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In this thesis, | used a two-phase gas-liquid segmented microfluidic platform to
synthesize drug-loaded block copolymer nanoparticles. In Chapter 2 and 3, the anti-
cancer drug 7-ethyl-10-hydroxycamptothecin (SN-38) was physically encapsulated in
poly(6-methyl-caprolactone-co-e-caprolactone)-block-poly(ethylene oxide) (P(MCL-
co-CL)-b-PEQ) nanoparticles with various drug-to-polymer loading ratios, under
different flow conditions. The effects of chemical and flow conditions on the size,
morphology, drug loading efficiency, in vitro release and cytotoxicity of the
nanoparticles were determined. For various loading ratios, the intermediate total flow
rate (Q = 200 pL/min) produced the smallest nanoparticle sizes and pure spheres. The
various nanoparticle preparation conditions showed flow-variable release rates and
cytotoxicities against MCF-7 cancer cell line. Specifically, we found that release half
times of SN-38 from the nanoparticles were from 112 = 0.8 to 3.3 h as the total flow
rate increased from Q = 50 to 200 pL/min. We also found that most conditions of SN-
38 formulations generated stronger cytotoxicity than free SN-38. As well, at short and
intermediate incubation time (48 and 72 h), the cytotoxic potency of microfluidic
nanoparticles prepared at Q = 200 puL/min were slightly higher than nanoparticles
prepared using a conventional bulk method, while potencies of microfluidic
nanoparticles prepared at higher and lower flow rates were slightly lower than the
bulk control. In Chapter 4, in order to pursue even higher shear rate and increased

throughput, we switched the microfabrication material to silicon/glass from
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polydimethylsiloxane (PDMS) used in earlier chapters, maintaining the gas-liquid

microfluidic reactor design. A comparison between the two microfluidic reactor
materials at constant liquid flow rate showed that channel material affected both flow
behaviour and the resulting nanoparticle morphologies. A new, single-phase
microfluidic strategy was also proposed in order to generate high shear, in which
variable high and low shear would arise from periodic changes in channel dimensions.
However, issues regarding clogging of the more narrow microchannels require future

work of improvements in either reactor design or the microfabrication process.
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Chapter 1. General Introduction

1.1 Background and Goal

Controlled drug delivery has been developed since 1952 with the invention of
the first sustained release formulation, and gained more and more attention in recent
years due to its significance on pharmacotherapy and human health. Controlled drug
delivery is a technology that can control the release rate of pharmaceutical agents, the
site and duration of their action and subsequently the side-effect profile, by loading
them into vehicles or other nanocarriers, providing a desired concentration level of the
drug.? One of the promising approaches to achieve this is to encapsulate the drug into
nanoparticle-based carriers, including polymer micelles, lipids, chitosan, and
dendrimers, since nanoparticles have enormous surface area that can increase the
dissolution rate of poorly soluble drugs. 3Among all these materials, colloidal systems
based on polymers have superior advantages over the others, such as the flexibility
and diversity in terms of composition and chemical properties.* Block copolymer
nanoparticles, as a member of the family of polymer-based nanoparticles, enjoys an
increasing interest. After the initial idea of Ringsdorf’s group to use block copolymers
in drug delivery,® both Kabanov’s group® and Kataoka’s group’ have expanded the
scope of such applications. In recent years, it becomes a tremendous field where a
wide range of polymers are used to deal with different kinds of drug using innovative
ideas.®%1911 Individual block copolymers with hydrophobic and hydrophilic blocks
can form amphiphilic micelles, in which hydrophobic cores provide a
microenvironment for the encapsulation of hydrophobic drugs, while the hydrophilic
shell stabilizes the interface between the core and the aqueous medium. Researchers

have been devoted to improving characteristic of this system, including size, size
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distribution, morphology, loading efficiency, release Kkinetics, stability and cell
toxicity by optimizing polymer composition,*>® polymer concentration,™>* micelle
preparation method,*® water content,'® choice of organic solvent,*"!® etc.

Microfluidics is an important and developing manufacturing method of drug
delivery vehicles, which is a top-down approach to control the self-assembly process
parameter, in order to simply and efficiently tune physical and chemical properties of
materials. Because in microfluidic device, reactions are carried out within
microchannels, which lead to rapid heat and mass transfer that can produce
nanoparticles in a robust manner with improved yield, controllability, reproducibility
and size distribution, compared to conventional bulk methods.**2

In this thesis, | applied an advanced microfluidic platform for the controlled
synthesis of block copolymer nanoparticles and pursued to encapsulate an anti-cancer
drug 7-Ethyl-10-hydroxycamptothecin (SN-38) into poly(methyl-e-caprolactone-co-
caprolactone)-block-poly(ethylene oxide) (P(MCL-co-CL)-b-PEO) nanoparticles and
release it into a phosphate buffered saline (PBS) medium. Half maximum inhibitory
concentration (ICsp) of SN-38 loaded micelles on MCF-7 breast cells was also
studied. SN-38 is a prominent and efficacious anticancer drug. As an active
metabolite of irinotecan (CPT-11), SN-38 is 100-1000 times more potent than
irinotecan and effective against many malignancies.?* The hydroxyl group at C1o and
ethyl group at C; stabilize SN-38 in physiological environments, making it more
potent than other CPT analogues.’? However, due to various chemical and
pharmacological limitations, it is only commercially available by slow intravenously
injection into a vein, in which case most of administrated CPT-11 may not be able to
transform to the active metabolite SN-38. Therefore, development of SN-38 delivery

strategy becomes an essential challenge. Currently, there are two formulations in
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Phase 2 clinical stage. One uses NK-012 micelles, where SN-38 is loaded in PEO-
poly(glutamic acid) micelles through chemical conjugation,?® the other is EZN-2208,
which is a water-soluble, polyethylene glycol drug conjugate of SN-38.24 Both of
them are categorized as prodrug approaches, since each of them has a moiety
covalently attached to the drug molecule. However, this approach is obviously a little
tedious since the preparation of the conjugates need multiple chemical reactions,
giving rise to the concern of stability and product yield.

Our study focuses on physical encapsulation of SN-38 into amphiphilic block
copolymer without any modification of the drug. The microfluidic technology used is
a gas-liquid segmented microreactor in which the high-shear provides control over the
size and morphology of drug-loaded nanoparticles and allows optimization of drug
loading efficiency, in vitro release kinetics, and cytotoxicity.

In order to further explore the role of high shear in polymer nanoparticles’
characteristics as well as increase the rate of nanoparticle output, we would like to
greatly enhance flow rates on chip. Silicon/glass chips which can resist to the high
pressure induced by high flow rate were made for polymer nanoparticle preparation.
Comparison between microfluidic reactors with two different materials and identical
channels were also conducted to study the influence of surface properties, inner
pressure and gas-liquid pattern on the formation of nanoparticles. This may give some
insight of synthesis mechanism and inspiration for some new design. Furthermore, we
explored new design of single-phase microreactor in which high-shear can be
achieved without introducing gas, by adding extreme narrow channels between
relatively wide channels periodically. This can avoid the difficulty of viewing bubbles

and precise control of the gas pressure.



4

The future goals of follow-up studies might focus on two issues. 1)
pharmacokinetic study of SN-38 loaded polymer nanoparticles 2) development of
targeted delivery of SN-38 towards target site and into the tumor core; this would
greatly improve the therapeutic effect and minimize the toxicity of the drug.?® It may
be helpful to giving some thoughts on the tumor’s special environmental aspects such

as pH and hypoxia.

1.2. Introduction to Specific Topics

1.2.1. Polymers

Polymers are macromolecules consisting of a large number of regularly repeated
chemical units (or monomers) linked by covalent bonds. Polymers can be classified in
many ways. Based on the chain architecture, polymers are categorized into linear,
branched and network polymers, as shown in Figure 1-1.2° Based on the arrangement
of monomers, there are also different types. When a polymer is comprised of two or
more types of monomers, it is called copolymer. According to properties, there are
thermoplastics, elastomers or thermosets, among which, thermoplastics form the
majority in use.?” They are either linear or branched and they soften above the melting
temperature, Tm. In the molten state, they consist of a tangled mass of dynamic
molecules. Upon cooling, they may form a glass below glass transition temperature,
Tg, or they may crystallize below the melting temperatures. The crystallization is only
partial with the remaining polymer in an amorphous liquid-like state. Polymers like

this are said to be semicrystalline.?
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A B C
Figure 1- 1. Schematic representations of linear (A), branched (B) and network
polymers (C).?®

Amorphous Semicrystalline

Figure 1- 2. Schematic representations of an amorphous and a semicrystalline

polymer.

Crystallization is a first-order phase transition characteriazed by alignment and
close-packing of molecular chains in an extended linear state. The glass transition is a

second-order transition which leads to a change in chain dynamics but not a change in
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structure. Below Tg, chains only have vibrational motions, leading to hard and glassy
polymer. At Tg, the polymer starts to soften and becomes rubbery, the modulus
significantly drops. As the temperature further increases, the polymer will experience

rubbery plateau, act like rubbery flow and viscous flow (Figure 1-3).

"

101 Giassy stae

Leathery region
Rubbery plateau

J Uquid flow
Glass transition, T Tomperature, °C —

Log modulus, Pa —e-
W & O O N O ©
) O

Figure 1- 3. Young’s modulus of a typical polymer material versus temperature.?®

1.2.2. Block Copolymers

Block copolymers are macromolecules containing two or more blocks of
dissimilar polymers connected via covalent bonds. There’s a wide range of
architectures like linear diblock (AB), triblock (ABA), multiblock (AB)» and
branched copolymers. When a third monomer is added, linear triblocks can be
prepared, and also three-armed stars.®® The reason why considerable attention has
been focusing on block copolymers is their self-assembly can result different
nanostructures with a variety of applications.®* By changing the molecular weight and

structure of monomers or selecting polymers for each block, the size, morphology,
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functionality and properties of self-assembled block copolymer nanostructures can be
controlled precisely.*

Block copolymer with two thermodynamically incompatible blocks can
spontaneously self-assemble upon addition of a selective solvent that is a good
solvent for one block and precipitant for the other. The process is very similar to the
well-known formation of small molecule surfactant. The critical concentration at
which the micelle starts to form is called the critical micelle concentration (CMC),
which is much lower in the case of block copolymers than small molecule
amphiphiles.®® If the self-assembly occurs in a solvent mixture containing a polar
organic solvent and water, it occurs only when the water content exceeds the critical
water content (CWC).

In this thesis, we deal with the situation that block copolymer self-assembles in a
mixture of the polar organic solvent N, N-dimethylformamide (DMF) and water.
Eisenberg’s group studied the thermodynamics of micellization of polystyrene-block-
poly(acrylic acid) (PS-b-PAA).3* Results showed that the process could be either
enthalpy-driven or entropy-driven. When the water content is low (< 5 wt% water),
the energetically unfavourable polymer/solvent interactions take place of favourable
polymer/polymer and solvent/solvent interactions upon micellization, resulting in a
decrease of enthalpy. When the water content is high (> 15 wt% water), there are
stronger hydrophobic interactions between the polymer chains and water molecules,
in which case increased entropy derived from hydrophobic effect (micelle formation
and the hydrophobic effect) drives the micellization.

Block copolymer self-assemblies have a wide spectrum of different
morphologies. This is governed by three factors to the free energy: the degree of core-

forming blocks’ stretching, the interfacial tension between the core and the solvent
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outside, and the interaction among corona-forming chains.®® Eisenberg’s group first
reported the control of multiple morphologies of the crew-cut aggregates from PS-b-
PAA in 1995,% by changing the block lengths of the copolymer. These kinds of
bottom-up control strategies also include changing polymer concentration, nature of
common solvent, water content, presence of additives, etc. Since then, more and more
morphologies of different block copolymer micelles have been found. Figure 1-4
shows some morphologies obtained with PS-b-PAA, i.e. spheres, rods, vesicles, large
compound vesicles (LCV).3" Figure 1-5 shows interesting morphologies obtained
with PS-b-PEO, i.e. LCVs, porous spheres, tube-walled vesicles, “onions”, large

trapped vesicles.®®

Figure 1- 4. Crew-cut aggregates of PS-b-PAA. A. PS(500)-b-PAA(58). B. PS(190)-
b-PAA(20). C. PS(410)-b-PAA(20). D. PS(200)-b-PAA(4).%’



Figure 1- 5. Aggregates of PS-b-PEO (A) PS(240)-b-PEO(15), (B) PS(410)-b-
PAA(13), (C) PS(240)-b-PEO(45), (D) PS(100)-b-PEO(30), (E) PS(410)-b-PAA(13),
(F) PS(200)-b-PAA(20).%8
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1.3. Drug Delivery

1.3.1. Basic Concepts

The development of drug delivery has been pursued vigorously as a new way to
release proper dosage through appropriate administration. The aim is to achieve high
effectiveness and safety of therapeutic agents as well as compliance of patients.

A wide range of drug delivery systems have been investigated, including
liposome,® prodrugs,*® cyclodextrins,** and gels,** etc. Among these, polymeric
nanoparticles are particularly interesting especially biodegradable block copolymer
nanoparticles.* Block copolymers consist of two blocks which play different roles in
forming the drug carrier. The hydrophilic block can increase the solubility in agueous
environment whereas the hydrophobic block protects the drug in the core. Second,
they enjoy relatively simple preparations, especially the method of drug loading via
physical interaction without any chemical modification of the drug and chemical
conjugation.

Several formulations based on polymer nanoparticles have already reached
clinical trials for some drugs. One of them is a commonly used medication in
treatment of a wide range of cancers, doxorubicin (DOX).*® The first polymeric
micelles incorporating DOX to proceed into clinical trials is named NK911.%* It
initially developed in the late 1980s* by using polyethyleneglycol and poly(aspartic
acid) conjugated with DOX. DOX was released from the inner core by diffusion and
showed stronger toxicity than free DOX against cell lines tested. Another attractive
drug is paclitaxel (PAX) for its high clinical efficacy. PAX-loaded polymeric micelles
(NK105; Nippon Kayaku, Co.) were constructed using PEG as the hydrophilic block

and modified polyaspartate as the hydrophobic block. Carboxylic groups of
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polyaspartate were engineered for increasing the affinity of the hydrophobic backbone

of the copolymer with PAX.#® This formulation was proved to be able to extend in
vivo antitumor activity and ruduce neurotoxicity of PAX. And a multi-national Phase
3 study was thus encouraged for comparing NK105 with PAX in patients with
metastatic solid tumors as well as recurrent breast cancer.

Cisplatin represents the most significant member of classical platinum complex
for its essential role in chemotherapy regimens for various cancers. Kataoka’s group*’
developed a polymeric micelles incorporating cisplatin via the polymer metal
complex formation between cisplatin and poly(ethylene glycol)-poly(aspartic acid)
block copolymers (PEG-P(Asp)). These micelles exhibit enhanced stability,
prolonged blood circulation, and high tumor selectivity. All of these desired
preclinical results suggested the translation of cisplatin-loaded micelles into clinical

as NC-6004 (Nanocarrier, Co.).*

1.3.2 Drug Delivery of SN-38

In this study, the drug we dealt with is an anti-cancer drug 7-ethyl-10-hydroxy
camptothecin (SN-38). The reason why we interested in this drug includes the facts
that SN-38 has very high in vitro potency against different malignancies, such as
colorectal, lung and ovarian cancer.?* However, there are two main limits for the
clinical application of SN-38. One is the poor solubility in water (~0.1mg/ml) and any
pharmaceutically acceptable solvents, which limits the direct delivery as a free drug.
The other is the instability in physiological environments. SN-38 is only stable at
pH<4.5 and completely convert to its carboxylate form, which has no therapeutic
effect, at pH>9.0.%° To solve these inherent problems of SN-38 and achieve effective

and safe treatment, different drug delivery systems have been investigated.
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Within the range of various drug delivery vehicles for SN-38, block copolymers

occupy a vital position. These systems have been proved to increase the water
solubility, prevent the pH-induced hydrolysis, prolong drug circulation time and
augment accumulation in tumor by the enhanced permeability and retention (EPR)
effect.®0

Peng and co-workers®! reported a functionalized micellar delivery system for
SN-38. The chlorin-core star-shaped block copolymer was synthesized from chlorin
and mPEG-b-PCL-COOH. The center of the star that acts like a photosensitizer is for
photodynamic therapy (PDT) and the hydrophobic inner core of the micelle
encapsulate the drug in it. These SN-38 loaded micelles were prepared using

lyophilization-hydration method. They showed high drug loading (81.3 3.6 %) with

an optimal size (103.2nm) to achieve promising synergistic therapy. However, the
improved cytotoxicity was mainly attributed to the combination with PDT.

After the development of SN-38-incorporating polymeric micelle named NK012
that synthesized from PEG-b-PGA,>? Gu and co-workers® combined two different
copolymers, Pluronic-F-108 and PCL-b-PEG, as a nanocarrier to encapsulate SN-38.
F-108 is a commercial name of poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol), which is used to increase the solubility of micelle in
water. The PCL-b-PEG has equal molecular weight of two blocks, which assists in
trapping the hydrophobic drug. These micelles prepared by a modified film hydration

method successfully improve SN-38 loading, with a loading efficiency of 83.83+

1.32 %, as well as in vitro cytotoxicity and cellular uptake.
An amphiphilic triblock copolymer poly(acrylic acid)-poly(e-caprolactone)-
poly(acrylic acid) (PAA13-PCL3s-PAA13) was also used to prepare micelles as novel

carrier for SN-38 in Goracinova’s group.>* The PAA segments are polyelectrolytes
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and are pH-responsive and PCL provides the hydrophobic core. The “solvent

displacement” nanoprecipitation method used in this study is much more efficient and
convenient than traditional methods mentioned above in micelle formation. In that
approach, the organic phase containing the polymer and drug was added dropwise to
the non-solvent aqueous phase. Upon agitation, a colloidal suspension was formed
and then nanoparticles started to form.> As a result, the micelles with diameter of
120-140 nm, negative zeta potential and content drug loading exhibited increased

growth inhibition effect on SW-480 cell lines compared to free SN-38.

1.4 Microfluidics

Microfluidics is a technology that precisely manipulates fluids at the scale smaller
than 1 mm. It can be applied in various areas including chemical synthesis, biological

analysis, optics and information technology.*
1.4.1 Useful Microfluidic Concepts

1.4.1.1 Laminar Flow vs. Turbulent Flow
The Reynolds number (Re) is defined as:

vd
Re=2%¢
u

p is density of the fluid, v is velocity of the fluid, d is the diameter of the channel, and

1 is dynamic viscosity of the fluid. This demonstrate the ratio of inertial to viscous

forces in a fluid. When the Re is high (~2000), fluids can be characterized as turbulent
flow whose motion fluctuates randomly. In microfluidic systems, Re can be as low as
100, even less than 1, in which regime, flow is completely laminar, thus it is very

orderly with all particles moving in straight lines. Laminar flow can make molecules
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be transported in a relatively ordered and predictable manner through

microchannels.>®

1.4.1.2 Pressure-driven Laminar Flow (Poiseuille Flow)

If the velocity profile that implicates the distribution of molecules within the
channel is parabolic, the flow can be treated as pressure driven flow. In which
condition, the fluid velocity is maximum in the center and zero along the wall (Figure
1-6). This is usually achieved by positive displacement pumps. The advantages of
pressure-driven flow are relatively low expense and high reproducibility when fluids
are pumped into microfluidics device, as well as the possibility to be amenable to

miniaturization.t

1.4.2 Microfluidics for Nanoparticle Synthesis

The reason why microfluidics becomes an attractive field for both engineers and
scientists in recent years is various advantages of microfluidics over conventional
batch technology for the production of nanoparticles. For example, microfluidic can
provide tremendous potential for the controllable and tunable synthesis nanoparticles.
It can also separate the nucleation and growth process by specific designs of
microchannels, to achieve some promising sizes and morphologies of nanoparticles.

In the past decade, different kinds of inorganic nanomaterials have been
produced using microfluidic reactors, including metallic and silica nanoparticles,
quantum dots, etc., with tuneable size, size distribution, and crystal structure.

This undoubtedly gives plenty of possibilities on production of organic
nanoparticles and colloidal systems, which can be used as innovative pharmaceutical
formulations to overcome the long-lasting problems, such as low aqueous solubility

and poor cell uptake, in biomedical field.
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Figure 1 -6. Velocity profile in a Poiseuille flow. A pressure gradient - V P, along a
channel generates a parabolic or Poiseuille flow profile in the channel On the right is
an experimental measurement of the distortion of a volume of fluid in a Poiseuille
flow. The frames show the state of the volume of fluid 0, 66 and 165 ms after the

creation of a fluorescent molecule.!

1.4.3 Microfluidic Manufacturing of Polymer Particles

Among a large number of interesting organic nanoparticles, block copolymer
nanoparticles are promising to have diverse chemical and structural properties by a
wide range of controlled polymerization techniques, compared to its popular
counterpart, lipid-based system.3? All these types of polymers can self-assemble into
amphiphilic aggregates under certain conditions with multiple morphologies,
including spheres, vesicles and cylinders.%’

Synthesis of biodegradable polymeric nanoparticles have been developed using
bulk mixing and nanoprecipitation methods. However, the lack of mixing process

control may compromise the properties of resulting nanoparticles. At this point,
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microfluidic becomes a desired approach to fast mixing, precise control over the

process and screening of various production parameters.

Karnick et al.>” employed hydrodynamic flow focusing microfluidic to synthesis
PLGA-PEG nanoparticles with defined size, lower polydispersity and higher drug
loading with slower release. Since hydrodynamic flow-focusing can provide the
environment in which the central stream is narrowed down by the two adjacent
streams and then able to mix rapidly through diffusion. However, it can’t be ignored
that hydrodynamic flow-focusing process is always restricted to low Re, namely very
low flow rate (<10 pL/min), which limits the possibility of large-scale production.
Therefore, Anton and his coworkers®® applied a new setup of micromixer which is
based on impact-jet mixing, to reach a much higher flow rate (1 ml/min). They
successfully produce PMMA nanospheres, with a particle size of ~100nm, and a
narrow size distribution.

Kucuk et al. synthesized PMSQ polymer nanospheres using a V-shaped
microfluidic junction (VMJ) device.>® Formation of droplets occurs after PMSQ and
PFH solutions mixed in the junction. Then the steady continuous stream of droplets
goes down through the outlet capillary and can be collected at the exit. These solid
polymer nanospheres show promising sizes and structures for drug loading
applications.

Another approach to enhance mixing and reduce dispersion in the flow direction
is to apply gas-liquid segmented flow reactors. Compared to the other two-phase
reactor, liquid-liquid reactors, they can simply separate process of gas from the
liquid.®® Thus, dispersion is limited within the liquid plugs and reactions take place
only in these regions, which narrows residence time distribution, in turn, decreases

particle size polydispersity. They also have “high-shear” regions in the corner of the
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liquid plugs, produced by chaotic advection. And this high shear can be utilized to

control size and morphology of on-chip production.®? Our group has pioneered gas-
liquid synthesis of polymeric nanoparticles. Wang and co-workers®? demonstrate PS-
b-PAA can self-assemble in a gas-liquid segmented microreactor and the unique on-
chip shear environment can provide flow-induced variation of sizes and morphologies

of nanoparticles.

1.4.4. Different Materials for Microfabrication

Materials for microfluidic chip fabrication vary a lot and matter to applications,
for the reason that the surface properties can lead to different characteristics and each
material acquires specific microfabrication method.%® The earliest material used for
microfluidic device is silicon or glass. Both two materials possess advantages like
solvent compatibility and thermostability. They are normally processed with standard
photolithography, which is expensive, time-consuming and requires refined
fabrication conditions. Thus, elastomers were developed as an optimal material for
microfabrication. The most popular representative is polydimethylsiloxane (PDMS),
which is easier and cheaper to prepare than silicon and glass templates.®* Soft
lithography is generally used for PDMS chips fabrication currently. And its high
elasticity also opens possibilities of different designs. Despite all the merits, PDMS
still has a few drawbacks like incompatibility with some kinds of organic solvents and
absorption of hydrophobic molecules onto the inner wall. Other materials like

thermoplastic, hydrogels and paper have been widely used in recent years.5

1.5. Outline of Thesis

This thesis consists of 5 chapters, the first of which is an introduction. The

second chapter is regarding production and characterization of anti-cancer drug SN-
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38 loaded P(MCL-co-CL)-b-PEO nanoparticles by microfluidics. Different drug to

polymer ratio, water content and on-chip flow rate were investigated. Size,
morphology, loading efficiency and release profile of drug-loaded nanoparticles were
characterized. The third chapter deals with in vitro study of cytotoxicity of the
nanoparticles produced on chip. More specifically, aspects related to flow-induced
anti-cancer activity on MCF-7 cancer cell lines were discussed. In Chapter 4, we
proposed some new strategies to optimize the chip design as well as to achieve high-
shear effect. These include the use of different materials and switching from two-
phase to single-phase reactor. PCL-b-PEO with different block length were used to
test the applicability and effectiveness of new chips. Finally, Chapter 5 covers
conclusion generated from the work and outlook for the future work. All in all, this
thesis focuses on the effect of microfluidics on nanoparticles size, morphology, drug
loading, release and cytotoxicity. The main goal of the thesis is to get insight into
microfluidic shear-directed formation of block copolymer nanoparticles for SN-38

drug delivery.
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Chapter 2.
Manufacturing and Characterization of SN-38-Loaded P(MCL-co-

CL)-b-PEO Nanoparticles

2.1 Introduction

Amphiphilic block copolymers self-assemble into various nanostructures termed
polymeric micelles that have been used in a wide range of applications, among which
drug delivery using biocompatible block copolymer has attracted a tremendous
amount of interest from researchers.!* Block copolymers can be modified and
functionalized to increase biocompatibility and permit encapsulation of specific
therapeutic agents, and they have intrinsic robustness and exhibit a wide range of self-
assembled morphologies.? All of these features make them attractive in the field of
drug delivery.

SN-38 is an anticancer drug with very high potency. The main limitations of the
direct delivery of SN-38 are the poor solubility in water and most pharmaceutically
acceptable solvents. Currently, the prodrug of SN38, irinotecan (CPT-11), is approved
for chemotherapy. Macromolecular prodrug, EZN-2208 is in Phase 2 clinical stage.
However, the prodrug approaches instability in the physiological environment and
enzymatic or chemical cleavage, etc. Nanomedicine formulations based on
nanoemulsions, liposomes, and polymeric micelles have been developed more
recently to improve the delivery of SN-38.18

PCL-b-PEO nanoparticles have been extensively investigated for drug delivery
systems because of their biodegradability and biocompatibility, especially for
anticancer drugs.>® PCL is a biodegradable and semi-crystalline polymer with a

relatively polar ester group and five non-polar methylene groups in its repeat unit. It
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shows more resistance to chemical hydrolysis than other polyesters.* PEO, a

hydrophilic and non-toxic semicrystalline polymer becomes an ideal hydrophilic
block in copolymers with PCL because of its absence of immunogenicity, as well its
stealth-like nature due to its hydration, high mobility and thus protein repulsion.® In
aqueous dispersions of PCL-b-PEO, PCL forms the hydrophobic core and PEO forms
the hydrophilic corona. These nanocarriers enhance the water solubility of
hydrophobic drugs, facilitate passive targeted delivery to solid tumors via the enhance
permeation and retention (EPR) effect, and provide increased kinetic stability,®
enhanced pharmacokinetics and long blood circulation times.”®

However, there are still some disadvantages of PCL-b-PEO as drug delivery
vehicles, which includes poor drug loading efficiency and slow degrading rate in vivo.
Poor drug loading efficiency may originate from the high crystallinity of the PCL
block and the lack of amorphous regions in which the drug molecules can solubilize.*
Longer PCL blocks may increase the loading efficiency and thermodynamic stability
of the micelle, since the main driving force for physical encapsulation is the
hydrophobic interaction between the PCL block and the drug, and longer PCL blocks
lead to higher hydrophobicity. In this case, however, the higher crystallinity may not
be favorable for drug loading because only the amorphous PCL phase is likely to
accommodate drug molecules.!! A copolymer micelle with an amorphous core
poly(ethylene glycol)-b-poly(2-hydroxyethyl methacrylate-g-poly(e-caprolactone))
(PEG-b-P(HEMA-g-PCL)) was used to encapsulate doxorubicin by Zhang et. al..*?
Although this vehicle exhibits higher loading capacity, faster release of DOX from the
micelles was observed. This indicates that a balance between amorphous and

crystalline structures within block copolymers as well as a balance between
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hydrophobicity and crystallinity should enable optimum properties for drug delivery

systems.

In order to address the balance described above, we introduced a comonomer
methyl caprolactone together with caprolactone within the hydrophobic block of the
copolymer poly(6-methyl-caprolactone-co-¢-caprolactone)-block-poly(ethylene oxide)
(P(MCL-co-CL)-b-PEO). The existence of the methyl group interrupts the tacticity
relative to a purely-PCL chain, decreasing the crystallinity of the hydrophobic block
without any non-covalent interactions with drug molecule. We hope that the ability to
obtain micelles with amorphous cores can thus be facilitated. Furthermore, MCL can
decrease the CMC of polymer because the methyl group increase the hydrophobicity
of polymer, behaves stronger tendency to self-assemble.!?

Our group has introduced the use of gas-liquid segmented microfluidic reactors
to synthesize various polymeric nanoparticles with size, shape, crystallinity and
functionality (loading efficiency, release rates and photoresponsivity) controlled using
the flow rate within the reactor microchannels.}*>® This microfluidic approach is a
promising “top-down” method to obtain drug delivery nanoparticles for specific
therapeutic applications, with processing control provided by the high-shear generated
within the microreactor.® Of course, the usefulness of this microfluidic platform relies
on its applicability to different polymer materials and therapeutic agents. In this study,
we investigate the microfluidic loading of SN-38 into nanoparticles of P(MCL-co-
CL)-b-PEO. We study the effect of flow rate and initial drug-to-polymer ratio on the
morphologies, hydrodynamic size distributions, loading efficiencies, and in vitro
release rates for the resulting series of SN-38-loaded polymeric nanoparticles, and
compare these results to nanoparticle formed using a more conventional non-

microfluidic (bulk) approach. In addition, we compare the loading of SN-38
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(microfluidic and bulk) into nanoparticles of P(MCL-co-CL)-b-PEO with loading into

nanoparticles of the more crystalline copolymer PCL-b-PEO.

2.2 Experimental

2.2.1 Materials. NaCl (Bio Basic Canada, 99.9%), KCI (Caledon, 99.0%),
Na;HPO4 (Bio Basic Canada, 98.0%) and KH.PO4 (Caledon, 99.0%) were used to
prepare phosphate buffered saline (PBS, pH=7.4). N, N-dimethylformamide (DMF,
Caledon, 99.8%), acetonitrile (ACN, Caledon, HPLC grade) were used as received
without further purification. 7-ethyl-10-hydroxycamptothecin (> 98.0%) was
purchased from AK Scientific. PCL2k-b-PEOsk, PCL2.1k-b-PEOsk (where numbers in
subscripts denote number-average degrees of polymerization for the respective
blocks) were purchased from Advanced polymer materials INC. P(MCL-co-PCL)12k-
b-PEOsk were synthesized by Dr. Changhai Lu in Moffitt’s lab.

2.2.2 Critical Water Content (cwc) Determination. Critical water contents
were determined using light scattering experiments by Zhegi Xu.!” previously in our
group and listed in Table 2-1.

Table 2- 1. Copolymer Characteristics and Critical Water Contents

Copolymer Composition? Mn / g.mol*? cwce / wt%
PCL12k PCL12k-b-PEOsk 17000 55+ 0.1
PCL2k PCL2.1xk-b-PEOsk 7100 13.1 = 0.2

P(MCLo.25-c0-CL.75)s5k-b-
PMCLCL 10170 8.6 = 0.2
PEOsk

a) Subscripts refer number-average molecular weights of block and weight
fractions of MCL and CL in the hydrophobic block.

2.2.3 Bulk Preparation of SN-38-Loaded Nanoparticles. Nanoparticles of
each block copolymer containing various quantities of SN-38 were prepared by the

nanoprecipitation method. Specifically, 3 g of 0.33 wt % copolymer solutions in DMF
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with various drug-to-polymer ratios (w/w), r (r = 0.25, 0.50 and 0.75) were prepared

and stirred overnight. This solution was then added dropwise at a rate of 120 pL/min
into a 10 x volume of deionized water with continuous high-speed stirring using a
syringe pump. The resulting nanoparticle dispersion in DMF/water was then dialyzed
against deionized water for 12 hours with changing of water every hour for the first 4
h (6-8 kD MWCO dialysis membrane, Spectrum Laboratories) to remove DMF.
Precipitated drug in the aqueous dispersion was removed by centrifugation at 16,000
g for 18 minutes; the resulting supernatant was decanted into a pre-weighed vial.
Deionized water was added to the centrifuge tube in order to rinse the residue and
minimize loss of block copolymer nanoparticles during separation of solid precipitate.
Vortexing was applied for 5 min to the centrifugation tube in order to break up the
pellet and re-suspend the solid residue, followed by another centrifugation step
(16,000 g for 18 minutes) and collection of the supernatant. This process of “water
addition-vortexing-centrifugation-supernatant collection” was repeated an additional
two times. The mass of the final suspension was weighed to determine the
concentration of polymer. It was assumed that the mass of polymer added initially
remained unchanged during the dialysis and centrifugation processes.

2.2.4 Microfluidic Reactor Fabrication. Silicon wafers (Silicon Materials)
were spin-coated with negative photoresist SU-8 100 (Microchem Inc.) at 2000 rpm.
Then the wafers were soft baked at 65 °C for 20 minutes and baked at 95 °C for
another 50 minutes. A photomask was then applied and exposed to UV light for 100 s.
Immediately after exposure, the silicon wafer was heated at 65 °C for 1 min and 95
°C for another 20 min. Finally, the wafer was submerged in SU-8 developer

(Microchem Inc.) until all unexposed photoresist was removed.
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Microfluidics chips were fabricated from poly(dimethyl siloxane) (PDMS) using

a SYLGARD 184 silicon elastomer kit (Dow Corning, Midland, MI). 28.28g
elastomer and 4.71g curing agent (7:1 wt/wt) were mixed and degassed under
vacuum. The mixture poured over the master chip facing up in a petri dish. Vacuum
was applied again until no more bubbles appeared. The PDMS was heated at 85 °C
for at least 20 minutes until cured, and then peeled from the negative master; inlet and
outlet holes were punched out. A glass substrate was spin-coated using a mixture
consisting of 20:1 elastomer and curing agent instead of 7:1. Both the chip and the
substrate layer were treated with oxygen plasma for 90s and bonded together. The
resulting microfluidic reactor design is shown in Figure 2-1. The channel depth of
resulting reactor is 150 um. The width of the mixing channel and processing channels

is 100 pum and 200 pm wide, respectively.

G Mixing Processing
DMF+water as channel channel

DMF
DMF+
Polymer+
SN-38 |
— 4
NPs

Figure 2- 1. The gas-liquid segmented microfluidic reactor. Scale bar is 1 cm.
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2.2.5 Flow Delivery and Control. The microfluidic chip was fitted with 3

injection syringes (Hamilton, Reno, NV) mounted on syringe pumps (Harvard
Apparatus, Holliston, MA) via 1/16%-inch (OD) Teflon tubing (Scientific Products
and Equipment, ON). The gas inlet was fitted with a 1/16"-inch (OD) / 100-um (ID)
Teflon tube (Upchurch Scientific, Oak Harbor, WA) connected with a downstream
regulator (Johnston Controls) for fine adjustments and an Ar tank regulator. The
liquid flow rate (Qiiq) was programmed via the syringe pumps and the gas flow rate
(Qgas) was fine-tuned via the downstream pressure regulator in order to achieve the
nominal total flow rates of 50, 100, 200 and 400 uL/min described in the main text.
For all experiments, the relative gas-to-liquid flow ratio, Qgas/Qiig ~1.

Due to the compressible nature of the gas and the high gas/liquid interfacial
tension, discrepancies arise between the nominal (programmed) and actual values of
Quas, Qgas/Qiiq, and the total flow rate (Quota). Therefore, visualization of gas bubbles
and liquid plugs within the microchannels was achieved using an upright optical
microscope (Omax) with a 3x-objective lens. Images were captured using a 2.07
megapixel PipilCam (Ken-A-Vision) and mean lengths of liquid and gas segments
were measured using image analysis software (Image J). Images were taken every
time 100 pL of sample has been collected. Actual values of Qgas, Qgas/Qiig, and Qtotal
for each run were then calculated as described in our previous papers.®

2.2.6 Microfluidic Preparation of SN-38-Loaded Nanoparticles. The three
syringes connected with liquid inlets contained: (1) 1.0 wt % PMCLCL or PCL12k
solution in DMF containing co-dissolved SN-38 in a drug-to-polymer ratio of r =
0.25, 0.5 or 0.75; (2) pure DMF; and (3) a DMF/water mixture containing 40.8 wt %
water (for PMCLCL) and 31.5 wt % water (for PCL12k). The flow rates of the three

liquid streams were equal, in order to yield steady-state concentrations of 0.33 wt %
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copolymer and 13.6 wt % water (for PMCLCL) and 10.5 wt % water (for PCL12k) to

yield water contents of cwc + 5 wt % for both copolymers.

For each nanoparticle preparation, colloidal dispersions in DMF/water were
collected into pre-weighed vials containing 10 x volume excess deionized water,
followed by 12-hour dialysis against deionized water with changing of water every
hour during the first 4 h to remove DMF (6-8 kD MWCO dialysis membrane,
Spectrum Laboratories). Following dialysis, precipitated drug in the aqueous
dispersion was removed by centrifugation at 16,000 g for 18 minutes; the resulting
supernatant was decanted into a pre-weighed vial and deionized water was added to
the centrifuge tube in order to rinse the residue and minimize loss of block copolymer
nanoparticles during separation of solid precipitate. Vortexing was applied for 5 min
to the centrifugation tube in order to break up the pellet and re-suspend the solid
residue, followed by another centrifugation step (16,000 g for 18 minutes) and
collection of the supernatant. This process of “water addition-vortexing-
centrifugation-supernatant collection” was repeated an additional two times.

2.2.7 Transmission Electron Microscopy. Transmission electron microscopy
(TEM) was performed using a JEOL JEM-1400 TEM, operating at an accelerating
voltage of 65 kV and equipped with a Gatan Orius SC1000 CCD camera. Negatively-
stained samples for TEM imaging were prepared by depositing one drop of sample on
a carbon-coated 300-mesh copper TEM grid followed by one drop of 1 wt % uranyl
acetate as a negative staining agent that selectively binds to the hydrophilic blocks,
thus giving reverse contrast to the hydrophobic cores. Excess liquid was then removed
with a Whatman filter paper. The grid was dried in the air for at least 2 hours.

Due to the high electron density of uranyl acetate, negative staining always

influences the visualization of the internal lumen of vesicle structures of block
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copolymer nanoparticles, which makes it difficult to distinguish spheres from vesicles.

Therefore, unstained images were also taken for samples that exhibit spherical-shaped
structures.

For each set of nanoparticle formulation conditions (copolymer, flow rate, drug-
to-polymer ratio, and water content), morphologies and mean nanoparticle sizes were
determined based on triplicate preparations starting with three individually-prepared
stock solutions; for each preparation, at least three
TEM images were taken in different areas of the grid to characterize the morphology
and size of the particles. Identified morphologies and mean dimensions for each
copolymer and preparation condition are reported in Table 4-2 for bulk preparations
and Table 4-7 for microfluidic preparations.

2.2.8 Dynamic Light Scattering. Effective hydrodynamic diameters of SN-38-
loaded nanoparticles were determined using dynamic light scattering (DLS). DLS
measurements were carried out using a Brookhaven Instruments correlation
spectrometer equipped with a BI-200SM goniometer, a BI-9000AT digital
autocorrelator, and a Melles Griot He-Ne Laser (633 nm) with a maximum power
output of 75 mW. All DLS measurements of SN38-loaded nanoparticles were
performed in pure water and an experimental temperature of 23°C and at a scattering
angle of 90°.

After overnight dialysis and centrifugation to remove DMF and unincorporated
SN-38, drug-loaded nanoparticles were transferred to pre-cleaned scintillation vials.
For each preparation, three measurements of the autocorrelation function were taken
from which mean effective hydrodynamic diameters and corresponding size

distributions were determined using cumulent and CONTIN analysis, respectively.
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2.2.9 SN-38 Loading Efficiency Determination. High performance liquid

chromatography (HPLC, Ultimate 3000, Thermo Scientific) along with C18 column
(Phenomenex Luna 5u C18) and a UV detector set at 265 nm, was used at 25 °C to
determine the drug loading efficiencies of SN-38-loaded nanoparticles. The mobile
phase, consisting of ACN and water (65:35, v/v) was running at 1 ml/min. The mobile
phase was adjusted to pH = 3 by formic acid to ensure SN-38 was in the closed
lactone ring form during the assay. After centrifugation of a given sample of SN-38-
loaded nanoparticles, all of the water was removed by rotary evaporation at 25 °C;
then ACN was used to dissolve the solid (polymer + drug). A volume of 50 uL of
sample was then injected automatically by the instrument. A calibration curve was
made by analysis of 5 standards consisting of known concentrations of SN-38 in
acetonitrile (5, 10, 20, 50, 100 ppm). Quantities of SN-38 in the samples were
determined from the calibration curve and loading efficiencies and loading levels

were calculated for each sample using the following equations:

mass of encapsulated SN-38 (g)
total SN-38 added (g)

loading efficiency (%) = X 100% (2-1)

. . w) _ total SN-38 added (2 )
loadlng ratio (w) " mass of copolymer (g) (2 2)

. w\) __ mass of encapsulated SN-38 (g) )
loadlng level (;) - mass of copolymer (g) (2 3)
loading level (g) = loading efficiency (%) xloading ratio (g) (2-4)

2.2.10 In Vitro SN-38 Release Kinetics. The following experiments were
carried out to monitor the in vitro release of SN-38 from drug-loaded nanoparticles. In
a typical experiment, a known mass (~2 g) of SN-38-loaded nanoparticles were put
into a 5 mL Float-A-Lyzer tube (SpectrumLabs, MWCO 100 kDa) for each

predetermined time (t = 1, 2, 4, 8, 12, 18, 24 h). These tubes were then placed in a 5
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L-beaker of the release medium, consisting of ~4 L of PBS; throughout release

experiments, the release medium was constantly stirred using magnetic stirring and
maintained at physiological temperature (37 £ 0.2°C). At each predetermined time (t
=1,2,4,8,12, 18 and 24 h), one of the seven tubes was transferred to a vial and dried
by rotary evaporation at 25 °C. Then a known quantity of ACN (0.1-0.3 g depending
on release time) was added to dissolve SN-38 and polymer leaving some remaining
solid (salts and undissolved polymer).Vortex was applied for 5 min to make sure all
the SN-38 was dissolved. The concentration of the resulting solution was measured by
HPLC (see previous section for specifications). Percentages of SN-38 released were
calculated relative to determined masses of SN-38 in nanoparticles (total mass x
loading efficiency) at the t = O release time. Reported release percentages at each
release time are averages determined from triplicate preparations under the specified

conditions.

2.3 Results and Discussion

2.3.1 Comparison of SN-38 Loading in PCL-b-PEO and P(MCL-co-CL)-b-PEO

Copolymers.

Our initial attempts at loading SN-38 used typical PCL-b-PEO copolymers
studied previously in our group for loading hydrophobic drugs and probes.*>!® First,
we carried out encapsulation of SN-38 using the bulk microprecipitation method with
the copolymer PCL2k at three different loading ratio (r = 0.05, 0.1, 0.2) and the
copolymer PCL12k at the same three loading ratios and also with an additional
loading ratio r = 0.5. These results are reported in Table 2-2 and Figure 2-2. For
PCL2k, loading efficiencies range from 3-7 % and decrease with higher r values,

indicating that more drug is excluded from the nanoparticle cores as the loading ratio
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is increased. For PCL12k, higher loading efficiencies from ~3-14 % are obtained and

also decrease as the r value increases. Loading level of PCL12k increases from r =
0.25 to r = 0.5 and stars to plateau at ~0.014 (w/w) while the PCL2k has the same
loading level at various loading ratios, which means that longer PCL blocks allow
more SN-38 to be encapsulated and shorter blocks limit the loading capacity of
polymer nanoparticles.

Table 2- 2. Loading Efficiency and Loading Level of SN38-loaded PCL12k and
PCL2k.

PCL12k PCL2k
] Loading
Drug Loading Loading Loading Loading
_ Efficiency / Efficiency /
Ratio (r) Level / X102 Level / X102
Wt Wt%
0.05 14.0+1.9 0.70+0.10 7.2+2.2 0.36+0.11
0.1 10.6+4.2 1.06+0.42 58+3.1 0.58+0.31
0.2 59+21 1.184+0.42 2.7%+1.7 0.54+0.34

0.5 27104 1.35+0.20 N/A N/A
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Figure 2- 2. Loading efficiency (A) and loading level (B) of SN-38 loaded
nanoparticles prepared in bulk. Error bars are calculated from three separate

preparations.

We next tried microfluidic encapsulation of SN-38 using the copolymer PCL12k
at a loading ratio of r = 0.5 and a water content of cwc + 5 wt %, in order to
determine if on-chip shear effects provided increased encapsulation efficiencies
relative to the bulk method. The nanoparticles were prepared at three different flow
rates of Q = 50, 100, and 200 pL/min and the resulting loading efficiencies were
compared with the bulk-prepared r = 0.5 case (Table 2-3). The resulting microfluidic
loading efficiencies were around ~3 % for all three flow rates, similar to the bulk

encapsulation method for the same polymer and loading ratio. These result suggested



37
an inherent limitation in the loading of SN-38 into PCL-based copolymers that could

not be mitigated by the shear effects in the microfluidic reactor. Possible contributions
to the low loading efficiencies of SN-38 in the PCL cores of PCL-b-PEO block
copolymers include the high crystallinity of PCL and poor thermodynamic solubility
of SN-38 in the amorphous phase of PCL.° Therefore, we turned to a new block
copolymer with a different hydrophobic block being a random copolymer of the
monomers caprolactone and methyl-caprolactone: P(MCL-co-CL)-b-PEO (or
PMCLCL). The methyl groups within the hydrophobic cores of the resulting
nanoparticles are expected to both increase hydrophobicity and disrupt crystallization
relative to PCL.

We compared loading efficiencies for bulk preparations of SN-38-loaded
nanoparticles prepared at a loading ratio of r = 0.5 using copolymers PCL12k and
PMCLCL. As described above, this condition and method gave a loading efficiency
of 2.7 £ 0.4 % for PCL12k; in contrast, PMCLCL vyielded a loading efficiency of 11 +
3% under the same conditions. In addition, TEM images of the resulting SN-38-
loaded nanoparticles of PCL12k showed a combination of small spheres, long
cylinders and large lamellar nanoparticles (Figure 2-3 A), whereas the number of
cylinders and platelets decreases and large spheres, possibly vesicles, appear in
PMCLCL sample (Figure 2-3 B). Large lamellar nanoparticles are generally not
desirable to drug delivery as they can grow to several microns across and tend to
gravitationally settle out of colloidal suspensions. Therefore, based on this
combination of higher loading efficiencies and more desirable sizes and morphologies
in bulk-prepared nanoparticles, we decided to apply the copolymer PMCLCL for the

rest of our investigations of microfluidic loading of SN-38.
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Table 2- 3. Loading Efficiency of SN38-loaded PCL 12k Prepared in Bulk and by
Microfluidic at Different Flow Rates. Error bars are calculated from three

separate preparations.

bulk 50 pL/min 100 pL/min 200puL/min

Loading Efficiency
27+04 34+22 27+0.2 24+0.7
1 %

Figure 2- 3. TEM images comparing morphologies from bulk preparations of SN-38-
loaded nanoparticles (r = 0.5) of PCL12k (A) and PMCLCL (B). Scale bars are 500

nm.

2.3.2 Effect of Drug-to-Polymer Ratio on the Morphologies, Sizes, Loading
Efficiencies of SN38-Loaded Nanoparticles of P(MCL-co-CL)-b-PEO Prepared

by the Bulk Method.

We first investigated how drug-loading ratio (r = 0.25, 0.5, 0.75) effect SN38-
loaded nanoparticles prepared in bulk without influence of on-chip flow rate. Figure
2-4 shows the morphologies and size distribution of these nanoparticles. The main
morphologies for all the loading ratios are spheres, along with some short cylinders.

Thus, the morphological effect of r is negligible. However, the larger size of spheres
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and cylinders can be observed in the condition of r = 0.5, supported by the

hydrodynamic size obtained from cumulent analysis of DLS. Loading levels of
nanoparticles with higher loading ratio (r = 0.5, 0.75) are greater than those with low
loading ratio (r = 0.25), indicating that as more drug was added initially, the total
mass of encapsulated drug was increased. In vitro release study was performed at the
highest loading ratio (r = 0.75). Almost all the SN-38 was released within 24 hours

and the release during the first 4 hours is particularly fast.
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Figure 2- 4. TEM images and size distribution obtained form CONTIM analysis of
DLS measurements, along with the mean effective hydrodynamic diameter
determined from CUMULENT analysis of PMCLCL nanoparticles synthesized using
bulk method with different drug-to-polymer ratio.
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Figure 2- 5. Loading efficiency (A) and loading ratio (B) of bulk-prepared PMCLCL

nanoparticles. Error bars are calculated from three separate preparations.
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Figure 2- 6. In vitro release profile of PMCLCL nanoparticles prepared in bulk at r =

0.75. Error bars are calculated from three separate preparations.

2.3.3 Effect of Drug-to-Polymer Ratio and Flow Rate on Morphologies and Sizes

of Microfluidic-Prepared SN38-Loaded Nanoparticles of P(MCL-co-CL)-b-PEO.

Figure 2-6 shows TEM images of SN-38-loaded nanoparticles synthesized in the
gas-liquid microfluidic reactor at different loading ratios and flow rates. TEM images
show various combinations of spheres, rods and large lamellae at the different loading
ratios and flow rates, although the sizes and specific combinations of morphologies
depend on both » and Q. One interesting trend discernable from the TEM images is
that for all values of r, large lamellar aggregates are least prominent at the
intermediate flow rate of Q = 200 uL/min, and in fact at the two lower loading ratios
of = 0.25 and r = 0.5, only spherical nanoparticles are found at this flow rate (Figure

2-3, G and H).
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The corresponding DLS CONTIN size distributions for various loading ratios

and flow rates are shown in Figure 2-4, supporting the effects of flow rate drawn from
TEM results in Figure 2-6. At the lowest flow rate of O = 50 uL/min, all loading
ratios show three populations centered at ~50 nm, ~1000 nm and ~10000 nm,
attributed to small, medium and large aggregates in the dispersions (Figure 2-7, A-C).
For all » values, increasing the flow rate to O = 100 uL/min leads to a disappearance
of the largest-sized aggregate population (Figure 2-7, D-F). Then, further increasing
the flow rate to Q =200 pL/min leads to a shift to smaller sizes of both the remaining
aggregate populations (Figure 2-7, G-I) compared to the O = 100 uL/min case. Finally,
increasing the flow rate to Q = 400 uL/min results in a shift in the aggregate
populations in the opposite direction, toward larger aggregate sizes (Figure 2-7, J-L).

Along with the CONTIN size distributions shown in Figure 2-7, DLS data can
also be analyzed using the method of cumulent, which yields mean effective
hydrodynamic diameters; these are plotted versus flow rate for the various loading
ratios in Figure 2-8. The results are consistent with CONTIN DLS analysis and TEM
results described above, showing a similar trend for all loading ratios of decreasing
mean particle sizes as flow rate is increased between Q = 50 and 200 pL/min,
followed by an increase in mean particle sizes as flow rate is further increased to Q =
400 pL/min.

Previous work in our group on similar two-phase microreactor showed that
counter-rotating vortices induced by chaotic advection in the liquid plugs generates
extremely high shear (~10* to 10° s) in the corner of gas-liquid interface.?! For
microfluidic manufacturing of nanoparticles, continuous recirculating flow moves
micelles in and out of the high-shear corners, resulting in shear-induced micelle

coalescence to form larger micelles and shear-induced collision to break up into
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smaller particles.?? The resulting particle size is a balance of the relative rates of these

processes. The decrease in size from Q = 50 puL/min, to Q = 200 puL/min indicates that
the shear-induced break up is dominant in this range of flow rate. As flow rate is
further increase to 400 puL/min, the rate of coalescence is increased, to form larger
aggregates. Then, due to the kinetic constraints, these aggregates will relax via
intraparticle chain rearrangements for form a different morphology which is vesicle in
this case. The competing mechanism of on-chip micelle formation leads to size
optimization under different chemical conditions, and in this system of SN-38 and
PMCLCL, minimum particle sizes of lowest size dispersions are found at Q = 200

pL/min for all loading ratios.
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r=0.50 r=0.75

200 pL/min 100 pL/min

400 pL/min

Figure 2- 7. Effect of loading ratio (r) and flow rate (Q) on PMCLCL nanoparticle
morphology through TEM. Inset to L shows unstained image of vesicles. Scale bars

are 500 nm.
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Figure 2- 8. Effect of loading ratio (r) and flow rate (Q) on size distribution of
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Figure 2- 9. Effect of flow rate (Q) on DLS mean effective hydrodynamic diameters

of PMCLCL nanoparticles prepared at different drug-to-polymer loading ratios, r.

2.3.4 Effect of Drug-to-Polymer Ratio and Flow Rate on Loading Efficiencies of

Microfluidic-Prepared SN38-Loaded Nanoparticles of P(MCL-co-CL)-b-PEO.

For the 12 microfluidics-prepared SN38-loaded nanoparticles (three different
loading ratios and four different flow rates), SN-38 loading efficiencies are plotted in
Figure 2-9A. Corresponding loading levels (mass encapsulated SN-38 / mass polymer)
are plotted in Figure 2-9B. Similar trends were obtained for all loading ratios, where
the lowest flow rate (Q = 50 pL/min) produces the lowest loading efficiencies,
followed by increases in loading efficiencies between Q = 50 pL/min and Q = 100
pL/min, and no significant change in loading efficiencies at higher flow rates.
Compared to bulk loading efficiencies discussed previously (Figure 2-5), microfluidic
loading efficiencies at the given loading ratio and at the higher flow rates Q > 50
pML/min are either similar or slightly lower than the bulk values.

Although the loading efficiency is decreasing with increasing loading ratio, the

loading level which reflects the total amount of encapsulated SN-38 is still increasing
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(expect for the similar loading level of nanoparticles of r =0.25 and r = 0.5 at Q =

200uL/min). We can reasonably speculate the saturation of the nanoparticles has not
been reached at the current highest loading ratio (r = 0.75).

The observed increases in loading efficiencies/loading levels when the flow rate
exceeds Q = 50 puL/min correlates with the disappearance of extremely large lamellar
aggregates (Figure 2-6) and loss of the large-particle-size population in the DLS size
distributions (Figure 2-7). We speculate that the loss of low-curvature lamellae gives
rise to an increase in loading efficiency since the higher surface-to-volume ratio of
these structures provides less hydrophobic volume in which SN-38 can dissolve.

We also note that the loading efficiencies of SN-38 in nanoparticles prepared in
the microfluidic device are similar or slightly lower than those prepared by the bulk
method. This contrasts previous microfluidic-prepared nanoparticle systems explored
using this reactor in which loading of PCL-b-PEO with PAX showed higher loading
efficiencies than the corresponding bulk preparation.® In that work, our group
reported that changes of both morphology and loading efficiency with flow rate
correspond to shear-induced changes of PCL crystallinity.X> However, in this case, the
hydrophobic core of PMCLCL is amorphous,'’ which results in similar morphologies
and loading efficiencies for Q > 50 pL/min. Yamamoto et al. proposed that drug-
incorporation behaviours are governed not only by hydrophobic interactions but also
by other factors such as hydrogen bonding, steric configuration and mobility/rigidity
of the block copolymer.?® All of these factors can change the response of the
nanoparticles to shear during SN-38 loading, making this current system different

from PAX-loaded PCL-b-PEO.
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Figure 2- 10. Effect of loading ratio (r) and flow rate (Q) on the loading efficiency

and loading level of PMCLCL nanoparticles. Error bars are calculated from three
separate preparations.
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2.3.5 Effect of Flow Rate on Release Rates of SN38-Loaded of P(MCL-co-CL)-b-

PEO Nanoparticles.

The in vitro release behaviors of SN38-loaded nanoparticles in PBS solution at
37 °C were studied. Figure 2-10 compares SN-38 release profiles of nanoparticles
synthesized at a loading ratio of » = 0.75 both using the bulk method and using the
microfluidic reactor at different flow rates (Q = 50, 100, 200, and 400 puL/min). In
general, more than 95% SN-38 was released within 24 hours. A quick release was
found in the first 4 hours, followed by slower release.

Based on fits for release profiles, release half time (t1/2) of microfluidic-prepared
nanoparticles under Q = 50, 100, 200 and 400 are found to be 0.77 + 0.13, 1.36 *
0.09, 1.71 £ 0.25, 3.32 £ 0.30 h, respectively (Figure 2-12). Comparing the release
half time of nanoparticles prepared at different flow rate, the lowest flow rate (Q = 50
pL/min) generates fastest release while the highest flow rate (Q = 400 pL/min)
generates the slowest release. A wide range of factors can affect drug release, such as
the polymer degradation rate, drug solubility,?* distribution of the drug within the
nanoparticles,?® nanoparticle size and shape,?® and crystallinity of the nanoparticle
core.?” In light of the relatively short release time, the degradation of the polymer
matrix was not expected to occur.?® Since we used some amount of drug and polymer
with same composition, it is not surprising that all the samples of SN38-loaded
nanoparticles demonstrate similar release pattern. Zhang et. al.?® proposed that larger
particles result lower release rate, because it takes longer time for the encapsulated
drug to diffuse across the core to the micelle surface and finally into the aqueous
medium. In our case, however, the nanoparticles with largest size have the fastest
release rate (r = 50 pL/min) and the nanoparticles with smallest size have an

intermediate release rate. One assumption of this lack of correlation between particle
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size and release rate could be that, a portion of drug was located at the region near or

within the PEO outer shell and can be released out very quickly without traversing
through the core of the micelle. Many researchers found this phenomenon in their
study. The hydrophobic core is not the only region for the encapsulation, the core-
corona interface can play a role in the solubilization of drug molecule as well.
Therefore, slower release in the condition of r = 400 pL/min could be the reason that
more drug was encapsulated in the micelle core, which is thought to be induced by

fast mixing on chip.
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Figure 2- 11. Effect of flow rate (Q) on in vitro release of PMCLCL nanoparticles
prepared at a loading ratio of r = 0.75. Error bars are calculated from three separate

preparations. The fitting method is described in Appendix A.
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Figure 2- 12. Effect of flow rates on 112 values of microfluidic-prepared nanoparticles

(r =0.75). Error bars are calculated from three separate preparations.

2.4 Conclusion

In this chapter, we first investigated the effect of hydrophobicity and crystallinity
of the core-forming block by comparing SN-38 loading in PCL-b-PEO and P(MCL-
co-CL)-b-PEO block copolymers. Higher loading efficiency was achieved with the
P(MCL-co-CL)-b-PEO copolymer which is attributed to higher hydrophobicity and
lower crystallinity compared to the PCL-b-PEO. Next, we used a gas-liquid
segmented microfluidic to synthesize SN38-loaded P(MCL-co-CL)-b-PEO
nanoparticles under four different flow rates and three different drug-to-polymer
loading ratios, and size, morphology, loading efficiency and in vitro release of
nanoparticles was studied. Mean particle sizes were found to decrease and then
increase with increasing flow rate, with minimum sizes found at Q = 200 pL / min at

all loading ratios. Loading efficiencies and loading levels were consistently higher for



52
nanoparticles formed at Q > 50 uL / min. At these higher flow rates, microfluidic

loading levels were similar to loading levels obtained using the bulk method of SN-38
encapsulation. Comparing in vitro release rates for bulk and for microfluidic
nanoparticles prepared at different flow rates, release rates decreased in the order of
bulk >Q =50 uL / min = Q =100 puL / min ~ Q =200 puL / min > Q =400 pL / min.
Overall, this chapter provides insights into how chemical and processing effects
influence the size, structure, loading and release properties of SN-38-loaded
polymeric nanoparticles synthesized both in the bulk in and a gas-liquid segmented
microfluidic reactor. To further compare the properties of these microfluidic-prepared
nanoparticles for drug delivery, we will be studying their cytotoxicity using a cancer
cell line in Chapter 3. In addition, the result that slower release can be achieved at
higher flow rates provides an impetus to explore even higher on-chip shear rates in

Chapter 4.

2.5. Supporting Information

Please see Appendix A for supporting information: TEM images and DLS
analysis for bulk-prepared SN38-loaeded PCL-b-PEO nanoparticles; Table of actual

flow rates; Calibration curve for HPLC; Fits of release data.
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Chapter 3.

In vitro Cell Cytotoxicity Studies and Flow-Directed Anti-Cancer
Activity of SN38-Loaded Block Copolymer Nanoparticles Produced

by Microfluidics

3.1. Introduction

Although SN-38 is a prominent and efficacious anticancer drug, its clinical
application is limited by poor solubility and susceptibility to hydrolysis into the
carboxyl form, which has no therapeutic effect. In the previous chapter, we used
block copolymer nanoparticles to encapsulate SN-38 using microfluidics and screened
multiple chemical and flow parameters including total flow rate, initial drug-to-
polymer ratio, water content and copolymer composition. We showed that for a given
set of chemical conditions, flow rate provides an experimental handle on controlling
the size, morphology, loading efficiency and release rates of SN38-loaded
nanoparticles. Specifically, SN38-loaded nanoparticles with various sizes and
morphologies were produced in the unique microfluidic environment of flow-variable
shear. We showed a decrease of the in vitro release rate of SN-38 for nanoparticles
synthesized at higher flow-rates. We propose that microfluidic flow rate should also
influence the behaviour of the resulting SN-38 nanoparticles against cancer cells.

In this chapter, we will further investigate how microfluidic-prepared drug-
loaded nanoparticles influence the cytotoxicity of SN-38 and if the flow rate
influences cytotoxicity. The cell line used in this study is a human breast
adenocarcinoma cell line, MCF-7. As a cancerous epithelial cell, MCF-7 has high
proliferation potential, as well as high resistance to multiple anticancer agents, which

make it a good system for cytotoxicity studies.! The mechanism by which SN-38
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exerts its cytotoxicity is related to its ability to inhibit topoisomerases which are

essential enzymes that adjust and regulate the topology of DNA.? This kind of DNA
damage also procures cell cycle arrest in cancer cells which is not advantageous for
killing cancer cells.®> The cytotoxicity of SN-38 can be affected by various factors
including dose and exposure time.

For drug delivery applications of nanoparticles, a variety of considerations may
determine the influence of encapsulating nanoparticles on drug cytotoxicity. Cells
usually take up particles and macromolecules by two main endocytic mechanisms,
phagocytosis and pinocytosis.* Large particles ( >1 pum) are generally internalized by
phagocytosis mechanisms while nanoparticles are more likely to undergo pinocytosis.
Recent studies have showed that for different types of tumor cells, the optimal size for
cellular uptake varies a lot.> In general, particles around 10-100 nm are acceptable for
in vivo application, because larger particles might be cleared by the immune system
and smaller ones are prone to be filtered by kidney. Permeability and extravasation of
nanoparticles up to 400 nm through endothelial gaps has been observed in mouse
xenograft models of human cancers (enhanced permeation and retention effect,
EPR).% In addition to size effects, the degree of roughness on nanoparticle surfaces
can affect their cytotoxicity by influencing their binding to cells.” The local
protrusions or depressions on the nanoparticle surface can minimize repulsive forces
between cellular and nanoparticle surfaces.® The elastic properties of nanoparticles
can also play an important role in the pharmacokinetic and biodistribution of
particles; more flexible and deformable particles can traverse blood vessels and pores
more easily in vivo.® Due to the variations of size and morphology of SN-38 loaded

polymer nanoparticles prepared at different flow rates on chip, we investigated in this
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chapter if they would exhibit different in vitro cytotoxicities against the MCF-7

cancer cell line.

3.2. Experimental

3.2.1 Materials. P(MCL-co-CL)12«-b-PEOsk was synthesized by Dr. Changhai
Lu and is described in detail in the previous chapter; it is referred to throughout the
thesis as PMCLCL. N, N-dimethylformamide (DMF, Caledon, 99.8%), acetonitrile
(ACN, Caledon, HPLC grade) were used as received without further purification. 7-
Ethyl-10-hydroxycamptothecin (=98.0%, HPLC grade) was purchased from AK
scientific. The MCF-7 (human adenocarcinoma breast cancer) cell line was obtained
as a generous gift from the BC Cancer agency. The CellTiter-Blue Viability Assay kit
(Premega) was used. Dulbecco’s Modified Eagle Medium (with the addition of 4.5
g/L D-Glucose, L-Glutamine, 110 mg/L Sodium Pyruvate) was purchased from Life
Technologies. Trypsin-EDTA (0.25 % Trypsin / 0.63 mM EDTA) and Fetal Bovine
Serum were purchased from Sigma-Aldrich.

3.2.2 Preparation of SN-38-Loaded PMCLCL Nanoparticles. Bulk and
microfluidic preparations of SN-38-loaded PMCLCL nanoparticles are described in
detail in the previous chapter. Based on results in Chapter 2, we selected a single
initial drug-to-polymer ratio of r = 0.75 for bulk and microfluidic preparations of
nanoparticles for cytotoxicity studies; for the microfluidic preparations, a single water
content of cwc + 5 wt % was selected. Cytotoxicity studies were carried out for four
different total flow rates of microfluidic-prepared nanoparticles, Q = 50, 100, 200 and
400 pL/min. The concentrations of SN-38 in samples were determined by high
performance liquid chromatography (HPLC, Agilent1100) along with C18 column

(Agilent Zorbax SB-C18) and a UV detector set at 265 nm. Specific details can be
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found in Chapter 2. Three different runs of each condition were conducted for sample

preparation of cell line study.

3.2.3 Cell Culture Growth and Cytotoxicity Assays. MCF-7 cancer cell lines
were cultured in Dulbecco’s modified eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS). Subsequently, the cell lines were grown at 37 °C in a
humidified atmosphere containing 5 % CO..

The CellTiter-Blue™ assay was used to evaluate the cytotoxic activity of SN38-
loaded nanoparticles. This test is based on the metabolic activity of cells. Viable cells
are able to reduce the indicator dye resazurin into the highly-fluorescent resorufin.
Nonviable cells with low metabolic activity will result in a low fluorescent signal. In
order to perform the cytotoxicity assay, the growing cells were trypsinized,
resuspended and centrifuged (4 °C) at low-g (Allegra™ X-12R Centrifuge) to a pellet.
The cells were then resuspended, and diluted to 1.0 x 10° cells / mL after
determination of concentration using a hemocytometer (Bright Line, 0.1mm deep). A
100 pL/well cell suspension was seeded in 96-well plates and incubated for 24 hours
(37 °C, 5 % CO; air humidified). 6.5 pL aliquots of either: 1. SN-38-loaded PMCLCL
nanoparticles 2. SN-38 solution in DMSO or 3. DMSO (control) were added to 643.5
pL of DMEM media (10% FBS) to obtain the highest working concentration of SN-
38. Serial dilutions were conducted to get a range of SN-38 concentrations for
analysis. A volume of 100 pL solution of each well was transferred to the
corresponding well of sample plates to treat cells (Figure 3-1). The treated cells were
incubated for 48, 72 and 96 hours (37 °C, 5 % CO- air humidified). After that, 20 puL
of CellTiter-Blue™ was added to each well, followed by 4-hours incubation (37 °C, 5
% CO3 air humidified). Fluorescence absorbance at Jex = 560 nm, Aem = 590 nm was

then determined on a plate reader (SpectraMax MS5). ICso (half maximal inhibitory
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concentration) values of SN38-load nanoparticles against MCF-7 cell line were

obtained based on fitted concentration response curves (Figure 3-2).The curves were

generated by XLFit (add-in of Microsoft Excel) and fitted using the same model:

_ Ax Cx
y B+x D+x

where y is the %Inhibition and x is the concentration of SN-38. %lInhibition of

cells is calculated using the following formula:

ibiti Asample=Abla
% Inhibition :IOOX(l-ﬁ)
control=A\blank

where Asample Was the reading of cells + drug + media, Anlank Was the reading of

media alone, and Acontrol Was the reading of cells + media (without drug).
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Figure 3- 2. Examples of fitted concentration response curve.

3.3. Results and Discussion

As described in the Experimental section, we investigated cell viability assays
for 1 bulk-prepared sample and 4 microfluidic-prepared sample (4 flow rates) of SN-
38-loaded PMCLCL nanoparticles. These 5 nanoparticle formulations were compared
with assay results for free SN-38 in the absence of nanoparticles. All the samples
were used to treat MCF-7 (human breast adenocarcinoma) cell lines for three time
periods: 48, 72 and 96 hours. Half maximal inhibitory concentration (ICso) was used
to evaluate the cytotoxicity of each samples. The ICsg results (Figure 3-3) reveal that
all the samples have high toxicity (ICso < 100 nM) against MCF-7, but show different

cytotoxicity for different preparation conditions and incubation times.
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Figure 3- 3. ICso of free SN-38, SN38-loaded P(MCL-co-CL)-b-PEO nanoparticles

prepared in bulk and at 4 different flow rate on chip at 3 different incubation time 48h

(A), 72h (B), 96h (C). Error bars are from three separate assays.
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3.3.1 Comparison of Cytotoxicities of Free SN-38 and SN38-loaded PMCLCL

Nanoparticles at Different Incubation Times.

We first compare the ICso values of free SN-38 with the various SN38-loaded
nanoparticles at different incubation times (48, 72, 96h). At 48 h, 1Csq values of all
SN-38 nanoparticles, except microfluidic nanoparticles prepared at Q = 50 and 400
uL/min, are lower than those of the free-drug. At 72 and 96 h, all the SN38-loaded
nanoparticles show lower 1Cso value than the free SN-38. This illustrates that, under
most preparation conditions and incubation times, when SN-38 is encapsulated in the
PMCLCL nanoparticles it is more potent to kill the cancer cells. As mentioned before,
SN-38 is not stable in physiological environments due to its pH sensitivity. We
propose that encapsulation of SN-38 increases its activity because the delivery vehicle
minimizes contact with the physiological environment which limits its hydrolysis to
the therapeutically inactive form. Therefore, more drug is kept intact and active prior
to cellular uptake.

In general, most of the investigated SN-38 formulations exhibited similar
cytotoxicities (similar ICso values) for 48h and 72 h; the exceptions were free SN-38,
which showed decreased cytotoxicity (increased ICso value) at 72 h, and microfluidic
nanoparticles prepared at Q = 50 and 400 pL/min, which both showed increased
cytotoxicities (decreased ICso values) at 72 h. All of the formulations showed
increased cytotoxicities (decreased I1Cso values) between 72 h and 96 h. It is possible
that higher cytotoxicities at 96 h are related to release of SN-38 from the
nanoparticles over this period and also the time required for SN-38 to induce
apoptosis in MCF-7. The decreasing cytotoxicities between 48 h and 72 h for free
drug and for some microfluidic formulations might be related to the rapid growth of

MCF-7 and the recovery of cells after the initial dose. In other words, these time-
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dependent results indicate that the incubation time of both free drug and various

nanoparticle formulations strongly affects their toxicity to the MCF-7 cell line.

3.3.2 Effect of Preparation Conditions on Cytotoxicities of SN38-loaded

PMCLCL Nanoparticles.

At incubation times of 48 and 72 h, similar trends of I1Cso values were observed
for microfluidic-prepared nanoparticles, which is Q = 50 > 400 > 100 > 200 pL/min.
(ICso for bulk-prepared nanoparticles is within the range.) This surprisingly agrees
with the trend of size of these nanoparticles, rather than the in vitro release half times
(discussed in Chapter 2). Some previous studies proposed that particles in the 40-50
nm range exhibit maximal cellular internalization in vitro.> In the CONTIN results in
Chapter 2 (Figure 2-7), we see the existence of extremely large aggregates around 10
pm at the lowest flow rate (Q = 50 puL/min). This portion of nanoparticles are not
expected to take up by cells because drug-loaded micelles are more likely internalized
into cells via pinocytosis, and the uptake of larger particles are through phagocytosis,
which can be only found on professional phagocytic cells, such as macrophages,
neutrophils, or dendritic cells.!® In pinocytosis, otherwise known as cell drinking,
small particles are brought into the cell, forming an invagination, and then suspended
within small vesicles.* The lowest cytotoxicity of nanoparticles prepared at Q = 50
ML/min could be attributed to this effect. At Q = 200 pL/min, the smallest
nanoparticle average sizes and lowest population dispersities were obtained by DLS
(Figure 2-7 1, 2-8) and only small spheres were seen by TEM (Figure 2-6 1) which
may explain their higher toxicities, since they are more likely to internalize into cell.
On the other hand, at incubation time of 96 h, no significant difference can be
observed for all the SN38-encapsulated nanoparticles. We hypothesize that by this

time most of the drug has been released from the nanoparticles such that cytotoxicity
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is not influenced by the nanoparticle sizes and morphologies. Cell internalization

pathways could be probed in the future, in order to further investigate how

nanoparticles internalize with cells.

3.4 Conclusion

In this chapter, we investigated that how preparation methods influence the
cytotoxicity of SN38-loaded nanoparticles against MCF-7. In general, for the two
shorter incubation time, microfluidic nanoparticles produced at Q = 200 uL/min with
pure spherical structures and smallest overall size generates the highest cytotoxicity
and those produced at 50 pL/min with large aggregates (> 1 um) generates the lowest
cytotoxicity. However, all the block copolymer formulations improved the activity of
the anti-cancer drug, SN-38, regardless of the preparation method. As a matter of fact,
to understand the polymer nanoparticle cytotoxic response more deeply, more studies
are necessary, such as internalization, cell retrace of cellular uptake, cell recovery
assay, DNA fragmentation analysis, etc.

3.5 Supporting Information
Please See Appendix C for supporting information: ICso value for all the

conditions.
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Chapter 4. New Microfluidic Strategies for High-Shear Particle
Formation: Comparison of Reactor Designs for Manufacturing

Polymeric Nanoparticles

4.1. Introduction

As demonstrated in previous chapters, gas-liquid segmented microfluidics
provides a top-down method to precisely control the self-assembly process of block
copolymers. As a result, the size, morphologies, crystallinity and other physical and
chemical properties of nanoparticles can be altered simply and efficiently.

There are two types of microfluidic reactors. One is the single-phase reactor, in
which the mixing is dominated by diffusion. The other is multi-phase reactor, which
can be divided into liquid-liquid segmented reactors and gas-liquid segmented
reactors. In single-phase reactors, previous strategies to enhance mixing include
introducing chaotic advection through patterned channel walls?and mixing through
3D channel networks.® The fabrication of these reactors usually involves additional
processing steps, and surface profiling and 3D networks may lead to the concern of
particles’ deposition.

In terms of multi-phase reactors, Ismagilov et al.*® invented a micromixer in
which fast mixing was achieved by recirculation within the liquid plugs consisting of
multiple solutions of reagents. Jensen et al. proposed a design based on segmented
gas-liquid flow.® And this type of microreactor was applied to block copolymer self-
assembly by Moffitt group, both in this thesis and in previous work from the
group.”®%10 Gas bubbles compartmentalize the liquid flow of reactants into liquid
plugs, in which counter-rotating vortices can greatly increase mixing via chaotic

advection. Numerical modeling has shown that the maximum shear rate on the chip
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used in both Chapter 2 and Chapter 3 at 25 pL/min is 1x10° s, which increases

linearly with the flow rate.!* The high-shear “hot spots” can become a control handle
on the fabrication of nanoparticles, inducing break-up, coalescence,” and
crystallization of nanoparticles.®

In Chapter 2, we showed that the highest flow rate investigated (Q = 400
pL/min) results in a relatively slow in vitro drug release of SN38-loaded P(MCL-co-
CL)-b-PEO nanoparticles compared to other flow rate (Q = 50, 100, 200 pL/min).
This inspired us to further explore possibilities of on-chip synthesis of drug-loaded
nanoparticles under conditions of even higher flowrate. Another motivation is the
requirement of high throughput for drug delivery application, which is enabled by
high flow rate. The quest for higher on-chip shear rates led us to consider different
materials for microfluidics, which may offer additional advantages over the PDMS
used for all microfluidic chips described in previous chapters.

The main advantage of PDMS is its ease and low cost of microfabrication. The
major method is soft lithography, which consists of rapid prototyping and replica
molding. Other merits of PDMS arise from its high elasticity and gas permeability.
Despite its broad use nowadays, there are still some limitations for its application in
polymer nanoparticles preparation. For example, its incompatibility with some kinds
of organic solvent limits the selection of solvent for polymer and drug (in the case of
drug-loaded nanoparticle preparation). The absorption of hydrophobic molecules into
PDMS channel walls and their hydrophobic interactions with block copolymers may
lead to clogging of the microchannel. Most importantly, the low rigidity of PDMS
cannot support a pressure drop higher than ~20 bar within the microsystem without

delamination of the chips.’? Thus, we can’t explore much higher shear or achieve
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higher throughput by greatly increasing the flow rate, since the PDMS chips would

fall apart due to the resulting high internal pressures.

To resolve this problem, a microfluidic reactor with an identical design to that
described in Chapters 2 and 3, but made of silicon/glass rather than PDMS is
fabricated. Glass and silicon, the first generation microfluidic device materials, are
perfect for capillary electrophoresis and solvent-involved applications. They are
resistant to corrosion from most chemicals except for strong acids. However, both of
them also have some drawbacks. Silicon is expensive and opaque in the visible/UV
region. Glass is transparent but hard to etch into vertical sidewalls due to the
amorphous properties. So combination of silicon and glass can allow for optical
access through the glass, investigation of various solvents, high pressure generated by
high flow rate and easier cleaning, in order to expand the range of our study on shear-
induced manufacturing of drug-loaded nanoparticles.

In addition to new chip materials, we were also interested in exploring a new
microfluidic reactor design for enabling high shear that may provide higher shear
rates and more convenient running conditions than the reactor described in previous
chapters. In our current gas-liquid segmented reactor, precise control of gas and liquid
flow rates becomes more difficult as the flow rates are increased to achieve higher
shear rates. Therefore, in collaboration with Prof. Dave Sinton’s group, a new single-
phase reactor design for the generation of localized high-shear regions without the
requirement of gas is proposed.

In this chapter, we explore two new microfluidic strategies for the generation of
block copolymer nanoparticles under high shear conditions. In the first case, a
silicon/glass chip with the same design as PDMS chip was made and used to

synthesize PCL-b-PEO nanoparticles with three different block length of PCL, at 4
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different flow rates, and collected samples were characterized by TEM and DLS. In

the second case, the silicon/glass single-phase reactor was fabricated and the high
shear region was calculated to have orders of magnitudes higher shear rate than the

two-phase reactor at the same flow rate.

4.2. Experimental

4.2.1 Materials. Poly(caprolactone)-b-poly(ethylene oxide) (PCL-b-PEQO) with
constant block length of PCL and different block lengths of PCL were purchased
from Advanced Polymer Inc. and used as received: PCL2 1k-b-PEOsk; PCLg.ak-b-
PEOsk; PCL12k-b-PEOsk (numbers in subscripts represent number-average molecular
weights of the blocks; theses polymers are referred to simply as PCL2k, PCL6k and
PCL12k, respectively). N,N-dimethylformamide (DMF, Caledon, 99.8%), was used
as received without further purification.

4.2.2 Critical Water Content (cwc) Determination. Critical water contents
were determined using static light scattering measurements by Aman Bains®
previously in our group. The cwc values for the 0.33 wt % solutions of PCL2k,
PCL6k and PCL12k in DMF are 13.1 £ 0.2 wt %, 6.3 £ 0.2 wt %, 5.5 + 0.4 wt %.

4.2.3 Design and Rationale of Single-Phase High-Shear Reactor. The single-
phase reactor was designed by Dr. Jason Riordan in Prof. David Sinton’s group
(University of Toronto) and is shown in Figure 4-1 A. Eight sections of narrow
channels of width x height x length =8 pm x 8 um % 100 um (one of them is enlarged
in the inset of Figure 4-1) are connected in an alternating manner with nine sections of
wide channel of 55 pm x 55 um x 111 cm. Numerical calculations by Jason Riordan
showed the shear rate will be higher in the narrow sections of the single-phase reactor

than the maximum shear rate in the two-phase reactor at the same flow rate. Since the
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dwell time would decrease dramatically if the entire channel was narrow, the short,

narrow sections were distributed between long, wide sections, leading to period
alternating exposure of particles to high and low shear. The design of the inlets
(Figure 4-1 A) corresponds to the spacing of holes in the stainless-steel manifold.
4.2.4 Silicon/Glass Microfluidic Reactor Fabrication. Silicon/glass chips
were fabricated by Dr. Huawei Li in the Sinton lab (Department of Mechanical &
Industrial Engineering, University of Toronto) using the following method. Positive
photoresist (S1818) was spin-coated onto a silicon wafer (4’ diameter, 1 mm thick).
Photolithography and deep-reactive-ion-etching (DRIE) were used to etch the desired
pattern (Figure 4-1) with the desired depth into the silicon wafer. Holes were drilled
through the silicon for inlet and outlet ports. The silicon wafer and borosilicate glass
(S.I. Howard Glass, Worcester, MA, USA) were cleaned using Piranha solution (3:1
ratio of H.SO4 and H20Oz) for ~ 1 h. Then, silicon wafer and glass substrates were
anodically bonded using a voltage of 600 V, a current of 4 mA at pressure of 107 bar
for ~20 minutes. Finally, the resulting glass-silicon wafers were cut into appropriate

sizes for use.
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Figure 4- 1. Design of single-phase (A) and two-phase (B) silicon/glass chips.

Before use, the chips were installed on a custom stainless steel manifold (Figure
4-2). O-rings for seals were placed between the chip and the manifold. High-pressure
connection components (Swagelok) provided connection to the stainless steel tubing

with precise alignment of the connected components.
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Figure 4- 2. Schematic of a silicon/glass chip installed on a manifold (A) shows the

holes for connection to tubing (B) shows the other side of the chip. Scale bar is 1 cm.

4.2.5 PDMS Microfluidic Reactor Fabrication. PDMS chips were fabricated
using the same method described in the previous chapter. Briefly, the elastomer and
curing agent were mixed at a 7:1 and degassed under vacuum. The mixture was
poured over a clean negative master chip (the same one as used in previous chapters)
in a Petri dish and further degassed for ~30 minutes. The PDMS was heated at 85 °C
for ~30min until hard, and then peeled from the negative master; holes were punched
for the insertion of tubing. A glass substrate was spin-coated using a mixture
consisting of 20:1 elastomer and cutting agent. Both the chip and the substrate layer
were treated with oxygen plasma for 90s and bonded together. Only the two-phase
reactor (Reactor B) was fabricated in PDMS and channel dimensions were identical to

those of the silicon/glass-fabricated two-phase reactor.
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4.2.6 Flow Delivery and Control. Due to the different behavior of flow in

silicon/glass chip and PDMS chip (Detailed discussion is in Section 4.3.2), the total
flow rates of two chips are difficult to keep the same. Thus, two chips were
compared at constant liquid flow rate.

For the gas-liquid silicon/glass chip, an inverted fluorescent microscope (Leica
DMLM) was used to image the bubbles in the microchannel with a 10x objective. The
images were captured with a high speed camera (model PCO 1200s) at a frame rate of
500 frames per second. The exposure time was 2ms. The manifold was connected to
liquid syringes via stainless steel tubing. Gas flow was introduced to the chip via a
high-pressure regulator for N2 tank and a downstream regulator (SMC Pneumatics)
for fine adjustment. A valve was put in the middle of two regulators to open/close the
gas. The liquid flow rate (Qiig) Was set up on syringe pumps (50, 100, 200, 300, 1000
pL/min) and the gas flow rate (Qgas) Was tuned via the downstream pressure regulator
in order to obtain a stable flow with separated gas and liquid plugs. To begin an
experiment, liquid was first introduced into the microchannel through 3 liquid inlets,
while the gas inlet was closed by a connected valve. After the chip was filled with
liquid, the valve was opened to allow the gas to enter the channel from the gas inlet.
Gas bubbles were controlled by precisely adjusting the regulator to form stable gas-
liquid segments, corresponding pressure on regulator was 90, 150, 200 and 1000 kPa

For the cases of lower Qiiq (50, 100, 200, 300 pL/min), the flow rate of gas can
be calculated based on the images taken during the collection of samples.
Specifically, the distance travelled by the gas plug in 20 ms can be measured using
Image J. The distance was then multiplied by sectional area of the channel and
divided by 20 ms to determine the flow rate of the gas plug. Flow rates of three

different gas plugs within the same range of the chip were calculated 3 times during
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each run, in order to get an average gas flow rate. For the case of the highest Qiiq

(1000 pL/min), due to the limitation of the camera, flow patterns were not able to be
monitored.

For the gas-liquid PDMS chip, the visualization of gas and liquid plugs was
achieved using and upright optical microscope (Omax) with a 3x objective. Images
were captured using a 2.07 megapixel PipilCam (Ken-A-Vision). The exposure time
was 1 s. The chip was fitted with 3 liquid syringes via Teflon tubing. Gas flow was
introduced to the chip via a downstream regulator (Johnston Controls) for fine
adjustments and an Ar tank regulator. The liquid flow rate (Qiig) Was set up on syringe
pumps (100, 200 pL/min) and the gas flow rate (Qgss) Was fine-tuned via the
downstream pressure regulator in order to get a flow pattern with same length of gas
and liquid plugs. Qgas Was calculated based on the relative length of gas plug to the
length of liquid plug in the images taken. 3 images were taken during each run. The
average value of Qgas Was obtained from the same range in 3 images. The detailed
method was described in previous papers in our group.’

For single-phase silicon/glass chip, due to the high pressure resistance of the
chip, the liquid could not be injected into the microchannel directly by syringe pumps.
Thus, the liquid was first injected into stainless steel tubing (1/16"-inch OD, 6 ft.) via
syringes mounted on syringe pumps. Then the liquid in the tubing was pressurized
into the chip by high pressure N> controlled by a high pressure regulator.

4.2.7 Nanoparticles Synthesis in Two-phase Segmented Microfluidic
Reactor. Three liquid streams were set at equal flow rate using syringe pumps: 1.0
wt% solution of PCL-b-PEO (PCL12k, PCL6k, and PCL2k) in DMF; pure DMF; a
DMF/water mixture containing 54.3 wt% for PCL12k, 33.8 wt% for PCL6k and 31.5

wt% for PCL2k. Combination of the three liquid streams yielded steady-state
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concentrations of 0.33 wt% copolymer and water content of cwc + 5 wt%. For each

preparation, small amounts of sample were collected into a small vial and used to
prepare sample for TEM immediately after collection. Then, colloidal dispersions in
DMF/water were collected into vials containing 10 x volume excess deionized water.
The quenched samples were ready for DLS measurements.

4.2.8 Attempted Nanoparticles Synthesis in Silicon/glass Single-phase
Microfluidic Reactor. Flow was tested by pressurizing pure DMF into the reactor.
The flow moved much more slowly inside channel than expectation based on
calculation, followed by a full stop of the flow. Then, the channel was carefully
checked by fluorescent microscope (Leica DMLM) and clogging was found at the
first junction. A several of cleaning methods were applied. First, the outlet of the chip
was connected to a high pressure pump (Teledyne Isco) filled with deionized water.
The pressure was set up to be 10 MPa, in order to push the obstruction out the front
inlet. The chip was submerged in a water bath for safety. Since this method failed to
clear the clogging, another method was used. Specifically, the chip was heated at 150
°C under vacuum for 30 min. Then the chip was heated to 650 °C and maintained for
6 h. After cooling down, the chip was treated with vacuum at 200 °C for 1 h. Then,
the chip was submerged in HCL and placed in vacuum for 10 min, followed by
ultrasound cleaning. Next, the chip was submerged in acetone and placed in vacuum
for another 10 min, followed by ultrasound cleaning. At last, the chip was rinsed by

submerging it in deionized water and applying vacuum.
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4.2.9 Transmission Electron Microscopy. TEM imaging of samples

synthesized on the silicon/glass chip was conducted on Hitachi H-7000 equipped with
AMT 1K digital camera, operating at voltage of 75kV, whereas TEM of samples
synthesized on the PDMS chip was conducted on JEOL JEM-1400 equipped with a
Gatan Orius SC1000 CCD camera, operating at voltage of 65 kV.

Negatively-stained samples for TEM imaging were prepared by depositing a
drop of sample on a carbon-coated 300-mesh copper TEM grid followed by a drop of
1 wt % uranyl acetate aqueous solution as a negative staining agent. Excess liquid
was immediately removed using paper towel, followed by drying of the remaining
liquid under ambient conditions.

4.2.10 Dynamic Light Scattering. Effective hydrodynamic diameters obtained
from cumulent analysis, intensity-averaged and number-averaged size distribution
based on CONTIN analysis were determined using dynamic light scattering (DLS).
DLS measurements of samples synthesized on the silicon/glass chip were carried out
by Malvern Zetasizer Nano S and those of samples synthesized on the PDMS chip
were carried out by a BI-9000AT digital autocorrelator, and a Melles Griot He-NE
Laser (633nm) with a maximum power output of 75mW. All DLS measurements
were performed in DMF/water mixture and an experimental temperature of 23 °C
and at a scattering angle of 90°. Three measurements were taken from which effective
hydrodynamic diameter and corresponding size distributions were determined using

cumulent and CONTIN analysis, respectively.
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4.3. Results and Discussion
4.3.1. Effect of Flow Rate and Block Copolymer Composition on Sizes and
Morphologies of PCL Nanoparticles: Two-Phase Silicon/Glass Microfluidic
Reactor.

Figure 4-2 shows TEM images for the polymeric nanoparticles synthesized in the
two-phase silicon/glass microfluidic reactor, from three block copolymers of different
PCL block lengths and four different flow rates, as well as the corresponding DLS
data below each TEM images showing the size distribution of nanoparticles.

If we look at the conditions of three copolymer nanoparticles with different
PCL block length, we find that the changes of size and morphology with respect to
flow rate are different for different copolymers. For PCL12k, at the lowest flow
rate, there are three size populations and large aggregates present (Figure 4-3 A). As
flow rate increases to 300 pL/min, samples yield increasing number of spheres and
appearance of short rods (Figure 4-3 B) and branched aggregates of short rods
(Figure 4-3 C). At the highest flow rate, large lamellae with a broad size distribution
appear (Figure 4-3 D). PCL6k demonstrate a more monotonic trend from Qiiq = 100
pL/min to Qiig = 300 pL/min. Cylinders become shorter and spheres become
smaller, at the same time, smaller particles represent a larger proportion of the
overall population with increasing flow rate (Figure 4-3 E-G). However, at the
highest flow rate, ring-like aggregates were found, possibly due to coalescence of
spheres (Figure 4-3 H). For PCL2k, morphologies like donuts and needles are
observed at Qiiqg = 100 pL/min and 200 pL/min, respectively (Figure 4-3 | and J),
while both Qiig = 300 pL/min and Qiiq = 1000 pL/min produce bimodal populations

of spherical aggregates (Figure 4-3 K and I). At this time, we are not able to tell if
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they are spheres or vesicles. TEM images without staining of nanoparticles can be

checked to determine.
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Figure 4- 3. Effect of flow rate and copolymer composition on morphologies from
TEM images and size distributions from CONTIN analysis of DLS for PCL-b-PEO

nanoparticles produced in the two-phase silicon/glass microfluidic reactor. Scale bars
are 500 nm.
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4.3.2. Comparison of Flow Behavior in Silicon/Glass and PDMS Two-Phase

Microfluidic Reactors.

We found that the flow behaviour of gas bubbles and liquid segments were quite
different. Specifically, we observed very different relative lengths of gas bubbles to
liquid segments in channels made from the different materials at approximately the
same gas pressure and liquid flow rate (Figure 4-4). In the PDMS reactor, by tuning
the pressure equal lengths of gas bubbles and liquid plugs were easy to obtain,
indicating the ~ 1:1 gas:liquid flow ratio. By contrast, gas-liquid segments are hard to
generate in the silicon/glass reactor when the regulator was set to a similar pressure. A
higher pressure was used to pressurize the gas into the channel, forming much shorter
gas segments than liquid plugs. Even if the pressure was increased significantly, the
gas segments did not appear to grow larger. As well, a less uniform size distribution
of bubbles was obtained in the silicon/glass chip, which may be due to the pressure
fluctuation in the channel or the wall roughness caused during deep reactive ion
etching. Due to the difficulty in producing ~ 1:1 gas:liquid flow ratio in silicon/glass
reactor therefore the different bubble sizes from ones in PDMS reactors, the
nanoparticles were synthesized and compared under the same flow rate of liquid. In
silicon/glass chip, the gas pressure was same as the stable gas flow was first observed,
whereas in PDMS chip, the gas pressure was set to form equal lengths of gas
segments and liquid plugs. And we reported flow rate of liquid (Qiig) instead of total
flow rate (Qota), just for easy comparison.

An important difference between silicon/glass and PDMS reactors is the
difference in surface energies of the microchannel walls. The piranha solution-treated
silicon has a hydrophilic surface whereas PDMS has a hydrophobic surface. This will

lead to different wettabilities of the two surfaces. The shape of the droplets
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transported by the gas flow strongly depends on the wettability of the surface.}* Also,

PDMS is mechanically soft and may experience elastic deformations which will
influence the pressure and flow inside the channel. On the other hand, the
silicon/glass channels are hard, which may result in different pressure drops compared
to the PDMS reactor, leading to different actual flow rates. Therefore, due to the
different segment lengths in reactors of these two materials, different mixing and
shear effects are expected at the same liquid flow rates. The effects of these
differences on particle sizes and morphologies are discussed in the following section.
A more specific comparison of flow characteristics in two-phase silicon/glass and

PDMS microchannels warrants future simulations and computational studies.

Figure 4- 4. Microscope images of gas-liquid segmented patterns in the silicon/glass
chip (A) and the PDMS chip (B). Dark regions represent the liquid segments
consisting of polymer solution/water while bright regions represent gas bubbles. Qiiq
= 100 pL/min.
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4.3.3 Comparison of Polymeric Nanoparticles Formed in Silicon/Glass and

PDMS Two-Phase Microfluidic Reactors.

According to the previous discussion, even though the design of the reactor is the
same, the reactor material affects the flow behaviour of gas bubbles and liquid
segments. It has been shown that the mixing in gas-liquid segmented microreactors is
induced by chaotic advection inside the liquid plug.t* Furthermore, high-shear “hot
spot” are found in the corners of the liquid plugs,® and if liquid plugs are larger relative
to the gas bubbles the exposure to the hot spots would decrease. Both the fast mixing
and exposure to high shear are crucial to the self-assembly process, and affect the size,
morphology and crystallinity of nanoparticles.”** Therefore, it is expected that
produced nanoparticles would have different properties in reactors made of the
different materials. To make this comparison, we formed PCL-b-PEO nanoparticles in
both two-phase reactors (silicon/glass and PDMS) under the same chemical conditions
and at the same two liquid flow rates (Qiiq = 100 and 200 pL/min). The method of
pressure control was discussed in the previous section.

Figure 4-5 shows nanoparticle morphologies for the three different
copolymers with different PCL block lengths. Each copolymer was self-assembled in
either the silicon/glass or PDMS two-phase reactor at the same two liquid flow rates
(A: Qiig = 100 pL/min; B: Qiig = 200 pL/min). Based on the calculation of gas flow
rates (Qgas) described in the experimental section, the total flow rates (Qtotal = Qiig +
Qgas) in the silicon/glass reactor are always smaller than those in the PDMS reactor.
Actual values of the total flow rate can be found in Appendix.

In the PDMS reactor at Qiiq = 100 pL/min, PCL12k produced more lamellae
(Figure 4-5 B), which is similar to morphologies produced by the higher flow rate Qiig

= 200 pL/min in the silicon/glass reactor (Figure 4-5 G). PCL6k prepared in both
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reactors at Qiiqg = 100 pL/min demonstrate similar morphologies, which include

spheres, cylinders and lamellae (Figure 4-5 C and D). PCL2k at Qiig = 100 pL/min
produced straight and thin cylinders in the PDMS reactor (Figure 4-5 F), but formed
donut-like structures in the silicon/glass reactor (Figure 4-5 E). Interestingly, similar
cylindrical structures are found in the silicon/glass chip with same copolymer, but at
higher liquid flow rate, Qiiq = 100 pL/min (Figure 4-5 K). In the PDMS chip at Qiiq =
200 pL/min, cylinders and lamellae formed by PCL12k at Qiiqg = 100 pL/min are no

longer present, resulting in purely spherical structures (Figure 4-5 H). Morphologies

of PCL6k are similar at Qjiq = 200 puL/min in the two reactors (Figure 4-5 I and J). For

nanoparticles of the PCL2k copolymer formed at Qiiq = 200 pL/min, the number of
lamellae is significantly higher in the PDMS reactor compared to the silicon/glass
reactor.

These nanoparticle differences in the two reactors are attributed to the different
relative sizes of gas bubbles and liquid plugs. Short mixing times and narrow residence
time distributions require short and uniformly distributed lengths of liquid segments.
Particles in the PDMS reactor experienced increased shear exposure in the
microchannel compared to those in the silicon/glass reactor, due to the increased
number of liquid plugs, which explains the different morphologies of synthesized
nanoparticles in many of the investigated cases. These results indicate that the flow
pattern (regularity and relative sizes of gas and liquid plugs), in addition to the total
flow rate, is a predominant factor in determining the sizes and morphologies of

nanoparticles formed in two-phase microfluidic reactors.
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Figure 4- 5. Morphologies of PCL-b-PEO nanoparticles synthesized on the
silicon/glass and PDMS two-phase reactors. A: Qiig = 100 pL/min; B: Qiiq = 200

pL/min. Scale bars are 500 nm.
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4.3.4. Attempted PCL-b-PEO Nanoparticle Synthesis in Single-Phase High-Shear

Microfluidic Reactor.

Son.®proposed a method to calculate the shear rate in a rectangular channel, as

follows:

" (60 H H
V= (WH—’) (H_V_V)fk(V_V)
in which Q is the flow rate, H and W are the channel height and width, f* is the

aspect ratio correction factor (f* has different values for different H/W). And a good

approximation of the relation between pressure and flow rate is:

12uL0 1
AP =S 1-0.63 2 tan (1,572
637 ta (1. H)

in which Ap is the pressure drop between the two ends of the channel, u is the fluid
viscosity, L is the length of channel.®

Based on these equations, one of the most efficient ways to increase shear is to
decrease the length of the channel for a fixed pressure drop, thus distributing a large
pressure drop over a smaller area. As a result, the time spent by nanoparticles in the
channel will decrease. To compensate the dwell time the shear can be distributed
periodically at junctions along longer channels. Therefore, a single-phase reactor was
designed by Jason Riordan (Figure 4-1 A) possessing narrow high-shear channels
with widths of 8 um located periodically along lengths of low-shear channels with
widths of 55 pum at regular intervals. In this manner, nanoparticles formed in the
channel will experience high-shear regions periodically, while they are exposed to
the “hot spots” randomly by circulating through the plugs in a two-phase reactor.
However, the shear rate on this single-phase chip is calculated to be 3 orders of

magnitude higher than the two-phase reactor at the same flow rate.
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Unfortunately, when we tried to run liquid through this single-phase reactor, the

liquid flowed much more slowly than expected, eventually followed by a full stop.
This is speculated to be the result of impurities that block the narrow channels as
fluid is pushed through. The impurities might be debris generated in the fabrication
process. We tried numerous methods to clear out the impurities, including applying

ultra-sound, pumping, and baking; however, the problem has not yet been resolved.

4.4. Conclusion

This chapter investigated the size and morphologies of PCL-b-PEO nanoparticles
synthesized on a gas-liquid segmented microfluidic reactor made of silicon/glass. This
reactor shows effective variability of size and morphologies of nanoparticles at different
liquid flow rates. We found that the ~1:1 flow ratio applied in the equivalent PDMS
rector could not be achieved in the silicon/glass reactor, suggesting that different surface
properties and material characteristics can influence the flow dynamics within the
microchannels. To further explore the influence of reactor material on nanoparticle
formation, we compared the morphologies of nanoparticles synthesized on silicon/glass
and PDMS two-phase reactors at the same liquid flow rates and water content. Results
show that the reactor material is an important factor in the morphologies of the
nanoparticles as the different materials gave rise to different gas:liquid flow ratios at the
same inlet gas pressure.

Moreover, a new high-shear single-phase silicon/glass microfluidic reactor was
designed and fabricated, in order to achieve even higher shear rates without the
requirement of gas bubbles. Although problems of microchannel clogging have thus far
prevented successful nanoparticle synthesis in this reactor, it opens the possibility to
achieve high shear in a more controlled manner without the complications of gas bubble

control and measurement. Some improvements in reactor design and/or fabrication in
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order to prevent clogging will need consideration before this reactor can be used

successfully.

4.5. Supporting Information

Please see Appendix for supporting information: Number-average CONTIN

analysis from DLS measurements; Table of actual flow rates.
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Chapter 5. Conclusions and Future Work

5.1. Conclusions

In this thesis, we have applied a gas-liquid segmented microfluidic reactor for
the manufacturing of drug-loaded block copolymer nanoparticles. Based on
characterization of nanoparticles using TEM, DLS and HPLC, we demonstrated
the physical and chemical properties of drug-loaded nanoparticles are significantly
influenced by shear rate and rapid mixing on chip, along with other chemical
parameters such as copolymer composition and drug loading ratio. Previously, our
group has enormously investigated shear-induced self-assembly of polymer
nanoparticles, including formulations involving a therapeutic agent, paclitaxel
(PAX).123 The work in this thesis was aimed to investigate a different drug-polymer
system, in which a hydrophobic drug, 7-Ethyl-10-hydroxycamptothecin (SN-38), was
physically encapsulated in P(MCL-co-CL)-b-PEO). The reason why SN-38 is of
interest arises from its high potency against a wide range of malignancies and two
main limitation of direct delivery which are poor solubility and pH instability. The
polymer we used has an amorphous hydrophobic block. The addition of MCL into
PCL chain of biocompatible and biodegradable PCL-b-PEO tune the core from
semicrystalline to amorphous without compromising the hydrophobicity, resulting a
higher loading capacity of SN-38 than PCL-b-PEO.

The influence of flow-induced shear rate on size, morphology, loading
efficiency, and in vitro release rate was first explored. The smallest average size and
pure spherical structure of nanoparticles were obtained at an intermediate flow rate
of 200 puL/min for all the drug loading ratio. For the highest drug loading ratio (r =

0.75), vesicles were produced at Q = 400 pL/min, which were not observed at other
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flow rates. Loading efficiencies were consistently higher for nanoparticles from at Q

> 50 pL/min. And the slowest release of SN-38 in PBS was found at highest flow
rate, Q = 400 pL/min. Next, we continued to investigate how encapsulation of SN-
38 and microfluidic preparation under different flow rate would influence the
cytotoxicity against MCF-7 cancer cell line. In general, almost all SN38-loaded
nanoparticles are more toxic to cells (except for Q = 50 and 400 pL/min at incubation
time of 48h) than bare SN-38, which indicates the advantage of drug encapsulation
using polymeric nanoparticles. Variations of cytotoxicity among all the preparation
conditions (bulk and 4 flow rate) showed that different size, size distribution and
morphologies would affect the interaction between SN38-loaed nanoparticles and
cells. This provides the possibility to use microfluidic as a control handle on the
cytotoxic response of these nanoparticles.

The flow-induced shear on our gas-liquid segmented chip is very attractive in
synthesis of block copolymer nanoparticles, by tuning the size, morphology and
crystallinity. However, the maximum shear is limited by the flow rate of gas and
liquid, due to the limitation of pressure resistance of PDMS as well as the imaging
technique which is necessary for the visualization of bubbles in two-phase
microreactors. Therefore, in Chapter 4, we switched to silicon/glass chips which are
prominent in handling process under high pressure. The one with the same design as
previously mentioned PDMS chip was used to synthesize PCL-b-PEO nanoparticles,
since this polymer is a more general selective for drug delivery application. The
investigated liquid flow rate is ranged from 100 to 1000 pL/min. This silicon/glass
was proved to have control over the size and morphology of PCL-b-PEO
nanoparticles with 3 different PCL block length and different polymer generated

different response to the shear. Synthesis of same polymer nanoparticles was also
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conducted on PDMS chip at two lower flow rate of liquid (Qiiq = 100 and 200

pL/min) for the purpose of comparison. Different flow patterns were obtained, where
the relative length of gas segment to liquid segment is smaller in silicon/glass chip
than in the PDMS chip. And for PCL2k and PCL12k, different morphologies were
obtained at same flow rate of liquid for both Qiiq = 100 and 200 pL/min. This offers
some ideas on how the surface property will influence the partition of two phases and
their interaction within microchannel, and will eventually lead to different shear-
induced behavior of nanoparticles. Another silicon/glass chip we made was designed
as a single-phase reactor with narrow and short channels distributing along wide and
long channels. Thus, the high shear rate which is 3 magnitudes higher than the two-
phase reactor at the same flow rate can be produced in small junctions. Some attempts
were done in running the chip. Unfortunately, no sample was successfully collected
on this chip due to the clogging issue. The clogging was thought to be caused by the
debris left during the fabrication process which could accumulate in small junctions
upon flushing liquid inside the channel. If this can be avoided in the fabrication
process by improving the cleaning step, we may have chance to test this chip for the
synthesis of block copolymer nanoparticles, even the ones loaded with drug. In that
case, formation of nanoparticles under high shear could be achieved in a more
controlled and simple way.

In conclusion, microfluidic is an efficient and simple way to control the
fabrication of materials including polymer nanoparticles and drug-loaded
nanoparticles, which makes it a good top-down preparation method for drug delivery
vehicles. The on-chip shear rate plays an significant role in effecting the loading and
release behaviors of these vehicles. Different types of polymer and drug may

experience different mechanism of shear-induced formation. This points us the need
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to investigate drug-polymer system case by case using microfluidic. In addition, new

materials and designs are worth exploring to achieve even higher flow rate without
any limitations.
5.2. Future Work

To develop the application of our SN-38 loaded nanoparticles in drug delivery,
we need to focus on narrowing the size distribution, especially eliminating large
particles which are not optimal for in vivo applications, because larger nanoparticles
with low curvature may lead to increased interactions of opsonins and faster clearance
rates.* Block copolymers with different block length as well as different polymer
concentration can be investigated to tune the size.

Another important goal to pursue is to increase the loading efficiency and
loading level of SN-38. One of the influencing factor is the choice of solvent for
nanoparticle preparation. In our case, drug and polymer are dissolved together in an
organic solvent initially. Upon mixing with water, drug polymer interaction and the
rate of partitioning of the drug between the solidifying micelles core and
solvent/water mixture will affect the encapsulation of the drug.® Moreover, the type of
solvent also plays an important role in microfluidics, especially in manipulating drops
and bubbles, by influencing the solid surface/liquid interactions.® Thus, solvents with
different polarity, viscosity and interfacial tension can be screened for preparation of
drug-loaded nanoparticles.

The stability of nanoparticles is also worth investigating, namely the
effectiveness of nanoparticles to retain the size, morphology and loading efficiency
over a period of time. When SN-38 is encapsulated in the nanoparticles, the
probability of them contacting with water and hydrolysis is reduced. However, since

there is still a trace amount of water inside the micelle, the percentage of hydrolyzed
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SN-38 is unknown. Besides, due to the n-m interactions between SN-38 molecules,

they have strong tendency to aggregate. Thus, keeping track of size, morphology and
loading efficiency of nanoparticles during storage and release process is necessary.
Moreover, our in vitro release results show fast release for all conditions (t12< 4 h),
which needs to be optimized in our future work. Increasing the stability of SN-38
within the nanoparticles is required.

Different in vitro release rates have been found for various on-chip flow rate
where the highest flow rate produced the slowest release profile. To deeply
understand the mechanism that how rapid mixing and high shear favors the slow
release of SN-38, we could investigate the drug distribution in the nanoparticles, since
except for the drug actually located in the core, a portion of the drug may be
incorporated in the corona or at the core-corona interface and lead to fast release.’
One approach could be fluorescence quenching.® Specifically, a hydrophobic
fluorescent dye can be encapsulated into polymeric nanoparticles, followed by the
measurement of fluorescence intensity. Then, a quenching agent can be added to
remove the fluorescence of unencapsulated dye contacting the solution. Thus, the
remaining fluorescence indicates what percentage of hydrophobic dye was in the
micelle core. And this number can be compared among samples prepared at different
flow rate.

Our in vitro cytotoxicity study showed different cytotoxic response against
cancer cell line of nanoparticles prepared at different flow rate. Due to the complex
nature of the interactions between nanoparticles and cancer cells, more experiments
are still required to give better understanding. For example, cellular uptake of SN-38
with time can be traced to obtain a clear knowledge on the amount and location of

drug uptake and to evaluate effective intracellular drug delivery. SN38-loaded
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nanoparticles can be fluorescently labelled to have a better visualization of spatial

distribution of the internalized nanoparticles. Cell recovery study can also be
conducted to further evaluate the effect of on-chip flow rate on killing cells. Knowing
that SN-38 acts through inhibiting DNA topoisomerase I, DNA synthesis and DNA
single-strand breaks,® we can perform DNA fragmentation study to determine whether
the growth inhibition effect of the loaded nanoparticles was due to initiation of
apoptosis. All of these in vitro cell line study can help us increase the understanding
of flow-directed control on cytotoxicity of drug-loaded nanoparticles, in order to set a
clear goal for the microfluidic preparation and then seek a pathway to tune the
properties of nanoparticles more precisely.

The next step undoubtedly would be turning to in vivo study, since the primary
objective of drug delivery studies is administering drug into the body and achieve
efficient therapy. Systematic pharmacokinetics analysis in xenograft model is
necessary, in order to evaluate the drug retention in circulating and antitumor
efficacy.

For microfluidic platforms, increasing throughput is always a subject of interest.
In Chapter 4, our initial attempt to switch the microfabrication material from PDMS
to silicon/glass provides the possibility of high pressure inside the microreactor,
which would be caused by high flow rate. However, problem along with the high
flow rate on gas-liquid segmented reactor contains limitation of techniques for
visualization of bubbles, difficult control of stable flow patterns and the potential of
deformation of segments.’® A new strategy proposed to generate high shear without
all these problem is a single-phase reactor with high-shear regions distributed
periodically along the channel. Despite the innovative idea, a practical problem arisen

from clogging in narrow channel impede us step forward. In the future, some efforts
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on cleaning the microchannel, improving the microfabrication process and modifying

the design of the channel need to be done for the application of this high-shear single-

phase reactor in drug delivery vehicles preparation.
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Appendix

Appendix A

Supporting Information for Chapter 2
r=0.01

PCL12k

PCL2k

Figure S2-1. TEM images of bulk-prepared SN38-loaded PCL-b-PEO nanoparticles.

Scale bars are 200 nm.
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Figure S2-2. Effect of water content on morphology, size distribution and mean

effective hydrodynamic diameter of microfluidic-prepared PMCLCL nanoparticles at

Q = 100 pL/min (r = 0.75).

Table S2-1. Actual Flow Rates for Various Microfluidic Preparations of

PMCLCL Nanoparticles

Nominal Flow Lgas Liiq ans. Q"q' Quad O Qtotal
Rate (mm) (mm) (uL/min)  (uL/min) <% " (uL/min)
r=0.25

50 pL/min
Prep #1 1.1 1.0 28 25.0 1.1 52
Prep #2 1.2 1.0 30 25.0 1.2 55
Prep #3 1.7 1.4 30 25.0 1.2 55
100 pL/min
Prep #1 1.3 1.1 59 50.0 1.2 109
Prep #2 1.4 1.5 47 50.0 0.93 97
Prep #3 1.7 1.3 65 50.0 1.3 115
200 pL/min
Prep #1 2.5 2.3 109 100.0 1.1 209
Prep #2 2.7 2.6 104 100.0 1.0 204
Prep #3 2.6 2.1 124 100.0 1.2 224
400 pL/min
Prep #1 1.6 1.5 213 200.0 1.1 413
Prep #2 1.6 1.7 188 200.0 0.94 388
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Prep #3 1.5 1.3 231 200.0 1.2 431
r=05
50 pL/min
Prep #1 1.0 0.9 28 25.0 1.1 53
Prep #2 1.2 0.8 38 25.0 1.5 63
Prep #3 15 1.1 34 25.0 1.4 59
100 pL/min
Prep #1 1.3 1.1 59 50.0 1.2 109
Prep #2 15 1.2 63 50.0 1.3 113
Prep #3 1.6 1.5 53 50.0 1.1 103
200 pL/min
Prep #1 2.4 2.5 96 100.0 0.96 196
Prep #2 2.6 2.7 96 100.0 0.96 196
Prep #3 2.5 2.4 104 100.0 1.0 204
400 pL/min
Prep #1 1.7 1.6 213 200.0 1.1 413
Prep #2 1.9 1.8 211 200.0 1.1 411
Prep #3 15 1.8 167 200.0 0.83 367
r=0.75
25 pL/min
Prep #1 1.6 1.5 27 25.0 1.1 52
Prep #2 1.0 0.9 28 25.0 1.1 53
Prep #3 1.3 1.2 27 25.0 1.1 52
50 pL/min
Prep #1 1.4 1.3 53 50.0 1.1 104
Prep #2 1.3 1.2 54 50.0 1.1 104
Prep #3 1.6 1.5 53 50.0 1.1 103
100 pL/min
Prep #1 2.2 2.4 92 100.0 0.92 192
Prep #2 2.7 2.3 117 100.0 1.2 217
Prep #3 2.4 2.1 114 100.0 1.1 214
400 pL/min
Prep #1 1.6 1.7 188 200.0 0.94 388
Prep #2 1.8 1.9 190 200.0 0.95 390
Prep #3 2.2 2.0 220 200.0 1.1 420
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Figure S2-3. Calibration curve of SN-38 in acetonitrile quantified by HPLC with UV-
Vis at 265 nm as detector.
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The release profiles (Figure 2-11) are fitted using XLFit, an add-in for

Microsoft Excel. The fitting model used for all the conditions is:
y= (ﬁ) [x+A+B — ((x+A+B)? — (4xB)"’]

Data is fitted using the Levenburg Marquardt algorithm by the software.
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Appendix B

Supporting Information for Chapter 3

Table S3-1. Actual Flow Rates for Various Microfluidic Preparations of
PMCLCL Nanoparticles

H Qtotal
Nom ;qn:tleFIOW (rl;qg;f]) (nljlln(i] ) (HLQ/c:nasin) (u&gin) Ques/Qig (uL;min
r=0.75
50 pL/min
Prep #1 1.2 1.1 27 25.0 1.1 52
Prep #2 1.6 1.5 27 25.0 1.1 52
Prep #3 1.7 1.4 30 25.0 1.2 55
100 pL/min
Prep #1 1.9 1.8 53 50.0 1.1 103
Prep #2 1.4 1.5 47 50.0 0.93 97
Prep #3 1.7 1.3 65 50.0 1.3 115
200 pL/min
Prep #1 2.3 2.5 92 100.0 0.92 192
Prep #2 2.7 2.6 104 100.0 1.0 204
Prep #3 2.6 2.5 104 100.0 1.0 224
400 pL/min
Prep #1 1.7 1.6 213 200.0 1.1 413
Prep #2 1.6 1.7 188 200.0 0.94 388
Prep #3 1.5 1.5 200 200.0 1.0 400

Table S3-2. ICs values of free SN-38 and SN38-loaded nanoparticles at different

incubation times.

ICs0 / NM
Incubation
time /h
24h 48h 96h
Preparatio
method
Free SN-38 28.23+£7.83 42.57 +24.38 1549 £ 1.77
Bulk preparation 19.98 + 22.81 21.48 +16.91 2.00£0.22
50 pL/min 92.57+24.11 33.13 £6.50 4.66 £ 0.89
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100pL/min 18.13 +10.24 31.35+23.12 6.92 +4.15

200pL/min 9.92+3.92 14.45 +5.25 4.33 +2.65

400pL/min 83.8+22.8 23.83 +6.22 5.35+ 1.07
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Appendix C
Supporting Information for Chapter 4
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Figure S4-1. Number-Average size distribution from CONTIN analysis of PCL-b-

PEO nanoparticles synthesized on silicon/glass segmented microfluidic reactor.

Table S4-1. Actual Gas and Liquid Flow Rates for PCL-b-PEO Nanoparticles

Prepared on Silicon/glass Segmented Microfluidic Reactor.

Copolymer, Nominal Qgas Qiig Qqas/Qi Qtotal
Liquid Flow Rate  (uL/min) (uL/min) <% "% (uL/min)
PCL2k
100 pL/min 30.8 100 0.308 131
200 pL/min 140 200 0.710 342
300 pL/min 180 300 0.600 480

PCL6k
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100 pL/min 48.5 100 0.485 149

200pL/min 142 200 0.710 342

300 pL/min 190 300 0.633 490
PCL12k

100 pL/min 38.0 100 0.380 138

200 pL/min 135 200 0.675 335

300 pL/min 160 300 0.533 460

Table S4-2. Actual Gas and Liquid Flow Rates for PCL-b-PEO Nanoparticles Prepared
on PDMS Segmented Microfluidic Reactor.

_ C_Opolymer, Lgas Liig ans. Qliq. Qqas/ Qg Qtota.I
Liquidl Flow Rate  (mm) (mm) (pL/min) (pL/min) (nL/min)

PCL2k

100 pL/min 24 2.5 96 100.0 0.96 196

200 pL/min 24 25 192 200.0 0.96 392
PCL6k

100 pL/min 25 2.7 92 100.0 0.93 193

200 pL/min 2.2 2.3 191 200.0 0.96 391
PCL12k

100 pL/min 2.8 2.9 97 100.0 0.97 197

200 pL/min 2.0 2.1 191 200.0 0.95 391




