is possible due to options to change media
composition, pH, temperature, and flow rate over the course of the entire test (Gite et al.,
2016). Moreover, sampling and media changes are done without disturbing test
hydrodynamics and no additional filtration step is required (D'Arcy et al., 2010; Eaton et
al., 2012; Heng et al., 2008; Singh & Aboul-Enein, 2006; Yoshida et al., 2015). Provision
of 1-mm glass beads and a red ruby bead in the conical part of the dissolution cell provides
excellent flow symmetry and uniformity (Kakhi, 2009). Studies summarized in Table 2.1
support that USP 4 has discriminatory potential for in vitro drug release from NDDS.
However, more research is needed to confirm its suitability in testing different drugs
delivered through different NDDS (e.g., polymeric NPs, liposomes) and to justify its

regulatory standing.



Table 2. 1: Discriminatory potential of USP 4 for in vitro drug release from NDDS

NDDS In Vitro Release Study Findings Reference

Methods
Cefuroxime e USP 4 (flowrate 16 ~ USP apparatus 4 was testified to be (Heng, Cutler et
Axetil NPs ml/min; 0.2-pum disc unequivocally the most robust al. 2008)

filter) dissolution method to differentiate

e USP 1 (100 rpm) dissolution rate ratios of Cefuroxime

 USP 2 (100 rpm) Axetil NPs and unprocessed drug.

¢ Dialysis bag (12-14

kDa MWCO)
Dexamethasone e USP 4 (flow rate 16 USP apparatus 4 was able to (Bhardwaj and
Liposomes ml/min; 50 kDa discriminate between solution, Burgess 2010)

MWCO) suspension, and the extruded and non-

e Dialysis sac (50 rpm;  extruded liposomes.

50 kDa MWCO)

¢ Reverse dialysis sac

(50 rpm; 50 kDa

MW(CO)
Griseofulvin o USP 4 (flow rate 16 Researchers validated the particle-size  (Sievens-
NP-laden ml/min; 0.2-pum disc discriminatory nature of USP 4 using Figueroa, Pandya
stripfilms filter) Griseofulvin NP-laden stripfilms to etal. 2012)

e USP 1 (50, 100, and
150 rpm)

suggest that its potential to provide
similar results for other BCS Class Il
drugs.

Atorvastatin
NPs

e USP 4 (glass-bead
mixing; flow rate 8,16
ml/min)

¢ Dialysis bag in USP
1 (75, 100, and 125
rpm; MWCO NA)

e Dialysis bag in USP
4 (8,16 mL/min)

USP 4 dissolution method established
for Atorvastatin NPs using modified

sample loading (glass-bead mixing with

NPs) was found to be discriminatory.

(Gite, Chogale et
al. 2016)

Doxorubicin
liposome

o USP 4 (flow rate 16
ml/min; 10-300 kDa
MWCO)

USP 4 assay distinguished between
generic parenteral liposome
formulations and innovator
Doxorubicin liposome product Doxil®.

(Yuan, Kuai et al.
2017)

Amphotericin
B liposome

o USP 4 (flow rate 16
ml/min; 300 kDa
MWCO)

USP 4 assay was able to differentiate
marketed liposome formulation of
Amphotericin B AmBisome® and
other in-house formulations.

(Tang, Srinivasan
et al. 2019)
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2.7 Drug Pharmacokinetics from PLGA based NPs

PLGA NPs of Zaleplon demonstrated higher plasma concentrations, improved
bioavailability, lower clearance, and longer half-life when compared with marketed
tablet and drug suspension in rabbits. The oral bioavailability of PLGA NPs was 3.42-
fold higher than the marketed tablet and 2.75-fold higher than the drug suspension.
Also, drug-loaded NPs showed significantly higher peak exposure (Cmax) oOf
29.31 ng/ml than a marketed tablet (10.86 ng/ml) and a free drug suspension
(13.27ng/ml). Total AUC was found to be 2135 ng-h/ml for Zaleplon NPs compared to
the marketed tablet (625 ng-h/ml) and the drug suspension (802 ng-h/ml) (Haggag et

al., 2021).

The pharmacokinetic parameters of Apremilast loaded PLGA NPs were compared with
pure drug suspension in Wistar albino rats (weighing 180-220g) after oral
administration (dose 2 mg/kg). Oral bioavailability of PLGA NPs was 2.25-fold higher
than the pure drug suspension without significant change in peak exposure (Cmax). Long
term retention of NPs was confirmed by significant decrease in elimination rate (Ke),
increase in half-life (T12) and mean residence time (MRT). Gender-specific absorption
of Apremilast was indicated by five times higher bioavailability in female rats than in

male rats (Anwer et al., 2019).
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Noncompartmental analysis was used to study the important pharmacokinetic
parameters in 8-week-old female BALB/c mice after intravenous administration of
docetaxel-loaded NPs and free drug solution at a dose level of 5 mg/kg. PLGA and
PLGA-PEG NPs demonstrated an increase in serum exposure (AUC) and a decrease
in elimination rate (Ker). The volume of distribution (Vg¢) was decreased from 383 ml
(free drug solution) to 150 and 290 mL for PLGA and PLGA-PEG NPs respectively.
Both types of NPs showed significant decreases in clearance (3.6-fold and 5-fold
respectively) and significant increases in mean residence time (MRT) (2.4-fold and 4.8-

fold), respectively, compared to free drug solution (Rafiei & Haddadi, 2017).

Curcumin-loaded PLGA NPs and PLGA-PEG NPs were administered orally in rats,
and their pharmacokinetics were compared with curcumin aqueous suspension. PLGA
and PLGA-PEG NPs increased curcumin bioavailability by 15.6-fold and 55.4-fold,
respectively, and increased curcumin half-life from 1 h to 4 and 6 h, respectively. The
Cmax was increased 2.9-fold and 7.4-fold, respectively. Both NP formulations
decreased the distribution and the metabolism of curcumin, more prominently by

PLGA-PEG NPs (Khalil et al., 2013).

Pharmacokinetics of cyclosporine-loaded NPs was determined in male SD rats

(weighing 200-240g) using oral gavage (15mg/kg body weight). Relative
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bioavailability (AUCo-inf) of cyclosporine NPs was 119.2% compared to Sandimmune
Neoral® capsules. Drug loaded NPs exhibited sustained drug release for 5 days with
Cmax at 24 h, in contrast to marketed formulation with a sharp Cmax within 2 h and a 3-
day drug release profile. NPs showed significantly less nephrotoxicity, evidenced by
lower values of plasma creatinine (PC), blood urea nitrogen (BUN), and

malondialdehyde (MDA\) in rat plasma and kidney (Italia et al., 2007).



CHAPTER 3 DESIGN OF THE STUDY

3.1 Design of experiments (DoE) for Formulation Optimization

In the context of pharmaceuticals, optimization can be defined as the application of
systematic approaches to propose the best combination of formulation and/or process
variables to get the best formulation (with best outcomes or response variables). The
traditional one variable/factor at a time (OVAT or OFAT) approach involves the study of
one single variable/factor at a time. Because of its inability to explain two-factor
interactions this approach become invalid when multiple variables are changed
simultaneously. Apart from that, it is highly time-consuming and uneconomical due to
unnecessary runs. Design of experiments (DoE) may provide solutions to these inherent
limitations of OVAT approach and deliver better results with fewer experimental runs.
Design of experiments (DoE) is a collection of statistical tools (such as screening designs
and optimization designs) coupled with mathematical models, and graphical optimization
to thoroughly understand relationship between significant input variables and tested

responses (N. Politis et al., 2017; Vera Candioti et al., 2014).

As per FDA “quality should not be tested into finished products, it should be built-
in or should be by design” (FDA & PAT, 2004). DoE is an integral component of
pharmaceutical and analytical quality by design (QbD). Other elements of QbD approach
include process analytical technology (PAT), quality target product profile (QTPP), critical

quality attributes (CQAS), risk assessment, control strategy, and design space (Nayak et al.,

58
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2019). Process analytical technology (PAT) is a regulatory framework that broadly
integrates chemical, physical, mathematical, microbiological, and risk analysis to enhance
the understanding and control of manufacturing process. (FDA & PAT, 2004). Quality
target product profile (QTPP) of a pharmaceutical product is summary of quality
characteristics that must be achieved to ensure its safety and efficacy (Fukuda et al., 2018;
ICH & Q8(R2), 2009; Zhang & Mao, 2017). Critical quality attributes (CQAS) are physical,
chemical, biological or microbiological properties that must lie within set specifications to
ensure quality (e.g., particle size, shape) (Fukuda et al., 2018; Sangshetti et al., 2017). ICH
defines design space as “multidimensional combination and interaction of input variables;
critical material attributes (CMASs) and process parameters (CPPs) that have been
demonstrated to provide assurance of quality” (ICH & Q8(R2), 2009). Any change within
the approved design space is not subject to regulatory post-approval submission(ICH &
Q8(R2), 2009). DoE can help identify CMAs (e.g., drug: polymer ratio, surfactant conc)
and critical process parameters or CPPs (e.g., temperature, flow rate). These CMAs and
CPPs subsequently help achieve desired CQAs (e.g.,) to realize quality target product
profile (QTPP) and, ultimately establish a design space. (Amadeo et al., 2014; Zhang &

Mao, 2017).
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3.1.1 Selection of experimental design

The choice of a design should be based on available resources, time, cost and a
permissible limit on Type | and Type Il errors for hypotheses testing. The experimenter
should choose a design with a number of runs less than allowed by the budget, to keep the
scope for the addition of some center points runs (to check curvature in a two-level
screening design) and repeat some design points considering unplanned experimental
mistakes (Fontdecaba et al., 2014; Ruttimann & Wegener, 2015). Screening designs (full
or fractional Factorial design, Plackett—Burman designs (PBDs) or Taguchi designs) are
useful for screening of a large number of input variables to identify a few significant ones.
But these are low-resolution designs and can support only linear responses. However, if a
nonlinear response is detected, more complex response surface methods (RSMs) such as
Central composite designs (CCD) or Box—Behnken designs become necessary to get an
idea about local shape of response surface. Besides having main effect and two-factor
interaction terms RSMs may also have quadratic and cube terms to explain the curvature
in response (Kauffman et al., 2015; N. Politis et al., 2017; NIST; Subra & Jestin, 2000).
DoE optimization methodology can be presented as stepwise sequence as described in

Figure 3.1.
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1. Identifying most important factors
(independent variables ) and range

NS

2. Building a suitable design and set up
experiment to reliably measure desired
response (dependent variables)

N\

3. Mathematical model fitting to
experimental data & Statistical analysis to
choose best model

NS

4. Optimization of factors within
established design space to get best
response

Figure 3. 1: Stepwise sequence of DoE optimization methodology

3.1.2 Box-Wilson Central Composite Design or Central Composite Design (CCD)
Central composite design (CCD), a response surface design can appropriately
establish a correlation between the independent variables and the responses by fitting

them into the second order polynomial equations.

Y = Bo + BiXy + BoXo + -+ BrXy + P1aXT + BooXE + -+ BraXP 4 BraXa Xy + o +

Pr-1xXk-1Xx + € Equation 3.1
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Here, Y represents the response, k is the total number of factors, Bois an intercept,
B represent the coefficient values (regressors) for linear, quadratic, and interaction effects
and & represents the error associated with model (Dutka et al., 2015; Sadhukhan et al.,
2016). A CCD design requires five levels of each factor: high (+1), low (-1), (+a), (-o.) and

mid-center (0) level and comprises of three type of design points (Figure 3.2).

a) 2X factorial design points (consisting of all possible combinations of +1 and
—1 levels of each factor)
b) 2k axial/star points (to generate quadratic terms)
C) n center points or replicate terms (independent estimate of pure experimental

error(Kowalski et al., 2002))

Thus, total number of experiments designed by CCD will be (Asghar et al., 2014):

N=k?®+2k+n Equation 3.2
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Figure 3. 2: Three types of CCD design points: a)2 design or factorial points;
b)2xk axial or star points and c) n center points (o= vk =1.41 which gives a spherical

design; K = number of factors)

where N is the total number of experiments, k is the number of factors studied,
and nis the number of replicate center points. Rotatability is a desired property for
response surface designs (quadratic model designs). It means that prediction variance at
any specific design point will depend only upon its distance from center point, not on the
direction. Such designs can be rotated around the center without changing the variance of

predicted response value.

In CCD, star or axial points allow for the estimation of curvature (or pure quadratic
effect) present in response of interest. They establish new higher extremes, at a distance o

(alpha) from center point and are useful in defining the area of operability. The value of a
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determines the location of star points within experimental domain and it depends on the
number of experimental runs within the factorial part of design (Equation 3.3). A CCD
design with o=1 is a simpler ‘face-centered CCD’. The axial points are present on the face
of square itself thus, this design tests only three factor levels. It can give reasonably good
predictions within the design space but poor predictions for estimates of quadratic
coefficients (not a rotatable design). ‘Circumscribed CCD’ design with an a value of V k
is sufficient to maintain the rotatability of design and precisely estimate the pure quadratic
coefficients (Asghar et al., 2014; Singh et al., 2011). The ‘inscribed CCD’ is a scale-down
circumscribed CCD design where axial points are located at upper and lower bounds (+1)
specified for factors. The design points shrink as each factor level is divided by o to
generate such design. Like circumscribed CCD they also use five factor levels and are

rotatable designs (Zhang & Xiaofeng, 2009).

1
a = [Number of factorial runs]= Equation 3.3
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Circumscribed-CCD
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) *

— o

Face centered CCD

Inscribed-CCD

Figure 3. 3: Three types of CCD designs

(Reference: https://www.itl.nist.gov/div898/handbook/pri/section3/pri3361.htm )

‘Resolution’ of a design refers to the degree to which the main effects are
confounded or aliased with two-factor or three-factor interaction terms. CCDs are
resolution V designs, where neither main effects nor two-factor interaction terms are

aliased with any other main effect or two-factor interaction terms. However, two-factor


https://www.itl.nist.gov/div898/handbook/pri/section3/pri3361.htm
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interactions are confounded with some three-factor interactions (Kowalski et al., 2002;
Vining et al., 2005). ‘Robustness’ is the ability of a process not to break down when some
observations are missed out. CCD designs are robust enough to missing observations. It
means they can give reliable predictions even in the absence of some design points
(factorial/axial/central) without impacting the power much (E.I et al., 2021; Oladugba &

Nwanonobi, 2021).

3.2 Materials

3.2.1 Chemicals, Drugs and Animals

e Synthetic compound AC1LPSZG was a gift sample from Baylor College of
Medicine, Houston, TX, USA.

e Acetonitrile (LC-MS grade) purchased from Avantor Performance Materials, LLC,
PA, USA, water (LC-MS grade) purchased from EMD Millipore Corp., MA, USA,
and formic acid purchased from Sigma-Aldrich, St, Louis, MO, USA were used to
prepare UPLC and LC-MS/MS mobile phases.

e Griseofulvin (Sigma-Aldrich, St. Louis. MO, USA) was used as internal standard
solution in UPLC and LC-MS/MS assay for AC1LPSZG analysis.

e Poly (D, L-lactide-co-glycolide) lactide: glycolide 50:50 (molecular weight 30,000-

60,000), Poly (D, L-lactide-co-glycolide) lactide: glycolide 73:25 (molecular weight
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66,000-107,000) and Resomer® RG 503H, Poly (D, L-lactide-co-glycolide), acid
terminated, lactide: glycolide 50:50 (molecular weight 24,000-38,000), all were
purchased from Sigma-Aldrich, St, Louis, MO, USA and used as biodegradable
polymers for nanoparticle preparation.

For cosolvent formulation the solvents DMSO, PEG400, and saline solution were
purchased from Millipore Sigma (St. Louis, MO) and Transcutol HP was obtained
from Gattefosse (Paramus, NJ).

Acetone (VWR Chemicals, PA, USA) was used as organic solvent during
nanoparticle preparation.

Kolliphor® P188 (Poloxamer 188 or Lutrol® F68) was used as surfactant and
sucrose was used as lyoprotectant during nanoparticle preparation, both were bought
from Sigma-Aldrich St, Louis, MO, USA).

Potassium phosphate monobasic (or potassium dihydrogen phosphate, KH2PO4),
potassium chloride (KCI), sodium acetate (CH3COONa), all were obtained from
Sigma-Aldrich, St, Louis, MO, USA and used for buffer preparations during pH-
stability studies. Hydrochloric acid (36.5-38%) was procured from Aqua Solutions,
TX, USA and sodium hydroxide(10N) was purchased from Avantor Performance
Materials, LLC, PA, USA.

Potassium phosphate monobasic-sodium phosphate dibasic buffer (pH7.4) was
purchased from Fisher Scientific, NJ, USA. Ethanol was obtained from Sigma-

Aldrich, St, Louis, MO, USA.
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Hexadecyltrimethylammonium bromide (or Cetrimonium bromide, CTAB) (Sigma-
Aldrich, St, Louis, MO, USA), Tween® 80 (Polyoxyethylene (80) Sorbitan
Monooleate) (EMD Chemicals Inc., NJ, USA) and Sodium lauryl sulfate (Bio-Rad
Laboratories, CA, USA) were used as solubilizers during dissolution studies.
Labrasol ALF (PEG-8 Caprylic/Capric triglycerides) (Gattefosse, CS, France),
Polyethylene glycol-400 (PEG-400) (Wood Scientific Inc, Houston, TX, USA)
Propylene glycol (PCCA, Houston, TX, USA) and Isopropyl alcohol (VWR
Chemicals, PA, USA) were used as cosolvent wash.

Diethyl ether (EMD Chemicals, Inc., NJ, USA), dichloromethane (VWR Chemicals,
PA, USA), chloroform (Sigma-Aldrich, St, Louis, MO, USA) and ethyl acetate
(Fisher Scientific, NJ, USA) were used during liquid-liquid extraction.
Sprague-Dawley (SD) rats (male, 150-174g) were purchased from Envigo RMS,
LLC, (Indianapolis, IN, USA) and were used in the pharmacokinetic studies of
compound AC1LPSZG.

Anesthesia cocktail comprised of acepromazine, ketamine and xylazine, procured
from Sigma-Aldrich (St, Louis, MO, USA), and used to anesthetize the rats during
the jugular vein cannulation surgery.

1000 U/ml Heparin sodium solution (Sagent Pharmaceuticals, Schaumberg, IL,
USA) was diluted with aqueous normal saline (sodium chloride solution, 0.85%)
(Sigma-Aldrich., St, Louis, MO, USA) to prepare various concentrations (100 U/mL,

20 U/ml) for pharmacokinetic studies. Heparinized microcentrifuge tubes (coated
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with 1000 U/ml) were prepared for blood sample collection and storage. Jugular vein
cannulas were flushed using 100 U/ml of heparin solution after each sampling. 10
U/ml of heparin solution was given after each sample withdrawal to replenish the

body fluid.

3.2.2 Supplies

20 ml clear disposable scintillation vials (VWR, West Chester, PA, USA) were used
during preparation step and to store standard stock solutions of AC1LPSZG and
griseofulvin.

Glass syringe, 5ml, with metal Luer-lock tip was purchased from Poulten & Graf
Gmbh, Wertheim, Germany used for nanoprecipitation preparation method.
Spectra/Por® Float-A-Lyzer G2 dialysis cells (cellulose ester, amber color cap, 1ml,
300 kDa molecular weight cut—off (MWCO)) were purchased from Spectra Labs,
CA, USA.

Whatman™ membrane filters (cellulose acetate, 47 mm, 0.45 um) (GE Healthcare
UK Ltd., Buckinghamshire, UK) were used to filter harsh mobile phases or
aggressive organic solvent-based solutions.

CTV-0910P-100 pL Polypropylene Vial, 9mm screw thread, bought from Chrom
Tech, MN, USA were used in UPLC assays.

2 ml Screw top vials and screw cap (Agilent, CA, USA) were used for collection of

dissolution samples.
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Microcentrifuge tubes (clear, 2 ml and 1.5 ml) (VWR International LLC., Radnor,
PA, USA) were used for working standard solution preparation, washing of NPs,
blood sample collections and plasma sample storage.

Pipette tips (20 pl, 200 ul, 1000 ul) were purchased from VWR International LLC.,
Radnor, PA, USA to be used with appropriate pipette to accurately measure and
transfer the solutions.

Powder-free latex examination gloves purchased from VWR International LLC.,
Radnor, PA, USA were used during all experiments.

6” Cotton tipped applicators used to stop bleeding during animal surgeries were
purchased from Dynarex Corporation, Orangeburg, NY, USA.

Kendall curity Gauze sponges (3 in x 3 in) purchased from Tyco Healthcare,
Mansfield, MA, USA were used to stop bleeding and to clean up the wounds during
animal surgeries.

Face masks were purchased from AlphaProTech, Inc (Salt lake City, UT, USA) to
protect from infection while performing animal experiments.

Sterile tuberculin slip tip syringes (1 mL) assembled with PrecisionGlide™ 23G
needles purchased from Becton Dickinson & Co (Franklin Lakes, NJ, USA) or 23G
0.5” blunt needles purchased from Sai Infusion Technologies (Lake Villa, IL) were
used for intramuscular injection of anesthetic cocktail and for withdrawal of blood

samples from experimental rats respectively.
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Silk surgical sutures from Henry Schein Inc (Melville, NY, USA) were used for

securing the jugular vein cannula and closing the incisions during animal surgeries.

3.2.3 Equipment, Apparatus, and Software

New Classic Balance (Model: MS104S /03) (1209, 0.1mg) and XPR 225 Dual Range
balance (Model: XPR225DU) (1219, 0.01mg) from Mettler Toledo, Greifensee,
Switzerland were used to weigh drugs and chemicals.

Syringe pump (Model: NE-300) (New Era Pump Systems, Inc., Farmingdale, NY)
attached with Heidolph magnetic stirrer (Heidolph Instruments Gmbh & co.,
Germany) was used for nanoprecipitation method of nanoparticle preparation.
Malvern Zetasizer Nano-ZS (Model: ZEN 3600) (Malvern Instrument Ltd,
Worcestershire, UK) was used for particle size and zeta potential measurements.
Eppendorf centrifuge 5417R (Rotor no. F45-30-11) from CE, Germany was used for
nanoparticle wash and sample analysis by UPLC and LC-MS/MS.

Hot plate stirrers (NO97042-634) (VWR, Troemner LLC, USA) were used to heat
and /or stir solutions during nanoparticle preparation.

Bath sonicator (B2500A-MTH) from VWR International, West Chester, PA, USA
was used for entrapment efficiency experiment and for dissolving polymers.
Lyophilizer (Vir Tis SP Scientific BenchTop Pro with Omnitronics™) (Model: BTP-

95GEVW), USA was used to lyophilize NPs.



72

Thermo-Scientific -86°C Freezer, CA, USA was used during particle lyophilization
and to store plasma samples.

Bench top stability chamber (Model: PH09-DA), Darwin Chambers, St. Louis, MO,
USA was used for stability studies.

Shimadzu Auto Differential Scanning Calorimeter DSC-60A, Koyoto, Japan was
used for thermal analysis of drug and excipients.

JEOL JSM-6010LA Scanning Electron Microscope (SEM) was used to examine the
external morphology of NPs.

Water bath (Type: 89032-203) from VWR, PA, USA was used during stability
studies.

VWR pulsing vortex mixer (Model: 945320), Henry, Troemner, LLC, USA and
Vortex bench mixer, Benchmark Scientific Inc, Edison, NJ, USA were used for
simple mixing of all liquid samples.

SOTAX® CE7-smart dissolution testing unit (Sotax, AG, Aesch, Switzerland) was
used for nanoparticle dissolution studies.

ThermoScientific pH meter with Orion ROSS pH electrodes (Thermo Fischer
Scientific Inc., Mettler Toledo, LLC, USA) was used for buffer pH measurement.

UPLC system consisting of:

o Waters Acquity UPLC® BEH Shield RP18 column (2.1 X 50mm, 1.7um, 100

A). Waters, Milford, MA, USA)
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o Waters Acquity UPLC® Sample Manager FTN-H (Model: K18FTP125G,
Waters, Milford, MA, USA)

o Waters Acquity UPLC® Quaternary Solvent Manager (Model: A19Q5P493A,
Waters, Milford, MA, USA)

o Waters Acquity UPLC® Photodiode Array Detector (Model: M184PDO004A,
Waters, Milford, MA, USA)

o Empower software (EM9BA01540, Waters, Milford, MA, USA)

e LC-MS/MS system consisting of

o 4000 QTRAP® triple quadrupole mass spectrometer equipped with a Turbo lon
Spray ion source (AB SCIEX, Redwood City, CA, USA)
o Analyst® Software 1.6.2 (Redwood City, CA, USA) was used to control the LC-
MS/MS system and to acquire data from.
o Waters ACQUITY UPLC HSS T3 Cigcolumn (50 mm x 3 mm i.d., 1.8um,
100 A)
e WinNonlin v8.1, Pharsight Corp, Mountain View, CA, USA software was used for
noncompartmental pharmacokinetics data analysis.
e DDSolver, a free add-in program for Microsoft Excel was used for modelling and
comparison of in vitro drug release profiles.

e JMP software for Windows (Free version) was used to perform statistical analysis.
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3.3 Methods

3.3.1 Preparation of Cosolvent System

Optimized cosolvent system for ACLLPSZG was prepared by vortexing the
solvents DMSO: PEG400: Transcutol HP: Saline solution in the ratio of 10:30:30:30 (v/v)

(Chen et al., 2022).

3.3.2 Preparation of PLGA-AC1LPSZG-NPs

Poly (D, L-lactic-co-glycolic acid) (PLGA), a biodegradable, non-toxic polymer
was used for nanoparticle preparation. Acetone was a choice of organic solvent as at a
given polymer concentration acetone has reported to produce smaller particles(Legrand et
al., 2007). 3% Poloxamer P188 (or Pluronic F68) was used as a stabilizer. In the
preliminary experiments this concentration produced significantly smaller particles.
Previous studies also reported that Poloxamer P188 can produce smaller particles

compared to other surfactants (Cohen-Sela et al., 2009).

Solvent Displacement / nanoprecipitation method was used to prepare PLGA NPs
of poorly water-soluble model drug AC1LPSZG. Briefly, 60 mg PLGA was dissolved in
2mL acetone. 5mg AC1LPSZG was dissolved in above prepared polymer solution and then

added dropwise into the aqueous phase containing stabilizer (3% Poloxamer P188) under
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magnetic stirring (0.3 ml/min, 30°C, 750 rpm) using syringe pump (Model: NE-300) (New
Era Pump Systems, Inc., Farmingdale, NY) attached with Heidolph magnetic stirrer
(Heidolph Instruments Gmbh & co., Germany). NPs were formed instantaneously by
interfacial deposition of polymer due to rapid diffusion of water miscible organic solvent
(acetone) into the aqueous medium. Solvent removal was done under magnetic stirring on
hot plate stirrers (NO97042-634) (VWR, Troemner LLC, USA) at 60°C, 400 rpm for
3hours. NPs were washed three times with water at 14000 rpm, 4°C for 45 minutes using
Eppendorf centrifuge 5417R (Rotor no. F45-30-11) from CE, Germany and lyophilized

(SP Scientific BenchTop Pro with OmnitronicsTM) using 10% sucrose as lyoprotectant.

3.3.3 Particle Size & Zeta Potential Measurement

Malvern Zetasizer Nano-ZS (Model: ZEN 3600) (Malvern Instrument Ltd,
Worcestershire, UK) was used for particle size and zeta potential measurements.
Disposable polystyrene folded capillary cell (DTS0012, Malvern) cell was rinsed with
dispersant before use. Recommended minimum sample concentrations for 100nm to 1um
size particles is 0.01g/I or 107 % mass. About 1ml of sample was slowly filled into one of
the sample ports of the folded capillary cell with the help of micro-pipettor avoiding any
air bubbles. When the sample started to emerge from the second sample port, the stoppers
were inserted onto both the ports. Any excess liquid spilt onto electrodes was removed

using tissue paper. The cell area lid of the instrument was opened, and folded capillary cell
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was pushed into the cell holder so as the polished optical surface was facing the front of
instrument (indicated by a small triangle at the top of cell). The cell area lid was closed,
and measurements were done in triplicate. Milli Q water was used as a dispersion medium

during all measurements.

3.3.4 Drug Loading (DL) and Entrapment Efficiency (EE)

In the direct method for entrapment efficiency determination, 20 mg NPs were
sonicated with 1.5ml acetonitrile for 5min (Bath sonicator, B2500A-MTH, VWR
International, West Chester, PA, USA) to dissolve the PLGA and then centrifuged at
11,000 rpm, 4°C for 10 min in cooling centrifuge (Eppendorf centrifuge 5417R, Rotor no.
F45-30-11, CE, Germany) to precipitate out the sucrose lyoprotectant. Supernatant was
collected and analyzed under Waters Acquity UPLC system after suitable dilution and

centrifuging again at 11,000 rpm, 4°C for 10 minutes.

In the indirect method, the amount of free drug was analyzed in the supernatant
recovered during the washing step. The entrapment efficiency and drug loading were

calculated using the following formula (Seju et al., 2011; Sun et al., 2015).

Amount of drug encapsulated X100

% EE =

Equation (6)

Amount of drug initially taken to prepare NPs
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Amount of drug encapsulated X100

% DL =
% Weight of prepared NPs

Equation (7)

3.3.5 Invitro drug release study

A close loop type USP 4 apparatus CE7-smart (SOTAX®) incorporated with 22.6
mm dissolution cells (14 mL) and piston pump (Sotax™CP7-35/CP7-300) was used for in
vitro drug release studies. A known amount of NPs was suspended in 1 ml of respective
dissolution medium and filled in Float-A-Lyzer dialysis cells with cut off size of 300 kDa.
100 ml of dissolution medium was filled in each media bottle. The test method was loaded
manually- sample volume, flow rate of release medium and temperature were set at 16
mL/min, 37°C and 200ul respectively. When the Prep | was completed the Float-A-Lyzer
cells were inserted into the dissolution assembly. After the completion of Prep Il step, the
test was started. At predetermined time intervals the samples were withdrawn and assayed
using UPLC after suitable dilution. Experiments were done in triplicate and data were

presented as the mean + SEM.

3.3.6 Differential Scanning Calorimetry (DSC)

In a heat flux type DSC (Shimadzu DSC-60A), an empty reference pan and a
sample loaded pan both were kept onto a thermoelectric disk. The disk was heated at a

linear heating rate and generated temperature difference (due to heat capacity of sample)



78

between the sample and the reference pan was measured by area thermocouples and

converted to the heat flown.

3.3.7 In Vivo Studies

The pharmacokinetic (PK) studied were done by intravenous administration of
cosolvent formulation to Sprague-Dawley (SD) rats at a dose of 5 mg/kg dose level. Blood
samples were collected via jugular vein cannulation at predetermined time-points and
stored with heparin sodium anticoagulant. Drug concentrations were analyzed by a
validated LC-MS/MS method ((Chen et al., 2022)). Relevant pharmacokinetic parameters
were calculated by using WinNonlin v8.1 (Pharsight Corp, Mountain View, CA, USA)
software. All animal studies were approved by the Institutional Animal Care and Use
Committee (IACUC) at Texas Southern University (TSU protocol #9136 approved on 11
July 2020) and were conducted according to the National Institute of Health “Guide for the

Care and Use of Laboratory Animals, 8th Edition” (Gao et al., 2021).



CHAPTER 4 RESULTS AND DISCUSSIONS

4.1 Analytical Methods

4.1.1 UPLC method

UPLC method was used for in vitro sample analysis (dissolution studies and
entrapment efficiency determination) of AC1LPSZG -loaded PLGA nanoparticles (PLGA-
AC1LPSZG-NPs). Griseofulvin was selected as the internal standard (IS) based on
properties comparable to AC1LPSZG (Table 4.1). The calibration curve of UPLC assay
for ACILPSZG in neat solution has good linearity (Coefficient of determination (r2)
>0.999) over the range of 5-100 pg/mL (Figure 4.1). Lower limit of quantification (LLOQ)
was 5 pg/mL. Waters, ACQUITY UPLC BEH C18 (50mm x 2.1mm i.d., 1.7 pm, 100 A)
column was used with PDA detector (285nm). The retention times for AC1LPSZG and IS
were 2.16 and 2.62 min respectively. Mobile phase A was 0.1% formic acid in water,
Mobile phase B was 0.1% formic acid in acetonitrile at a flow rate of 0.5 mL/min and
Injection volume of 10uL. The solvent gradient profile is shown in Table 4.2. A
representative UPLC chromatogram for AC1LPSZG and IS both at conc = 10 ug/ml is

shown in Figure 4.2.
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Calibration Standard Curve for ACILPSZG
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Figure 4. 1: UPLC calibration standard curve for AC1LPSZG
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Figure 4. 2: Chromatogram for AC1LPSZG and IS both at conc = 10ug/ml

Table 4.1: Comparable Analyte and IS Properties

Property ACILPSZG Griseofulvin
(Analyte) (1S)
Molecular Weight (Dalton) 456 352.8
Log P 3.47 2.18
Hydrogen Bond Donor 1 0
Hydrogen Bond Acceptor 5 6
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Table 4.2: Solvent Gradient Profile for UPLC Method

Time (min) Mobile Phase A (%) Mobile Phase B (%0)
0 90 10
0.2 90 10
4.0 0 100
5.0 0 100
5.5 90 10
6.0 90 10

4.1.2 LC-MS/MS Method

Previously developed LC-MS/MS assay was used for pharmacokinetics study

(Chen et al., 2022). For MS/MS analysis a 4000 QTRAP® triple quadrupole mass

spectrometer with a Turbo lon Spray source (AB Sciex, Redwood City, CA, USA) was

used in the positive mode. The source parameters were set as follows: ion source

temperature, 500 °C; ion spray voltage, 5000 V; curtain gas, 25 psi, nebulizer gas (Gas 1),

30 psi, heater gas, 25 psi (Gas 2), and high collision gas. The compound-dependent

parameters were optimized with entrance potential (EP), 10V; declustering potential (DP),

76 V for both ACLLPSZG and the IS; Collision cell exit potential (CXE), 17V; and
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collision energy (CE) 28 V for AC1LPSZG and 24V for the IS, respectively. After
collision cell fragmentation the most abundant and stable multiple reaction monitoring
(MRM) transitions for [M + H]* ion of AC1LSPZG was (m/z 457.10 — 349.00) and that
of Griseofulvin (IS) was (m/z 353.27 — 285.10) (Figure 4.3). The retention times of the
drug and IS in in LC-MS/MS chromatograms were 1.28 minutes and 1.52 minutes,
respectively (Figure 4.4). The calibration curve of LC-MS/MS assay for AC1LPSZG in rat
plasma was linear (R? = 0.999) over the range of 10-5000 ng/mL. Sensitivity evaluation
was done by measuring the limit of detection (LOD) and the lower limit of quantitation
(LLOQ). The LOD and LLOQ of the method were established with the signal-to-noise
ratio (S/N) 3:1 and 10:1, respectively. The lowest limit of quantitation of AC1LPSZG in
LC-MS/MS assay was 10 ng/mL. These results indicated good linearity and sensitivity for

their specific applications.

Waters ACQUITY UPLC HSS T3 C18 column (50 mm x 3 mm i.d., 1.8um, 100 A)
UPLC column was used with retention times for AC1LPSZG and IS being 1.27min and
1.52 min respectively. Mobile phase A was 0.1% formic acid in water, Mobile phase B was
0.1% formic acid in acetonitrile at flow rate of 0.5 mL/min and injection volume of SuL.

Table 4.3 shows the solvent gradient profile.
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Figure 4. 3: Product ion spectra and proposed fragmentation pathways for analyte

ACILLPSZG (A), internal standard Griseofulvin (B)
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Figure 4. 4: Representative chromatogram-tandem mass spectrometry (LC-MS/MS)

chromatography for (A) ACL1LPSZG (500 ng/mL), (B) internal standard

Griseofulvin

Table 4.3: Solvent Gradient Profile for LCMS Method

Time (min) Mobile Phase A Mobile Phase B (%)
(%)
0 80 20
2 80 20
3.5 20 80
3.6 20 80
4.6 80 20
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Recovery of ACL1LPSZG in rat plasma for LLOQ and QC samples ranged from
86.87% to 102.51%. Matrix effects for all samples were less than 15% suggesting
negligible enhancement or suppression signals (Table 4.4). Short-term, long-term, freeze-
thaw and auto-sampler stability of AC1LPSZG in rat plasma is shown in Table 4.5. To
evaluate the intra-day and inter-day assay accuracy (% RE) and precision (% CV) the QC
and LLOQ samples were analyzed on the same day and repeating on three separate days.

The results presented in Table 4.6 met the acceptance criteria of £15%.

Table 4.4: Recovery and matrix effect of ACLLPSZG in rat plasma for LLOQ

and QC samples

Biological NCIUITE, . Matrix effect (%0) Recovery (%)

samples concentration (n = 6) (n = 6)
(ng/mL)

Plasma 10 7.66 +9.93 86.87 £ 5.42
15 2.35 £ 6.57 102.51 £ 4.98
1000 10.64 + 3.09 88.00 + 3.26
4000 10.98 + 2.13 94.35+9.12




Table 4.5: Stability of AC1LPSZG in rat plasma [n= 3; mean (£SD)]

S Nominal Calculated Concentration (ng/mL)
Biological Stability test Concentration
samples (ng/mL)
Mean £ SD (n = 6) CV (%) RE (%)
10 10.79 + 0.66 6.11 7.94
Auto-sampler 15 14.36 +1.29 8.98 -4.3
(RPEX,16 hr) | 1000 1052 + 41.66 3.96 5.26
4000 3980.15 + 123.82 3.11 -0.5
10 10.09 £ 0.29 10.02 3.39
Shortterm | 15 15,51 + 1.55 8.22 3.15
(RP, 8 hr,RT) | 10900 941.07 + 28.29 3.01 -5.89
4000 4027.86 + 222.85 5.53 0.7
10 5.21+0.64 12.3 -47.88
Freeze and 15 10.78 + 1.56 14.48 -28.12
Plasma thaw (RP,
80 °C to RT) | 1000 766.65 + 17.91 2.34 12333
4000 2986.94 + 36.76 1.23 -25.33
10 2.16+0.71 48.35 -78.4
Long-term 15 434 +0.04 16.24 -71.04
(RP, —80 °C,
30 days) 1000 438.85 + 46.27 10.54 56.11
4000 1597.18 £ 112.35 7.03 -60.07
10 9.92 +£0.02 0.2 -0.82
Long —term
(RPEX, 15 14.46 + 0.37 2.58 -3.57
—80 °C, 1000 834.28 + 39.51 4.74 -16.57
30 days)
4000 3060.42 + 177.06 491 -9.76

*RP, rat plasma; RT, room temperature; RPEX, rat plasma post extraction.
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Table 4.6: Intra- and inter-day accuracy and precision of UPLC-MS/MS method for

guantification of LLOQ and QC samplesAC1LPSZG in rat plasma

Intra-day (n = 6) Inter-day (n = 18)
Nominal
Conc. Observed - Observed .
concentration Accuracy Precision concentration Accuracy Precision
0, 0, 0, 0,
(ng/mL) (mean + SD) (RE%) (CV%) (mean + SD) (RE%) (CV%)
10 10.49 £ 0.69 4.88 6.56 9.51+£079 —4.85 8.29
15 15.12+1.14 0.81 7.51 14.86 £ 1.28 —-0.95 8.59
1000 947.68 £ 63.45 -5.23 6.69 1023.74 £ 44.07 2.37 4.3
4000 3928.42 +390.36 -1.79 9.94 4090.53 +223.94  2.26 5.79

4.2 Design _of _experiments (DoE) for Formulation Optimization of PLGA-

ACI1LPSZG-NPs

Formulation optimization involves investigation of appropriate combination of
independent variables to give the product with desired response variables (Schwartz et al.,
2002). Central composite design (CCD), a robust and high-resolution response surface
design was used for NPs optimization using Design Expert® software (version 13). Two
factors (independent variables), drug amount in organic phase (mg) and aqueous phase
volume (ml) were tested over five different levels (Table 4.7) and four corresponding
responses (dependent variables) viz., entrapment efficiency (EE), NP size, drug load and
zeta potential were measured. CCD design layout and measured responses are shown in

Table 4.8.



Table 4.7: Input Factors and their Coded Levels

Factor (Independent Variable)

Coded Factor levels

Low | Mean | High Min Max
(| © | D | (o) | (He)
A: Drug Amount in Organic
Phase (mg) ) 10 15 2.93 17.07
B: Aqueous Phase Volume
(ml) 4 5 6 3.59 6.41
Table 4.8: CCD design layout and Measured Responses
Run Coded EE Size Drug Zeta Potential
Factors (%) (nm) Load (%) (mV)

1 (0,0) 19 142 2.3 -17

2 (0,0) 20 140 2.6 -14

3 (+,0) 15 135 3.3 -16

4 (-a,0) 59 152 2.2 -18

5 (+1, +1) 21 143 3.9 -15

6 ©, -a) 16 139 2.1 -13

7 (0,0) 19 159 2.5 -19

8 (0,0) 17 145 2.1 -21

9 (-1, -1) 38 134 2.3 -20

10 (-1, +1) 22 178 1.4 -21

11 (0, +a) 30 156 3.8 -17

12 (+1,-1) 13 146 2.4 -17
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4.2.1 Model Selection
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The results obtained (measured responses) were fitted into increasing order of

polynomial complexity of mathematical models. As shown in Table 4.9 model comparison

statistics AIC (Akaike's Information Criteria) was lowest for the 2FI (2-factor interaction)

model for EE, NP size and drug load. Mean model was sufficient to describe the zeta

potential data.

Table 4.9: Model Comparison Statistics for Measured Responses

Entrapment Efficiency Size Drug Load Zeta

(EE%0) (nm) (%) Pot.

(mV)

Model Mean Linear 2FI Mean Linear | 2FI Mean | Linear | 2Fl | Mean
PRESS | 1.11E-06 | 5.38E-07 | 4.92E-08 | 2025 1728 681 |7 5 3 90
-2LL -162.43 -178 -206 94 86 74 25 16 6 56
BIC -160 -171 -196 96 93 84 28 23 16 59
AIC -160 -169 -192 96 95 88 28 25 20 | 59

* PRESS: Predicted Residual Error Sum of Squares, BIC; Bayesian Information Criteria, AIC; Akaike's
Information Criteria, -2LL; -2 Log Likelihood
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For EE data the R? value of 0.973 for 2FI model (Table 4.10) indicates that

it can explain 97.3% of variability around the mean. The adjusted R? value of 0.962 is

highest for 2FI model and is reasonably close to predicted R? value of 0.947. High value of

R? value, adequate precision > 10 and, CV < 15% confirm that selected model fitted the

data very well.

Table 4.10: Fit Statistics for Measured Responses

Entrapment Efficiency  Size Drug Load Zeta
(EE%) (nm) (%) Potential
(mV)
Model Mean Linear 2FI | Mean Linear 2FI | Mean Linear 2FlI Mean
R2 0.000 0.734 0973 | 0.000 0.483 0.803 | 0.000 0.561 0.802 0.000
Adjusted | 0.000 0.674 0.962 | 0.000 0.369 0.728 | 0.000 0.463 0.727 0.000
RZ
Predicted | -0.19 0.421 0.947 | -0.19 -0.015 0.600 | -0.19 0.062 0.424| -0.190
RZ
Adequate | NA® 9.7 30.3 | NA® 5.7 10.6 | NA® 6.7 10.1 NA®
Precision
CV.% 75.3 42.9 14.6 8.4 6.7 4.4 28.4 20.8 14.8 15.3

*Coefficient of determination (R?) is a measure of total variability explained by the chosen model.



ANOVA (Fisher Test) was used to evaluate the significance of tested models.

Best Fit model needs to be significant and Lack of Fit needs to be insignificant. Tests at

5% risk were considered significant (Table 4.11).

Table 4.11: Best Fit model
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Response (Best Fit F-value P-value Remark

Model)

EE (2F]) Model 94.29 <0.0001 significant
Lack of Fit 0.2759 0.9002 not significant

Size (2FI) Model 10.84 0.0034 significant
Lack of Fit 0.2651 0.9065 not significant

Drug Load (2FI) Model 10.77 0.0035 significant
Lack of Fit 5.72 0.0911 not significant

Zeta Potential (Mean) Model - - significant
Lack of Fit 0.7024 0.6942 not significant

4.2.2 EE (%)

EE of the trial runs are given in the table 4.5. It ranged between 13 to 59%. The EE

data was subjected to analysis of variance (ANOVA) for assessment of statistical

significance (Table 4.8). Calculated model F value (94.29) was more than the tabulated F
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value (F 001 = 7.59), implying that the model was significant at 1% a level. The residuals
(quantitative difference between the observed and the predicted response) were randomly
distributed around zero and there was no effect of experimental sequence on the residuals
trend (Figure 4.5). The relative impact of factors on EE can be identified by comparing the

factor coefficients in following equation for coded factors:

(EE)-2.68 = 0.00039 + 0.00025 * A - 0.00016 * B - 0.00024 * AB (Equation 4.1)

The positive coefficient of A suggested that the EE decreased with the increase of
drug amount. It has been shown in other studies that drug: polymer ratio plays important
role in the entrapment efficiency of particles. In the present study the amount of polymer
was fixed, and the drug amount was varied to determine the influence of drug: polymer
ratio on entrapment efficiency (EE). It is possible that the given amount of polymer was
insufficient to encapsulate the increased amount of drug and resulted into lower EE. The
results are in agreement with other studies (Cooper & Harirforoosh, 2014; Karatas et al.,
2010). A negative sign for the coefficient of B suggested that the EE increased with
increase of aqueous phase volume. Perturbation plot (Figure 4.6), Contour plot (Figures
4.7) and 3-D plots (Figures 4.8) demonstrate the similar pattern. The two factors interaction

has a dominant effect on EE.
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Figure 4. 8: 3-D plots (a) EE (%), (b) Size, (c) Drug Load



4.2.3 NP Size
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All the particles obtained were in nano-size range (134nm to 178nm) (Figure 4.9).

Two-factor interaction (2FI) model best describes the NP size data (Table 4.6. and Table

4.7). Model F value (10.84) more than the tabulated F value (4.07), indicates that the model

is significant at 5% level (Table 4.8).

Results
Size (d.nm): % Intensity  Width (d.nm):
Z-Average (d.nm): 1489 Peak 1: 161.8 100.0 47.05
Pdl: 0.077 Peak 2: 0.000 0.0 0.000
Intercept: 0.950 Peak3:  0.000 0.0 0.000
Result quality : Good
Size Distribution by Intensity
20
N
15 f
- |
£ f
|
g 10 l'
£ |
£
5 |I
II
I
0 } t
01 1 10 100 000 10000
Size (d.nm)
—— Record 358: Zeta 0.45 1|

Figure 4. 9: NP Size using Malvern Zetasizer NanoZS
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The relative impact of both factors on NP size can be determined by comparing the

factor coefficients in following equation (Equation 4.2) for coded factors:

Size =147.32-5.98 * A+ 8.19 * B - 11.65 * AB (Equation 4.2)

The negative coefficient of A suggested that NP size decreased with the increase of
drug amount. In contrast to reported studies (Zhang et al., 2006) the particle size decreases
with increase of drug amount. Somehow, higher drug amount in organic phase improved
the diffusion of solvent into aqueous phase and led to smaller particle size. A positive
coefficient for the B suggested that NP size increased with the increase of aqueous phase
volume. Studies have shown that during nanoprecipitation process the solvent/non-solvent
(S/NS) volume ratio influences the particle size. Particle size was decreased with
increasing the S/NS volume ratio (Bilati et al., 2005; Zhang et al., 2006). In our study the
volume of organic phase (solvent) was kept at constant (2mL) and the volume of aqueous
phase (nonsolvent) was increased (4ml to 6ml to) to decrease the S/NS ratio (0.25 to 0.17)
that resulted into increase in particle size. In other word, the size increased with increase
of agueous phase volume. It was suggested that an increase in total volume of system
reduces the net shear stress because of constant external energy input, resulting into bigger

particle size (Song et al., 2008). Perturbation plot (Figure 4.6), Contour plot (Figures 4.7)
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and 3-D plots (Figures 4.8) show a similar trend. Further, as reflected from the magnitude

of coefficients two factors interaction shows much dominant negative effect on size.

4.2.4 Drug Load

2F1 model is best suited to drug load data as well. The ANOVA results indicate the
significance of the given model at 5% significance level as (Fca >F 0.05). Model F value
(10.77) more than the tabulated F value (4.07). The equation for coded factors (Equation
4.3) shows that both factors (the drug amount, the aqueous phase volume) and their
interaction have a positive impact (Figures 4.6) on drug load. The volume of the aqueous
phase is least controlling, and the interaction of two factors has a more pronounced effect

on drug load.

Drug Load =257 +051*A+0.38*B +0.59 * AB (Equation 4.3)

4.2.5 Zeta Potential

Zeta potential was insensitive to change in drug amount or aqueous phase volume.
It could be explained by the fact that the type and concentration of polymer and stabilizer

were kept constants throughout the experiment (Figure 4.10).
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Results
Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): -20.1 Peak 1: -189 100.0 6.93
Zeta Deviation (mV): 19.2 Peak 2: 0.00 0.0 0.00
Conductivity (mS/em): 0.0294 Peak 3: 0.00 0.0 0.00
Result quality :
Zeta Potential Distribution
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Figure 4. 10: NP Zeta Potential using Malvern Zetasizer NanoZS

4.2.6 Mathematical (numerical) Optimization and overall Desirability Function

Graphical optimization is useful in case of single response. However, mathematical
optimization is preferred in cases of multiple, at times opposing, responses (Derringer &
Suich, 1980; Jeong & Kim, 2009). For this formulation design we wanted to achieve NPs

with maximum EE, hence the optimization goal for EE was set to “maximize” it. As all the
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prepared NPs were in nano size range and zeta potential follows mean model, the goals for
size and zeta potential were set to “in range”. Maximum relative importance was set for
EE. The software predicts a list of optimization solutions with associated desirability with
each solution (Table 4.12). The optimized formulation with highest desirability value of
0.961 (Figures 4.11) was achieved using 5 mg drug amount and 4 ml aqueous phase. The
resulting NPs showed the best responses of EE of 41.2 % (predicted 47.6 %), size of 124
nm (predicted 133 nm), drug load of 2.6 % (predicted 2.3 %) and zeta potential of — 15 mV

(predicted — 17 mV) (Table 4.13).



Table 4.12: Numerical Optimization Solutions

S Drug Aqueous | EE NP Drug Zeta
0 Amount | Volume Size | Load | Potential | Desirability
(mg) (ml) (%) | (hm) | (%) (mV)
1 5 4 47.6 133 2.3 -17.2 0.961 Selected
2 5 4.7 31.2 148 21 -17.2 0.903
3 5 4.8 30.5 149 2.1 -17.2 0.898
4 5 5.9 24.1 170 1.8 -17.2 0.814
5 5 6 23.6 173 1.8 -17.2 0.803
6 5 6 23.6 173 1.8 -17.2 0.802
7 10.6 6 23 153 3.1 -17.2 0.788
8 11.2 6 23 151 3.2 -17.2 0.787
9 12.3 6 22.9 148 34 -17.2 0.784
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Table 4.13: Optimized Formulation

Response Predicted Observed Std %
Mean Mean Dev. Accuracy
EE (%) 47.6 41.2 13.3 87
NP Size (nm) 133 124 6.0 93
Drug Load (%) 23 2.6 0.4 113
Zeta Potential (mV) -17 -15 3.0 87
.960917]
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Figure 4. 11: Desirability Plot

B: Aqueous Volume (ml)
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4.2.7 Preparation of NPs using other PLGA polymer grades

Based on above optimization for PLGA (50:50) polymer grade (Table 4.11) two
more polymer grades; PLGA (75:25) and Resomer RG 503H and were used to prepare

NPs. Their physicochemical characterization is presented in Table 4.14.

Table 4.14: Physicochemical properties of different PLGA NPs

PLGA Type Size PdlI Zeta EE%

PLGA (75:25) 133+9.12 | 0.095+0.01 | -12.8+3.54 38.3+2.52

Resomer RG

503H 136 +13.21 | 0.060+£0.02 | -53.6 +2.11 49 +£7.55

4.3 In vitro drug release study

For poorly soluble drugs the absorption is dissolution-rate limited. Hence, proper
choice of dissolution medium becomes very critical in developing a robust and biorelevant
in vitro drug release method for such drugs. Closed-loop type flow through apparatus (USP

apparatus 4) was used to test in vitro release from PLGA NPs.
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4.3.1 Solubility of AC1LPSZG in Different pH Buffers

AC1LPSZG solubility was tested in five different pH buffers (1.2, 4.5, 5.5, 6.8 and
7.4). Results show pH-dependent solubility with high solubility at lower pH (Figure 4.12).
The highest solubility was obtained at pH 1.2 as Strongest pKa (Base) is 4.7 + 0.1

(*Strongest pKa (Acid): 11.0 £ 0.5).
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Figure 4. 12: Drug Solubility in Different pH Buffers

4.3.2 In Vitro Drug Release from PLGA-AC1LPSZG-NPs at pH 1.2 and 6.8

In Vitro Drug Release from PLGA-AC1LPSZG-NPs was studied at pH 1.2 and 6.8.
Biphasic release pattern was obtained (Figure 4.13). Initial rapid (burst) release was

obtained from drug molecules present near surface. Afterwards, slow/sustained release was
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obtained probably due to drug diffusion through polymer matrix and/or polymer

hydrolysis.
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Figure 4. 13: In Vitro Drug Release at pH 1.2 and 6.8

The dissolution concentrations were very low (approximately 10 % drug was
released at pH 6.8 over 72 hours), hence, LC-MS/MS method was used to analyze the

dissolution samples after performing liquid-liquid extraction method (Figure 4.14).
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Absence of sink conditions may lead to unpredictable release kinetics and

suppressed release profiles. In this study the effect of cosolvent (25% Ethanol) and

different surfactants on the sink conditions and in vitro drug release has been demonstrated.

Use of 25% ethanol in dissolution medium does not improve in vitro drug release

significantly (Figure 4.15).
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Figure 4. 15: In Vitro Drug Release using Cosolvent (25% Ethanol)

Three different surfactant types: anionic (sodium lauryl sulfate or SLS), non-ionic
(Tween 80) and cationic (cetyltrimethylammonium bromide or CTAB) were tested. Figure
4.16 demonstrates the increase in drug solubility at two different levels (0.5% and 1%) of
surfactants SLS and Tween 80. Figure 4.17 shows linear increase in drug solubility at four
different levels (0.5%, 1%, 1.5% and 2 %) of positive surfactant CTAB. The order of
solubility enhancement using surfactants was SLS > Tween80 > CTAB. Figure 4.18
demonstrates the drug stability in SLS and Tween 80. Figure 4.19 shows drug stability in
CTAB. Drug was stable with Tween 80 and CTAB. Instability with SLS might be

explained by ionic interaction between the cationic drug and anionic surfactant.
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To achieve the sink conditions the volume of dissolution medium should be at least
three to ten times the saturation volume. Relative sink is calculated as the ratio of Cs and
Cd. Where, Cs is saturation solubility of drug and Cd is drug concentration after complete
dissolution of NPs in 100 mL dissolution medium. SLS and Tween 80 were not able to
achieve sink conditions at the tested concentrations. As CTAB shows significant
improvement in sink conditions (Table 4.15) hence it was tested for further in vitro drug
release studies (Figure 4.20). Drug release increased as the concentration of CTAB was
increased from 0.5% (approximately 15 % drug release) to 2% (approximately 31 % drug
release). The results of univariate ANOVA (Table 4.16) followed by Student’s t test (two-
sided) showed % drug release was significantly different at different levels of CTAB (P<

0.05).
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Drug Solubility in 5L5 and Tween 80
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Figure 4. 16: Effect of SLS and Tween 80 on Drug Solubility
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Figure 4. 17: Effect of CTAB on Drug Solubility
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Drug Stability at different % 5LS and Tween 80
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Figure 4. 18: Effect of SLS and Tween 80 on Drug Stability
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Figure 4. 19: Effect of CTAB on Drug Stability
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Table 4.15: Relative Sink conditions at different Surfactant Concentrations

Surfactant Solubility Rel. Sink (Cs/Cd)
Blank 33 1.1
0.5 SLS 15 0.5
1 SLS 40 1.3
0.5 _Tween 80 40 1.3
1 Tween 80 61 2.0
0.5 CTAB 147 4.9
1 CTAB 264 8.8
1.5_CTAB 366 12.2
2 CTAB 432 144
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% Drug Release from PLGA (50:50) NPs at Different % CTAB
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Figure 4. 20: Drug Release from PLGA (50:50) NPs at Different % CTAB (pH6.8)
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Table 4.16: Comparisons for different Surfactant-pairs

Surfactant Pair p-Value p-Value (significance)
(significance) (AUC)
(DE)
1% 0% 0.0066* 0.0145*
1% 0.5% 0.2932 0.3749
1% 1.5% 0.4399 0.5052
1% 2% 0.0095* 0.0207*
1.5% 0% 0.0025* 0.0058*
1.5% 0.5% 0.0952 0.1466
1.5% 2% 0.0265* 0.0528
2% 0% 0.0002* 0.0005*
2% 0.5% 0.0027* 0.0065*
0.5% 0% 0.0310* 0.057

*p < 0.05 for DE; Dissolution efficiency, AUC; Area Under Dissolution Curve

4.3.4 Discriminatory In Vitro Drug Release Method

Drug Release from NPs prepared using different PLGA polymer grades was tested
at different levels of CTAB (0.5%, 1%, 1.5%, and 2%). NPs prepared with PLGA (75:25)
showed slower release than NPs prepared with PLGA (50:50). The results are in agreement

with the literature suggesting that higher the L:G ratio slower the rates of degradation
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(Makadia & Siegel, 2011). NPs prepared using Resomer RG 503H showed fastest release

due to its hydrophilic nature. The discrimination among the release profiles was improved

with the increase of surfactant concentration in dissolution medium from 0.5 % to 2 %

(Figure 4.21). Student’s t test (two-sided) shows that release profiles from all polymer

grade NPs were different from drug release from drug suspension (Table 4.17) JMP

software was used for statistical analyses (model- independent approach).

Table 4.17: Model-independent approach for release profile comparison at 2%

CTAB using student’s t test (two-sided)

Parameter Mean Dissolution  Area Under Mean Model-Independent
Dissolution  Efficiency  Dissolution Residence Parameters
Time (MDT) (DE) Curve (AUC) Time (MRT)
F2-value | F1-value
Polymer Pair p-Value [ p-Value _p-Value p-Value [ (Similarity | (Difference
(significance)| (significance) | (significance) [ (significance) | factor) factor)
Suspension  (50:50) |  0.3815 0.0014* 0.0011* 0.0013* 52.5 54.4
Suspension  (75:25) 0.5408 0.0112* 0.0081* 0.0123* 60.3 46.3
Suspension  Reso 0.1361 0.0001* <.0001* <.0001* 43.2 64.3
(50:50) (75:25) [ 0.7813 0.1664 0.1868 0.1513 74.2 19.9
(50:50) Reso 0.4856 0.0518 0.0494* 0.0193* 62.6 285
Reso (75:25)| 0.3384 0.0052* 0.0056* 0.0020* 53.9 52.4

*p < 0.05
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Figure 4. 21: Drug Release from different NPs (a) 0.5%, (a) 1%, (a) 1.5%, (a) 2%,

CTAB

4.3.5 Fitting of different models for Release Kinetics

Various kinetic models were fitted for drug release from all three types of PLGA
NPs. DDSolver software was used for kinetic modelling. Weibull model was found to best
fit the dissolution data with highest values of R? and MSC and smallest values of AIC

(Table 4.18).
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Table 4.18: Kinetic models for NPs prepared using different PLGA grades
PLGA (50:50) NPs PLGA (75:25) NPs Resomer RG 503H NPs
Parameter/
Model RZadj AIC MSE MSC| R2adj AIC MSE MSC | RZadj AIC MSE MSC
Zero-order 076 9731 2795 128 | 071 9412 226 103 | 08 1033 4285 1.4
First-order 083 9144 2003 165 | 077 902 1777 128 | 087 9722 2813 178
Hixson- 081 9349 2247 349 | 075 9154 1928 1.2 085 9926 325 165
Crowell
Quadratic 095 7339 632 278 | 092 7041 608 252 | 094 8672 1287 244
Higuchi 097 653 38 328 | 097 5833 241 327 | 096 7927 903 29
Korsmeyer- | og 62 293 349 | 097 5679 212 337 | 097 778 723 299
Peppas
Weibull 099 3522 059 516 | 099 4284 079 424 | 098 54 396 4.48

*R2: coefficient of determination, MSC; Model Selection Criteria, AIC; Akaike information criterion, MSE;

Mean Squared Error

Weibull Model Equation can be represented by Equation 4.4. Visual fit is shown in

Figure 4.22. Table 4.19 represents the model-dependent approach to compare release

profiles using student’s t test (two-sided).

F=100*{1-Exp [-((t-Ti)"B)/a]}

(Equation 4.4)

Where, F = fraction dissolved, t = time, Ti = dissolution lag time, a = time

constant, § = shape parameter (Slope of the best-fit line through the data points on a

Weibull plot). p =1 indicates the curve as exponential, § > 1 indicates S-shaped curve
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with upward curvature, followed by a turning point, B < 1 indicates curve with a steeper
initial slope than is consistent with the exponential. p<0.75 indicates Fickian
diffusion. 0.75<B<1 a combined mechanism (Fickian diffusion and Case II
transport). For values of  higher than 1, the drug transport follows a complex release

mechanism.

Table 4.19: Model-dependent approach to compare release profiles using student’s t

test (two-sided)

Model-Dependent Time constant (a) Shape parameter (p)
Parameters

Polymer Pair p-value (significance) p-value (significance)
Suspension and (50:50) 0.0004* 0.0539
Suspension and (75:25) 0.0005* 0.0344*
Suspension and Reso 0.0005* 0.0999
(50:50) and (75:25) 0.9242 0.7806
(50:50) and Reso 0.8508 0.7018
Reso and (75:25) 0.9258 0.5127

*p < 0.05, (50:50); PLGA (50:50) and (75:25), PLGA (75:25)
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Figure 4. 22: Various kinetic models to fit dissolution data from PLGA (50:50) NPs;

(a) Zero order, (b) First order, (c) Hixon Crowell, (d) Quadratic, (e) Higuchi, (f)
Korshmeyer-Peppas, (g) Weibull
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4.4 Differential Scanning Calorimetry (DSC)

No visible peak of drug was seen in in DSC thermogram (Figure 4.23) at its

melting point (MP) (167.84°C) indicating amorphous dispersion of drug in NPs.
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Figure 4. 23: (DSC) Thermogram using Shimadzu DSC-60A at 10°C per min and
N2 atmosphere. (a) Overlay with individual components, (b) Overlay with PLGA

NPs
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4.5 Accelerated Stability Studies

Accelerated stability studies of lyophilized NPs were conducted at room
temperature (RT) and at 4°C using NP size, zeta potential, and % EE as stability
parameters. The results are reported in Table 4.20. It was observed that NPs were more
stable at 4°C than at RT. There was a slight increase in average particle size, however it
was still approximate 200 nm. It can be concluded that, prepared NPs were sufficiently

stable for a total period of 2 months.



Table 4.20: Stability study of NPs at RT and 4°C

Stability

Parameter NP Sle {717
Polymer ) )
Grade PLGA (50:50) PLGA (75:25) Resomer
4°C RT 4°C RT 4°C RT
Day 1 145.9 145.9 137.9 137.9 139.8 139.8
Day 60 167.8 214 215.1 181.5 212.7 203.2
Stability
Parameter Zeta Pot. (mV)
Polymer . )
Grade PLGA (50:50) PLGA (75:25) Resomer
4°C RT 4°C RT 4°C RT
Day 1 -25 -25 -9.56 -9.56 -50.4 -50.4
Day 60 -25.5 -21.6 -7.06 -10.7 -43.9 -42.2
Stability Y%EE
Parameter
Polymer . )
Grade PLGA (50:50) PLGA (75:25) Resomer
4°C RT 4°C RT 4°C RT
Day 1 38.9 38.9 38.1 38.1 55.6 55.6
Day 60 37.4 35.9 37.2 32.8 53.5 50.1
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4.6 In Vivo Studies

Figure 4.28 shows the plasma concentration versus time profiles of AC1LPSZG
after intravenous administration of optimized cosolvent formulation in SD rats. Non-
compartmental analysis (NCA) and two-compartmental model were applied to obtained

PK profile of AC1LPSZG using Phoenix WinNonlin® 8.0 software (Table 4.21).
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Figure 4. 24: Plasma-Concentration Time profile for ACLILPSZG in plasma after a

single intravenous administration of cosolvent at 5 mg/kg to rats (n = 4)
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Table 4.21: Pharmacokinetics parameters of AC1LPSZG in plasma after a single

intravenous administration of cosolvent at 5 mg/kg to rats (n = 4)

PK Parameters Non-Compartment Model | Two-Compartment Model
CLi(ml/min/kg) 59.9+8.8 63.5+8.6
CL2(ml/min/kg) - 27.6 £10.0
Vss_obs (ml/kg) 3152.4 +£430.0 3624.5 £ 379.3
V1 (ml/kg) - 1703.3 £ 523.0
V2(ml/kg) - 1921.2 + 150.0
AUCw 16967 + 2351 15981 + 2166
(min*ng/ml)

tu2 (min) 89.9 + 35.7 -
t124 - 12+41
ti2p - 80 +10.7

MRTeo (min) 52.8+3.4 574+31

The terminal elimination half-life (t12) of ACLLPSZG is 89.9 min. The
Pharmacokinetic profile was collected for 6 h (approximate 5 elimination half-lives of the
drug), for a time long enough to eliminate > 95% of the administered dose. Using NCA the
values of total clearance (CL) and area under the plasma concentration-time curve to
infinity (AUCw) are 59.9 mL/min/kg and 16967 min*ng/ml, respectively. These

pharmacokinetic parameters are in good agreement with the two-compartment modeling.
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Continuing investigation of developed PLGA-based nano-formulation of AC1LPSZG and
its pharmacokinetic studies are undergoing in our research lab for further preclinical

development of AC1LPSZG.



CHAPTER 5 SUMMARY AND CONCLUSION

Design of Experiments (DOE) strategy using Design Expert® software (version
13) was successfully used to optimize Poly(dl-lactide-co-glycolide) (50:50) (PLGA) based
NPs of chemotherapeutic agent AC1LPSZG. Optimized batch was prepared using 5 mg
drug and 4 mL aqueous phase volume with EE of 41.2%, NP size of 124 nm, drug load of
2.6% and zeta potential of — 15 mV. We conclude similar DOE approaches can help to
understand and optimize innovative manufacturing processes, needed for the quality by
design (QbD) preparation of other nano-formulations.

USP apparatus 4 was used to test in vitro drug release of poorly water-soluble drug
ACILLPSZG from PLGA-ACL1LPSZG-NPs. The influence of three different surfactants:
SLS (Sodium Lauryl Sulfate-anionic), Tween 80 (non-ionic) and CTAB
(Cetyltrimethylammonium bromide- cationic) on drug solubility, sink conditions and
dissolution behavior was demonstrated. The solubility improvement was in the order of
SLS > Tween80 > CTAB and dissolution efficiency was improved with the increase of
surfactant concentration. The developed in vitro drug release method was able to
discriminate among different release profiles. In brief, similar discriminatory test method
can be used as a quality control tool to identify critical formulation and process parameters
and can also be used as a surrogate for bioequivalence studies if a predictive IVIVC (In

vitro In vivo correlation) is obtained.

127
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The developed UPLC and LC-MS/MS methods were simple, sensitive, accurate
and suitable for quantification of AC1LPSZG in in vitro study samples and rat plasma,
respectively. The LC-MS/MS method was further applied to determine AC1LPSZG
plasma concentrations in rats after intravenous injection of cosolvent formulations. The
resulting pharmacokinetic parameters were analyzed using non-compartmental analysis
(NCA) and two-compartmental modeling. Further pharmacokinetic and biodistribution
studies of developed PLGA-AC1LPSZG-NPs formulation are under investigation in our

laboratory to test the capability of developed formulation for sustained drug release.
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