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ABSTRACT

DEVELOPMENT OF NOVEL MULTILAYERED PARTICLES FOR DRUG

DELIVERY AND CELL ISOLATION APPLICATIONS

Bhanu prasanth Koppolu, M.S.

The University of Texas at Arlington, 2008

Supervising Professor: Kytai Truong Nguyen

The objective of this work is to develop multilayered nanopartifdesirug delivery
and cell isolation applications. These particles principally cbrdighree layers;
biodegradable polymer, thermo sensitive polymer and magneticiatatef~or drug
delivery, multilayered nanoparticles (MLNP) consisting ofmagnetic core and two
encompassing shells made up of temperature sensitive polymer, pbly (
isopropylacrylamide) (PNIPAAm), and biodegradable polymer, poly(Dadtide-co-
glycolide) (PLGA), were developed for targeted and controlled) dtelivery. The
PNIPAAmM layer was immobilized onto magnetic nanoparticles ()NRa a silane
coupling agent, Vinyltrimethoxysilane (VTMS), and free radmalymerization. These
particles were then encapsulated with PLGA using a double emussibment
evaporation method with poly (vinyl alcohol) (PVA) as a surfactanfransmission

electron microscopy (TEM) confirmed that multilayered patiovere obtained with



PNIPAAM magnetic nanoparticles embedded within the PLGA .sh&lkctorial design
analysis of the results showed that the particles size wasséhyeproportional to
surfactant PVA concentrations and sonication powers while it westlgh proportional
to PLGA concentrations. PVA concentrations were the most ianoid@ctor affecting
the particle size, while PLGA was the least important factohe drug release results
demonstrated that these multilayer particles produced anl ibitigt release and a

subsequent sustained release of both drugs loaded in the core and shell of MLNP.

For cell isolation, Multi Layered Microparticles (MLMP) Wwita biodegradable
polymeric core and two shells made up of MNPs and PNIPAAmM-Ak wegnthesized.
PLGA microspheres loaded with protein were prepared by usidguble emulsion
method. Magnetic nanoparticles functionalized with silane and sdamde were
conjugated onto the surface of the PLGA microspheres by covalentlyingond
PNIPAAmM-AH copolymer was then immobilized onto the magnetic natiolgs layer
using a coupled silane agent and free radical polymerization oN#RBAAmM and
Allylamine (AH) monomers. Scanning electron microscopy (SEMwed that
multilayered particles of size 50 to 100 um were obtained. Thengoly composition
of particles was also confirmed by FTIR spectrum. Ddffitial scanning calorimetric
(DSC) analysis determined that the polymer had a lowecalrisiolution temperature
(LCST) of 34.9°C. Conjugation studies showed that the particles ¢orlter be
conjugated with antibodies.  The protein release results demedstitzt these
multilayer particles produced an initial burst release and aequbat sustained release
of proteins. The shell release profile was affected byctianges of temperature where

\



as the core release was affected by the core degradatielh,hgdrophilicity, and
protein diffusion through the shell. These results show that ttielps can be used for
impulsive release of differentiating factors followed by slakease of cell enrichment
factors. Cell adhesion studies showed that the PNIPAAM-AH sudhathe particles
supports cell adhesion. Also, cell extraction studies showed thatRdlddn be used to
extract cells from a suspension and the isolation process hamiiwant effect on cell

viability.
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CHAPTER 1

INTRODUCTION

1.1 Nanoparticle and Micropatrticles for targeted drug delivery

Conventional delivery of drugs including oral and intravenous delivery s$meral

disadvantages. One of these draw backs is the inability to thegelrug to the site of interest.
Another limitation is the inability to control the release of drug a therapeutic window for
extended periods of time [1]. These limitations emphasize tbhessity to develop drug
delivery systems which could control the release of drugs ovme course and deliver

biologically active compounds selectively to the pathological area [1].

For the past two decades, nano- and micro-particles made of psligeme been investigated for
use in targeted and controlled drug delivery. Nanoparticles ack aoticles ranging in size
from 10nm to 1000nm, whereas microparticles have a size range ofoli®®0 um. These
particles consist of various materials, in which biologicaliyive materials (drugs, proteins, and
genes) are dissolved, encapsulated, entrapped, adsorbed or attached f2jtérieds to form
these patrticles include natural materials, magnetic mistenan-degradable and biodegradable
polymers. Nanoparticles and microparticles can be formulatec mpumber of different
manufacturing methods such as emulsion polymerization, interfacigmpokation, solvent
evaporation and solvent deposition [2, 3]. These particulate systamse tailored to deliver

biological active components over a course of time and selectivellje pathological area.



Also, nano/microparticles consisting of contrasting agents can betagarget and effectively

visualize biological tissues and cells [4, 5].

1.2 Magnetic nanoparticles
1.2.1 Magnetic nanoparticles as contrasting agents

Magnetic nanoparticles (e.g iron oxide nanoparticles) are clyrreeing used as contrasting
agents in the field of Magnetic Resonance Imaging (MRI). & hesoparticles are approved by
the Federal Drug Agency (FDA) for clinical use and utilizediely in the 21 century for
imaging applications [6, 7]. MNPs are widely used for the ribag of inflammatory and
degenerative disorders associated with high macrophage phagatidity 46, 7]. Magnetic
nanoparticles (MNP) are predominantly made of paramagnetic iradesodike magnetite
(Fes04), maghemite (F£s3) or other ferrites. The efficacy of the particles as rasttagents is
dependent on different factors including the composition, nature of theg;oaharge and
hydrodynamic size of the coated particles. These faelets determine the particle stability,

biodistribution, opsonization, metabolism and clearance from the body [8].
1.2.2 Magnetic nanoparticles as carriers for therapeutic agents

In addition to imaging applications, magnetic nanoparticles aceusisd to specifically deliver
therapeutic agents to certain tissues or cells. The movemeértistribution of the MNP can be
controlled using an external magnetic field. This property oMhég can be used to target the
particles to the site of interest for therapeutic applicatioAlso, MNP can be functionalized

with chemicals like amino silane, which can be used to conjubatapeutic agents like drugs

2



and genes onto MNP [9, 10]. The particle specificity can furthendreased by conjugating
cell specific targeting ligands onto the surface [11, 12].s Tiksue specific MNP are also being

investigated for use in hyperthermial cancer therapy.

Hyperthermia is a cancer therapy that consists on heatitagncergans or tissues by exposing to
external radiation to temperatures between 41°C and 46°C causing mae#tdar inactivation
or death in a dose-dependent manner. This heating would influBec@xpression of
biomolecules; especially regulatory proteins involved in celWtimcand differentiation causing
alterations in the cell cycle and subsequently induce cell apoptb3js The classical
hyperthermia enhances radiation injury of tumor cells and chenapiénaic efficacy [14].
Modern clinical hyperthermia trials focus mainly on the optitndraof thermal homogeneity at
moderate temperatures (42-43°C) in the target volume, a problem véuuohves extensive
technical manipulations. One way to overcome this problem would dedotumor cells with
targeted magnetic nanoparticles. These nanoparticles would thbeabed up using a high

frequency external AC magnetic field, causing the death of all partioletaining cells [15].

1.2.3 MNP for cell isolation

Isolation and separation of specific molecules by MNP is the mostmented and useful
application of magnetic particles in various areas of biosei@mei nanotechnology. Various
magnetic particles have been developed for use in separatiorsggedacluding purification
and immunoassays [12, 13]. Magnetic separation of cells hasksadgantages in comparison

with other isolation techniques. The isolation process permitsatigettcells to be isolated



directly from crude samples such as blood, bone marrow, and tissue matesgeCompared to
other conventional methods of cell separation, magnetic sepaiatielatively simple and fast.
The static magnetic field does not interfere with the movememnsf and charged solute in
aqueous solutions as does the electric field [15]. Furthermordartpe differences between
magnetic permeability of the magnetic and non-magnetic raledan be exploited in
developing highly specific separation methods [16]. The sheer fassexiated with binding
and elution is also minimal compared to centrifugation or fitramethods, thereby, increasing
the yield of cells. Isolation using MNP also simplifies the pthoes like separation and
washing which are considered to be tedious steps in conventionalotatiols methods [15].
MNP has been used for isolation of different cells including mammatancerous and stem

cells [68-70].

1.3 Polymer encapsulated magnetic nanoparticles

Although magnetic nanoparticles have been used as MRI contrass,agerityperthermia
treatment for malignant cells and in site specific drug defjeir application in targeted and
controlled drug delivery has been limited. One reason is thgihetia nanoparticles made up of
pure iron oxide cannot be loaded with drugs for controlled reld&$e These limitations can be
improved by encapsulating MNPs with suitable materials such asnerd, non-polymer
materials, and inorganic materials. Encapsulation of MNP alsoreetitgam to be more soluble
in agueous or biological media and provides various functional groups oarfaees for the

conjugation of biomolecules.



To produce the polymer MNP, a great variety of polymers have besh u$Shese include
natural polymers such as albumin, cellulose, pullulan, and chitosan.r #terials include
synthetic polymers like polystyrene, polyethylene glycol (PE®)y acrylamide, and poly (L-
lactic-co-glycolic) acid (PLGA) [19-21]. Furthermore, dexrtia liposomes have also been used
to coat MNP for drug and gene therapy delivery applications [9, 32, @B these polymers,
temperature sensitive polymers have been generated greattentkreso their controlling dug

release in response to changes in temperatures.

1.4 Thermo sensitive hydrogels as MNPs coating

1.4.1 Temperature sensitive polymers

Temperature sensitive polymers include poly (N-isopropylacrdam(PNIPAAmM) and its

copolymers [21]. Figure 1.1 shows the chemical structures of NhPA#onomers (a) and
PNIPAAmM polymers (b). PNIPAAmM undergoes a reversible volumeselieansition at a
temperature of 32°C called lower critical solution temperaiu@ST). Above the LCST, the
hydrogel hydrophobically collapses; expelling water in an entrbbpitsavored fashion, whereas
the hydrogel retains its hydrophilicity once the temperagaes below LCST and swells in
response to the hydrophilic ambience. These reversible swellindnankirsg events have been
used as a means to control uptake and release of various therageunts [23-25]. The LCST
can also be increased to slightly higher than a body tempecdt87@C by copolymerizing with

a hydrophilic monomer; for example, poly (N-isopropylacrylamidexcgdamide) copolymer

[24, 25].
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Figure 1.2 Chemical structure of (a) NIPAAm and (b) PNIPAAmM

1.4.2 Thermo sensitive hydrogels for drug delivery and cell culture

Temperature-responsive hydrogels tend to swell or shrink rapidlgsiponse to the external
temperature. This volume phase transition of the hydrogels has fouondsvapplications,
especially in the drug delivery system [28, 29]. For instancepdeature sensitive hydrogels
made from NIPAAmM and its copolymers act hydrophilic and stayheir swollen state at
temperatures below a LCST. As the temperature is increhes@ she LCST, the hydrogen
bonds begin to break and the hydrophobic state becomes more desaasileg the hdrogels to
collapse and shrink, thus releasing the embedded materialsis Ehisajor advantage of these
hydrogels. Drugs can be loaded in these hydrogels at low tetaps and then deliver to
specific locations where, the drugs will be released when theetature is increased above the
LCST. LCST can be adjusted to required specifications by copdbatien with other
monomers. In general, the addition of hydrophilic monomers inducesGB& due to the
increase of the hydrogen bonds, which in turn requires higheretatapes for bond breaking.

In contrast, the addition of hydrophobic monomers has reverse effects [29].



The thermo-responsive behavior of these polymers can also be usedl farltare. Because
cells often attach to the hydrophobic surfaces and detach frerhytlirophilic surfaces, thus
PNIPAAmM have been used to coat surfaces for cell culture andhgrovhe hydrophobic phase
of PNIPAAmM acts as an adhesive surface for cells and tteplyilic phase act as a releasing
surface [30, 31]. As the temperature drops belo%C3the PNIPAAm chains rapidly hydrate
causing the cells to detach from the surface [32]. This behaviadvantageous because it
eliminates the need for enzymatic or mechanical detachmerdllsfatlowing them to retain
their morphology and function as shown in Figure 1.2. It has been foah@&rnzymatic and

mechanical detachment can disrupt the cell membrane and causega tchaellular activities

[33].
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Figure 1.2 Temperature-responsive culture dishes [33]. (a) During culture, cells deposit
extracellular matrix (ECM) molecules and form cell-to-cell jumasi. (b) With typical
proteolytic harvest by trypsinization, both ECM and cell-to-cell junction pretaie degraded
for cell recovery. (c) Cells harvested from temperature-responsive drehesavered as intact
sheet along with deposited ECM



1.5 Objective of the research project

As described above MNPs either coated with biodegradable polymetisemnosensitive
polymers have lots of advantages for use in drug delivery and esgjiieeering applications.
The aim of our project is to develop novel multilayered particlesdfag delivery and cell
isolation. This particles posses all magnetic, degradablehanoha@sensitive components and
can be loaded with two drugs/proteins. Also, these particles caoripggated with targeting
ligands/antibodies which facilitates for specific drug delvand cell isolation. The research
aims and advantages of developed multilayered particles spkgifmadrug delivery and cell

isolation will be discussed in detailed in the upcoming chapters.

Specific aims of our project are
Aim 1. Develop multilayered magnetic nanoparticles for drug delivery

Aim 2. Develop multilayered magnetic microparticles for cell isolation



CHAPTER 2

DEVELOPMENT OF MULTILAYERED NANOPARTICLES FOR DRUG DELIERY

2.1 Introduction

Although magnetic nanoparticles have been used as MRI contrass,agerityperthermic
treatment for malignant cells and in site specific drug defij@8, 13, 14]their application in
targeted and controlled drug delivery has been limited. One reasdhid is that magnetic
nanoparticles made up of pure iron oxide cannot be loaded with drugsfoolied release [34].
Thus the incorporation of magnetic nanoparticles with polymersasi€h GA has been used to
increases their biocompatibility and ability for controlled drug dejiwea the degradation of
PLGA polymer [32, 33]. In addition, thermo sensitive poly(N-isopropylacmytie) (PNIPAAmM)
copolymer based nanoparticles with magnetic cores have beenomkxVeto provide a
temperature sensitive drug release mechanism [35, 36]. These miategpean be loaded with
a hydrophilic drug and guided to the treatment site by anrattenagnetic field. Then, an
external electromagnetic device can be used to locally tfeeseemperature above the polymer’s
Lower Critical Solution Temperature (LCST); consequently, thgmet structure collapses and
releases the drug. Polymer coated magnetic particlen afonsist of core-shell based
nanostructures. The magnetic core allows a magnetic basetingargechanism and serves as
an MRI contrast agent, whereas the shell is used to enhance tibke focompatibility while

allowing drug loading and release.



The objective of our research is to develop dynamic nanopartiafesble of providing a dual
drug delivery mechanism. To reach our goal, Multi Layered Nanolesrt{MMLNPs) with a
magnetic core and two shells made up of PNIPAAmM and PLGAh@srsin Figure 2.1, were
synthesized. PNIPAAmM was immobilized onto the magnetic nanogartiding a coupled
silane agent and free radical polymerization of the N-isopropyéanide (NIPPAAM)
monomer. The resultant PNIPAAM magnetic nanoparticles weapsalated with PLGA by a
double emulsion solvent evaporation technique [37-39]. The morphology, size &nd siz
distribution of these multilayered nanoparticles were determinedrdnsmission electron
microscope (TEM) and Dynamic Light Scattering (DLS) techgplo The effect of different
factors including surfactant PVA concentration, PLGA concentratiwh sonication power on
the particle size were determined using factorial analyBiee iron particle concentration, drug
loading and release from the selected particles of 300nm (tHeestigarticles obtained from

factorial analysis) were also studied.

PLGA shell
o d Qg
| |
| |
_ . m
NIPAAM inner layer eg———o1~

- m

n D—p. Hydrophobic drugs
D \Dt

m - Hydrophilie drugs
Magnetic core
- 4

I:IDDI:I

Figure 2.1 Magnetic PNIPAAmM PLGA core shell multilayered particle desi
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2.2 Materials and Methods

2.2.1 Materials

Poly (D, L lactide-co-glycolide) (PLGA, 50/50, Birmingham Polys)eiN-Isopropylacrylamide
(NIPAAmM, 97% Aldrich), Docusate sodium salt (AOT, Sigma-AldyjcSodium dodecyl sulfate
(SDS, 99%, Sigma-Aldrich), N,N-Methylenebisacrylamide (BI$n&i), Potassium persulfate
(KPS, 99+%, Sigma-Aldrich), Dichloromethane (DCM, MERCK KGaAnhwtrimethoxysilane
(VTMS, 98%, Aldrich) and Poly(vinyl alcohol) (PVA, 87-89%, Sigma-Adtl) were used as

obtained.

2.2.2 Preparation of magnetic nanopatrticles

Magnetic nanoparticles were synthesized in our lab usingmeampitation method of ferrous
and ferric salts in the presence of a basic solution and thetantf&©OT [34, 35]. In brief,
Ferric chloride hexahydrate and Ferrous chloride tetrahy(@atg were dissolved in 600 ml of
De-ionized (DI) water. After purging the solution with argon,da86g of AOT in 16 ml of
hexane was added and the solution was heated®@ 85t this temperature, NaOH (7.1 M) was
added. After a 2-hour reaction period, particles were washed melgnsith ethanol and then
centrifuged at 25000 rpm for 45 minutes. The magnetic nanopatielesdried in a vacuum

oven.

11



2.2.3 Preparation of VTMS—coated magnetic nanoparticles

The magnetic nanoparticles were coated with VTMS via acalysathydrolysis, followed by

electrophilic substitution of ferrous oxide on the surface of thengtagnanoparticles [35, 36].
In brief, 0.48ml of VTMS was hydrolyzed using 3% acetic acichapgresence of 99% ethanol
in water. 0.074g of magnetic nanoparticles were then dispersed bptsmmiat 100 W for 30

minutes in this solution; the VTMS coated magnetic nanoparticles thien obtained after 24
hours of vigorous mechanical stirring at room temperature. The pragdiscéxcessively washed
with a mixture of water/ethanol (1:99 v/v) to remove un-reactechbooents. The VTMS-coated

magnetic particles were collected using a magnet and dispersed irbefaterthe next step

2.2.4 Immobilization of PNIPAAmM on the surface of magnetic nanoparticles

VTMS—coated magnetic nanoparticles were used as a template yioepae NIPAAmM as

previously described [45]. In brief; 0.028g of VTMS-coated magnwaitoparticles, 0.15g of
NIPA, 0.0131g of BIS (a cross-linking agent), and 0.041 g of SDSr{actant) were sonicated
in cold water for 30 minutes. Then, the mixture was heated°@ @0d a 0.078g of KPS was
added to initiate the reaction. The solution was stirred under Aoggdour hours. The product
was purified several times with DI water using a magmédolate and collect PNIPAAmM-coated

magnetic nanoparticles.

12



2.2.5 Encapsulation of PNIPAAmM magnetic nanoparticles with PLGA

PNIPAAM magnetic nanoparticles were encapsulated with PLGAgus double emulsion
solvent evaporation method similar to that used to encapsulaterdram@xide [46] or magnetic
nanoparticles [47]. Initially, 15mg of PNIPAAmM magnetic nanopiadiovere dispersed in
300ul DI water, and this particle dispersion was added to 3% w/v ARbh@fl of DCM. The
solution was then sonicated for 30 seconds at 55W using a Micronix 3008tsotacobtain the
primary w/o emulsion. The emulsion solution was added drop wise into a 2% w/v PVArsoluti
and the mixture was then sonicated for 2 minutes at 55W power to obidmva emulsion.
After stirring overnight to allow solvent evaporation, our multi-faygagnetic nanoparticles
were collected using a magnet, washed several timesVitwater to remove bare PLGA
particles, and then centrifuged at 15000 rpm for 20min (Beckman LM10@aritrduge) to

remove residual PVA.

2.2.6 Size and morphological characterization of the multi-layer nanoparticles (MLNPS)

The obtained MLNPs were characterized for size and morpholagg Tisansmission Electron
Microscope (TEM) imaging and light dispersion methods, respectiy. TEM, nanoparticles
were placed on a plasma activated grid and observed using TEM (12Q0, tdEd@termine the
size and morphology of the particles. The size and size distriboftibre nanoparticles were

also determined by a Dynamic Light Scattering method (Nar8tradicrotrac 150).
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2.2.7 Effects of different factors on particle size

The factorial studies were conducted to evaluate the effed#fefent factors on the size of
particles. Statistical analysis software Design EXPeversion 11, Statea88) was used for
the analysis. A half-factorial experiment (4 runs instea8)dbr three factors was designed.
The three factors (independent variables) included PVA concentfaéomand 5% w/v), PLGA
concentration (2% and 3% w/v), and sonication power (35 and 55W). Theatedahesponse
(dependent outcome) was the particle size. The resulting factesign is shown in Tables 2.1
and 2.2. To evaluate the effects of factors on particle sizeglpantvere synthesized for each
run and their sizes were analyzed using TEM and DLS. Afeeabalysis, particles of 300nm

size obtained for'$run were used for later studies.

Table 2.1 Variables used for half factorial experimental design

Factors High L ow
PV A concentration 60mg (5% wi/v) 24mg (2% wiv)
PL GA concentration 90mg (3%w/v) 60mg (2% wi/v)
Sonication power S55W 35W
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Table 2.2:Half factorial experimental variables used for preparation of PLGA coatéelAAm
magnetic core shell nanoparticles

Exp. PVA conc. PL GA conc. Sonication
No. power
1 2% 3% 35W
2 5% 2% 35W
3 5% 3% 55W
4 2% 2% 55W

2.2.8 Determination of iron oxide concentration

Iron oxide concentration was determined by digesting the partiétasHCL and applying the
spectrophotometric method on these samples [48]. In brief, 2mg NPslIlere suspended in
1ml DI water and 1ml of 30% v/v HCL was added to the particles. sbhgion was incubated
at 40°C for 2 hours to initiate breakdown. 1ml of 1% w/v Ammonium persulplegeadded to
oxidize the ferrous ions present in the above solution to ferric iorel,11.0 ml of Potassium
thiocyanate (0.1M) was added to this solution and shaken for 15min tdHerlron-thiocyante.
After incubation, the absorption of this solution was read at a wavklesfg540nm and

compared with standards to get the amount of iron oxide presented in the particles.
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2.2.9 Drug loading and release studies

Bovine serum albumin (BSA) and curcumin were used as hydrophdicwtrophobic model

drugs. BSA (20mg) was first loaded into PNIPAAmM magnetic natiofegs (60 mg) that were
suspended in 20ml DI water. The solution was left on a shaker fors3atld§{C to let the drug
absorb into the particles. These loaded PNIPAAM magnetic nambg@ktiere used to form the
multilayer nanoparticles as described earlier. Second, curowas loaded by mixing 9mg of
curcumin along with 90mg of PLGA in 3ml of DCM during the emulsiorthmé described

above. Thus, curcumin was embedded in the PLGA layer while BSAoaded into the inner

PNIPAAmM layer.

Loading efficiency was calculated indirectly. Here, the amafirdrug left in the supernatant
after removing the drug-loaded particles was determined. Tlosirgmnwvas subtracted from the

initial concentration of drug to get the percentage of loading efficiergyafiion 1).

(Original conc—Supernatant conc)

Percentage loading efficiency = x 100 (D

Original conc

To study the amount of drug released at a certain time, thdadrdegd particles were suspended
in a known amount of PBS. Samples are dialyzed at 4°C and 37°C respectively, and the dialysat
was collected and replaced by fresh PBS at regular inteo¥éisne up to a maximum of 3

weeks. The collected samples were stored at -20°C until analyee samples were analyzed

for BSA release amount using B(T,XI protein assays (Pierce) following the manufacturer’s
instructions. To determine the released curcumin, the supernatapliesamere mixed with

ethanol at a 1:1 ratio to completely ensure the curcumin solubilihe absorbance of samples
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was read at 490nm, and the curcumin solutions with various concentratiags&d to obtain a
standard curve. The amount of BSA released at 4°C and 37°C and for iauatB@°C was

plotted versus time to get the drug release profile of the patrticles.

2.3. Results and Discussion

2.3.1 Size and morphological characterization of the particles

As shown in Figure 2.2, our multilayer particles obtained from iniRAfA, PLGA
concentrations of 1% w/v, 3% w/v respectively, and sonication powgs\afare in the range of
500-1000nm using TEM. The MLNPs have a solid spherical morphology witm-ainiform
rough surface, due to the presence of PNIPAAM magnetic nanogadictee PLGA shell. Itis
evident from the images that the PNIPAAmM magnetic nanoparickegpresent in the core as
well as the outside of the microparticles. The attachment of PINPPAAM magnetic
nanoparticles onto the outer surface can be attributed to the scinfage interaction between

the polymers and the magnetic attraction between the patrticles.

2.3.2 Effect of PVA, PLGA concentration and sonication power on the multiiapeparticle
size

The size of the particles depends on the droplet size formed doerenulsion step and can be

easily reduced by varying the factors like sonication power arfecsaint concentration [47].

Thus, these factors were selected to study their effects osyiitleesized particle size in our
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study. The average size of the particles measured usingWd&wompared with DLS (Figure

2.3). A half normal probability plot was obtained using the DesigneXpsdftware to

500 nm QQ

5000 nm

Figure 2.2: Transmission electron microscopic image of multilayered particl

demonstrate the relative importance of these factors. The absdalies of effects are
represented on the X-axis as squares and estimates of eeroep@sented as triangles (Figure
2.4a). The effects towards the right side of the plot are ffeatg® and the farther the factors are
from the zero region, the more significant the effects are. mibst important factors that
affected the particle size were sonication power and PVA comatientr These two factors have
a negative effect on the particle size. This means thatasicrg the sonication power and PVA

concentration would decrease the particle size. On the other hand, PLGA caioceistra
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Figure 2.3: Size of the particles obtained by factorial design.

the least important factor and has a positive effect on pagizke The response surface
diagrams were developed using Design EXfleto study the relationship between the factors
and particle size. Figure 2.4(b) shows that, at a PLGA condenti&t2.5% wl/v, it is evident
that increasing the sonication power (from 35W to 55W) and the PVA concentrabion2¥ to
5% wi/v) has the largest effect on reducing particle sizea RVA concentration of 3.5% wi/v
(Figure 2.5a) and a sonication power of 45W (Figure 4d), the pasizdencreased slightly with
an increase in PLGA concentration (from 2% to 3% w/v), thougtsigaificant. In comparison
with PLGA concentration, sonication power (Figure 2.5a) and PVA condenti&igure 2.5b)
changed particle size significantly. These observationsarsistent with other studies which
show that the size of the particles prepared by emulsion metandseeffectively controlled by
varying surfactant concentration and sonication speed [49-51]. Thesis rgygest that the
size of the formed emulsion droplets depends mainly on the surfamanentration and

homogenization speed/power in emulsion methods.

19



w
o
|

[du]
=]

£ 7

2 o oe

o = A&

[=] 3

o 3 &

5= 80 = A

T ‘A‘

=) s

= i

w50 - o

I Py CPWA Conc (% wilv)
30 o CPLGA Conc (% wiv)

C Sonication Power (W)
Positive Effects
MNegative Effects
Error from replicates
l l l l l

0.00 24.08 4316 72.24 96.33

| Standardized Effect |

(@)

MNanoparticle Size (nm) FLGA Concentration = 2.50 % wiy

5590

e
pOROT =

470
£ 40
£
v -
L
@
=
5 320
[=1
[=]
=
o
Z 270

—
2.00 35
275 e 40
3.50 45
PVA Concentration 4.25 50 Sonication Power (W)
(Yo wiv) 500 a5

(b)

Figure 2.4: a) Half-normal plot showing the effect of factors on the parizaely Surface plot
showing the effect of PLGA concentration

20



Manoparticle Size (nm) Py A Concentration = 3 50 % wiv

590
430
T 398
£
M
i 365
O
5 333 S
= Z
5 =
Z =00 i
/,_/—"’ 7
3.00 a5
2.75 730
2.50 45
PLGA Concentration 2.25 50 Sonication Power (W)
(Yo wiv}) 200 55
()
Manoparticle Size (nm) Sonication Power = 45 W

Hsgo

430
€ 398 5
k=3
N
% 968
P
=]
S 933
f=1
[=]
|
o
= 300
—
—
2.00 3.00
2.;5“\\\ 275
3.50 2.50
PWVA Concentration 425 223 PLGA
(%o wiv) 500 200 Concentration (% wiv)

(b)

Figure 2.5: Surface plot showing the effect of a) PVA concentration, agonipower on the
particle size

21



The equation for nanoparticle size in terms of actual factassobtained from factorial analysis.
The predicted nanoparticle size can be calculated for any comohinait individual factors

within the range provided in Table 2.1 using the following equation:

Particle size (nm) = 624.71 — 32.17 x (PVA conc) + 25.50 x (PLGA cedcd3 x (Sonication

Power)

2.3.3 Iron oxide concentration of multilayered nanoparticles

The iron oxide concentration of the samples (n=4) from Run 3 was radasuquantify the
magnetic particles to polymer ratio of the resultant MLNRgeight/weight of the iron oxide
concentration in the multilayered particle varied from 70 to 75#h, thhe remaining 25 to 30%
being made of PNIPAAm and PLGA. These results confirm thagnete particles are
successfully encapsulated by PNIPAAmM and PLGA. The high iron @xidi&ent is due to the
higher density of iron oxide compared to the polymer and the presénuen-encapsulated
magnetic nanoparticles, which cannot be eliminated. Bare polympariicles are eliminated by

the magnetic extraction process during synthesis.

2.3.4 Drug release profile of the multilayered nanoparticles

BSA and curcumin were selected as hydrophilic and hydrophobic modellsrogsse they can
easily be quantified. BSA was loaded into the PNIPAAmM layer,redse curcumin was

incorporated in the biodegradable PLGA shell. The loading effigiehcurcumin into PLGA
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was approximately 49.5%, which is consistent with other studies [51wiB&je hydrophobic
drugs were incorporated into PLGA particles using an emulsion meffoelloading efficiency
of BSA into the PNIPAAmM layer was approximately 65% whichesser than that obtained in
other studies [35, 36] where the hydrophilic drug was incorporated inteAA based
magnetic nanoparticles. This indicated that some BSA waased from the PNIPAAmM

magnetic nanoparticles during encapsulation with PLGA.

The release characteristics of curcumin from our nanopartiotegesl a burst effect within one
day, followed by a sustained release for the remaining 13 dalysapjfiroximately 35% of the
total encapsulated drug being released. As shown in Figure ali{a) 14% of the total drug
(curcumin) encapsulated was released within 12 hours due to a burst €ffiscmight be due to
the drug being adsorbed onto the particle. This result is cemisisith other studies of drug
loaded PLGA particles [52]. As shown in Figure 2.6(b), the perakentmulative release of
BSA at 37°C was significantly higher than at 25°C. This isistarg with previous studies [35,
36] where drug released from the PNIPAAM magnetic nanopestiolas studied and is
indicative of the temperature sensitive drug release fronPMI®AAmM layer. After 2 weeks,
53% of the encapsulated BSA was released at 25°C, wherg&¥Caapproximately 34% was
released. About 28% of BSA was released due to the initial &ffest followed by a sustained
release after 12 hours contrary to previous studies on PNIPAAM Hasgdlelivery systems
where even a higher amount of drug was released due to burstiavdfich lasted for longer
periods of time [36]. The low BSA release might be due tarthleility of BSA released from
the PNIPAAmM layer to pass through the outer PLGA layer. Ttnesyelease of both model

drugs might be dependent on the degradation of PLGA. Also, an initial burst BS/& reease
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partly attributed to the release from the PNIPAAmM magriticles attached to the surface of

the PLGA shel
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Figure 2.6: Drug release studies (a) Curcumin release, (b) 88ase
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2.4 Conclusion

In this study we have systematically developed a novel muiltddyparticle that consists of a
PNIPAAM magnetic core and PLGA shell which can be loaded mithdrugs, one hydrophilic
and the other hydrophobic. Our study shows that the particleaizbe controlled by varying
the PVA concentration and sonication power. We were able to sudbessdd the particles
with BSA and curcumin, models for hydrophilic and hydrophobic drugstickes provided a
sustained release of curcumin throughout the two weeks of studseashihe BSA release was
characterized by an initial burst release followed by aased release. The BSA release at
37°C was also significantly more than that at 25°C suggestiegnperature responsive drug

release.

Though we were successful in developing multilayered particleshwdain be loaded with two
drugs by encapsulating PNIPAAM magnetic nanoparticles withARltke applicability of the
particles for drug delivery may have some limitations. @ensn the TEM images, not all of the
PNIPAAmM magnetic nanoparticles were encapsulated and ée present on the surface of the
nanoparticles. This would affect the particle size and hindedihg release mechanism as
observed during the drug release studies. Also, the presence of the PNIPs#ghetimparticles
on the surface reduces the number of carboxylic groups availablédo conjugation with the
targeting moieties. Another limitation is that a few of thelFBMAM magnetic nanopatrticles
were encapsulated in the PLGA shell instead of a singlecigagncapsulation. This would
affect the particle size. In the future we will try tonimize the un-encapsulated PNIPAAmM
magnetic particles by careful adjustment of the parametas we will investigate methods to

improve our MLNPs.
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CHAPTER 3

DEVELOPMENT OF MULTILAYERED MICROPARTICLES FOR CELL ISOATION

3.1 Introduction

Magnetic nanoparticles are currently being used for sevdtasakation applications including
immunogenic magnetic separation [53, 54] and microbial cell separation [55 &l6kefaration
with magnetic colloidal labels [57] and isolation of cells thpéecsfically express surface
carbohydrate binding molecules using carbohydrate (e.g. celjidasrose etc) coated magnetic
beads [58] have also been studied. In all cell isolation applicatiBs are used to target and
isolate a particular cell type using a ligand-receptoedasechanism. However, conventional
magnetic nanoparticles do not support cell adhesion onto their sarfdddereby subsequently
cell growth. Another problem with the conventional MNP based selhiion systems is that
they cannot be loaded with proteins, growth factors that can bearsedrichment or stem cell
differentiation. These limitations of the MNP can be resolvedtdating the MNP with a
polymeric layer that can be loaded with biological active comporigetsyrowth factors and

release them in a controlled release rate.

The objective of our research is to develop a multi layered staek microparticles that can be
used for magnetic cell separation, enrichment and stem calahtfation. The advantage of
these microparticles is that they can be used to isolatevagtisut any use of chemicals like

Ficoll or shear force involved in conventional cell isolation procedut@sh are harmful to
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sensitive cells like stem cells. Also, these MLMPs cafohded with proteins that can be used
for cell enrichment or even stem cell differentiation. To lmeacr goal, Multi Layered
Microparticles (MLMPs) with a biodegradable polymeric core @l shells made up of MNPs
and PNIPAAmM as shown in Figure 3.1 were synthesized. PLGA micrespleaded with
biological active components were prepared using a double emulsion njédhodMagnetic
nanoparticles were incorporated onto the surface of the PLGAospiteres by covalently
bonding of silane amide of functionalized MNP with the carboxyba §COOH) groups
presented on PLGA surface in the presence of carbodiimide [€NIPAAM-AH copolymer
was then immobilized onto the magnetic nanoparticle layer @soaypled silane agent and free
radical polymerization of the N-isopropylacrylamide (NIPPAArahd Allylamine (AH)
monomers [35, 36]. The morphology, size and size distribution of thesgagarktd particles
were determined by Scanning Electron Microscope (SEM). Thmichkecomposition of the
microparticle was investigated utilizing Fourier Transformdréd Spectroscopy (FTIR). LCST
was determined by visual observation and differential scanningriroetry (DSC). The
conjugation capability of the synthesized microparticles was se$eby incorporating
fluorescent PEG and antibodies onto nanoparticles, and their fluoresgasdenaged via an
enhanced optical microscope (Cytoviva). The protein release behafi the microparticle
biodegradable core alone at temperatures of 37°C and shell alsrepatratures of 25°C and
37°C were analyzed using bovine serum albumin (BSA) as a proteir. mAts, simultaneous
protein release behavior of both the core and shell of the micieatitemperatures of 25°C
and 37°C were analyzed by using BSA as a hydrophilic model forcdhe release and

fluorescein disodium salt (FDS) as a hydrophilic model for the shedsel
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Figure 3.1: Design of Multilayered core shell microparticles
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3.2 Materials and methods

3.2.1 Materials

Poly (D, L lactide-co-glycolide) (PLGA, 50/50, Birmingham Polys)eiN-Isopropylacrylamide
(NIPAAmM, 97% Aldrich), Allylamine (AH, 99% Aldrich), Docusasedium salt (AOT, Sigma-
Aldrich), Sodium dodecyl sulfate (SDS, 99%, Sigma-Aldrich), N,N-Miethebisacrylamide
(MBA, Sigma), Ammonium persulfate (APS, 99+%, Sigma-Aldyjddichloromethane (DCM,
MERCK KGaA), Vinyltrimethoxysilane (VTMS, 98%, Aldrich), 3-Amopropyl-

trimethoxysilane (APTMS, 95%, Acros organics) Flourescein disodiaih (§DS, Acros
organics), Bovine serum albumin (BSA, Sigma), N-(3-Dimethylaopnepyl)-N’-

ethylcarbodiimide hydrochloride (EDC, SIGMA), N-Hdroxy-succinim({@HS, 98%, Aldrich)
and Poly(vinyl alcohol) (PVA, 87-89%, Sigma-Aldrich) were used latsined. Cell culture
media and supplements were obtained from Invitrogen, whereas sesnpurchased from

HyClone

3.2.2 Preparation of PLGA micro particles

PLGA microparticles loaded with BSA were prepared using a doebielsion solvent
evaporation method [62-65]. In brief, 100mg of PLGA was dissolved in %M QL0% w/v) to
form the organic phase. BSA solution (20mg of BSA dissolved in 200prhided water) was
added to the organic phase and sonicated for 30sec at 50W power using tars(@imagics,
Inc. 330 V/T) to form a primary emulsion. The resultant solutioa than emulsified with 20

ml of 0.5% w/v PVA solution at a speed of 450 rpm using magnetierstio produce a
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secondary emulsion. The solution was then left on the magnetier stivernight to allow
solvent evaporation, and the microparticles were isolated byfogatiion, washed 5 times in DI

water and freeze dried.

3.2.3 Preparation of magnetic nanopatrticles

Magnetic nanoparticles were synthesized in our lab usingmenmpitation method of ferrous
and ferric salts in the presence of a basic solution and the tantf&©OT [35, 68]. In brief,
Ferric chloride hexahydrate and Ferrous chloride tetrahy(@atg were dissolved in 600 ml of
De-ionized (DI) water. After purging the solution with argon,da86g of AOT in 16 ml of
hexane was added and the solution was heated®@ 85t this temperature, NaOH (7.1 M) was
added. After a 2-hour reaction period, particles were washed melignsith ethanol and then
centrifuged at 25,000 rpm for 45 minutes. The magnetic nhanopartiere dried in a vacuum

oven.

3.2.4 Functionalization of MNPs with silane and silane amine

The magnetic nanoparticles were coated with VTMS and APTMS&waith catalyst hydrolysis,
followed by electrophilic substitution of ferrous oxide on the surfatethe magnetic
nanoparticles as shown in Figure 3.2 (a) [35, 66-68]. In brief, 0.23ml ofS/al 0.28ml of
APTMS was hydrolyzed using 3% acetic acid in the preseng88%fethanol in water. 0.074g of
magnetic nanoparticles was then dispersed by sonication at 100 \BO faminutes in this

solution. Silane and amine coated magnetic nanoparticles (SNMMPs)then obtained after
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24 hours of vigorous mechanical stirring at room temperature. The pradiscexcessively
washed with a mixture of water/ethanol (1:99 v/v) to remove unedacomponents. The
surface functionalized magnetic particles were collected wsingagnet and were dispersed in

water before the next step

3.2.5 Coating functionalized MNPs onto the PLGA micropatrticle surface

Surface functionalized MNPs were coated onto the PLGA midioles using carbodiimide
chemistry [69]. In brief, 20mg of PLGA microparticles welispersed in 90ml 0.1% w/v MES
buffer under stirring. 14mg of SNMNPs and 5mg SDS were added to MI&SI buffer and
were dispersed by sonication at 50W power. The SNMNPs solutibarisadded to the PLGA
particle solution along with 0.16g of EDC and 0.16g of NHS, respectividig. solution was left
on the magnetic stirrer for 6 hours to allow the reaction. Th#MRs coated PLGA

microparticles were then isolated by centrifugation, washed 5 timelswater and freeze dried.

3.2.6 Immobilization of PNIPAAmM-AH on the surface of SNMNPs coated PLGA microparticle

PLGA-MNPs microparticles were used as a template to polgjn@&IPAAmM and AH in an
aqueous micelle solution as shown in Figure 3.3. SDS and BIS werasusedactant and cross
linking reagents, respectively, as previously described [35, 6).brief, 0.008 g of PLGA-
MNPs, 0.1 g of NIPAAm, 0.1 ml of AH, 0.0035 g of BIS, and 0.0005 g of SDS swmreated
at 20W in 3ml cold water for 2 minutes. 0.0096 g of APS and 1.3 pL BIEIEwere added to
the solution. The reaction was carried out at room temperature Anglamn for 4 hours with
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vigorous mechanical stirring. The product was purified sevemast with DI water by
centrifugation at 500 RPM for 5 min to collect our MLMPs, and these |[esrticere freeze-dried

before use.
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Figure 3.2: Preparation procedure of (a) Coating MNP with VTMS and APTMSéiing
SNMNPs onto the PLGA microparticles
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3.2.7 Size and morphological characterization of the multi-layer microparticles (MLMPS)

Scanning electron microscopy (SEM, Hitachi N3000) was used tomatethe size and shape
of the synthesized microparticle. In general, samples were rpeeg®y drop casting the
microparticle dispersed water solution onto a glass slide. dimples are then air dried and
surface coated with silver (Ag) using sputter coating sy<fEimermo electron, Nicolet 6700)
before observing under the SEM. This improves the electron tranemisisthe samples and

thus the contrast of the images obtained.
3.2.8 Fourier Transformed Infrared Spectroscopy (FTIR)

FTIR is used to determine the chemical composition of the obtaim@dparticles. In brief,

dried samples were dissolved in dichloromethane and a drop of thi:salas placed on NaCl
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discs. FTIR spectra were recorded in the transmission modg asihermo FT-IR Nicolet-

6700. The spectrum was taken from 4000 to 500.cm

3.2.9 Synthesis of PNIPAAM-AH copolymer

PNIPAAmM-AH copolymer was prepared and analyzed to determine the LCE& BNIPAAM-

AH shell of MLMPs. The polymerization of poly (N-isopropylacrylamide-tglkamine) [36]

was carried out in de-ionized water at room temperature using BIS as thdirtkosy agent,

SDS and APS and TEMED as a pair of redox initiators. In brief, 0.75 g of NIPA, 0.143 g of
AAm, 750 pL of AH, and 0.0262 g of BIS were dissolved in 100 mL of de-ionized water. The
solution was purged with Ar for 30 minutes. 0.078 g of APS and 101 pL of TEMED were added
to the solution and the reaction was carried out at room temperature under Argon for 2 hours.
After the reaction was completed, the polymeric solution was dialyzedsagi@-ionized water

using 6-8 kDa molecular weight cut off for 3 days to remove un-reacted atatszfore

analysis.

3.2.10 LCST Determination of PNIPAAmM-AH copolymer

The LCST of PNIPAAM-AH copolymer was determined using an U¥-$fpectrophotometer
coupled with a temperature controller as described elsewhere P00yl of PNIPAAM-AH
polymeric solution samples (n=4) were used for the experiment.sarhples were heated from
22°C to 4PC. Absorbance was recorded at 500 nm wavelength at several aeimggr The
absorbance values were then converted into percentage of ttansmitand a graph of
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percentage of transmittance versus temperature was plofee. LCST of PNIPAAmM-AH
copolymer was also determined by differential scanning caédrym(DSC). The DSC
measurements were carried out using a differential scanniogneater (Perkin-Elmer 7 series,
DSC 7). The polymer was placed in aluminum hermetic sealed gahghe nanoparticle
solution was heated at a rate of 1°C/min. A graph, heat flowséesperature, was generated

by DSC. The peak in the curve represents the LCST of the polymer.

3.2.11 Conjugation

In order to test our nanoparticles for future bioconjugation, eitheengfliorescent poly
ethylene glycol with carboxylic activated group (PEG), or Igihjugated to Texas Red was
used as a conjugated biomolecule model. In order to conjugate PEGaoofarticles, 0.01 g of
MLMPs were dissolved in 0.5 ml of MES (0.1 M) buffer solution and 0.01ED& was added.
The reaction was mixed for 10 minutes at room temperature. 0.2 FlgatPEG-SCM (FPS)
was added to the above solution and the reaction was stirred vigofmug4 hours at room
temperature under dark conditions. The solution was dialyzed (MWCO 100ukidar dark
conditions against DI-H20 for 1 week to remove un-reacted FPSsdarhple was lyophilized
and re-suspended in 50% glycerol in water before imaging.

In order to test the conjugation capability of the MLMPs, TdXed IgG-TR (bovine anti-rabbit
lgG-Texas Red) was also used. In brief, 0.01 g of MLMPs wereldestin 0.5 ml of MES (0.1
M) buffer solution and 0.01 g of EDC was added. The reaction was nveietor 10 minutes at
room temperature. 0.2 mg of IgG-TR was added to the above solutioth@ndaction was

stirred vigorously for 2 hours at room temperature under dark condifidres solution was
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dialyzed (MWCO 100 kDa) under dark conditions against DI-H20 for ékwe remove un-
reacted IgG-TR. The sample was lyophilized and re-suspended in 50étofjliycwater before

imaging by an enhanced optical fluorescent microscope (Cytoviva).

3.2.12 Protein loading and release studies

The protein release behavior of biodegradable PLGA core alone, 0 lsamsitive PNIPAAmM-
AH shell alone and the dual release behavior of the MLMP wasntlatd using bovine serum
albumin (BSA) as model protein for individual core and shell releaddéhereas, BSA and

flourescein disodium salt (FDS) are used as model proteins for duel proteimydelive

For evaluating the release of protein by PLGA microparti®&A loaded PLGA microparticles
were prepared using a double emulsion solvent evaporation method. Le#aimycy of the

particles was calculated indirectly where the amount of deftyin the supernatant after
removing the drug-loaded particles was determined. This amoursiuyaacted from the initial

concentration of drug to get the percentage loading efficiency (equation 1).

(Original conc—Supernatant conc)

Percentage loading efficiency = x 100 (D

Original conc

To study the amount of protein released at a certain timedrig loaded particles were
suspended in a known amount of PBS. Samples are dialyzed at 37°C, adimlydeste was

collected and replaced by fresh PBS at regular intervalsnef ap to a maximum of 4 weeks.
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The collected samples were stored at -20°C until analysis.sdrhples were analyzed for BSA

release amount using BEN protein assays (Pierce) following the manufacturer’s instructions.

To determine the protein release behavior of MLMPs core, MLM@&= wrepared with BSA
loaded PLGA core and no drug/protein was loaded into the shell. Loaffiogncy of the
particles was calculated as mentioned above. These partietestiven suspended in a known
amount of PBS. Samples were dialyzed at 25°C and 37°C respeciindlthe dialysate was
collected and replaced by fresh PBS at regular intervalsnef up to a maximum of 4 weeks.

The collected samples were stored at -20°C until analysis.sarhples were analyzed for BSA

release amount using BCTN protein assays (Pierce) following the manufacturer’s instructions.

To determine the protein release behavior of MLMPs shell, MLW&® prepared as mentioned
earlier using non drug loaded PLGA micropatrticles. The stighe microparticles was loaded
with hydrophilic model protein BSA. In brief, BSA (30mg) wasffiloaded into MLMPs (60
mg) that were suspended in 20ml DI water. The solution whered shaker for 3 days at 4°C
to let the drug absorb into the shell of particles. The loadifigegicy of the particles was
determined using indirect method as described earlier by cahgutae amount of BSA left in
the supernatant after the particles were separated. Pmrlase behavior of these particles was
determined at 25°C and 37°C temperatures as mentioned earlier. aniplesscollected were
stored at -20°C until analysis. The samples were analyzed for lB®Ase amount using

T

BCA M protein assays.

Dual protein release behavior of MLMP was determined by usB® &1d FDS as hydrophilic

model drugs. MLMPs were prepared using BSA loaded PLGAopaaticles as the core and
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the shell of MLMPs were then loaded with FDS through drug absarpis mentioned earlier.
The drug release behavior of these particles was determimegl dialysis method at 25°C and

37°C temperatures. The samples were collected and stored aur2D@alysis. The samples

were analyzed for BSA release amount using gMAprotein assays (Pierce) following the
manufacturer’s instructions. The amount of FDS presented sathples was determined using
fluoro-spectrophotometry with an excitation wavelength of 480nm andgsemiwavelength of
515nm (UV-Vis Spectrophotometer, Icontrol, M200). These readingstivenecompared with

a standard curve (or known standards) to obtain the amount of FDS released.

3.2.13 3T3 fibroblast cell (FCs) culture

FCs (NIH) were cultured in complete medium consisting of Duib'scdModified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% plamnisiteptomycin.
Cells were incubated in a humid environment at 37°C and 5% ©pPon 80-90% confluence,
the cells were passaged or used for experiments. Cells usdageaP12 were used in the

experiments.

3.2.14 Cell adhesion and growth on PNIPAAmM-AH surface

To determine the ability of the MLMPs surface to support aiieaion and growth, glass slides
were coated with PNIPAAmM-AH copolymer through polymer depositiothate These glass

slides were then seeded with FCs with a seeding density of t@08@nf. The samples were
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then incubated at 37°C for 48 hours in the presence of complete growih tmeallow cell
adhesion and growth. After incubation samples were fixed with 286quaraldehyde, washed
and dehydrated using 70%, 90% and 100% ethanol respectively. The saengdben freeze

dried and observed under SEM (Hitachi, N3000).

3.2.15 Fibroblast cell isolation using MLMPs

Cell isolation studies were performed in order to determinelitiéyaof the MLMPs to pick up

cells in suspension. FCs were cultured using growth media asomedl above. 10mg of
MLMPs were weighed out sterilized and suspended in 1ml growth mediagh sonication.

The cultured cells were then collected and suspended in a celhsisp#ask (TPP, Bioreactor
50ml) along with particle suspension. The suspension flask is théarlefcubation at 37°C for
18 hours to allow cell adhesion and growth on the microparticles. ifttabation particles
were extracted using a magnet, washed with PBS and fixed using 2%rpexidehyde solution.
The samples were then observed under microscope and SEM to detsthathesion onto the

microparticles.

3.2.16 Effect of MLMP cell isolation on cell morphology and growth

Studies were done to determine the effect of cell isolation dmoephology and growth. Here,
MLMPs were used to isolate FCs as mentioned above. The pmanvelee extracted using
magnet and washed with PBS to remove any cells not attdachbe particles. The samples
were then left for 30 minutes at room temperature in the growthano allow cell detachment
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from microparticles. This cell suspension was added to the glldesand incubated at 37°C for
24 hours to allow cell adhesion and growth back onto the glass slidecellh&vere then fixed
with 2% paraformaldehyde solution and stained using Hemotoxylyne amdvi#ush stains cell
nucleus and membrane respectively. The samples were then obsederdmicroscope to

determine cell morphology.

3.3 Results and Discussion

3.3.1 Size and morphological characterization of the microparticles

PLGA and MLMPs were observed using an SEM to determine theas@enorphology of the
particles. As seen in Figure 3.4(a) PLGA microparticlesiobtawere spherical in shape with
size varying from 50 to 100um. The particles were distributed wmiyjoand have smooth
surface (inset of Figure 3.4(a)). As seen in Figure 3.3(b) tbAVhave a solid spherical
morphology with a non-uniform rough surface, due to the presence ofARNMIfAH coated
magnetic nanoparticles on the PLGA core. It is evident froninthges that the SNMNP have
been effectively coated onto the surface of PLGA microsphereso, Ak seen in the inset of
Figure 3.4(b), SNMNPs are distributed uniformly throughout the sairtsf the PLGA core
providing a nanotopography which improves the adhesion of the cells ontoichaparticle

surfaces.

3.3.2 Chemical composition of the microparticles

Even though the SEM pictures show the presence of the SNMNPS onftee safrthe PLGA

core, it does not prove the presence of PNIPAAM-AH coating on thdNBI$ layer. The
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presence of PNIPAAmM-AH copolymeric shell and consequently the fanmaf the desired

MLMPs can be proved by determining the chemical composition of the micrdégartic

(b)
Figure 3.4: a) SEM image of PLGA micropatrticles b) SEM image of rayétied microparticles
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FTIR spectrum of MLMPs was obtained and compared with that of RlaG& PLGA-SNMNPs
to determine whether appropriate polymerization of PNIPAAmM-AH besurred onto the
microparticle or the particles seen in SEM are just PLGMSINs without the PNIPAAM-AH
polymeric shell. As seen in Figure 3.5(b) the strong peaks irraihge of 700-800 cth

correspond to the stretching mode of vinyl double bond present on the surface of the SNMNPs.
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Figure 3.5: FTIR spectrum of a) PLGA, b) PLGA-SNMNPs and c) MLMPs
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These vinyl bonds disappeared in the FTIR spectrum of MLMPs indicating thagratgtion of
NIPAAM-AH onto the SNMNPs layer. Also, the water attachedhm process of polymer
hydration and proton exchanged with the solvent give rise to a bruhdntense peak at
3400cm' in MLMPs spectrum which are absent in the other spectrum. —Thé- stretching
vibration of the polymer backbone is manifested through peaks at 2936-296@/ite the two
peaks in between 1600-1750 trorrespond to the amide carbonyl group and the bending
frequency of the amide N-H group respectively which confirms pghesence of amine
corresponding to the allylamine. From these observations it canrimbuded that PNIPAAmM-

AH has been successfully coated onto the surface of the SNMNPs.

3.3.3 PNIPAAmM-AH copolymer LCST determination

The LCST of the copolymer was observed arounC34At temperatures below LCST, the
polymeric solution is clearer; hence transmits more light andrlabsless. However, at
temperatures above LCST, nanoparticle solution becomes cloudy duenge chaconfirmation

of polymer becoming hydrophobic absorbs more light and transmits less.

In addition, DSC generated graph of heat flow versus temperatseiisin Figure 3.6. DSC
analysis showed a detectable endothermic drop at 34.98°C which éstoldee LCST by
observation using spectrophotometry. Therefore, the LSCT of the poigrbetween 34.5 -
35°C and polymer is essentially hydrophilic under 34°C where edde@8d transition occurs

and the polymers becomes hydrophobic above 35°C. Thus, the particles soxfared with
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PNIAAmM-AH copolymer is hydrophobic at incubation temperatures of 37R@wiag cell

adhesion and is hydrophilic at room temperature allowing cell detachment
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Figure 3.6: DSC endothermal heat flow graph showing the LSCT of PNIPAAmedkdlymer

3.3.4 Conjugation studies

Conjugation studies were performed to access the capability bffglto further conjugate with
antibodies that are bound to particular cell types for cell isolat MLMPs were essentially
conjugated with fluorescent PEG (Green) and antibodies (Realy aarbodiimide chemistry.

Conjugated particles were viewed under the cytovi{dluorescent microscope. Figure 3.7
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shows the MLMPs conjugated with florescent PEG. iglidr green color is observed
fluorescent mode, whereparticles were almosransparent when se@na phase contrast mc.
Also, Figure 3.8shows that MLMIs conjugated with fluorescent Ig@ere red in color whe
observed in florescent mode and were transparenbimal mode. These results icate that
florescent PEG and IgG wee successfully conjugated onto the particles prgpvhe presence
active amine functional grosmn the surface the mcroparticles. This functional group can

further used to conjugate with cell specific tanggimoieties for specific cell isction.
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Figure 3.7 Conjugation of nanoparticles to fluorescent PE} Schematic diagram of tl
conjugation reaction of nanoparticles with-PEG. (b) Fluorescent and phase cont
microscopy (cytoviva) image of MLMI
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3.3.5 Rotein release profile of MLMF

BSA is used as model protein for coror shell alone release studies, whe®&# and FDS ar
used for a dual protein releaBem both core and sh. These model hydrophilic compone

were selectedor their ease of quantification. The loading @éncy of the particles wz
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calculated using indirect method as mentioned before. For ML3EHE release studies the
loading efficiency of MLMPs with protein loaded shell was 32% whigds far less than
previous studies (60-65%) where hydrophilic drug was loaded intoPA&RAHNO based
nanoparticles [35, 36]. These were expected, given the effec@aeoé microparticles is less
than that of nanoparticles of same weight. Figure 3.9 (a) showsldsse profile of MLMPs
shell as different temperature (25 and 37°C). The protein releseharacterized by a burst
release with most of protein releasing within 24 hours. Also, fease was dependent on the
incubation temperature with more amount of loaded BSA being req&&C (81%) than that

at 25°C (49%).

For core release studies the loading efficiency of BSA load&l. @A core was 55% which is
consistent with other studies where PLGA is loaded with hydropbdimponents [51, 52].
Figure 3.9 (b) shows the release profile of MLMPs core at.37M@& release was characterized
by an initial burst release followed by a sustained rele@bke. initial burst release might be due
to the protein adsorbed on the particle surface being releasadddlby the protein release due
to the degradation of the PLGA core and diffusing out of the PNIPA&hshell. Also, only
50% of the total drug loaded was released which can be attributiee pootein being released
during the MNP coating and PNIPAAmM-AH polymerization procegbus results indicate that
protein release of core is dependent on both degradation of PLGA amctsleace of polymeric

shell.

Dual protein release studies were performed using BSA and F®Snadel proteins to
determine the effect of one drug release on the release offttbe The loading efficiency and

release of the proteins (seen in Figure 3.10) were simil&iatabserved in protein release from
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either core or shell alone. One important distinction is thepkagse observed in core BSA
release followed by burst release (seen in Figure 3.10(B))is might be because of the
impedance caused by FDS loaded into the shell on BSA releass.3Afays most of the FDS is
release thus prompting the sudden diffusion of BSA piled up duringy8 d&hus it can be

concluded that the release of the shell is only dependent on temmpendtereas, the release

profile of core is dependent on PLGA degradation, and the diffusion through the shell.
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3.3.6 Cell studies

The ability of the MLMPs surface to support cell adhesion watedeby growing FCs on
PINIPAAmM-AH coated glass slides. The slides were then vbedarnder SEM to determine cell
adhesion and morphology. As seen in Figure 3.11, cells were sucgessfathed to the
polymer surface with a morphology characteristic to FCs. ihdisates that the particle surface

is hydrophobic at the incubation temperature of 37°C and support cell adhesion and growth.

Figure 3.11: SEM image showing FCs attached onto PNIPAAM-AH coaiss gjide

Also, to determine the ability of MLMPs to isolate cells fransuspension, FCs were extracted
using MLMPs. MLMPs were incubated along with FCs in a susperisisk, and particles were
then collected using an external magnet. These samples werstaireed and observed under
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cytoviva™. As seerin Figure 3.1 cytoviva™ images show cells clearly adhering te surface
of the microparticles, whereonsisting of greenfluorescence and cells were stai red with
membrane dye. From tlmage cells have been attached to the particle surfadehaxe beel

successfully isolated from suspension using arrextenagnet.
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Figure 3.12 Cytoviva image showing FCs (Red) growing on thdasce of the MLMF(Green)

Cells were isolated from the MLMP by exposure tomotemperature as described earlier
cells were then reseededtora glass slic. Cells were grown for 24 hours and observed ul
microscope to determine the effect of cell isolatom cell norphology and growth As seen in
Figure 3.13 when ampared to contrs (FCs grown ora glass slide) isolated cells did 1
express any change in morphologyThese results suggestat MLMPs can be used f

successfully for cell isolation and haa minimal effect on cell viability.
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Figure 3.13: a) Conrol, b) FCs isolated by MLMP and reseeded onto a glass slide

3.4 Conclusion

In this study we have successfully developed multilayered midrdea with PLGA core and
magnetic PNIPAAmM-AH shell. SEM imaged showed that MLMPssigaeé 50-100pm were
obtained with spherical morphology and rough surface. The presenB&IBAAM-AH
copolymeric shell was confirmed by FTIR. LCST studies showatthe shell had LSCT of 34-
35°C and the particles surface was hydrophobic above 35°C and hydrophilic 36w
Conjugation studies proved that the particles can further be ctequgeath cell specific
antibodies which can be used to isolating specific cells. Protéase studies showed that
MLMPs can be loaded with two proteins. Protein release from wlaslitotally dependent on
temperature with more protein being release at 37°C, whereasnpretease of core was
dependent on PLGA degradation rate, diffusion of protein through polymerl ahd
impedance caused by protein loaded into the shell. Cell studiegdhioat the MLMPs surface
promotes cell adhesion and growth and MLMPs can be used for isolalisgrom suspension.
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Also, cell isolation and detachment using MLMPs have a miniffedteon cell morphology and

growth.

Experimental results show that MLMPs can be prepared and be arsegllf isolation and
enrichment. These particles have several advantages over conversoda@bn procedures
including that cells can be isolated without applying much cheroicphysical strain. MLMP
can also be loaded with proteins which can be used for cell emmthand stem cell
differentiation. Also, the isolated cells can be detachedustylgringing down the temperature

without any use of chemical such as trypsin as used by conventional cell datachm

3.5 Limitations and Future work

MLMPs can be effectively used for cell isolation and have lotdehatages over conventional
cell isolation procedures but, they are not perfect and have fewationis including PLGA
degradation which disrupts MLMPs integrity rendering them unsuitédyldong term cell
culture. Also, conjugation of antibodies onto the surface of the sudhthe particles may

affect the targeting capabilities of the antibodies.

In the future MLMPs will be conjugated with cell specific aotlies and the effectiveness of the
particles in isolating stem cells will be evaluated. Alsotigdas will be loaded with stem cell
differentiating and enrichment factors and the effect of tledgrase on cell differentiation and

growth will be observed.
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