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Abstract

This thesis includes three stages of experiments. The goal of the thesis was to
prepare nanoparticle-encapsulated curcumin for the purpose of drug delivery. The first
step was the nanoparticle preparation. The self-assembly of block copolymer (poly(e-
caprolactone)-b-poly(ethylene oxide)) and curcumin was conducted on a gas-liquid two
phase microfluidic reactor. During preparation, various chemical parameters and flow
rates were tested. The nanoparticles showed flow variability; the size decreased and the
loading efficiency increased with increased flow rates. Increasing the water content and
drug-to-polymer loading ratio also proved to increase loading efficiency and decrease the
size of the nanoparticles. The release profiles, however, showed fast release rates under
various preparation conditions, with a nearly complete release after ~5 h. In the next
stage of the research, we considered release optimization in preparation for future
pharmacokinetic studies. Increasing the flow rate had a greater influence on slowing
down release rates than changing other parameters, such as decreasing the drug-to-
polymer loading ratio or increasing the water content. A procedure to extract and quantify
curcumin from mouse blood was also developed in this stage. In the final stage of the
research, nanoparticle-encapsulated curcumin was tested on a human breast cancer cell
line, MDA-MB-231. The result showed that the nanoparticle formulation had a growth
inhibition effect on MDA-MB-231, although the cytotoxicity was compromised by

encapsulation in the nanoparticles.
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Chapter 1 General Introduction

1.1 General Backgrounds and Goal

A block copolymer consists of homopolymer subunits covalently bonded
together. One interesting feature of block copolymers is their ability to self-assembly into
nanoparticles in a selective solvent.'” Polymeric nanoparticles have the potential in drug
delivery with various chemical conjugations®, responsive photonic crystal for sensing’
and copolymer thin film with nanoscale pores. If block copolymers associate together to
form micellar structures with the hydrophobic block in the core and the hydrophilic block
in the shell in aqueous environments, this nanoparticle is called a regular micelle. On the
other hand, if micelles have their hydrophilic part in the core and hydrophobic part in the
corona contacting with organic media, these nanoparticles are reverse micelles. This
leads to the use of block copolymer nanoparticles as containers for insoluble substances.
For example, nanoparticles can solubilize hydrophobic drugs in their hydrophobic core
and increase solubility of the drug in the blood. Poly(e-caprolactone)-block-poly(ethylene
oxide) (PCL-b-PEO) is widely studied as a drug delivery system because of its

biocompatibility and biodegradability.*®

oot /Otb\/\/\/\ojrl;k
O

Figure 1-1 PCL-b-PEO structure formula

The PCL block was in solution state when it was dissolved in the organic solvent

dimethylformamide (DMF). Then PCL block was considered to transfer to the melt state
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upon mixing with water.” Medicinal drugs, such as paclitaxel and doxorubicin, can then
solubilize in the hydrophobic block, PCL.> ' The degradation of PCL block was
concluded to be hydrolytic cleavage of the ester group.'' The corona, PEO block, is

hydrophilic and helps the nanoparticle to stabilize in aqueous environments.'*

In a drug
delivery application, nanoparticles could be injected into a blood vessel and released to
the tumor with the help of the enhanced permeation and retention (EPR) effect.'* "> The
EPR effect refers to higher permeation and retention of nanoparticle-encapsulated
anticancer drugs due to defective and leaky blood vessel near the tumor site.'® The EPR
effect would strongly depend on the nanoparticle’s structural properties such as size and
morphology. Therefore, we are trying to tune nanoparticles’ size and morphology for the
purpose of improving its performance in drug delivery.'”*!

There are two main approaches for preparing block copolymer nanoparticles. The
conventional method to prepare nanoparticles is self-assembly via chemical forces only,
for example when water is added dropwise to a polymer solution until a certain water

. . 22,23
content is achieved.””

The water content when block copolymers start to spontaneously
form nanoparticles is defined as critical water content (cwc). Amphiphilic block
copolymer self-assembly then leads to the formation of nanoparticles. This approach of
preparing polymeric nanoparticles is defined as the bulk method. Nanoparticle properties
depend on variations such as solvent, pH, block copolymer composition and polymer
concentration. Variations in these chemical parameters will directly influence the
interactions between polymer chains and control nanoparticle morphology.”*® Another

method is to combine chemical forces and external forces such as shear force to produce

the desired morphology. For example, our group developed a microfluidic approach to
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prepare nanoparticles. A regular flow of argon gas bubbles divides a liquid stream into
small segments and greatly enhances the mixing rate on the chip. The circulating flow
inside liquid segments creates high shear rates in the corner of liquid segments, which is
much higher than shear rates created by a bench top stir plate.”” The high shear rate
provides enough energy for newly formed nanoparticles to overcome the repulsion
between nanoparticle corona and the viscosity in the core.”® The aggregation number, the
number of polymer chains in each single micelle, will increase because of the
coalescence of nanoparticles in the high shear corner. The increasing aggregation number
in nanoparticles will result in the chain stretching in the core-forming copolymer blocks.
These high-energy state nanoparticles will then go through polymer chain rearrangement
to relax. And therefore, morphologies with a lower curvature such as cylinder or lamellae
were observed on the microfluidic chip. Previous group members have used PCL-b-PEO,
poly(styrene)-block-poly(acrylic acid) (PS-b-PAA) as model block copolymer systems to
control nanoparticles morphologies and other properties. Joe Wang prepared PS-b-PAA
nanoparticles and observed vesicle morphology while no vesicle was formed using
conventional bulk method.”® Aman Bains encapsulated paclitaxel in PCL-b-PEO
nanoparticles and observed increasing crystallinity with increasing flow rate.’

In this study, we aim to encapsulate curcumin by microfluidic methods. Curcumin
is a hydrophobic polyphenol extracted from a plant of the ginger family, turmeric.”® As a
common food additive in southern Asia, curcumin was found to be reactive to various
biological targets, including enzymes, transcription factors and growth factors. For
example, curcumin can inhibit the proliferation of most cancer cell lines.”””* But the

main limits of curcumin are its insolubility in water and fast degradation at neutral to
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35, 36 : . . . . . .
**” The curcumin degradation in vivo is due to a continuous reduction of

alkaline pH.
double bonds in the heptadienedione chain. Degradation products include di, tetra,
hexahydrocurcumin.’” Curcumin degradation in cell line experiment is considered to be
slower in medium containing serum or human blood comparing to degradation in the
serum-free medium.”’ However, considering the long incubation time in cell line
experiments, degradation of curcumin is still a major problem because it is difficult to
determine whether the observation is the result of curcumin or the degradation products.*®
As a result, there are researches focusing on improving curcumin efficacy. By
encapsulating curcumin into nanoparticles, curcumin may be protected from degradation.
Ma et al. successfully prepared PCL-b-PEO polymeric nanoparticles in bulk to
encapsulate curcumin®®. Grancharov e al. used PEO-b-PCL-b-PEO triblock to synthesis
nanoparticles for drug delivery.” In these studies, there were a few problems. First of all,
the low initial drug-to-polymer ratios resulted in low loading levels. For example, the
highest loading level is only 6 wt % among all conditions in the result presented by Ma et
al*’ Considering drug-encapsulated nanoparticles acting as drug delivery vehicles, low
loading level meant that most of the drug was wasted. Such drug-encapsulated
nanoparticles with low loading levels may not be a successful delivery system in the
further in vivo experiment. In the bulk method, the morphologies, crystallinity or other
features of nanoparticle are influenced by variations in chemical conditions such as the
choices of stirring speed, solvents and polymer compositions. Researchers need to screen
various chemical conditions to see which set of conditions would be the best for a drug

delivery system.
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In this thesis, we intended to use our microfluidic reactor as a platform to prepare
and tune nanoparticles’ structural properties for drug delivery. By applying shear-induced
control on nanoparticle-encapsulated curcumin, the nanoparticles showed pure spherical
morphology, high loading level at 40 wt % and release profile up to 48 hours. These
properties would be desirable characteristics of a drug delivery system for future in vivo
studies. After successfully preparing nanoparticle-encapsulated curcumin, we present in
this thesis the characterizations of nanoparticles’ size, loading level and anti-cancer

activity.

1.2 Polymer
1.2.1 The Concept of Polymer

A polymer is a macromolecule that has a high molar weight ranging from one
thousand to millions of grams per mole.* A polymer is a macromolecule composed of
many subunits that are connected by covalent bonds. For example, polyethylene, a
common plastic, consists of many repeat units of -CH,-CH,-.

The microstructure of polymer chain has an influence on polymer physical
properties. In general, there are three main polymer architectures (Figure 1-2): linear,
branched and network structure. In branched polymers, branches sticking out from the
main chain lead to less efficient chain packing than linear polymers. As a result, branched
polymers have a lower crystallinity than linear polymer. If there are chemical bonds to
connect branched polymer with its neighboring chains together, it will result in a large

three-dimensional network structure called crosslinked polymer.



Linear Polymer Branched Polymer Crosslinked Polymer

Figure 1-2 Three different polymer architectures.

If polymer chains derived from the same monomer, this polymer is called a
homopolymer. But if there are two or more different types of monomers presenting in the
polymer, such polymers can further be divided by the arrangement of monomers into four
categories: statistical copolymer, block copolymer, alternating copolymer and graft
copolymer. Statistical copolymers have two monomers randomly distributed in the chain.
Block copolymers, as the name suggests, consist of two or more homopolymer subunits
covalently bonded together. If two alternating monomers A and B are regularly arranged
along the chain, this is called alternating copolymer. Finally, the structure composed of a
chain of monomer A with blocks of monomer B grafting on it is a graft copolymer

(Figure 1-3).



Alternating copolymer

Random copolymer

,./.\&O@/.”.\O\O\O\._O/

Block copolymer

Graft copolymer

o ®e0o0
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Figure 1-3 Four different arrangements of monomers.

Synthetic polymers cannot generally be assigned an exact molar mass but are
instead described by a molar mass distribution. The reason is that a polymer sample
usually consists of many polymer chains with different lengths. A typical molar mass

distribution is shown in figure 1-4:



Frequency

Molar Mass / g mol-!

Figure 1-4 Polymer molar mass distribution.

Different types of average molar masses can be defined depending on whether the
molar mass characterization method is sensitive to the number or the weight of polymer
molecules. Gel permeation chromatography (GPC) is used to determine number average
molar mass (M,). M, determines the average molar mass of individual polymer
molecules. Small angle laser scattering and X-ray scattering were methods to determine
weight average molar mass (M,,). In a small angle laser scattering experiment, large
molecules have a larger contribution compared to small molecules. Therefore, this
method is more sensitive to the weight of polymer molecules.”’ Molecular weights
determined by such method are termed M,,. In the following equations, NV, represents the
number of polymer molecules with the molar mass M. w; represents the molar mass of

species with the molar mass M;.

Number-average molar mass: M,, = Z;V ;VML = Z(i";’;') (1-1)



M2 M
Weight-average molar mass: M, = ZZNA;Z[- = ZZW ‘:/M‘ (1-2)

The ratio of M, and M,, is defined as the polydispersity index (PDI) that is used to

characterize the polydispersity of polymer samples.

— Mw
PDI = = (1-3)

n

1.2.2 The Crystalline State and the Glassy State

Crystallites are small, locally ordered arrangements of close-packed polymer
chains. Below the melting point of a polymer, polymer chains first align at specific
distances from each other to form nuclei (nucleation). These parallel arrays are then
further packed to form a three-dimensional ordered structure (growth).*' Crystallization is
a temperature dependent process because of the competition between the kinetic effect
and the thermodynamic effect. Thermodynamics describes how stable one state versus
another state. A common thermodynamic quantity is free energy, 4G. Due to the process
of ordering, the entropy of crystallization is a negative number. At a high temperature, -
TAScrysir term becomes big enough so that 4Gy becomes a positive number. In this
situation, crystallization process would be thermodynamically unfavorable. If the
temperature is lower than a certain level where 4G 1s below 0, then crystallization
process would be thermodynamically favorable. Even though the negative free energy,
4G, can suggest that the products are more stable than the reactants, the reaction is still
dictated by the kinetic effect. The kinetic effect determines how fast the species will be
reacted. In crystallization process, the kinetic effect will dominate the process because
chains may not have enough mobility to allow crystallite growth in the experimental time

41,42

scale. Therefore, crystallization will only happen at a temperature below the melting
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point where the negative enthalpy contribution to the free energy of crystallization is
sufficiently large and above glass transition temperature (7;) where polymer chains have
sufficient mobility.

Non-crystalline (amorphous) state of polymers can be further divided into two
different kinetic states, the rubbery/viscous state and the glassy state. Above the glass
transition temperature (7}), disordered polymer chains are highly dynamic such that the
polymer material is rubbery or viscoelastic and can dissipate the stress applied on it by
conformational changes of chains. Below the 7, (glassy state), on the other hand,
disordered polymer chains are kinetically frozen and cannot change conformation under

applied stress. Therefore, the material is often brittle in this state.

1.3 Block Copolymer and Micelle
1.3.1 Formation of Nanoparticle

Block copolymers have the ability to spontaneously self-assemble into
nanoparticles in a selective solvent so that the free energy is minimized.”*” The free
energy consists of two terms, entropy and enthalpy. Both terms may increase or decrease
depending on parameters in the solution, such as the water content, polymer composition
and solvent. Enthalpy may decrease because of decreasing unfavourable interactions
between the hydrophobic blocks and water. On the other hand, enthalpy may also
increase because of the repulsion between corona chains. In terms of entropy, it may
decrease due to various reasons: repulsion between core-forming chains or increased
stretching of corona-forming chains. Entropy may increase due to the hydrophobic effect:
the hydrogen bonds formed by water molecules around hydrophobic blocks are broken

upon micellization when hydrophobic chains are incorporated into the core of
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nanoparticles. For example, for PCL-b-PEO, PEO is the hydrophilic block and can

dissolve in the aqueous solution while PCL, the hydrophobic block, only dissolve in the
organic solvent. When PEO-b-PCL is in a polar organic solvent, for example
dimethylformamide (DMF), both blocks are able to dissolve such that single chains are
dispersed in the solvent. The addition of water significantly changes the polarity of the
polymer/DMF solution. As the percentage of water increases, the environment becomes
more and more unfavourable for hydrophobic blocks. The block copolymers start to
associate and form nanoparticles when the water content is above the critical water
content (cwc). Under this situation, PCL will form the core to minimize the interaction
with aqueous environments.

Just above the critical water content, nanoparticles and single chains are in
dynamic equilibrium such that dissociation and association are happening at the same
time. Therefore, the standard Gibbs free energy of micellization can be expressed as
follows based on the relation between AG and the equilibrium constant:

AG® = RTIn(cmc) — RTm™In ([C,,]) (1-4)

In the equation, CMC represents critical micelle concentration that is equal to the
molar concentration of single chains, while C,, represents the molar concentration of
nanoparticles. And m is the association number, the number of single chains per

nanoparticle. The above equation can be written as follows when m is sufficiently

large.42, 48, 49
AG® = RTIn(cmc) (1-5)
AH® = p&Riame) lnéimc) (1-6)
T

AS® = (AH® — AG")/T (1-7)
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Therefore, one can estimate the contributions of enthalpy and entropy to the
Gibbs free energy of micellization by the sign and magnitude of enthalpy and entropy. As
the water content increases above cwc, the hydrophobic blocks will have very slow
dynamics due to -crystallization or vitrification. Therefore, in deionized water,
nanoparticles are no longer in dynamic equilibrium anymore, which gives us the
opportunity to characterize their properties such as the size and morphology. The critical
water content can also be determined by static light intensity measurement. In this
measurement, water is added to a polymer solution drop by drop. As the water content
increases, polymer chains will not be able to form nanoparticles until the water content
hits the cwc value. Therefore, at the point of cwe, there will be a significant change of the

light intensity.

1.3.2 Morphologies

By minimizing the Gibbs free energy per block copolymer chain in nanoparticles,
the association number and morphologies can be determined. For example, a small
interfacial area per chain (denser chain packing at the interface) results in a lower
interfacial energy per chain (decreasing the enthalpy) but stronger repulsive force
between solubilized coronal blocks (increasing the enthalpy) and increased stretching of
hydrophobic blocks in the core (decreasing the entropy). When the stretching of blocks in
the core reaches a critical limit determined by the negative entropy contribution to the
free energy, the nanoparticles will change morphology to decrease the concave curvature
of the core/corona interface which increases the free volume between hydrophobic blocks
and thus decreases the entropic penalty of stretching. Various morphologies under TEM

are presented in Figure 1-5.
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A. Sphere B. Cylinder C. Lamellae
PCL,¢-b-PEOg, PCLg 4x-b-PEOs, PCL,«-b-PEOs,

Figure 1-5 Various nanoparticle morphologies of PCL-b-PEO. A. sphere. B. cylinder.

C. lamellae. Scale bar is 200 nm.

Two decades ago, Eisenberg reported the first example of multiple block
copolymer nanoparticles morphologies in the system of polystyrene-block-poly(acrylic
acid) (PS-b-PAA) in aqueous solutions. These morphologies included sphere, rods,
lamellae, vesicles, reverse nanoparticles and a needle-like solid.”> This group also
investigated the effect of the relative hydrophilic and hydrophobic block lengths and the
effect of adding homopolymers on the morphologies. As the length of the hydrophilic
block (PAA) decreased, the morphology changed from sphere to cylinder and then to
vesicle and lamellae structure. In contrast, adding hydrophobic homopolymers (PS) will
increase the aggregation number of the core-forming blocks. The high entropic penalty
will decrease by changing the morphologies in the direction from the bilayer aggregates
(vesicles and lamellae) to spheres. Adding salt increased the electrostatic screening

among PAA blocks (corona forming block). The decreased charge on PAA results in a
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higher aggregation number and shifts nanoparticle morphologies from sphere to rod and
bilayer. Finally, the water content was found to be able to change the boundary of these
morphology transformations; higher water contents shift transition the boundaries to

lower polymer concentrations.

1.4 Drug Delivery to Tumor Using Polymeric Nanoparticles
1.4.1 Passive Delivery and Active Delivery

Current anti-cancer drugs are developed based on their interactions with various
biological pathways. Anticancer drugs’ side effects are often attributed to their ability to
kill cells indiscriminately.”® Therefore, there is a need to develop drug delivery vehicles
to target the drug more directly to the tumour cells. Moreover, some promising anticancer
drugs failed to proceed to the formulation development because of their poor
bioavailability or insolubility in the aqueous environment. As a result, to enhance drug
efficacy, an increasing number of anti-cancer drug formulations employ targeted drug

. 17,51-54
delivery.'”

In this section, we will focus on drug delivery carriers composed of lipids
or polymers. Encapsulation of drugs within such nanoparticles mitigates several
undesirable properties of anticancer drugs, including low solubility in blood, cytotoxicity
on normal cells, unfavourable pharmacokinetics and undesired biodistribution.”> These
nanoparticle-based drug delivery methods can be grouped into two categories: passive
and active targeting.

Passive targeting is the result of the enhanced permeability and retention (EPR)
effect (Figure 1-6).'° As a tumour grows, it requires more nutrition and oxygen. As a

result, tumor cells release signals to grow blood vessels near the tumour sites to transport

nutrients and oxygen. Those newly grown blood vessels often have higher permeability
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than blood vessels in healthy tissues and so allow nanoparticles of a certain size to
permeate through the gaps between endothelial cells and localize in this affected area.'’
This EPR effect depends on the sizes of the nanocarriers and the gaps in blood vessels.
As a result, drugs can passively accumulate in the affected area rather than distributing

throughout the body.
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Figure 1-6 The EPR effect where vasculature is defective around tumor site.

Active targeting drug delivery systems often employ chemical conjugations or
surface modification. Some nanocarriers achieved selective release by using pH- or
temperature-sensitive polymers.”” *® Others used external heat, magnetic fields or

23 Tee et al. developed a pH-

ultrasound to guide nanocarriers to the tumour sites.
sensitive polymeric carrier that degrades in slightly acidic environments, for example the
usual environment around cancer cells, leading to the enhanced and faster accumulation
of doxorubicin in the desired area.”® Sershen et al. used poly(N-isopropylacrylamide)
NIPAAM (which has a lower-critical solution temperature slightly above the body

temperature), acrylamide, gold sulfide and gold shell to form a temperature-sensitive

drug delivery system. The gold sulfide and gold form the shell of the nanoparticle and
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respond to the irradiation by the light and transfer the heat to hydrogels made from

NIPAAM-co-N,N -methylenebisacrylamide copolymer. As a result, the temperature-

sensitive hydrogel collapses and results in controlled release.>

1.4.2 Block Copolymer and Lipids in Drug Delivery

An important type of passive drug delivery nanocarriers is block copolymer
nanoparticles containing a biocompatible hydrophilic corona-forming block. PEO is the
most commonly used drug delivery carrier corona. It has been approved by the FDA to be

17, 18, 20, 57-60

used in the drug delivery for years . PEO corona was proved to prevent the

opsonin absorption and macrophage clearance'> °'

. Phagocytosis is an important
mechanism by which the body protects itself. However, phagocytosis could clear
pathogens as well as drug delivery vehicles or other therapeutic agents. And therefore it
could be a barrier preventing drug delivery vehicles from accumulating in the human
body.” 7 It turns out that the hydrophilic PEO corona can be used to avoid being
phagocytized'®. The PEO corona also helps to minimize undesirable interactions with
products in the blood. Therefore, PEO successfully increases the circulation half-life of
nanoparticle-encapsulated drugs in the body and, in combination with the EPR effect,
increases the accumulation of drugs in the diseases area.® Kabanov AV et al. first
reported using PEO block copolymers as the drug delivery carrier. They achieved a
drastic increase in the drug effect.”> G Kwon et al. encapsulated doxorubicin into PEO-b-
PBLA nanoparticles. For the hydrophobic block, PCL and PS are widely studied for drug
delivery carriers. The hydrophobic blocks generally form the nanoparticle core in

aqueous environments and act as a reservoir for drugs suffering from poor solubility in

the aqueous biological media.
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Besides polymeric nanoparticles, lipids are also widely used as drug delivery
nanocarrier materials. Liposome drug delivery systems include emulsions and solid lipid

: 3, 64,65
nanoparticles® °*

. Solid lipid nanoparticles contain drugs that are homogenously
melted into lipid. Such nanoparticles have been used to encapsulate doxorubicin, timolol,
idarubicin etc.®

Lipid-polymer hybrid nanoparticles have also been used as a drug delivery
system.”" ® ¢ The core consists of hydrophobic polymer chains, which is used as the
reservoir for drugs. The hydrophilic polymer forms the shell and aims at increasing the
nanoparticle circulation half-life. Lipids are placed at the interface of these two polymer
chains and act as a barrier to the fast and immediate release of drugs inside the core.
Using such a hybrid delivery system, the loading efficiency increased and the release rate
slowed down compared to polymeric carriers that did not contain lipids.*®

Although lipids are also popular in the drug encapsulation, the major disadvantage
is the relatively high critical micelle concentration. The critical micelle concentration
(cmc) of lipids was around 107 to 10™*.°® The cmc of lipids is much higher than the cmc

of the amphiphilic copolymers (10 to 107). Therefore, the low cmc makes polymeric

nanoparticles more stable during the dilution and more robust as a drug delivery carrier.”

1.5 Characterization of Drug Delivery Nanoparticles
1.5.1 Dynamic Light Scattering (DLS)

DLS is used to characterize the hydrodynamic diameter of nanoparticles. This is a
technique to determine the size distribution profile of a suspension. As nanoparticles
move randomly in the solution, the distance among them and the intensity of the scattered

light will also change. Big particles will have slower movement while small particles



18
move relatively faster. Therefore, the scattered light intensity is related to the size of

particles. According to the Stokes-Einstein equation, we can then calculate the
hydrodynamic diameter of nanoparticles by determining the diffusion coefficient (Do)

from the scattered light intensity.

_ KBT

(1-8)

- 6mn Dy

1.5.2 Transmission Electron Microscopy (TEM)

TEM is an application of electron diffraction. Current wave-particle duality states
that matter, such as electrons, sometimes also behave like a wave. The wavelengths of
electron waves are much smaller than visible light wavelengths. Visible light has
wavelengths around 400 nm to 700 nm. But according to the de Broglie equation, the
wavelength of electrons can be as small as picometer scale depending on the voltage

applied to it.
de Broglie equation : 1 = % = — (1-9)

Since the resolution of microscopy is determined by the wavelength of the
emission source, TEM is able to work at a very high resolution.

The TEM image is generated when an accelerated electron beam passes through a
thin film of the sample and scatters to different angles. When electrons hit the region with
light atoms such as carbon, the scattering will be weak. On the other hand, heavy atoms
will result in higher scattering. Therefore, the electrons that are not scattered then pass
though the specimen and will be recorded by the camera. The bright area represents the

higher transmission region while dark area means the lower transmission region.
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In this study, PCL-b-PEO composed of mostly carbon atoms will have very high

transmission and will not be able to provide enough contrast on TEM image. Therefore,
we used uranyl acetate to stain our samples. Uranyl acetate, with a very heavy weight,
binds to PEO blocks. As a result, the nanoparticles’ core-forming blocks, PCL, had bright

shapes under TEM.

1.5.3 Loading Efficiency and In Vitro Release Against PBS

High-performance liquid chromatography measures how many drugs were
encapsulated inside the nanoparticles and how fast it will be released out in an
environment similar to human. The definition of loading level, loading efficiency and

initial loading ratio are listed as follows:

massof drug/g

r(initial loading ratio) = (1-10)

mass of polymer/g

mass of encapsulated drug/g

Loading ef ficiency = x100% (1-11)

mass of total drug used/g

Loading level = ™= of encapsulated drug/g _ loading ef ficiency xr (1-12)

mass of polymer/g

The HPLC system we used equipped with a hydrophobic C18 column. When the
sample was injected into the HPLC carrying by the mobile phase, the molecules we are
interested in will interact with the column while the hydrophilic part in the sample will be
carried forward. Then the separated phases pass through the UV detector and the
integrated area of its absorption at a certain wavelength is the indication of its

concentration.

1.5.4 Cytotoxicity by Anti-proliferative Assay
A cell-based assay was used to investigate the cytotoxicity of the chosen agent,

with and without nanoparticle encapsulation. The MDA-MB-231 cell line was chosen
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because it is believed to provide more extensively vascularized tumours in animals. Since
we planned to take this work forward to animal studies in the future, we decided to start
with MDA-MB-231 cell line for the in vitro studies.” The key value generated by the cell
line study is ICsq. ICsy is the drug concentration that can inhibit the growth of 50% cancer

cells.

1.6 Therapeutic potential of Curcumin
1.6.1 Curcumin in General and Its Limitations

Curcumin is a hydrophobic polyphenol extracted from a plant of the ginger
family, turmeric. It exists predominantly in its diketone form in water, but in its enol form

in organic solvents.

CH, o O CH,

Figure 1-7 Keto (bottom) form and Enol (top) form of curcumin.

Curcumin received extensive researches at the early stage of drug formulation
development because of its potential as anti-inflammatory, antiproliferative and

antiangiogenic agent.”'”

In terms of toxicity, no obvious side effect was noticed at a low
dose. At a dose higher than 100 mg/day, curcumin may cause diarrhea, skin rash and

other side effects.”® Despite its attractive qualities in various biological activities such as
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anti-oxidant, anti-carcinogenic and anti-bacterial, curcumin failed to progress to the
formulation development because of its poor bioavailability, rapid degradation and being
reactive to various targets. According to Wang et al., curcumin blood circulation half-life
was below 5 mins.”® The rapid degradation led to the question whether the therapeutic
effects were the results of curcumin or other reactive degradation products. Other
drawbacks of curcumin reported in the reviewed literature are listed below. According to
Y.J. Wang et al., 90% curcumin decomposed in the PBS serum-free solution at 7.2 pH
and 37°C. Further experiments also revealed that curcumin would be more stable in the
environment containing fetal calf serum or human blood.’® Moreover, curcumin also had
low aqueous solubility. Kurien BT et al. reported that water solubility of curcumin is only
0.6 pg/mL.”” The drug’s serum concentrations, tissue distributions and half-life times are
all indications of the bioavailability of a molecule’®. The serum concentration is the
concentration of the molecule in the blood plasma after administration. From several
clinical trials and animal studies, even when administering several grams of curcumin,
there was only a trace of curcumin presenting in the blood”>”> ™ * . Another indication of
the bioavailability is the drug’s tissue distribution. Tissue distribution determines the
amount of curcumin in each organ after administration. From the research by Pan et al.
summarizing curcumin concentrations in each part of human and rodents, the result

showed that the absorption in the body was also low (dose = 100 mg/Kg body weight)®'.
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Table 1-1 Curcumin distribution in mice organs after 1h of intravenous injection

Curcumin Total Curcumin Organ /g or
Sample or Tissue

ug/e ug/total organ Plasma/mL

Plasma 0.60 + 0.03 0.52+0.03 0.86 £ 0.01
Kidneys 7.51+0.08 3.00+0.03 0.40 +0.07
Spleen 26.06 + 1.06 2.61+0.11 0.10+0.01
Liver 26.90 +2.58 33.09+£3.17 1.23+0.08

Brain 0.41 +0.01 0.18 +£0.01 0.43+0.04
Intestine 117.04 £ 6.86 319.52 +£18.73 2.73£0.27

Curcumin is less potent compared to the typical anti-cancer drugs’, such as

182, 83 84, 85

paclitaxe or doxorubisin™" ™. In clinical trials or cell line experiments, only a very
high therapeutic dose of curcumin was proved to be effective. Table 1-1 suggests that the
poor absorption of curcumin in the intestine, the low plasma concentration and the fast
exclusion and metabolism in bile and liver make it difficult for curcumin to reach its
targets. Moreover, Nelson et al. reviewed several reported activities of curcumin such as
inhibiting HAT p300™ and tau fibril formation®’. The author criticized that most papers
he reviewed failed to consider the assay interference, curcumin instability and off-target
effects. Therefore, curcumin was not considered as a promising therapeutic agent.*®
Knowing the challenges of curcumin, there were several researches focusing on
improving its instability. Banerjee ef al. improved curcumin’s hydrolytic instability by
binding it to metal ions such as cobalt (III), zinc(I) and ruthenium(IT).”® The curcumin

modified complexes showed an improved pharmacological effect. Therefore, a new

direction for curcumin research is to improve its solubility, selectivity and stability first.
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1.6.2 Free Curcumin in Clinical Trials

There were several reports about free curcumin phase one and phase two clinical
trials. Both Phase 1 and Phase 2 clinical trials are designed to test new medicines on
humans and to determine the safe dose and side effects. The difference is, in phase 1
clinical trials, the drug is tested on healthy volunteers. The goal is usually to investigate a
range of dose. But in phase 2 clinical trials, the drug is tested on patients. In phase 2
clinical trials, the objective is to determine the drug’s efficacy and side effects. Sharma et
al. conducted a phase 1 clinical trial evaluating the efficacy of curcumin in treating
colorectal cancer. Three biomarkers of activities of curcumin were monitored after one
hour of oral administration for four months. The experiment did not conclude a definite
optimum dose for treating gastrointestinal cancer due to low bioavailability of curcumin.
Only one biomarker, prostaglandin E2 (PGE2), was affected by curcumin occasionally.
Moreover, only the highest dose (3.6 g/day) was discussed in the paper, which indicated
that low dose of curcumin might not be detectable or therapeutically effective in this
study. Moreover, the researchers did not exclude the possibility that both curcumin and
its degradation products might be bioactive in this experiment.”

Cheng et al. also conducted a phase 1 clinical trial for the purpose of evaluating
curcumin’s biologically effective dose. There were 25 participants with different kinds of
cancer types. They took curcumin orally from a starting dose, 500 mg/day, to 8000
mg/day. And by monitoring biological components that worked as cell signaling or
transcription of genetic information, they concluded that curcumin had a

chemoprevention effect on bladder cancer and oral leukoplakia.” 7

However, there were
several questions in their research. First, they did not use a placebo as the control.

Second, they reported that there was no “treatment-related toxicity”, which ignored life-
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quality related problems such as nausea and diarrhea. Finally, although both Cheng et al.

and Sharma et al. conducted the phase 1 clinical trial under similar conditions (bare
curcumin, oral administration, similar dose per day), their results of the curcumin plasma
concentration after one hour had a huge discrepancy. Cheng et al. reported a plasma
concentration around 510 nM while Sharma ef al. only detected 11 nM curcumin in a

very similar experiment setting.

1.6.3 Curcumin in Drug Delivery Systems

Since the clinical trial results of bare curcumin described above were not
promising, the research of curcumin has been shifting away from bare curcumin to
developing drug delivery vehicles for this unstable drug. Encapsulation of curcumin in
polymeric nanoparticles may mitigate many of the problems associated with curcumin.
We would expect that encapsulation should improve overall bioavailability for curcumin
or reduce the rate of decomposition. Ma Z et al. prepared PEO-b-PCL nanoparticle-
encapsulated curcumin. They compared polymers with several different PCL block
lengths and found out that PEO(5k)-b-PCL(13k) was the best carrier material due to its
relatively high loading efficiency. Upon encapsulation, curcumin was dissolved in PCL
blocks rather than aqueous environments. Therefore, the encapsulation not only increased
the solubility and stability of free curcumin but also increased the possibility to achieve
passive accumulation in the tumor due to the EPR effect. The cytotoxicity tests on four
different cell lines, B16-F10, SP-53, Mino and JeKo-1, showed that cytotoxicity is
concentration-dependant, suggesting that the cancer cells viability decreased with an
increase of drug concentration. Moreover, after testing with different nanoparticle-

encapsulated curcumin concentrations, the result showed that the cytotoxicity of
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curcumin was not compromised even if it was encapsulated in the nanoparticles.**
Raveendran et al. used solvent dialysis method to prepare pluronic/PCL nanoparticles.
The loaded nanoparticles had sustained release over 100 hours. This drug delivery system
was also proven to be compatible with blood by hemolysis study and stable in PBS.
Besides the cytotoxicity test, fluorescence microscopy showed that colorectal
adenocarcinoma cancer cells took up more encapsulated curcumin than taking up free
curcumin. This research showed that the pluronic/PCL system improved curcumin’s poor

® Song et al. performed a pharmacokinetics and

absorption and bioavailability.”
biodistribution study using tri-block copolymers as the carrier material. They successfully
prepared nanoparticles with a small average hydrodiameter of 26 nm and a high loading
efficiency of 70 wt %. After the nanoparticles were injected intravenously into mice,
curcumin concentrations in plasma were similar between free drug and encapsulated drug
from PK study. Both concentrations dropped quickly in the first hour after injection.*
This study indicated promising results at the stage of nanoparticle structural properties
control. However, due to the fast elimination of curcumin, this drug delivery system was
not effective in terms of the controlled release and bioavailability.

In summary, encapsulated curcumin was reported to have higher solubility and
increased stability and bioavailability than free curcumin. However, most papers
reviewed in this section did not consider or check the effect of curcumin degradation
products. Moreover, encapsulation in nanoparticle could use EPR effect to accumulate in
tumor and partly solve the drawback that curcumin is non-selective. However, more

problems need to be solved regarding the drug delivery system, such as improving

loading efficiency, cytotoxicity and controlled release.
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1.7 Microfluidics for Drug Delivery

1.7.1 Two-Phase Microfluidic Reactor

In the previous section, most of the polymeric nanoparticles were prepared using
a conventional bulk method. Over the past few years, our group has developed a
microfluidic reactor and studied its influence on polymeric nanoparticles. The
microfluidic reactor has small size channels with diameters around 100 nm to several
micrometers. It provides advantages such as a small reaction volume, fine tuning flow

rate and a higher area-to-volume ratio. Reynolds number determines flow dynamics.”
Re = &= (1-13)

In the above equation, Re represents Reynolds number, which is used to describe
the fluid flow situation. A large Reynolds number (over 2400) indicates the turbulent
flow while small number represents the laminar flow. p is the density of the solution with
a unit of kg/m’. v represents the velocity of the solution in the channel. p is the dynamic
viscosity. D is the diameter of channels. Therefore, for the microfluidic reactor with
channels of a couple micrometers, the Reynolds number is so small that the flow is
usually laminar flow. As the result, after injecting different chemicals into the channel,
the liquid will flow as parallel layers with diffusion between different layers. This is the
idea behind single-phase microfluidics where the main means of transportation between
fluids is diffusion.

Julian Thiele ef al. used single-phase microfluidic chip to prepare monodispersed
P2VP-b-PEO vesicles.” Three different fluid streams were injected through
perpendicular crossed inlets. After they joined together, it flew forward as laminar flow.

The result showed that they were able to manipulate the size of vesicles from 40nm to



27
2um. Rohit Karnik et al. also investigated the optimization of self-assembly nanoparticles

by using single-phase microfluidics on PLGA-b-PEG block copolymer nanoparticles. By
tuning the flow rate, polymer concentration and composition, they were managed to
improve the polydispersity, control the size and release profile after encapsulation of
drug.”

A major disadvantage of single-phase microfluidic reactor is its slow mixing.
Since fast mixing is preferred in nanoparticle synthesis, there are several ways to increase
mixing. One way to increase the mixing in the channel is to incorporate two immiscible
solutions. In this situation, the liquid with higher surface tension forms drops of solution
carried forward by the other liquid. Another method is to incorporate liquid and gas
together on a microfluidic reactor.””** Our group started to investigate the gas liquid two-
phase microfluidics so that the higher shear force can be used to prepare nanoparticles on
the chip. See Figure.1-8. In the gas liquid two-phase microfluidics, different streams of
fluids are injected into the channel. Another stream of argon gas is joined together with
the fluid streams. The gas forms gas bubbles and compartmentalizes the liquid stream
into small segments. As liquid and gas segments proceed into mixing and processing
channels, the recirculating flow in the liquid segments significantly increases the shear
force around the corner of the segments. The high shear created in the segments corners
provides energy for nanoparticles coalescence and polymer chains rearrangement. After
the collision of nanoparticles, newly formed nanoparticles with greater aggregation
numbers are at a high unstable energy state. The high free energy particles will undergo
on-chip relaxation until they reach equilibrium. This relaxation process is achieved via

polymer chain rearrangement. As a result, we would be able to observe morphology
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transition.”® Nanoparticles either go through break-up process to form high curvature
structure with small size and aggregation numbers or form low curvature structures such
as cylinder and lamellae via shear-induced coalescence. In summary, there are three
shear-induced mechanisms that result in morphology change. The first is break-up where
big morphologies such as cylinder and bilayer break and form more thermodynamically
stable morphologies such as small spheres. In this process, the chains are relaxed by
reducing aggregation number. Another mechanism is coalescence where small spheres
join together to form large morphologies. This mechanism reduces chains stretching by
forming low curvature structures such as cylinder and lamellae. The third is
crystallization where crystallinity inside the nanoparticle increases when shear force
increase. Depending on the flow rate and other chemical parameters, coalescence and
crystallization mechanisms may coexist or one of them will be dominant. Therefore, by
controlling the flow rate of microfluidics, the morphology and also crystallinity can be

manipulated.

1.7.2 Microfabrication of The Microfluidic Reactor Used in This Thesis

The two-phase microfluidic reactor used in this thesis has four inlets and one
outlet. One of the four inlets is used to inject argon while the other three are used as the
inlets for the polymer/drug solution, solvent DMF and solvent-water mixture solution.
Then after the four streams join together, the regular gas stream mixes with the liquid
stream and forms gas and liquid segments. Then the inlets are followed by a 100mm long
mixing channel. The mixing channel has a sinusoidal shape and is 100um wide, 100mm

long and 150 pum deep. After that, a mixture of gas and liquid flows through the



29
processing channel which also has a sinusoidal shape. The processing channel is wider

and longer than the mixing channel with a width of 200 um and a length of 740 mm.
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Figure 1-8 Photomask of the microfluidic chip.

There are two steps in making the microfluidic chip. The first step is making
master chips. The specific process was described in Figure 1-9. First of all, SU-8, a
photocurable material, is spin-coated on top of a clean silicon wafer. SU-8 would be
cured on top of the silicon wafer after exposure to UV light. The depth of the spin-coated
SU-8 layer on the wafer is 150 pum, which is controlled by the speed and time of
spinning. Then the silicon wafer is transferred to a hot plate so that the solvent could
evaporate and leave a hard coat on top of the wafer (Figure 1-9. step 2 pre-bake). Next,
the photomask with the microfluidic reactor image is placed on the SU-8 layer and
exposed to UV light. The features on the reactor image are transferred onto the SU-8
layer. The SU-8 part that is exposed to UV light would be cured while the other part that

is hidden under the photomask would be washed away in the developing solution.
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The next step is using the master chip to make a polydimethyl siloxane (PDMS)

reactor. See Figure 1-10. This step uses the master chip as a negative model. PDMS and
the curing agent are first measured to a specific weight ratio. Then PDMS and the curing
agent are mixed up and degassed by a vacuum oven. Then the mixture is poured on
master chip and forms a replica mold of the master chip. After the mold becomes hard, it
would be peeled off the master chip gently. Then a PDMS covered glass slide is bonded
to the PDMS chips by oxygen plasma treatment followed by heating on a hot plate. The
methyl groups on the PDMS surface would be oxidized during the plasma treatment.
After the oxygen plasma treatment, the PDMS mold is placed on the PDMS covered

glass slide and sealed by heating.
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Figure 1-9 Procedure of making a master chip.
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Figure 1-10 Procedure of producing PDMS chip.

1.8 Outline of Thesis: Description of Chapters

This thesis focuses on the application of microfluidic on curcumin drug delivery.
The remaining chapters consist of three experimental chapters and a conclusion chapter.
Experimental chapters discussed chemical parameters’ influences on various properties
of nanoparticles such as size, morphologies, loading efficiency, release rate and
cytotoxicity.

Chapter 2 will describe microfluidics manufacturing and characterization of

curcumin loaded PCL-b-PEO nanoparticles by TEM, DLS, loading efficiency and release
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rate. It was shown that drug-loaded nanoparticles prepared by our microfluidic reactor
had a more uniform distribution and better loading efficiency than the nanoparticles
prepared using a more traditional bulk method. Both size and loading efficiency are
controlled by flow rate and water content.

In Chapter 3, optimization experiments were done based on results from the
previous chapter. It was concluded in Chapter 2 that the microfluidic reactor provided
control over the size and loading efficiency. However, the release profiles we had from
Chapter 2 were too fast for the possible in vivo pharmacokinetic experiment. In this
chapter, we changed flow rate, drug-to-polymer ratio and water content, and investigated
each parameter’s influence on the sample’s release rate. The result showed that
increasing flow rate had the most significant effect on release rate. In this chapter, the
procedure of extracting curcumin from plasma was developed. A calibration curve was
obtained.

Chapter 4 describes the anticancer activity of curcumin loaded PCL-b-PEO
nanoparticles on human breast cancer cell line MDA-MB-231. The group of samples
with highest loading efficiency and smallest size were chosen. ICsy values, the
concentration of a drug formulation when 50% cells growth is inhibited, were collected.
The result showed that curcumin was able to inhibit the growth of breast cancer cells.
However, the cytotoxicity was compromised after encapsulation in the nanoparticle.

Finally, Chapter 5 provides the general conclusion, outlook and future work.
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Chapter 2. Microfluidics Manufacturing and Characterization of

Curcumin-Loaded PCL-b-PEO Nanoparticles

2.1 Introduction

Drug delivery is the method that can be used to modify drug release, distribution,
and elimination for the improvement of its efficacy.'® Cancer treatment is an example.””
Distributing anticancer drug through blood stream may lead to side effects because of the
un-desirable interactions in the body. Therefore, there has been great interest in using
drug delivery system to target tumor cells and increase circulation time of drug in the
blood. Encapsulation of anticancer drug in polymeric nanoparticles was one of these.'%"?
One explanation why drug delivery system could improve the anticancer drug efficacy
and reduce its toxicity to healthy tissue was enhanced permeation and retention effect
(EPR)."*'* As tumour growing, it requires more nutrition and oxygen. Therefore, tumour
cells release signals to grow blood vessels to transport nutrition and oxygen. However,
these newly formed blood vessels were different from the blood vessels in the healthy
tissue. These blood vessels were more porous with defective structure. Nanoparticles
with a certain size will not only control the release of the drug but also localize
specifically in the tumour sites with such defective blood vessel structure. Once the
nanoparticle locates in the tumour site, the porous structure of blood vessels results in a
lower pressure in the tumour and makes it difficult for the nanoparticles to be removed

from the tumour sites. Therefore, the EPR effect explained why nanoparticle

formulations could be used to improve drug’s efficacy.

The control over nanoparticles’ structural properties is of great interest because it

dictates nanoparticles’ in vivo performance as drug delivery vehicles. For example, since
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the EPR effect in the solid tumor was discovered, this characteristic of the tumor has been
utilized in the antitumor drug delivery of the macromolecular drugs."” Depending on the
type of the tumor, nanoparticles within hundreds of nanometers have a higher
permeability and retention rate in the tumor. The localized nanoparticles then release
payloads inside the tumor. Geng ef al. reported that the cylindrical micelle had higher
loading efficiency and longer circulation time up to one week. This circulation time was
ten times longer than its spherical counterparts.' Moreover, the crystallinity of the core-
forming copolymer block may influence the morphologies of nanoparticles because the

low curvature morphology was preferred when the crystallinity increased.'’

The anticancer drug we chose to be our model drug was curcumin. Curcumin is a
polyphenol molecule extracted from Turmeric, a plant in the ginger family. There have

- . 18-21
been plenty of arguments about curcumin as anticancer drug.

In Chapter 1, we have
reviewed researches about curcumin in the clinical trials, its therapeutic effects were
questioned due to the poor stability and being non-selective. Although there has been a
new direction for researches about encapsulating curcumin into nanoparticle for the drug

22,23,24

delivery purpose , there were still problems needed to be solved, such as curcumin
degradation products, improving size control and loading efficiency of nanoparticles and
release rate control. In this chapter, we explored a systematic control via the two-phase

microfluidic platform over nanoparticle-encapsulated curcumin so that we can tune the

structural properties of different drug delivery systems to achieve better efficacy.

Previous members of the Moffitt group have applied the gas-liquid segmented
microfluidic reactor in the synthesis of block copolymer nanoparticles for drug

delivery.”?" In these studies, Joe Wang prepared polystyrene-b-polyacrylic acid (PS-b-
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PAA) nanoparticles using microfluidics. The morphologies of samples prepared on-chip

were found to be different from conventional bulk experiments.”® The “on-chip” method
generated spheres, cylinders, Y-junction bilayers and network morphologies while there
were only pure spheres from bulk experiments. He proposed that high shear on the
microfluidic chip provided the energy for small spheres to overcome the repulsion
between coronas and collide into the bigger spheres. Then due to the higher aggregation
number, the polymer chains were rearranged to form low curvature morphologies so that
the polymer chain stretching was decreased. Therefore, polymer chain rearrangement led
to the change of morphologies on-chip. Furthermore, Aman Bains used PCL-b-PEO, a
biodegradable block copolymer, to form nanoparticles also by gas-liquid two-phase
microfluidic chips®. The experiment proved that the morphology changed significantly
with the change of the water content and flow rate. Moreover, the internal crystallinity
also increased with the increase of flow rate. These studies showed us that the
microfluidic chip is a useful handle to control the morphology, size, crystallinity and
some other properties of drug delivery vehicles. Therefore, we planned to apply this

control on more drug delivery systems.

In this chapter, we prepared curcumin-loaded PCL-b-PEO nanoparticles using a
conventional bulk method and in the gas-liquid segmented microfluidic reactor with
different flow rates. We also explored the effects chemical variables of the nanoparticle
preparation, including the flow rate, initial drug-to-polymer loading ratio and water
content. We characterized the resulting nanoparticle sizes, morphologies, loading
efficiencies / loading levels, and release rates of curcumin. The result showed that the

high shear rate on the microfluidic reactor could be used to direct nanoparticles’
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structural properties by tuning processing conditions. Drug-encapsulated nanoparticles
prepared on-chip had flow-directed loading efficiencies and sizes. We proposed that
shear-induced break-up at the high flow rate and other chemical parameters such as water

content and initial drug ratio all played a role in the formation of nanoparticles.

2.2 Experimental
2.2.1 Materials

PCL(12k)-b-PEO(5k) was purchased from Advanced Polymer Materials Inc.
Curcumin was purchased from Sigma Aldrich. NaCl (EMD Inc), KCl (Caledon),
Na,HPO,4 (BioBasic) and KH,PO4(Caledon) were used to prepare PBS solution.
Dimethylformamide (DMF) and acetonitrile were purchased from Caledon. Dialysis

tubing with molecular weight cut-off of 6.8 kD was purchased from SpectrumLabs.

2.2.2 Microfluidic Chip Fabrication

The master chip was made on a silicon wafer in the following manner. First, the
photoresist material SU-8 100 was coated on the silicon wafer by spin coating at 2000
rpm. Then the wafer was baked on a hot plate at 65 °C for 12 minutes and 95 °C for 50
minutes. After that, the wafer was exposed to UV light for 100 seconds under the cover
of the photomask. This was followed by baking at 65°C for 1 minute and 95°C for 20
minutes. Then the region covered by the photomask was washed off in the developing
solution (Microchem) while the channel that was exposed to UV light remained after

washing. Then the wafer was rinsed with isopropanol.

For poly(dimethyl siloxane) (PDMS) chips, an elastomer-to-curing agent weight
ratio of 7:1 was used through this project. The kit containing elastomer and curing agent

were purchased from DOW Corning as a SYLGARD elastomer kit. After vigorous
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mixing, the mixture was placed in a vacuum oven to remove gas bubbles. Then the
mixture of PDMS and curing agent was poured on the master chip and heated up on the
hot plate at 85°C until it turned hard. After that, the chip was peeled off the master chip.
Then the PDMS and curing agent with a ratio of 20:1 were mixed and degassed under the
vacuum. It was followed by spin-coating on clean glass slides. After heating up, a thin
film of PDMS was formed on the glass slide. The glass slide and the previously made
chip were placed under the oxygen plasma for 30 seconds so that these two layers could
be permanently bonded. The channels formed by this method had a width of 100 pm
(mixing channel) and 200 um (processing channel). The depth was 150 um through the

whole chip.

2.2.3 Microfluidic Preparation of PCL-b-PEO Nanoparticles

In this study, two different water contents relative to the critical water content
(cwc) were applied to prepare the nanoparticles in the microfluidic reactor, cwe + 5 wt %
and cwe + 10 wt %. For each water content, three different curcumin-to-polymer loading
ratios (» = 0.25, 0.50, 0.75) were used. The definition of loading ratio, loading efficiency
and loading level are listed in Chapter 1. For each of the resulting chemical compositions
of the microfluidic reaction mixture, three flow rates were applied: Q = 50 pl/min, 100

uwl/min, and 200 pl/min.

The solutions were injected using syringes (ImL, Hamilton, Reno, RV) with flow
rates set by the syringe pump (Harvard Apparatus, Holliston, MA). From the syringe, a
tube with a diameter of a 1/16™ inch (OD) Teflon (Scientific products and equipment,
ON) was used to connect with the chip inlets. Besides inlets for solutions, there was also

a gas regulator connected with chip via 1/ 16" (OD) 100um (ID) tubing (Upchurch
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scientific, Oak Harbor, WA). The gas regulator could be fine-tuned so that the gas

injected into the chip could be controlled. A camera was set above the chip so that
pictures could be taken and used to determine the ratio between the gas segment and
liquid segment on chip. The ratio of gas and liquid flow rates were set to be ~1. The total
flow rate was set at 50 to 200 pL/min. However, during the experiment, the flow rate was
a combination of the gas flow rate and liquid flow rate. The flow rate of gas was set at the
level so that the lengths of the gas bubble and liquid plug are similar. Therefore, the
actual flow rate may be different from the nominal flow rate we set at the beginning. The
actual flow rate was calculated after taking photos of actual flow and measuring the
relative length of liquid/gas segments. The full table with both actual flow and nominal

flow was presented in the appendix.

(gas+liquid) segment length

Actual flow rate = liquid injection rate X (2-1)

liquid segment length

Three solutions were injected individually and equally through the three inlets on
the microfluidic reactor. When preparing nanoparticles on the chip, the following three
liquid streams were combined at the same flow rate to form liquid flow on the chip. (1).
1.0 wt% PCL-b-PEO dissolved in DMF with different amount of curcumin. (2). DMF
with either 31.5% or 46.5% deionized water. (3) Pure DMF. Due to three liquid streams
combining at an equal flow rate, the on-chip concentrations were diluted by a factor of
three. Therefore, the concentrations of polymer and water were 0.33 wt% and either 10.5
wt% (cwc + 5 wt%) and 15.5 wt% (cwce + 10 wt%). The concentration of polymer on-
chip was 0.33 wt %, which was the same as the concentration in the bulk experiment.
After collected from the outlet of the chip, the solution was collected in a vial with 10

times excess volume water so that the nanoparticle solution was immediately quenched.



50
After collecting samples from the reactor they were dialyzed against deionized

water for 12 hours, changing the water every hour for the first four hours. The dialysis
membrane was purchased from SpectrumLabs with a molecular weight cut-off of 6-8kD.
After dialysis, the aqueous suspension was centrifuged at 14000 g for 5 minutes to
remove the precipitate and unencapsulated drug. After centrifugation, the supernatant was
collected in a clean vial while the solid pellet was left in centrifugation vials. The solid
pellet in each vial was washed with deionized water for three times. After 30 seconds

vortex and centrifugation, the supernatant from each wash was also collected in the vial.

2.2.4 Bulk Preparation of PCL-b-PEO Nanoparticles

0.33 wt % polymer and curcumin with different drug-to-polymer loading ratios
were dissolved together in 5.0 g DMF. Then 1.0 mL of polymer/drug solution was put in
the syringe and injected into 10 times diluted water with vigorous stirring by a magnetic
stirring bar at 120 pl/min. Then the solution was transferred into a dialysis bag and
dialyzed against deionized water for 12 hours. Deionized water was changed every hour
for the first four hours. After dialysis, the sample was centrifuged at 14000 g for 5
minutes to remove any precipitates. Precipitates were also washed with deionized water

three times.

2.2.5 Dynamic Light Scattering (DLS).

DLS was used to determine the hydrodynamic diameter distributions of prepared
nanoparticles. The instrument used in this experiment is the Brookhaven BI200SM. The
nanoparticle solution was transferred to a vial for DLS measurement. The goniometer
arm angle was set at 90°, the detector filter was set at 633 nm. Detector filter turret with

200 micron pinhole was set for all DLS measurements.
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2.2.6 Transmission Electron Microscopy (TEM).

The sample was prepared by depositing a drop of nanoparticle-encapsulated drug
solution on copper TEM grid. Then the sample was stained with a drop of 1 wt % uranyl
acetate aqueous solution. After removing excess liquid, the TEM grid with the sample on

it was left to completely dry.

The instrument was JEOL JEM-1400 TEM. The accelerating voltage was set at
65k V. The backbone of our block polymer was mostly carbon. And it did not provide
enough contrast for imaging the morphologies. Through this project, negative staining by

uranyl acetate was used to get better contrast on TEM image.

2.2.7 Loading Efficiency

HPLC was used to measure how much curcumin was encapsulated inside the
nanoparticles. A sample of ~1 g was used to measure loading efficiency. First, the water
was removed from the sample by rotary evaporation at 25°C. Nanoparticles would be left
in the vial as solid. Then ~0.5 g acetonitrile was added to dissolve the drug. This mixture
was vortexed for 30 seconds to ensure complete dissolving of curcumin. All samples
were analyzed by HPLC (Ultimate 3000, thermo scientific) with CI18 column
(Phenomenex Luna 5u). The composition of eluent was set at 35/65 water/acetonitrile.
The acetonitrile was HPLC grade without further treatment while 0.3 v % acetic acid was
added to deionized water to maintain an acidic environment. The wavelength of diode
array detector was set at 420 nm. Then the acetonitrile solution with the drug in it was
injected with a flow rate of 1 ml/min. The calibration curve was generated by measuring

6 stock solutions containing known and different amount of curcumin in acetonitrile.
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According to the peak areas and the calibration curve, the amount of drug and loading

efficiency were determined.

2.2.8 In Vitro Release Rate Measurements.

It was important to determine how fast curcumin will be released from
nanoparticles in an aqueous environment under physiological conditions. For release
determination, the sample from microfluidic chip was collected in a vial containing 20
times excess volume water. Other sample preparation procedures were kept the same as
the method described before in Chapter 2.2.3. The sample was collected in a more diluted
environment for the purpose of long-time storage. Diluted samples were easier to store
without observation of colloidal instability. Drug encapsulated nanoparticle solution was
divided into 10 parts and put into 2 mL Float-A-Lyzer tubes (SpectrumLabs, MWCO 100
kDa) respectively. Then 2L PBS solution was made and maintained at 37°C + 0.1°C.
Then release tubes were placed in the PBS environment. During the release experiment, a
stir bar was placed in the media to keep a homogeneous environment. At each time point,
one release tube was taken out. The drug solution was transferred to a vial and dried by
rotary evaporation. Then, a known amount of acetonitrile was added to each vial so that
the dried drug was quickly dissolved in the solvent while the block copolymer and salt
were not dissolved in acetonitrile. Then the concentration of curcumin was measured by
HPLC (Ultimate 3000, thermo scientific) with C18 column (Phenomenex Luna 5u). The
composition of eluent was set at 35:65 0.3v% acetic acid aqueous solution:acetonitrile.
The wavelength of diode array was set at 420 nm. The flow rate was set at 1 ml/min.
According to the peak areas and the calibration curve, the amount of drug at each time

point was determined.
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2.3 Results and Discussion

2.3.1 Bulk Experiment Results

We first determined the size, morphology and loading efficiency of bulk samples.
Bulk samples were prepared by injecting the organic solvent containing the polymer and
the drug into the water under fast stirring. Nanoparticles were formed spontaneously by
self-assembly. The properties of the bulk sample such morphologies and sizes are the
result of three factors: core-forming block copolymer chain stretching, repulsion between
corona-forming block, and interfacial tension between solvent and core-forming block.
Therefore, changing chemical conditions in the preparation process would have
significant effects on nanoparticle’s properties. Under this conditions and preparation
procedure we set, the bulk experiment results were presented (size distribution,
morphology and loading efficiency) in Figure 2-1 and Figure 2-3 as the baseline for on-
chip samples prepared when the water content equals to cwe + 10 wt %. From the bulk
experiment, one thing we noticed was its loading efficiency. It decreased when the initial
drug-to-polymer ratio increased. The photo (Figure 2-2) taken after dialysis against
deionized water showed that there were precipitates indicating the un-encapsulated

curcumin.
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Figure 2-2 The bulk sample ( = 0.75) after dialysis. The precipitate was observed.
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Figure 2-3 Results of nanoparticles prepared by the bulk method with different initial
drug ratios. The left column is the size distribution characterized by dynamic light
scattering. The right column is TEM images for morphology characterization. The scale

bar is 200 nm.

The hydrodynamic sizes did not change significantly in the bulk experiment when

the drug-to-polymer ratio increased from 0.25 to 0.75. However, there were still
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morphologies and the size distribution changes. At a low drug-to-polymer ratio, there

were big morphologies such as lamellae exist. When the drug-to-polymer ratio increased,

big morphologies disappeared and the size distribution became narrow.

2.3.2 Effects of Flow Rate and Loading Level on Nanoparticle Morphologies and
Size Distributions.

Both DLS and TEM results were used to characterize nanoparticles morphologies
and sizes. The TEM results are presented in Figure 2-4. In Figure 2-4, there were 9
conditions. All experiments were conducted at cwe + 10 wt % that was 15.5 wt % water
content on-chip. Each row represents one drug-to-polymer ratio. And from left to right,
flow rate increases from 50 to 200 pul/min. From A to C, nanoparticles were prepared at r
= 0.25. From D to F, nanoparticles were prepared when r = 0.50. From G to I,
nanoparticles are prepared when r = 0.75. Water content is cwe + 10 wt %. From Figure
2-4, it was clearly shown large lamellar aggregates were broken down with the increase
of flow rate. At high flow rate (200 pl/min), both conditions where drug-to-polymer
ratios = 0.50 and 0.75 were having pure sphere morphology. Figure 2-4 also showed that
large aggregates also gradually disappeared from on-chip method prepared sample when

drug-to-polymer ratio increased.
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Figure 2-4 A-I are TEM images of nanoparticles prepared from different drug ratio and

flow rate. Scale bars are 200 nm.

Furthermore, the dynamic light scattering results agreed with the TEM results and
showed a more general size distribution in the sample. The Figure 2-5 represents
nanoparticles prepared from cwe + 10 wt % with different initial drug-to-polymer ratios.
Each row represents one drug-to-polymer with flow rates increasing from left to right. In
each column, drug-to-polymer ratios increase from bottom to top. In the DLS size

distribution image, the x-axis is hydrodynamic diameter while the y-axis represents the
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intensity-weighted population distribution. DLS results showed big morphologies with a

diameter larger than 1000 nm presented under low flow rate conditions. The
hydrodynamic diameter was 328 + 72 nm for samples prepared at the low flow rate
condition (» = 0.25, QO = 50 pL/min and cwc + 10 wt %). Increasing flow rates to 100
ul/min or 200 pl/min resulted in disappear of big morphologies from the samples. At the
highest flow rate, 200 pl/min, small spheres became the dominant morphology. The
hydrodynamic diameter was only 76 nm for the high flow rate sample (» = 0.25, Q = 200
puL/min, cwe + 10 wt %). The result of TEM and DLS results showed a clear trend of
decreasing size under the influence of increasing flow rate. The result showed the control

over the size and the morphology via flow rates under constant chemical conditions.

Moreover, the size and morphology were also influenced by initial drug-to-
polymer ratio. The big morphologies with hydrodynamic diameter around 10000 nm
were presented in low drug-to-polymer ratio samples. They disappeared gradually when
drug-to-polymer ratio increased. In the highest initial drug-to-polymer ratio (0.75)
samples, small nanoparticles with diameters smaller than 100 nm were dominant. One
explanation is that curcumin may inhibit the crystallinity of PCL blocks. And as a result,

nanoparticles with low crystallinity formed small size structure.
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Figure 2-5 DLS size distribution of nanoparticles prepared on chip with different drug

ratio and flow rate. All samples were prepared at cwc + 10 wt % water content.
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In Figure 2-6, we presented the summary of nanoparticle-encapsulated curcumin
size result. This result showed top-down control of nanoparticle self-assembly when other
chemical conditions were kept the same. The changes of size and morphologies when we
tuned the flow rate and the drug-to-polymer ratio could be explained by the shear-
induced break-up mechanism. On microfluidic chips, three mechanisms may influence
the morphologies — coalescence, break-up and crystallinity of nanoparticle. As
nanoparticles moved through the “hot spot” with high shear rates, the high shear rates

greatly increased the rate of coalescence and resulted in the formation of non-equilibrium
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nanoparticles. Then various morphologies were formed via intramicellar chain
rearrangement. From the result where the size decreased with increasing flow rate and
drug-to-polymer ratio, we proposed that under this condition, shear-induced break-up had

the dominant impact.

2.3.3 Effects of Flow Rate on Curcumin Loading Efficiency.

Next, we demonstrated the effect of flow rate on curcumin’s loading efficiency in
PCL-b-PEO nanoparticles. In Figure 2-7, the x-axis represented increasing flow rates
from 50 to 200 pL/min. It showed an overall increase of loading efficiency with the
increase of flow rate. Previous group member, Aman Bains, have shown that increasing
flow rate resulted in increased crystallinity in the core of paclitaxel-encapsulated PCL-b-
PEO nanoparticles™. And since high crystallinity decreased the space in the core for the
payloads, Aman observed decreasing loading efficiency of paclitaxel-encapsulated PCL-
b-PEO nanoparticles with increasing flow rate. One possibility was curcumin might be
located at the interface of the core. When the flow rate and the drug-to-polymer ratio
increased, we observed big nanoparticles changed to small spheres, which had a higher
surface area-to-volume ratio. Therefore, the increase of flow rate and drug-to-polymer
ratio led to the increase of relative surface area for curcumin to locate. This may explain
why a high drug ratio and flow rate resulted in a higher loading efficiency in this drug
delivery system. However, the hypothesis that curcumin located at the interface of PCL

and PEO block needs further experiment to prove.
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Figure 2-7 At cwc + 10 wt %, loading efficiency (A) and loading level (B) of curcumin

increased with the increase of flow rate.
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2.3.4 Effect of Water Content on Size and Loading Efficiency

In bulk experiment, when the polymer/drug solution was added to water,
nanoparticles were formed to minimize the interaction between hydrophobic blocks and
aqueous environment. The nanoparticles were formed depending on how unfavorable the
aqueous environment was. Therefore, the water content when block copolymer started to
form nanoparticle was defined as critical water content (cwc). We then used the same
method and parameters to prepare nanoparticles when the water content is cwc + 5 wt %.
The trend of size change with the increasing flow rates is the same as the trend we
observed on nanoparticles prepared using cwc + 10 wt % water content. In Table 2-1, as
the flow rate increases from Q = 50 pl/min to Q = 200 pl/min, the size of nanoparticles

decreased.
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Table 2-1 Hydrodynamic size of nanoparticles (cwc + 10 wt % on chip)

Water content Drug:Polymer Loading Ratio(w/w) f:OLani?:]tf };fflzzggrn;l:::lc
50 9424256
0.25 100 533455
200 243+97
50 208+177
cewet+5% 0.50 100 127434
200 95+5
50 103£10
0.75 100 83+13
200 157+109
50 328+72
0.25 100 264+61
200 76£18
50 81+24
cwet+10% 0.50 100 70£21
200 5543
50 67+7
0.75 100 5744
200 5542

We further compared the loading efficiencies of samples prepared between the
water content of cwc + 5 wt % and cwc + 10 wt %. The result is showed in Table 2-1.
Unlike the cwc + 10 wt % case, for the condition cwc + 5 wt %, r = 0.75, the loading
efficiency actually decreases when the flow rate increases. Overall, the loading
efficiencies at cwe + 5 wt % were lower at a given flow rate than loading efficiencies at

cwce + 10 wt %.
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By comparing the hydrodynamic sizes from both water contents, we noticed that

the sizes of nanoparticles from cwc + 5 wt % were bigger than the sizes of nanoparticles
from cwc + 10 wt % at a given flow rate. However, the loading efficiency increased with
the increase of water content. See Figure 2-8. The reason that higher water content led to
higher loading efficiency was probably a thermodynamic effect. As water content
increased, curcumin, as a hydrophobic molecule, would then have higher tendency to

move into PCL core and resulted in higher loading efficiency.
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Figure 2-8 Comparison of loading efficiency (A) and loading level (B) of nanoparticles

prepared with different water contents.
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2.3.5 Effect of Flow Rate on In Vitro Release

The in vitro release was done in the PBS solution. The results with two different
water contents are shown in Figure 2-9. A is the sample prepared at initial drug-to-
polymer ratio 0.50. B is the sample prepared at drug-to-polymer ratio 0.75. Comparing
the results of two different drug-to-polymer ratios, the results showed that the release of
curcumin was still fast at the beginning of release. For both conditions, 50% drug was
released within the first 30 minutes. And there was no significant effect of flow rate or
drug-to-polymer ratio because all release profiles were pretty much the same. The reason
of fast release may be because curcumin mostly localized at the interface of the core and
the corona. Considering the diffusion distance, it was easier and fast for curcumin to
diffuse from the interface to the medium than from the core to the medium. And that

might be why we observed the fast release for both conditions.
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Figure 2-9 Release profile of nanoparticle-encapsulated curcumin: A. nanoparticle
prepared at » = 0.50; B. nanoparticle prepared at » = 0.75; the water content for all

microfluidic preparations was cwc + 10 wt %.
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2.4 Conclusion

In this chapter, we successfully prepared PCL(12k)-b-PEO(5k) nanoparticle-
encapsulated curcumin. We explored different flow rates, water contents and initial drug-
to-polymer ratios on the microfluidic chip. Encapsulating in the nanoparticles improved
the solubility of curcumin in the aqueous environment. Moreover, the microfluidic chip
showed the control on the nanoparticle size, morphologies and loading efficiency. By
tuning flow rates on microfluidic chips, we were able to achieve smaller and
homogeneous sizes and higher loading efficiency. The effect of flow rate was considered
as a result from the shear-induced break-up. Increasing the drug-to-polymer ratios led to
smaller sizes and higher loading efficiency. With higher water contents, nanoparticles

had higher loading efficiencies and smaller sizes.
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Chapter 3 Release Rate Optimization and Curcumin Extraction from
Mouse Plasma: Towards In Vivo Pharmacokinetic Studies

3.1 Introduction

Although curcumin has promising therapeutic effects, its current application is
limited by drawbacks such as the low solubility and poor bioavailability.' Therefore,
there are numerous studies developing nanoparticles to encapsulate curcumin in aqueous
media and protect it from undesirable degradation.®® For such nanoparticle delivery
systems, in vivo pharmacokinetic (PK) experiments can provide insights into drug
bioavailability (concentration of drug reaching the circulation) and how fast the drug will
be eliminated from the body, with longer circulation times providing more exposure time

9-12

for therapeutic effect.” “ In a typical PK study of a pharmaceutical drug, the whole

process from the moment that it is administered to the moment of it is eliminated from
the body was tracked. Analytical determination of the fate of drug was performed.">™"
There are several PK parameters in such experiments to describe the influence of living
organism on the pharmaceutical drug such as C,, (the peak plasma concentration), #x
(the time to reach C,,), and elimination half-time (the time used to reach the half
original concentration). A typical graph of PK study is presented in Figure 3-1. Such
experiments require extraction of blood from the experiment animal at certain time point
followed by quantitative measurement of the concentration of drug in that given volume.

In order to measure these parameters in PK study, one prerequisite is to develop a

procedure for extraction drug from blood and a calibration curve.
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Figure 3-1 A typical graph of drug PK study. The key parameters (Cyax, fmax, t1/2) Of the
PK study are labeled on the graph.

In general, nanoparticle formulations selected for PK studies should exhibit
relatively slow release in in vitro release experiments such as those described in the
previous chapter. Researchers focusing on nanoparticle-encapsulated drugs, including
curcumin, have found that in vitro release rates were significantly slower than in vivo
elimination times. For example, Khalil er al. encapsulated curcumin in PLGA-PEG
nanoparticles and found in vitro release times up to 10 days with only half of the
curcumin being released; however, the in vivo elimination half time for the same
formulations was only ~6 h.' Zou et al. conducted PK experiments of polymeric

nanoparticle-encapsulated curcumin and obtained elimination half times of ~3 h. '’ Prof.
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Christine Allen, the collaborator for proposed PK studies of our nanoparticles, advised us
that in vitro release times over 4-7 days, with less than ~40% release in 24 h, should be
achieved before embarking on a PK study.'®

In the previous chapter, we produced various samples of curcumin encapsulated
PCL-b-PEO nanoparticles using the two-phase microfluidics, and demonstrated
variability in nanoparticle size, morphology, and curcumin encapsulation efficiency.
However, the measured in vitro curcumin release rates were fast, with 50% release in 30
minutes and complete curcumin release in 12 hours. Therefore the first goal of this
chapter was to explore some new microfluidic chemical and flow conditions for
nanoparticle preparation in an attempt to produce formulations with slower in vitro
release rates. We selected conditions expected to give higher PCL crystallinities (higher
water content, lower loading levels, and higher flow rates), hoping that increased core
crystallinities would lead to higher core viscosities and slower release, as demonstrated
previously by our group.'” In preparation for future PK studies, the second goal of this
chapter was to develop extraction procedure, HPLC measurement, and calibration

methods for determination of curcumin concentrations in the blood plasma.

3.2 Experimental
3.2.1 Materials

All materials used to prepare curcumin-encapsulated nanoparticles were the same
as described in the previous chapter. Dialysis bags used for preparation and release

experiments were purchased from SpectrumLabs (MWCO: 6-8kD).
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3.2.2 Microfluidic Preparation of Curcumin-Loaded PCL-b-PEO Nanoparticles

The method used to prepare the nanoparticles in the two-phase microfluidic mixer
was identical to the one described in the previous chapter. The conditions in this study
were chosen based on the result from the previous experiment. We concluded that
increasing flow rate, decreasing drug ratio and increasing water content might all increase
crystallinity and slowed down release. Therefore, we changed these three parameters for
the improvement of release rate. The condition with cwc + 10 wt %, 0.75 initial drug
ratio and 200 pL/min flow rate was chosen to be the baseline. For the first part of
optimization, we changed flow rate, drug ratio and water content individually. The result
showed sample prepared by higher flow rate had a slower release. Based on this result, in
the second part of optimization study, the flow rate and water content were set at 400
pL/min and cwe + 10 wt % while three different drug ratios were chosen. A scheme of

how conditions were chosen was presented in Scheme 3-1.

. . Baseline
Serial 1 Experiment Water content : cwc + 10 wt %
Drug ratio :0.75
Flow rate : 200 pL/min
Water content : cwc + 20 wt % Water content : cwc + 10 wt % Water content : cwe + 10 wt %
Drug ratio :0.75 Drug ratio :0.25 Drug ratio :0.75
Flow rate : 200 pL/min Flow rate : 200 pL/min Flow rate : 400 pL/min
Serial 2 Experiment
Water content : cwe + 10 wt % Water content : cwe + 10 wt % Water content : cwe + 10 wt %
Drug ratio :0.75 Drug ratio :0.25 Drug ratio :0.10
Flow rate : 400 pL/min Flow rate : 400 pL/min Flow rate : 400 pL/min

Scheme 3-1 Optimization experiment conditions.
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3.2.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used to characterize nanoparticle-
encapsulated curcumin morphologies. The instrument was JEOL JEM-1400 TEM. The
accelerating voltage is 65 kV. The TEM sample was prepared by the same method

described in the previous chapter.

3.2.4 Dynamic Light Scattering

The effective hydrodynamic diameter was determined by dynamic light
scattering. The instrument was Brookhaven Instruments photon correlation spectrometer
with a BI-9000AT digital autocorrelator, a BI-200SM goniometer, and a He-Ne laser
(633 nm). The solvent was deionized water. The measurement temperature was set at

23°C. The scattering angle was set at 90°.

3.2.5 Loading Efficiency Determination by HPLC

The sample preparation method was exactly the same as what was described in
the previous chapter. The HPLC system we used is Agilent 1100 with Agilent Zorbax
SB-C18 5 pm column. The composition of mobile phase was set at 31:20:49 0.3 v%
acetic acid:methanol:acetonitrile. The flow rate was set at 1 mL/min. The detector was
diode array detector. We used absorbance at 420 nm to measure the concentration of our

samples and determine a calibration curve.

3.2.6 In Vitro Release Rate

The sample preparation procedure was the same as the previous description in
Chapter 2. Release tubing had a different molecular weight cut off (6-8kD) than the

release tubing used in Chapter 2, which had a MWCO of 100 kD. In this chapter, except
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the condition with 0.75 drug ratio and 400 pL/min, all conditions only conducted once.
Therefore, in the result, some release curves do not show error bars, The HPLC system

was also exactly the same as the one used for loading efficiency determination.

3.2.6 Extraction, HPLC Measurement, and Calibration of Curcumin from Mouse
Plasma

The procedure for extracting curcumin from plasma was modified from a
procedure developed by Schiborr.'* During extraction, 2.0 mg of curcumin was dissolved
in 5.0 mL methanol to make a stock solution of concentration 400 pg/mL. Working
solutions were prepared by diluting stock solution to different concentrations (400
pg/mL, 200 pg/mL, 100 pg/mL, 20 pg/mL). Then 20 pL of each curcumin working
solution was added to 200 mL mouse plasma followed by 30 seconds vortex. The spiked
plasma was combined with 400 mL ethyl acetate (Sigma Aldrich) for the purpose of
extracting curcumin. In this liquid-liquid extraction, curcumin will then transfer from the
blood plasma to the organic solvent. 12000g centrifugation speed was applied to assist
with layer separation. After centrifugation, the upper organic layer was moved to a clean
vial and dried under ambient conditions overnight. Then 0.2 grams of acetonitrile was
added to each sample to dissolve the dried residue. The acetonitrile solution was then
vortex-mixed and transferred to a HPLC sample vial for the determination of
concentration by HPLC. The HPLC system was exactly the same as the one we used for
loading efficiency determination. The calibration curve was plotted by UV light

absorbance area integration at 420nm against the known concentration of curcumin.
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3.3 Results

3.3.1 Characterization of Nanoparticle-Encapsulated Curcumin

We first characterized the size and morphologies of these optimization samples.

The results are presented in Figure 3-2.
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Figure 3-2 The summary of size distribution and morphology of optimization

experiment samples.
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Table 3-1 Size and loading efficiency of optimization experiment samples

Hydrodynamic diameter

Condition Loading efficiency / %

/nm
A. 155wt %
r=0.10 539+1.7 9.6
0 =400 puL/min
B. 155wt %
r=0.25 572+2.7 11.5
Q=400 puL/min
C.15.5wt%
r=20.75 59.7+1.0 58.0
0 =400 puL/min
0
D'rzi'f) " % 62.1+2.7 o
Q=200 puL/min
E. 155wt %
= 0.5 75.3+17.8 296

0 =200 pL/min

The samples prepared at the higher flow rate (400 puL/min) had slightly greater
sizes and wider size distribution comparing to the sample prepared at 200 pL/min. For
example, in Chapter 2, we presented samples when r equals 0.75 and the flow rate set at
200 pL/min had pure sphere morphology. However, when we increased the flow rate to
400 pL/min, there was short cylinder structure presented in TEM images. The average

hydrodynamic size also increased from 55.2nm (0.75, 200 pL/min) to 59.7 nm (0.75, 400
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uL/min). Increasing water content resulted in a narrower size distribution. However, there
were still small platelets and short cylinders presented. The condition (» = 0.25 and Q =
200 pL/min) resulted in the formation of bigger morphologies such as long cylinders.
Since each condition had various morphologies. It was difficult to find a direct

relationship between the release rate and morphologies/size.

3.3.2 Release Rate Optimization Result

In this optimization experiment, we were trying to decrease the release rate by
increasing core crystallinity. The optimization process could be divided into two parts.
The first part of optimization was to explore the influence of three variables: flow rate,
drug-to-polymer ratio and water content. The result was shown in Figure 3-3 “Release
profile of optimization part 1”. The result showed that the highest flow rate (400 pL/min)
sample had relatively slower release rate comparing to the other conditions (Q = 25-200
puL/min, cwe + 20 wt %). It might indicate higher flow rate had better control on release
rates. Therefore, we designed the second part optimization experiment where all flow
rates were set at 400 pL/min. The result of second part of optimization experiment was

summarized in Figure 3-4.
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Figure 3-3 The release profile of optimization part 1.

The result from Figure 3-4 showed relatively long release time up to 48 hours for
all conditions. The condition labeled as “75-200” was the condition where the drug-to-
polymer ratio was 0.75 and the flow rate was 200 pL/min. This condition was presented
here as a baseline of conditions with a higher flow rate (400 pL/min). This optimization
experiment showed that all conditions with a higher flow rate (400 pL/min) slowed down
the release rate at the beginning comparing to the baseline condition (75-200). Figure 3-4
(B) showed a zoomed-in picture of release profile. In the first 30 minutes, 40 % curcumin
was released from the nanoparticles while only 20% curcumin released from samples
prepared at 400 pL/min. However, the release rates between different drug-to-polymer

ratios were very similar. The samples prepared at 400 pL/min flow rate and three
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different drug ratios (0.75, 0.25, 0.10) did not show a significant difference in both Figure

3-5 A and B.
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Figure 3-4 Release serial 2. A is the summary of all conditions. B is zoomed image to

present release profile in the first Sh.
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In general, higher flow rate produced the slower release rate, especially at the

beginning of the release. We measured released percentages after 72 hours but found out
the release rates does not go up anymore to 100%. It may be attributed to the fact that
some drug molecules were trapped in the crystalline area and never been able to get out
of it. The release experiment in this chapter used a different type of release tubing with
smaller MWCO. Therefore, the results between release rate in Chapter 2 and Chapter 3

cannot be compared.

3.3.3 Extraction of Curcumin from Mouse Plasma

After release optimization studies, we developed a protocol for extracting
curcumin from the mouse plasma for future in vivo studies. The procedure of extraction
has been described in experimental work in this chapter. The calibration curves from

three repeat preparations were showed in Figure 3-5.
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Figure 3-5 Calibration curve of curcumin extracting from plasma.

A representative HPLC curve of curcumin extracted from plasma was presented
in Figure 3-6. The curcumin and its derivatives (demethoxycurcumin and
bisdemethoxycurcumin) were eluted after 5 minutes. The assignment of these three
HPLC peaks was based on the information from the literature.”” From the right to the left,
the peaks are curcumin, demethoxycurcumin and bisdemethoxycurcumin. At 2 minutes,

there was a very small peak. This might be other components extracted from plasma.
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Figure 3-6 A representative HPLC curve of curcumin extracted from mouse plasma.

The recovery of curcumin from the plasma sample was compared with that

obtained from direct injection of a known amount of curcumin in the acetonitrile. The

extraction recovery percentages were calculated by the following equation:

Recovery

UV detector response of curcumin extracted from plasma

UV detector response of the same amount curcuin dissolved directly

Table 3-2 Recovery rate of curcumin extracted from mouse plasma

Concentration/ppm Recovery rate

Standard Deviation

438 27%
219 26%
110 25%
22 30%

0.008
0.014
0.028
0.018

Ethyl acetate was used as an extraction solvent for spiked plasma. It was a well-

established method in extracting curcumin from the blood plasma.

21-23
The recovery rates

listed in the literature were about 60 - 90%. The recovery rate in this experiment was only

25-30 %. The extraction procedure was similar to the procedure from Schoborr ef al.

where the recovery rate was not reported.'* The experiments with relatively high reported
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recovery rates usually added some other steps during extraction. For example, the HCI

solution was added into the plasma sample before curcumin extraction. Or after
extracting curcumin from the plasma to ethyl acetate, some researchers dried the organic

layer under nitrogen rather than in the air.*'*

The preliminary experiment where
curcumin was extracted from deionized water showed that the recovery rate of curcumin
from water (60 — 80%) was much higher than the recovery rate of curcumin from the
plasma (25 — 30%). The hypothesis was adding acid might be helpful to break interaction
between proteins and curcumin. And therefore, adding acid might be the future work to
improve the recovery rate. Although, it would be better if future work could improve
recovery rate for the purpose of reducing curcumin loss in the extraction process, the low
recovery rate would still allow the actual amount of curcumin in the plasma to be

determined as long as the extraction rate for the calibration and for the unknown sample

are the same.

3.4 Conclusion

In chapter 3, we varied several chemical parameters related to on-chip
encapsulation for the purpose of slowing down nanoparticle-encapsulated curcumin
release rate. We found out that increasing flow rate had the most significant effect on the
release rate at the beginning of release. Other variables such as drug-to-polymer ratio and
water content had a weaker effect. We also successfully developed the procedure of
extracting curcumin from the plasma. The calibration curve showed a good linearity, but

a low recovery rate.
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Chapter 4 Anticancer Activity of Curcumin Loaded PCL-56-PEO
Nanoparticles

4.1 Introduction

In Chapter 2, we successfully prepared and characterized nanoparticles for
delivering curcumin. In this chapter, we present nanoparticle-encapsulated curcumin’s
performance on a cancer cell line. Curcumin has been shown to induce apoptosis in
various cancer cell lines, for example, breast cancer' ™, colon cancer®'’, melanoma
cells“, hepatocellular carcinomalz, leukemia cell®. However, free curcumin was not
successful in the clinical trials due to its insolubility and poor bioavailability. Therefore,
developing a drug for drug delivery system for curcumin is necessary. Several drug
delivery formulations of curcumin have been tested in cell viability assays, leading to a
variety of results dependent on the specific delivery systems. Khosropanah et al
employed an acid-chitosan nano-gel as a drug delivery system for curcumin; the
nanoparticle formulation was tested on the breast adenocarcinoma cancer cell line MDA-
MB-231 for cytotoxicity. The curcumin encapsulated in chitosan nano-gel was found to
be at least twice as potent (ICsp values twice as small) compared to free curcumin,
possibly due to enhanced uptake of the nanoparticles.'* However, another system of
encapsulated curcumin was shown to be less cytotoxic than the free drug; this delivery
system, consisting of pluronic, chitosan and alginate did not increase the drug efficacy on
the human cervical cancer cell (HeLa), with an ICso value of the nanoformulation being
slightly higher than free curcumin.'” There were several similar studies about ICsq values
of nanoparticle-encapsulated curcumin. Bisht et al. synthesized polymeric nanoparticles
using N-isopropylacrylamide (NIPAAM), N-vinyl-2-pyrrolidone and

poly(ethyleneglycol) monoacrylate. Curcumin was encapsulated in nanoparticles with
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the average size less than 50 nm. And viability assays were carried out on the human
pancreatic cancer cell line. The ICsy values were determined to be similar for free
curcumin and nanoparticle-encapsulated curcumin in the range of 15 to 20 uM. The ICs
values were very similar to the results of this study (Figure 4-1).'° Yallapu et al.
encapsulated curcumin into PLGA nanoparticles and tested on the same human breast
cancer cell line applied in this work, MDA-MB-231; in that work the determined ICs, for
the nanoformulation was 9.1 uM while ICs, for the bare drug is 16.4 uM. An experiment
evaluating apoptosis associated protein (PARP) was performed to show the mechanism
of the higher cytotoxicity of nanoformulation. PARP cleavage was a marker of cell
apoptosis. The results showed a higher PARP cleavage when cancer cells were treated
with nanoparticle-encapsulated curcumin. Therefore, the proposed reason behind
improved therapeutic effect of nanoparticle-encapsulated curcumin was that nanoparticle-
encapsulated curcumin had higher efficacy in inhibition of cell growth by influencing its
apoptotic pathways.'” In summary, the reported ICsy value of nanoparticle-encapsulated
curcumin could be either higher or lower than the ICs, value of free curcumin.

In this chapter, we selected the samples prepared under following conditions: » =
0.75, water content = cwc + 10 wt % and Q = 50 ~ 200 pL/min for cell viability assays.
Samples prepared under these conditions were found to have optimum properties
including low-polydispersity small sizes and high loading efficiencies. The result was
compared with the bare curcumin.

In this chapter, all cytotoxicity experiments of microfluidic prepared nanoparticles
were carried out on the breast cancer cell line MDA-MB-231. This MDA-MB-231 tumor

model has been shown to be well vascularized and should be more suitable for a drug
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18, 19 .
7 1Cs¢ values were determined

delivery system taking advantage of the EPR effect.
from the antiproliferative assays to investigate the differences in cytotoxicity between the
bare curcumin and nanoparticle formulations prepared at different microfluidic flow

rates.

4.2 Experimental
4.2.1 Materials.

The synthesis and characterization (morphology, size, loading efficiency and
release rates) of various samples of curcumin-loaded PCL-H-PEO nanoparticles were
described in Chapters 2 and 3. The MDA-MB-231 human breast adenocarcinoma cell
line was generously provided by Dr. Christine Allen (University of Toronto, Toronto,
Canada). Fetal Bovine Serum (FBS) and Dulbecco’s Modified Eagle’s Medium Nutrient
Mixture F-12 HAM with 15 mM HEPES, NaHCO;, pyridoxine and L-glutamine
(DMEM) was purchased from Sigma Aldrich life science. The CellTiter-Blue cell
viability assay kit was purchased from Promega. Cells were grown in a sterile tissue
culture flask with a surface area of 75 cm’. Sterile, 96-well flat-bottomed plates were

purchased from Becton Dickinson Labware.

4.2.2 Antiproliferation Assay and Cell Culture

MDA-MB-231 cells were grown in DMEM F12-HAM with 10% fetal bovine
serum. The cells were placed and grew in the 75 cm” tissue culture flask at 37°C in a 5%
CO; incubator. Trypsin was used to dissociate adherent cells from the flask surface when
cells were grown to 80% confluence. Then the cells were collected and pelleted down by
centrifugation at 4°C and 1200 rpm for 5 minutes. The cell pellet was re-suspended in

media (DMEM F12-HAM with 10% fetal bovine serum) and a hemocytometer was used
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to determine the concentration of cells. After the concentration has been determined, cells

were diluted by media so that the concentration was 1.0 x 10° cells / mL. This diluted cell
suspension was transferred to 96-well plate with 100 pL in each well. The plate was
placed in 5% CO; at 37°C for 24 hours. After that, 65 uL curcumin formulation of known
polymer/drug content was added to 585 uL media to make a total volume of 650 puL. A
multichannel pipet was used to dilute this working dispersion to achieve a series of
curcumin concentrations. 100 pL of dispersions with various curcumin concentrations
were then added to corresponding wells in the 96-well plates. The 96-well plates were
then put back to 5% CO; incubator at 37°C and incubated for 48, 72, 96 hours. The plate
was taken out and 20 puL CellTiter Blue was added to each well. After incubation (5%
CO3, 37°C) for another 4 hours, the plate was taken for the fluorescence measurement (Aex

=560 nm, Aem = 590 nm). The ICsy was measured based on the following equation:

Cell death = 1 —

5= B % 100% (4-1)

Bt— Bo

S is the fluorescence reading from wells dosed with drug formulation; By is the
average fluorescence reading from wells containing pure media; and B;is the average
fluorescence reading from wells containing cells only. Mean ICsy values and standard
deviations were determined from three repeated preparations of curcumin-encapsulated
nanoparticles. The cell death was plotted against corresponding drug concentration. The
scatter plots were then fitted using the XLfit software on Microsoft Excel. Each repeated
preparation was able to generate a set of data with cell viability and corresponding
concentration. Results from three repeated runs were combined together and fitted in
XLfit to generate an average 1Cs for each condition. This analysis method was chosen so

that there were enough data points at high formulation concentration for the fitting.
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4.3 Results

Figure 3-1 summarizes ICsy values determined for three different incubation times
(48, 72, and 96 h) of bare curcumin and various microfluidic-prepared curcumin
nanoparticle formulations. These results showed that free curcumin had slightly lower
ICso values than the various nanoparticle formulations, and that these differences are
more accentuated for the 72 h and 96 h incubation times. It meant that the nanoparticle
curcumin formulations had marginally lower cytotoxicity. In literature, there were similar
results where nanoparticle-encapsulated curcumin had higher ICs than the free curcumin
indicating a low toxicity. In the literature where encapsulated curcumin showed to be
more potent in cell line studies, one explanation was that nanoparticle was easier to
accumulate in tumor than free curcumin.'” However, this hypothesis that nanoparticle
formulations accumulated more effectively in cancer cells was not observed in this

experiment.
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Figure 4-1 1Csy values of samples prepared on the chip with different flow rates and

bare curcumin (r = 0.75).

The experiment used bare curcumin as the baseline for samples prepared on the
microfluidic chip. The reason was that samples prepared by the bulk experiment had a
low loading efficiency that was not able to concentrate to a therapeutic dose. The
comparison of loading efficiency of bulk samples and on-chip samples were presented in
Figure 4-2. The plotted data of bulk sample loading efficiency is the same one presented
in Chapter 2 Figure 2-1. The on-chip loading efficiency data presented in Figure 4-2 was
also the same data presented in Chapter 2 Figure 2-7 (A). In the cell line experiment, all
samples were prepared at the following conditions: r = 0.75, water content = cwc + 10 wt
%. Therefore, under the same condition (» = 0.75), the bulk sample had significantly
lower loading efficiency. For the bulk sample, nanoparticles would precipitate before its

concentration achieved the desired level for the cell line experiment. As a result, the bulk
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sample was not used in the cell line study. In contrast, samples prepared on the

microfluidic chip had better loading efficiency and better stability.

60%
. =]
S5 45%
2 * Bulk
5
S samples
£
©  30% .
= . ® On chip
&S samples
S Q =200
15%
*
0%
0.25 0.5 0.75

Figure 4-2 Comparing loading efficiency of bulk samples and on-chip samples prepared

atr=0.75 (cwc + 10 wt %).

4.4 Conclusion

This chapter showed the cytotoxicity of nanoparticle-encapsulated curcumin on
the human breast cancer cell line MDA-MB-231. It proved the antiproliferation effect of
curcumin. However, encapsulation of curcumin resulted in a compromised toxicity. No
statistical strong influence of flow rate was observed. Samples prepared on the
microfluidic chip had higher loading efficiency and better colloidal stability comparing to
the bulk sample. And these features made on-chip sample suitable for the further in vitro

and in vivo studies.
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Chapter 5. Conclusion and Future Work
5.1 General Conclusion

In this thesis, we applied “on-chip” control on a new drug delivery system, PCL-
b-PEO/curcumin. The experiment was based on the previous work in this group that the
high shear rates created by the vortex flow within the gas and liquid segments introduce
flow-directed effects on various properties of the nanoparticle-encapsulated drug. We
examined different chemical parameters’ influence on the size, morphology, loading
efficiency, release and cancer cell line. Under the optimum condition, we were able to
prepare nanoparticles with high loading efficiency and small size.

Previous group members investigated the PS-b-PAA and PCL-H-PEO drug
delivery system. The results showed that the microfluidics was a useful handle to control
and create various morphologies” *. Zheqi Xu observed PNBA-b-PDMA spooled
cylinder on the microfluidic chip with medium flow rate, which was a new morphology
to us’. Besides the new morphology, various other morphologies and different
crystallinities could also be achieved by tuning other parameters. Comparing to the
conventional bulk method, the high shear rates on the chip provided us the control and
possibility to tune different drug delivery systems to achieve better efficacy. The
photodissociation kinetics of P(MCL-co-CL)-b-PEO, PNBA-b-PDMA was also studied
by Zheqi Xu. All these previous studies on microfluidic chips enhanced our
understandings and provided us the next step for utilizing microfluidic chips in the
anticancer drug delivery. Therefore, in this thesis, we applied microfluidics to synthesize

PCL-b-PEO encapsulated curcumin and systematically control its structural properties.
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Structural control of nanoparticle-encapsulated curcumin from the gas-liquid
microfluidic chip was proven to be effective. The polymer we used was PCL-b-PEO, a
well-established drug delivery vehicle material®™®. It was well studied by previous group
members and proved to be easy to tune on the microfluidic chip.'® Curcumin, a
polyphenol extracted from the plant, was chosen for this study. Curcumin suffers from
low solubility and poor bioavailability, which makes a drug delivery vehicle to be
necessary for curcumin. In the thesis, we successfully encapsulated curcumin in the PCL-
b-PEO nanoparticles. The size distribution, morphology and loading efficiency were all
controlled by the flow rate, drug-to-polymer ratio and water content. In general, the flow
rate introduced shear-induced break-up and led to smaller sizes. There were both lamellae
and spheres in the bulk and low flow rate samples. Then the lamellae disappeared in the
high flow rate samples. High flow rates also led to a higher loading efficiency. The drug-
to-polymer ratio was used to quantitatively represent the initial amount of drug added in
nanoparticles. In Chapter 2, we proposed that curcumin assisted the movement of PCL
blocks. Therefore, at a high drug-to-polymer ratio, polymer chains may be easier to be
closely packed and form smaller size nanoparticles. Moreover, this higher loading
efficiency at the high drug-to-polymer ratio could be explained by curcumin localization.
Since spheres had the highest surface area, curcumin might be localized at the interface
of the core so that it had more space to stay. The water content was also found to
influence nanoparticle size and loading efficiency. We were able to achieve a higher
loading efficiency at higher water content. The explanation might be curcumin, as a
hydrophobic molecule, moved to the core of nanoparticles when the aqueous

environment became more unfavourable.
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After the preparation and characterization of nanoparticle-encapsulated
curcumin, we tested samples in vitro release rates and tried to slow down the release rate
for future in vivo pharmacokinetic study. The original release rate was fast and did not
show significant effects of flow rates. The optimization process consisted of tuning flow
rate, water content, drug-to-polymer ratio individually. The result showed that tuning
flow rate had the most significant effect on the release rate. And at the same flow rate,
drug-to-polymer ratio did not show significant effects on the release rate. The reason may
be, at such a high flow rate, the dominant effect of high flow rate overcame the effect of
drug ratio.

Finally, we tested the nanoparticle-encapsulated drug on the human breast
cancer cell line MDA-MB-231. The drug concentration when the growth of 50% cells
was inhibited was defined as ICso. Nanoparticle-encapsulated curcumin showed
compromised toxicity comparing to the free curcumin. The result agreed with some
literature where nanoparticle-encapsulated curcumin had marginally higher IC50 values

comparing to the free curcumin.

5.2 Future Work

The final step in this study was conducting the animal experiment. Animal
studies would be able to provide us information of nanoparticle-encapsulated curcumin in
a system involving other biological effects such as the EPR effect. There were a few
studies using nanoparticle-encapsulated curcumin in pharmacokinetic experiments.'' ™"
Despite the slow release they achieved from in vitro release experiments, the elimination

of drug in vivo was usually in several hours, which was much faster comparing to the in

vitro release results.'® The pharmacokinetic experiment was usually used to compare
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nanoparticle-encapsulated curcumin and free curcumin. Several studies reported
nanoparticle-encapsulated curcumin had a slower release in vivo comparing to the bare
drug.'®!'” The future work of this thesis could be comparing nanoparticle-encapsulated
curcumin prepared by microfluidics and the bulk sample in in vivo studies.

Moreover, another in vivo experiment for future work could be the efficacy
experiment, which was used to test drugs on tumour models in the mouse.'® The samples
with various sizes and loading efficiencies prepared on the microfluidic chip would be
suitable to test for the EPR effect.

Before we move away to the animal in vivo studies, we need to solve the
challenge of colloidal instability. Due to the weak anticancer effect of curcumin,
therapeutic dose was usually much higher than the dose for conventional anticancer drug
such as paclitaxel. However, at such a high concentration, nanoparticles would not be
stable and may precipitate from the solution. Future work would need to investigate the
reason of colloidal instability and solve this problem by changing to another block
copolymer with either semicrystalline or glassy core or choosing new ‘“on-chip”

conditions.
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Appendix
Appendix A. Supporting Information for Chapter 2

Table S2-1 Actual Gas and Flow rate, Hydrodynamic Diameter and Loading Efficiency
of PCL-b-PEO nanoparticle (cwe + 10 wt % Run 1)

Run1
Water Dru Flow rate Act. Flow rate
content /wt % ratig / uL min™ / uL min™ DLS /nm
0 0 48.9
0.25 50 53 246
100 100 193
200 188 81.3
0 0 37.2
50 47 96.6
cwe+ 10 0-> 100 100 85.0
200 195 54.6
0 0 62.9
50 49 73.3
0.75
100 102 60.0
200 208 55.1
Water Drug Flow rate Act. Flow rate Loading
content /wt % ratio / uL min™ / uL min™ Efficiency
0 0 46.0%
50 53 20.3%
0-25 100 100 26.7%
200 188 40.7%
0 0 26.5%
cwc+10 0.50 >0 47 30.8%
100 100 49.9%
200 195 59.1%
0 0 11.5%
0 50 49 41.6%
100 102 63.2%

200 208 61.9%
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Table S2-2 Actual Gas and Flow rate, Hydrodynamic Diameter and Loading Efficiency

of PCL-b-PEO nanoparticle (cwe + 10 wt % Run 2)

Run 2
Water Dru Flow rate Act. Flow rate
Content /wt % ratii / uL min™ / uL min DLS /nm
0 0 45.7
50 43 377
0.25
100 87 298
200 201 91.2
0 0 55.0
cwce + 10 0.5 50 50 92.2
100 89 79.1
200 227 52.4
0 0 46.3
0.75 50 47 68.4
100 83 59.2
200 200 53.5
Water Drug Flow rate Act. Flow rate _ .
content /wt % ratio / uL min™ / ul min’? Loading Efficiency
0 0 32.0%
0.25 50 43 29.6%
100 87 46.0%
200 201 46.0%
0 0 24.1%
50 50 35.9%
cwc + 10 0.50 100 29 o o
200 227 56.9%
0 0 10.8%
0.75 50 47 54.4%
100 83 56.3%
200 200 54.3%
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Table S2-3 Actual Gas and Flow rate, Hydrodynamic Diameter and Loading Efficiency
of PCL-b-PEO nanoparticle (cwc + 10 wt % Run 3)

Run 3
Water Dru Flow rate Act. Flow rate
content /wt % ratig / UL min™ / uL min™ DLS /nm
0 0 52.4
50 52 362
0.25
100 103 301
200 181 56.7
0 0 67.1
cwc+10 0.5 >0 47 >3.5
100 97 46.2
200 169 57.6
0 0 57.3
0.75 50 48 59.5
100 103 52.9
200 177 57.1
Water Drug Flow rate Act. Flow rate . -
content /wt % ratio / UL min™ / uL min™ Loading Efficiency
0 0 40.0%
0.25 50 52 30.5%
100 103 35.7%
200 181 48.4%
0 0 29.0%
50 47 40.9%
cwc+10 0.50 100 97 35.4%
200 169 54.3%
0 0 11.7%
50 48 43.6%
0.75 100 103 44.6%
200 177 48.3%
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Table S2-4 Actual Gas and Flow rate, Hydrodynamic Diameter and Loading Efficiency

of PCL-b-PEO nanoparticle (cwe + 5 wt % Run 1)

Run 1
Water Dru Flow rate Act. Flow rate
content /wt % ratif / uL min™ / UL min™ DLS /nm
50 53 765
0.25 100 107 473
200 210 151
50 55 88.0
cwc+5 0.5 100 108 126
200 212 90.6
50 48 92.8
0.75 100 107 68.6
200 209 96.0
Water Drug Flow rate Act. Flow rate . -
content /wt % ratio / uL min™ / UL min™ Loading Efficiency
50 53 11.3%
0.25 100 107 18.5%
200 210 42.5%
50 55 21.6%
cwc+5 0.5 100 108 20.5%
200 212 28.7%
50 48 30.1%
0.75 100 107 14.1%

200 209 10.3%
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Table S2-5 Actual Gas and Flow rate, Hydrodynamic Diameter and Loading Efficiency
of PCL-b-PEO nanoparticle (cwe + 5 wt % Run 2)

Run 2
Water Dru Flow rate Act. Flow rate
content /wt % ratif / uL min™ / UL min™ DLS /nm
50 44 1235
0.25 100 103 544
200 175 234
50 49 124
cwc+5 0.5 100 105 94.1
200 224 94.7
50 50 104
0.75 100 110 90.3
200 210 284
Water Drug Flow rate Act. Flow rate . -
content /wt % ratio / uL min™ / UL min™ Loading Efficiency
50 44 19.9%
0.25 100 103 27.8%
200 175 38.8%
50 49 17.6%
cwc+5 0.5 100 105 37.4%
200 224 38.6%
50 50 11.2%
0.75 100 110 9.7%

200 210 7.9%
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Table S2-6 Actual Gas and Flow rate, Hydrodynamic Diameter and Loading Efficiency

of PCL-b-PEO nanoparticle (cwe + 5 wt % Run 3)

Run 3
Water Dru Flow rate Act. Flow rate
content /wt % ratif / uL min™ / UL min™ DLS /nm
50 41 826
0.25 100 106 582
200 197 345
50 49 411
cwc+5 0.5 100 106 161
200 203 100
50 48 113
0.75 100 95 90.3
200 202 92.6
Water Drug Flow rate Act. Flow rate . -
content /wt % ratio / uL min™ / UL min™ Loading Efficiency
50 41 7.7%
0.25 100 106 17.7%
200 197 25.5%
50 49 16.6%
cwc+5 0.5 100 106 28.9%
200 203 21.5%
50 48 19.7%
0.75 100 95 22.7%
200 202 9.5%
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Appendix B. Supporting Information for Chapter 4

Flow rate

100 pL min™"
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Figure S4-1 MDA-MB-231 cancer cell growth inhibition rate of nanoparticle

formulations



