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Figure6-4

Figure6-5

Figure6-6
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Figure7-1
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SUMMARY

Cancer diagnosis and therapy are perhaps the most promising areas for
nanotechnology in medicine, and are expected to soon have applications in the market. An
ideal therapeutic agent should perform like a magic bullet to simultaneously target cancer
cells and avoid healthy cells, therefore, increase the treatment efficiency and reduce side
effects. The current research is mainly devoted to minimizing the negative impacts that
anttc ancer drugs put on nor mal cell sthe and
ultimate goal. The goal of this dissertation was to develop a technological foundation for
synthesis and evaluation of polynigased cancer therapeutic. This was performed using a
microfluidic platform for optimization, and characterization of resllfgarticles for
controlled drug release within the tumor environment. This technique was first optimized
to show the feasibility of making drutanoparticles (NPs) out of different synthetic and
natural polymers with it. The biophysical properties of theseticles were also
investigated at nanbiointerface. The process was then adjusted to develegeppbnsive
coreshell NPs enabling oral administration of hydrophobic cancer therapeutics. Precise
coating over the NPs with a sacrificial pelsponsive Iger prevented drug release in severe
pH conditions of the gastrointestinal tract, while allowing the drug to be released in tumor
proximity. This technique was also adjusted to fabricate complexidRentrolled sel
assembly of several components iniagle step. Resulted particles can be used for
theranostics applications or provide whigh drug loading capacity. Tuning the surface
properties was also possibia this system and it was used to control immities and

cancer celNPs interactions. Tprolong blood circulation and enhance cell internalization,
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feasibility of making onalimensional nanocarriers by tempHi&sed selassembly
approach was also confirmed. These nanocarriers can serve as suitable candidates for
combinatorial cancer thergas they can load and deliver substantial amounts of drugs
while allowing for hyperthermia effect thanks to their carbon nanotube core. Mechanical
properties of nanocarriers can also influe
Here, inspired byiruses, systematic investigation of the mechanobiological properties of
NPs are done to determine the optimized rangafeitro andin vivotargeting. NPs with
switchable mechanical properties are proposed capable of switching from soft to stiff state
in the site of action and provide enhanced therapeutic efficiencies. Overall, we hope that
this research provides broad information on how NP design can affect and control the
efficacy of cancer nanomedicine. These findings point to the high potentiarofioidic
platforms as engineering toolboxes that enable design of complex multifunctional

nanomaterials via controlled bottemp approach for various biomedical applications.
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CHAPTER 1. OUTLINES

Nanomedicine has a wide range of possible applications, ingudisease
prevention, diagnosis, monitoring, management, and treatment. Cancer diagnosis and
therapy are perhaps the most promising areas for nanotechnology in medicine, and are
expected to soon have applications in the mgik&). Although there are many diverse
problems in treating cancer, a magic bullet that can simultaneously target cancer cells and
avoid healthy cells, therefore, increase the treatmenteaflig and reduce side effe¢ts
5), has long been the dream ancer researchel$). The current research is mainly
devoted to minimie the negative impacts that aoéincer drugs put on normal cells, and
eventually propose a s @a®One ofthe mastspomising t he
techniques is using engineered vehicles for drug transportation and taf@e8hgn an
effort to reach this goal, targeted drug delivery systems (DDS) bastd golymeric
nanoparticles are selected due to the unique opportunities that they offer as drug carriers

(3, 7), although using the correct polymer is ofajrenportance?, 9, 10).

Nanoscale dimensions are kmoto have properties distinct from their bulk which
creates additional opportunities for tuning material properties in this scale, and makes
nanoparticles (NPs) great candidates to serve our means. Synthesizing polymeric NPs can
be done using either tegipwn or bottoraup approaches. As botteup process involves
the selfassembly of particlewia intermolecular forces, it comes with this great
opportunity to tailor the particle structure and prope(tids However, conblling a wide
range of mechanical and chemical properties in this powerful technique can be really

challenging(12).



Traditionally, drug loaded nanopatrticles are formed with bulkastembly in the

presence of the drug, which is then trapped in the formed pafictEs).

Rapid mixing, precise tunability, and reproducability independent of user talents are
properties difficult to obtain through those traditional methd#l4-17). Recently
microfluidic approaches have made these properties more obtainable by introducing

parameters such as flow ratio, mixing time, and microcbggh(18, 19).

Fortunately, now we can create small and monodisperse nanopd@t|86-22),
by creating a narrowly defined mixing regimia hydrodynamic flow focusing23, 24).
This wellcontrolled mixing regime can be precisely adjusted with the microfluidic
platform (primarily through flow ratio and velocity) and is crucial in creating monodisperse
nanoparticles with tunable properties, including size, surface chameactness as well
as drug encapsulation efficiency and release rate. As a demonstration of this, we detailed
formation of various kinds of nanoparticles loaded with the-@rcer drug Paclitaxel

(PTX).

This project details an exciting innovation in npadicle formation for drug
delivery: the ability to finely tune various physical and chemical properties of nanoparticles
with microfluidic assembly and a study on how these nanopatrticles can interact with cancer

cells bothin vitro andin vivo.

Furthernore, our system can be tuned to be whteed, and drive nanoparticle
assembly with local changes in pH. This can avoid the use of organic solvent used by

others, thus eliminate the biocompatibility issues raised by solvent residues.



Generally, NPs thatra able to enter cells and release their therapeutic contents in
close proximity to intracellular machineries can be of great value in the field of
nanomedicine. Size and surface charge of these nanoparticulate systems strongly tune their
nanobieinteractons. We demonstrated the ability to control the nanoparticle size and
surface charge in a way that maximized cellular endocytosibapter 2 In this chapter,
the role of protein corona surrounding the NPs upon entering the blood plasma and before
intercti ng with cells are also investigated.
sedimentation properties, we conducted our experiments for the cells in both upright and
inverted configurations to show how disparities can vary depending on the concentratio

of NPs in the interaction zone.

The common chemotheraputic systems are normally administered by blood injection
that may present significant dose of toxic drugs systemically. Our microfluidic approach
can be adjusted to develop NPs for oral adminisinatf cancer therapeutics. To this end,
we developed a dual microfluidic platform for synthesis and coating of nanocarriers with
highly pHtunable coreshell structure as described@hapter 3 Precise coating over NPs
with a sacrificial pHresponsive lagr prevents PTX release in severe pH conditions of the
gastrointestinal tract, while allowing the drug to be released in tumor proximity. The
release profile and cytotoxicity of the nanoparticles against various cell line were studied

using sequential indaation in different pH conditions.

Furthermore, the proposed microfluidissisted synthesis of NPs can be adjusted to
make more compl ex HAmnnaonpoaodr tpi aChapterc4Meirspat alfinn a n o
onestep approach for synthesis of finely tuntdgeted hybrid NPs. A microfluidic

platform was used to precisely control the nanoprecipitation of bisphosphonate



functionalized copolymer, while eencapsulating superparamagnetic iron oxide
nanoparticles (SPIONs) and the anticancer drug at the saraeDiesigned NPs were
tested to evaluate their affinity for hydroxyapatite (béke structure).In vivo
experiments were also performed to check pharmacokinetic and biodistribution of these

NPs such as tumor localization and suppression of a bone mietastadr.

Increasing the loading capacity of drug carrier and the efficiency of its targeting can
significantly decrease the administered dosage of the drug. While traditional amphiphilic
(co)polymers cannot encapsulate substantial amounts of hydroptinlgs, dendritic
polymers like dendritic polyethylene (dPE) can be suitable candidat€halpter 5 we
offered a microfluidic platform for synthesis of complex nanocapsigesontrolled sel
assembly of several components in a single step. The rédtaocarriers can encapsulate
large amounts of hydrophobic drugs while creating low complement activation as well as

sustained release profile with high tunability.

Recentl vy, scientists realized the i mpor
circulation and cell internalization which adds more complexity to the designing elements
of an ideal drug carriefl2). Such challenges become more prominent for hydrophobic
anticancer drugs, which calls for multistep reactions for synthesis of engineered
copolymers. On the other hand, combinatorial cancer therapies offer a great potential to
increasethe treatment efficiency and decrease the side effec@Ghapter 6 we tried to
address this point by proposing a estep microfluidicassisted approach for controlled
self-assembly of carbon nanotubes (CMBsed hybrid nanostructures for combinatorial
cancer therapy. The dendritic polyethylene nanoparticles (dPE), developed in Chapter 5, is

used as a PTX loading materials. While CNTSs fulfill the hyperthermia therapy, decorated



dPE nanoparticulate layer provides efficient loading of hydrophobic angéicairags.
These nanostructures show high cellular uptakes, and sustainable release profiles with high
tunability. Our proposed technique paves the way to design and fabricate complicated

nanokits as fineuned drug delivery systems for targeted canceagher

Mechanical properties of nanocarriers is an underrepresented factor that can affect a
broad range of biological interactions of nanoparticles. However, there is no systematic
study to investigate the mechanobiological properties of NPs while kedpthg ather
physical variants such as size and surface properties, const@ttapter 7 we tried to
propose microfluididbased engineering strategies for enhancing the efficacy of cancer
nanotherapeutics by controlling their physicomechanical propeAigfirst, we aimed to
optimize the required mechanical properties for effedtiveitro andin vivotargeting of
cancer cells in static and dynamic cultures. To achieve this goal and have a more realistic
idea of the interactions around the tumor tisswe developed a 3D tumon-chip
(3DToC) device. Thanks to this platform we could provide dynamic and 3D cultures for
tumor cells and were able to do rtiahe evaluations of the NRwatrix interactions.
Having these data collected, we then tried torope the required mechanical properties
and accordingly design nanotherapeutics with prolonged blood circulation, enhanced
tumor penetration tendency and apoptosis promoting capability. Eventually, to provide the
needed tradeff for optimal mechanical pperties, virusmimicking nanopatrticles capable
of switching from softto-stiff state were proposed. Therefore, these particles could
circulate the blood in their soft state while switching to their stiff mode upon arrival to

target tissues so that they @tmexpress their highest penetration efficiency.



CHAPTER 2. UNDERSTANDING BIOPHY SICAL BEHAVIOURS
OF MICROFLUIDIC -SYNTHESIZED NANOPARTICLE S AT

NANO-BIOINTERFACE !

Serious challenges in case of using unencapsulated oral drugs for cancer treatment
are high potentialdr sequestration in the first few cell layers they come in contact with
and binding to the interstitial ECM components. By encapsulating the drugs in
nanoparticles (NPs) capable of entering the target cancer cells, drugs can be made safer
until reaching tkir intracellular site of action and more effective once it reaches the site.
Upon entering the bioenvironment, NPs establish a number of interactions with their
surroundings based on their physicochemical properties. Here we demonstrate how the
sizesurface charge interplay of chitosan nanoparticles (NPs) affects the protein corona
formation and endocytosis pathway in the HelLa cells at-towic concentrations.
Generally, large NPs (102 and 161 nm) with low surface charge (+6.7 and +3.6 mV)
exhibited weaketendency for endocytosis in comparison with smaller ones (63 and 83 nm
with 10 and 9.3 mV surface charge, respectively). This is mainly because the interactions
of these NPs with the plasma membrane were too weak to release enough free energy
required fo cellular internalization. Furthermore, we tested the upright and inverted cell
culture configurations to better understand the impact of the sedimentation and diffusion
velocities of NPs on the resulting cellular uptake pattern in both serum free and ser

containing culture medias. Considering the different particokinetics, the amount of

I This work has been published by S. Soleimani, MddaniSadrabadiF.S. Majedi, E. Dashtimoghadam,
M. Tondar, K. I. Jacp016)Colloids and Surfaces B: Bionfaees 145, 80811 Reproduced with
permission from Elsevier.



internalized NPs in upright and inverted positions differed in all cases by a factor of
approximately three (for 161 nm particles), or less for smaller ones. Ultimatelsgsults
offer a paradigm for analyzing the biobehavior of NPs under the precise control of their

physicochemical characteristics.

2.1 Introduction

The effectiveness of nanomedicine in developing therapeutic systems with nanoscale
components (e.g. nanopahtsi NPs) that can reach the pathologic sites depends on our
ability to tailor such systems with a unique set of properties, including composition,
structure, size, radius of curvature, shape and cl{agyeYet, very litte is known about
how these parameters influence the final biodistribution and pharmacokinetics of NPs
(26).When the biological target for treatment is localized in the subcellulaneligs, the
plasma membrane plays a significant role because it acts as a bulwark that is only
selectively permeable to small, uncharged molecules. To be effective, NPs must cross the
plasma membrane to reach the action site of the drug, which requifd dasign of NPs

with specific properties that enables them to enter cells and reach their intracellular targets

7).

Despite the striking advances in nanoscience, relatively little is known about the
interactions that occur during the cellular uptake. One of the most studied uptake
mechanisms is endocytosis, an enealgpendent uptake process in which thd ce
membrane protrusions spread over NPs, forming vesicles known as endosomes that carry
the engulfed NPs into the cellular interi®8). Different endocytic pathways in non

phagocytic cells (e.g. caveolae/clathrin mediated, caveolae/clathrin independent and



pinocytosis) have distinct components and mechan({28)s Additionally, it has been
reported that some NPs may slip directly through the plasma membrane of eukaryotic cells,

which is similar to the processes exhibited by bacteria crossing gragptaembrang0).

Clearly, cell type is an important parameter determining the internalization
mechanism, but, the physicochemical properties of NPslswekay players of cellular
uptake(26, 31). Particle size is an important parameter considering the space available in
these endocytic compartmen82), but the interplay of different physicochemical

characteristics may also play a decisive role.

Accumulation of NPs in pathologic sitean be adjusted both actively and passively
(33). The passive homing mechanism of NPs in cancer is based on the enhanced
permeability and retention effect (EPRat allows a NP to penetrate into a tumor tissue
due to the vascular hyperpermeability (38D nm in diameter pores) as well as the chance
of taking long residence time within the cancerous hive due to the decreased, sluggish
lymphatic drainage in thimterstitial spac€34). To take advantage of this phenomenon,
the size of NPs needs to be optimized. Large NPs carmsg through vascular
fenestrations, or even if they could, they would not get far beyond the vessels to distribute
throughout the whole tumor environmdB6). In contrast, small NPs have the ability to
penetrate deep into tumors. But, these particles can only remain there traf88eBly
To establish a balance between an efficient distribution of NPs and a sufficiently long

residence time, an optimum size is required for (83s

In addition to the size, surface charge is another significant factor responsible for

chargecharge interactions, which results in the formation of NP aggregations.



Sedimentation of NPs above celldaator that is often ignored, makes the final results less

reliable and causes deviation from thevivo conditions(38).

NPs with high surface energy will strongly interact with biomolecules in the
bioenvironment; as a result NPs become surrounded by biomolecules, a masquerade called
protein corona. This 6cor onfNPs. Thusykseamst he n
logical that these NPs approach the cell surface as particles withcarbita(39-41).

Hence, the coverage of NPs with a natural pilggical coating layer can affect the cellular

internalization patterns a@M3dNPsd final ef

Finally, i n order to expl or ebehahia, NBS f ect
with different sizes were select for this study. To efficiently investigate the effect of size,
the fundamental objective is to employ a fabrication procedure with high control over the
NPs6 size and monodi spersity sinc-speafic en mi |
interactionsthat occur at the célparticle interface. To precisely fabricate the NPs, we
employed a microfluidic technique taking advantage of a solvent freejaragion device
that can generate a narrow mixing regime via a hydrodynamically focused flow to form
chemically and physically tuned monodisperse chitosan(lWR£0, 44, 45). This system
lets us have a better understanding of the effects that key particle variables (size, chemical

composition and surface charge) have on the cell entering mechanisms.

2.2 Materials and Methods:

2.2.1 Particle preparation:



The chitosan nanoparticles were fabricated according to a previously published
protocol(44). To summarize it briefly, a solution of acetic acid (50 mL, 1% wi/v; Sigma
Aldrich) containing onggram chitosan (CS; M 280 kg/mol, degree of deacetylation §3%
Fluka) was stirred for 12 h. The resulting solution was filtered with a®©.456 Ny | o n
syringe filter. The solution pH was maintained at 5.5 by the-drigp addition of sodium
hydroxide (SigmaAldrich). 300 mg palmitic acid Miydroxysuccinimide ester (@nd
Aldrich) in absolute ethanol (Sigr#ddrich) solution was added drepise to the chitosan
solution at 98°Cunder reflux. The ethanol was allowed to dissolve and distribute
homogeneously throughout the solution by stirring for 48 h. The solution tetomeenas
then decreased to reach to the room temperature. Then, adding acetone under the pH of 9.0
precipitated chitosan in the solution. The resultant polymer precipitate was filtered twice,
washed with an excess of acetone, and vaediied at room tempature. The product
was analyzed by 1 H NMR (Bruker 400 MHz) and the palmitoyl groups placement on
chitosan chains was determined using the ninhydrin #48ayrhe high molecular weight
chitosan supplement (HMCS) was dissolved in aqueous acetic acid. Then, 0.5 mL acetic
acid/acetate buffer (4 M, pH= 5.5) was added into 0.5 mL of the prepared solution. The
test tubes were filled with 1 mL of ninhydrin reagent (Sigiddrich) and placed ira
boiling water bath for 20 min. The solutions were then cooled and their absorbance was
read at 570 nm and compared with the unmodified chitosan solution, the control sample,

and the acetic acid/acetate buffer, the blank sa(@)e

The microfluidic device for the fabrication of nanoparticles consists of two inlets for
water at a basic pH (pH 9.0) ande main inlet for the entrance of HMCS solution at an

acidic pH (pH 4.5). The resulting outlet nanoparticle stream was collected in disposable
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cuvettes (Eppendorf) and used for further analysis. A critical parameter in determining

nanoparticle sizeiséh mi X i nmg, which cae he esilmated from the equation:

_P
P

W
IXe) (Eq. 21)

<o

whereWi s t he mai n c¢ h abisteeldiffusioncconstaff0ird’8) ¢ m) |,

andRis the ratio of the polymeric stream and basic water flow ré&res@.03 0.2).

For comparison with the microfluidic fabrication, bulk synthesized samples were
also prepared as follows: the polymeric solutions were prepared by a constant stirred
dissolving of2.5 mg/mL HMCS in 1% w/v acetic acid, and the nanoprecgut&MCS

molecules resulted atp@d of 7.4 by the dropvise addition of 1M NaOH.

The fluorescenthabeled HMCS were synthesized based on the reaction between
the fluorescein isothiocyanate (FIT@nd the chitosar{48). The prepared FITC in
methanol (2 mg/mL) was added gradually togbkition of 1% w/v acetic acid containing
the HMCS. After 5 h of reaction in dark at room temperature, the Hdb€led chitosan
was precipitated in 0.2 M NaOH and separated from the unreacted FITC via a Sephadex
G-50 column with 1/15 M phosphate buffe@M NaCl as an elution solvent. The fractions
containing the labeled polymers were collected and dialyzed against deionized water using
a 3 kDa molecular weight cuaiff dialysis cartridge (Thermo Scientific, Rockford, IL). The
process was continued fornadst 4 days until no fluorescence was detected in the

supernatant. The resulting sample was ultimately frelezel.

2.2.2 Particle sze and surface charge analysis
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Dynamic light scattering (DLS) and zeta potential measurements were performed
using a ZetasizeiZgtasizer 3000HS, Malvern Instruments Ltd., Worcestershire, UK) in
the backscattering mode at 2Z3or the particles dispersed both in water and FBS at a

concentration of 0.3 mg/ml. Three measurements were performed for each sample.

2.2.3 Turbidimetry

The meastement of transmittance of the nanoparticle suspensions was performed
via the spectrophotometry method (Shimadzu UVrAiiB40 U\-Vis spectrophotometer)

at 25AC. Accordingly, the t uhbdséddntheyBeenf s us

Lambert law:
p, . O

wherelL, |, andlo are the thickness of the cell, the intensity of the light transmitted
through the sample, and through the solvent, respectively. Measurements were done at the

wavelength of 635 nm for at least thraeés.

2.2.4 Refractive index

A PTR 46 refractometer (Index Instruments, UK) was used to measure the refractive
index of 1% v/v aqueous acetic acid solution which was obtained as n0 =1.332. The values
of the refractive index incremertdr{dc) of the polymer solubns were determined through
the asymmetric flow fieldlow fractionation (AFFFF) method using AF2000 FOCUS
system (Postnova Analytics, Landsberg, Germany). The dn/dc was measured at the

wavelength of 635 nm.
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2.2.5 In vitro cytotoxicity

The cytotoxicity tests we performed using an MTT colorimetric asgd9). The
cytotoxicity of the nanopatrticles was detémed after 72 h incubation with the HelLa cells
seeded in 100c¢]l of the medi um. The cell s
HelLa cells were incubated with the NPs witdh
at 37°C in a humidified 5% CQatmosphere. After the incubation period, the negative
control samples were prepared by adding the lysis solution to a few wells containing the
cells only. The MTT assay solution was added to each well and remained for 3h to allow
the MTT to diffuse througthe medium and react with the cells. The optical density at 570

nm was measured using a BRad model 3550 microplate reader (Btad Laboratories).

Since the NPs had highly metastable surfaces, they might agglomerate and change
their physical charactetiss. As a result, the concentration of NPs on the cell surface was
different from the initial bulk concentration. Considering the fact that toxicity, endocytosis
and a collection of other factors aroe dire
minimize the effect of agglomeration by performing an inverted culture configuration. To
do so, the cells were seeded on a coverslip and suspended in the medium (The cells faced

the bottom of the wells). The rest of the experiment was the same asitid ppsition.

2.2.6 Uptake experiments

The HelLa cell line was used to investigate the uptake of the-Rli€ed HMCS
NPs. The particles were incubated with the cells over a time period ranging from 0 to 5h
(37°C, 5% CQ). After incubating the cells with the pieles, the cells were washed and

trypsinized to detach from the plates. The resulting cells were centrifuged and suspended

13



in a 0.4% trypan blue solution in the Dul be
to quench the extracellular FITC fluoresce. The cells were centrifuged again and the

dye solution was withdrawn. Then, the cell pellets were resuspended in DPBS. All of the
samples were kept on ice until FACS analysis. Ultimately, the samples were analyzed by

flow cytometry (CyAn ADP, Beckmagoulter, Inc) for the green and red fluorescence.

The process was repeated for the cells positioned in an inverted configuration as described

earlier.

2.2.7 Endocytosis blockage studies

The Hela cells were seeded in 23 flask and treated with 0.1% NaN3 (Sigma
Al dri ch) and 80 -AldichDiy a sesuefreeeMEWM $or 3 Imbefore
incubation of the nanoparticles at 37°C/5%Cidr the action of chlorpromazine, the cells
were preincubated in a serwihr e e MEM <containing 10 eg/
(ChemBridg) for 15 min at 37°C and 5% CO2. The medium was then replaced with a
fresh media containing the inhibitors and particles. These cells were further incubated for
30 min at 37°C and 5% COThe cells were washed with-BBS and trypsinized and
processed forthe flow cytometry test. Moreover, to examine the contribution of
macropinocytosis in the uptake cascade, the cells were incubated with a macropinocytosis
inhibitor, 5(N-ethykN-i sopr opyl ) amirolide (EI PA), at
30 min. Thenthe cells were incubated with a fresh medium containing the nanopatrticles.
Then, the cells were washed after {508). The resulting cells were analyzed via FACS.
To further exploe the mechanism through which these nanoparticles entered the cells, we

performed an internalization experiment at 4°C to block the active endocytosis cascade.
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2.2.8 Incubation of Nanoparticles with the plasma:

Another experiment was also conducted with theigarprotein complexes. The
particle suspensions were incubated with the fetal bovine serum (FBS). According to
previous reports, 1h incubation time scale is enough to form a relatively stable protein
corona on NPs® sur f ac e rtheAdrmhadon of fprbteirt coronwe s e |
around nanoparticles. Then, the samples were centrifuged to pellet the igandielim
complexes and the pellets were resuspended in PBS, which were ready to be exposed to
the cells. Note that in the medium that contaiseim, the serusto-particle surface ratio

should be fixed to ensure the comparability between rg&udlts

2.2.9 Hemolysis of erythrocytes:

The sheep blood was collected in heparinizézks. The blood plasma was separated
by centrifugation at 45009 for 5 min (Eppendorf Centrifuge 5804R, Eppendorf, Hamburg,
Germany). The resultant pellet was washed three times with a cold £.BxgBosphate
buffered saline (pH 7.4) (PBS) by centrifugation at 4500g for 5 min followed by
resuspention in the same buffer. Afterwards, the nanopatrticles were prepared in PBS buffer
with concentrations of 50, 100, 200 and 5
incubated in a waterbath at 37°C for 60 min. After the centrifugation at 2400g for 5 min
(Eppendorf mini spin, Eppendorf), the hemoglobin release was determined by the
spectrophotometric analysis of the supernatant at 544 nm. The Dextran nanoparticles were
used as negative control and the treated erythrocytes with PEI served as the positive control
sample. Ultimately, the hemolysis percentage was calculated according to the below

formulation:
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pnintb

(Eq. 23)

2.3 Result and discussion

2.3.1 Nanoparticle fabrtation

Due to the fact that NPsd size has r ema
is crucial to choose a fabrication method that is successful in terms of monodispersity,
stability, compactness and ordered composition over bulk and ss2ceélo set up a
system that can effectively control these @ries, we need to account for inter and intra

molecular interactions as well as their stren§&3;.

One of the easiest ways to control the electrostatic interadcsi@manging the pH
spectrum, which affects the ionic strength
We have previously designed a microfluidic
electrostatic repulsion and hydrophobic attraction foecesdhalanced as a function of pH
(44). In addition, convective forces afldw ratiop | ay cr i ti cal r ol es in

ordered pattern both in bulk and thaface(23, 44).

Using the unique molecular mechanisms underlying this microfluidic system, the
NPs were made from the assembly of cationic chitosan chains modified with the
hydrophobic groups of fgalmitoyl with the degree of substitution of 18.2.3 mol%
(measured by the Ninhydrin assay). Four series of cationic NPs were fabricated:
microfluidicfaro i cat ed nanoparticles (egeF NPs) of 63

synthesized spheres of 161 nm.
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The hydrodynamic diameter of synthesized nanoparticles at various flow ratios has
been shown in Figure-Pa. As can be seen, the time of mixing affdw size of the
nanoparticles and size of the nanoparticles increases with increasing flow ratio. It should
be noticed that over the whole flow ratio range the microfluidic generated nanopatrticles
were found to be smaller with narrower size distributiomgared to the bulk synthesized
nanoparticles. In fact, turbulence and convective mixing in the bulk method cause

residence time distributions and consequently broader particle size distribution.

As can be seen in Figugela, Zeta potential of particlesdecreasing with the size
enlargement. Such an observation can be interpreted in terms of hydrophobic interactions
among aliphatic moieties on chitosan chains. In other words, at low flow ratio and shorter
mixing time, hydrophobically modified chains tetm form smaller and more compact
nanoparticles formed owing to dominant intermolecular hydrophobic interactions rather
than intramolecular interactions. In view of this, the lower flow ratio, the more
unsubstituted amine groups are exposed on the suridamasequently the zeta potential
increases (Figur@-la). As shown in Figur@-1b, in the FBS media, more protein

adsorption on the surface of particles with higher positive zeta potential results in particles
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with higher negative zeta potential. Sucheffiect is more pronounced for the synthesized

nanoparticles at lower flow ratios.

a) 14 b) 245 -15
80 170 230
= 155 m r2 215
E £ - -14
— ~ =
@ = : |-10! & = <
Ee0q{ 3 140 b\é"\ E 2 185 E
& =
2 E 125 8 § E 170 3 3
= ) = e =
Ewd = 110 g 3 1% s
5 s ' (6 & = 140 a2 &
o T 95 s £ ©
E 2 s & 125 T
= ) Fr4 N o N
20 5 80 g 110
z u —&— Diameter Z g5 —&— Diameter -11
65 —— Zeta Potential F2 —/— Zeta Potential
H W Time of mixing 80
0
50 —L 0 65 . . . T —L 10
000 005 010 0415 020 Bulk mixing 000 005 0410 015 020 Bulk mixing
Flow Ratio Flow Ratio
C) 9x107 0.06 d) 600 5x107™
ot
.
8x107 LI 0.05
T L ax10m
s
595055 500
1599595 ~
. Tx107 972075 004 =
5 s — 450 n E
= : [ axto= E
S 05705t = @
£ 555005 = 599777 ez Nyp s
o 6x107 4erss. 003 2 & 400 555557 5
3 gi 5 e O Moy L
3 = A | 1 2
= 05705t © 350 iy 240" 5
s i G s | | o0 o 3
e0s0ss; s
—C— My e S "
ax107 0.01 s 555005 P
} 250 955555
5095257 9550%0;
3x107 : : : : 000 200 ; : : : 0
pF-63nm pF-83nm WF-102nm Bulk-161nm WF-63nm WF-83nm WF-102nm Bulk-161nm

Figure 2-1 The effect of flow ratio on hydrodynamic diameter (Based on the DLS results) and
zeta potential of the synthesized NPs in (a) the serum free and (b) 10% FBS containing culture
media. The theoretical mixing time is alsotsown (a) as filled square in blue. (¢) The calculated
NPsd& mol ec ulng and Wweai pgplynter cénbentration (Gp) inside the NPs as a
function of size. (d) The aggregation number (N of the polymer chains in the corresponding
NPs and concentrationof NPs (Nv) as a function of size. The lines are guide for the eyes.

The local polymer concentration inside the nanoparticieswas calculated based

on the Equatio-4, which has been developéa spherical particle4),

O-(I) C r o wen ¥ T s 5 %
Q(B—Yp o5 i QEw 00 P WEDLwW (Eq. 24)

where ¢, J and R, are the total polymer concentration, the turbidity of the

particulate suspension, and the hydrodynamiliusaof particles, respectively, and
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whereinais the wavelength of the turbidity measurememiss the refractive

index of the solvent, andivdcis the refractive index increment of the polymer solution.

Generally the hydrodynamic size of polymeric nanoparticles depends on the

aggregation number of chains and their swelling state.

The results focnec al cul at ed based on nanoparticl
turbidity has been shown in FiguBelc. As seen, theompactness of nanoparticles is
increased with decreasinfipw ratio. At shorter mixing time, higher probability of
hydrophobic segments to form intermolecular association leads to formation of more
compact nanoparticles. The estimation of compactnesaleevthat the bulk nanoparticles
show lower value compared with the microfluidic nanoparticles synthesized even at the

highest flow ratio of 0.2.

Having calculated thene, the molecular weight of nanoparticlédne, can be

determined form Equatio&5, whereinNai s Avogadr obés number,

T ~
0 SUY B0 (Eq. 25)

Accordingly, the number of polymer chains aggregated to form nanopariglgs,
can be calculated from Equation 5, whéfg is number average molecular weight of

polymer,

0 —— (Eq. 26)
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The results for aggregation number for nanoparticles synthesized at various flow
ratios as well as bulk nanoparticles have been shown in Rglde As can be seen, the
number of aggregated chains rises with increasing time of mixing. Swsgrvation
suggests that at lower flow ratios and on the account of rapid mixing regime, chains have
limited time to aggregate, which results in a lower number of kinetically assembled chains
forming nanoparticles. The obtained results for compactnessagaegation number
converge to indicate that at low flow ratio smaller and more compact nanoparticles
composed of less number of aggregated chains are formed. In view of this, for bulk
nanoparticles it could be inferred that the higher hydrodynamic siZewaer compactness
is due to the arrangement of hydrophobically modified chitosan chains to form

intramolecular hydrophobic associations at longer time of mixing.

Although number of nanopatrticles in suspension is always of great interest from a
practicalpoint of view, but due to measurement complexities is rarely reported. Based on
the calculated values for compactness of the nanoparticles, the number density of the
nanoparticlesiN, can be obtained using Equati7,

o

0 —— Eq. 27
Tw “'Y (Ea. 27)

As shown in Figure2-1d, the number density of nanoparticles decreases with

increasing flow ratio, which well consistent with the aggregation number results.

2.3.2 Cellular viability
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The high molecular weight cationic polyelectrolytes, such @ssdn, may induce

anin vitro cytotoxicity owing to the possible plasma membrane disruption as a result of

the ionic interactions between positively charged surfaces of NPs with the negatively

charged membrane phospholip{8%). It is notable that regardless of charge density, size

and shape, cationic particles are able to form holes in lipid bilayers, a phenomenon that can

dsrupt the bal
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Figure 2-2 Since particles can sink down on the cell surface in an upright configuration, their
nanotoxicity nature might change. (a,c) The cells in the upright configuration, which are
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One of the kinetic features of NPs is their sedimentation behavior. It means that
NPs gradually sink down on cells at the bottom of wells, creating concentration gradients
in contact with cells. This growing concentration of NPs within the interaction zone
increases the aggregation probabil89). Aggr egati on alters NPs©b
|l eading to NPsd behavior transformations. |

aggregates affect cells differently in comparison with single par{i5i@s.

To understad how theseggregatesaffect the cell viability, the MTT assay was
performed for the invert cell configuration in which the nanoparticle aggregations settle
down the bottom of the wells, not at the cell surface. The results show that even though the
effects are small, they cannot be neglected, suggesting that the different nanotoxicity levels

are due to the different sedimentation and diffusion rates of NPs (Rig)re

233 Nanoparticlesdéd endocytosis into cells

When NPs meet cells, they walk randomly torsledor a suitable interaction site.
Doing so, they face three different options depending on the nature of the local membrane
and the NPsé ability to start a contact wif
and then move away in a manner th&sNand on the membrane, traverse through the
membrane and detach in order to come back to their free diffusing state, ii) they can also
touch membrane, adhere to that and stay there, iii) they would strongly attach to the

membrane and enter ce{l25).

Cell membrane re onf or mati on, paral |l el with NPs
amount of energy. If some NPs were capable of forming stable bonds at the nanobio

interface, which reducetfite pl asma membr anebés Gibbs free
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me mbrane more prone to grow its contact z
balances the resistive and driving forces (Figes® (58). If we assume that all of the

driving forces act together to overcome the kinetic barrier, the inability of plasma
membrane to reconfigure in a reasonable time scale, the esatiemistry and radius of

curvature become the most important factors to consider when designing NPs. The surface
chemistry is the first factor dictating the interaction of NPs with a wide variety of proteins,
carbohydrates and lipids on the cell surfadee cellular uptake of NPs was measured in

HelLa cells after 2 h of Nell incubation using CLSM (Figu23, ad) and FACS (Figure

23,0h) . The kinetics of NPsd&6 upt &28d).Netas al sc
that trypan blue worked well foh¢ quench of the FITC fluorescence of the NPs trapped

in the extracellular matrix or those bound to the cell membrane but not internalized.
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Figure 2-3 The confocal laser scanning microscopy (CLSM) images showing the cellular
uptake of the FITC-labeled NPs, uF63nm (a), uF83nm (b), u~102nm (c), and Bulk161nm

(d), after 2 h incubation with the HeLa cells. The cell ndeuses were stained with DAPI (blue).
The green dots represent the internalized NPs and the red colors represent the cell
membrane. The scale bar is 15 &m. (e) The sche
cell. Nanobio interactions are a set of spdai and nonspecific interactions resulting in Gibbs
free energy release. If this energy is large enough to resist the opposing forces (e.g. membrane
reorganization process or thermal fluctuations), endocytosis will take place. f) The uptake
kinetics of NPsincubated with the upright positioned cells in a serurfree medium. Initially,

the NPs start to enter the hungry cells with a high endocytic capability. As the time passes by,
the cells reach a saturation point, resulting in a steady state uptake patter¢g-h) The cellular
uptake of NPs incubated in a seruriree (black column) and in a 10% FBS containing culture
(grey column) media in the upright (g) and inverted (h) configurations. The coron&oated
NPs have a higher tendency for colony formation than i bare NPs.Obviously, the high
tendency for settling down will supplement significantly less number of particles in contact
with the cells in the inverted position, resulting in the salient uptake disparities in these two
cell configurations.
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The Hela chs internalized all of the four groups of NPs, but their internalization
kinetics was different. Indeed, less internalization took place for the larger NPs. As shown
in Figure2-3f, all of the NP groups had an increasing internalization rate at théal init
stage of incubation. But as time passes by, they reach a plateau pattern, indicating that they
reached a thermodynamically equilibrated state at which cells were almost saturated with
the endocytosed particles. @Wasmat survdyddehispr ob a
plateau pattern can also be related to the balance between the endocytosed and exocytosed

NPs.

I n case of nonspecific interactions, N F
guaranteeing the success or failure of the cellularriatization. For example, for larger
NPs with a less surface charge density, weak unspecific interactions with the plasma
membrane released less free energy than the amount that was required for the cell

membrane reorientation, resulting in reduced cellupdake.

For in vitro assessments, it is assumed that the Brownian motion creates a well
dispersed system in which the concentration is the same for the whole system. But, this
assumption is implausible since the inevitable sedimentation phenonsatting down
of the NPs at the bottom of thewdllncr eases the NPs®é concentr
zone. Depending on the sedimentation to diffusion ratio, this concentration gradient of NPs
varies(38). For the traditional culture systems with upright configuration, NPs reach cell
surface via both diffusion and gravitational sinking or sedimentatiat).vihen the cells
are positioned in an inverted configurat:.
diffusion. It is obvious that in the upright configuration, the synergic effect of both

sedi mentation and di f f us i donintheistaractiorszone.n a h
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However, this concentration decreases when the effect of sedimentation is eliminated in an

inverted configuration.

Since the cellular uptake of NPs depends directly on the interactions happening at
the celtparticle contact zan(59), and considering that the number of particles in contact
with the cell surface differs i n the upr
internalization was also evaludta the inverted position. Clearly, decreasing the number
of NPs in contact with the cells resulted in the reduced internalization. This reduction was

directly related to the diffusive and sedimentation behavior of NPs (2Z&able

NPs with high diffusivy canquickly move toward the cell surface before settling
down. For these NPs, the difference in the cell uptake for the upright and inverted
configurations was less than the uptake difference seen for NPs with a higher tendency for

sedimentation rathe¢han diffusion.

Il n static cell culture conditions, t hr
diffusion, ii) sedimentation and iii) advecti¢®0). However,advection, which happens as
a result of fluid motion, is not very important since cédtur me di aés di sturb

t her mal fluctuations are too small t o have
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Table 2-1 The nanoparticle$sedimentation and diffusion behavior in the water and 10% FBS
containing culture medium.

in water in 10%FBS containing culture mediun
Dra Diffusion Dra
Diffusion ag Sedimentatio coefficient ag Sedimentation
e coefficient - 1 coefficient .
Sample| coefficient 2 n coefficient > coefficient
2 2 1 2 1
(m?/sp 10t (g/9? 1010 (/sp10tt | (m /52)3 10t (g/sF 1010 (1/sp 10t
WP 7.16 5.98 21.15 5.96 7.19 30.56
63nm
MF 5.44 7.86 15.64 4.45 6.92 23.43
83nm
o 4.41 9.71 7.30 3.35 12.77 12.64
102nm
Bulk- 15 79 15.33 2,58 211 20.26 4.50
161nm
! Diffusion coefficient: D=ksT / 6 | K&:rBoltzmann constant; T: absolute temperature;
d: solution viscosity, r: hydrodynamic radius;

2Drag coefficient: f=ksT/D;
5Sedi ment ation amef/ffijcinenmas S=omNPNPsensity;

Density of t hexw=€lgfouhlerimBbemnsimty *of deiVelumpure po
fraction of polymer inside the particle
As shown in Figur@-3f, the smaller NPs with higher potential for diffusion show
a remarkably lower uptake difference in upright and invert configuratompared to the
larger NPs. Note that for short heights of culture medium, NPs were in close proximity to
cells whereas for longer heights only a limited number of NPs could reach cells. Thus, the

culture medium volume was another important variable thdtth be taken into account

(61).

When NPs are exposed to biological fluids, they experience surface alterations, one
of the most significant demstrations of which is the formation of biomolecular corona.
However, even in serwinee culture mediananyproteins are adsorbed on the surface of

NPs as a resul t of NPs6 interaction with ¢t
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To find out hav these coronaoated particles affect the cellular uptake pattern, NPs were
incubated with the cells in a 10% FBS containing culture medium for two hours. During
this incubation, the NPs6 surface charge d
their hydrodynamic diameter became larger. Protein corona components present on the
surface of NPs are of biological origin and some of them are able to start specific
interactions with their complementary compartments expressed on the cell membrane. This
protein masquerade, regardless of its ability to induce specific interactions, increases the
size of NPs while reducing the adhesion power of NPs by eradicating the pristine
metastable surface of NPs. Consequently, size enlargement beside lowered adhesion
affinity of NPs for binding to cell membrane decreases the amount of cellular
internalization (Figur@-3f) (59). Since the surface charge of the particles incubated in the
10% FBS culure medium was not high enough to prevent their aggregation, it negatively

influenced the systemds stability. These a

The main factors affecting the aggregation of proteins are: i) hydrophobic
complementarityji) electrostatic complementarity, and iii) shape complementéBRy.
Generally speaking, the electrostatic complementarity is controlled byrdmog ordered
forces that bring compleemtary partners together to form specific chemical or physical
bonds and associatio(83, 64). In addition to electrostatic complementarity, hydrophobic
mismatching and hydrophobic complementarity bonds have several roles in the processes
of protein aggregation as well. Hydrophobic mismatching bonds are formed by the
interactions beteen hydrophobic chains of proteins and lipi@s). They are structural,
geometrical and curvature couplss with correct and incorrect binding modes. However,

because of the high rate of the clustering process, misbinding is not hampered Even the

28



false complements can be stabilized over time since they will become trapped within the
high-rate growing protei aggregation2). As discussed above, proteinated NPs have

a variety of binding chances to form aggregations with high sedimentation coefficients
(Table2-1 and Figure2-4a). Henceit is expected that in comparison with the bare NPs,
the coronecoated particles have higher uptake differences in the upward and inverted

configurations (Figur@-3, g-h).
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Figure 2-4 The diffusion® (a) and sedimentatior (b) velocities of the microfluidic and bulk
synthesized nanoparticles in the protein free and 10% FBS medidDiffusion velocity:
Vp=2D/X; x: certain distance of travel (culture medim height); 2sedimentation velocity:
Vs=2gr’Cne( #)0) / 9;d:jgravitational acceleration, Gir: NPs compactness.
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To investigate the preferential internalization mechanisms of these NPs, the HelLa
cells were treated with several pharmacological inhibiagents(66, 67) which blocked

different endocytic pathways (Figu?eb).
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Figure 2-5 The uptake pattern of the NPs incubated with the cells treated with the
pharmaceutical inhibitory agents.

To explore whether the endocytosis occurred actively (ATP driven) or passively
(no cell machinery involvement dag the internalization), the cells were {fimeubated
with NaN3/2deoxyglucose (NaN3/DOG) at 37°C to block the ATP synthesis by inhibiting
the mitochondrial respiratigf31). As a result, a noticeable decrease in the uptake was seen
for all of the NP sizes emphasizing on the bold role of energy dependency. But some of the
NPs were still localized in the cells even in the absence of ATP. This finding can be

attributed to the msence of ATP and glucose in the seffoee medium. There is also the
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|l i keli hood of NPs6 passive internalizati on
locally reconstruct the plasma membrane, which enables NPs to diffuse or slip over lipid
bilayers.NPs may prefer the microdomains of lipid bilayer called lipid rafts, where the
liquid-ordered and liquidlisordered states of phospholipids coexist. These domains have

more diffusion potential in comparison with other sites of the plasma mem(iG@&nall

in all, NPs have shown different affinities for fdigion corresponding to their site of

landing because different sites of the membrane show different viscosities with different

diffusive stateg69, 70).

To further study the NPsdé diffusion via
experimets were repeated again at 4°C where the active uptake is totally st@diped
The uptake of NPs under this circumstance suggests that a small fraction of these NPs are
ableto directly slip through the cell membrane via diffusion. However, potential changes
in the membrane fluidity and structure as a result of incubation at 4°C is unavoidable,
which reduces the ability of the plasma membrane to bend. Since the passivézatemma
of the larger NPs requires higher degrees of local reconstruction in comparison with the
smaller ones, the decreased flexibility of the cell membrane as a result of theulf&ion
l eads to a salient decr e a¥%ferled manth®e0+2. 7o ger
for 102 nm particles) in comparison with the smaller particles (16.8 3.5 for 83 nm and

17.3 £2.7 for 63 nm particles).

The ingestion of particles and fluids via endocytosis and micropinocytosis requires
the formation of large eocytic vesicular compartments within cells by coordinated
movements of the membranes and the actin cytoske{@®&nBlocking the metabati

generation of protons during the actin polymerization can effectively impedeabenF
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polymerization. N&H* exchangers exchange these protons with externally located Na
ions. Blocking this exchanging process results in an environmental acidificatisad by

H* accumulation, which stops further polymerization of the actin filaments. Amiloride and
its family members, such as EIPA, are candidate inhibitory agents working on the basis of
environment acidification by acting as general inhibitors dhalinternalization pathways

that are dependent upon theaétin rearrangement. But this group of inhibitors can also

cause celmatrix dissociation, which is a serious side ef{é€).

Micropinocytosis, the most occumg mechanism among the internalization
pathways, attenuates as a result of actin polymerization blo&@g#licropinocytosis is
responsiblefot he i nternalization of | arge particl
the punctuate anchoring sites of the cytoskeleton, micropinocytosis will vanish because
spreading of the cell lamellipodia around such particles will create local stressasy maki
the internalization process less functiofial). As a result of the actin polymerization
blockage, the 16hm particles eperienced the largest decrease in internalization amount,

19.6 £7.3% (Figur@-5). The art of the cytoskeleton to bend the cell membrane in order to
reorient it to particlesdé curvature, i's on
blocked by he Factin polymerization obstruction. A certain amount of energy is required

to make the cell membrane bend. For larger NPs, a greater amount of energy is required in
order to reorganize the plasma membrane. As it was expected, the EIPA treatment reduced
the NPsd internalization to 32.3 N4mm2, 2 7.

particles, respectively (Figub).

One of the most studied mechanisms of endocytosis is clattaihated pathway

during which clathrin and other accessory protamesclustered at the site of the coated pit
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followed by the membrane bending around NPs. This bent region is connected to the flat
region of the plasma membrane via a small neck that ultimately undergoes fission from the
plasma membrane. This processatatyzed by the ringhaped assembly of the GTPase
dynamin at the neck of the budding vesicle. The ruptured point is quickly healed
completely(29). But, the clathrin endocytosis is not the only mechanism that benefits from
the GTPase activity of dynamin. There is also another endocytic pathway based on the
action of the wedgshaped scaffolding proteins present on the plasma membrane. These
proteins are called caveolins. They require the formation of dynamin helical structures to

separate assembled vesicles, caveosomes, from the cell me(@®ane

To investigate the share of dynamin action in the uptake of NPs, the cells were
treated with dynasore, which inhibits the GTPase activity of dynamin. In other words,
dynasore can be considered as a chemical that inhibits theetmmnf both caveolae and
clathrin dependent endocytic pathways. Inhibiting the dynamin lets the cell membrane
spread over the NPs with no splitting of the formed vesicles. As a result of the dynasore
treatment, the NPs0O6 i n84 Boba25 ¥a8td45mnd 128 cr e a
+5.3 for 63, 83, 102, and 161m patrticles, respectively. Moreover, we incubated the cells
with a specific inhibitory agent of clathrin pathway to compare the results with those of the
dynasore treatment to find out hdwh e NPs 6 properties | ed th
caveolae mechanisms. As previously mentioned, the clatietiated mechanism is one
of the prominent pathways of uptake in which triskelion clathrin proteins act as key players
of the scenario. The progn of this mechanism in the uptake process is of great
importance due to the presence of the dominaggtive proteins that specifically interfere

with the clathriamediated endocytogi&2). This phenomenon is of particular interest since
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our NPs are positively charged and it is expected thaspeaific attraction forces can act

as strong amplifiers of the cellular uptake.

To investigate the share of the clathrin pathway, the cells weiieqreated with
chlorpromazine, a cationic amphipathic molecule with a strong affinity for I{@gjs The
resultant attraction force between chlorpromazine and lipids alters lipid fluidity within the
plasma membrane. The physical state transformations of lipid constituent of the cell
menbrane can weaken the cell membrane ability to form invaginations. This inability leads

to the clathriradaptin protein2 complex dissociation.

Although chlorpromazine acts specifically to block the clathmgdiated pathway,
the possible interactions of cnpromazine with the cytoskeleton cargos or intracellular
| i pids may | ead to undesired side effects,
To avoid such negative outcomes, choosing the optimum concentration of chlorpromazine

is of great importare

55.3 £3.4% of 631m particles were internalized after the-preubation of the cells
with chlorpromazine. When the cells were treated with dynasore, 47.3 +3.4 percent of these
NPs were internalized. This result means that thar6Particles have a Higr tendency
to be internalized via the clathrin pathway in comparison with the caveolae pathway. This
phenomenon can be due to ther6Bh NPs & hi gher cationic natu
non-specific adhesion strengths critically control the cellulaakgt This binding energy
drives the process of membrane spreading o

rigidity and thermal fluctuations act against the deformation. If the encouraging forces are
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large enough to overcome the opposing forces withextdo the free energy balance, the

adhesion areas between cells and NPs grow and lead to a successfula@ptake

For the 161 and 10A&m particles (107.3 +10.2 and 90.1 +6.2 respectively), a
significant difference (Nearly 94 and 73% in the order that already mentioned) in the
internalization amount in the dynasore and chlorpromazine treated cells was observed,

showing thedominant maneuver of the caveclaediated internalization pathway.

It should be noted that a substantial number of accessory proteins take part in
different routes of the endocytosis. The molecular compartments of some of these
endocytic mechanisms mayerlap. Accordingly, the inhibitory effects of the chemicals

employed are not restricted to a defined internalization pathway.

234 EPR: The advanced state of NPs®6 extrava

Enhanced Permeation and Retention (EPR) effect is a crucial pharmacokinetic
attribution of nanomedicine. Due to the derivation of tumor blood vessels from normal
vessels present in healthy tissues, the normal neighboring vessels could affect some of the
tumor blood vesselsdéd properties,unatymeh as t
growth | ocation, and progression stage. Fo
is highly heterogeneous, which should be carefully taken into consideration for designing
nanomedicine tools. This pore size distribution also varidsaviters of magnitude among
different types of solid tumors from a few nanometers in the brain and pancreatic tumors

to a few micrometers in some kinds of breast ca(gr
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There are several complications in the crosstalk between NPs and cells in tumor
mi croenvironments. I n addition to vessel so
mainly composed of the collagendihyaluronan, have rough barriers with pore diameters
ranging from a few to hundreds of nanometers. These barriers can cause steric hindrances
on the way of NPs to central parts of the tum@& 76). Thus, it is logical to consider

NPs6 size and diffusive behaviltaffickmg a det e

For each nanoparticle size, there is an ideal pore size for which transvascular flux
reaches its maximum lev€l7). As the size difference between NPs and vascular pores
gets smaller, steric, hydrodynamic ardctrostatic forces act more synergetic to either
facilitate or hinder NPsd®d extravasation. I
walls acts as an encouraging parameter under these conditions. But, when the pores become
larger in comparison wWitNPs, the dominant forces, which were described earlier, vanish.
Likewise, the pressure gradient also disappears, leaving diffusion as the only mechanism

of entranc77).
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Figure 2-6 The NPs pass through the membranes with different pore sizes.

Thus, we can conclude that there must be an optimal ratio of nanopatrticle size to
vessel pore size where both diffusion and convection act synergetic for a successful
extravasation prass. For a definite nanoparticle size, there is an amount of surface charge
density above which electrostatic forces are strong enough to dominate opposing forces,
leading to an increased extravasation. But, if the vascular pore size becomes significantly
smaller, steric and hydrodynamic forces become powerful barriers against which high
surface charge cannot res(3%). It is noteworthy that there are two upper and lower
extremes, above and below which, electrostatic forces dot have a key r ol
extravasation. These two extremes happen when the pore size is significantly smaller or
| arger than NPsé sizes. Il n order to simply
used the €0% porous polycarbonate membranethwlifferent pore sizes. As shown in

Figure 2-6, when the membrane pore size is nearly equal to the size of NPs, the steric
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hindrance results in a lower extravasation of the smaller NPs. when the pore size becomes
|l arger than t he NRBsthecanegirdependdnteof theepbraasize ior o f

which all of the NPs show the same extravasation pattern.

2.3.5 Nanoparticles touching Red Blood Cells (RBCs)

The blood components are the first elements that NPs encounter when they are
injected into the blood. Tairfd out how wildly NPs act after they contact the blood
el ements, we studied erythrocytesé hemol ys
chose PEI as positive control since free PEI results in the necrotic cell death due to its
ability to damage erftr ocyt es® membr ane integrity at

Dextran was selected as negative control due to its reputation for blood compatibility.

The toxicity magnitude of NPs depends on their concentration and their time of
incubation with cells. Bcher et al. demonstrated the cationic charge density as a key
parameter directly affecting the magnitude of cell dam@g. Accordingly, higher
surface charges resulted in higher degrees of hemolysis. In addition, concentration
increment also led to more intense cellular damages. Tmeng3articles had the highest
potential for the erythrocytes damagbut their offensive effects, even at high
concentrations (e.g. 5(0m) , was | ess than 11. 5%, i ndi ca

injection (Figure2-7).
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Figure 2-7 The NPs incubated with the RBCs. Thénigher concentrations and higher charge
densities of NPs increased the damages to the RBCs.

2.4 Conclusions

Generally, NPs that are able to enter cells and release their therapeutic contents in
close proximity to intracellular machineries have a bright futurethe field of
nanomedicine. Size and surface charge of these nanoparticulate systems strongly tune their
nanobi o interactions. I n the cusuriaceohargest udy,
interplay in dictating their cellular internalizatioRurthermore, the role of biomolecular
corona surrounding the NPs upon entering the biological fluids was also investigated. To
date, almost all of the cellular studies on NPs have been carried out with cells positioned
in the upright configuration, whicimay add errors to final results, depending on the NPs
diffusion to sedimentation ratio. We conducted our experiments for the cells in both the
upright and inverted configurations to show how disparities can vary depending on the

concentration of NPs in thiateraction zone. Altogether, these results are expected to
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provide a paradigm for explicating the nanobio interactions happening when NPs face cells

and other complicated biological components.
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CHAPTER 3. MICROFLUIDIC MANIPUL ATION OF
CORE/SHELL NANO PARTICLES FOR ORAL D ELIVERY OF
CHEMOTHERAPEUTICS: A NEW TREATMENT APPRO ACH

FOR COLORECTAL CANCE R?

Conventional chemotherapy systems are normally administered by injection that may
introduce significant concentrations of toxic drugs systemically. To asldhed we
demonstrate an efficient tumor targeting nanoparticulate drug delivery system, designed as
oral administration for cancer therapy. For the first time, a dual microfluidic platform has
been employed to synthesize nanocarriers with highlstymtdbe coreshell structure.
These nanocarriers consist of a fineed seHassembled polymeric core precisely coated
with a sacrificial pHresponsive layer fabricated via a microfluidic device with two discrete
mixing steps. The sacrificial shell protects twe layer with drugs, which encapsulated

in the core layer, and prevents their release in severe pH conditions of the gastrointestinal
tract, while allowing for drug release in the proximity of a tumor. Quantum and molecular
dynamic simulations were perimed to investigate molecular interactions governing
behavior of the corshell system. The release profile and cytotoxicity of the nanoparticles
(loaded with paclitaxel, PTX) against Ca2ocell line were studied using sequential
incubation in differenpH conditions. The obtained results revealed a PTX release profile
highly dependent on environmental pH. This microfluidic approach is a new way for

efficient chemotherapeutic delivery systems to deliver more potent therapeutics to the

2This work has been published BlyM. Hasani* SadrabadiS.Taranejog E.Dashtimoghadam@.
BahlakehF.S Majedi, J1 Van DersarIM. Janmaleki, F. Sharifi, BertschK.Hourigan L. Tayebh P.
RenaudK. I. Jaco2016)Advanced Materials 28 (21), 41-:3441 Reproduced by permission of Wiley
VCH.
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target site. Suchadancements i n oral administration

homed for future cancer car e.

3.1 Introduction

Colon cancer is one of the most prevalent cancers today that is affecting people at
an increasing rate. Currently, the lifetime risk of developimign cancer runs at&o(78,
79) Considering the growing rate of colorectal cancer, considerable scientdit ledis
been applied to find effective therapeutic approa¢d@®2) During the conventional
route of chemotherapy, influencing of raimor cells and hence inking normal
tissues/organs are unavoidable. Due to these side effects, the contribution of cytotoxic
chemotherapy in cancer survival is limited. Nanoparticulate drug delivery systems make
the chemotherapeutic approaches more selective with lesargéttoxicity. A central
challenge in nanomedicine is fine design of nanoparticles for their desired physicochemical
properties in a reproducible manner. A significant part of this research has been focused
on developing smart targeting drug delivery systeim$joth minimize side effects and
increase drug efficac83-86) Oral drug delivery is an important administration pathway
as it improves patient compliance asgelfadministrable, which allows for more regular
dosing schedules at a lower cost. Oral chemotherapeutics can also lead to lower toxicity
and improved efficac{87-90) Due to the pH variations in the gastrointestinal tract during
oral drug administratio(91-93) employing pH sensitive polymers as carriers can result in
more specific chemotherapeutic delivery for cancer the(@@9 Polymers and
copolymers such as methacrylic acid (MAA) and methylacrylate (MA) or ethylacrylate
(EA) are typical pH responsive polymeric materials employed in the preparation of
extended release oral administered drugs for cancer th@&py00, 101) These
copolymers are insoluble at low pH but dissolve at high pH, triggering the encapsulated
drugs or inner core to be releag®@l) Despite recent advances in chemotherapeutic

delivery systems for colon cancer, most researches have focused on conventional bulk
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mixing, which results in polydisperse nanoparticles (NP8).102, 103 However,
attaining more precise drug release profiles requires a reproducible approach &iefabric
finely-tuned nanocarriers with a narrow size distribution and predetermined properties. We
have recently introduced a microfluidic technique to synthesize monodisperse chitosan
based NPs for cancer therapy applicati@®®.103) Compared to bulk mixing producer,
microfluidic systems can synthesize the nanoparticles in acesttolled, reproducible

and highthroughput manner. Moreover, microfluidic systems, by mixing dissimilar
materials (with distinct functional groups) at varying ratios, provide a solution for the
challenge of finding right formulation for delivering therapeutic agents to specific sites in

the body.

Chitosan derivatives are widely used in drug delivery applications due to their outstanding
biological characteristicsL04) Here we employ a hydrophobically modified chitosan
derivative, Npalmitoyl chitosan, to improve the loading of hydrophobic anticancer
drugs(20) Moreover, Npalmitoyl chitosan chains allow for NPs to be shapkedself
assembly, avoiding problems a&td to the removal of chemical crosslinking agé2s.

99, 105 Microfluidic platforms, benefiting from a controlled mixing regime, provide
adjustable drug encapsulation efficiency and release rate fromasselinbled
hydrophobically modified chitosan (HMC82, 99, 103 In this study, we used
microfluidic techniques to design wadbntrolled monodisperse HMCS NPs coated by a
pH-responsive layer (Eudragit FS 30D) with an adjustable thickness. The NPs behavior
was assessed as they were exposed to variant pH conditions that sireudagegtive tract
environment. Quantum mechanics (QM) andassical molecular dynamics (MD)
simulations were also performed to investigate the molecular interactions governing the

behavior of the chitosaBudragit layered system.

3.2 Experimental
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3.2.1 Materials

Chitosan with a deacetylation degree of 84% was purchasedHronova Biopolymers.
Sizeexclusion chromatography measurements revealed a waighige molecular
weight (M) of 400 kg.mof and a polydispersity indeik,/Mn) ofx 2.7. The hydrophobic
modification of chitosan was accomplished through the reacfi@amomo groups on the
biopolymer chains with a palmitic acid-iN/droxysuccinimide ester (Sigiinaldrich) in
absolute ethanol. The substitution ofs @liphatic groups on the chitosan backbone was
confirmed by'H NMR spectroscopy (Bruker 400 MHz). The detaif the modification
procedure and characterization methods have been described eld®@8hEraragit (FS

30D), a pH sensitive derivative of PMMA, was purchased from Evonik Industries.

Ninhydrin assay was employed tetdrmine the substitution degree of the hydrophobically
modified chitosan (HMCS) samplé39) In brief, a solution was prepared through adding
0.5 mL of 4 M acetic acid/acetate buffer (pH= 5.5) into the same volume afuo@s
acetic acid solution of HMCS. Adding 1 mL of ninhydrin reagent (Siguagich), the test
tubes were incubated in a boiling water bath for 20 min, followed by cooling the solutions
at ambient temperature. Absorbance intensity was assessed at 53idg®himadzu UV

mini-1240 U\tvis spectrophotometer while employing unmodified chitosan solution and

the acetic acid/acetate buffer solution as the control and blank samples, respectively.

According to this assay method, value of 18.2 £ 0.3 mol% was ebtas the degrees of

hydrophobic substitution for HMCS.

3.2.2 Microfluidic device fabrication

Microfluidic chips were fabricated at the EPFL Center for Micronanotechnology
(CMi)with PDMS (Sylgard 184, Dow Corning, Switzerlandd soft lithography method.

Silicon wafers sphtoated with Sk B phot ocur abl e epoxy to a
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normal 4 inch silicon wafer and then baked. Conventional photolithography is used to

fabricate master that contains patterned relief structures on the surface in theaean r

The surface of molds was modified using trimethylethoxy silane (Sigma) asselhbled
monolayer to prevent PDMS sticking. PDMS resin and its curing agent (10:1), poured over
the patterned master mold, degassed in desiccators, and baked in th&fievezuring,

PDMS was removed from the wafer and the holes were punched. The PDMS was then
bonded to a glass slide after oxygen plasma activation (100 mW, 1 min; Diener electronic
GmbH). Each of microfluidic devices consists of three inlets and ond.dtitlerescent

flows were used to determine the range of stable flow rates.

3.2.3 Synthesis of HMCS nanoparticles

The PDMS microfluidic device (&gR1) had t
precipitation agent, one for the aqueous solution of HMCS with thef@5, and one
outlet. The water stream was split into two, in order to achieve two lateral water streams at

the same flow rate. The mixing channel was

For bulk synthesis of nanoparticles, polymeric solutions weepgved by dissolving
HMCS (2.5 mg.mt) in acetic acid solution (1% wi/v) under constant stirring. The
precipitation of HMCS molecules and formation of the nanoparticles were performed by
dropwise addition of 1M NaOH to adjust the pH to Fdr drug loadd nanoparticles,
Paclitaxel (Sigm&Aldrich) was dissolved in acidic water (pH 4.5) and mixed with the

polymeric solution. The preparation of nanoparticles was performed as described above.

3.2.4 Coating HMCS nanoparticles with Eudragit

45



The Tesla micromixer (&R2) consists of
ethanol/ deionized water solution as coating polymer, one for the agueous solution of

HMCS nanoparticles at 1 mg.mLall at the constant pH of 6.5, and one outlet.

3.2.5 Charaderization of nanopatrticles

The size and size distribution of the prepared NPs at pH 7.4 were investigated using
dynamic light scattering (Zetasizer 3000HS, Malvern Instruments Ltd., Worcestershire,
UK). To characterize the shape and size of the prepafesl Mansmission electron
microscopy (TEM; CM20&FEG-Philips) was employed. First, dilute suspensions of the
NPs samples were deposited onto the Cu grid with a carbon film, and the instrument was
operating at 100 kV accelerating voltage. ImageJ softwaseengployed to analyze the

obtained images.

To study the effect of pH and immersion time on the structure and size of the NPs, 2 mg
of NPs were immersed in 1 ml of PBS media when applying sequential change in buffer
pH (4, 7.4, and 5.5) in consecutive timeervals (05, 512, and 1230 h, respectively). At

predetermined time intervals, samples were collected and measured using dynamic light

scattering as stated before.

The coreshell nanoparticles were washed and then suspended in the simulated gastric flu
(SGF). SGF was prepared by dissolving 2 g sodium chloride and 3.2 g purified pepsin in 7
ml of hydrochloric acid and diluted with water to 1000 ml. The pH of the test solution was
1.2 (106). The size of nanoparticles was measured as a function of time using DLS. By
changing the media after washing of nanoparticles, tygrodynamic diameter of
nanoparticles were measured in the simulated intestinal fluid (SIF). SIF was prepared by
dissolving 68.05 g potassium dihydrogen phosphate fK}k) and 8.96 g sodium
hydroxide in 10 L water. The pH of this solution was @.86). The size of nanogels was

determined in their equilibrium swelling stdtg DLS method.
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3.2.6 Cell uptake, CLSM and Fluorescence activated cell sorting (FACS) studies

The cellular uptake of FIT@abeled nanoparticles -P) was measured using
Fluorescence activated flow cytometry (FACS) on a CYAADP Analyzer (Beckman
Coulter, Irt). For the FACS analysis, human epithelial colorectal adenocarcinoma (Caco
2) cells (16 cells) were dispersed into Eppendorf tubes. The NRproeessed in different

pH separately before being added to the cells for the internalization experimentd- Then

HMCS NPs were added at  exceptdoethetunstained negative f

10

control, and the cells were incubated for 2 h in normal medium in a standard tissue culture

incubator (37°C in a 5% G The cells were then washed usingeoéd FBS containing
10% FBS, and transferred into FACS tubes. All samples were kept on ice until FACS
analysis(99) The same experiments also performed on human cervical carcinoma

epithelial (HeLa) and MCH (Michigan Cancer Fowdation7) breast cancer cell lines.

For microscopy, 10cells per well were seeded on round glass eslips in 12well plates.

Oncereachin 0 % confl uency, the growth -MPsDhi a

wa S

PBS was added to each wel | |, at concentrat.

h at 37°C and 5% Cf(at different pH levels. Then, samples were washed five times with
PBS and fted them with 3% paraformaldehyde solution, cell nuclei were stained with
DAPI (0. 2 & Mmicrosdegy measueesents nvére performed using a ZEISS

LSM700 UP2 (Jena, Germany) confocal laser scanning microscope (CLSM).

3.2.7 Cell proliferation assay

Effectof different NP concentrations on the cell proliferation was evaluated by MTT assay.
In brief, Cace2 and MEF cells were cultured on standard\@l plate at a density of 0
cells per well. After incubating for 24 h, the culture medium was replaceédtymedium

containing specific concentrations of uncoated and coated NP80(bOng/ml) and
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incubated for 72 h. Then, tetrazolium salt (M2128, Sigma) was added for an additional 4
h. Thereafter, formazan crystals were dissolved in Dimethyl sulfoxide &Sigvhile
shaking for 20 min. Absorbance at 570 nm was measured by utilizing a standard microplate

reader.

3.2.8 Drug encapsulation andn vitro release

In vitro drug release from PT}¥0aded NPs was studied using a dialysis cassette (3500
MWCO, Thermo Scientific)immersed in PBS. Briefly, 1 ml of PTFkaded NPs
suspension in phosphate buffered saline (1 mb.RH 7.4 was introduced into the dialysis
cassette, then gently shaken and incubated at a temperature of 37°C. A Sequential pH
change (4, 7.4, and 5.5) RBS medium was applied. The pH of PBS medium was kept
constant at 4 in the first 72 h, then was increased to 7.4 for simulating human intestinal
fluid in the next 72 h interval, and finally reached to 5.5 and remained without any further
change for the thil similar time interval. Samples were periodically removed and studied
using highperformance liquid chromatography (HPLC). 2 ml mixture of sample and
acetonitrile in a same portion was assessed. Separation procedure was done at a constant
flow rate of 1ml.min?, followed by PTX detection at a wavelength of 230 nm. In this
study, a reverse phasis column and a mixture of acetonitrile:water (60:40 v/v) were

employed as the stationary and mobile phases, respectively.

To eliminate the sampling effect diog release tests, drug concentration was corrected

according to following equatiof®9):
Cnl = Cn[VT/(VT'VS)](Cn-]_I/Cn-l) Eq(g'l)

whereC,' is the corrected ewentration of the'hsampleCn is the measured concentration
of PTX in then sample,Cn1 the measured concentration of {nel)" sample Vr is the

volume of receiver fluid, andsrepresents volume of the drawn sample (1 mL).
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3.2.9 Statistical analysis

For statistical analysis SigmaPlot software (version 11.0) was used. Data are presented as
mean values + SD. Comparison of two groups was performed by unpaired or pested t
while comparison of more than two groups was performed using ANOVA. Diffesence

were considered significant at p <0.05.

3.2.10 Fluidic Modeling

In this simulation, two dimensional modeling of a Tesla micromixer with ten individual
mixer units is carried out using COMSOL Multiphysics 4.2. Continuity and N&tigkes
equations along with QwectionDiffusion equation are solved using finite element
method for this geometry. Equations of continuity and momentum for steady state and an

incompressible fluid as follows:
PU'=0 (Eq. 32)
riBU=- B+ MDA (Eq. 33)
whereT is fluid flow velocity, } is fluid density,¢ is fluid dynamic viscosity ang is

pressure. In this study, all fluid properties are assumed to be equal to those of water, i.e.

density of 1000 kg/ ) and a viscosity of 0.001 Ps.

The micromixer has three inlets and one oullbe inlet boundary condition is defined as:

U=U, OV (Eq. 34)
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whereUo is the free stream velocity which is assumed to be 9.2&n00 0.003704 m/s for
main and both sheath flows, respectively. Outlet boundary condition is set to be at the
atmospheric pressurédt is assumed that no slip boundary condition is applied on the

remaining walls. The mass transport equation is

C
§+D.N =0 (Eq. 35)

whereN is the flux vector defined as:
N =- DBC +CU0 (Eq. 36)

In the above equatior) denotes diffusivity andC is concentration. Also, thelet
boundary condition for concentration is approximated by a concentration of one in both

sheath flow and the diluents with a concentration of zero in the main flow inlet.

Tesla mixer uses Coanda effect in order to bend fluid stream lines and intizage
effects. As flow enters the micromixer, part of it deflects toward the side narrow channel
due to Coanda effect. The remaining part of fluid flows through the cuseetion until

these two sulflows join and integrate again. Then this recombiit@d again experiences
another Coanda effect and this separation and mixing continues until the flow reaches the

outlet.

3.2.11 Computational details

In order to fundamental understanding of Eudragit coated chitosan constitutirghetire
nanoparticles at moletar level, first principle quantum mechanics (QM) and molecular
dynamics (MD) simulations were carried out to explore their molecular interactions

governing behavior of Eudragihitosan layered system.
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3.2.12 First principle simulations

First principle QM simiation methods were applied for three molecular systems including
Eudragit, chitosan, and Eudraghitosan cluster. QM simulations were specifically
utilized to assess the intermolecular interaction energy between Eudragit and chitosan,
which determine thir affinity to each other. The interaction energyHinding between

Eudragit and chitosan was computed by using the following equation:

O Binding = (EEudragitchitoasnl (Egudragit+Echitosar) (Eq. 37)

where,EeudragitchitoasniS the electronic energyf molecular system consisting of Eudragit
and chitosan polymers, af@udragit and Echitoasnrepresent electronic energy of molecules

Eudragit and chitosan, respectively.

Molecular structures for Eudragit and chitosan polymers are shown in RBduré is
known from Eudragit chemical structure that the ratio of ester groups to carboxyl groups
(i.e., thex plusy to zratio) is 10:1. Due to the highly expensive computational time of QM
calculations, only one monomeric unit of Eudragit and chitosan Wwasea for QM
evaluations involving Eudragit, chitosan and Eudrabitosan cluster model. In particular,
because of such tirm@nsuming QM computations, it was difficult for the case of Eudragit
monomer to preserve the mentioned 10:1 ester groups toxghrgmups ratio at
electroniestructure calculation scale. Consequently, for Eudragit structure, QM
examinations were executed on Eudragit monomer containing only single unit of methyl

acrylate, methyl methacrylate and methacrylic acid.

For QM modeling wudies, geometries of all structures including Eudragit, chitosan, as well
as the Eudragithitosan cluster model were initially optimized by means of Haftoexk
(HF) theory employing @1G** basis se{107) Then, the optimized structures so obtained

were further optimized by density functional theory (DEIQ8 109) using B3LYP hybrid
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functional (110, 111), first with 6:31G** basis set and then with larger basis set-of 6
311G**.(112) These successive QM calculations were performed to attain fully optimized
structures. The electronic energies corresponding to final optimized structures were used
to determine interaction (kiing) energy between Eudragit and chitosan. All QM

computations were carried out by means of Gaussian 09 software pétk3ge.

HO
CH2
H O H
H
/ H H O//
OH NH,
— -m

Figure 3-1 Chemical structures of (a) Eudragit, and (b) chitosan polymers.

3.2.13 MD simulations

In order to examine the structural characteristics of Eudragit and chitosan in Eudragit
chitosan layered system, for which Eudragit layeeritts with chitosan layer, MD
simulations were conducted on a thoemensional (3D) cell consisting of Eudragit and
chitosan chains. First, polymeric chains of chitosan and Eudragit both with polymerization
degree of 50 (i.e., the valuesroindm in Figure3-1) were constructed. The constructed
polymers were subjected to energy minimization for 5000 steps using Smart minimizer
algorithm available in Materials Studio softwdid.4) Then, with &ing minimum energy
Eudragit and chitosan polymers, corresponding 3D simulation cells were created.
Subsequently, the Eudragit and chitosan simulation cells were utilized in order to create
another 3D simulation cell representing a simulation cell congistf Eudragit and

chitosan layers with chitosan as lower layer, and Eudragit chain located at a distance of at
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least 10 A above the chitosan layer. The 10 A initial interlayer distance was chosen to
eliminate dependency of the final structure form MD dation upon its initial structure.
Moreover, to reduce the interactions between Eudragit and chitosan layers to only one side,
and thereby removing periodic boundary conditions (PBC) in z direction, vacuum distances

were placed below chitosan layer andab&udragit layer, as shown in Figlg.

The constructed layered cell was first optimized by means of Smart minimizer algorithm
for 5000 steps, and then subjected to NVT MD simulations of 750 ps at temperature of 300
K. MD simulations were carried ouyluse of COMPASS force fiel(il15 116), an ab

initio based force field that have been successfully applied imeedD studies of
polymeric materials. Nobonded electrostatic and van der Waals (vdW) interactions were
truncated at cutoff distance of 9.5 A, and leagge electrostatic interactions were
calculated using Ewald summation method. Newton equation obmws integratedia
velocity Verlet procedure by using 1 fs as time gfe}¥) Andersen thermostavas
employed to control temperature at desired level. All MD simulations were done using

Materials Studio softwar@l14)

Figure 3-2 Eudragit-chitosan layered 3D cell used for MD simulation. All atoms of Eudragit
and chitosan polymers are in Line, and Ball & Stick style, respectively. The color code is:
carbon in gray, oxygen in red, nitrogen in blue, and hydrogen in white.
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3.3 Results and Discussion

Schematic representations of the microfluidic platforms are shown in Fig8ae The
nanoparticle cores are created in the first microreactor, where hydrodynamically focused
flow precisely controls the mixing time of the two solutions (HMCS and watexating
monodispersed nanoparticles with precisely controlled properties. These particles are then
coated in a Tesla micromixer, where they are sealed with a Eudraggefgitive PMMA
derivative) shell. The micromixer inputs (flow ratios) determine élaetor conditions, and

thus the nanocapsule properties. The effect these inputs have on the nanocapsule Zeta
potential, Eudragit shell thickness, and overall NP size and morphology is shown in Figure
3-3c. The design of the Tesla micromixer was finalizathg COMSOL Multiphysics
software to investigate the flow/concentration profiles. Usingdimeensional modeling

of ten individual mixer units the continuity and constitutive NaBarkes equations along

with convectiondiffusion equation were solved ugifiinite element method for various
geometries. The inlet boundary condition is approximated by the sheath flow and core flow
concentrations and flow rates. Tesla mixers use the Coanda effect to bend fluid stream lines
and increase the mixing effects. Asw enters the micromixer, part of it deflects toward

the side narrow channel due to the Coanda effect, while the remaining fluid flows through
the curved section until these two stfflbws merge. This recombined flow then
experiences the Coanda effectiagand this separation and mixing continues until the
flow reaches the outlet. The concentration distribution for this Tesla micromixer is shown
in Figure3-3 (b-i). For this flow condition, full mixing is obtained after passing two-cell

pairs. The veloty stream lines are shown in Figud& (b-iii).
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Increasing the flow ratio (volumetric ratio of sheath flmamain flow from 0.020. in the
microreactors caused a strong increase in total NP diameter for both neat atuh&dX
particles (Figur&-3c-i and leiv). Figure 33 (c-ii) shows the shell thickness for the coated

NPs increases with increasing flowioatFor instance, by increasing the flow ratio in the
Tesla micromixer (eR2) from 0.07 to 0.3 whi
micromixer (0.03)), the average shell thickness increased from 8 nm to more than 22 nm.
A more complex trendni Zeta potential variation was observed. As shown in Figt8e

(c-iii), the highest Zeta potential value (+10 mv) occurred for the NPs synthesized at the
lowest flow ratio in reactor 2 (0.07). This is consistent with the shell thickness results. The
Eudrait supportive layer and HMCS core have negative and positive charges, respectively.
Hence, decreasing the shell thickness, as a direct consequence of decreasing the flow ratio
in micromixer 2, resulted in NPs with a higher net positive charge, and aasecr Zeta

potential.

Employing the microfluidic process is a significant improvement over the traditional bulk
mixing procedures, and results in NPs with smaller diameter for both uncoated and masked
NPs at all flow ratios. A broad distribution of reside times in the turbulent regime and
variations of local pH at bulk mixing condition are considered the main reasons for such
nonuniformity in bulk NPS103 105) The first microreactor establishes a wahtrolled
hydrodynamically focused mixing region with short and narrowly distributed residence
times, defined by the input flow rates and ratios, Wwigienerates smaller NPs with uniform

diameter and microstructu@9, 103 105 In the first micromixer (crosginction), the pH

56



increases through diffusion of the basic water into the aqueous polymer stream, which leads
to HMCS amine group deprotonation and aggregation of the macromolecules. A narrow
distribution of residence times provided by-ohnip diffusion mixing gives the opportunity

for the polymer chains to benefit from similar reaction tif@.Solution pH controls the
balance between electrostatic repulsion and hydroplattbéction forces, so the time scale
associated with the pH rearrangement determines thasssbly timescale, which is

short in the microfluidic device and thus generates small and uniform NPs (&i§de

1))-(99)

In microreacto 2, bulk mixing and laminar flow are the predominant routes of mass
transfer, where reactions mainly occur in the microscale rather than the molecular scale.
This resulted in more neaniformity in shell thickness and morphology of the masked

NPs. Thever sl ow kinetic diffusionttomi Evudraagct
design used to create the NP cores from being used to coat ti{@18PEhis limitation

leads to the design of the Tesla mircoreactor with alteration in shape, residence time and
thus the predominant route of mass transferl, $iti€ NPs coated with Eudragit in the

microreactor were more uniformly coated than those coated via bulk mixing.

In order to better understand the molecular interactions in the Eudhétgisan coreshell

NPs, molecular dynamics (MD) simulations weredweted on a thredimensional (3D)

cell consisting of Eudragit and chitosan chains by use of COMPASS force field.
Equilibration of the simulated structures was first checked by monitoring time evolution of
the potential energy as well as temperature otthie(Figure 3-4).] As shown, the total
potential energy and temperature fluctuate slightly around an average value, which

indicates an equilibrium condition has been achieved.
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Figure 3-4 Total potential energy and temperature variation against simulation time during
last 100 ps NVT MD simulation.

The final structure from the last 100 ps NVT (moles (N), volume (V) and temperature (T)
are conserved) MD sinfation of layered Eudragihitosan cell is shown in FiguBe5 (a).

To make a better comparison, the initial layered structures used for MD simulation are also
shown. It is obvious that in comparison with the initial 3D cell the distance between
Eudragitand chitosan layers in the equilibrated cell became closer. Such an observation is
attributed to the strong affinity of Eudragit and chitosan chains, as confirmed quantitatively
by the binding energy value, and the strong intermolecular hydrogen bontéiractions
between Eudragit and chitosan. Fig3B (a) shows both the initial and final structures
with periodic boundary conditions, which clearly demonstrates the tendency of Eudragit

and chitosan chains to interface tightly.
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Figure 3-5 (a) Eudragit-chitosan layered structure (ai) initial structure and (a-ii) after 600
ps NVT MD simulations. Polymer chains are shown inside the simulation cell with periodic
boundary conditions; All atoms of Eudragit and chitosan polymers are in Line, and Ball &
Stick style, respectively. (b) B3LYP/6311G** optimized model structure of (bi) Eudragit,
(b-ii) chitosan and (biii) Eudragit -chitosan cluster. Hydrogen bonding interactions are
shown as dashed line; All atomsra in Ball and Stick model. (c) Hydrogen bond length in
B3LYP/6-311G** optimized model structure of (¢i) chitosan, and (eii) Eudragit -chitosan
cluster. Hydrogen bonding interactions are shown as dashed lines. All atoms are in Line style.
The color code or all items is: carbon in gray, oxygen in red, nitrogen in blue, and hydrogen
in white. (d) Total electronic energy (Hartrees) and ZPE (Hartrees) (kCal.mol) for
B3LYP/6-311G** optimized Eudragit, chitosan and Eudragitchitosan cluster structures.

First principle quantum mechanics (QM) simulations were applied for the three molecular
systems including Eudragit, chitosan, and Eudtegitiosan clusters. QM simulations were
specifically utilized to assess the intermolecular interaction energy between iEadohg
chitosan, which allows us to determine their affinity to each other. F&jbréb) shows

the final energyminimized model structures for Eudragit, chitosan as well as Eudragit
chitosan, resulted from B3LYR&L1G** level of theory. We find that theptimized
monomer structure of Eudragit is not able to form any midacular hydrogen bonds,
while chitosan can form intramolecular hydrogen bonds between arniid.) and

hydroxyl (OH) groups. In the simulation, hydrogen bonds are assumed when two
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hydrogen donor and hydrogen acceptor atoms satisfy the following geometrical conditions:
(1) the distance between a hydrogen donor atom and hydrogen acceptor atom is less than
2.5 A, and (2) the hydrogen dorlaydrogenhydrogen acceptor angle is greater tBan

For the single chitosan structure, the nitrogen atom in the amine groups act as both
hydrogen donor and hydrogen acceptors, while the oxygen atom in one of hydroxyl groups
directly attached to the chitosan backbone act as a hydrogen donor in hydoogen
formation, and the oxygen atoms in the other hydroxyl group directly bonded to the

polymer backbone appears as hydrogen acceptor atoms.

In the case of Eudragthitosan cluster model, two intermolecular hydrogen bonding
interactions are formed betwe&udragit and chitosan units, in which oxygen atoms in the
Eudragit carboxylic group act as hydrogen bond donor and acceptor atoms, and hydroxyl
group attached to the backboria methyl group and hydroxyl group directly attached to

the backbone act as drpgen donor and acceptor atoms, respectivEhgse types of
interactionsshow that Eudragit polymers are able to interact via their methacrylic acid
groups with chitosan. The intramolecular hydrogen bonds formed in chitosan only

structures and in of Eudgit-chitosan clusters are the same.

In order to gain further insights into the interaction between Eudragit and chitosan, length
of the hydrogen bonding interactions was examined (Figdte(c)). The depicted
hydrogen bond lengths clearly indicate thatramolecular hydrogen bond length in
chitosan and also in chitosan interacting with Eudragit is almost the same, which signifies
that interaction of chitosan with Eudragit does not influence the strength of intramolecular
hydrogen bonding interactions Wwih chitosan. However, as the intermolecuigdrogen

bond length in Figure -8 (c-ii) exhibits, the length of the Eudragihitosan hydrogen
bonds is shorter than that of intramolecular hydrogen bonds within chitosan, which
demonstrates the strong bindimadfinity between Eudragit and chitosan chains. The

findings of the QM and MD simulation results are consistent with each other.
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Total electronic energy and zepoint energy (ZPE) corrected total electronic energy of
the final B3LYP/6311G** optimized Eudagit, chitosan, and Eudragihitosan structures

are shown in Figur&-5 (d). From these total energy levels the interaction enayf (
values for the Eudragithitosan cluster model were calculated to-b&.23 kCal.mot

(op Biectronid and-9.60 kCal.mof (gp Ere). We observed that the interaction energies are
negative, which is indicative of the fact that Eudragit and chitosanscteaid to be located

in the vicinity of each other and interact together. The Eudchgibsan affinity is
associated with their intermolecular interactions, especially the hydrogen bonding

displayed in Figur&-5 (b).

Figure3-6 shows the hydrodynamigaineter of synthesized ceshell NPs over time at in
various pH conditions. The pH alterations were intended to somewhat mimic the digestive
tract. In the gastrointestinal tract, the intraluminal pH increases from highly acidic medium
(pH 1-2 which increaes to 4 during digestion) in the stomach to about pH 7.4 in the
terminal ileum of the small intestine. This change is followed by a pH drops to 5.7 in the
caecum (Colon{119) It is worth noting that no significant differences were found in the
gastrointestinal pH levels between normal subjects and people suffering from colorectal

carcinoma(120)

Generally, the size of NPs depends on the number of polymer chains as well as their
swelling state. lhas been shown that swelling state is highly affected by the compactness
of selfassembled NPs, which can be controlled by changing the flow ratio on microfluidic
platforms(105) The probability of hydrophobic side chains competing with intramolecular
interactions is highly influenced by the mixing time, where it has been shown that longer
mixing time results in less compact N@65) As is shown in Figur8-6, NPs synthesized

at lower flow ratios in pR1 {shape microreactor) show higher stability, which is due to
their more compact structurén comparison with microfluidic NPs, less compact bulk

synthesized NPs show less resistance to chemical and physiological alterations, leading to
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more swelling when exposed to pH alteratimtreasing the pH to 7.4 is associated with

an initial NP swelhg, and is followed by a significant decrease in the size of the NPs.
Early stage increase in diameter of the NPs can be interpreted as the swelling of the
Eudragit layer in the solubilizing pH medium. Subsequently, gradual dissolution of the
Eudragit layr in the neutral medium leads to a drop in the size of the NPs. It should be
noticed that the observed differences in the size of the NPs are related to their different
compactness. After removal of the Eudragit layer, the next change in pH from 74 to 5.
results in a significant increase in the size of NPs. Swelling of the NPs in this stage is due
to the electrostatic repulsion of the highly protonated HCMS chains, which ends in
dissolution of the swollen NPs (FiguBe6). Bulk synthesized NPs coatedRR of 0.1

were found to show the most significant and rapid size alterations The overall diameter
changes of the NPs were less significant over the first pH transition (pH 4 to 7.4) compared
to the second transition (pH 7.4 to 5.5). This effect was mooaopnced for the
microfluidic NPs, which disclose the ability of microfluidic synthesis method to produce
dense and compact NPH5) Over the seand pH transition, the removal of the shell layer

cause their size to change significantly.
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Figure 3-6 pH/time dependency of hydrodynamic diameter for different types of Eudragit
coated NPs.

The dynamic ige of microfluidic cores h e | | nanoparticles for med

in the simulated gastric (SGF) and intestinal fluids (SIF) also investigated and shown in

Figure3-7.
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Figure 3-7 The dynamic sizeof microfluidic core-shell nanoparticles formed ate R1:0.03,
e R2: 0.
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Figure 3-8 Stability of core-shell nanoparticles( R1:0.03,eR2: 0.10) after incubation for 120
h in the gastric simulated (pH=4) and inestinal simulated (pH=7.4) conditions. The shell
(Eudragit) dissolved after incubation at neutral pH (pH=7.4) in about 30 min and
subsequently we have bare chitosan NPs.

Here, we also tried to show the applicability of this approach for other chargedgus!

As shown in Figur&-9, we coated chitosabased bulkand microfluidiesynthesized NPs

by Alginate (as a representative charged natural polymer) in addition to Eudragit (as a
representative charged synthetic polymer). We also made PEI/DNA naropiekeoated

them with Alginate and Eudragit using the same microfluidic platform.
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Figure 3-9 The proof-of-concept results of applicability of proposed coating technique for

other charged macromoleculesHere we tested our approach in four different systems (a).

Eudragit (b) and Alginate (c) coating of chitosarbased nanoparticles using both of

microfluidic and bulk coating methods. Chitosan nanoparticles were synthesized using both
of bulk mixing and micr ofluidic assisted synthesizing methods. The Eudragit (d) and Alginate
(f) coating of positively charged PEI/DNAbased nanocomplex also examined. The flow ratio
of 0.10 is used for all of microfluidic assisted coating experiments

Figure 310a shows thén vitro release profiles of different synthesized paclitaxel (PTX)
loaded NPs over the sequential changes in pH (4, 7.4, and 5.5) at 37 °C. The relatively
rapid initial drug release from uncoated NPs (both microfluidic and bulk synthesized

particles), more thn 30% in the first 24 h, has been typically reported for ®Bded
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chitosanbased NPs at low pH mediuih2l, 122 In the selfassembled NPs, drug
molecules may have been partially loaded in the outer layers of particles, specifically in
the case of bulk synthesized NPs, resulting in their accelerated releassh€lbi¢Ps
which were prepared on the dual micradic platforms, have more developed release
profiles, limited burst release at low pH, followed by more sustained release profiles at the

next successive pH levels (7.4 and 5.5).
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Figure 3-10 Cumulative in vitro release of PTX from uncoated (empty symbols) as well as
coated (filled symbols) chitosarbased NPs after sequential change in pH (4, 7.4, and 5.5) at
37 °C (Mean £ SD, n = 3 independent experimentg}) Cell viability of Caco-2 cells after 72

h exposure to free PTX as well as PTX loaded NPs as a function of pH at 37°C. (c3d@lues
for different types of uncoated/coated NPs after sequential incubation at different pH. Lower
ICso value indicate mote potent therapeutic agent. * indicate 1Go < 0.001. Results presented
as mean value = SD, n = 3 independent experiments.



As previously stated, using microfluidics provides the possibility to synthesis more
compact and smaller NPs in comparison with byiklsesized particles. Hence, the slower
release rate of the microfluidic prepared NPs is due to their relatively more compact
microstructurg105) Coating the NPs with Eudragit, as shown in Figwkd8, strongly
affected the release profile. The ysEnsitive Eudragit outer layer, which is insoluble in

low pH environment, hinders PTX diffusion to the surface of the NPs in early stage of
release andeduces burst release in the acidic medium. In the case of uncoated NPs, the
major part of the encapsulated PTX is released in the first stage (acidic pH), an effect which
is more pronounced for the bulk synthesized NPs. Obviously, the release rate of the
microfluidic NPs accelerated after increasing pH from 4 to 7.4, which is in contrast of the
decreased release rate of the uncoated NPs after a similar pH Transition. This trend is
attributed to the dissolution and higher swelling ratio of Eudragit layeewatral pH in
comparison with acidic pH. Such gidsponsive release behavior has been reported by

some researche($23 124)

Practically, coating the NPs with psénsitive layer gives them the ability to bypass the
acidity of gastric fluid without releasing considerable amounts of the loaded1&4)g.

After dissolution of the supptive layer at higher pH, modified chitosaare forms a gel

like insoluble structure, hence the rate of drug release is cont(bf#&dinterestingly, a
further acceleration oktease rate was observed for the microfluidic NPs after decreasing
pH from 7.4 to 5.5. Over the last release stage, protonation of amino groups on chitosan
chains causes swelling of NPs, which ultimately results in an increased rate of PTX

releasg126)

The effect of unloaded NPs at different concentrations3(800 mk')gn the viability of
two kinds of cells (Cac@ and MEF) after 72 h using the MTT assay is presented in Figure

3-11. These results are the average of a series of three different experiments. All types of
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NPs have shown cell viability levels of moreth90% after 72 h, indicating low toxicity

of the coated and uncoated chitosan nanocarriers.
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Figure 3-11 Cell viability of Caco-2 (a, b) and MEF (c, d) cells after 72 h exposed to the (a, c)
uncoated and, (b, d) coated unloaded chitosan NPs at different concentration and 37°C,
(Mean = SD,n = 3 independent experiments).

Cell viability and 1Go results for different types of the synthesized NPs are presented in
Figure 310. Figure 310b displays the viabilit of Cace2 cells after 72 h exposure to
different concentrations of the PTX loaded NPs as a function of pH at 37°C. Increasing
PTX concentration caused a sharp drop in cell vial{iigz, 128) It is also found that pH

of the medium plays a leading role in the toxicity of PTX loaded NPs. Sequential incubation
at different pH caused a significant decrease irCes2 cell viability. As stated above,
sequential incubations at pH 7.4 and 5.5 leads to dissolution of the outer layer and swelling
of inner core respectively, which resulted in increased release of the drug. There is also a

clear relationship betweehd amount of released PTX and the IC50 value. Amoazgar
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al. reported incubation of the cells at pH 6.2 with PTX loaded NPs, coated with a layer of
chitosan, caused a significant dakspendent reduction of the value of cell viability. This
trend was comgrable of moderate decrease in viability of the cells incubated with the
PTX-loaded NPs at pH 7{4.29 Such pHdependent cytotoxicity has been reported
elsewhere even for neat chitodaesel NPs. Lohet al.reported Cac@ cellular uptake of

chitosan NPs in pH 6.0 results in lower cell viability than at pH34)

Figure 310c illustrates the 1€ trend, which shows the effective PTX concentration
required for a 50% decrease in cell viability. Results show that for all theldzidéd NPs

ICs0 decreased when applying the pH sequence. This finding implies3enhanced efficiency
of the PTX loaded NPs in the sequential incubation at different pH valuég(4nd 5.5).
Interestingly, the viability of cells incubated with unloaded NPs varies little with NP
properties (flow ratio), again emphasizing the g¢pendency of 165 on the drug delivery

efficacy of microfluidic NPs synthesized at lower flow ratios
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Figure 3-12 (i) Schematic representation of facilitated cellular uptake of NPs after unmasking

upon incubation at different pH. (ii) Confocal laser scanning microscopy (CLSM) images

showing cellular uptake of FITC-labeled HMCS NPsafter 2h incubation with Caco-2 cells

after changing the medium pH. Cell nucleus stained with DAPI (blue fluorescence), the green

dots represent internalized NPs. Scale bar is
(FACS) results of facilitated e@llular uptake after unmasking of NPs at different pH.

As shown in Figur@-12, changing the pH from 4 to 7.4 and then 5.5, results in unmasking
of HMCS NPs and facilitated cellular uptake of NPs. It seems masked NPs with anionic
surfaces have less intetan with the negatively charged cell membrane, which leads to
lower transfection efficiency. It was previously reported that surface charge affects cellular

uptake of chitosabased NP$131)
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Changing the pH to 7.4 is combined with the dissolution of Eudragit layer and a higher
degree of cellular accessibility for unmasked HCMS NPs. Although removing the Eudragit
shell generates mercellular transfection, a greater amount of cellular uptake is observed
with protonation of amino groups of chitosan as a result of changing the pH from 7.4 to
5.5(126 132 133) Due to this charge, as shown in Fig®8 (c-iv), chitosan NPs are

often endocytosed by the ce(®9, 134) The cell uptake trend is quantitatively reported in
Figure3-12(iii). The ratio of the florescence intensity for cells with and withdP uptake
shows the NPs uptake efficiency, and increased with altering the pH to 7.4 and then 5.5.
The cellular uptake is positively correlated with the surface charge in theNPsally
transfection efficiency of chitosan is higher for culture medwith lower pH value due

to a higher degree of chitosan protonaiib2l, 131)

Cellular uptake nanoparticles as adtion of applied pH is evaluated in other cancerous

cell lines (MCF7 and HelLa cells) and the results are presented in RBglBand the same

trends are seen in the other cell lines as well. To investigate the effects of presence of serum
proteins on NPsells interactions, cellular uptake of prepared coated and uncoated NPs is
measured in serupased culture (10% FBS containing medium) in three different cell

lines (Figure3-13) as a function of pH and after 2 h of incubation.
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Figure 3-13 Cellular uptake of FITC-labeled nanoparticles as a function of applied pH in
Caco?2 (a), HelLa (b), and MCF7 (c) cell lines. The effects of pksensitive coating as well as
presence of serurrbased media (10% FBS containingculture) investigated by measuring

fluorescent intensity of cultured cells after 2 h of incubation with nanopatrticles at 37°C using
flow cytometry. The pH value of media changed subsequently from 4 (gastric mimic pH) to
7.4 (intestinal mimic pH), and from 7.4 to 5.5 (tumor local pH). Values indicate mean *
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3.4 Conclusion

Nanoparticle systems, due to their unique features as drug carriers, have attracted a great
deal of interest in colon cancer chenetpy. For the first time, we employed a dual
microfluidic procedure to attain highly tunable caieell drug carriers with customized

and reproducible characteristics adjusted for targeted colon cancer therajpgs8eibled
hydrophobically modified chosan nanoparticles (NPs) were produced in a gursgion
microfluidic device and finely coated with a psensitive copolymer (Eudragit) through a
Tesla micromixer. Quantum mechanics (QM) and classical molecular dynamics (MD)
simulations indicate a goodevel of molecular interactions between the layered
nanostructures. NPs fabricated and coated via microfluidics showed increased cellular
uptake during pH changes compared to those prepared with bulk mixing. MTT assays and
in-vitro results showed coatirthe NPs with a pksensitive Eudragit layer gives the NPs

the ability to bypass the acidic gastric fluid without releasing the majority of the loaded
anticancer drug. Considering the{sEnsitive characteristics of the microfluidic NPs, such

a highly tunal@ drug delivery system enabling physiologistimuli release is a potential

route to develop efficient targeting colon chemotherapeutic agents.
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CHAPTER 4. ON-CHIP SYNTHESIS OF FINE-TUNED BONE-

SEEKING HYBRID NANOP ARTICLES 3

Reproducibility of physicochemical gperties of multifunctional nanoparticles has
been always their major challenge for various for therapeutic and diagnostic applications.
Commonly nanoparticles are produced as rather heterogeneous mixtures with a subsequent
range of functional propertiesiere we report an orgep approach for synthesis of finely
tuned targeting hybrid nanoparticles (HNPs). A microfluidic platform was used to precisely
control the nangrecipitation of bisphosphonatenjugated poly(D,tactideco-
glycolide) chains, whileco-encapsulating superparamagnetic iron oxide nanoparticles
(SPIONSs) and the anticancer drug. The size of the nanoparticles was found to increase with
rising mixing times, whereas smaller and more compact HNPs, were obtained at the rapid
mixing regimen. Hrthermore, drug encapsulation studies revealed significantly higher
loading (7380%) efficiencies for the microfluidic technique compared to the conventional
bulk synthesis techniques (50%), and a sustained release profile was achieved with the
microfluidic synthesized HNPs. The HNPs were shown to have a strong affinity for
hydroxyapatite, as demonstraiedsitro bone binding assay, which was further supported
by molecular dynamics simulatiorig.vivo proof of concept results verified the prolonged
circulation of targeted microfluidic HNPs. Biodistribution as well as -nomasive
bioimaging experiments showed higher tumor localization and suppression of targeted
HNPs to the bone metastatic tumor compared with conffbie. hybrid bondargeting
nanopartites fabricated with fine, reproducible precision can be considered as promising

nanoplatforms for various theragnostic applications.

3 This work has been publishigdpart byM.M. HasaniSadrabadiE.Dashtimoghadam@. Bahlakehi=S
Majedi,H. Keshvarild Van DersarlA.BertschA. Panahifar, FRenaudl. Tayebi, M. Mahmoudi, K. I.
Jacoh(2015) Minomedicine 10 (23), 3433449.
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4.1 Introduction

Finding the optimal treatment for bone cancers, osteoporosis, osteoarthritis, and other bone
diseases has longeen a matter of great interest for health care provid&s 136).
Particular emphasis has been centered on the development of personalized treatments for
bone cancers, in order to both improve éfigcacy of drugs and reduce the side effects
associated with chemotherapy. Many bone tumors are linked to some form of excessive
local bone resorptioni.€., osteolytic tumors) or formationi.¢., sclerotic tumors),
distinguishable by their unique appaace on radiography and uptake of radioactive tracer

on bone scintigraphy137, 138. Osteosarcoma is theost common primary bone
malignancy and an aggressive osteoblastic form of bone cancer, which is characterized by
its rapid osteoblastic activity, followed by sclerosis of the affected redi3®. The
®¥MTc-MDP (*®®™Tc-methylene diphosphonate) scan from patients with osteosarcoma is
accompanied by significant homogeneousuatulation of the radioactive bisphosphonate

(BP) tracer in the primary tumor as well as in the metastatic(34€s These distinctive
patterns in bone cancers could be used to design aseekeng platform carrying anti

cancer drgs for more efficient drug deliveift41-143). Nanoparticles (NPs) have unique
properties that make them good candidates for this purpose. This type of appeasated

around smart and active targeting, may result in a considerable decrease in side effects of

chemotherapy drugs, and more efficient destruction of tumor(Gdis145).

Inorganic NPs can be trackedvivowith many imaging modalities, as their high electron
densty structures and/or their magnetic properties make them good contrast @@ents
146-:148). Among the difierent types of magnetic particles, superparamagnetic iron oxide
NPs (SPIONs) are recognized as one of the most promising materials for biomedical
applications such as image guided drug delivery and cancer tredim@:t51). SPIONs

can use active targeting by conjugating targeting ligands, and also be directed towards

tumors by using a weak external magnetic fi¢ldb2). Moreover, magnetic fluid

77



hyperthermia using magnetic liposomes has been shown to successfully reduce the volume

of osteosarcoma tumor in animal moddlS3).

The aim of this work is to develop a singteep microfluidic assisted route to reproducibly
synthegze finely tuned multifunctional borseeking hybrid NPs (HNPs), with the
potential for future applications in treatment and imaging of bone cancers (
theragnosis). In recent years, microfluidics has emerged as a distinctive approach for the
synthesisof a variety of weHldefined nandmicrostructures, while using only small

amounts of reagen(d4, 15, 20, 23, 99, 154156).

Here, we demonstmtthe microfluidic design of multifunctional targeting nanocarriers
capable of concurrent diagnostic imaging, delivery of chemotherapy drugs, and
hyperthermia treatment. HNPs consisting of poly(lacti@lycolic acid) (PLGA) chains
were conjugated with bphosphonate molecules as the btamgeting moiety, and were
subsequently loaded with Paclitaxel (PTX), as a modelcamicer drug, and SPIONs as a

magnetic resonance imaging (MRI) contrast agent.

Special attention was placed on characterizing nanojiaan of the PLGA chains in

terms of size, number of aggregated polymeric chains and compactness of the synthesized
HNPs, as well as their drug loading efficiency. Size, polydispersity, and drug release
patterns are governed through mixing time duringi@a formation, and was tightly
controlled using the hydrodynamic flow focusing technique in a microfluidic platform. In
order to assess behavior of PLGA chains in the vicinity of hydroxyapatite (HA) crystals,
all-atom molecular dynamics (MD) simulatiomgere conducted to explore the effects

associated with the conjugated BP functional groups onto the polymer chains.

4.2 Materials and Methods

4.2.1 Materials
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Acid terminated poly(D,tHactideco-glycolide) (PLGA; lactide:glycolide 50:50; M
31,500 g.mot; Mw= 48,0® g.moit; Mw/Mq= 1.52 (GPC); inherent viscosity: 0.53 dtit)g
was acquired from Sigmaldrich (Resomer RG 504H). The refractive index increment
(dn/dc) of the polymer solution was measured to be 0.05 tising asymmetric flow

field-flow fractionation AFFFF) method.

Acid terminated PLGA (PLGACOOH) chains were functionalized as reported elsewhere
(157, 158). In brief, 65 mg of lyophilized bisphosphonate (sodium Alendronate, Sigma)
was dissolved in 1 ml dimethylsulphoxide (DMSO, Sigma) and subsequently added to 7.8
gr of acid terminated PLGA (PLGEOOH), which was previously activated using 1
Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Sigma)/-hydroxysuccinamide
(NHS, Sigma); dissolved in 4 ml of equivalent mixture of DMSO and dichloromethane
(DCM, Sigma) at 2°C and stirred for 2 h. The mixture was then gradually heated up to the
room temperaturesnd stirred for 10 h. Afterwards, the reaction solution was dialyzed
(Spectra/Por CE dialysis tubing, 50000 MWCO, Spectrum Labs) 3 times against 1 L of
deionizedwater for 24 h. Finally, the dialyzed conjugated polymer was lyophilized and

kept in freezeuntil use.

Superparamagnetic iron oxide NPs (SPIONs) were synthesized by alkaprecqguitation

of ferric and ferrous chlorides in aqueous solution as reported @@ Solutions of
FeCk.6H.O (0.086M) and FeGMH.O (0.043M) were mixed and precipitated with
concentrated ammonia while stirring vigorously. The immediately formed black precipitate
was washed several times with upare water untilie pH decreased from 10.0 to 7.0.
The precipitate was collected and refluxed in a mixture of 0.8M nitric acid and 0.21M
aqueous Fe(N§x.9H.O for 1 h. During this step, the initial black slurry turned brown and
formation of nitric oxide was observed. Thesem was allowed to cool down to room
temperature, the remaining liquid was discarded, and 100 m| ocfuiteawater was added

to the slurry to ralisperse the precipitate. The brown suspension was dialyzed for 2 days
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against 0.01M nitric acid, and stdrat 4°C. During this final synthesis step, the@ze

mostly oxidized to Fs.

4.2.2 Device Fabrication

Microfluidic devices were fabricated with poly(dimethylsiloxane) (PDMS, Sylgard 184,

Dow Corning, Switzerland)ia soft lithography technique. Silicon wafexgin-coated with

SU8 50 photocurable epoxy (Microchem, l nc.
Lithography, development and annealing (at 150°C) procedures were performed at the
EPFL Center for Micronanotechnology (CMi) to obtain negative master molitheon

normal 4 inch silicon wafer. The surface of molds was modified using -assdimbled

monolayer (SAM) of trimethylethoxy silane (Sigma) by vapor exposure for 40 min to
prevent PDMS sticking. PDMS monomers and curing agent (10:1), poured over the mold,
degassed in desiccators for 30 min, and cured in the oven (Memmert) at 80°C for 1 h. After
curing, PDMS was removed from the mold and required holes were puncéhgaus0

em di ameter punch. The PDMS wasplasma¢lf0 b onde
mW, 1 min; Diener electronic GmbH). The PDNd&sed microfluidic device consists of

two inlets for water, one for the polymer/SPIONs/drug solution in THF, and diet.ou

The water flow was split into two streams at the flow focusing grosgion. The mixing
channel was 120 em wi deAguedu®solation ohFlugrédsceiand 1
sodium (Sigma) and water were used to determine the range of stable flo\gdedenot

shown).

4.2.3 Synthesizing of (hybrid) nanoparticles

For the bulk synthesis of (hybrid) NPs (HNPs), PLGA/PL-BR solution in THF (5

mg.mL?) was prepared (without SPIONs) under stirred condition. The nanoprecipitation
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and formation of the HNPs wagrformed by drojwise addition of this solution to 25 mL

of water while stirring.

For the drugoaded HNPs, Paclitaxel (PTX, Sigmddrich) was dissolved in THF and
mixed with the polymeric (PLGA/PLGMP) solution. HNPs were then synthesized

according thesame procedure described above.

For the microfluidic synthesis of NPs, PLGA/PL@P solution in THF (5 mg.mt) was
prepared under stirred conditions and then introduced into chip as the core flow using
syringe pumps (Harvard Apparatus, PHD2000; HA200d et The water streams, as the
nonsolvent, were introduced to the chip as lateral flows. To vary the degree of flow
focusing, the flow ratios (FRs) of the polymer solution and water streams were adjusted

using micropumps.

For the drugoaded HNPs, PTX wadissolved in THF at initial loading of 10 wt% (0.5
mg.mL?) and mixed with the polymer (PLGA/PLGBP) solution. Microfluidicsassisted

synthesis of HNPs was performed according to the same procedure as described above.

4.2.4 Characterization

Transmission elémn microscopy (TEM; CM20GEG-Philips) were used to characterize

the synthesized NPs. A dilute suspension of NPs was prepared and deposited onto the Cu
grid with a carbon film. The morphology and size of the particles were characterized via
diffraction @mplitude) contrast and (for crystalline materials) through -heglolution

(phase contrast) imaging. The TEM was equipped with a LaB6 source operating at 100 kV
accelerating voltage. The images were analyzed using ImageJ software (version 1.44p)

with at least 20 different images.
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Dynamic light scattering (DLS) and zeta potential measurements were performed using a
Zetasizer (Zetasizer 3000HS, Malvern Instruments Ltd., Worcestershire, UK) in

backscattering mode at 173° for the diluted suspensions in water.

Transmittance of the prepared samples was measured at room temperature (20°C) with a
Shimadzu UV mini 1240 UV/visible spectrophotometer at the wavelength of 550 nm.
Turbidity (U) was calcul at ed-Ldmbetiaw(l6Be t r an
P o e %iE P

0 ‘O

Where,L is the length of light path in the sample cell (1.0 cm quartz cuvétts)the
intensity of the light transmitted throughe sample, anth is the intensity of the light

transmitted through the solveng(,deionized water). Measurements were repeated at least

three times and mean values were reported.

The magnetic properties of NPs were evaluated using a vibrating saraghletometer

(VSM, ADE 4HF) at room temperature.

To determine thén vitro drug release profile, lyophilized PTgaded HNPs (1 mg) were
dispersed in 1 mL of phosphate buffered saline (1X PBS, pH 7.4). The solutions were
placed into a dialysis cartridg8500 Da, Thermo Scientific, Rockford, IL) and immersed

in 1 L PBS while gently shaken in a 37°C water bath. At predetermined time intervals,
aliquots of the buffered solutions were collected for analysis, and an equivalent volume of

fresh PBS was added tloe water bath.

The PTX concentration was measured with the dpighiormance liquid chromatography
(HPLC) by mixing the 1 mL sample with 1 mL of acetonitrile. A reverse phase C18 column
was used as the stationary phase and the mobile phase was consisttdrofrile/water

(60:40 vol/vol). Separation was carried out at a flow rate of 1 mttraimd PTX was
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detected at the wavelength of 230 nm. This method was evaluated over a linear range of
1i1 0 0 ¢'ginthidrange, the percent deviation from theoattvalue was found to be

less than 5% and the coefficients of linearity remain greater than 0.96 using clean PTX
standards. The PTX concentration in the solution was corrected to eliminate the sampling

effects according to following equati¢@9):
Cr' = Cr[V/(V1-V9)](Cn1'/Cre1) (Eq.4-2)

Where, C is the corrected concentration of tm& sample, Cn is the measured
concentration of PTX in tha™ sample,Cn1 the measured concentration of tfrel1)"
sample Vr is the volume of receiver fluid, and represents the volume of sample drawn

(2 mL).

lyophilized PTXxloaded nanoparticles (1 mg) were dissolved in THF andPhX
concentrations were measured using a same HPLC protocol as mentioned before. The drug
loading content and loading efficiency were determined by applying the following

eguations:

PTX Loading content = (weight of the loaded PTX/weight of the NPs)x10QEq. 4-3)

PTX Loading efficiency = (amount of PTX in the NPs /initial amount of the PTX)x100
(Eq.4-4)

Relative activities of PTX were evaluated by measuring the maximum rate of tubulin
polymerization relative to the standard samples. The stablityTX in the free and
encapsulated states was investigated by measuring their activities using the tubulin protein
assay after storage at temperatures of 25°C and 37°C over two weekwéll ptates
according to previously reported protocl$1). In brief, at defined time intervals of 1

day, NPs were separated using centrifugation aigéspersed in water at pH 4.5 to extract
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the PTX fom the NPs. The PTX was then separated using HPLC to perform a tubulin
protein assay. PTX at defined concentrations in tt® iM range was reacted with 50 pl

of tubulin protein solution (general tubulin buffer, tubulin glycerol buffer, 1. mM GTP) and
thereaction was followed by measuring the increase in apparent absorption at 3&rnm o

1 h at 37°C using an ELISplate reader (Safire Il, Tecan AG, Mannedorf, CH).

10 ml of blood was acquired from miaead2% w/v RBC solution was obtained. In brief,

the blood was first centrifuged at 5000 rpm at 4°C for 10 rilme supernatant was then
removed, and the erythrocytes weresuspended with iceold PBS (pH = 7.4)followed

by repeated centrifugatioffhis procedure was repeated four times to ensure rerabval
released hemoglobirkinally, cells were resuspended in 4iceld PBS to provide RBC

solution (2% wi/v). The nanoparticles and Polyethylenimine (PEI) as reference polymer
was also prepared at serial concentratiorf 1 0 0, 200, 4owith PB&nd 10 (
(pH = 7.4). Then, 2 ml of the nanoparticle suspensions were added to centrifuge tubes
containing 2 ml of the 2% w/v RBC solution and incubated at 37 °C for 1 h. Subsequently,

the samples were centrifuged for 1@ n a't 2000 r pm, and 200
supernatants were transferred tov@él plates. Absorbance afie released hemoglobin

was measured at wavelength of 545 nm using a microplate reader.

To evaluate the binding capacity of the synthesized-tengeting and unconjugated NPs

to bone, hydroxyapatite binding assay was carried out in vitro, using the-FLIGAas a
fluorescence markéiL62). Briefly, FITC-labeled NPs were dispersed in PBS (1X, pH 7.4)

at concentration oR.5 mg.mt* (pH 7.4 and incubated with 200 mg of hydroxyapatite
powder (HA, Sigm&ldrich) in a final volume of 10 ml.The incubated samples were
centrifuged at 5000 rpm for 5 min and 2 ml of supernatant solution was collected at the
times of 0, 5, 15, 30, 45, and 60 min. The fluorescence intensity of supernatant was assayed
to detect unbindhanoparticles using spectrofluorophotometer-@3B1PC, Shimadzu,

Kyoto, Japan) at excitation wavelength of 496 nm. As positive controls, both PLGA
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SPION-BP/ PLGASPION nanoparticles were incubated at the same condition without HA
powder. The HA binding &tiency (in percent) was estimated as mean value of at least
three independent experiments. One drop of the precipitated HA powders on a glass slide
was imaged using fluorescent microscope to visually show the binding ofl&be&d

NPs.

For pharmacokines (bloodcirculation) studies, nine femalBALB/c mice (18/ 21 g)

were randomly divided into three groups for the three different kinds of NPs. All mice were
fed with commercial diet and wated libitum and were on alternating 12 h light/dark
cycles. Al three groups were injecteda tail vein at the same dose of 2 mg per kg of

mi cebs body weight. Bl ood -erlatahginuseat different e dr a
times of 0 min, 30 min, 1 h, 2 h,5h,10h, 18 h, 30 h, 48 h, 65 h, and 72 h into lzegarini

tube and then samples were centrifuged for 15 min. The plasma was separated and stored
at fC2rDdark before analysis. The plasma concentration of NPs defined based on
fluorescence intensity of FITC groups using BioTek Microplate Reader (Winoo§ki, V

The normalized plasma concentrations of applied NPs are shown as a function Bié@me.

data were fitted to a twoompartment model, from which the fast and slow-hadfs

characterizing the NPs formulations were extracted.

Luciferase positive MDA-MB-231 breast cancer cell line were plated at 40% confluency
and cultured for 24 h. The cells were then trypsinized, washed, and resuspended in DMEM
at 10 cells.mf* and kept on ice before injection. Female BALB/c mice were given an
intratibial injection @the luciferase positive breast cancer cell line (0.1 ml). The mice were
anesthetized with mixture of Xylazine and Ketamine before injection. After a week of
tumor inoculation, mice were randomized in four different groups (i) PBS only (control
sample),(ii) non-targeted NPs (microfluidic NPs), (iii) targeted bginthesized NPs

(bulk NP-BP), and (iv) targeted microfluidisynthesized NPs (microfluidic NBP). At

the next day of tumor inoculation (day 1) and day 30, animals were injected with 0.1 ml of
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D-luciferin (10 mg.mt) in PBS, and after 10 min, imaged under anesthesia with 2.5%

isofluorane by bioluminescence imaging using the Xenogen bioluminescence imaging

system (Xenogen Corp., Hopkinton, MA). At experimental endpoints, ludiigected

animab were sacrificed based on institutional animal care and use guidelines.

Luminescence is expressed as photons/sec/ROI (region of interest) minus background

luminescence. The change in bioluminescence signal over time considered as an indicative

of tumor ske in this study. For biodistribution studies, after scarifying of mice (day 30 after

treatment), selected organs were dissected and placed inside the imaging system. Mice

autofluorescence and background signals were eliminated.

Apoptosis cells were ideffited through a TUNEL assay (In Situ Cell Detection Assay Kit;
Roche) according to the manufactureros

microscope.

The results are statistically analyzed using unpaitsts. For all tests the statistical

significance is set at p < 0.05. p < 0.01 is considered as statistically very significant.

2.5. Computational Details

Molecular Models of PLGA and PLGBP

PLGA molecules are copolymers of poly lactic acid (PLA) and poly glycolic acid (PGA).

For MD simulatiors, block PLGA copolymers consisting of PLA and PGA both with
degree of polymerization of 30 was first constructeghasvn in Supplementary Rice 4

la Subsequently, for the case of PL&®R copolymer, whictare terminated by BP, the
BP was covalently bated from its amino groupNH2) to one end of PLGA having free

carboxylic acid group. After construction, molecular structure of both PLGA and PLGA

BP polymers were optimized by means of Smart minimizer algorithm. Then, twe three

dimensional (3D) cubic amphous cells, containing only one PLGA and PLBR
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polymeric materials, were created at a density of 1 §.leynmaking use of Amorphous
Cell module implemented in Materials Studio softwélr&4). These 3D simulation cells
were initially optimized for 2000 energy minimization steps, and then equilibrated by MD
simulations carried under NVT ensemble for 100 ps at 300 K. The resulting optimized
PLGA and PLGABP molecules fronMD simulations were placed on top of different HA

surfaces for subsequent simulations.

CH3

H o) |
30 30
o
(b) |
CH, HO——P——OH
o || NH OH
H o
HO——P——O0H
Ol |
30 g

Figure 4-1 Chemical structure of (a) poly lacticco-glycolic acid (PLGA), and (b) poly lactic
co-glycolic acid covalently bonded with bisphosphonate (PLGAP) used for MD
simulations.

2.5.1. HA surfaces

HA materials have crystallogphic structure with chemical formula of (G&Qu)s(OH)2),
hexagonaP6s/m space group, as well as unit cell parameters of a=b=9.424 A, ¢=6.879 A
and Y=0b=9 @69, Inadertd2cOvAr gential interfacial interactions of HA with

PLGA (and PLGABP), three different HA crystallographic surfaces including (100), (110)

as well as (001) were selected for current MD simulation analyses, as these are the most
commonly studied HA surfaces in eqpments(164, 165. These surfaces were built by
cleaving HA unit cell along the corresponding HA surface with a surface thickness value
of around 13 A. Surface area of all HA surfaces were incréadsath directions so as to

ensure appropriate surface interactions with neighboring PLGA and fEs#olecules.
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The constructed surfaces were then converted to 3D periodic cells by applying a vacuum
space of thickness 150 A above the surface. The usiisofacuum space above HA
surface interacting with polymers together with certain surface thickness of 13 A is to
restrict PLGA and PLGABP intermolecular interactions to only one side of HA surfaces.
Energyminimized PLGA and PLGABP were then laid on poof asbuilt HA surfaces at

a location more than at least 12 A apart from the upper surface of ttydgesdfor various

HA surfaces.

4.2.5 MD simulations

MD simulations of PLGA and PLGAP equilibration phase, and simulation of PLGA and
PLGA-BP positioned otop of different HA surfaces (i.e., HRLGA and HAPLGA-BP)
were performed by using COMPASS (condengkdse optimized molecular potentials for
atomistic simulation studies) force figltil5 116). Partial atomic charges for HA surfaces
were assigned as follow: hydroxyl hydrogen atoms, +0.6; hydroxyl oxygen atb@is,
oxygen atoms in P-1.4; phosphorus atoms, +2.6; calcium atoms, +2, which takes
from referencg166). Similar to MD simulation of 3D cells for PLGA and PL&¥P, all
HA-PLGA and HAPLGA-BP simulation systems were first optimized by running 2000
step minimization. This was followed by an$ MD simulation under NVT ensemble

condtions at 300 K.

All atomistic MD simulations were carried out using Discover module of Materials Studio
software(114). Nontbonded van der Waals (vdW) and electrostatieractions were taken

into account using Ewald summation method. Velocity Verlet integration algorithm was
used to solve Newtonds equat i (®ld). Aadersemot i on
thermostat was used to control the temperature during NVT dynamics simulations. Periodic

boundary conditions (PBC) were imposed in all three directions. In the case BEEA
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and HAPLGA-BP, positions of all atoms in HA surface were kept fixed during MD

simulations.

The final structure attained at the end ofsINVT MD simulation of all HAPLGA as well
as HAPLGA-BP simulation systems were used to determine the intemafitioding)
energy of PLGA and PLGSP with different HA surfaces. Interaction energy was

calculated according to the following equation:

o Binding= Era-pLcA-BP-(EHa+EPLGAPLGABP) (Eq.4-5)

Where, EBLcarLcasp represents potential energy of entire simulation system (that is, HA
PLGA or HA-PLGA-BP) in which all atoms constituting HA surfaces have been kept
constrained, Ea is potentid energy of unconstrained HA surfaces without PLGA or
PLGA-BP, and kLcarLcarpindicates potential energy of PLGA or PL&® without HA

surfaces.

The increased PLGA interaction energy with HA surfaces upon isi&fHfication is as a
result of strongemiterfacial interactions, for instance, strong electrostatic interactions with
uppermost calcium atoms, which is probably the strongest for HA (110) according to
higher concentration of calcium atoms on its top surface shown, and hydrogen bonding
interactions. Here,the intermolecular hydrogen bonding interactibesveerBP terminal
groups in PLGABP with surface oxygen atoms in P@nits as well as hydroxyl oxygen
and hydrogen atoms in HA surfacee investigatedlo further analysis of intermolecular
interactions between surfaces of HA and PLGA (and PiBFA polymeric materials,
which are crucial for enhanced interactions of-ARGA-BP as compared to HRLGA
systems, radial distribution function (also called pair correlation function) were evaluated
for different atomic pairs. For a pair of atoms consisting of A BhBDF gas(r), which
indicates the probability distribution & atoms around referen@eatoms, is defined as

follows:
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g, (1) = &% TP (Eq.4-6)

Whereng is the number oB atoms located around referens@atoms inside a spherical

shell with thicknesspr Ng is the total number d atoms and/ is the cell volume.

4.3 Results and Discussion

Controlled nanoprecipitation of PLGA and PL&®P into NPs was achieved using a
polydimethylsiloxane (PDMShased crosginction microfluidic device consisting of
perpendgcular channels, which provides a hydrodynamically focusedafgdirofuran
(THF) polymeric solution in in a stream of water, as shown imurgigt2a. The lateral
streams of water act as a reolvent for PLGA/PLGABP, and forms NPs during lateral
diffusion of water molecules (molecular mixing). The microfluidic core flow was
previously studied by using Fluorescein solution as the core flow, and monitoring flow
stability with a fluorescent microscope to determine the range of flow rates that create a
stablemixing interface. In microfluidic based synthesis, nanoparticle properties are greatly
affected by the mixing timelx, residence time in the microreactor), which can be adjusted
by varying the flow rate of polymer solution to water. Therefore, the ifiaios (FR) were
adjusted from 0.03 to 0A67), the fluidically stable range previously determinedhsy t
fluorescent flow experiment. This FR range resultethinto vary from 2.5 to 75 ms

(Figure 42b).
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Figure 4-2 The physical characteristics of microfluidic synthesized nanoparticles(a)
Schematic epresentation of the crossjunction microfluidic device used for controlled
formation of PLGA based (magnetic/targeted) NPs. (b) The hydrodynamic diameter dhe
microfluidic/bulk synthesized nanoparticles. The mixing timefor each flow ratio (FR; the
rati o of flow rate of polymer solution to water flow) wascalculated and shown as open circles.

91



(c) Local polymer concentration Cne) inside the PLGA/PLGA-BP nanoparticles as a function
of the flow ratio. Aggregation numbers (Nagg Of the PLGA/PLGA-BP chains n the
corresponding nanoparticles as a function of flow ratio. The lines arenly as aguide. (d) The
hydrodynamic diameter of the SPIONs-loaded synthesized hybrid nanoparticles based on
PLGA and PLGA-BP using the microfluidic platform or the bulk synthesis method. (e-g)
TEM images ofthe magnetic hybrid nanoparticles; PLGA-BP/SPIONs: FR=0.03 (e), PLGA
BP/SPIONs: FR=0.1 (f), PLGA-BP/SPION: bulk (g). (h) Theiron weight content ofthe loaded
SPIONs into PLGA/PLGA-BP nanoparticles at four different flow ratios in comparison with
those formed via the bulk mixing method. (k) Magnetic hysteresis for the microfluidic/bulk
synthesized SPION-loaded PLGA/PLGA-BP nanoparticles in comparison with the bare
SPIONSs.

In this article, we compared the formation of NPs coseploof pure PLGA with those
formed from ceprecipitation of PLGA:PLGABP chains. NMR analysis showed the
conjugation yield of PLGABP to be 41 mol%. We designed the final product to have 20
mol% BP (.e., PLGA-BP), thus 50:50 composition of PLGA: PLEP was used in the

NPs synthesis.

Compared with bulk mixing methods, it has been shown that microfluidic synthesis locks
NPs kinetically in a rapid mixing regimen that leads to the formation of smaller NPs with
a higher degree of monodispersiti4, 168. Dynamic light scattering (DLS) results
showed that longer mixing time leads to the larger NPs for both PLGRIaGA/PLGA-

BP NPs(Figure 42b). Thehydrodynamicsize of bisphosphonateLGA NPs was found

to be larger than unmodified PLGA NPs. This difference was more pronounced at lower
FRs where an approximate size difference of 23% was observed between the cempound

at a 0.03 FR. The Zeta potentials of the resultant NPs are shéuguine 43.
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Figure 4-3 Zeta potential values for PLGA and PLGA-BP nanoparticles that are formed at
different flow ratios as well asbulk synthesized nanoparticles.

Generally, the hydrodynamic size of colloidal polymeric NPs depends on th&eyoly
contents and their swelling statehich are driverby the competing intra/intermolecular
interactionsduring the mixing proces$n order to quantify the polymer concentration of
the NPs, we employed r@cently developednethodfor estimating the lodapolymer
concentration insiddhespherical NP$45, 160). Using this approach, valuable infioation
onthe PLGA NPs carbe obtained based on thsize (Figure 42b) and the turbidity of
their suspension (Tabk-1). Local polymer concentration in NP€wp, was calculated

based on Eq.B45, 160),

& C s P e
GV p s i Qw m—p weEbw (Eq.4-7)

where J C;, and R, are respectively turbidity ofhe NPs suspension, total polymer

concentration in the suspension, aydrdodynamic radius ahe NPs,0 —7,

wh e r m, ardn/dcare the wavelength for the turbidity measuremehis refractive

index of the solvent, artierefractive index increment of the polymeithe measurement
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resgectively. It is worth noting that this method was developed for spherical particles with
low polydispersity index (PDI)and the narrow size distribution of our microfluidic

synthesized NPs (PB0.13) meets this requirement.

Table 4-1 The turbidity and calculated physical characteristics of the synthesized NPs at
different FRs.

PLGA Nanopatrticles

F.R. turbidity | Cnp (g/ml) | Nagg| N (particles/ml)
0.031 0.903 0.7468 989 |4.83E+14
0.075 0.841 0.6399 1191 [ 4.01E+14
0.1 0.824 0.55 1430 | 3.34E+14
0.2 0.513 0.2175 2037 | 2.35E+14
Bulk Mixing | 0.438 0.1562 2608 | 1.83E+14

PLGA-BP Nanoparticles

F.R. turbidity | Cnp (g/ml) [ Nagg | N (particles/ml)
0.031 0.989 0.5542 1370 | 3.49E+14
0.075 0.9466 | 0.4743 1514 | 3.16E+14
0.1 0.907 0.4316 1710 | 2.80E+14
0.2 0.5512 |0.189 2191 | 2.18E+14
Bulk Mixing | 0.4794 0.1377 2528 | 1.89E+14

The Cnp values calculated usingg.5 at various flow ratios areportedin Figure 42c.
The results show thamaller, bumore compct;NPs are formed at lower flow ratioEhe
higher polymer concentration insitlee unconjugated PLGA NPs can be attributed to the
repulsive forces ofthe phosphonate groupsf the PLGA-BP chains However, the
difference inthe compactnessQyr) of thesegroupswas found to be legsronouncedht
higher flow rati®. The compactness of the btdignthesized NPs, despite their much higher

PDI, also estimated based dhe Eq.5. The data inFigure 42 indicate that the
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hydrodynamic flow focusing approadan tune thecompactness ahe polymeric NPs

precisely, resulting in NPs with different properties customized for different applications.

As shown inFigure 42 (b-c), the size of the NPs increased while their compacti@s$ (
decreased with increasing the mix time. This could be due to either swelling and/or
increased number of aggregated chains to form PLGA NPs. To differentiate between the
two, the aggregation number of polymer chaihkgd must be calculatedHaving

determinedCnp, the molecular weighdf NPs (denoted agnp) can be calculated as:

T
0 5“ Y 6 0 (Eq.4-8)

whereNai s Avogadrods number.

Accordingly, the aggregation number of polymer chains forming NNRg can be

determined from EQ.7,

o — (Eq.4-9)

whereMs is the average olecular weight of the participating polymers.

Upon microfluidic mixing, rapid nanoprecipitation of polymer chains leads to the
formation of the NPs. As shown Figure 42c, Nagg rises with increasing flow ratidAt

the lower flow ratios, mixing time ishorter than the time required for aggregatlé, <

[gg hence, a lower number of polymeric chains are kinetically locked inside the NPs.
Therefore the increase in the hydrodynamic radius of NPs was as a result of increased
number of aggregated chains that are loosely packed at the higher flos f&tis
phenomenon was more pronounced in the case of PREBAhainsin this view, adjustable

microfluidic mixing has enabled varying mixing times in order to optimize the precipitation
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of the PLGA chainsThe volume number density of NPs (tinember ofparticles per unit
volume of the suspension) is one of the important properties of nanoparticulate systems,
but is rarely reported due to experimental difficulties, despite its practical importance.
Using the knowrCnp values already determined, the numbensity of the particlesy,

could be estimated based on the following equation (we assume volume filling),

0 o0 Eq.4-10
T (Fq-419

It was found that the number density of synthesized NPs increases with decreasing the flow

ratio (i.e., time of mixing) (Tabled-1).

Many researchers are using microfluidic platfetmdesign finely tuned NP&4, 15, 20,

23, 99, 154156). For example, Valenciat al. developeda microfluidic rapid mixing
systemto produce lipidpolymerquantum dot hybrid NP$169. In a recent study,
complex nanocapsules composed of dendritic polyethylene NPs as anticancer drug
nanocarriersvas reported(156). Here we demonstrate the capability of a microfluidic
approach to synthesize magnetic hybrid NPs (HNPs). By introducing superparamagnetic
iron oxide NPs (SPIONSs) into the microfluidic core flowe tBPIONsare entrappethside
thepolymeric chaingluring polymeric nanoparticle formatiohhe average hydrodynamic
diameter ofthe synthesize@PIONsby our coeprecipitation method wa$l1+4 nm.The

same flow ratios as the previous PLGA/PLGRP experimentswere alsoused to
synthesize SPIO&loaded NPsAs shown inthe Figure 42d, the size of loaded NPs was
found to increasin the range of 25% for PLGA and 1% forthe PLGA-BP-based
HNPs.TEM images othe SPIONs-PLGA-BP HNPs atheflow ratios of 0.03 (48+5 nm)

0.1 (67£16 nm)as well as thbulk synthesized (111+21 nri)NPs arepresentedn the

Figure 42 (e-g), respectivelyAll HNPs werespherical The entrapped soli#PIONs are

recognizable from their higher density on the TEM images. More rapid mixingeagi
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resulted in a higher number of SPIONs being encapsulaaikthe HNPs ([Table4-2) in

both PLGA and PLGA/PLGABP systemsThis phenomenon could be digethe narrower

flow focusing region at the lower flow ratios (the rapid mixing regime) that opaickly
facilitates the solvent exchange process and can result in faster precipitation of PLGA
(PLGA-BP) chains in a more confined volume, which increases the probability of SPION
entrapmentThe ironconteniof the HNPs wameasured biCP-OES (Inductivéy Coupled
Plasmai Optical Emission Spectrometry) after digestion with HEigure 42h). As
illustrated, the efficiency of SPION entrapmargshighly affected by the mixingme. In
themorerapid mixing regimas the weight content of SPIONasin therange of 5560%

for PLGA HNPsand50-56% for the PLGABP HNPs.

Table 4-2 Calculated numbers of SPION particles that can be trapped in the synthesized
nanoparticles (NPs) at different FRs.

PLGA Nanoparticles

Volume Polymer Weight of Number of Volume
Radius Y SPIONNPs | SPION in \
F.R. of each Weight of . . fraction
(nm) NP inside HNPs | final HNPs
(mL) | each NP (mL) : (vol. %)
(9) (particles)
0.031 | 25.48 | 6.93E17 5.17E17 3.12E17 9 9.37
0.075 | 28.54 | 9.74E17 6.23E17 3.5F-17 11 7.56
0.1 319 | 1.36E16 7.48E17 4.14E17 12 6.34
0.2 48.9 4.9E16 1.07E16 4.50E17 13 1.91
Bulk
Mixing 59.3 | 8.73E16 1.36E16 5.08E17 15 121
PLGA-BP Nanopatrticles
Weight of Number of
Radius | Volume | Polymer SPIONNPs | SPIONin | volume
F.R. of each Weight of . . fraction
(nm) NP inside HNPs | final HNPs 0
(mL) | each NP (mL) . (vol. %)
(9) (particles)
0.031 | 31.37 | 1.29E16 7.17E17 4.03E17 12 6.50
0.075 | 34.16 | 1.67E16 7.92E17 4.17E17 12 521
0.1 36.71 | 2.07E16 8.94E17 4.49E17 13 4.51
0.2 52.51 | 6.06E16 1.15E16 4.07E17 12 1.40
Bulk
Mixing 61.2 9.6E16 1.32E16 4.39E17 13 0.95
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The hysteresis loop forariousHNPs at room temperature shown inFigure 42k. The
absence of remanence and coercivity corduiithe superparamagnetic propertiestod
SPION-loaded HNPs. The magnetic saturationstfi@microfluidic synthesized HNPat

FR 0.03were approximately66 and 60 emu:y for the PLGA/SPIONs and PLGA
BP/SPION, respectively. These values are 94% and 86#bevhagnetic saturation of the
pristine SPONs (& 7°9. Tree tulk. sgnthesis resulted in lonsaturation valuesf

51 and 44 emu:yfor the PLGA/SPIONs and PLGABP/SPION, respectivelyThese

resuls were expected since a larger number of SPIONs were encapsulated in the HNPs
with microfluidics. Moreover, themore compactnature of the NPs assembled via
microfluidics bringsghe magnetic particles closer to each othersam$equentlgltersthe

magnetic character of the HNPs.

The colloidal stability of the hybrid NPsvere also studiedby measuing ther
hydrodynamic size as a function of time at 4 and 25°C. No significant change was observed
in the size of the HNPs over one month.The partial amphiphilic nature of PLGA chains
allows for the encapsulation of both hydrophilic and hydrophobic congsoun addition

to encapsulation of magnetic NPs in the PLGA/PLBRA NPs, we further aimed to load
Paclitaxel (PTX), a potent hydrophobic anticancer drug, inside the HNPs to further develop
them as multifunctional HNPs. Surprisingly, after encapsulatidATX into the HNPs,

the size of NPs asdecreased by approximately 1qQ%igure 44a). This phenomenon
could potentially be due to the overall increase in the hydrophobicity of the PLGA mixture
in the presence of PTX molecules, which provides more efeePisGA chain association

(14). Loading efficiency, with the initial drug content of 10 wt%, was evaluated and plotted
as a function of flow ratio ifigure 44b. Simultaneous injection of drug/polymer mixtures

is an effective route to encapsulate hydrophobic drugs with nanoprecipitation. As
previously reported, using controlled nanoprecipitation with microfluidics emsable

remarkably higher drug loadingomparedto conventional bulk mixing method®9).
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Figure 44b shows the loading efficiency of KTin PLGA-BP HNPs was in the range of
73-80% in the rapid mixing reginmeand drgped to 5658%with longer mixing. A similar
trend was also observed for the raomjugated PLGA NP§Figure 44b). In should be

noted that the presence of SPION does not (<5%) alter the encapsulation efficiency of PTX.
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Figure 4-4 Various features of paclitaxel (PTX) loaded microfluidic synthesized hybrid
nanoparticles. (a) The hydrodynamic diameter of PTXoaded microfluidic/bulk synthesized
nanoparticles based on PLGA and its BRronjugated equialent. (b) PTX loading efficiency
as a function of the flow ratio in comparison with the nanoparticles synthesizeda the bulk
mixing method at an initial drug content of 10 wt%. (Mean + SD, n = 5 independent
experiments). (c) Cumulativein vitro releaseprofiles of PTX from PLGA -BP/SPIONsSPTX
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HNPs synthesized from various methods at pH 7.4 and at 37°C. (Mean = SD, n = 3
independent experiments). (d) PTX diffusion coefficients from HNPs as a function of the
mixing time. (e) Relative activity (%) of PTX at25°C and 37°C for free drug and drug loaded
microfluidic/bulk synthesized hybrid nanoparticles evaluatedvia the tubulin polymerization
assay. (f) The PTX degradation rate constank] for the various drug loaded HNPs at 25°C
and 37°C.

The in vitro drug rdease profile of the synthesized PL&®/SPION NPs in PBS
(Phosphate Buffered Saline, pH= 7.4) at 37 °C is showRigare 44c. The patterns
exhibited a relatively sustained release over 5 daysshsvn the microfluidically
synthesized HNPs showed slawelease patterns, which could be attributed to their more
compact nanostructuréBigure 42c). The required time to release half of the loaded drug
(tsow) from the bulk synthesized HNPs was about 15.5 h, whereas this time was 39, 53.4,
32.7,and 20.1 tior HNPs formed at the flow ratios of 0.03, 0.075, 0.1 and 0.2, respectively.
The slower release was associated with the higher compactness of the microfluidic
synthesized HNPs. Furthermore, the diffusion coefficient of drug molecules from the HNPs

was catulated(156) using Eq.9 and reported Figure 44d.

— ¢ — (Eq.4-11)

WhereMi/Mp represents the fraction of released PTX at tirBds the diffusion coefficient

of the drug molecules arilis the hydrodynamic radius of HNPs. The results imply that
compactness of theMPs is the key factor in defining the release behavior. As expected,
more compact HNPs showed significantly lower diffusion coefficients of 1:8%10
1.5x10%2, and 3.1x16? m2.s?, at the flow ratios of 0.03, 0.07, and 0.1, respectively. The
NPs formedat the 0.2 flow ratio, as well as with bulk mixing (slow mixing regijne

showed larger diffusion coefficients of 8.9%%pand 16.6x182 m?.s?, respectively.

The efficiency of drug encapsulation and the drug release characteristics are important
parameers in designing nanocarriers. However, it is equally important to assess the activity

of the encapsulated drug. We used the tubulin polymerization assay at two different
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temperatures, 25 and 37°C, for this purpose. Although the stability of PTX generally
decreases at higher temperatures, this trend was less pronounced for drugs encapsulated in
the microfluidic HNPs(Figure 44e) The time required for degradation of 50% of the
initial PTX activity was found to be 413 and 144 h at 25 and 37°C for micdafltiNPs

at flow ratio of 0.03 (as an optimum sample due to its smaller size and sustained release
properties), compared to 115 and 59 h for the bulk synthesized HNPs. The degradation
half-life of the free PTX was also measured as 43 h at 25°C and 26 8i7a@dAs is
depicted inFigure 44e drug degradation is generally considered to be a first order process
described byn(a/ag) = kt, wherea is the activity of drug at timg ao is the initial drug
activity, andk is the degradation rate constant whaam be calculated at the héfe of

drug ¢w2). As exhibited inFigure 44f, the degradation rate constak} for the PTX
encapsulated microfluidic synthesized HNPs is much smaller than the bulk synthesized
HNPs and free PTX at both 25 and 37°C. Sagbroved PTX stability promises prolonged

drug activityin vivo. Compact HNP$TX hampered diffusion of water molecules and

protected the drug from epimerization and degrad€86n

Surfacefunctionalizaions of NPsareoftennecessary to impart specific capabilitiesifor

vivo applicationsThe idealNPsshould prevent immune system recognition and red blood

cell (RBC) hemolysidlt has been shown thaegatively charged surface groups can protect

NPs ag@inst such unfavorablevents(170). A study of RBC hemolysivy HNPs at
concentrations of 5i@xompdred  polygtitylenimina (PEI), 58 0 ¢ g
positive control, are shown Figure 45. All HNPsshowed low levels dRBC hemolysis

even ahigher concentrations, with no significant statistical diffeeeamonghesamples.
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Figure 4-5 Hemolysis assay of PLGABP/SPION nanoparticles that are formed at different
flow ratios as well as bulk synthesized nanoparticles in comparision with PEI as an control
sampe. Data are presented as the average value + standard deviation (n> 3).

Due to their small size, NPs can reach their targgtpassing through intercellular tight
junctions and diffuse with enhanced permeation and retention (BEPRL72). Therefore,
particles in the size range of 200 nm can passively target their sites of ac{i$8).
Introducing a targeting moiety to NPs can further enhdhnee targeting efficiencyIn
primary or metastasizdzbnecancersbone tissués often exposed at lysis sitd7, 162).
Here we have introduced bisphosphonate (BB)ecules to the hybrid NPssa bone
targetingmoietyto fosteractive targeting@f bone tumorsBPs exlbit strong affinity to the
exposed bonseurfaceq142 157, 158 162 173 174) mainly becausdheir phosphonate
groups act as oughhydroxyl afdmitbrdgesgrofips @ah dlsb contribute
through hydrogen binding to the hydroxyapatite (HA) strudfLir® 176). The attachment
of microfluidically synthesized Bfonjugated NPs at the surface of HA microcrystals was
visually studiedoy usingPLGA-FITC asa fluorescent marker. The molar ratio between
PLGA/PLGA-FITC was calibrated for each samplaépendently, so that fluorescent
intensity corresponds to nanoparticle concentration, notligete 46a shows that NPs

bind to HA surfaces after 30 min of incubation. The loosely bound particles were washed
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awaybefore fluorescence imaging. The fluscence intensity of HNPs synthesized in the

lower flow ratios {.e., rapidly mixed regime) was found to be higher compared to the

other NPs.
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Figure 4-6 The binding affinity of HNPs to the bone minerals(a) Fluorescentimages of FITC
labeled BRconjugated HNPs, which are formed via a microfluidic platform at different flow
ratios of 0.03 (i), 0.07 (ii), 0.1 (iii), 0.2 (iv), compared with the bulk synthesized particles (v) at
the surface of HA after 30 minof incubations and washing. (b) Binding kinetics of various
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types of BRconjugated and (c) norconjugated FITC-labeled HNPs to the HA. The HNPs
were incubated with HA microcrystals for 5, 10, 30, 45, and 60 min. (Mean + SD, n= 3
independent experiments)(d) The structure of HA (100), (110), and (001) surfaces in the Ball
& Stick style. The height (thickness) of all surfaces is approximately 13 A. The color code is:
oxygen atoms in red, hydrogen atoms in white, calcium atoms in green, and phosphorus atoms
in purple. (e) Initial structures of (i) HA (100)-PLGA-BP, (ii) HA (110)-PLGA-BP, and (jii)
HA (001)-PLGA-BP. All atoms are shown in line style. (f) Final equilibrated structures of (i)
HA (100)-PLGA-BP, (ii) HA (110)-PLGA-BP, and (iii) HA (001)}PLGA-BP, dbtained at the
end of ns NVT MD simulation. All atoms are shown in line style. (g) Binding energy
(kcal.mol™?) of PLGA and PLGA-BP polymers to different HA surfaces. (h) RDFs of oxygen
atom double bonded to carbon in PLGA or PLGABP with calcium ions in (i) HA (100), (ii)
HA (110), and (iii) HA (001) surfaces; (iv) RDFs of oxygen atoms in PLGBP with calcium
ions for different HA surfaces. (i) RDFs of hydroxyl hydrogen atoms in BP bonded to PLGA
with (i) oxygen atoms in PQ units and (ii) hydroxyl oxygenatoms in HA surfaces for different
HA surfaces.

To estimate the binding capacity of the PLGRIONsSBP NPs to bone tissue, a HA
binding assaywas employedn vitro. The bindingefficiency of the PLGASPIONsand
PLGA-SPIONsBP to HA is shown inFigure 46 (b,c). Nontargeting PLGASPIONs
showed low binding efficiencyn the range of 81% whereas théargetingNPs(PLGA-
SPIONsBP) exhibited considerablfiigher binding to the HA (6385%). Moreover, the
microfluidics synthesized NPs showed higher bindingd#® compared with the bulk
synthesized particledlore than 73% othe targeting HNPs were bound tioe HA after

15 min. These results suggest successful targeting of bone tumors with the HNPs.

In order to obtain an wdepth understanding of PLGA polymaehavior in the vicinity of

the HA crystals, alatom molecular dynamics (MD) simulations under two different
simulation conditions, with and without BP, were performed. In order to explore the
interfacial interactions between HA crystals and PLGA or PL@#e three most common

HA crystallographic surfaces, (100), (110), and (001), were stéiede 46d (164, 165).

These surfaces were built by cleaving the HA unit cell along the correspondingrtdées
with a surface thickness of 13 A. The surface area of all HA surfaces was increased in both
directions to ensure appropriate surface interactions with neighboring PLGA and PLGA

BP molecules. The constructed surfaces were then converted to 3D @erddi by
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applying a vacuum space with a vertical distance of 150 A above the surface.-Energy
minimized PLGA and PLGAP were then positioned on the top ofoaslt HA surfaces
at a location at least 12 A from the upper surface of HARglure 46e) for PLGA-BP

andFigure 47afor PLGA at various surfaces).

Figure 4-7 Initial structures of (a) HA (100)-PLGA, (b) HA (110)-PLGA, and (c) HA (001}
PLGA. All atoms were shown in Line style.

Final equilibratedtructures for MD simulations of PLGA and PL&B® above HA (100),
HA (110), and HA (001) are shown Kigure 48 andFigure 4-6f, respectively. It was
observed that PLGA/PLGSBP molecules approached all three studied HA
crystallographic surfaces. This tymé strong localization of polymeric chains in the
vicinity of different HA surfaces is indicative of strong intermolecular interactions.
Consequently, it can be concluded that PLBR has strong HA surface attachment

ability. This affinity mostly originags from interactions with surface atoms in the HA.
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Figure 4-8 Final equilibrated structures of (a) HA (100}PLGA, (b) HA (110)-PLGA, and (c)
HA (001)}-PLGA, obtained at the end of zns NVT MD simulation. All atoms were shown in
Line style.

In order to quantitatively assess the association of PLGA and FRISAolymers to
different HA surfaces, binding energies of simulated 3D cells were calculated, and
presented irFigure 46g for all studied HA surfaces. Sutations show that for all HA
surfaces interacting with PLGA or PLGBP, the binding energies were negative, which
corroborate that both compounds tend to be close to HA surfaces. Moreover, the presence
of BP end groups leads to a significant increaskerabsolute value of interaction energy.

The simulations show that HA (110) and HA (001) surfaces are most favored for-PLGA

BP interactions.

The strong electrostatic interactions of bisphosphonate molecules with the uppermost
calcium atoms is the main reasfor the highest binding energy being at the HA (110)
surfaceFigure 49 displays that phosphonate terminal groups in PLEare able to form
hydrogen bonds with surface oxygen atomsPi@y units as well as hydroxyl oxygen and

hydrogen atoms on HA daces.Radial distribution functions (RDFs; also called pair
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correlation function) were evaluated for different atomic pairs as a further analysis of the

intermolecular interactions.

Figure 4-9 lintermol ecular hydrogen bonding interactions between BP bonded to PLGA and
(a) HA (100), (b) HA (110), and (c) HA (001). Hydrogen bonds were shown as dash line. All
PLGA-BP atoms are in Ball & Stick model.
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Figure 4-10 Reproduction of PLGA-BP/SPION nanoparticle at five different independent
experiments with reproduced microfluidic microchannels.

Figure 46h, presents the RDF results between oxygen atoms double bonded to carbon
atoms in both PLGA and PLGBP NPs, wih respect to calcium ions in HA surfaces. The
appearance of the first intensified peak in these RDFs implies that both PLGA and PLGA
BP polymers have strong interactions with HA surfaces. Moreover, except for the RDFs
for the HA (100) surface, the peak tlei in RDFs corresponding to HA:PLGBP is
greater than that of HA:PLGA, which further suggests that modifying PLGA polymers
with BP molecules increases the interactions with HA surfaces. In the case of HA (100)
surfaces, RDFs of oxygen atoms with calciatoms in PLGA and PLGAP do not show
significant difference, which is in agreement with the corresponding binding energies

provided inFigure 46g.

It is clear that all RDFs demonstrate a first sharp peak, especially for HA (110) surfaces,
indicative of mwerful BP interactions with HA surfaces. The BP hydrogen bonding
interaction with HA surfaces is also examined by evaluating the RDFs for hydroxyl

hydrogen atoms in BP with regards to oxygen atoms indP@ hydroxyl oxygen atoms in
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various HA surfaces. #\seen ifrigure 46i, the appearance of the first sharp peak confirms

the strong BP interaction with HA surfaces by the formation of intermolecular hydrogen
bonds. The position of sharp peaks is observed at distances less than 2.5 A, which is the
requiredhydrogen acceptor atetrydrogen atom distance for the formation of hydrogen
bonds. These simulation results are in agreement with our experimental findings, and
confirm that the conjugation of BPs onto PLGA chains significantly improves their affinity

to HA surfaces.

To evaluate the functionality of designed NRsvivo, FITC-labeled nanoparticles were
administered through the tail vein in BALB/c mice. Pharmacokinetics of the microfluidic
and bulksynthesized NPs was first investigated in the absenc&tlRug. Figure 411a
displays the blood circulation profile of NPs based on the fluorescence recovery ef FITC
labeled NPs following systemic administration of NPs. Based on acdwpartment
model (fitted curves) the targeted microfluidignthesized namarriers are found to be a
stable and longirculating system that provide enhanced delivery of loaded therapeutics

compared with either netargeted NPs or targeted btdinthesized particles.

The biodistribution studies were performed by monitoring arahtjtative measurements

of fluorescencdabeled NPs distributed in mice tissues. As showrFigure 411b,
synthesized NPs showed mostly localization in the liver, kidney, and tumor and relatively
low accumulation in the lung, heart, and spleen. There naasignificant difference
between the targeted and riangeted NPs was observed for their lung, heart, and spleen

localization (Figure 411b).
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Figure 4-11 In vivo efficacy evaluation of nanoparticles. (a) Pharmacokinetic data represent
percentage of remaining NPs at several time points after intravenous injection of NPs to
BALB/c mice. Data includes background subtractionof blood autofluorescence. Twe
compartment mo d e | i s fitt eltes.t() Quardificaionnaf n e t he
fluorescence signal of FITClabeled NPs (total fluorescence signal per tissue weight) in order
to determine the effects of targeting on bidistribution profiles of NPs in liver, spleen, kidneys,
lung, heart, and tumor and ratio of tissue accommodation for targeted microfluidic and bulk
NPs in comparison with nontargeted microfluidic NPs (c). (d) Bioluminescence images of
mice after injection of luciferase positive human breast cancer cells (MDAMB-231) in tibia

of BALB/c mice at day 1 and day 30. Color scale shows the bioluminescence intensity and the
change in photon flux upon treatments with various types of PTXoaded NPs. NPs are
systemaically administratedat t he same dose of 0.5 mg per kg
seven days of tumor implantation. The PBS based treatment is used as a control. The color
scale indicates luminescence intensity in radiance (photons/secftsteradian). ) The fold
change in bioluminescence intensity of tumebearing mice upon treatment with targeted and
non-targeted PTX-loaded NPs at day 30 based on the quantification of bioluminescence
images. (f) Histological sections of bone metastasis tumors at tilsdes are stained using the
TUNEL kit and detected by immunofluorescence microscopy. The green fluorescence signals
indicate induction of apoptosis upon different treatments which is quantified in (g)The
presented data are expressed as average + SD. Tesults are statistically analyzed using
unpaired t-tests. For all tests the statistical significance was set at p < 0.05. p < 0.01 is
considered as statistically very significant. *p < 0.05 and **p < 0.01 between targeted (either
microfluidic or bulk syn thesized) NPs and nottargeted microfluidic NPs.*p < 0.05 between
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targeted microfluidic synthesized NPs and targeted bulk synthesized NP < 0.05 and® p
< 0.01between all types of NPbased treatments and control (PBS treatment) samples.

Although accmulation in liver is a common challenge for nanoparticulate delivery
systemg177), but the obtained results here promises use of BP molecules at the surface of
NPs can considerably lower their Iveccumulation compared with n@onjugated NPs.

The relative change in total fluorescent signal per tissue weight of targeted NPs over
corresponding notargeted particles in different tissues are shown in Figuréc4The

results showed 1-%@nd 1.9fold increase in normalized fluorescence signal of targeted NPs
over nontargeted particles at the tumor site for budkd microfluidiesynthesized NPs,
respectively (Figure 41c). The targetinglependentiodistribution profile of FITG
labeled NPs in thedne metastasis highlights the role of BP groups as targeting moieties,

in agreement with reported data elsewhéi&, 177, 179).

An intratibial model of bone metastasis was developed to evaluate tHeraatiefficacy

of prepared NPs. Bioluminescence images of mice after injection of luciferase positive
human breast cancer cells (MDRB-231) in tibia of BALB/c mice at day 1 and day 30
were monitored to estimate tumor volume after treatment with various NPs (Fifylaig. 4

The targeted NPs (microfluidic NBP and Bulk NPBP) containing equivalent amount of
PTX drugs showed significant decrease in the rate of tumor growth implanted into the tibia
of mice (-value<0.05) in comparison with PBS treated animals. The tumor growth
suppression in the case of treatment with targeted microfluidic NPs was signifigantly
value< 0.05) higher than netargeted microfluidic NPs (Figure4le). Mice treated with

free PTX (Img.kg?) showed a slight decrease in rate of tumor growth as compared with
NPstreated groups. Here also TUNEL apoptosis assay was performed on aaotanss

to test whether the tumor suppression with NPs treatment is related to induce apoptosis in

treated tumor. As shown in Figurel4f, the apoptosis level was enhanced after treatment
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with targeted NPs, whereas the highest number of apoptotic cellseckbbund in tumor

treatment with targeted microfluidic NPs (Figurdé 1y).

The presented results suggest that the developed nanoparticle mediated drug delivery to
bone by BPFconjugation significantly increase the therapeutic outcome, which could be

further increased by applying magnetic fields to add the hyperthermia effects as well.

4.4 Conclusion

Bonetargeting anticancer hybrid nanoparticles (HNPs) were developed through an one
step incorporation of active agents superparamagnetic iron oxide NPs (SRIQNSs)
paclitaxel (PTX) into nanoprecipitated poly(Blactideco-glycolide) (PLGA) chains.
Using microfluidic chips we were able to precisely tune size, compactness, and
polydispersity of HNPs. The demonstrated microfluidic method is distinctive as itlpsovi
control over nanoprecipitation of polymeric chains while encapsulating diagnostic and
therapeutic compounds inside the HNRsitu. PLGA chains were functionalized with
bisphosphonate (BP) molecules as hydroxyapatite targeting moieties to impart bone
seeking capacity to the designed HNPs. It was found that at lower flow ragipshrter
mixing times), less number of polymer chains contribute to form smaller and more compact
NPs. Drug encapsulation and release profile studies revealed highemledfitrency
(>75%), a suppressed drug degradation rate, as well as more sustained release patterns for
the microfluidic synthesized HNPs compared with those prepared with bulk mixing. The
HNPs conjugated with BPs showed significantly higher bone bindfimity, which was
confirmed by a HA binding assay. Furthermore, molecular interactions betweenBRGA
chains and three HA crystallographic surfaces, simulated with computational molecular
dynamics, validated the significantly improved tendency of th@igated polymer chains

to bind to HA surfaces. Based on pharmacokinetic results, targetedfluidic HNPs

showedhigher blood circulation halife compared to other NPs. Owing to smaller size
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and BP surface functional groups, the developed HNPs prowjgl®ved biodistribution
through the body and highaccommodation in tumor tisseempared with either nen
targeting or bulksynthesized patrticlesin vivo studies verified the prolonged circulation

of targeted microfluidic HNPs and namvasive biolumiescence imaging showed higher
level of tumor suppression in the case of bone metastatic tumor treatmeiergéted
microfluidic HNPs. The presented results converge to suggest the developed microfluidic
fabrication method as a reproducibkdgure 410) and versatile approach to synthesize
tailored multifunctional NPs for personalized theragnostics including chemotherapy,

magnetic resonance imaging and hyperthermia treatment.
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CHAPTER 5. MICROFLUIDIC -ASSISTEDSELF-ASSEMBLY
OF COMPLEX DENDRITIC POLYETHYLENE DRUG

DELIVERY NANOCAPSULES #

Microfluidic platform for the synthesis of complex nanocapsules is presented via a
controlled seHassembly. The monodisperse nanocapsules in the rangea 20060Om
consist of a dendritic polyethylene core and a Pluronic copolynedl. Stne resultant
nanocarriers encapsulate large amount of hydrophobic anticancer drug like paclitaxel while
providing a low complement activation as well as sustained release profile with high

tunability.

5.1 Introduction

Particles with nanoscale dimensionave long been known to have properties
distinct from their bulk counterparts. This opportunity to alter and tune material properties
has made nanoparticles (NPs) a popular research area. Synthesizing polymer NPs is
possible using either tegiown or botton-up processing. As bottoump processing involves
the selfassembly of particles via intermoleculfrces, it offers the greatest opportunities
to tailor the particle structure and proper{ig$) However, this techniquie both powerful

and unruly, as it comes with the price of being challenging to control.

Nanomedicine has a wide range of possible applications, including disease prevention,
diagnosis, monitoring, management, and treatment. Cancer diagnosis and tmerapy a
perhaps the most promising areas for nanotechnology in medicine, and are expected to

soon have applications in the marke) Although there are many diverpeoblems in

4This work has been published blyM. Hasani" Sadrabadi, VKarimkhani, B Majedi, J1 Van DersayIE.
Dashtimoghadami-. AfsharTaromi,H. Mirzadeh, ABertschK.l. JacobP.Renaudf.J. Stadler, Kim,
(2014)Advanced Materials 26 (19), 31-B323 Reproduced by permission of WHSZH.
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treating cancer, a magic bullet that can simultaneously target cancer cells and avoid healthy
cells, therefore, increasing treatment efficiency and reducing side €#eB)shas long

been the dream of cancer researchers. One of the most promising techniques is using
engineered vehicles for drug transpodiatand targeting7, 8) Polymer NPs are promising
candidates for the delivery vehicle, although using the correct polymer is of great

importancg7, 9, 10)

Dendritic polymers have been widely used as vehicles for the prevention, diagnosis, and
treatment of various types of can€&v.9) These polymers have increased the efficiency of
drug delivery, but they come with concerns over nanotox{&jtyDue to their high
functionality, dendrimers have a very high tendency to bind to amphiphilic lipedsy

metal ions, bile acids, vitamins, proteins, and nucleic acids, which can cause serious side
effects to the body. For example, dendritic polymers have been established to damage cell
membranes through lipid binding, and affect oxygen delivery arukioler metabolism by
complexing with iron and zinc ior{§) Due to their complex and costlgyntheses,
advancing dendritic polymers to human trials has been limited th(s faf9 Recently,
dendritic polyethylene (dPE) NPs have demonstrated their usefulness across various
aspects of materials scielft80-183) due to their unique and interesting properties. dPE
consists of highly branched polyethylene (PE) that is completely hydrophobic, but unlike
its linear counterparts, dPE is soluble in common orgsoients and, furthermore, can

be easily synthesized using a g recipe.

We have chosen to focus on dPE as the polymer for NP drug delivery due to its
biocompatibility, hyperbranched architecture, and size, which is on the order of 30 nm and
allows usto make seHassembled NPs in the range of 800 nm, an ideal size for drug
delivery(171) Moreover, many studies have shown thgperbranched polymers have

higher encapsulation efficiencies than their linear counter(@8#.Most importantly,
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dPE is completely hydrophobic, which makes it an excellent carrier for anticancer drugs,

which are almost entirely hydrophobic.

Current dPE synthesis methods typically utilize multistep cascade chemical reaztions t
create large, well defined, and monodisperse (4BS). To ensure the solubility of highly
hydrophobic dPEs in the blood and other aqueous environments in the body, researchers
have successfully applied simde (homoand ce) polymerizatiofl86) reactions or
Agr af b 06 n ¢€lB87nAltlbegh these techniques facilitate the creation of elegant
and complex dPE structures for drug detiwvand bioconjugatio(1,88 189) the necessary
process is very tedious, requires tremendous effort to make fyssems, and is
accompanied by sacrificing catalytic activity. To address these complications, we
developed microfluidic chips that use guided -ssl$embly to produce monodisperse
PEGylated hydrophobibydrophilic coreshell structures of dPEs with trildio
copolymers. Consequently, through microfluidic assembly, we can avoid multistep and

complex chemical reactions, and we have better control over the NP properties.

5.2 Experimental Section:
5.2.1 Materials

All reactions were performed under a purified nitrogencsphere using standard glove
box and Schlenk techniques. Polymerization grade ethylene (SK, Korea) was purified by
passing it through columns containing Fisher RID®Xatalyst and 5 A/13X molecular
sieves. Organic solvents were purified by standard puwesdand stored over molecular
sieves (4 A). All other reagents used in this study were purchased from-Sidrich and

used without further purification.

The Pddiimine catalyst used in this study, [(ArN=C(Mé&ye)C=NAr) Pd
(CH3) ( NI C Meeg)(Ar=2,6{PHCsHs) (1), was synthesized following a procedure
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reported in literatur&! which is briefly described as follows. In a roubdttom flask, 30

mmol of 2,6diisopropytaniline, 15 mmol of butan2,3-dione, and a catalytic amouait

formic acid are added to 50 mL of methanol. After 24 h, the medium is filtered, and the
yellow solid was washed 3 times with 25 mL of cold methanol and oiriealcuo Under

an inert atmosphere, 1.5 mmol of (COD)PdCIMe and 1.5 mmol of diimine ligand ar
dissolved in diethyl ether. The reaction is run for 24 h at room temperature. The formed
air-stable orange precipitate is recovered by filtration, then washed 3 times with 25 mL of
diethyl ether and drieth vacuo(yield 93.7%). To synthesize the finabtalyst, 1 mmol of
AgSbFs was added to an acetonitrile solution of [(ArN=C(M&Je)C=NAr)Pd(CH)(CI)

(3 mmol in 50 mL of acetonitrile) at room temperature, resulting in the immediate
precipitation of AgCl. This mixture was then stirred overnight. AgCI veasoved via
filtration, and the solvent was evaporated. The solid was dissolved in dichloromethane.
Pentane was subsequently added to precipitate the product. The resulting solid was filtered,
washed 3 times with 25 mL of pentane and driedvacuo (yield>95%) Ethylene
polymerization was performed in a 250 mL oven dried relooitiom flask equipped with

a magnetic stirrer and an external thermometer. High dilution techniques were adopted to
reduce the monomer mass transport effect. After adding the pali@ficatalyst(100

pmol, 80.3 mg) the reactor was charged with dried dichloromethane (80 mL) by using a
syringe and immersed in a constant temperature bath previously set to the desired
temperature. The most reproducible reaction temperature for multipiewas 35 °C.
When the reactor was equilibrated with the bath temperature, polymerization was initiated
by introducing ethylene into the reactor after removing nitrogen gas under vacuum
(polymerization carried out in atmospheric pressukéer 24 h, he flow of ethylene was
stopped and the polymerization mixture was concentrated in vacuum. For the removal of
residual catalysts, the remaining mixture was dissolved in petroleum ether and passed

through a column of silica gel and neutral alumina to ob#agolorless solution. The



solvent was removed and the viscous oily PE was dried for 24 h under vacuum at 70 °C

(8.7 gr)

For checking ligand purity, analytical thin layer chromatography was conducted using
Merck 0.25 mm silica gel 60F precoated aluminpiates with a fluorescent indicator,
UV254. 1HNMR and 13GNMR spectra were recorded on a Varian Gef200 (400
MHz, 100 MHz) spectrometer. All chemical shifts were reported in parts per million (ppm)
relative to residual CDGI(l 7.24) for'H-NMR and CDC} (Ui 77.00) for'3C-NMR. The
branching numbers for PE were determined*HyNMR and 13C-NMR spectroscopy
(Figure5-1). FortH-NMR, branching was determined by using the ratio of methyl groups

to the overall number of carbons amds reported as branches per thousand carbons.

A

ppm (ppm)

Figure 5-1 'H-NMR (left) and *C-NMR (right) spectra for the determination of branching
numbers for PE.

For the SEC analysis, two mixed bed columns (Polyrabs., PLgel MixeeC, 300 mm x

7.5 mm) were used at a column temperature of 40 °C. SEC chromatograms were produced
using multiangle laser light scattering (MALLS, WyaltREOS) at a wavelength of 670

nm, a refractive index detector (Shodex;1RL), and a/iscotekdifferential viscometer

using THF (Samchun, HPLC grade) at an eluent flow rate of 0.8 mL/min. Polymer samples

for the SEC analysis were dissolved in THF at a concentration 6fGcaig/mLand an
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injection volume of 10@L. Average values of the refractive index increment (dndday 3

mL/g were used in determining molar mass.

Thermal analysis of dPE was carried out with a differential scanning calorimeter (DSC 1,
Mettler Toledo) at a 10 °C/min heating rate under nitrcagemosphere. The results of the
second scan were reported to eliminate the difference in sample history. Typically, the
samples were heated to 50 °C (1st heating scan), kept at 50 °C for 5 minutes, ceoled to
100 °C at 10 °C/min, and then heated again3¢@ at 10 °C/min (2nd heating scan).
Maximal melting peak temperature and enthalpy of fusion of theengtallized states

were determined using the second heating scan. The inflection point for the heat flow as a
function of temperature was taken as ghass transition temperature. The crystalliraty,

was calculated from enthalpy of fusion by the following equation:

G = (qH+ gH*) x 100 (Eq.5-1)
using the valeqHs* = 290 J/g for 100%erystalline polyethylene.

Rheological measurements were performed on a Malvern Kinexus Pro using a Peltier
Temperature Controller and a 20 mm/2° cone/plate geometry. The rheological properties
were determined by dynamic mechahit@&asurements in the frequency range ef 100

¢ 0. 1 with a shear strain ofp <10%, which is in the lineariscoelastic range for
polymer melts. The tests were conducted at temperakiretsveen10 °C and 80 °C. dPE

has an almost Newtonian behavibat is obvious from the independence of viscosity to

frequency| #7*( w)|, which indicates the absence of sizable amounts of entanglements.

5.2.2 Fabrication of microfluidic devices

Microfluidic devices were fabricated with poly(dimethylsiloxane) (PDMS) using a
standard micromolding process. To make the master molds, silicon wafers were spin

coated with StB 50 photocurable epoxy (Microchem, Inc.) to a thickness o060
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Baking, lithography, and development procedures were performed at the EPFL Center for
Micronanotechnology (CMi) to obtain negative microchannels on the wafer. The wafers
were annealed at 150 °C to eliminate surface cracks in th@. Slfter performingthe
thermal annealing, the surfaces of the resultant molds were coated witraassetbled
monolayer (SAM) of trimethylethoxy silane (Sigma) by vapor exposure for 40 min. The
SAM prevents sticking of the PDMS to the mold. PDMS (Sylgard 184, Dow Corning)
monomer and curing agent were mixed with a weight ratio of 10:1, pored over the mold,
degassed in desiccators, and cured in an oven (Memmert) at 80 °C for 1 h. After curing,
PDMS was removed from the mold and/autlet holes were punched using a ¥30
diameter punch. The PDMS was then bonded to a glass slide using oxygen plasma (100
mW, 1 min; Diener electronic GmbH). The PDM&sed microfluidic device had two
inlets for neutral pH water, one for the Pluronic/dPE solution in THF, and one outlet. The
water stream was split into two in order to achieve two water streams at the flow focusing

crossjunction. The mixing channel was 18th wide, 60em high and 1 cm long.

5.2.3 Fabrication of nanocapsules

For the bulk synthesis of nanocapsules (NCs), dPE/Plusohition in THF was prepared
under stirred conditions. The nanoprecipitation and formation of the NCs was performed
by dropwise addition of this solution to water under vigorous stirdfag.the drugoaded

NCs, paclitaxel (PTX, SigmAldrich) was dissoled in THF and mixed with the polymeric
(dPE and PluronftF-127) solution. The preparation of the NCs used the same procedure

detailed in the previous paragraph.

For the microfluidic synthesis of nanocapsules (NCs), dPE/Pluronic solution in THF was
prepaed under stirred conditions and then introduced into microchip as a main flow. The
water streams act as a nonsolvent, and drivesassfmbly during lateral stream mixing.

To vary the degree of focusing, and consequently the mixing time, the flow ratiedne
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the polymer and water streams can be easily adjusted using Syringe Pumps (Harvard

Apparatus, PHD2000; HA200!1 model).

For the drugoaded NCs, paclitaxel (PTX, Sigr#ddrich) was dissolved in THF at four
different initial loading of 5, 10, 15, and 2% mixed with the polymeric (dPE and
Pluroni® F-127) solution. The preparation of the NCs used the same procedure detailed in
the previous paragraph. As a control samples, mixture of Pluronic F127 and PTX (at initial
loading weight of 10 wt%) was usedthout presence of dPE at constant flow ratio of

0.076.

5.2.4 Characterization of naocapsules

At omic force microscopy (AFM; Bruker és Di me
microscopy (TEM; CM20dFEG-Philips) were used to characterize the morphology of the

NCs. A dilute suspension of NCs was prepared and deposited onto the Cu grid with a
carbon film. The shape and size of the particles were characterized via diffraction
(amplitude) contrast and (for crystalline materials) through-hegllution (phase camist)

imaging. The TEM used a LaB6 source operating at 100 kV accelerating voltage. The

images were characterized using ImageJ software with at least 20 different measurements.

Dynamic light scattering (DLS) and zeta potential measurements were perfaosmgd
Zetasizer (Zetasizer 3000HS, Malvern Instruments Ltd., Worcestershire, UK) in

backscattering mode at 173° for water diluted systems.

Transmittance of the prepared samples was measured at room temperature (20 °C) with a
Shimadzu UV mini 1240 UV/visile spectrophotometer with a wavelength of 550 nm.

Turbidity (J was calculated from the transmittance using the-Ragtbert law:

p,.0O "
6086 % b C
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wherel is the length of light patin the sample cell (1.0 cm quartz cuvettie)s the
intensity of the light transmitted through the sample, nd the intensity of the light
transmitted through the solvent (deionized water). Measurements were performed at least

three times with thenean values.

As described elsewhere, measuring of C3 and C3b migration through crossed
electrophoresis proved C3 cleavage as a consequent of complement activation. Human
serum was obtained from healthy donors, and stor&®&t before use. Then dilutedON

in human serum at 1/4 in VBS(veronatbuffered saline containing 0.15mM calcium and
0.5mM magnesium ions) were incubated for 1 h at 37°C with mild stirring. Afterward, 5
el of each sample was subjected to isoelectric focusing on agarose gel. Suthgequen
seconddimension electrophoresis was done on GelBdiiths (Cambrex Bio Science,
Rockland) in agarose gel containing a polyclonal antibody to human C3, to recognize both
C3 and C3b (Complement C3 antiserum raised in goat; Siddrach). Finally, thefilm

was stained with Coomassie blue (Sigma). A semiquantitative estimation of the proportion
of native and cleaved C3 was done through the relative sizes of immunoprecipitation peaks,

and the ratio between the height of peaks of C3 and C3b was cald@ate&a®b ratio).

Poly(methyl methacrylate) (PMMA) (M= 120 kDa; SigmgAldrich) nanoparticles, which

were used as positive contfdlwere prepared using the same microfluidic technique. In
brief, PMMA was first dissolved in THF and then the solution ihticed to the designed
PDMS microchannels as the core flow. It was then hydrodynamically focused between the
lateral water streams. Afterward, PMMA nanoparticles were dialyzed agastided

water using Spectrp8membrane 50 kDa for 48 h.

To determinehein vitro drug release profile, lyophilized P§aded NCs (1 mg) were
dispersed in 1 mL of phosphate buffered saline (1X PBS, pH 7.4). The solutions were

placed into a 3 kDa molecular weight -@ff dialysis cartridge (Thermo Scientific,
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Rockford, IL). The cartridge was immersed in 1 L PBS and gently shaken in a 37 °C water
bath. At predetermined intervals, buffered solutions were collected and replaced with an

equivalent volume of fresh PBS.

The PTX concentration was measured with fpginfformance ligid chromatography
(HPLC) by mixing the 1 mL sample with 1 mL of acetonitrile. A reverse phase C18 column
was used as the stationary phase and the mobile phase was consisted of acetonitrile/water
(60:40 vol/vol). Separation was carried out at a flow raté afL-mint and PTX was
detected at a wavelength of 230 nm. This method was evaluated over a linear rdnge of 1
100eg-mL™. In this range, the percent deviation from theoretical value was found to be
less than 5% and the coefficients of linearity remain greater than 0.96 using clean PTX

standards.

The PTX concentration in the solution was corrected for sampling ®féecording to

following equation®8
Cr' = Cn[VH/(V1-V9)](Cna'/Ch-1) (Eq.5-3)

whereCy'is the corrected concentration of the nth san@lés the measured concentration
of PTX in thenth sampleCn.1 the measured concentration of thel)th sample\Vr is the

volume of receiver fluid, ands represents the volume of sample drawn (1 mL).

Loading contentand loading efficienciesvere determined by applying the following

equatons:
PTX Loading content = (weight of the loaded PTX/weight of the NC)x100 (Eq.5-4)
PTX Loading efficiency = (amount of PTX in the NCs/initial amount of the PTX) XHap5-5)

Waterinsoluble FITC was applied to form fluorescent N@sich were traceable via

FACS, in order to study distribution of the NCs in macrophages. Then these water
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insoluble FITCs were encapsulated inside the NCs during their formation in the
microfluidic platform. The abovementioned watarsoluble FITC were sythesized as
reported earlie?!* In brief, FITC (53.5 mg, Sigma), oleylamine (115.5 mg, Sigma), and
sodium hydroxide (1.34 mg, Sigma) were mixed in toluene (10mL, Sigma). Then the
mixture was heated up to 120°C for 2 h. After that, toluene was removed vamium
overnight. Finally, the solid remnants were washed three times with HCI (0.1N, Sigma)
followed by distilled water and in a dark environment at 60°C the residues were dried for

2 days.

Macrophage Culturé? RAW264.7 murine macrophages were mogetacultured in a
humidifier incubator (5% C¢ at 37AC, then maintained in |
medium (DMEM, SigmaAldrich) supplemented with 10% heatactivated fetal bovine
serum albumin (FBS, Invitrogen), 1%dlutamine, and 1% penicillin Gtreptomycin
(Invitrogen). Phagocytosis experiments were done with the cell density of about
5x1@ cells.ml?. The plates containing macrophages were put and stirred in a humidified
incubator at 37°C, at the final concentration of ¥of FITC-conjugated NC for 3 h.
Afterward, the cells were rapidly cooled down (4°C) and washed three times with iced
PBS. Then, foFACS analysis, they were fixed with formalin/PBS 1% (v/v), scrapped, and
resuspended in PBS and then analyzed using flow cytometry, on a CyAn ADP Analyzer
(FACS, Beckman Coulter, Inc) in triplicate. Finally the results are expressed as the

normalized meaphagocytic capacity.

The human breast adenocarcinoma cell line (MCRvas used for the cytotoxicity
experimentsln vitro cytotoxicity assay was performed using HMCS NPs againstVICF
cells. MCF7 cells were cultured in DMEM (Sigmaldrich) without pheol red and
supplemented with 10 % fetal bovine serum. The cell cultures were cultivated at 37 °C in

an incubator maintained at 5% €0
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The cytotoxicity tests were performed using MTT colorimetric as$&\@ytotoxicity of

the NCs was determined after 72iricubation with MCF7 cells. To determine cell
cytotoxicity/viability, the cells were plated at a density of 10,000 cells per well in 96 well
plates and then incubated overnight at 37 °C in 5 % &@osphere. For PTX treatment,

a stock solution of PTX @mg-mL*!in DMSO) was diluted to the defined concentration

in culture medium. After treating the samples for 72 h, the MTT solutioal(2® mg-mL

in phosphate buffer, pH 7.4) was added. The incubation was continued for another 2 h at
37 °C and 5 % Ce&for exponentially growing cells. The absorbance of the purple MTT
formazan solubilized in DMSO was then measured using a plate reader (Safire Il, Tecan

Sales Switzerland AG, Mannedorf, CH) at 570 nm.

The control experimental medium contained no NCs. sidmples were maintained with
uniform drug concentration. The spectrophotometer was calibrated to zero absorbance
using culture medium without cells. The relative cell viability (%) related to the control
wells, containing cell culture medium without NCsaswcalculated bjA] tes{[A] control %

100, where[A] westis the absorbance of the test sample [#)dontrol is the absorbance of

control sample.

All the experiments were conducted in triplicate at the minimum. The statistical analyses
of the experimentadl at a wer e done -tess andthe reshlte aréSpresedtedn t 6 s

as mean + SD. Statistical significance was accepted at a level of p < 0.05.

5.3 Results and Discussion:

In this study, poly(ethylene glycabsb-poly(propylene glycohp-b-poly(ethylene
glycol)ios copolymer (Pluroni® F-127; BASF) was selissembled with dPE chains to
make soluble nanocapsules (NCs). Hydreteyminated dendrimers have been shown to
be less toxic than those functionalized with other moieties, such as carboxyl or amine

groups(190 With this general microfluidic assembly method, which can be extended to
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the other dior multiblock copolymers, selissembly of polymers occurs as a @quence

of controlled changes in local water content, which results in monodisperse PEGylated
dPEs with tunable sizes. The primary advantage of microfluidic mixing over bulk mixing
is the additional control over final NC propertidsicrofluidics can indue rapid mixing,

has high flexibilityfor fine-tuning particle properties with high reproducibility, and is
independent of user skill; all of these aspects are difficult to achieve using traditional
techniqueg14-17, 20, 23, 191) Microfluidics hasmade fine control over NP features more
accessible by introducing formation parameters, such as flow ratio, mixing time, and chip
architecturg192) Even small changes in these parameters can yield particles with
completely different properties that are applicable in many f{@dg.160, 193 Having
control over many adjustable parameters enhances the precision and tjuohlilie

resulting NPg168)

The dPE used in this study was synthesized according to previously reported
procedure§194) Briefly, a U-diimine palladium(ll) catalyst was used to polymerizghhi
molecular weight (MW), hyperbranched PE with the chaaiking mechanism. The
resulting dPE was characterized with a triple detector gel permeation chromatograph
(GPC),*H and*3C NMR spectroscopy, differential scanning calorimetry (DSC), dynamic
light scattering (DLS), atomic force microscopy (AFM), and rheological measurements.
The viscous dPE is completely amorphous at room temperature and has a MW of 155
kg-mof! (=100 branches per 1000 carbon atoms), and is almost entirely free of
entanglements. Hoever, the MW is 170 times greater than the entanglement MVsrid

the radius of gyrationsRg>>%%, is about 15 nm, which is considerably lower tliaaar

analogues.

The poly(dimethylsiloxanelpased microfluidic device consists of perpendicular channels
(crossjunction), which creates a focused THF solution flow in a stream of water (Figure

5-2a). The water streams act as a nonsolvent, and drives NBsselinbly during lateral
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stream mixing. Since the mixing time is such an important parameter in detgyiNP

properties, a stable flow is vital in order to guarantee that mixing is controlled exclusively

by the interfacial diffusion between the polymer flow and the surrounding water.
Fluorescein sodium (1 mg-rmiaqueous solution) and water were useahitmic the flows

so that we were able to study the microfl ui
and determine the range of stable flow rates in the focused flow region. As shown in Figure

5-2a (inset), the fluorescein stream (middle channel,L1nnn™) is hydrodynamically

focused between the side water streams. To vary the degree of focusing, and consequently
the mixing time, the flow ratio between the polymer and water streams can be easily

adjusted167)



Pluronic + dPE

Figure 5-2 (a) Schematic representation of a-shaped crosgunction microfluidic device,
which is used to hydrodynamically focus the flow of Pluronic, dPE, and PTX in THF using a
sheath flow of water. The inset is a fluorescencenage of Fluorescein hydrodynamically
focused with water streams (scale bar 100
Pluronic/dPE NCs synthesized at a flow ratio of 0.03 (b, d) in comparison with bulk
synthesized NCs (c, e).

Precipitation of the dPE anEluronic molecules is initiated by the presence of water
molecules, which is controlled by molecular diffusion at the interface of the polymer and
water streams. As this is the first report of eéPEronic NC selassembly via a

microfluidic platform, wedescribe the process in detail here: by changing the flow ratio
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between the THF and water streams from 0.03 to 0.2, the mixing Emefor selt
assembly was kept in the millisecond range. The mixing time varies from approximately
2.5 t0 75 ms (Eq. S2). Fahix < Ugg (the aggregation time), NC formation is kinetically
restricted, and the particles have smaller sizes and are moredisjperse than those
prepared through bulk mixind4, 168 DLS (DLS; Zetasizer 3000HS, Malvern
InstrumentsLtd., Worcestershire, UK) results indicate that longer mixing times lead to
larger NCs (Figuré-3@). Furthermore, the polydispersity index (PDI) of the estell

NCs is approximately 0.10, five times lower than those produced with bulk synthesis

techniques (0.49).

In vitro evaluation of complement activation in the presence of fabricated NCs can be
considered as a prediction of their fate after intravenous injantiowo.(195) In fact, most

of the NCs which induce strong complement activation are rapidly taken up by
macrophages of the mononuclear phagocyte systems, while NPs exhibiting low or non
activators of the complement systems are not recognized by macrophages and could remain
in the bloodstrear(il96) In the current work, activation of the complement system induced

by microfluidic/bulk synthesized NCs is studied in comparison with the control samples.

It has been shown that molecules comprising PEG moieties such as Pluronic on the surface
of mico/nanopatrticles, can strongly activate complement systems by threkneelh
pathwayg195 197) Our results, as presented in Fig68, show the effective inhibition

of C3 cleavage and consequently, suppression toward complement activagems that
complemat activation of the microfluidic synthesized NCs are proportional to their size,

and can be conveniently controlled using this technique.
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Figure 5-3 (i) Effects of flow ratio on diameter (based on DLS rsults) and turbidity of

synthesized NCs with and without the drug paclitaxel (PTX). The theoretical mixing time is

also shown. (ii) Crossed immunoelectrophoresis of C3 antigens in human serum diluted 1/4

in VBS?* after 60 min incubation with NC suspensions(a) Serum/VBS* as positive control

(C3/C3b = 4.79); (b) serum/EDTA 10mM 1:3 v/v; (no C& A no C3 cleavage); (c) PMMA

NCs as negative control (C3/C3b = 0.96); (d) PLARELO. 03 (2.5 ¢s) (C3/ C3
PLAPE-FLO. 05 (6.2 €e€s) (C3-FCBbO#63(22)6 ¢$§) EC8PE
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PLAPE-FLO. 15 (47.0 ¢es) (C3FLG32D (=761.054¢s ) ((hg3/PA3dbF
PLAPE-Bulk (C3/C3b = 1.25). (iii) Plot of C3/C3b ratio as a function of mixing time. (iv)
Phagocytosis of the different microfluidic and bulk NCs by RAW 264.7 murine macrophages

at 37°C.

It is understood that particlezal and curvature affect the complement activai®s, 198

The role of curvature becomes more sigaifit for particles with sizes similar to the cross
sectional diameter of complement proteins such as ~40 nm fqd 8gvland ~30 nm for
C4b2a(195) In view of this, assembly and deposition ontie surface of particles with

high curvature is rather difficult. Despite the fact 68t protein has the smaller size
relative to the other complemeanoteins, and its surfadsound compartment (C3b) is
assumed to occupy an area of 4G99 but it has been shown here having smaller NCs
(higher curvature valueas resulted in decreased activation of complement activation
(Figure5-3). The macrophage uptake of the NCs is also evaluated as an indicator of the
immune system response. As shown in FiduBe(iv), phagocytic uptake of NCs is size
dependent and lowof the microfluidically prepared NCs. These results are in agreement
with the demonstrated complement activation results, which imply the considerable
capability of the designed NCs to escape from the immune systems for \ariiue

applications.

The hydrophobiecore, hydrophilieshell structure of the dPE/Pluronic NCs provides an
ideal environment for encapsulating hydrophobic molecules. This ability is demonstrated
with paclitaxel (PTX), a powerful hydrophobic anticancer drug. To encapsulate the drug,
a 0.5 mg-mttsolution of PTX in THF was mixed with a solution of dPE and Pluronic and
was then injected into the central channel of the microfluidic device. During NC formation,
the hydrophobic PTX molecules associate with the hydrocarbon structure chrdPE
become entrapped in the hydrophobic cores of thestwelt NCs. As shown in Figuie

2a, the incorporation of PTX leads to an increase in the size of the NCs. However, the PTX

loaded NCs (57171 nm) remain within the ideal size window for increa$éd
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permeability and retention (bR00 nm)(171) The morphology of dPE/Pluronic NCs
prepared at a flow ratio of 0.03 is shown inWg5-2c. All of the prepared NCs are
spherical in shape (54 £ 7 nm based on TEM image) and do not aggregate in an aqueous

environment.

In order to quantify the ability of PEGylated dPE to encapsulate significant amounts of
hydrophobic anticancer drugs, wkaded the dPE/Pluronic NCs with different
concentrations of PTX (5, 10, 15, and 20 wt%). As expected, PTX loading was very
efficient for microfluidic synthesized NCs. Fexampleat 10 wt% of initial drug loading
efficiency increased from 69.1% + 19.3% (for bulk mixing) to 99.1% + 4.5 wt% for

NCs fabricated in the rapid mixing regime (0.03 flow ratio). This resulted in weight percent
loading values that are among the highest reported in literature fo(Z0DX201) As
shown in Figureb-4 and 55, the loading content of dPE/Pluronic NCs can be controlled
through operational parameters in the microfluidic deviA relatively small increase in
flow ratio, and therefore in mixing time, results in larger particles and decreased drug
loading. Maximum PTX loading (9.906 wt%) occurred for NCs with the lowest flow ratio.
Despite the high PTX loading efficiencies, significant change of the size of NCs was
observed, suggesting that the hyperbranched nature of dPE creates a high level of free

volume in the selssembled dPE/Pluronic NCs.
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Relative activites of PTX were estimated by calculating the maximum rate of tubulin
protein polymerization relative to the standard samples (Fig6)eStabilities of the free

and encapsulated PTX inside different types of NCs were evaluated by measuring the
variationsof their activities using the tubulin assay after storage at 25 °C and 37 °C for 1
14 d in 96well microtiter plates according tagviously established protocoBriefly, at
defined time intervals, NCs were separated using centrifugation and redispenssddr

at pH 4.5 to extract PTX from NCs, and then PTX was separated using HPLC to perform
a tubulin protein assay. Then, select concentrations of PTX were reacted with tubulin
protein solution (general tubulin buffer, tubulin glycerol buffer, 1 mM GHE®Y the
reaction was followed by measuring the increase in apparent absorption at 350 nm over a
1 h period at 37 °C using an ELISA plate reader (Safire Il, Tecan Sales Switzerland AG,
Mannedorf, CH).
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Figure 5-6 Relative activity of PTX drug using a tubulin protein polymerization assay for
both free and encapsulated PTX at 25 °C and 37 °GMean + SD, n = 4 independent
experiments).
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As shown in Figuré&-6, drug degradation is generally considered as adider process
and can be described by the following equatlaa/ap) = kt, wherea is the activity of
drug at time tap is the initial drug activityk is the degradation rate constant. At Heiéf
of drug €1/2), we havea=ap/2 => t1,= 0.693k => k=0.693t1/2. The results of PTX halife
(tu2) and degradation rate constamd) @re shown in Figure-7 and Figure5-8a

respectively.
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Figure 5-7 PTX half-life (t12) for the various drug formulations at two different temperatures
of 25°C and 37°C.

Figure5-8 shows then vitro release profiles of PTX in PBS (phosphate buffered solution,

pH 7.4) at 37 °C from NCs formed using both microfluidic and bulk mixing. The profiles
exhibit relatively fast releaseduring the early stages (day 1), then followed by slow
asymptotic releases, which are typical for PlbAded, seHassembled NCEL22, 201,

202 Figure5-8 also demonstrates that NCs formed through microfluidics have a slower
and more sustained release rate than the bulk synthesized NCs. Within two weeks, almost
100% of the PTX was released from bulk synthesized dPE/Pluronic NCs, whereas about
86%, 76%, and 98% of the PTX was released from NCs formed at flow ratios of 0.03,

0.075, and 0.2, respectively.
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For dPE/Pluronic NCs formed in the rapid mixing regime (tohenixing 2.5 and 13 ms

with NC sizes of 63 and 79 nm, respectively), larger NCs have slower release profiles.
These results are in agreement with recent reports that smaller NCs, due to their greater
surface area to volume ratio, have faster release(208) Additionally, with the decrease

in flow ratio comes a shorter mixirtgne (2.5 ms for R = 0.03), smaller NCs, and higher
drug encapsulation efficiency (Figusesb).
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Figure 5-8 (a) Paclitaxel (PTX) degradation rate constant K) for the various drug
formulations at two different temperatures of 25°C and 37°C. (b) The change in PTX loading
efficiency as a function of flow ratios in comparison wi that of bulk mixing at 5, 10, 15, and

20 wt% of initial loadings of the drug. (Mean + SD, n = 5 independent experiments). (c)
Calculated diffusion coefficients of PTX within NCs as a function of mixing time at different
initial loading weights of 5, 10,15, and 20 wt%. (d) Cumulativein vitro release of PTX from
designed NCs at 37 °C and pH 7.4 (Mean £ SD, n = 4 independent experiments.) Curves are
fitted first -order release equations (R> 0.98). The inset depicts calculated diffusion
coefficients of PTXwithin NCs and relevant times for releasing 50% of the loaded drug. (e)
MTT -based cell viability assay of MCF7 cells after 72 h of exposure to free PTX, PTX loaded
NCs, and unloaded NCs at 37°C. Unloaded NCs were used as a negative control to the PTX
loaded NCs and are plotted on the abscissa so that the number of NCs in corresponding trials
is the same.

The diffusion coefficient of PTX molecules within the dPE NCs was determined through

analysis of the drug release profiles. The calculated values fdiffilison coefficient and
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the time needed for 50% drug releatsg) @re shown in Figure-8. The NCs formed with
microfluidics have considerably lower diffusion coefficients and an extetdedlease
compared to NCs created with bulk mixing. This prgled, controlled release is highly
desirable for treatment applications. Although the diffusion coefficient was found to
increase with mixing time, the longes for NCs formed with a 13.6 ms mixing time may
be ascribed to the higher number of hydrophachitiers (dPE) in the corresponding NCs.
These results confirm the important role of se§embly time in determining drug loading

density and release behavior of the polymeric NCs.

Pluronic F127PTX NPs were evaluated as control samples. These NPs vewpargd
using the same microfluidic platform at flow rate of 0.076 without incorporation of dPEs.
As shown in Figuré-9a, the size of resultant NPs is larger than dPE incorporated ones.
These results confirm the efficient role of dPEs on formation of noom@pact
nanostructures. As shown in Figs®b, the presence of dPEs in the core of NCs have
provided the sustained release of PTX. Diffusion coefficient of drug molecules from
Pluronic F127PTX complexes was calculated to be 2.45%1®2%.s, which isabout 15
times more than that of for Pluronic F127/dPEX (1.61x1? m?.sY).
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Figure 5-9 (a) DLS results for Pluronic F127/dPEPTX NCs and Pluronic F127PTX NPs,
which were synthesized using crossinction microfluidic platforms at the same flow ratio of
0.076. (b) Cumulative release profiles the corresponadlj nanocarriers.

Although the PTX encapsulation efficiency inside the NCs can be tuned through the
microfluidic assembly platform, it is equally important that the encapsulated PTX retains
its functional activity during the storage. Measured by tubullgrperization assays, PTX

was found to degrade much slower, at both 25 and 37°C, when encapsulated in microfluidic
NCs compared to both free PTX and PTX encapsuldgedulk mixing (Figure5-9). As

shown in Figuré-8a the degradation rate constakt\due, which is calculated at 25 and
37°C, is much lower for microfluidic synthesized NCs in comparison with the free and
bulk encapsulated NCs. This prolonged stability can extend the effective circulation time
of drugloaded NCs in the human body. The teka activity of free PTX decreased
considerably and reached half of its initial value after the second day of storage, whereas

the encapsulation of PTX prevented degradation and prolonged its activity for weeks,

13¢



probably due to the hydrophobic dPE emlilkes protecting the PTX frordirect contact

with water molecules.

One requirement for a good canteerapy delivery vehicle is to maximize the lethal
effects of the drug in the proximity of tumor cells. As is seen in Figr@ethe toxicity of
plain NCs, a defined by the halfhaximum inhibiting concentrationGso) for MCF7
cells, is on the order of 300000 nM. We found little difference between the toxicity of
bulk and microfluidically generated NCs. TH&so toxicity for free PTX is on the order of

1 nM, but PTX toxicity is enhanced by almost two orders of magnitude through
encapsulation into dRBased microfluidic NCs. This dramatic effect may be due to

increased cellular uptake of the microfluidic NCs.

Our results demonstrate the feasibility and inigpace of rapid mixing for the facile
fabrication of complex dPE/Pluronitased NCs, as well as controlling their sedfembly,

drug loading, and release characteristics. Due to the olefinic nature of the synthesized NC
cores, they are highly capable ofrggng hydrophobic drugs while prolonging their release
behavior. Nevertheless, further research on theirtro andin vivo behaviors is needed,

especially in NC surface modification for targeting.

5.4 Conclusion

In summary, we have developed raicrofluidic-assisted fabrication of complex
dPE/Pluroniebased NCs showing highly efficient encapsulation capacity of hydrophobic
drugs. The monodisperse NCs in the range ®260 nm, ideal sizes for drug delivery,
consist of a dendritic polyethylene core and ardtlic copolymer shell. The resultant
nanocarriers encapsulating a large amount of anticancer drug (say hydrophobic PTX)
provide a low complement activation as well as sustained release profile with high
tunability. This approach can be extended for théheses of other types of tailored, drug

loaded, dPEbased NCs with various shells for the emerging field of nanomedicine.
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CHAPTER 6. NON-SPHERIVAL NANOME DICNE:
MICROFLUIDIC -ASSISTED SELF-ASSEMBLY OF ONE-
DIMENSIONAL DRUG DEL IVERY NANOSTRUCTURES FOR

COMBINATORIAL CANCE R THERAPY?®

Except traditional design criteria like high loading efficiendy tmportance of
nanocarriers shape on its blood circulation and cell internalization is one of the critical
factors which attracted considerable attention of scientists and aaale complexity to
design an ideal drug cargo. Moreover, combinatorial cancer therapies offer big potentials
to increase the treatment efficiency and decrease the side effedtss study, we
demonstrate a simple microfluidassisted approach for doolled selfassembly of
carbon nanotube (CNTftgmplated 1D hybrid nanostructures for combinatorial cancer
therapy. The nanostructures have a narrow size distribution and consist oftar@plated
dendritic polyethylene (dPE) core and polymeric shell. Gésigned nanocarriers were
shown to be highly efficient for combinatorial cancer therapy. While CNTs can be used for
hyperthermia therapy, the decorated dPE nanoparticulate layer provided efficient loading
of hydrophobic anticancer drugs. The developebridyonedimensional nanostructures

showed high cellular uptake, a sustainable release profile, and high tunability.

6.1 Introduction

Despite great advances in the field of nanomedicine, cancer remains one of the deadliest
and most feared diseases. A nanoeaplatform capable of targeting and curing a variety

of cancers with marginal side effects has not been deve(@pddAn ideal nanoscale

5 This work has beesubmitted fopublicationby M. M. Hasani Sad®6.&8bahlakehE, V. Kar
Dashtimoghadam, F.S.ajkedi, F.J. Stadler, I. Kim, K.Jacob(201%)
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nanocarrier should meet a number of critical criteria, including sufficiently long circulation
time in the body, efficient targeting, accumulation in target cells, high capaacityugf
loading, nontoxicity to normal cells, and high cellular uptake. Recent studies demonstrated
that nonspherical nanostructures have numerous desirable properties and thus these
particles have gained increasing attention. Spherical drug delivery wtors for cancer
therapy increase cellular uptake and show long circulation times, large tumour
accumulation, long tumour inhibition time, high ddegding capacity, and high maximum
tolerated dos€204) In addition to size, nanoparticle geometry has a large impact on the
margination dynamics of vascular wal&5-207) Spherical nanopatrticles show minimal
lateral drift, decreasing their probability of entering the vicinity of vessel walls and creating
contact/binding points ith endothelial cells. This dramatically decreases the effectiveness
of both passivéargeting mechanisms€. enhanced permeability and retention) and active
targeting strategies. In contrast, repherical particles are more susceptible to tumbling
and oscillations in the vasculature. Such features significantly enhance the tendency of
achieving nanoparticle/cell wall contact, offering a higher potential for extravasation

through vasculature fenestratiqi26.6)

Combinatorial cancer therapies exploit several therapeutic strategies that synergistically
promote anticancer efects to overcome drug resistance. This can be accompanied by
reducing the concentrations of active reagents to mitigate side €#68t812 Carbon
nanotubes (NTs) and their polymeric hybrid materials have attracted considerable
attention in biomedical applications, particularly in the treatment and diagnosis of disease.
The potential of CNTs originates from their etienensional nanoscale morphology with
lengtrs ranging from the naroto the microscalé213 214) Drug delivery arrays,
photothermal therapy, and vivo imaging have been extensively investigated based on

CNT systems for cancer treatmédi4-218) However, the fabrication of combination
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therapeutic nanostructures and hybrid CNT/polymer nanostructure systems requires

complicated multistep procedures and react{@i2-214, 219

Bottom-up processes involved in s@l§sembly of nanoparticlesa intermolecularforces

can be used to create complex structures andrtaihd tune particle structure and
propertieq11) Recently, dendritic polyethylene nanoparticles (dPEs) were shown to be
effective for various materials science apationg52, 181, 182 220-223) because of their
unique and interesting properties. dPEs are composed of highly branched PE chains that
can be synthesizad a simple ongot protocoli220) dPEs are very different from their
linear equivalents, as they are soluble in common organic solvents detfalagdrofuran

(THF) and chloroform. Because they are bulky hydrophobic molecules, dPEs show great
potential as nanocarriers for hydrophobic molecules and 629223225 To create
monodisperse welllefined and large nanoparticles (NPs) with dPE, multistep cascade
chemical reactions are need@@5 2260 Moreover, to achieve dispersion of highly
hydrophobic dPEs in aqueous environments such as the blood, -(homo
/co)polymerizatiol86, 227) reactions ofi g r a-f 6 6 n @23 228)dase required.
Although these techniques simplify the design and tune the elegant and complex dPE
structures for bioconjugation and drug delivér88 189 the process is very tedious,
labourintensive, and commonly supplemented by reduction of catalytic activity. To
overcome these limitations, we recently developed a microflaisiisted selissembly
approach for fabricating monodisperse PEGylated hydtaipttydrophilic coreshell

structures of dPE&2)

One of the unique characteristics of dPEs, first igexl by Ye and cavorkers, is their
ability to solubilize CNTs and graphene nasteeets in conventional lepolarity organic
solvents with lowboiling points such as chloroform and TK#29232) This occurs
through norcovalent and nospecificCH™ i nteracti ons of dPE mol

graphene surfaces. Given the biocompatibility and encapsulation capacity of hydrophobic
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anticancer drugs as well as their ability to assemble on CNTs, dPE/CNT hybrid
nanostructures show the potential for flegilblesign of customized 1D nanocatrriers. Such
dPE/CNT designs broaden the loading capacity of the nanohybrid carrier, which are
typically |l oaded isnttagdd®CGNiTgs. t hr ough

The aim of present study was to conduct microfluaBsisted synthesis and
characterization of fintuned dPE/CNT hybrid nanocarriers loaded with paclitaxel (PTX)
that is poorly soluble in water. To achieve these gdal¢], dPEs, and poly(ethylene
glycol)-block-poly(propylene glycokblockpoly(ethylene glycol) copolymer (Pluronic F
127) with an average molar mass of 13,000 wereassémbled on a microfluidic platform

to develop watedispersible 1D druglelivery systens. It has been reported that neutral
hydroxykterminated NPs show lower toxicity than other charged functional moieties such
as amine or carboxyl grous90, 205 Thus, the proposed microfluiddirected assembly
was used to prepare a PEGylated,-spherical, dPElecorated CNT nanostructure. This
approach can be extended to otheondimulti-block hydrophilc-hydrophobic copolymers

as well as brushke copolymers.

6.2 Materials and Methods

Synthesis of dPE.Synthesis of dendritic polyethylene (dPE) nanoparticles and their
characterization were reported in the previous chapter. In summary, dPE is a Newtonian
fluid with zeros h e ar  voineac56 Baistatyoor] temperature. The average molecular
weight (MW) is 157 kg-mof and mean radius of gyration is approximately 15 nm. The

nanoparticles are highly branched (~ 100 branches/1000 carbons) and fairly spherical.

Purificatio n of singlewalled carbon nanotubes (SWCNTs)We developed 266m long
SWCNTS by controlled sonication and then separated them based on length using size
exclusion chromatography and ultracentrifugation. Length separation of -gsiatjésl

carbon nanotubewas performed as previously descril§gd3235 For sizeexclusion
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chromatography 25 mg of HiPco Carbon SWCNT (Nanolintegris Technologies, Inc.,
Quebec, Canadayaaw material was suspended in 50 mL of sodium cholate (1 wt% in
D20) using a Q500 Sonicator (500 W; 3.2 mm probe; Qsonica, LLC., Newtown, CT, USA)
at 7.5%. Sizeexclusion chromatography was performed using SephacrytRiggolution

gel filtration media $ephacryl $500 HR; GE Healthcare Life Sciences, Little Chalfont,
UK) as reported previousl234) The early fraction of nanotubes with known length
distribution was diluted (10X) with saain cholate solution and sonicated for 120 min.
Glacial acetic acid (PharmaGrade, Sigma, St. Louis, MO, USA) was used to remove
sodium cholate from the SWCNTs as previously described. This acid neutralizes the
surfactant to form the corresponding acid, whis immediately immiscible with acetic
acid, leading to breakdown of the stable sodium cholate helices. The carbon components
then form networks under the influence of gravitational forces and van der Waals
interactions and the sample was further solmédi in THF. The final solution was

centrifuged at 17,000g€or 45 min.

6.2.1 Microfluidic -assisted fabrication of CN-based nanohybrids.

Microfluidic devices were fabricated with poly(dimethylsiloxane) (PDMS; Sylgard 184
Silicone Elastomer Kit, Dow Corning GoFreeland, MI, USA) using a standard
micromoulding process as reported previod$lf.o form the master moulds, silicon
wafers were sphtoated with a Microchem (Westborough, MA, USA) negative epoxy
resist(SU8) t o a thickness &Y, ané development Baeddires g |,
were performed at the EPFL Center for Micronanotechnology (Lausanne, Switzerland) to
obtain negative microchannels on the wafer. The wafers were annealed at 150 °C to
eliminate surface cracks in the @JAfter thermal anneilg, the surfaces of the resulting
moulds were coated with a s@$sembled monolayer of trimethylethoxy silane by vapor
exposure for 40 min. The sedfsembled monolayer prevents sticking of PDMS to the

mould. Sylgard 184 monomer and curing agent wereechixi a weight ratio of 10:1,
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poured over the mould, degassed in desiccators, and cured in an oven at 80 °C for 1 h. After
curing, PDMS was removed from the mouldiautlet holes were punched using a-150

em di ameter punch. The PDMS was then bonde
cleaner (100 mW; 1 min) from Harrick Plasma Inc. (Ithaca, NY, USA) The Pbasgd
microfluidic device had two inlets for neutral pkhter, one for the CNT/Pluronic/dPE

solution in THF and one outlet. The water stream was split into two to achieve two water
streams at the flow focusing{T j uncti on. The mi xing channe
high, and 1 cm lond~or drugloaded NCs, pdicaxel (PTX, SigmaAldrich) was dissolved

in THF and mixed with the CNT, dPE, and PluronitZ solution.

6.2.2 Characterizations

Microscopic morphology of nanostructures At omi c force mi Cr os
Dimension FastScan, Billerica, MA, USA) and transiois&lectron microscopy (CM200
FEG-Philips, Amsterdam, Netherlands) were used to characterize the morphology of the
nanostructures. A dilute suspension of NCs was prepared and deposited onto the Cu grid
with a carbon film. The shape and size of the nanatiylvere characterized by diffraction
(amplitude) contrast and (for crystalline materials) through-hegllution (phase contrast)
imaging. The transmission electron microscopy used an LaB6 source operating at 100 kV
accelerating voltage. The images watearacterised using ImageJ software (NIH,
Bethesda, MD, USA) with at least 20 different measuremBwyisamic light scattering

and zeta potential measurements were performed using a Zetasizer (Zetasizer 3000HS,
Malvern Instruments Ltd., Malvern, UK) in tlescattering mode at 173° for watdituted

systems.

In vitro drug release measurementTo determine then vitro drug release profile,
lyophilized PTXloaded CNTbased nanohybrids (1 mg) were dispersed in 1 mL of
phosphate buffered saline (1X PBS, pH 7:B)e solutions were placed in a 3500 Da
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MWCO dialysis cartridge (Thermo Scientific, Waltham, MA, USA). The cartridge was
immersed in 1 L PBS and gently shaken in a 37 °C water bath. At predetermined intervals,
buffered solutions were collected and reptheeth an equivalent volume of fresh PBS.
The PTX concentration was measured by fpghformance liquid chromatography by
mixing 1 mL sample with 1 mL of acetonitrile. A reveqsigase @ column was used as

the stationary phase and the mobile phase cedststacetonitrile/water (60:40 vol/vol).
Separation was carried out at a flow rate of 1 mLémd PTX was detected at a
wavelength of 230 nm. This method was evaluated over a linear rangé 6f@ elg L mL
In this range, the percent deviation from theoretical value was found to be less than 5% and
coefficients of linearity remained greater thaB@using clean PTX standard$ie PTX
concentration in the solution was corrected for sampling effects according to following

equation:

Cn' = Cn[V1/(V1-V9)](Cn-1/Cn1); whereCy' is the corrected concentration of the nth sample,
Cnis the measured conuteation of PTX in theth sampleCi.1 the measured concentration
of the (n-1)"" sample Vr is the volume of receiver fluid, ands represents the volume of

sample drawn (1 mL).

Encapsulation efficiency of the nanostructures and loading efficienciesdetenined

by applying the following equations:
PTX Loading content = (weight of the loaded PTX/weight of the nanohybrids) x 100
PTX Loading efficiency = (amount of PTX in the nanohybrifhitial amount of PTX) x 100

6.2.3 Cytotoxicityand cellular assays

Cytotoxicity of the nanohybrids.A standard MTT colorimetric assaying was carried out
using HelLa cellso examine the cytotoxicity of the fabricated nanostructures. To determine

cell cytotoxicity/viability, the cells were plated at a density @f0DO0 cells per well in 96
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well plates and then incubated overnight at 37 °C in an incubator maintained at£% CO

The cells were then incubated with NGINTs and PECNTSs over a concentration range of

0.550 ¢ g. @helculture medium was discarded aftéri2and the cells were washed

with PBS (pH 7.4) foll owed H45dimetltylthibzait i on f
2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution in Dulbecco's Modified Eagle's
medi um ( DME Mingh6sphate muffenpH 7.4fhe medium containing MTT

was replaced with 150 L of dimethyl sul pht
10 min, the absorbance values of the wells were recorded with a microplate reader (Bio

Tek Synergy HT, Winooski, VT, USA) at a wavelengtfh5@0 nm. The control culture

medium contained no nanoparticles. All measurements were performed at room
temperature. The spectrophotometer was calibrated to zero absorbance using control
culture medium containing no cells. The relative cell viability (@ated to the control

wells, containing cell culture medium without nanoparticles, was calculated
as[A]tes{[A] contror X 100 where[A]estwas the absorbance of the test sample

and[A] controtwas the absorbance of the control sample.

Cellular uptake. For cellular uptake experiments, the HelLa cell line was used to
investigate the uptake of FIF@belled NGCNTs and PLCNTs. The particles were
incubated with cells from 0 to 5 h (incubator 37 °C, 5%)C4D a concentration range of

0.55 0 ¢ ¢ AftetLincubating the cells with the particles, the cells were rinsed three
times with PBS and trypsinised to detach from the plates. The resulting cells were
centrifuged and suspended in a 0.4% trypan
Saline (DPBS) saition to quench extracellular FITC fluorescence. The cells were
centrifuged again and the dye solution was withdrawn. Next, the cell pellets were
resuspended in DPBS. All samples were kept on ice until fluoreseetivated cell

sorting analysis. Thesersples were analysed by flow cytometry (CyAn ADP, Beckman



Coulter, Inc. Brea, CA, USA) to detect green and red fluorescence. The process was

repeated for cells positioned in an inverted configuration as described previously.

For microscopy, 1 x Pells pe well were seeded on round glass cesigrs in 12well

pl at es. After reaching 80% confluency, t he
FITC-labelled NGCNTs and PECNTs in PBS were added to each well at a concentration

of 10 lL«Lgllkwete theincubated for 4 h at 37°C and 5% £@he samples were

washed five times with PBS and fixed with 3% paraformaldehyde solution. Cell nuclei

were stained with propidium iodide and then fluorescent microscopy measurements were
performed using a ZEISS LSM700P@ (Jena, Germany) confocal laser scanning

microscope.

A thermal imaging camera (FLIR Systems; Nashua, NH, USA) was used to record the NIR
laser irradiation (808 nm; 1.5 W-ctrinduced increase in temperatuFer photothermal
ablation of cancer celldjelLa cells were seeded in tissue culture dishes at a density of
40,000cells/cnt and were cultured for 24 h at 37°C in an incubator maintained at 5% CO
until reaching 80% confluence. Next, the medium was replaced with nanchybrid
containing mediung0.5, 1, 5 10, 25, and 501g-mL'Y). After incubation for 4 h, the cells

were rinsed three times with PBS to remove the free nanostructures. Fresh medium was
added and then laser light at 808 nm; 1.5 WAgvith a 2500)m diameter spesize was
irradiated for 6 minCell viability was characterised by using the live/dead assay and MTT

assay as described above after 24 h.

RAW264.7 macrophagkke cells (ATCC, Manassas, VA, USA) were seeded 48 h prior
to the experiment in 9@sell culture plates at a density of 1 x>I@lls per well in culture
medium supplemented with 5% foetal bovine serum. The cells were incubated in medium
containing NGCNTs and PECNTs ( 1 @) foe ghl- AB la positive control, cytokine
production was stimulated with LPS (50 ng-®LCytokine ELBA kits obtained from BD
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Biosciences (Franklin Lakes, NJ, USA) were used to evaluate the expression levels of
TNFU andOlin the medium according Foro the
pharmacokinetics (bloodirculation) studies, six femal®ALB/c mice (1822 g) were

randomly divided into two groups for the two different kinds of designed nanostructure
NC-CNTs and PLCNTs. All mice were fed a commercial diet and watérlibitumand

were on alternating 18 light/dark cycles. Both groups were injected the tail vein at

the same dose of 2 mg per kg of miceds bod
retro-orbital sinus at different times, 0 and 30 min and 1, 1.5, 3, 5, 7, 9, and 12 h, into
heparinized tubes and the samples were centrifuged foml3 he plasma was separated

and stored at T1T20AC in the dark before an.
defined based on the fluorescence intensity of the FITC groups usinglaiBMicroplate

Reader. The normalized plasma concentrations ofeapphanostructures are shown as a

function of time.

All experiments were conducted in at least triplicate. Statistical analyses of the
experimental data were conducted usingtest, and the results are presented as the mean

+ SD. Statistical significace was accepted at a level of p < 0.05.

6.2.4 Simulation Methods

Ab initio calculations. High-level electronic structure calculations basedatninitio
guantum mechanics tools were employed to obtain dPE molecules with equilibrium
structures for use in subseu MD simulations. The chemical structure of dPE molecules
was taken from work reported by Ittel et(2B6) Ab initio calculations of BE molecules
were carried out using Hartré®ck (HF) theory with 81G** basis function@37)
without any constraints. The final geometptimized dPE molecule is shown kigure

6-1. Partial charges centred on dPE atoms were deterwvigetkctrostatic potentiddased



method of CHELPG238) All ab initio electronic structure computations were performed

using the Gaussian 09 suite of progrd@&9)

Figure 6-1 (a) HF/6-31G** optimized geometry of dPE, and (b) chemical structure of SWCNT
(15,15) applied for MD simulations. All atoms are shown in ball and stick model (colour code:
carbon, gray and hydrogen, white).

Molecular dynamics (MD) simulations.To qualitatively and quantitatively evaluate the
affinity between CNT and dPE, classical MD simulations were conducted for the CNT
dPE complex. MD simulation approaches were conducted on a simulation box comprising
dPE molecules anBWCNTs. An armchair SWCNT of chirality (15,15) with a diameter

of 2.034 nm and length of 4.673 nm (showrkigure 61b) was taken into consideration

for simulation characterisation of the central CNT molecule, as CNTs of the same diameter
were utilized n our experiments. The terminal carbon atoms in SWCNTSs were saturated
by hydrogen atoms. Next, the constructed SWCNT was placed at the centre of a simulation
cell of dimensions 4.8 x 7.0 x 7.0 Arand then surrounded by 17 dPE molecules obtained
from calalations at the HF/31G** level of theory. These dPE molecules were randomly

positioned around the SWCNT, as illustrated in panels (a) and (b)ureFeg@.
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The threedimensional simulation box was enengynimized using the Steepest Descent
algorithm.Subsequently, the minimum energy SWGHNRE configuration was subjected

to a 10ns MD simulation performed in the constant volume and temperature (NVT)
ensemble, where all SWCNT atoms were positigstrained and kept fixed at the centre

of MD cell. The Beendsen thermostat was used to control the temperature at the desired
value of 300 K. OPLM\A force field parameters were adopted to describe the interactions
between dPE and CN(R4Q, 241) A leapfrog approach with a time step of 1 fs{i8)

was employed to integrate the Newton motion equation. The LINCS method was utilized
to maintain all bonds fixed at their equilibrium values. Namded interactions were
truncated usig a 1.2 nm cubff distance. Periodic boundary conditions were imposed in
all three directions of the simulation box. All atomistic MD simulations were executed
using GROMACS simulation code (version 4.5242, 243 Dynamic trajectories from

the last 5ns NVT simulations were saved every 10 ps and used for later visual and
guantitative analyses of cheraiaffinities between SWCNT and dPE moleculeg)fre

6-2).
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Figure 6-2 Initial simulation cell of SWCNT-dPE: (a) front view, and (b) side view; final

simulation cell of SWCNT-dPE obtained attheend olOns MD si mul ati ons: ( abl
(bNj) side view. CNT is in ball and stick mode.
(colour code: carbon, gray; hydrogen, white).

6.3 Results and Discussion

dPEs were synthesized based on previously reported pres¢o?, 194 222) A

Br o ok h a rditmineé palfagium(ll) catalyst was synthesized and used to polymerize
high-molecular weight (MW), highly branched PE N#a the so called chaiwalking
mechanism (see Supplementary Information). The synthesized dPEs were characterized by
triple-detection sie exclusion chromatographyd and*3C NMR spectroscopy, dynamic

light scattering, atomic force microscopy, rheological measurements, and differential
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