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SUMMARY
Minimal bioavailability of hydrophobic compounds limits their biomedical and biological
applications. In this thesis, we have developed a continuous and scalable process to generate
stable polymeric nanoparticles encapsulating hydrophobic drugs (such as beta-carotene,
SR13668, and curcumin), based upon our understanding of the competitive kinetics of flash
nanoprecipitation and spray drying. A custom-designed multi-inlet vortex mixer (MIVM)
was employed to implement the process of flash nanoprecipitation (FNP). Flow patterns in
the MIVM were microscopically visualized by mixing iron nitrate and potassium thiocyanate
to precipitate Fe(SCN),®™*. Effects of physical parameters (including Reynolds number,
supersaturation rate, interaction force, and drug loading rate) on size distribution of the
nanoparticle suspensions were investigated. The prepared nanoparticle suspensions through
FNP were then spray dried to (1) achieve particle long-term stability, (2) quickly remove
organic solvents used for nanoprecipitation, and (3) be able to conveniently adjust the
nanoparticle concentration prior to use. Excipients such as sucrose, trehalose and leucine
were used as "spacers” to prevent permanent aggregation during the spray drying process.
The optimized condition was achieved by thoughtful consideration of the glass transition
temperatures of the polymers and transport processes of evaporation and particle diffusion.
The nanoparticles were then re-suspended prior to animal tests. Bioavailability and
bioactivity of the nanoparticles were verified in animals for two compounds when orally
dosed — SR13668 (a cancer preventive agent) and curcumin (a potential agent to attenuate
morphine tolerance and dependence). Enhanced bioavailability of PLGA-SR13668
nanoformulation was observed in mice and beagle dogs, compared with formulations of
Labrasol® and neat drug in 0.5% methylcellulose. Mice behavioral studies, include tail-flick,
hot plate, and precipitate withdrawal experiments, were conducted to demonstrate the effects

of curcumin nanoformulation on attenuating morphine tolerance and dependence. Significant

Xl



analgesia was observed in both tail-flick and hot plate experiments, while free curcumin at

same concentration showed minimal effect.
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CHAPTER 1. INTRODUCTION
1.1 Current challenges in nano-medicine and our approach

Nanoparticles have recently been the focus of much attention because of their broad
biomedical applications in small molecule drug delivery,"® gene and protein delivery,*®
medical imaging and diagnosis,”® and photothermal therapy.® The application of
nanotechnology to drug delivery systems could improve many of the pharmacological
properties of conventional drugs.**° With careful design of the drug delivery systems, it is
possible to (1) enhance drug solubility; (2) regulate drug release from the drug delivery
system; (3) improve pharmacokinetics; (4) reduce rapid clearance; (5) increase drug
concentration at desired site; (6) deliver two or multiply drugs for combination therapy; (7)
visualize the site of drug delivery by combining drugs and imaging agents; (8) overcome
biological barriers.*"*?

In our study, we focus on applying polymeric nanoparticles to increase the bioavailability
of the hydrophobic drugs, which are 90% of the new developed drugs and 40% of the drugs
on market.”"> Although molecular modification and nanoformulations of the drugs have
been investigated to increase the drug solubility, it needs more complicate synthesis steps and
further approval from FDA for the modified molecules. Nano-scale particles dramatically
increase surface to volume ratio and particle solubility, which is different from the bulk
solubility of the compound. Advances in nanotechnology have shown innovative solutions
for targeted drug delivery and new methods for the fabrication of drug-delivery vehicles.
However, drug loading was an issue for many systems for the polymeric particles prepared
by the conventional procedures above, despite the ideal hydrophobic interaction between the
drug and the hydrophobic block of the copolymer. Moreover, producing polymeric
nanoparticles encapsulating hydrophobic drug compounds in a scalable and reproducible

manner is the key for organic nanoparticles to be practically applied as novel medicine.



We have developed a continuous and scalable process to generate stable nanoparticles
with high drug loading rate (DLR) and small size with narrow size distribution. Three steps
are involved in this continuous and scalable process, as shown in Figure 1-1. First of all,
polymeric nanoparticles with high DLR and narrow size distribution are generated by
employing flash nanoprecipitation (FNP) in a multi-inlet vortex mixer (MIVM). Secondly,
spray dry or freeze dry is used to transfer the liquid suspensions to dry powders, in order to
achieve long-term stability. Thirdly, the nanoformulations are re-suspended in aqueous

solutions for future application.
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Figure 1-1. The steps of the continuous and scalable process. Nanoparticles encapsulating

SR13668 were generated by using the MIVM, followed by nanoparticle characterization,

freeze/spray drying, and re-suspension.



1.2 Current nano- and micro-particle drug-delivery systems.
Many drug delivery systems have been developed for different purposes, such as lipid and
surfactant based drug delivery systems (LSBDDS), liposomes, dendrimers and polymeric

micelles, as shown in Figure 1-2.

LSBDDS Liposomes
2 RREL RREd 2w
2l T LY A,
- .,1.1-. _~~r-\'_- -
e N LT et
N, et
T L 3m it ST
B oo
35 ki de B
:':;_-\_r.\'"-.‘ % '::).ﬁ_.v;::
R ST B LN Ny D
Ry Pk - ::""':':"
AL AN AR DT
srplingt s
Dendrimers Polymeric micelles

Figure 1-2. Schematic drawing of different drug delivery systems.

1.2.1 Lipid and surfactant based drug delivery systems

LSBDDS covers a broad range of different drug delivery systems, including oil solutions,
emulsions and self micro-emulsifying drug delivery systems (SMEDDS).'®!” SMEDDS can
contain up to four catalogues of components: drugs, lipids, surfactants and co-solvents. The
lipid part aggregates with the hydrophobic drugs and forms the core of the particles.
Surfactants are used to reduce the interfacial tension, cover the core of the particles and lead

to the formation of micelles. The role of co-solvents is to facilitate the dispersion process.'®



Despite there are many commercially available LSBDDS on the market, design of the
LSBDDS are challenging and largely depend on empirical trial and error experiments, since
the combination of lipids, surfactants and co-solvents could be infinite. A few empirical rules
have been developed to facilitate the design of LSBDDS, such as (1) the hydrophilic-
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lipophilic balance (HLB) system; (2) Small’s classification of lipids*' and (3) Pouton’s

Lipid Formulations Classification System (LFCS).**?

(1) HLB

The HLB system was developed to measure the degree of hydrophilic or hydrophobic of a
surfactant. It was first described by Griffin®® as

HLB = 20 X Mh/M,

where Mh and M are the molecular weights of the hydrophilic and hydrophobic block,
respectively. The HLB value varies from 0 to 20. A value of 0 means completely
hydrophobic and a value of 20 means completely hydrophilic.

Davies later modified the calculate of HLB to be

HLB=7+mXHh—nXHI,

where m is the number of hydrophilic groups in the molecule, H# is the hydrophilicity scale
of the hydrophilic groups, n is the number of hydrophobic groups in the molecule and H/ is
the hydrophobicity scale of the hydrophobic groups.

The advantage of Davies’s method is that it takes into account the difference between
strong and weak hydrophilic/hydrophobic groups.

(2) Classification of lipids

Small*' has developed the classification of lipids based on their physical interactions with

bulk water and their behavior in the water-air interface. Lipids are classified into non-polar

and polar lipids. The polar lipids are further divided into four groups, including insoluble



non-swelling (Class I), insoluble swelling (Class II) and soluble amphiphiles type A and B
(Class IIT A and B).

Non-polar lipids are primarily made up of long-chain paraffins or unsubstituted aromatic
compounds. Examples of non-polar lipids are cholesterol esters and paraffin oil. This class of
compounds forms crystals or oil in water and don’t spread to form monolayer on air-water
interface.

Insoluble non-swelling lipids are the most hydrophobic lipids among the polar lipids,
although they have at least one hydrophilic group on the molecule. They are insoluble in bulk
water but could form stable monolayer on the surface of water. Examples of them are
cholesterol and Vitamin A.

Insoluble swelling lipids are insoluble in water, but they could incorporate water with
their polar head groups and form certain well-defined liquid crystalline structure at
temperature above the phase transition temperature. Examples include phospholipids and
lecithins.

Both soluble amphiphiles Type A and B could form micelles in water at relatively dilute
solutions. They form unstable films on the surface of water. Both of them are capable of
solubilizing other classes of lipids. Soluble amphiphiles type A differs from Type B because
it forms liquid crystalline phases when small quantities of water are added to the compound.
The micelle structure of the two types may also be different.** Examples of soluble
amphiphiles Type A are classic detergents. Examples of soluble amphiphiles Type B are
sulfated bile alcohols.

(3) LFCS

Pouton”***** has developed the LFCS which classified LSBDDS to four different types,
based on their composition and their ability to prevent drug precipitation, as shown in Table

1-1.



Table 1-1. The Lipid Formulations Classification System proposed by Pouton.

Content of formulation (%, w/w)
Excipients in formulation

Typel Typell TypelllA TypelllB TypelV

Oils: triglycerides or mixed mono and

: : 100 40-80 40-80 <20 -
diglycerides
Water-insoluble surfactants (HLB < 12) - 20-60 - - 0-20
Water-soluble surfactants (HLB > 12) - - 20-40 20-50 30-80
Hydrophilic cosolvents (e.g. PEG, i ) 0-40 20-50 0-50

proylene glycol, transcutol)

Type I formulations consist of 100% oils, which are required to be digested. Type 1
formulations are the choice for many systems because of their simplicity and biocompatibility.
However, Type I formulations have poor solvent capacity, thus they are only suitable to
highly hydrophobic drugs.

Type II formulations consist of 40-80% oils and 20-60% water-insoluble surfactants.
Water-insoluble surfactants improve the solvent capacity of the formulation. Self-emulsifying
drug delivery systems can be formed upon gentle agitation.

Water-soluble surfactants are introduced to Type III formulations. Fine dispersions
smaller than 100 nm can be formed under condition of gentle agitation.*® Drug precipitation is
possible when the formulation disperses. Many commercial available LSBDDS such as
Cremophor RH40 and Labrasol belong to this catalog.

Type IV formulations are oil-free formulations based on surfactants and cosolvents. They
are the most hydrophilic LSBDDS. They produce very fine dispersions and commonly offer
high drug loading. Drug precipitation is possible when the formulation disperses.

These three classification systems facilitate the process of designing the appropriate

LSBDDS. Porter®’ has also proposed seven guidelines for the design of LSBDDS which are



very useful. LSBDDS contributes to the improvement of oral solubility and bioavailability of
hydrophobic drugs.”* However there are two major issues associated with the LSBDDS.
The first one is that the undigested surfactants may not be suitable for chronic use. The
second one is the possible drug precipitation when the formulations are dispersed in aqueous
solutions.
1.2.2 Liposomes

Liposomes are spherical vesicles consist of single or multiple lipid bilayers with internal

: 30,31
aqueous environment.”

Lipid bilayers are usually based on natural and synthetic
phospholipids and cholesterol. Hydrophobic and hydrophilic drugs can be loaded into
liposomes simultaneously. Hydrophobic drugs are trapped in the lipid bilayers and
hydrophilic drugs are dissolved in internal aqueous environment. Liposomes are
biocompatible and biodegradable because of their composition. They protect encapsulated
drugs from degradation and can passively target organs and tissues with mononuclear
phagocyte system (MPS). However, when MPS is not the target, polyethylene glycol-coated
(STEALTH) liposomes need to be used to prevent the recognition by MPS.*

Liposomes can be generally classified to multilamellar liposomes (MLVs), small
unilamellar liposomes (SUVs) and large unilamellar liposomes (LUVs). MLVs contain
multiple lipid bilayers which makes them a preferred candidate for encapsulating lipophilic
compounds. SUVs have relatively small size (less than 50 nm) and narrow size distribution.
The high surface to volume ratio of SUVs makes them a good choice for many applications.
LUVs are generally larger than 50 nm. They are particularly suitable to encapsulate water-
soluble compounds.

The process of liposome preparation can be divided into three stages: (1) preparation of
the aqueous and lipid phases; (2) primary process (lipid hydration); (3) secondary process

which is optional.33



(1) Preparation of the aqueous and lipid phases

The aqueous solutions are used during the lipid hydration process to facilitate the
liposome formation, thus the osmolarity, pH and ionic strength of the aqueous solutions need
to be carefully designed. Hydrophilic compounds such as drugs and macromolecules are
dissolved in aqueous solutions and encapsulated in liposomes during the primary process.
Detergents are added to the aqueous solutions if the primary process involves detergent
methods.

Lipids and lipophilic compounds are dissolved in suitable organic solvents either miscible
(such as ethanol) or immiscible (such as diethyl ether) with water, depending on the methods
to be used. Many methods require the lipid mixture to be dried. Solvent vaporization, free
drying and spray drying can be used to remove the organic solvents.

(2) Primary process (lipid hydration)

Many methods have been developed for the lipid hydration process. The original film
method developed by Bangham is probably still the simplest method.** In this method, dried
lipid films are hydrated in aqueous solutions under vortexing. The drawbacks of this method
are low encapsulation efficiency and heterogeneous size distribution.

Detergent solubilization method could generate liposomes in a reproducible manner and
with homogeneous size distribution. Detergents are added in aqueous solutions to solubilize
dried lipids or liposomes.*>~® Dialysis is used to slowly remove the detergents while the final
structure of the liposomes is also formed during this process. Removal of residual detergents
is very challenging in this process. A commercial available dialysis system called LIPOPREP
(Diachema AG, Switzerland) was developed to remove detergents.”’

Instead of using dried lipid mixtures, many methods use lipid solutions to make
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liposomes, such as solvent injection and reverse phase evaporation. For solvent injection

methods, lipid mixtures are dissolved in organic solvents either miscible or immiscible with



water. The solution is slowly injected into aqueous phase. If the solvent is miscible with
water, then liposomes are immediately formed. Otherwise the removal of immiscible solvent
leads to the formation of liposomes. For reverse phase evaporation methods, water in oil
emulsion is formed in a two phase system containing lipids in organic phase and hydrophilic
compounds in aqueous phase. The organic solvent is then removed under desired conditions.
High encapsulation efficiency can be achieved by using this method.*

(3) Secondary process

Secondary processes are used to modify the size and structure of liposomes. For example,
ultrasonication and French Pressure Cell method*' can be used to convert MLVs to SUVs.
Freezing and thawing method can be used to increase the size and encapsulation efficiency of
SUVs and in some case convert SUVs to LUVs.*
1.2.3 Dendrimers

Dendrimers are synthetic, branched polymers with precisely developed layer by layer
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structures. Commonly used dendrimers include polyamines,*® polyaminoamines,*’

% polyamides™ and polyesters®' et al. Dendrimer structures can be divided

poly(aryl ethers),
into three parts: the core, the interior and the shell. The interior can be used to encapsulate
drug molecules, while the shell has a large number of functional groups which can be used
for potential bio-conjugations. The dendrimer generation is defined as the number of branch
points moving outward from the core to the shell. Generation 10 dendrimers with maximum
diameters of ~10 nm have been prepared,” but dendrimers with even higher generation are
challenge to synthesis because of steric restriction.

Dendrimers can be synthesized through two different approaches, either divergent or
convergent. In the divergent approach, dendrimers are synthesized from the core to the

surface.’’™® Polyfunctional cores react with multiple monomers so that the structure is built

up generation by generation. The divergent approach can be used for the synthesis of
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different kinds of dendrimers. However, its application is limited because multiple monomers
have to be conjugated to a single core, which will result in the defects in the structure of
dendrimers. For example, even when the desired reaction selectivity is 99.5%, only 29% of
the fifth generation poly(propylene imine) dendrimer are perfect in structure.’® In the
alternative convergent approach, dendrimers are synthesized from the surface to the core.*®
The advantage of this approach is that only a small number of reactive sites are available for
each step, which reduces the structural defects in dendrimers. However, the convergent
approach is only suitable for the synthesis of dendrimers with low generation because steric
barriers will hinder the reaction between large dendrons and small core.

The well-defined monodisperse structure of dendrimers makes it a promising candidate
for drug delivery. Drugs could be either encapsulated in the core or conjugated to the surface
of dendrimers. One thing that limits the application of dendrimers is their cytotoxicity,
especially high generation cationic dendrimers. The attachment of poly(ethylene glycol)
(PEG) to the surface of dendrimers has been widely used as a strategy to reduce the
cytotoxicity of dendrimers.>

Recently, hybrid nanoparticles have been developed by Hong’s group,’®” which take the
advantage of both dendrimers and linear copolymers. The dendron part of the hybrid
nanoparticles provides a precise control over the surface functional groups and multivalency.
PEG is conjugated to the surface of the dendron which reduces the cytotoxicity of dendrons
and provides long blood circulation time. Poly(caprolatone) (PCL) is conjugated to the tail of
the dendron which serves as a hydrophobic core to incorporate a large number of
hydrophobic drugs. Hybrid nanoparticles could self-assemble to micelles and remain stable
even upon strong dilution in the blood circulation because of their low critical micelle
concentration, which is 1-2 orders of magnitude lower than linear copolymers with similar

HLB.”’
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1.2.4 Polymeric micelles

Polymeric micelles are mainly self-assembled from amphiphilic block copolymers, when
the concentration of block copolymers is higher than the critical micelle concentration (CMC).
PEG is the most widely used hydrophilic block because it avoids the uptake of polymeric
micelles by reticuloendothelial system (RES) and provides long blood circulation time.
Polyesters, such as poly(D-lactic acid), poly(D,L-lactic acid), poly(glycolic acid), poly(e-
caprolactone) and poly(lactic-co-glycolic acid) are widely used as the hydrophobic block
because they are biodegradable and biocompatible. Polymeric micelles have unique
hydrophobic core hydrophilic shell structures. The hydrophilic shell provides steric stability
and protects the drugs from external environments. The end group of the hydrophilic block
can be functionalized to be hydroxyl, carboxyl and amino groups, which can be further
conjugated to sugars and peptides for active targeting. The hydrophobic core incorporates
with hydrophobic drugs through hydrophobic interaction and provides high drug loading
capacity. The micellization kinetics of polymeric micelles also depends on the molecular
weight of hydrophobic blocks. Higher molecular weight of the hydrophobic block results a
lower CMC, thus the micellization kinetics is faster. Polymeric micelles are widely used for
drug delivery of hydrophobic drugs®™’ because (1) their size distributions are narrow and
their sizes are controllable, (2) their surface can be functionalized for active targeting, (3)
passive targeting can be achieved through enhanced permeability and retention (EPR) effect,
(4) high drug loading can be achieved, and (5) they are more stable upon strong dilution
because of their lower CMC, compared to surfactant micelles. Although research in the area
has undergone rapid expansion in the last decade, most polymeric micelles developed in
research labs have not yet been applied in corresponding clinical treatments. One of the main
reasons is the lack of control over physical properties and surface functionality during mass

production of nanomaterials. Many methods have been developed for the preparation of
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polymeric micelles, such as supercritical fluid process, oil-in-water emulsion method,
nanoprecipitation and FNP.

(1) Supercritical fluid process

Supercritical fluids are solvents at temperature and pressure above their critical points.
For practical purposes such as particle formation, supercritical fluids are typically at near
critical temperature or critical pressure so that small changes in temperature or pressure result
in large change in density, which facilitates particle formation. Water and carbon dioxide are
the most widely used supercritical fluids because they are environmental friendly® and could
solvate or precipitate solutes selectively. Although supercritical processing enables the
production of pure drug compounds, it does not allow for control over surface properties of
the particles. Two supercritical fluid processes are most widely used to form nanoparticles:
rapid expansion of supercritical solutions (RESS) and supercritical antisolvent (SAS) process.

In the process of RESS, solute is first dissolved in a supercritical fluid. The supercritical
fluid is then depressurized through a nozzle, which leads to supersaturation, rapid nucleation
and growth, and eventually particle formation. Supercritical carbon dioxide is commonly
used in RESS because it is a good solvent for many solutes.®’ The advantage of this process is
that it requires no organic solvent. The disadvantage is that solutes need to have fair solubility
in selected supercritical fluids, and the size of particles produced by RESS is often in the
micro-size range and has wide size distribution.”” In order to prepare nanoparticles with
narrow size distribution, a modified process called rapid expansion of supercritical solutions
into liquid solvents (RESOLV) was developed.”” In RESOLV, the supercritical solution is
expended into a liquid instead of air, which suppresses the particle growth. Particles less than
100 nm and with narrow size distribution can be generated by using RESOLV.®

SAS was developed for solutes which have poor solubility in supercritical fluids. In the

process of SAS, polymer and drug are dissolved in a liquid solvent. The solution is then
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sprayed into a chamber filled with supercritical fluid. As opposed to the RESS process,
supercritical fluid acts as an anti-solvent to polymer and drug. Because of the rapid mass
transfer between the supercritical fluid and liquid solvent, high supersaturation rate is
achieved, which results in fast nucleation and growth, and eventually the formation of
polymeric micelles. The advantage of this technique is that it is designed for continuous
operations, which is critical for large-scale production of particles.”* However, it is
challenging to control the size, morphology and surface properties of the particles generated
by using the SAS process.”

(2) Oil-in-water emulsion method

Oil-in-water emulsion methods are widely used for the preparation of polymeric micelles.
Two steps are generally involved in the process: (1) preparation of the emulsion and (2)
formation of the polymeric micelles.® Polymer and drug are first dissolved in a water
immiscible organic solvent. A large amount of water is then added together with surface
active agents. The oil-in-water emulsions are formed by applying high energy emulsification
techniques such as membrane emulsification and sonication.®”®

After the formation of emulsion, polymeric micelles are formed when the organic
solvents are removed by solvent evaporation or fast diffusion after dilution. In the process of
solvent evaporation, volatile organic solvents such as dichloromethane and chloroform are
used as the oil phase. The solvent is removed under reduced pressure which results the
formation of polymeric micelles. In the process of fast diffusion after dilution, the emulsion is
formed with a partially water-soluble organic solvent and a continuous water phase saturated
with the organic solvent.” The subsequent addition of an excess amount of water to the

system causes the diffusion of the organic solvent into the water phase, which results the

formation of polymeric micelles.
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The drawback of the oil-in-water emulsion method is the polydispersity of the final
polymeric micelles because of the polydispersity of the original emulsion. Also, the drug
loading depends on the partition coefficient of the drug into the hydrophobic core of the
micelle, which means that the micelles always contain a minority of the drug compound.”
Reported values for the concentration of drug in the final micelle are from fractions of a
percent to values of no more than 20 wt%, which is too low for most therapeutic uses.”"">
(3) Nanoprecipitation

The nanoprecipitation method, first described by Fessi et al,”

1S a convenient,
reproducible and low energy input process for the preparation of polymeric micelles. Briefly,
polymer and drug are first dissolved in water miscible organic solvents such as
tetrahydrofuran and acetone. Then a large amount of water is added as the non-solvent, which
results the co-precipitation of polymer and drug, and eventually the formation of polymeric
micelles. From the processing point of view, there are two different routes for solvent
replacement, the dialysis route and the dropping route.”* For the dialysis route, organic
solvent with polymer and drug is placed in a dialysis bag and dialyzed against an excess
amount of water for a long period of time. This process ensures the complete removal of
organic solvent, but is comparatively time-consuming. For the dropping route, organic
solvent with polymer and drug is added dropwise to a large amount of water. Following
procedures to remove the organic solvent are necessary.

Compared to the oil-in-water emulsion method, surfactants, which might cause toxic
effects after prolonged use, are not necessary for the nanoprecipitation procedure. The size
and morphology of polymeric micelles can be controlled by varying parameters such as the
concentration of polymer and drug, solvent to non-solvent ratio, polymer to drug ratio, and

solvent replacement procedure et al. The drawback of the traditional nanoprecipitation

method is that it is challenging to achieve fast mixing. Direct nanoprecipitation in a
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traditional process results in heterogeneous mixing and polymeric micelles with
polydispersed particle size and low drug loading rate. At high drug concentrations it is
generally not possible to limit particle growth to smaller than 200 nm.”

(4) FNP

FNP, first proposed by Johnson and Prud’homme,” is a scalable and reproducible process
to prepare polymeric nanoparticles encapsulating hydrophobic drugs with controlled size
distribution and high drug loading rate. Three time scales are essentially important in the FNP
process: homogenous mixing time (7

), polymer aggregation time (7, ), and organic

mix agg

solute nucleation and growth time (7, ). The initial polymer aggregation and organic solute

nucleation occur on much faster time scales than the mixing process. Therefore, the initial
nanoparticle formation is mixing-limited. However, in the later stage, the kinetics of particle
aggregation and growth becomes much slower, since the number concentration of the
particles decreases rapidly and the hydrophilic block of the copolymer assembled on the
surface of the particles provides steric stability. Eventually, as the aggregation number of the
copolymer increases, the overall aggregation process is arrested and the nanoparticle is
stabilized. Therefore, short mixing time ensures the solvent replacement starts
homogeneously, so that the properties of the nanoparticles depend on the competitive kinetics
of polymer aggregation and organic solute nucleation and growth. Rapid polymer aggregation
results in the formation of dead micelles without any organic solute encapsulated inside,
while rapid organic solute nucleation and growth results in undesired large particles.

A confined impinging jet (CI1J) mixer was developed for the process of FNP, provides
rapid micromixing as fast as 1.5 milliseconds.” However, the CIJ mixer requires equal
momentum of the two inlet streams, which could cause rapid particle growth via Ostwald
ripening.”” To overcome the limitation of the CIJ mixer, a MIVM (Figure 2-1A) was

developed by Liu and Prud’homme.”® Use of the MIVM provides flexibility to introduce
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different compounds for formulation of nanoparticles with multiple active species, and also
provides control over particle stability by allowing for the regulation of solvent/anti-solvent
input ratios.”®™ Micromixing in the MIVM was characterized experimentally and
numerically by using the competitive reactions of the acid-base reaction and 2,2-
dimethoxypropane (DMP) hydrolysis.*' The fluid dynamics in the MIVM was investigated
using microscopic particle image velocimetry (micro-PIV) and computational fluid dynamics
(CFD).** The micro-PIV data were used to exhibit the velocity field and to evaluate the
accuracy of CFD models in simulating the flow within the MIVM.* However, the physical
parameters governing nanoparticle properties have not been presented by direct

measurements on polymeric nanoparticles.

17



CHAPTER 2. SELF-ASSEMBLING PROCESS OF FLASH NANOPRECIPITATION
IN AMULTI-INLET VORTEX MIXER (MIVM) TO PRODUCE DRUG-LOADED
POLYMERIC NANOPARTICLES

2.1 Introduction

In this chapter, we studied the fundamental mechanisms of self-assembly to produce
nanoparticles using the MIVM. An amorphous copolymer poly(ethylene oxide)-b-
poly(styrene) (PEO-H-PS), a semicrystalline copolymer poly(ethylene oxide)-b-poly(e-
caprolactone) (PEG-b-PCL), and an ionic copolymer poly(ethylene oxide)-b-poly(acrylic
acid) (PEG-b-PAA) were used to produce nanoparticles encapsulating small hydrophobic
molecules (f-carotene as the model drug and SR13668), and cationic macromolecule
polyethyleneimine (PEI). The molecular structures of the polymers and the drugs were shown
in Figure 2-1. The dependence of nanoparticle sizes on Reynolds number (Re),
supersaturation rate, nature of polymers, drug loading rate, and the type of interaction forces
was studied. PEG-b-PCL and a hydrophobic model drug SR13668 were used to demonstrate
the dependence of nanoparticle drug loading rate on sizes of each block of the copolymer,
drug-to-polymer ratios, and the presence of coprecipitators. Mixing patterns in the MIVM

were imaged by a light microscope.
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Figure 2-1. Molecular structure of the polymers and the drugs.

2.2 Experimental section
2.2.1 Materials

PEG-b-PCL of three different molecular weights (Mw 5000-5-2300, 5000-5-3600, and
5000-h-6000), PCL (MW 2400 and 5200) and PEG-b-PAA (Mw 6000-56-2000) were
purchased from Polymer Source (Dorval, Canada). PEO-b-PS (Mw 1000-5-3000) was kindly
provided by Goldschmidt GmbH (Essen, Germany). SR13668 was provided by National
Cancer Institute (NCI) (Germantown, MD). f-carotene (95.0% purity), iodine, potassium
iodide, tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), potassium thiocyanate, iron (III)
nitrate and branched PEI (Mw 750,000) were purchased from Sigma-Aldrich (St Louis, MO).
Unless otherwise stated, all chemicals were purchased at standard grades and used as

received.
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2.2.2 Mixing and flow pattern visualization

Iron nitrate and potassium thiocyanate were used to image the mixing process in the
MIVM. The dimensions and the imaging area of the MIVVM were shown in Figure 2-3. The
reactor and channel height was 1.53 mm. The inlet channel width was 1.19 mm. The reactor
diameter was 6.26 mm, and the outlet diameter was 1.40 mm. To observe flow patterns in the
MIVM composed of dilute solutions and suspensions as the conditions of making
nanoparticle suspensions, inorganic dyes, iron nitrate and potassium thiocyanate, were used
instead of organic dyes. Both of them do not have strong colors themselves, but when they
are mixed together, red precipitation iron thiocyanate could be formed, which indicates the
streamlines. The reaction scheme is indicated in Figure 2-2. Organic dyes were not used
because they may affect the properties of aqueous solutions when dissolved at the
concentrations sufficient for visualizing flow patterns in the MIVM.® Digitally controlled
syringe pumps (Harvard Apparatus, PHD 2000 programmable, Holliston, MA) were
integrated with the MIVM to accurately control the flow rates of the inlet streams. The
solution from stream 1 and stream 3 was 1 wt% iron nitrate dissolved in DI water. The
solution from stream 2 and stream 4 was 1 wt% potassium thiocyanate dissolved in DI water.
Mixing of iron nitrate and potassium thiocyanate generated red precipitation of iron

thiocyanate.

Fe(NO,), + 3KSCN == Fe(SCN),| + 3KNO,

Figure 2-2. Reaction scheme of iron nitrate and potassium thiocyanate.
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The four inlet streams had the same volumetric flow rate. Flow patterns in the center of
the chamber, 6 mm in diameter, were observed under a microscope (American Scope,
IN200A-P, Chino, CA) with an objective of 4x magnification and a digital microscope
camera (Motic, Moticam 1000, Xiamen, China) coupled to an image analysis software (Motic
images plus 2.0). The exposure time was 30 ms.

2.2.3 Nanoparticle preparation and characterization

Nanoparticles of S-carotene and SR13668 encapsulated in block copolymers, PEO-b-PS
(Mw 3000-6-1000) and PEG-b-PCL (Mw 5000-h-2300, 5000-b-3600, and 5000-5-6000),
were generated in the MIVM by hydrophobic interaction. For each copolymer used, stream 1
and 2 had the same volumetric flow rate. Stream 3 and 4 had the same volumetric flow rate,
which was varied from 1 to 9 times the flow rate of stream 1 and 2 to obtain different
supersaturation values. For nanoparticles of f-carotene encapsulated in PEO-H-PS (Mw
3000-h-1000), the solution from stream 1 was 1 wt% pf-carotene dissolved in THF. The
solution from stream 2 was 1 wt% PEO-b-PS (Mw 3000-5-1000) dissolved in THF. The
other two streams were DI water. For nanoparticles of f-carotene encapsulated in PEG-b-
PCL (Mw 5000-b-3600), the solution from stream 1 was PEG-b-PCL (Mw 5000-5-3600)
with various concentrations from 1 wt% to 5 wt% and 1 wt% f-carotene dissolved in THF.
For nanoparticles of SR13668 encapsulated in PEG-6-PCL (Mw 5000-5-2300, 5000-5-3600,
and 5000-b-6000), the solution from stream 1 was PEG-b-PCL from 0.2 wt% to 2 wt%, 0.2
wt% SR13668, and the 0.02 wt% co-precipitators if any dissolved in THF. The other three
streams were DI water.

Nanoparticles of branched PEI (Mw 750,000) encapsulated in PEG-b6-PAA (Mw 6000-5-
2000) were generated in the MIVM by electrostatic interaction. The solution from stream 1
was 1 wt% (or 2 wt%) PEG-b-PAA (Mw 6000-5-2000) dissolved in water. The solution from

stream 2 was 0.43 wt% (or 0.86 wt%) PEI (Mw 750,000) dissolved in water. The
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concentration was designed to have equal positive and negative charges. The other two
streams were DI water. The volumetric flow rates of stream 1 and stream 2 were kept
equivalent. The volumetric flow rates of stream 3 and stream 4 were kept equivalent and four
times of that of stream 1 and stream 2.

Traditional nanoprecipitation (TNP) was also used to generate the PEG-PCL-SR13668
nanoparticles for comparison. 0.5mL organic solution (0.2 wt%-2 wt% PEG-b-PCL and 0.2
wt% SR13668 dissolved in THF) was added to 9.5mL Millipore water with the stirring of a
magnetic stir bar, followed by rotating on a lab rotator (Thermo Scientific,
Labquake,Waltham, MA, USA) for 10min.

Nanoparticle sizes and size distribution were measured by dynamic light scattering (DLS)

(Agilent, 7030 Nicomp DLS/ZLS-size and zeta, Santa Clara, CA). The particle sizes were

max,o max o
reported as the intensity-weighted radius a,, where a, o » n.ag / Y na; . a, was the
k=1 k=1

radius of particle k, and n, was the number of particles at a given size.

The images of the particles were taken by using a transmission electron microscope
(TEM) (JEOL Ltd., JEM-3010, Tokyo, Japan) operated at 300 kV. The sample of S-carotene
encapsulated in PEG-b-PCL was prepared by placing 30 microliters of the suspension on a
formvar grid. After 30 minutes, 20 microliters of 2% phosphotungstic acid (PTA) (H3PO4
12WO0; * 24H,0) (pH 6.9) was added to negatively stain the sample. Staining lasted for 2
minutes before PTA was removed by the filter paper. Detailed procedure of staining organic
nanoparticles for TEM images can be found in the literature.?* The sample was dried for 4
hours before taking the TEM images. The images of S-carotene particles without protection
of polymers were taken as a comparison to the nanoparticles. 30 microliters of the sample
was placed on a membrane-coated carbon grid and dried for 4 hours prior to imaging. For

both cases, the concentration of S-carotene was 0.1 wt%.
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The encapsulation efficiency (EE) and DLR of f-carotene and SR13668 in block
copolymers was characterized by sequential processes of filtration, freeze-drying, re-

dissolving, and UV-Vis measurements. The EE was calculated from the expression,

EE (%) = amount of § — carotene encapsulated in nanoparticles « 100%
o feeding amount of [ — carotene °

DLR was calculated from the expression,

mass f — carotene encapsulated

DLR = X 100%

total mass of nanoparticles

The nanoparticles of S-carotene and SR13668 encapsulated in PEG-b-PCL were generated by
using the MIVM and collected in a big reservoir of water (~100 times the dilution rate) to
quench the reaction and prevent the fast growth of particle size due to Ostwald ripening. The
nanoparticle suspensions were filtered through a 0.45 um filter (VWR, 0.45 um
Polyethersulfone filter, West Chester, PA). p-carotene and SR13668 that was not
encapsulated in the nanoparticles would form large crystals and be filtered out of the
suspension. After the filtration, the nanoparticles were freeze-dried by using a freeze dryer
(Labconco, FreeZone 6 liter console, Kansas City, MO) for 3 days. The nanoparticles were
then re-dissolved in THF. The EE and DLR of S-carotene and SR13668 was quantified by
using a UV-Vis spectrophotometer (Beckman Coulter, DU800 UV/Visible
spectrophotometer, Brea, CA). The absorbance was measured at a wavelength of 310 nm.
2.2.4 CMC measurements

CMC of the diblock copolymers in water and THF mixed solvent was measured by using
both the Baleux assay method® and the light scattering method.* PEG-b-PCL was dissolved
in water and THF mixed solvent and agitated by using a vortex mixer (Boekel, 270100 Tap

Dancer-Vortex Mixer, Feasterville, PA). The concentration of PEG-b-PCL was much higher
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than the CMC of PEG-b-PCL to ensure the formation of PEG-b-PCL micelles. Solution of
PEG-b-PCL in mixed solvent was pipetted into 100K Molecular Weight Cut Off centrifuge
tubes (Pall, 100K Nanosep Centrifugal Devices, Port Washington, NY) and centrifuged by a
centrifuge (Fisher Scientific, Marathon 16KM microcentrifuge, Pittsburgh, PA) at 14000G
for 15 minutes. The concentration of PEG-b-PCL in the mixed solvent through the membrane
after centrifuge was considered as the CMC. lodine-potassium iodide solution was made of
0.03 grams of iodine and 0.06 grams of potassium iodide in 3 milliliters of DI water. The
solution was kept in a brown glass bottle no longer than 8 days. 0.05 milliliters of the iodine-
potassium iodide solution was then added to 2 milliliters of PEG-b-PCL solution. The light
absorbance was measured by a UV-Vis spectrophotometer (Shimadzu, UV-1601, Kyoto,
Japan) at a wavelength of 500 nm. The Baleux assay method was only used on the samples of
THF to water ratio equal to or less than 10%, because at a higher THF ratio, the light
absorbance was influenced by the organic solvent. The light scattering method®® was also
used to analyze the CMC of PEG-b-PCL in water and THF solvent mixture. Various
concentrations of PEG-b-PCL in solvent mixture were prepared and the CMC was identified
by the jump in light scattering when micelles formed.

The solubility of SR13668 in mixed solvent of water and THF was quantified by UV-Vis
spectrophotometer measurements at the absorbance wavelength of 310 nm. Millipore water
was added to 10 mg/ml SR13668 in THF to make the desired solvent mixture (such as10, 30,
40 and 50 v/iv % THF). Samples were well mixed using a lab rotator (Thermo Scientific,
Labquake, Waltham, MA) at room temperature for 24 hours and then filtered through a 0.02
pm syringe filter (Whatman, Anotop 25, Maidstone, UK). The UV absorbance of the filtered
solutions was measured at the wavelength of 310 nm and the solubility of SR13668 was

calculated based on the calibration curve at the same wavelength.
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2.3 Nanoparticle size and size distribution
2.3.1 Effect of flow field and Reynolds number: Starting the competitive Kinetics
simultaneously

FNP is a process of kinetic control instead of thermodynamic equilibrium which
constrains the drug loading rate and causes broad size distribution and low stability as in most
other processes, such as emulsion and traditional precipitation. At thermodynamic
equilibrium, drug loading is driven by entropy of mixing of the drug with the hydrophobic
core of the micelle. Based on Flory-Huggins theory and Chi mismatch, drug loading is
disfavored.®” The kinetic control of FNP overcomes the drug loading limit.

High Reynolds number homogenous mixing was essential to start the competitive
processes of organic solute nucleation and growth as well as polymer aggregation
simultaneously and uniformly, which provided control over drug loading rate and uniform
particle size distribution. However, the appropriate definition of Reynolds number is not
obvious for a system with multiple inlet streams of solutions with various velocities,
dimensions, and viscosities like the MIVM. Regression modeling on data from previous

MIVM research was used to develop an optimal formulation of Reynolds number (Re) as,"’

el e

i Qacid total
where Opuse. Qucia Orora, and Q; represented the total volumetric flow rate of the base streams,
the acid streams, the total volumetric rate of all streams, and flow rate of stream i,
respectively. Re; was the Reynolds number of the it/ inlet stream calculated by the average
velocity, viscosity, and dimension of the inlet stream. However, to be comparable to our

previous simulation and experimental results, we kept the definition of Re in this study as,

Re= > VLl/y, (2),

i=1,N
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where V; was the velocity of the ith inlet stream, L was the chamber diameter, v, was the

kinematic viscosity of the itk inlet stream, and N=4 was the number of inlet streams.
Flow patterns inside an MIVM at various Re were visualized by mixing the streams of
Fe(NOs); with KSCN to form inorganic complex Fe(SCN) "™ (x~3, absorption maximum

A, ~ 480nm, extinction coefficient & ~ 5x10° cm™-M™). The inorganic dye was chosen

because of its Newtonian behavior. The viscosity of the solution of the complex was
1.08+0.05 mPa-s at the imaging concentration (<0.067 M).** The viscosity of the two
colorless streams of Fe(NOs); (<0.067 M) and KSCN (<0.2 M) was 1.00+0.05 mPa-s.** At
the mixing front, the red precipitation of iron complex Fe(SCN),®™ indicated the
streamlines. With higher Re, flow had more circulation and streamlines were closer.
Eventually diffusion across the streamlines was fast enough to make the mixing in the MIVM

homogeneous. At low Re, the mixing time, 7z . , was given by,

mix 2

Tix = IZ/ZD (3)’
where D (mz/s) was the diffusion constant and / was the striation length, the distance over
which mixing could occur by diffusion. For a molecule with a diffusion constant of D=10"

m?/s, reducing / from 100 um to 1 um decreases 7, from 5 s to 0.5 ms. The images showed

that increasing Re enhanced mixing by reducing the striation length. At Re over 1400, the red

precipitation of Fe(SCN)X(3'X)+

is homogenous in the mixer under the microscope. Our
previous results from numerical simulation and experimental analysis using competitive

reactions revealed that adequate micromixing was obtained with Re over 1600."
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Fe(NO,),

Figure 2-3. Design of a multi-inlet vortex mixer (MIVM) and images of mixing and flow
patterns in the MIVM. (A) Photo of the MIVM. (B) Diagram of the reaction center of the
MIVM  with four tangential inlet streams for flow-pattern visualization. (C)
Microphotographs of mixing and flow patterns in the MIVM. Imaging area was indicated by
dashed circle in (B). Mixing of Fe(NO;); and KSCN generated red precipitation of
Fe(SCN),®™" (x~3) complexes. Mixing patterns depended on Reynolds number (Re).
Clockwise from the upper left image in (C), Re was increased. (Upper left: Re=267. Upper

right: Re=537. Lower left: Re=806. Lower right: Re=1343.)

The nanoparticle size dependence on Re is shown in Figure 2-4 and Figure 2-5. Similarly
to our previous results from numerical simulation,”® the transition happened at Re near 2000.
With higher Re, the mixing was more homogeneous and effective. Over the critical Re
(~2000), the flow was fully developed turbulence and the resulting particle sizes were not
sensitive to the flow field. At low Re (Re<2000), in Figure 2-4A and 2-4B, nanoparticle sizes
increased with the decrease of Re, while in Figure 2-5A, nanoparticle sizes decreased with the

decrease of Re. This opposite transition was because of the different interaction forces
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between the encapsulated model drugs and diblock copolymers. The interaction between S-
carotene and PEO-b-PS or PEG-b-PCL was hydrophobic interaction. The nanoparticle sizes
depended on the competitive kinetics of polymer aggregation and f-carotene nucleation and
growth. At lower Re, [-carotene and polymers were not homogeneously mixed, so that
locally there were not sufficient polymers nearby to terminate the growth of [-carotene.
Therefore the nanoparticle sizes were larger compared to the nanoparticles formed at higher
Re. The interaction between positive charged PEI and negative charged PAA block of PEG-
b-PAA is electrostatic interaction. At low Re, negative charged PEG-b-PAA had less chance
to interact with positive charged PEI and nanoparticles were smaller compared to those
generated at higher Re. At high Re (Re>2000), the MIVM provided adequate micromixing.

Nanoparticle sizes no longer depended on Re or the flow field.
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Figure 2-4. The dependence of nanoparticle size on Re, and supersaturation rate. (A) Sizes of
PEO-b-PS nanoparticles encapsulating f-carotene. (B) Sizes of PEG-b-PCL nanoparticles
encapsulating f-carotene. (C) Size distributions of PEG-b-PCL micelles and nanoparticles
encapsulating f-carotene. The solid diamonds for the first curve in (C) indicate the size
distribution of PEG-b-PCL micelles. The remaining six curves show the size distributions of

PEG-b-PCL nanoparticles encapsulating S-carotene, which correspond to the six conditions
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circled in (B) with the same symbol shapes. Hollow symbols in (C) denote that particles were
generated at Re=6000, while solid symbols denote that particles were generated at Re=500.
(D) The TEM image of fS-carotene nanoparticles encapsulated in PEG-b-PCL generated at
Re=6000. The scale bar represents 20nm. (E) The TEM image of f-carotene particles
generated from direct precipitation without polymer protection. The scale bar represents 2

pm.
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Figure 2-5. Sizes of PEI and PEI/PEG-b-PAA complexes. (A) Sizes of the PEI/PEG-b-PAA
complexes versus Re. (B) Size distributions of PEI and PEI/PEG-b-PAA complexes. -@-
PEIL, -UJ- PEI/PEG-b-PAA complexes produced at Re=500, and - - PEI/PEG-b-PAA

complexes produced at Re=6000.

High Re homogeneous mixing was also critical for obtaining high DLR. The limited drug
encapsulation from thermodynamic equilibrium could be discerned from the curves of
solubility boundaries for organic solute and polymers as a function of anti-solvent addition

(Figure 2-6). Figure 2-6 displays the solubility of f-carotene as a model hydrophobic drug
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and CMC of two diblock copolymers, PEO-b-PS and PEG-b-PCL, as a function of THF
content at room temperature. Gradual anti-solvent addition involved traversing the operating
line from the initially pure solvent condition to the intersection first with the solubility curve
of f-carotene and then with the CMC curves of the diblock polymers as the stabilizer. At the
point when the operating line crossed the solubility curve of S-carotene, f-carotene would
begin to precipitate as unprotected crystals until more anti-solvent was added and polymers
started aggregation. However, when the operating line intersected with the CMC curves of
polymers, more than 70% of f-carotene had precipitated and grew to be large crystals, which
would be filtered out of the suspension. Not only this was a waste of the active compound,
but DLR in the nanoparticles was also low. In the process of FNP, homogenous mixing could
be reached in milliseconds to produce high levels of supersaturation for S-carotene as well as
polymers at final solvent composition. The composition of the resulting nanoparticles was
decided by the stoichiometry of the feeds instead of the partition coefficient of the drug with
polymers. Therefore, polymeric nanoparticles with higher DLR were possible. When
nanoparticles were generated at high Re in the MIVM, the EE of f-carotene in block
copolymers was higher than 85%.
2.3.2 Effects of supersaturation rate and nature of polymers

Supersaturation rate directly affected the nucleation and growth time of the organic solute
and polymer aggregation time. The rate of nucleation, J, was estimated by the primary

homogeneous nucleation rate,*®

Jec exp[_ ML“)} 4,

where y was solid-liquid interfacial tension and v was molar volume of the solute. S was the

supersaturation ratio defined as,

S=c(r)/c* (5),
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where c(r) denoted the solubility of a particle with radius » and ¢* was the equilibrium
solubility. The rate for primary homogenous nucleation was derived by assuming that, for
supersaturated solutions, solute molecules combined to produce embryos. Quasi-equilibrium
developed between molecules and embryos, with a corresponding distribution of free energy
due to the formation of a new volume and new surfaces. The nucleation rate calculated from
equation 4 could be orders of magnitude different from experimentally measured rates, but

the derivation captured the general features of particle formation.®

By adopting
homogeneous primary nucleation kinetics, the rate of block copolymer self-assembly was
approximated by using equation 4 and inserting the value for supersaturation, S, defined as
the ratio of polymer concentration over CMC. However, most primary nucleation in practice
was likely to be heterogeneous nucleation, since supersaturation for homogeneous nucleation
was much higher than heterogeneous nucleation. Heterogeneous nucleation could be
estimated by using the same equation, but the surface energy of the solid-liquid interface was
replaced by the surface energy of the solid-foreign surface interface. There are two proposed
mechanisms to explain the effects of supersaturation on size distributions of organic particles
protected by block copolymers. In one scenario, nucleation started as homogeneous
nucleation of f-carotene, since p-carotene had higher supersaturation rate and therefore
higher nucleation rate. Polymers then began to assemble on the surfaces of the particles and
finally arrested the particle growth. In another scenario, hydrophobic sites on the polymers
could have served as the nucleation seeds. Nucleation then started as heterogeneous
nucleation, and particle growth stopped when polymer aggregation was terminated by the
combined effects of particle dilution and steric hindrance of the hydrophilic block of the
copolymer. With either mechanism, at higher supersaturation, more nucleation sites were

generated and nanoparticles were smaller.
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In this study, f-carotene and diblock copolymers were dissolved in THF and mixed with
DI water as an anti-solvent. Different supersaturation rates were generated by varying the
ratio of THF and DI water. In experiments, by varying THF and water ratio from 1:1 v/v to
1:5 vlv, the supersaturation was changed more than 100 times for S-carotene (from 12 to
1489). However, supersaturation rates for PEO-b-PS and PEG-b-PCL remained at about 20
and 5, respectively. Regardless of Re, nanoparticles of 50 nm to 500 nm could be produced
by changing supersaturation rates (Figure 2-4A and 2-4B). Further models and experiments
need to be developed to determine whether the dependence of nanoparticle properties on

supersaturation rate is through nucleation kinetics of the organic solute or polymer assembly.

The long-term stability of the nanoparticles depended on polymer nature and solvent
composition. At the same supersaturation rate of S-carotene, nanoparticles protected by PEO-
b-PS were smaller than those protected by PEG-b-PCL (Figure 2-4A and 2-4B). Extensive
studies®®* have confirmed that the density of the coverage and the chain length of PEG
influence the stability of the nanoparticles. Generally, longer PEG chain provides higher
energy barrier to prevent nanoparticles from coagulation and degradation. Recent study also
found the hydrophobic core may also affect the long-term stability of the nanoparticles.**
Stability of PEO-b-PS nanoparticles encapsulating hydrophobic compounds has been
discussed and reported in the literature.” PCL, which is biocompatible and biodegradable,
has many applications in drug delivery.”* However, the instability of PEG-b-PCL micelles
and nanoparticles has been observed. One proposed mechanism was that low Tg PCL chains
were sufficiently mobile on the surface and they could rearrange and begin to crystallize.**
The lamella morphology of PCL crystal phase would allow aggregation into larger lamella
structures. Further studies will be required to unambiguously explain the instability observed

in many PEG-b-PCL nanoparticle systems.
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Solvent composition affected long-term stability of nanoparticle suspensions by Ostwald

ripening.””*® The diffusion-controlled growth kinetics was given by,”””

ﬁ N 702 DdrugcOo
dt 3RTr?

(6),

where Dy, and c” represented the diffusivity and bulk equilibrium solubility of the organic
solute in the solution, respectively, and » was the particle radius. Bulk solubility of the
organic solute increased exponentially with linear increase of solvent concentration.
Therefore, with higher solvent concentration, nanoparticles grew faster to be out of the nano-

range. It was suggested that solvent had to be removed from the suspension quickly by flash

. 1 . .
solvent evaporation'®’ or dialysis.
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Figure 2-6. Solubility of S-carotene, CMC of PEO-b-PS (MW 3000-5-1000) (measured by
Johnson and Prud’homme) and CMC of PEG-b6-PCL (MW 5000-5-3600). The straight line

represents the operating line for adding anti-solvent to a solution initially with 20 mg/mL /-

carotene and 20 mg/mL of block copolymers.
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2.3.3 Effect of drug loading rates

The dependence of particle size on DLR was measured by using PEG-b-PCL
nanoparticles encapsulating f-carotene, with results presented in Figure 2-7. It was not
surprising to find that nanoparticle diameters increased with higher DLR. At higher DLR, f-
carotene nucleation and growth were relatively faster compared to the polymer micellization.
Before the polymer arrested the growth of the particles, they had more time to become bigger.
Figure 2-7 shows that with no drug encapsulated in the nanoparticles, as indicated by the
intersection of the linearly extrapolated curve with y-axis, radius of the nanoparticles was 9
nm, which is consistent with the size of PEG-H-PCL micelles (Figure 2-4C). It is more
interesting that the dependence of particle size on DLR was linear, which is consistent with

101

our previous study on bifenthrin nanoparticles. ©~ We are conducting more experiments and

simulations to explain the linear relationship of particle size and DLR.
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Figure 2-7. The dependence of nanoparticle sizes on drug loading rate. Nanoparticles of S-
carotene encapsulated in PEG-b-PCL were produced at Re=3225. The ratio of THF to water

was 1:9 v/v.
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2.4 Nanoparticle drug loading

Traditional processes to prepare polymeric nanoparticles encapsulating hydrophobic
compounds, such as emulsion and nanoprecipitation, generally have problems of low drug
loading, broad size distribution, and difficulty of maintaining the stability of the nanoparticle
suspensions. Based on Flory-Huggins theory and Chi mismatch, at thermodynamic
equilibrium, drug loading driven by entropy change of mixing of the drug with the
hydrophobic core of the micelle is disfavored.®” FNP is a process of kinetic control instead of
thermodynamic equilibrium, which overcomes the drug loading limit.

The polymeric nanoparticles encapsulating SR13668 were prepared using the MIVM at a
high Reynolds number (Re) over 9000, ensuring that the solvent replacement started
homogeneously and micromixing was uncoupled with organic compound nucleation and
growth and polymer aggregation.'”® The definition of Re was consistent with our previous
studies.”® In the process of FNP, in order to produce stable nanoparticles, the kinetics of
polymer aggregation and drug nucleation and growth have to be comparable each other.
Rapid polymer aggregation resulted in the formation of dead micelles without any SR13668
encapsulated inside, while rapid SR13668 nucleation and growth resulted in undesired large
particles. The kinetics of polymer aggregation can be manipulated by the molecular weight of
each block of the copolymer, the hydrophobic/hydrophilic properties of the polymers, and the
initial concentration of the polymers. The nucleation and growth kinetics of the hydrophobic
compound, SR13668, depends on the supersaturation rate and the presence of other
hydrophobic molecules.

To demonstrate the importance of the kinetic control process, drug loadings of the
nanoparticles prepared by FNP and by TNP were compared. The drug loadings of SR13668
in PEG-b-PCL at various polymer molecular weights, drug to polymer ratios, and the

presence of the co-precipitator are reported in Figure 2-8. The highest drug loading of
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SR13668 in PEG-b-PCL was about 13% which was achieved by using PEG-6-PCL (MW
5000-h-6000) at 1:5 wt/wt ratio of the drug to the polymer (Figure 2-8A), which is translated
into 78% of the encapsulation efficiency. As a comparison, with the TNP, the highest drug
loading rate could not exceed 1.25%. The molecular weight of the PEG block was kept
constant at 5000, which was considered the appropriate length to prevent nonspecific protein
absorption and therefore to obtain longer blood circulation of the nanoparticles. The
molecular weight of the PCL block affected drug loading in three thermodynamic and kinetic
aspects: critical micelle concentration (CMC), aggregation number, and micellization
kinetics. When increasing the block length of the PCL block, the CMC was decreased (Figure
2-9). With the same solvent replacement, supersaturation rate was higher and the
micellization happened faster. Further increase of PCL block length was not tested in this
study, because higher ratio of the hydrophobic block to the hydrophilic block might present

worm-like micelles rather than spherical ones.'*
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6000). The drug to polymer weight ratio was 1:5. The starting concentration of the block
copolymers was 1 wt%. (B) Drug loading of SR13668 in PEG-b-PCL (MW 5000-5-6000) at
three drug-to-polymer ratios. The starting concentration of the copolymers was kept at 1
wt%, and the drug concentration varied from 0.1 wt% to 1 wt%. (C) The dependence of drug
loading of SR13668 in PEG-b-PCL (MW 5000-56-2300) on the presence of three
coprecipitators. The drug-to-polymer ratio was kept 1:10 wt/wt. The f-carotene-to-drug ratio
was 1:2 wt/wt. The PCL (MW 5200 and 2400)-to-drug ratio was 1:10 wt/wt. The starting

concentration of PEG-b-PCL (MW 5000-5-2300) was 1 wt%.
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Figure 2-9. Solubility of SR13668 and CMC of PEG-b-PCL (MW 5000-5-2300 and 5000-b-

6000) in the mixed solvent of THF and water.

For the system of PEG-b-PCL (MW 5000-5-6000) encapsulating SR13668, the optimized
drug to polymer ratio is 1:5 wt/wt (Figure 2-8B). At higher drug to polymer ratio (such as 1:1
wt/wt), rapid organic solute nucleation and growth resulted in undesired large particles,

which were filtered out by using the 0.45 pum filter before the measurement of drug-loading.
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At lower drug to polymer ratios (such as 1:10 wt/wt), in addition to the drug-loading limit
(10%), rapid polymer aggregation caused the formation of dead micelles which resulted in
larger particles eventually.

For PEG-b-PCL with lower molecular weight of the hydrophobic block (such as MW
5000-b5-2300), drug loading was less than 1%. To improve the drug loading of SR13668 in
this diblock copolymer, coprecipitators of other hydrophobic molecules (such as fS-carotene,
PCL (Mw 2400) and PCL (MW 5200)) were used. Presence of PCL (MW 5200) could
greatly increase the drug-loading to 7.7%, but not PCL (MW 2400) and fS-carotene.

2.5 Conclusions

This chapter demonstrated the fundamental mechanisms of self-assembly to produce
nanoparticles using a multi-inlet vortex mixer (MIVM). It provided a method to better design
optimized nanoparticles for biomedical applications such as drug delivery and bioimaging.
The MIVM was able to provide rapid micromixing and high supersaturation values to
produce nanoparticles with controlled size distribution and high drug loading rate.
Nanoparticles of 50 nm to 500 nm were produced using the MIVM described in this paper.

Dependence of nanoparticle sizes on Reynolds number, supersaturation value, nature of
polymers, drug loading rate, and type of interaction forces was characterized. High Re
homogenous mixing was essential to start the competitive kinetics simultaneously and
uniformly, which contributes to the formation of nanoparticles with controlled size
distribution and high drug loading rate. Regardless of the definition of Re, there existed a
threshold value, over which nanoparticle sizes were independent of Re. Microscopic images
showed the transition of mixing patterns in the MIVM with the increase of Re. At high Re
over 1400, diffusion across the streamlines was fast enough compared to the striation length
so that we could not differentiate the separate streamlines indicated by the red precipitation of

Fe(SCN),*™*. This result was close to our previous numerical simulation and experimental
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results which revealed that adequate micromixing was obtained with Re over 1600.”® The
transition Re indicated by imaging was slightly smaller than the one indicated by simulation
results and other experimental measurements, because determination of homogenous mixing
by imaging was limited by microscope resolution. With a larger magnification and shorter
exposure time, the transition Re might further agree with the number found in our other
studies. Despite the small discrepancy in the transition Re, it was suggested that all the drug
loaded polymeric nanoparticles should be prepared at high Re over the threshold value. At
low Re, the nanoparticle sizes either decreased or increased with the increase of Re,
determined by the interaction forces of the self-assembling process. Further investigation is
required to understand the process of nanoparticle formation when the system is composed of
multiple compounds.

The solubility curve of the organic compound and the CMC curves of the polymers
elucidated that in order to have high DLR, spontaneous mixing to reach high supersaturation
rate was necessary. Traditional nanoprecipitation by hand mixing, titration, or dialysis could
not achieve high DLR, since anti-solvent was slowly added to the system and a significant
amount of organic solute precipitated out of solution before the polymers started to form
micelles.

The supersaturation level played a key role in governing the size of nanoparticles
encapsulating hydrophobic organic compounds in amphiphilic block copolymers. At higher
supersaturation, with higher nucleation rate, more nucleation sites were generated and
nanoparticles were smaller.

It was demonstrated that instantaneous mixing ensures the higher drug loading. With the
same composition, traditional nanoprecipitation could never reach the same drug loading as
achieved by flash nanoprecipitation. For a given drug compound, type of polymer, block

length of the polymer, polymer to drug ratio, and presence of coprecipitator would all affect
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the size distribution and drug loading. The goal of the design is to match the competitive
kinetics of polymer micellization and drug nucleation and growth. At the low supersaturation
rate presented in this study, it was more likely that SR13668 had heterogamous nucleation on
the hydrophobic block of the copolymer. The polymers were then drawn together to form
micelles by hydrophobic interaction.

In this chapter, we demonstrated that the MIVM can be utilized for encapsulation of a
wide spectrum of materials spanning from model drugs such as f-carotene, SR13668 to
hydrophilic charged polymers such as PEI, at very high encapsulation efficiency. Further
studies on encapsulating other therapeutic molecules need to be accomplished to demonstrate
the advantages of a MIVM for generating polymeric nanoparticles. The linear relationship of

the DLR and nanoparticle size also needs further investigation.
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CHAPTER 3. FLASH NANOPRECIPITION INTEGRATED WITH SPRAY

DRYING- DEVELOPMENT OF CONTINUOUS AND SCALABLE PROCESS
3.1 Introduction

Spray drying is a commonly used technique to generate dry powders from liquid
solutions.®"1% |t is widely used in food and pharmaceutical industries to increase the long-
term stability of the products, to prevent undesired chemical and biological degradation and
to reduce transportation and storage costs. Generally speaking, a spray dryer consists of an
inlet stream for the liquids, an inlet stream for the hot gas, an atomizer to disperse the liquids,
a drying chamber, a cyclone for gas and fine particles separation and a vial for product
collection, as shown in Figure 3-1. Spray drying is a continuous process involving a
combination of several stages, namely atomization, mixing of droplets with the drying gas,
evaporation and product separation.'®’

(1) Atomization

Atomization is a critical stage of the spray drying process because it generates droplets
with different size and size distribution, which have a big impact on the following stages of
the spray drying process. Liquid atomization could be achieved by using pneumatic atomizer,
pressure nozzle and spinning disk configurations. In general, higher input energy results in
smaller droplet sizes. When the input energy is a constant, higher inlet flow rate results in
bigger droplet sizes. The purpose of atomization is to generate well dispersed micro-size
droplets with high surface to volume ratio, which leads to the optimization of heat and mass
transfer.

(2) Mixing of droplets with the drying gas

Hot gas is the heated drying medium. Air is the most widely used drying gas. However, if
the liquid is a flammable solvent such as ethanol or the product is oxygen-sensitive, then an

inert gas, usually nitrogen is used. The flowing direction of the drying gas could be co-
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current or counter-current. In co-current process, the hot gas flows in the same direction as
the sprayed liquid. The sprayed liquid evaporates immediately because of the hot gas (150 C-
2207C), while dry powders could be exposed to moderated temperature (50 C- 80 C), which
limits thermal degradation.® In counter-current process, the hot gas flows in the opposite
direction as the sprayed liquid. Dry powders are also exposed to high temperature, which
limits its application. However, the counter-current process is economic preferred in term of
energy consumption.

(3) Evaporation

After the mixing of droplets with the drying gas, heat and mass transfer balances between
the gas and liquid phases are established. Heat transfers from the gas phase to the liquid
phase because of the temperature gradient, while water transfers from the liquid phase to the
gas phase because of the gradient of vapor pressure. Three steps could be classified during
the whole evaporation process.'® First of all, after the mixing of the droplets and the hot gas,
heat transfer causes the temperature of the droplets increases to a constant value. The
evaporation rate of droplet water increases with the increase of the temperature, and
eventually reaches a constant value. After that, the evaporation rate of droplet water remains
a constant under constant temperature and water vapor pressure. The diffusion of water from
the core of the droplet to the surface is sufficient and equal to the constant evaporation rate.
Finally, when the water content of the droplet reaches a critical value, the evaporation rate
decreases rapidly and depends on the diffusion of the water from the core of the droplet to the
surface. Eventually, drying is finished when the temperature of the dried particles equals to
the temperature of the gas.

(4) Product separation

Cyclone is used to separate gas and dried particles. Gas exits through an outlet fan, while

dried particles are collected by using a collection vial.
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Figure 3-1. Schematic drawing of spray drying equipment.

45



In our study, we integrated the MIVM with the spray dryer, which is essential for the
continuous formation of the stable nanoparticles by avoiding solution mediated particle
aggregation and Ostwald ripening. The process is scalable, which can be used to generate
milligrams of material for in vitro cell experiments or kilograms of material for in vivo tests
in large materials. The spray dry conditions were optimized to re-suspend the nanoparticles in
aqueous buffers. The optimized conditions for the freeze dry were also studied, which is
similar to the spray dry conditions.

3.2 Experimental section
3.2.1 Materials

PEG-b-PCL of three different molecular weights (Mw 5000-5-2300, 5000-5-3600, and
5000-6-6000) were purchased from Polymer Source (Dorval, Canada). Poly(lactic-co-
glycolic acid) (PLGA) (acid terminated, PLA:PGA 50:50, molecular weight (MW) 7000—
17,000), THF, DMSO, ethanol, leucine, sucrose, and trehalose were purchased from Sigma-
Aldrich (St Louis, MO). SR13668 was provided by National Cancer Institute (NCI)
(Germantown, MD). Unless otherwise stated, all chemicals were purchased at standard
grades and used as received.

3.2.2 Nanoparticle preparation and characterization

Nanoparticles of SR13668 encapsulated in PEG-b-PCL and PLGA were generated by
using the MIVM. The detailed procedures to generate PEG-b-PCL nanoparticles
encapsulating SR13668 were described in chapter 2. The details of the process to generate
PLGA nanoparticles encapsulating SR13668 in the MIVM are as follows. Among the four
inlet streams, stream 1 was with organic solution (0.2—-0.8 wt% PLGA and 0.2 wt% SR13668
dissolved in THF). The other three inlet streams were Millipore (Billerica, MA, USA) water

as an antisolvent to precipitate the drug compound (SR13668) and the copolymer (PLGA).
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The volumetric flow rate of streams 1 and 2 was 6 mL/min and it was 54mL/min for streams
3 and 4.

Drug loading and encapsulation efficiency of SR13668 in nanoparticles was quantified by
UV-Vis spectrophotometer measurements at the absorbance wavelength of 310 nm, after the
sequential processes of filtration through a 0.45 um PES filter, freeze drying for three days,
and being re-dissolved in DMSO at solid concentration of 2 mg/ml. Nanoparticle sizes and
size distribution were measured by DLS (Agilent, 7030 Nicomp DLS/ZLS-size and zeta,
Santa Clara, CA).

3.2.3 Freeze drying and spray drying of the nanoparticle suspensions

To maintain the long-term stability of the nanoparticles and to conveniently generate
suspensions at various nanoparticle concentrations, freeze drying and spray drying, as the
post processes after the particles were made, have been applied and optimized. To prevent the
nanoparticles from aggregation, various amounts of excipients such as sucrose, trehalose, and
leucine were added to the nanoparticle suspensions.

Before freeze drying, nanoparticle suspensions were dialyzed, dispensed in 20 ml amber
vials, and then frozen in an ultra-low temperature freezer (Sanyo, MDF-U52VAT, Moriguchi,
Japan) for 2 hours at -80 °C. The freeze-drying process lasted 3 days in a freeze dryer
(Labconco, FreeZone 4.5 Liter Console Freeze Dry Systems, Kansas City, MO) at a vacuum
pressure and -45 °C.

Spray drying of the nanoparticle suspensions was carried out by integrating the MIVM
with a spray dryer (LabPlant, SD-05 Spray Dryer, North Yorkshire, UK). 60 v/v% ethanol
was added in order to lower the inlet temperature of the spray dryer. The inlet temperature
was set between 70 °C and 150 °C. The feed rate of the solutions was 10 mL/min. Spray-

dried powders were collected in a glass container at the outlet of the spray dryer.
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Re-suspension of the dried powders was done in Millipore water at 0.75 mg/mL at
vigorous stirring for 10 minutes.
3.2.4 Measurements of particle growth Kinetics

The growth kinetics of SR13668, PLGA, SR13668 with PLGA, and SR13668 with
coprecipitators was measured in situ by using a DLS (NanoDLS; Brookhaven, Holtsville, NY)
at the batch mode. Precipitations of SR13668, PLGA, SR13668 with PLGA, and SR13668
with coprecipitators were generated by using the MIVM. One of the four inlet streams was
SR13668, PLGA, SR13668 with PLGA, and SR13668 with coprecipitators dissolved in THF.
The other three inlet streams were Millipore water as the anti-solvent. The volumetric flow
rate of streams 1 and 2 was 6 ml/min and it was 54 ml/min for streams 3 and 4. The samples
were collected in a 100 ml beaker. Before the measurements, nano-suspensions of SR13668
and SR13668 with coprecipitators were diluted 10 times, whereas PLGA and PLGA
encapsulating SR13668 were diluted 100 times using Millipore water to maintain the
appropriate counting intensity. Water viscosity and refractive index were used for the
measurements, which are 0.890 cP and 1.331, respectively.
3.3 Results and discussion
3.3.1 Stability of Nano-suspensions

Stability of the PEG-b-PCL-SR13668 nanoparticles was tested at neutral pH for four
week and at low pH phosphate buffers for 2 hours, as shown in Figure 3-2. The stability of
the nanoparticles at low pH was only tested for two hours because the formulation stays in
the stomach for about two hours by oral administration. At neutral pH, over four weeks, the
particles size was only slightly increased (Figure 3-2A). Because the hydrophilic block of the
polymers should be able to provide enough steric stability and prevent particle aggregation,
particle growth was mainly ascribed to Ostwald ripening. Although Ostwald ripening was

slow as expected because of the low solubility of SR13668 in aqueous solutions,’’ the long-

48



term stability of nano-suspensions is still the concern when they are applied to biological and
biomedical systems. Particle size distribution needs to be constantly measured and particle
shelf time is limited. In our study, we have freeze dried and spray dried the nano-suspension
into dry powder form. More details are presented in the next two sections. At very low pH,
particle size decreased a little over the testing period of two hours, which is due to the

enhanced degradation of PCL at the reduced pH (Figure 3-2B).
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Figure 3-2. Size distribution of PEG-b-PCL (MW 5000-5-6000) nanoparticles encapsulating

SR13668 over time. (A) At neutral pH over 4 weeks. (B) At different pH over two hours.

The growth kinetics of the PLGA-SR13668 nanoparticles (pure SR13668, pure PLGA,
and SR13668:PLGA at 1:1, 1:2, 1:3, and 1:4 ratios) was measured for up to 24 h, as shown in
Figure 3-3. Growth of SR13668 alone in first 10 min is in a linear fashion with a slope of
about 55 nm/min. With the presence of PLGA at 1:1 ratio, the polymer was not enough to
provide surface coverage and to prevent aggregation. The growth of the particles behaved

similar as the pure SR13668. At higher PLGA to SR13668 ratios, the growth kinetics of the
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complex was dominated by polymer aggregation. For the first 3 min, PLGA and PLGA-
SR13668 particles grew even faster compared with the particles of pure SR13668 because
PLGA has similar aggregation rates but larger radius of gyration. Eventually, the growth of
the polymeric particles slowed down due to the surface charge repulsion. The growth kinetics
of the polymeric particles in aqueous suspensions (at low SR13668 to PLGA ratios) is in a
power-law fashion. Initial fast growth of the particles is mainly caused by aggregation
because of the frequent particle collision; whereas slower particle growth in the later time
span is predominately contributed by Ostwald ﬁpening,77 which cannot be prevented with the
presence of solution as the molecular-transport media. To maintain the long-term stability of
the particles, the suspensions were then spray dried into the format of solid powders. With the
integrated MIVM and the spray drier, the complete process of producing dried nanoparticles
took less than 10 min. Therefore, the growth kinetics of first 10 min is more critical to decide

the size of the nanoparticles.
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Figure 3-3. Growth kinetics of SR13668, PLGA and SR13668 with PLGA (A) in 24 hours
and (B) in first 10 minutes (dashed area in Figure 3-3A). SR13668 (black): SR13668 alone;
PLGATI 1 (green): SR13668 to PLGA 1:1 ratio; PLGA1 2 (blue): SR13668 to PLGA 1:2
ratio; PLGA1 3 (wine): SR13668 to PLGA 1:3 ratio; PLGA1 4 (magenta): SR13668 to
PLGA 1:4 ratio; PLGA1 2 trehalose (orange): PLGA nanoparticles (SR13668 to PLGA 1:2

ratio) in an aqueous solution with 300 mg/ml trehalose; PLGA (red): PLGA alone.

The growth kinetics of free SR13668 alone and SR13668 with the coprecipitators were
measured using DLS (Figure 3-4). The results showed that, with the presence of the
coprecipitator, heterogeneous nucleation and growth dominated the process at low
supersaturation rate, in which SR13668 attached with PCL to form a complex. Therefore,
with the presence of PCL the particle growth was faster at the beginning because of the larger
radius of gyration (R,) of the polymer. Eventually the growth was slowed down and particles
were stabilized at a few hundred nanometers because of the relatively slow growth and weak
charge repulsion of the polymer. Compared to PCL (MW 2400), PCL (MW 5200) stabilized

the growth of the complex at smaller size. Although f-carotene-SR complex also presented

slow growth, the affinity of S-carotene to the hydrophobic block of the polymer was not as
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high as PCL. Therefore, PCL (MW 5200) presented the optimized case among the three
coprecipitators to increase the drug loading of SR13668 in PEG-b-PCL (Mw 5000-5-2300).

Quantitative analysis requires the assistance of numerical simulation.
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Figure 3-4. The growth kinetics of SR13668 with and without the coprecipitators. (A)
Schematic drawing of homogeneous nucleation and growth of SR13668. (B) Schematic
drawing of heterogeneous nucleation and growth of SR13668 with PCL. (C) The growth
kinetics of the particles of SR13668, PCL, and SR13668 with PCL. The starting
concentration of SR13668 was 0.1 wt%. For the particles of SR13668 with PCL, the ratio of
PCL (MW 5200) and PCL (MW 2400) to SR13668 was 1:10 wt/wt. For PCL particles, the

starting concentration of PCL was 0.1wt%.

In order to keep the long-term stability of the nanoparticles and to conveniently adjust the
final concentration of the nanoparticles, nano-suspensions were dried to the form of solid
powder by either freeze-drying or spray-drying processes. Although the original size

distribution of the particles was not reproduced by the re-suspension probably due to
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formation of dimers and/or trimers, all the re-suspended particles were in a submicron size
range that may maintain the advantages of small particles.
3.3.2 Reproduction of freeze-dried nanoparticles

Freeze drying has been widely used to improve the long-term stability of
nanoparticles.’®*'% However, various stresses are generated during the freezing and drying
process so that the nanoparticles aggregate and cannot be redispersed back to their original
size. Cryoprotectives, such as leucine, sucrose and trehalose, are usually used to protect the
nanoparticles from aggregation during the freezing and desiccation process. Mainly two
mechanisms have been proposed to explain the effects of cryoprotectives: the glass dynamics

111
” 0 states

hypothesis and the water replacement hypothesis. The “glass dynamics hypothesis
that the cryoprotectives could form a rigid and inert matrix with a high viscosity to “imprison”
the nanoparticles in the matrix, thus reducing the mobility of the nanoparticles and preventing

the aggregation. The “water replacement hypothesis™''?

considers that the cryoprotectives
could form hydrogen bonds at the specific sites on the surface of the nanoparticles and
substitute the place of water which is lost during the drying process. To reproduce the
nanoparticles, we have tested three sugar-type cryoprotectives, leucine, sucrose and trehalose,
and optimized the conditions.

In the freeze-drying process, the concentration of nanoparticles was kept constant and
various amounts of cryoprotectives were added to the nanosuspension to reach different
ratios. When increasing the amount of leucine, more submicron size particles were obtained
(from 0% to 25.7% as the nanoparticle to leucine ratio decreased from 7:3 to 3:7). Although

following the trend to further increase the amount of leucine may provide a better re-

suspension, it is limited by the solubility of leucine in water at about 20 mg/ml.
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Table 3-1. Re-suspension of nanoparticles in Millipore water after being freeze dried with
various amounts of leucine. The nanoparticles were PEG-b-PCL (MW 5000-5-6000)

encapsulating SR13668 at a polymer-to-drug ratio of 5:1 wt/wt.

NP to leucine ratio  Peak 1 (percentage) Peak 2 (percentage)

leucine 30 7:3 NO 3747nm (100%)
leucine 40 6:4 319nm (13%) 2117nm (87%)
leucine 50 5:5 337nm (17.8%) 2010nm (82.2%)
leucine 60 4:6 600nm (23.5%) 7669nm (75%)
leucine 70 3.7 476nm (25.7%) 2207nm (73%)

More water soluble sugar compounds, such as sucrose and trehalose, were used as the
cryoprotectives and the re-suspension of the nanoparticles in Millipore water was reported in
Table 3-2. With particle to sucrose ratio at 1:100 and particle to trehalose ratio at 1:50,
submicron-size particles could be fully re-dispersed. In the current system, trehalose is a
better cryoprotective compared to sucrose, since re-suspension of trehalose 50 could achieve
smaller particles compared to sucrose 100, even though the amount of sugar in trehalose 50
formulation was only half of that in sucrose 100. Compared to the original nanoparticle
suspension with average particle size about 300 nm, permanent dipoles formed in the re-
suspension. The re-suspended nanoparticles of sucrose 100 and trehalose 50 were 630nm
and 450nm, respectively. To completely reproduce the original nanosuspension, more
cryoprotective is necessary. However, to optimize the formulation, one has to consider the

limited amount of sugar that can be dosed to animals and patients.
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Table 3-2. Re-suspension of the nanoparticles in Millipore water after being freeze dried with

sucrose and trehalose. The nanoparticles were PEG-6-PCL (MW 5000-5-6000) encapsulating

SR13668 at a ratio of 5:1 wt/wt.

Sugar NP to Observation by naked eyes Average particle
Sugar size
ratio
sucrose 10 sucrose 1:10 Lots of macroscopic preciptates >1 um
sucrose 20 sucrose 1:20 Lots of macroscopic preciptates >1 pm
sucrose 40 sucrose 1:40 Some macroscopic preciptates >1 um
sucrose 100 Sucrose 1:100 Homogeneous suspension 630nm
trehalose 20  trehalose 1:20 Some macroscopic preciptates >1 um
trehalose 50 trehalose 1:50 Homogeneous suspension 450nm
trehalose 50  trehalose 1:50 & Homogeneous suspension 660nm
(leucine 2.3) & leucine 1:2.3

3.3.3 Reproduction of spray-dried nanoparticles

Organic solvents are usually used to dissolve the hydrophobic compounds and the

polymers in nanoprecipitation processes, and need to be completely removed before any

biomedical application is attempted. Moreover, the bulk solubility of the hydrophobic drug

increases exponentially with the presence of the organic solvent. Therefore, the transport-

limited process of Ostwald ripening happens faster and particles keep growing bigger.”” The

most common process to eliminate the organic solvents is dialysis, which is time consuming

and not scalable. Because a small amount of low-boiling-point organic solvent (such as THF)

can facilitate solvent evaporation during the spray-drying process, dialysis of the

nanosuspension is not necessary after we integrated the MIVM with the spray drier, which
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not only reduced the preparation time resulting in better stability but also ensured the
scalability of the process. To prevent permanent aggregation during spray drying and to be
able to re-suspend the nanoparticles, sugar molecules were added as the excipients. Addition
of sugar molecules also helped to reduce the collision rate of the particles because of the high
viscosity of the solution.'" Various types of sugar molecules (i.e., leucine, sucrose, trehalose)
at various concentrations have been tested. The results were reported in Table 3-3. Leucine
was more effective per mass. At 1:5 ratio of nanoparticles to leucine, the PLGA-SR13668
nanoparticles could be re-dispersed to 445 nm. However, because the solubility of leucine in
water is limited at 20 mg/mL, solutions at higher concentrations could not be prepared. By
using trehalose and leucine together, the nanoparticle size could be further reduced to be
340nm in diameter, whereas a small peak of about 80nm also appeared. Compared with the
original size of the particles before spray drying (150 nm), the particles of about 340nm are

most likely to be the dimers formed in the re-suspension.

Table 3-3. The sizes of the resuspended nanoparticles (PLGA (MW 7000-17000)

encapsulating SR13668 at ratio of 2:1) depend on the type and amount of excipients.

NP to sugar mass Inlet Particle size (nm) after
Excipient molecule ratio temperature resuspension
trehalose 1:150 140 °C 529.1
trehalose 1:200 140 °C 406.3
Sucrose 1:200 140 °C 405.2
Leucine 1:5 140 °C 445.5
trehalose & leucine 1:200 & 1:5 140 °C 341.1
trehalose & leucine 1:300 & 1:5 140 °C 339.4(85%) & 79(12%)
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Because of the relatively low-glass-transition temperature of the PLGA used (~60 °C),
high inlet temperature of the spray drier may induce active chain motion and result the
permanent aggregation of the particles. However, relatively high inlet temperature is
necessary to sufficiently dry the nanoparticles during the spray drying process. Ethanol is
widely used to lower the inlet temperature because of its low boiling point. Because neither
PLGA nor SR13668 dissolves in ethanol, addition of ethanol should have minimal (if any)
effect on PLGA—SR13668 nanoparticle stability. In our study, 60% ethanol was added to the
inlet stream. The inlet temperature was varied from 100 °C to 70 °C to optimize the spray-
drying process (Table 3-4). At the inlet temperature of 75 °C, population of the sub-200nm
particles reached the peak. The PLGA-SR13668 nanoparticles generated under this condition
were used in subsequent in vitro and in vivo release tests. When inlet temperature was further
reduced, the size of the re-suspended nanoparticles became bigger again, which might be the

result of insufficient drying.
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Table 3-4. The sizes of the re-suspended nanoparticles (PLGA (MW 7000-17000)
encapsulating SR13668 at ratio of 2:1) depend on the inlet temperature of the spray drier. 300
times trehalose and 5 times leucine were added as excipients. 60% ethanol was also added to

the inlet stream.

Inlet
temperature Size (nm)

100°C  526(63%) & 112 (37%)
90°C  505(62%) & 112 (37%)
85°C  629(41%) & 138 (59%)
80°C  600(41%) & 130 (59%)
75°C  622(31%) & 139 (69%)
70°C  339.4(85%) & 79(12%)

For PEG-b-PCL nanoparticle suspensions, based on the tested freeze-drying conditions,
50 times of trehalose was added to the nanoparticle suspensions when they were spray dried.
The sizes of the nanoparticles before and after spray drying were shown in Figure 3-5. The
average size of the re-suspended particles was about 450 nm, which is comparable to the size

of the nanoparticles after being freeze dried.
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Figure 3-5. The size distribution of PEG-b-PCL (MW 5000-b-6000) nanoparticles
encapsulating SR13668 before and after being spray dried. The drug-to-polymer weight ratio

was 1:5. The inlet temperature of the spray dryer was 75 °C. 60% ethanol was added to the

inlet stream.

3.4 Conclusions

Polymeric nanoparticles have shown attractive potentials for many biomedical and
biological applications. It is important to elucidate the fundamental thermodynamics and
kinetics to guide the production of the particles in a repeatable and scalable manner. Making
polymeric nanoparticles encapsulating organic, hydrophobic drugs is a complicated process,
which involves mixing, nucleation, growth, aggregation, micellization, and fluid dynamic.
We have developed a continuous process to generate stable polymeric particles encapsulating
the hydrophobic cancer-preventive compound, SR13668, with high DLR. The procedure can
be used for encapsulating other hydrophobic compounds with minimal modifications based
on the solubility and precipitation kinetics of the drug. It was demonstrated that instantaneous

mixing ensures the higher drug loading. With the same composition, traditional
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nanoprecipitation could never reach the same drug loading as achieved by flash
nanoprecipitation.

The downstream processing of freeze drying and spray drying were also studied.
Reproduction of the PEG-b-PCL-SR 13668 nanoparticles depends on the type and amount of
the excipents. Among leucine, sucrose, and trehalose, trehalose at concentration 50 times the
nanoparticle concentration produced the smallest nanosuspension after both freeze drying and
spray drying. The growth kinetics of the PLGA-SR13668 complex is mainly dominated by
PLGA, which significantly decreases the particle growth rate of pure SR13668. At a
SR13668 to PLGA ratio lower than 1:2, the size of the nanoparticles could be below 200nm
before completely quenching particle growth by spray drying. The optimized spray drying
parameters were found on the basis of the type and amount of excipients and the inlet
temperatures-trehalose and leucine at concentrations 300 and five times of the nanoparticles
and 75 °C inlet temperatures. Spray drying compared to freeze drying presented more
advantages. The spray dryer was integrated with the MIVM, which reduced the preparation
steps (such as dialysis) and therefore reduced the chance for particles to grow. More
important, the continuous process is scalable. Kilograms of nanoparticles were easily

generated for large animal tests, which will be reported in the next chapter.
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CHAPTER 4. ENHANCED ORAL BIOAVAILABILITY OF A CANCER
PREVENTIVE AGENT (SR13668) BY EMPOLYING POLYMERIC
NANOPARTICLES WITH HIGH DRUG LOADING

4.1 Introduction

In this chapter, a candidate cancer preventive agent, 2,10-dicarbethoxy-6-methoxy-5,7-
dihydro-indolo-(2,3-b)carbazole (SR13668), was encapsulated in PLGA nanoparticles at high
DLR and high EE by employing FNP to enhance its oral bioavailability. SR13668 is
developed from a natural anti-cancer agent indole-3-carbinol (I3C), which was found in
cruciferous vegetables, such as broccoli, cauliflower and cabbage, and had promising anti-
cancer activity both in vitro and in vivo models."'* SR13668 was developed based on the
molecular structure of the four active oligomeric products of I3C by using Computer-Aided
Rational Drug Design.'">''® SR13668 has been proved to act via 13C-like anti-cancer
mechanisms which work through the modulation of PI3K/Akt pathway, but SR13668
possessed improved potency and activity compared to the original four 13C oligomers.™® Its
anti-cancer activity was demonstrated in several in vitro and in vivo models of cancer,
including breast, lung, prostate, and ovary cancers.**”**® 1t also shows negative results in the
genotoxicity battery, and low toxicity in subchronic rat and dog studies.''>"'®'"” In the
application of preventive agents, only non-invasive routes of administration (such as oral
administration) are acceptable. However, SR13668 showed a very poor oral bioavailability
due to its limited aqueous solubility and permeability. Initial attempts of studying the in vivo
pharmacokinetic profiles of SR13668 show that the maximum oral bioavailability was <1%
(compared to intravenous injection of the compound) in whole blood of rats as well as
dogs.'?® Based on the in vitro measurements of aqueous solubility, caco-2 permeability, pKa
value, and subsequent prediction of human intestinal absorption (Cloe® Predict Human

Intestinal Absorption), low absorption of SR13668 in human gastrointestinal (GI) tracts
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(<2mg) is expected.™™ The low bioavailability causes not only a reduction in efficacy of the
compound but also impracticality and inefficiency for in vivo applications. Chemical
modification of the SR13668 molecule to increase its solubility (such as PEGylation) is
difficult because the end groups of the molecule are not active for reactions. The strategy for
increasing oral bioavailability of SR13668 is to develop a drug-delivery system, which can
enhance SR13668 aqueous solubility and meanwhile remain its high permeability through
biological membranes.

Two lipid surfactant-based SR13668 formulations, Solutol® and Labrasol®, have been

used to increase the compound oral bioavailability.' >

However, one disadvantage of using
surfactant-based formulations for sustained drug delivery is that they may not be as stable as
polymeric nanoparticles upon large dilution in the blood stream. Also, side effects including
emesis were observed when SR13668 was orally dosed in dogs using the surfactant
stabilizers.'™

Unlike other traditional processes in which DLR depends on the thermodynamic
equilibrium of the system, FNP enables rapid mixing to create high supersaturation and
therefore rapid nucleation and growth of the drug. Previously, we have developed and
characterized a MIVM'®*' to facilitate the process of FNP. Particle growth kinetics at various
drug-to-polymer ratios has been studied to optimize the size and DLR of the particles. In
addition, to increase the long-term stability of nanoparticles by avoiding Ostwald ripening
and particle collision and to adjust the concentration of the particles conveniently,
nanoparticle suspensions were spray dried to be powder format. By integrating the MIVM
with the spray drier, a continuous and scalable process has been achieved to generate and
purify a large amount of nanoparticles. Methods to re-disperse the nanoparticles are studied

and reported. The nanoparticles were dosed to mice and dogs for in vivo studies. The

bioavailability of SR13668 in plasma and whole blood were tested by using MS/ high-
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performance liquid chromatography (HPLC). A complete pharmacokinetic study was
performed using the SR13668-PLGA nanoparticle formulations in eight beagle dogs (Figure
4-1). Pharmacokinetic parameters were analyzed following a single dose treatment and

subsequent measurements of SR13668 levels in plasma and whole blood.
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Figure 4-1. (A) Molecular structure of SR13668 and PLGA. (B) Flow chart of experiments.
(C) Size distributions of SR13668-PLGA nanoparticle formulations before and after spray

dry.
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4.2 Experimental
4.2.1 Materials

PLGA (acid terminated, molecular weight (MW) 7000-17,000), THF, DMSO, ethanol,
acetonitrile (HPLC grade), ammonium formate, leucine, sucrose, and trehalose were
purchased from Sigma—Aldrich (St Louis,MO, USA). MTBE (HPLC grade) was purchased
from Fisher Scientific (Pittsburgh, PA, USA). SR13668 was provided by National Cancer
Institute (NCI) (Germantown, MD, USA). Labrasol® was purchased from Gattefoss¢ USA
(Paramus, NJ, USA). Unless otherwise stated, all chemicals were purchased at standard
grades and used as received.
4.2.2 Nanoparticle preparation and size characterization

PLGA nanoparticles encapsulating SR13668 were generated by using the MIVM. The
detailed procedures were described in chapter 3. Nanoparticle size distributions were
measured by dynamic light scattering (DLS) (Zetasizer Nano ZS90; Malvern, Worcestershire,
UK). The particle sizes were reported as the intensity-weighted radius. DLR of SR13668 in
PLGA-SR13668 nanoparticles was quantified by ultraviolet—visible (UV—vis) spectroscopic
measurements at the absorbance wavelength of 310 nm, after the sequential processes of
dialysis, filtration through a 0.45 mm polyethersulfone filter, freeze drying for 3 days, and
being re-dissolved in DMSO at solid concentration of 2 mg/mL. The extinction coefficient of
SR13668 at 310 nm is 8.8 x 10* M ' ecm ™.
4.2.3 Spray drying of the nanoparticle suspensions

Spray drying of the nanoparticle suspensions was carried out by integrating the MIVM
with a spray dryer (SD-05 Spray Dryer; LabPlant, North Yorkshire, UK). The detailed
procedures were described in chapter 3. In brief, to prevent the nanoparticles from
aggregating, excipients such as trehalose, and leucine were added to the nanoparticle

suspensions during the spray-drying process. 60% (v/v) ethanol was added to lower the inlet
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temperature of the spray dryer. The inlet temperature was set to be 75 °C. The feed rate of the
solutions was 10mL/min. Spray-dried powders were collected in a glass container at the
outlet of the spray dryer.

Nanoparticles were resuspended into sterile Millipore water at SR13668 concentration
0.75mg/mL at vigorous stirring for 10min before dosing animals.
4.2.4 In vitro release of SR13668 from PLGA-SR13668 nanoparticle suspensions

The spray-dried PLGA-SR13668 nanoparticles were re-suspended in 0.1M phosphate
buffered saline (PBS) at pH 2, 5, and 7.4 at the concentration of 1mg/mL, followed by the
addition of MTBE at 4:1 ratio. The solutions were prepared following the sink condition that
was previously described'?! to ensure that the measurements of SR13668 release kinetics is
not limited by its solubility in PBS buffer. Release of SR13668 from the particles was
measured at 20 °C. Five hundred microliter of samples was taken from the extractive solution
(MTBE phase) at designed time points (0, 0.5, 1, 2, 4, 6, 24, 48, and 72h) and 500 pL fresh
MTBE were added back to the nanosuspensions every time to keep the constant volume.

SR13668 was measured using a liquid chromatography-mass spectrometry (LC-MS)
[6430 Triple Quad LC/MS equipped with an ultra HPLC (Agilent 1290 Infinity Binary Pump

and Autosampler); Agilent, Santa Clara, CA, USA]. SR13668 was monitored at m/z 429.0 —

414.0 with a collision energy setting of 20. Samples were prepared for injection by
transferring a 300 pL aliquot from each time point into the appropriate well of a 2 mL 96-
well polypropylene plate. The aliquoted samples were dried down under a heated stream of
nitrogen (set at 35 °C) using a Zanntek analytical evaporator (ZipVap 96; Glas-Col, Terra
Haute, IN, USA). After drying completely the samples were reconstituted with 100 pL of
acetonitrile and mixed well using a Microplate Genie (USA Scientific, Ocala, FL, USA).
Samples were then placed into the appropriate autosampler tray position for injection of 20

uL sample and subsequent analysis.
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Standard curve samples were analyzed on each day of analysis and injected throughout
the injection sequence. Standards were prepared by adding the appropriate volume from a
200 pg/mL stock solution of SR13668 (in DMSO) to MTBE. Standard concentrations used
were 37.5, 75, 150, 300, 600, and 1200 ng/mL. Calibrators were processed for analysis
following the procedure described above.

The chromatographic column was a Thermo Scientific Aquasil C18, 5 p, 100x 2.1mm?®.
The column temperature was maintained at 25 °C, and a flow rate of 0.50 mL/min was used.
The MP consisted of 50mM ammonium formate pH 6.5 (MP A) and 100% acetonitrile (MP
B). The MP gradient was as follows: after injection, initial conditions with MP B at 50%
were held for 0.10min, decreased to 5% and held constant for 2.5 min, returning to 50% at
2.51 min for an additional 1.5 min to allow for re-equilibration. The total run time was about
5 min. The limit of quantitation was 37.5 ng/mL.

4.2.5 In vivo release and systemic levels of SR13668 in mice

The protocol for the mice study was approved by the UIC Animal Care Committee before
initiation. Three groups of CD-1 mice (Charles River Breeding Laboratories, Portage, MI,
USA) were used at a weight range of 25-35 g (n = 3/group). Animals were identified by a
facility unique (eartag) number and were housed in an Association for Assessment and
Accreditation of Laboratory Animal Care International International-accredited facility in
microisolator polycarbonate cages with Anderson bed-o’cobs® bedding (Heinold, Kankakee,
IL, USA) in a temperature (64—79 °F) and humidity (30%—-70%) controlled room with a 14 h
light/10 h dark cycle. Teklad Certified Rodent Chow No. 7012C (Harlan Inc., Madison, W1,
USA), pellet form and autoclaved tap water in water bottles were provided ad libitum from
arrival until termination. All animals were quarantined for at least 1 week before the initiation

of dosing.
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The PLGA particle suspensions encapsulating SR13668 (nano and microsize particles)
were prepared by re-suspending dried powder in sterile water and vortexing for 10min at high
speed. PEG400-Labrasol®-based formulation was prepared by mixing PEG400 and
Labrasol®at 1:1 volume ratio followed by vigorous stirring for about 30min. The appropriate
amount of the SR13668 was weighed and added to 75% of required total volume of above
PEG400—Labrasol®, followed by 120 min of stirring and then 5 min of sonication. Then, the
remaining 25% volume of PEG400—Labrasol® was added to the mixture and stirred for
15min. The final PEG400—Labrasol® formulation was stored at 2-8 °C until dosing of the
animals.

The mice were dosed via oral gavage at 5.5mg/kg dose of SR13668 based on most recent
body weight. Blood samples were subsequently withdrawn at three time points per animal via
orbital sinus. Three groups of mice were dosed with PLGA-SR13668 nanoparticles,
PEG400-Labrasol® formulation of SR13668, and microsize PLGA-SR13668 particles,
respectively. SR13668 concentrations from both plasma and whole blood samples were
determined using LC-MS method described above.

4.2.6 Dog dosing and clinical observations

Nanoparticle powders were re-suspended in sterile water before dosing the animals. It
was vortexed for 10 min at high speed to ensure complete re-suspension of the nanoparticles.
For the control group, SR13668 was weighed out and the appropriate amount of 0.5%
methylcellulose was added. This was stirred for mixing followed by homogenization to
ensure a proper suspension. As a comparison, SR13668 in Labrasol® was also prepared based
on the protocol published by Kapetanovic.*®

The same four male and four female dogs were used for both test articles and control
treatments after a suitable washout period of over two weeks. The SR13668-PLGA

nanoparticles were dosed at 2.8 mg/kg of SR13668 on day one followed by blood sample
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withdrawals. After a washout period of two weeks, the same animals were re-dosed with the
SR13668 in 0.5% methylcellulose followed by sampling as before. A single dose of the
formulation was administered by gavage to each animal at 10 mL/kg based on the most
recent body weight of the animals.

Clinical signs were recorded one to two hours post dosing and once on the non-dosing
days (24 hr sampling). Additionally, all animals were observed for moribundity/mortality
twice daily whereas body weights were recorded prior to dosing for the dose calculation.
4.2.7 In vivo release and systemic levels of SR13668 in dog

Blood samples were collected at O (pre-dose), 0.5, 1.0, 1.5, 2.0, 4.0, 6.0, 8.0, 12.0 and
24.0 hr post dosing in EDTA containing tubes which were then stored on wet ice. Whole
blood was withdrawn from these tubes and aliquoted into separate tubes on wet ice. The
remaining blood samples in the collection tubes were centrifuged at approximately 3000 rpm
for 15 min at 4°C to separate plasma. Plasma samples were aliquoted into separate vials and
placed on dry ice. Both blood and plasma were stored at approximately -80°C until analysis.

Plasma samples were analyzed by a validated analytical method. Levels of SR13668 in
plasma and blood were measured using a tandem mass spectrometer (Agilent 6430 Triple
Quad LC/MS) equipped with an ultra HPLC (Agilent 1290 Infinity Binary Pump and
Autosampler). Plasma extraction was performed using a salting-out assisted liquid-liquid
extraction (SALLE) technique. This method of extraction was optimized by vortexing the
samples vigorously for 5 minutes. For extraction of SR13668 from plasma, 25 uL of 5M
ammonium acetate was added to 50 pL of the sample and mixed for approximately 1 minute.
Acetonitrile (200 puL) was added to each sample and mixed vigorously for 5 minutes. The
above mixture was then centrifuged at 3500 rpm for 10 minutes at 4°C in order to achieve
adequate separation. Samples were then placed into the appropriate positions of the

autosampler tray for 20 pL injection and subsequent analysis.
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SR13668 was extracted from whole blood using a protein precipitation method that was
preceded by lysing the red blood cells first. To extract SR13668 from whole blood, 50 pL
70/30 (v/v) methanol:water was added to 50 pL of the blood sample and mixed well for 10
minutes. Acetonitrile (200 pL) was then added and mixed vigorously for 5 minutes. The
mixture was then centrifuged at 3500 rpm for 10 minutes at 4°C in order to achieve adequate
separation and finally placed in the autosampler tray for sample injection and subsequent
analysis.

Standards and relevant quality controls (QCs) were analyzed with the samples on each
day of the measurements. Standards and QCs were prepared by adding appropriate volume of
a stock solution (30 pg/mL SR13668 in DMSO) into blank dog/monkey blood or plasma.
Standard concentrations used were 1.1, 4.5, 18, 45, 150, 375, 750 and 1,500 ng/mL. QC
samples were prepared at 4.2, 117, and 1050 ng/mL. Calibrators and QC samples were
analyzed following the procedure described above. The limit of quantitation (LOQ) was 1.1
ng/mL for dog plasma and blood.

The chromatographic column used is a Thermo Scientific Aquasil C18, 5 p, 100 x 2.1
mm. The column temperature was maintained at 25°C, and a flow rate of 0.50 mL/min was
used. The mobile phase (MP) consisted of 50 mM ammonium formate pH 6.5 (MP A) and
100% acetonitrile (MP B). The mobile phase gradient was as follows: after injection, initial
conditions with MP B at 50% were held for 0.10 min, decreased to 5% and held constant for
2.5 min, returned to 50% at 2.51 min for an additional 1.5 min in order to allow for re-
equilibration. The total run time was about 5 min.

4.2.8 Pharmacokinetic evaluation

Concentrations of SR13668 in plasma and whole blood were determined in all collected

samples. The data were imported into WinNonlin pharmacokinetic analysis software

(Phoenix® WinNonlin, version 6.1, Pharsight Corporation, Mountain View, CA).
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Pharmacokinetic parameters were determined by a non-compartmental analysis. The area
under the plasma concentration-time curve from time zero to 24 hours (AUC 0-24) was
calculated by a linear-up log-down trapezoidal fit. Other pharmacokinetic parameters such as
maximum plasma concentration (Cmax), the time to achieve Cmax (Tmax), total body
clearance for extravascular administration (CL/F calculated as Dose/AUC\g) as well as the
half-life (t2) were also determined by WinNonlin. Subsequently, gender-based mean and
standard deviation (SD) were calculated using Excel.
4.3 Results and discussion
4.3.1 Particle fabrication and resuspension

We have used a strategy to use polymeric nanoparticles to encapsulate the hydrophobic
chemopreventive agent, SR13668, by employing FNP in the MIVM. FNP has demonstrated
many advantages over TNP and emulsification in preparation of various polymeric
nanoparticles encapsulating hydrophobic compounds, in terms of scalability, simplicity, and
reproducibility.”®'®" In this process, SR13668 and PLGA were dissolved in THF and
precipitated by an antisolvent, during which copolymers aggregate and organic-drug
compounds nucleate and grow. We have previously demonstrated the particle size

. . . . .. . 101,102
distribution as a function of mixing time.'*"'°

More specifically, fast mixing is essential to
achieve high DL of 33.3% as reported in next section. In addition, the scalable feature of FNP
enables generation of hundreds of grams of nanoparticles in our laboratory for large animal
tests, which could be difficult to prepare by other lab-scale processes.

To maintain the long-term stability of the nanoparticles and to conveniently generate
suspensions at various nanoparticle concentrations, spray drying, as the post process after the

particles were made, has been applied and optimized. Excipients such as sucrose, trehalose,

and leucine were used as “spacers” to prevent permanent aggregation.
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4.3.2 In vitro release

A phase-separated MTBE—PBS (0.1M) system was setup to monitor the in vitro release of
SR13668 from the PLGA—SR13668 nanoparticles at pH 2, 5, and 7.4 and at 20 °C, as shown
in Figure 4-2. SR13668 released in aqueous phase were thermodynamically extracted into the
organic phase. Therefore, the measurements were not limited by the extreme low water
solubility of the compounds. The release profile at all three pH conditions were very similar,
which indicates that the release kinetics was controlled by diffusion instead of polymer
degradation. This is consistent with a previous study.'** A burst release was observed in the
first half an hour, during which about 20% of SR13668 was released from the PLGA-
SR13668 nanoparticles. After that, the PLGA—SR13668 nanoparticles showed sustained
release of SR13668. After 72 h, about 85% of the drug was released from the PLGA-

SR13668 nanoparticles.
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Figure 4-2. In vitro release of SR13668 from the PLGA nanoparticles in MTBE-aqueous two

phase system.
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4.3.3 Pharmacokinetics and bioavailability study in mice

Pharmacokinetics and in vivo availability of SR13668 were measured in mice whole
blood and plasma after oral administration of different formulations. Oral drug delivery
presents more biological barriers before a pharmaceutical molecule reaches the blood
circulation:*® (1) gastrointestinal (GI) track has wide pH span—from extremely acidic
conditions of the stomach (pH 2.5-3.5) to neutral or slightly basic conditions of the small
intestine (pH 7-7.4); (2) the enzymes along the lumen of the intestine could degrade the
potential pharmaceutical molecules; (3) the tenacious, viscous, elastic, and adhesive mucus
layer coating the intestinal epithelium is hard to pass through by diffusion; and (4) the
epithelium itself is another barrier to prevent molecules to enter the blood circulation.®>'***
PLGA nanoparticles are promising carriers for oral drug delivery because they have been
shown to prevent the degradation of pharmaceutical molecule in the stomach and lumen of

. : 2,12
the 1ntest1ne,6’ 5

and also promote mucus penetration and epithelial cell endocytosis by
optimization of their size and surface properties. The size of the nanoparticles plays a key
role in penetrating the mucus layer and epithelial cells. Nanoparticles between 50 and 200nm
show the best cell uptake in general,126 because they exhibit efficient interfacial interaction

123,124

with the cell membrane. In addition to the size of nanoparticles, the nanoparticle surface

properties, including surface charges, targeting ligands, and hydrophilicity/hydrophobicity,

also affect the GI uptake.'*”'*®

The tests on mice demonstrated a significant increase of
SR13668 both in whole blood and in plasma upon use of the smaller PLGA-SR13668
nanoparticles, as shown in Figure 4-3. Compared with the Labrasol® formulation, the peak
concentration of SR13668 was increased more than seven times in whole blood and about
three times in plasma by employing nanoparticles with average diameter of 150 nm. In order

for nanoparticles to enhance the systemic availability of the hydrophobic SR13668, PLGA—

SR13668 particle size has to be well controlled and high DLR has to be achieved. As a
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comparison, micron-size PLGA—SR13668 particles presented no help in increasing the oral

bioavailability.
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Figure 4-3. Concentration of SR13668 in mice whole blood and plasma after oral

administration of the formulations.

4.3.4 Pharmacokinetics and bioavailability study in beagle dogs

There was no mortality observed during the study. Emesis of minor volume was noticed
in all animals between 2 and 6 hours of dosing for both sexes. The animals did not show any
other discomfort or adverse clinical signs during the study.

The drug levels in dog plasma and whole blood were shown in Figure 4-4. With the
SR13668-PLGA nanoparticles, the mean group peak in plasma occurred at 4 hr in both males
(29.6 £ 16.8 ng/mL, n = 4) and females (27.9 £ 6.8 ng/mL, n = 4). In whole blood, the mean
group peak occurred at 4 hr in males (51.7 £ 24.6 ng/mL, n = 4) and at 6 hr in females (61.9 +

36.1 ng/mL, n = 4). The animals dosed orally with 2.8 mg/kg SR13668 suspended in 0.5%
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methylcellulose showed all levels below quantitation limit (BQL =1.1. ng/ml) in both plasma
and whole blood. The pharmacokinetic parameters are presented in Table 4-1 and 4-2.
Following a single gavage administration of the nanoparticle formulations, measurable
amounts were seen in plasma in all males and two females up to 24 hr and in three males and
three females in whole blood up to 24 hr. No sample was obtained at 8 and 12 hr in one
female. SR13668-PLGA nanoparticle formulation appeared to have a moderate half-life in
dogs, with calculated mean t% values of 4.4 hr in males and 6.7 hr in females in plasma and
4.9 hr in males and 4.3 hr in females in whole blood. The mean AUC.,4 was 371.0 ng-hr/mL
and 240.4 ng-hr/mL in male and female plasma respectively and 590.0 ng-hr/mL and 533.0
ng-hr/mL in male and female whole blood respectively. The AUC was also extrapolated to
infinity (AUCO-inf) as shown in Table 4-1 and 4-2, using the terminal phase of the plasma

concentration profile where appropriate.
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Figure 4-4. Mean drug levels in dog (A) plasma and (B) blood. Dogs were dosed at drug level

of 2.8 mg/kg.
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Table 4-1. Summary of pharmacokinetic parameters in dog plasma (mean + standard

deviation)

AUCo .t AUCo2s c t CLIF
Group | Sex ma/x L

(hg*hrimL) | (ng*hrmy) | (N9/ML) (hr) (mL/hr/kg)
2g | Male |3855:1555 |371.0:1484 |342:130 |44%04 | 8427439615
mg/kg

Female | 31550951 2404+129.2 | 37.1+146 |6.7+0.4 | 9295.2+2800.0

Table 4-2. Summary of pharmacokinetic parameters in dog whole blood (mean + standard

deviation)

AUCo.mr AUCo2s c t CLF
Group | Sex ma/x L

(ng*hrimL) | (ng*hrmy) | (NG/ML) (hr) (mL/hr/kg)
2g |Male |7336%1621 |590.0%2536 |582£195 |49%01 |39642z1000.1
mg/kg

Female | 690.9 +89.6 533.0+287.9 |76.2+36.6 |43+11 |4102.4+573.1

All the re-suspended particles are in the range of 100-200 nm, which is essential for
targeting and sustained drug delivery. Although the smaller particles (<50nm) can pass
through the biological barriers easier, but they may go to renal filtration quickly; while the
big ones (>500 nm) will have slow transport through Gl track to blood stream. For cancer
chemotherapy, particles of 100-200 nm were aimed for passive targeting delivery to the
tumor sites due to the enhanced-permeability-and-retention (EPR) effect. Moreover, particles

below 450 nm can all go through sterile filtration.
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Several initial pharmacokinetic studies were designed to assess the optimal batch of
material. A low dose of the nanoparticle formulations at a 0.4 mg/kg in a dog showed Cmax
(11.3 ng/mL) at 1 hr with the level gradually decreasing by 4 hr. Conversely, the neat drug
(SR13668 in 0.5 % methylcellulose) at a 0.75 mg/kg dose was BQL at all time points. This
result indicated that at lower dose, the nanoparticle formulation was much better absorbed
compared to the neat drug (unreported pilot data).

At a higher dose to the dogs (2.8 mg/kg), the drug levels in dog plasma and whole blood
using the nanoparticles were found to be approximately two times higher than those using
Labrasol®. The Cmax and AUCs obtained in dogs using polymeric nanoparticles were several
orders higher compared to the neat drug suspended in methylcellulose. These results are
consistent with our previous studies in mice, despite the difference between the species.
There are two reasons that the nanoparticles help to enhance SR13668 oral bioavailability: (1)
high surface-to-volume ratio of the nanoparticles dramatically increase the aqueous solubility
of the hydrophobic drug; and (2) the negatively charged PLGA due to the carboxyl end group
assists the nanoparticles to adhere to and cross through the mucus layer. To verify the effect
of surface charges, we have partially and completely capped the particle with polyethylene
glycol (PEG), which is a neutral polymer and can prevent non-specific protein absorption.
PEGylation, in this case, adversely affected drug oral availability (data not reported). The
hypothesis is that although PEG helps to prolong nanoparticle blood circulation time, it
reduces the residence time of the particles in Gl track and therefore absorption of the particles
and the drug by GI track.

Drug levels observed in whole blood were about 49-59% higher compared to that in
plasma, indicating affinity of the test compound towards cellular uptake. Cmax obtained in
the beagle dogs was similar for both sexes in plasma, while in whole blood it was slightly

increased in females. Calculated ty, values, however, were similar in male and female dogs in
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whole blood, while females showed higher values in plasma. AUCy.p4 was similar for both
sexes in whole blood but was moderately lower in female plasma. Systemic clearance was
calculated to be higher from plasma as compared to whole blood. Clearance seemed slightly
faster in females from both plasma and whole blood. Overall, drug absorption following the
oral dose administration was fairly rapid and there was a good systemic exposure.

4.4 Conclusions

We have used a continuous and scalable process to generate stable polymeric particles
encapsulating the hydrophobic cancer-preventive compound, SR13668, with high DLR of
33.3%. PLGA was used to encapsulate SR13668 because of its similar precipitation kinetics
compared with SR13668 and its property of mucoadhesion. At a SR13668 to PLGA ratio
lower than 1:2, the size of the nanoparticles could be below 200nm before completely
quenching particle growth by spray drying.

PLGA-SR13668 nanoparticles significantly enhanced the oral bioavailability of SR13668
in mice. Compared with the Labrasol® formulation, the peak concentration of SR13668 was
increased more than seven times in whole blood and about three times in plasma by using
PLGA-SR13668 nanoparticles.

Our study is one of the first attempts intended at using polymeric nanoparticle
formulations to increase the solubility of a compound for bioavailability enhancement in
large animals. Some work has been previously reported using oral administration of pH-
dependent microspheres (larger particles) in monkeys to obtain intestinal delivery of the
compound or the use of nano-spheres and nano-capsules to attain oral delivery of peptides
while protecting them from protease degradation in monkeys and dogs,***** but no reports
were found regarding the use of nanoparticles for increasing solubility of a compound to

achieve greater bioavailability in large animals. In spite of the increasing interest in the use of
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nano-delivery systems, reviews regarding the use of nanoparticle formulations in drug
delivery mainly focus on small animals with the aim for targeted delivery.'*!**2

Low oral bioavailability and fast clearance of SR13668 as well as other hydrophobic
drugs have prevented the drugs from wide applications. With further optimization and tests,
the polymeric nanoparticles encapsulating the hydrophobic SR13668 may present a new
alternative to reach high drug systemic levels when orally administrated. Although
formulation of SR13668 in a self-emulsifying drug delivery system (SEDDS) improved drug
solubility and bioavailability, administration of a 38 mg dose (1/50th of the rat NOAEL)
required an ingestion of 8 capsules per adult, which could adversely affect compliance with
repeated or prolonged administration for a chemopreventive agent, particularly if
substantially higher dosing is needed to achieve a pharmacologic response.

Furthermore, the process we have developed to generate stable nanoparticles is
continuous and scalable. The amount of material required to tests on eight beagle dogs (~100

grams) can be produced in a few hours. Reproducibility and scalability of the process are

essential for clinical applications of nanomedicines.'*
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CHAPTER 5. ORALLY ADMINISTRATED NANO-CURCUMIN TO ATTENUATE
MORPHINE TOLERANCE AND DEPENDENCE: COMPARISON BETWEEN
NEGATIVELY CHARGED AND PEGYLATED NANOPARTICLES

5.1 Introduction
Opioids, such as morphine, are widely used in the clinical management of acute and

chronic pains. 1%

Drug tolerance (a decreased effect of a drug with repeated
administration) and dependence (inability to stop using a drug even with strong desire to do
so) are two of the major issues associated with opioids, which greatly limit their clinical
applications.™*’

Curcuma longa is a yellow-colored traditional herb which has been used for thousands of
years in Asia for food flavoring, preservation, coloring material, as well as medicinal use.
Curcumin [1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] is the active
constituent of Curcuma longa.® It was recently found to have a wide spectrum of
pharmacological activities, including antioxidant, cancer chemopreventive, anti-

inflammatory, neuro-protective and antinociceptive actions.!***

In recent years, a
preliminary report suggested that chronic dose of large amount of curcumin (100 mg/kg)
might attenuate morphine tolerance.** This opens a new window for curcumin be potentially
used to alleviate morphine tolerance in patients with chronic pain and on long-term opioid
therapy. However, the applications of curcumin has been hindered by its poor aqueous
solubility, relatively low bioavailability, high rate of metabolism and rapid elimination and

clearance from the body.™**

Although curcumin has been shown to be safe in many animal
and human studies even at relatively high dosages, recent studies indicate that some of the
effects (such as inhibition of proteasomal function and potentiation of huntingtin toxicity) of

high dose curcumin are clearly toxic and undesirable beyond its use in cancer therapy.'***%
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Biphasic effect of curcumin on morphine tolerance and body weight loss on mice study were
also observed.**?

In this chapter, similar process was applied and optimized to produce polymeric
nanoparticles encapsulating curcumin, which we call nano-curcumin. High drug loading of
47% was achieved in the formulations. Relatively low dose of nano-curcumin (<20 mg/kg)
was orally administrated in mice following subcutaneous injections of morphine. Mice
behavioral studies (tail-flick test, and hot-plate tests and naloxone-induced withdrawal jumps)
were conducted to demonstrate the effects of nano-curcumin on attenuating morphine

tolerance and dependence, as shown in Figure 5-1. Direct comparison was drawn between

negatively charged PLGA nanoparticles with partially and completely PEGylated

nanoparticles.
Oral administration Subcutaneous injection
of nano-curcumin / of morphine
Tolerance Dependence
Beaker
Hot plate(55°C
52°C water SHERIE ) .@_
Tail-Flick test Hot-plate test Withdrawal jump

Figure 5-1. Mice behavioral studies, including tail-flick test, and hot-plate tests and naloxone-

induced withdrawal jumps.
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5.2 Experimental section
5.2.1 Materials

PLGA (acid terminated; PLA:PGA 50:50 w/w; Mw 7000-17000), curcumin, THF,
DMSO, ethanol, leucine, trehalose and naloxone were purchased from Sigma-Aldrich (St
Louis, MO). MTBE (HPLC grade) was purchased from Fisher Scientific (Pittuburgh, PA).
Morphine was purchased from Hospira (Lake Forest, IL). Poly(ethylene glycol)-b-poly(lactic
acid) (PEG-b-PLA) (MW 5000-5-6700) was purchased from Polymer Source (Dorval,
Canada). Unless otherwise stated, all chemicals were purchased at standard grades and used
as received.

5.2.2 Preparation and size characterization of nanoparticle suspensions

PLGA and PEG-b-PLA nanoparticles encapsulating curcumin were generated by using a
MIVM. Among the four inlet streams, stream 1 was 0.2 wt% polymer and 0.2 wt% curcumin
dissolved in THF. The other three inlet streams were Millipore water as an anti-solvent to
precipitate the drug compound and polymers. The volumetric flow rate of streams 1 and 2
was 6 mL/min and it was 54 mL/min for streams 3 and 4.

Nanoparticle size distributions were measured by DLS (Malvern, Zetasizer Nano ZS90,
Worcestershire, UK). The particle sizes were reported as the intensity-weighted radius.
Viscosity and refractive index of the solvent were set to be 0.933 cP and 1.333, respectively.

The definition of DLR and EE were the same as previously reported."* Drug loading of
curcumin in nanoparticles was quantified by UV-Vis spectrophotometer measurements at the
absorbance wavelength of 435 nm, after the samples were spray dried and then redissolved in
DMSO at a solid concentration of 2 mg/mL.

Zeta potentials of the formulations were measured by zeta sizer (Agilent, 7030 Nicomp

DLS/ZLS-size and zeta, Santa Clara, CA) at 23 °C. Dielectric constant was 78.5.
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5.2.3 Spray drying of the nanoparticle suspensions

Spray drying of the nanoparticle suspensions was carried out by integrating the MIVM
with a spray dryer (LabPlant, SD-05 Spray Dryer, North Yorkshire, UK). We have previously
optimized the spray-dry conditions for the nanoparticles to be re-suspended in aqueous
solutions."** To prevent the nanoparticles from permanent agglomeration, trehalose (300:1
ratio to the nanoparticles) and leucine (5:1 ratio to the nanoparticles) were added to the
nanoparticle suspensions as the excipients during the spray-dry process. Ethanol (60 v/v%)
was added in order to lower the inlet temperature of the spray dryer, which was set as 75 °C,
to compensate the relatively low melting temperature of the polymers. The feed rate of the
solutions was 10 mL/min. Spray-dried powders were collected in a glass container at the
outlet of the spray dryer.

Nanoparticles were resuspended into sterile Millipore water at vigorous stirring for 10
minutes before dosing animals.
5.2.4 Measurements of curcumin in vitro release from the nanoparticles

The spray dried PLGA, PEG-b-PLA, and hybrid nanoparticles were resuspended in 0.1 M
PBS buffers at pH 2, pHS and pH7.4 at the concentration of 10 mg/ml for the measurements
of curcumin in vitro release. A two-phase system (Figure 5-3A) was designed to overcome
the solubility limits of curcumin in aqueous solutions. MTBE was added to the aqueous
buffers at 1:2 v/v ratio, which could extract the over saturated curcumin from the aqueous
solutions. Solutions (500 uL) were taken from the organic MTBE phase at designed time
points (0.5, 1, 2, 4, 6, 24 hours and 2, 3, 5, 7, 14, 21 days) and same amount (500 uL) fresh
MTBE were added back to maintain the constant volume of the system. Curcumin in MTBE
were quantified using fluorescence plate reader under excitation of 395nm and emission of

475nm, respectively.
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5.2.5 Animals

Male ICR mice (20-25g, Charles River Laboratories, Wilmington, MA) were maintained
on a 14/10h light/dark cycle with access to food and water ad libitum before experimental
procedures. All experimental procedures were performed after approval by the Animal Care
and Use Committee of the University of Illinois at Chicago and in accordance with the
policies and recommendations of the National Institutes of Health guidelines for the handling

and use of laboratory animals.

5.2.6 Tests for antinociception
Tail-Flick Test.

Basal nociception and morphine-induced antinociception were studied using the 52°C
warm-water tail-flick test.*>!*® In brief, mice were held over the water bath and one third of
the distal portion of the tail was immersed into the water. The latency to a quick tail-flick
response was recorded as a base-line measurement. Any mouse not responding within 5 sec
was excluded from further experiment. To prevent tissue damage, a cut-off time of 12 sec
was applied. Morphine-induced antinociception was evaluated 30 min after the injection of a
testing dose of morphine (10mg/kg s.c.), and expressed as the percentage of maximal possible

effect (%MPE) according to the following formula,'*’

%MPE= 100 X (postdrug latency - predrug latency) /
(cut off - predrug latency)’

Hot-Plate Test.

For assessment of response latencies to thermal stimulus in mice, a Cold/Hot Plate
Analgesia Meter (Ugo Basile, Comerio, Italy) was used. In this study, mice were placed on a
hot plate that was thermostatically maintained at 55 = 1 °C. The nociceptive response was
evaluated as the latency to the first licking or lifting of the rear paws or escape jumping. Mice

were removed from the hot plate immediately after displaying the response and a cut-off time
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of 30 sec was set to prevent tissue damage. The anti-nociceptive effect was measured using

the same %MPE as above.

5.2.7 Acute opioid tolerance and dependence

To induce acute tolerance and dependence, separate groups of three ICR mice (20-25g)
were treated with a large dose of morphine (100mg/kg s.c.). Maximal morphine tolerance and
dependence peaked at approximately 4 to 6 h."45148199 N ice in the control group received an
equal volume of saline. Tolerance to opioids was assessed 4.5h later by monitoring the
antinociceptive effect produced by a test dose of morphine (10mg/kg, s.c.). The presence of
opioid tolerance was signified by a significant reduction of antinociceptive effect. To
examine dependence on opioids, mice were challenged with naloxone (10 mg/kg i.p.) 5h after
the administration of morphine (100mg/kg s.c.). Mice were immediately placed inside glass
cylinders, and naloxone-induced vertical jumps were recorded for 15min. To determine the
effect of curcumin on preventing acute morphine tolerance and dependence, curcumin was

given 15 min before the induction dose of morphine (100 mg/kg s.c.).

5.3 Results and discussion
5.3.1 Size distribution, drug loading, and encapsulation efficiency of the nanoparticles
Nanoparticle formulations have to meet several requirements to be possibly used for
clinical applications — (1) all the materials are FDA approved; (2) the process has to be
reproducible and scalable; (3) size distribution and surface properties of the nanoparticles
have to be well characterized; (4) drug loading of the nanoparticles has to be high enough to
contain sufficient active compound at a patient-compliance dose; and (5) high encapsulation
rate for economic reasons. We have previous developed an integrated process of flash
nanoprecipitation and freeze dry to satisfy above requirement. The reactor custom-designed
for flash nanoprecipitation provides rapid micromixing to generate nanoparticles with narrow

size distribution.”® In our experiments, all the nanoparticles were generated at high Reynolds
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number (> 9000) to ensure the homogeneous and flash precipitation.”® PLGA, PEG-b-PLA
and hybrid (PLGA to PEG-b-PLA 1:1 molar ratio) nanoparticles encapsulating curcumin
were generated to compare the effect of surface properties on drug oral bioavailability and
functionality. These polymers are chosen for the study because they are all degradable,
biocompatible, and easy to synthesize. Moreover, PLGA and PLA have similar polymer
structure with negative charges and PEG brushes were applied to partially or completely
shield the surface charges. PEG can prevent non-specific protein absorption and prolong
particle blood circulation time.

The average particle size (before and after spray dry), drug loading, encapsulation
efficiency, and zeta potential of the nanoparticles with the three polymeric nanoparticle
formulations are reported in Table 5-1. We consider the size of the particles after spray dry
more important, since it represent the particles dosed to animals. After spray dry, the average
diameters of all three re-suspended nanoparticles are similar (about 150 nm) with a trend of
linearly reduced size when increasing the amount of PEG chains on the surface of the
particles, but the difference is within 14% (or 21 nm). Highest drug loading and
encapsulation efficiency were found in PEG-b-PLA particles among the three, but the
difference is small compared to the PLGA nanoparticles with the lowest drug loading (<
3.5%). More than 90% of the drug encapsulation efficiency was found for all three
formulations, and PEG-b-PLA nanoparticles presented the highest encapsulation rate. As we
expected that with more PEG chains on the surface, zeta potential of the negatively charged

PLGA (or PLA) nanoparticles became closer to be neutral.
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Table 5-1. Average particle diameter (before and after spray dry), drug loading, encapsulation

efficiency of the three curcumin nanoformulations.

Diameter before Diameter after Drug Encapsulation  Zeta potential
Polymer spray dry (nm)  spray dry(nm) loading (%) efficiency (%) (mV)
PLGA 79 165.8 46.2 92.4 -33.1+0.8
PLGA &
PEG-H-PLA o 159.9 47.1 94.2 -24.7£2.9
PEG-b-PLA 120 144.9 47.7 95.4 -2.5+1.8

Due to the relatively low glass transition temperature of the PLGA used (~60 °C), high
inlet temperature of the spray drier induced active chain motion and resulted the permanent
agglomeration of the particles. The size of PLGA-curcumin nanoparticles increased from 70
nm to about 165 nm (Figure 5-2A). Dimmers and trimmers were formed during the spray
drying process. Also the size distribution after spray drying was boarder compared the size
distribution before spray drying. Less agglomeration was observed for PEG-b-PLA-curcumin

nanoparticles which may be due to the repulsion of PEG brushes (Figure 5-2A).
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Figure 5-2. (A) Size distributions of PLGA curcumin and PEG-b-PLA curcumin
nanoparticles before and after spray dry. Trehalose and leucine were added as excipients.
Ethanol (60% v/v) was also added to the inlet stream. Dash lines: before spray dry. Solid
lines: after spray dry. Black: PLGA curcumin nanoparticles. Red: PEG-b-PLA curcumin
nanoparticles. (B) Growth kinetics of curcumin and PLGA curcumin (at 1:1 weight ratio).
Size change in the first half hour (dash area) is separately plotted in the right corner. Black:

curcumin alone; and red: PLGA curcumin (1:1 weight ratio).

The suspension of PEG-b-PLA nanoparticles is relatively stable, since the long PEG
chains (Mw 5000) form brushes on the surface of the nanoparticles, which provide repulsion
and energy barrier to prevent particle aggregation. Ostwald ripening based on the diffusive
transport of curcumin, which is a slow process, takes most responsibility for the growth of the
PEG-b-PLA nanoparticles. Stable suspension of PLGA nanoparticles relied on the charge
repulsion, which is much weaker, to reduce particle collision and aggregation. Therefore, the

relatively faster growth of the PLGA nanoparticles is our main concern.

87



The growth kinetics of curcumin alone and PLGA curcumin at 1:1 weight ratio were
measured for up to 4 hours, as shown in Figure 5-2B. Growth of curcumin alone followed a
linear fashion with a slope about 3.7 nm/min. The initial size of the nanoparticles was about
60 nm. However, after 30 minutes they grew to be 140 nm and after 2 hours about 500 nm.
The PLGA-curcumin nanoparticles follow the growth kinetics of the polymer initially and
then later curcumin growth kinetics. For the first 30 minutes, PLGA significantly reduced the
growth. Eventually, more curcumin is exposed on the surface of the nanoparticles, and
particle growth kinetics is dominated by the collision rate which is similar to that of the pure
curcumin particles. To maintain the stability of the nanoparticles, flash nanoprecipitation was
integrated with the spray dry, which eliminates growth media and produces dry-powder

within 10 minutes.

5.3.2 In vitro release of curcumin

Slow release of curcumin from the nanoparticles was observed for up to 21 days. Release
slightly depends on pH of the buffer solutions. At lower pH, PLGA and PLA degradates at
faster rates. However, curcumin solubility reduces from 5.3 ng/mL at pH 7.4 to less than 1
ng/mL at pH 2, which hinder the transport and therefore the release of curcumin. The counter
balanced effects of pH are reported in Figure 5-3B to 5-3D. Despite the faster release in the
biological system with enzymes and cell uptake, based on the extremely slow in vitro release
of curcumin from the nanoparticles, we hypothesize that curcumin were still encapsulated in
the nanoparticles when it crossed the biological barriers from GI track to blood stream and
then to central nerve system. The bioavailability of curcumin is mainly determined by the

chemical and physical properties of the nanoparticles.
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Figure 5-3. In vitro release of curcumin from nano-curcumin formulations in MTBE-aqueous

two phase system. (A) Schematic drawing of the MTBE-aqueous two phase system. (B)

PLGA-curcumin formulation. (C) PEG-PLA-curcumin formulation. (D) Hybrid-curcumin

formulation.

5.3.3 Effects of curcumin and curcumin nanoparticles on attenuating morphine

tolerance and dependence

An acute mouse model of opioid tolerance and dependence was used to test the effect of

curcumin nanoformulations compared to unformulated free curcumin.'*>'**'** Morphine

tolerance was developed 2 to 6 hours after the administration of 100mg/kg morphine
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subcutaneous.'”® The development of tolerance was evidenced by significant reduction of
morphine antinociception after 4 hours (Figure 5-4, “MS group”). Tail-flick and hot-plate
experiments were conducted 30 minutes after the subcutaneous administration of 10mg/kg
morphine 4 hours later. Positive control group, dosed with saline initially and 10mg/kg
morphine 4 hours later, exhibited significant antinociceptive effect, while the MS groups (as
the negative control) showed significantly reduced of antinociception, indicative of the
presence of opioid tolerance. All three nanoparticle suspensions of curcumin attenuated
morphine tolerance in both tail-flick and hot-plate tests. PLGA-curcumin nanoformulation
shows almost 100% analgesia in tail-flick experiment. Even the PEG-b-PLA nanoformulation,
which showed the least effect, still had more than 50% analgesia. In hot-plate experiments,
PLGA and hybrid (1:1 wt/wt ratio of PLGA and PEG-b-PCL) nanoparticles showed similar
effects. Despite the superior physical and chemical properties of the PEG-H-PCL nanoparticle
(in terms of particle size distribution, drug loading, and stability, presented in Table 5-1),
PLGA-curcumin nanoparticles presented better efficacy. The main reason is that the negative
charges of the PLGA facilitate the update and transport of the nanoparticles from GI track to
blood stream and central nerve system. We have previously demonstrated the significantly
enhanced oral bioavailablity of hydrophobic drugs carried in PLGA nanoparticles and we

expect PLGA-curcumin nanoparticles to be similar.'**
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Figure 5-4. Effect of curcumin nanoformulations on morphine tolerance. (A) Tail-flick assay.
(B) Hot plate assay. Groups of 3 mice received 500 pL curcumin nanoformulation (20
mg/kg) or saline (MS and Saline group) orally. After 15 min, 100 mg/kg morphine or saline
(Saline group) were dosed subcutaneously. Four hours later, 10 mg/kg were administrated
subcutaneously to all the groups. Tail-flick assay and hot-plate assay were performed 30

minutes after that.

Unformulated free curcumin was also dosed to the mice to compare to the nano-curcumin.
The results are as shown in Figure 5-5, which presented no analgesia effect at a dose of
20mg/kg compared to the positive control MS group. Low aqueous solubility and poor oral
bioavailability take main responsibility for the low efficacy of free curcumin, which limits
curcumin biomedical applications. Nanoformulations protect curcumin from the wide range
of pH change in the gastrointestinal tract and the enzyme along the lumen of the intestine.

Meanwhile the surface and size properties of nanoformulations facilitate the permeation
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through biological membranes, which improve curcumin bioavailability and therefore its

antinociceptive effect.
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Figure 5-5. Effect of unformulated free curcumin on morphine tolerance. (A) Tail-flick assay.
(B) Hot-plate assay. Groups of 3 mice received 500 uL curcumin (20 mg/kg) or saline (MS
and Saline group) orally. After 30 minutes, 100 mg/kg morphine or saline (Saline group)
were dosed subcutaneous. 4 hours later, 10 mg/kg were administrated subcutaneous to all the

groups. Tail-flick assay and hot-plate assay were performed 30 minutes after that.

Challenging the mice with opiate antagonist naloxone will precipitate withdrawal jumps,
which is largely absent in saline control mice, as shown in Figure 5-6. Nano-curcumin was
able to reduce the number of withdrawal jumps when comparing to the MS control group,
especially the PLGA-curcumin nanoformulation. The mice treated with free curcumin

showed no significant attenuation of withdrawal jumps when compared to the MS control

group.
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Figure 5-6. Effect of curcumin and curcumin nanoformulations on morphine dependence.
Groups of 3 mice were challenged with naloxone (10mg/kg) intraperitonealy 5 hours after the
administration of 100mg/kg morphine. The mice were immediately put inside glass cylinders

and the number of escape jumps in 15 minutes was recorded.

5.4 Conclusion

We discovered and reported the effect of nano-curcumin on attenuating morphine
tolerance and dependence. When nano-curcumin was orally administrated to mice at
relatively low dose level following a large subcutaneous dose of morphine, significant
analgesia was observed in both tail-flick and hot-plate experiments. In addition, reduced
numbers of withdrawal jumps were observed with the similar dosing schedules of morphine
and nano-curcumin. Among the three nanoparticle-curcumin formulations (PLGA-curcumin,
PEG-b-PLA-curcumin, and hybrid of PLGA- and PEG-b-PCL-curcumin), PLGA-curcumin
presented best efficacy. Although PEG chains help to prolong particle blood circulation time,
PEGylated nanoparticles, when orally administrated, may be cleared from GI track quickly

and have lower chance, compared to the negatively charged PLGA particles, to pass the
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multiple biological berries. At the same dose level, unformulated free curcumin showed
minimum effect on morphine tolerance and dependence, because of the hydrophobic nature
of the compound and its low bioavailability. Furthermore, it is essential to control the
properties of the nanoparticles in order to improve hydrophobic compound oral
bioavailability. The integrated process of flash nanoprecipitation and spray dry has been
characterized in our previous studies to generate polymeric nanoparticles with high drug
loading, narrow size distribution, well-designed surface charges, and long-term stability. The
well-characterized and controlled nanoparticles provide the platform for drug delivery and

drug discovery.
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CHAPTER 6. CONCLUSIONS

In this thesis, we provide a perspective on the design, formation and characterization of
polymeric nanoparticles for hydrophobic drug delivery. A continuous and scalable process
was developed to generate stable polymeric nanoparticles encapsulating hydrophobic drugs
with high drug loading and narrow size distribution. The potential applications were
demonstrated by generating SR13668 and curcumin nanoformulations for cancer
chemoprevention and pain management.

In Chapter 2, we demonstrated the fundamental mechanisms of self-assembly to produce
nanoparticles using a MIVM. MIVM was able to provide rapid micromixing and high
supersaturation values to produce nanoparticles with controlled size distribution and high
drug loading rate. Dependence of nanoparticle sizes on Reynolds number, supersaturation
value, nature of polymers, drug loading rate, and type of interaction forces was characterized.
Regardless of the definition of Re, there existed a threshold value, over which nanoparticle
sizes were independent of Re. Microscopic images showed the transition of mixing patterns
in the MIVVM with the increase of Re. At high Re over 1400, diffusion across the streamlines
was fast enough and the diffusion length is comparable to the striation length, in which case
with the exposure time of the microscope we could not differentiate the separate streamlines

indicated by the red precipitation of Fe(SCN)X(3"‘)+

. High Re homogenous mixing was
essential to start the competitive kinetics simultaneously and uniformly, which contributes to
the formation of nanoparticles with controlled size distribution and high DLR. The
supersaturation level also played a key role in governing the size of nanoparticles
encapsulating hydrophobic organic compounds in amphiphilic block copolymers. At higher
supersaturation, with higher nucleation rate, more nucleation sites were generated and

nanoparticles were smaller. It was showed that instantaneous mixing ensures the higher drug

loading. With the same composition, traditional nanoprecipitation could never reach the same
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drug loading as achieved by FNP. For a given drug compound, type of polymer, block length
of the polymer, polymer to drug ratio, and presence of coprecipitator would all affect the size
distribution and drug loading. The goal of the design is to match the competitive kinetics of
polymer micellization and drug nucleation and growth.

In Chapter 3, we describe the downstream processing of freeze drying and spray drying
that we have developed to maintain the long-term stability of the nanoparticles. The freeze
dry and spray dry conditions were optimized in order to reproduce/resuspend PEG-b-PCL
and PLGA nanoparticles. For PEG-b-PCL nanoparticles, trehalose at concentration 50 times
the nanoparticle concentration efficiently prevents nanoparticle aggregation. Nanoparticles of
similar sizes before and after both freeze drying and spray drying could be resuspended into
aqueous solutions. For PLGA nanoparticles, the optimized spray drying conditions are
trehalose and leucine (as the excipients) at concentrations 300 and five times of the
nanoparticles respectively and 75 °C inlet temperatures of the spray dryer. Spray drying
compared to freeze drying presented more advantages. The spray dryer was integrated with
the MIVM, which made the process continuous and scalable. Meanwhile, it reduced the
preparation steps (such as dialysis) and time and therefore reduced the chance for particles to
grow.

In Chapter 4, a PLGA-SR13668 nanoparticles was generated based on the process
developed in Chapter 2 and 3. The PLGA-SR13668 nanoparticles greatly increased the
solubility of SR13668 in aqueous solutions and prevented SR13668 from fast clearance.
PLGA was used to encapsulate SR13668 because of its similar precipitation kinetics
compared with SR13668 and its property of mucoadhesion, which facilitated the
nanoparticles to overcome gastrointestinal barriers. High drug loading of 33.3% was achieved.
PLGA-SR13668 nanoparticles significantly enhanced the oral bioavailability of SR13668.

Compared with the Labrasol® formulation, the peak concentration of SR13668 was increased
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more than seven times in whole blood and about three times in plasma in beagle dogs by
using PLGA—SR 13668 nanoparticles. The Cmax and AUCs obtained in dogs using polymeric
nanoparticles were several orders higher compared to the neat drug suspended in
methylcellulose. These results are consistent with our previous studies in mice, despite the
difference between the species. Furthermore, we presented one of the first attempts intended
at using polymeric nanoparticle formulations to increase the solubility of SR13668 for
bioavailability enhancement in large animals.

In Chapter 5, we demonstrated our discovery that curcumin could attenuate morphine
tolerance and dependence using the nanoparticle as the drug delivery platform. Three
curcumin nanoformulations, PLGA, PEG-b-PLA and hybrid (PLGA to PEG-b-PLA 1:1
molar ratio) were generated with high drug loading (about 47%) and small particles with
narrow size distribution. Significant analgesia was observed in both tail-flick and hot plate
experiments by using all three formulations, while free curcumin at the same concentration
showed minimal effect. PLGA curcumin nanoparticles presented the best efficacy, which
may due to easier transport from GI track to blood stream and facilitated uptake of the
particles for the negative charges of the surface. Similarly, curcumin nanoformulations were
able to reduce the number of withdrawal jumps, especially the PLGA-curcumin
nanoformulation, which indicates the attenuated morphine dependence. The mice treated with
free curcumin showed no significant attenuation of withdrawal jumps when compared to the

MS control group.
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