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ABSTRACT

KELLY MCGOWAN: Targeted PRINT Nanoparticles for Effective Cancer Therapy
(Under the direction of Joseph DeSimone)

Conventional therapeutics for the treatment of eanare often faced with
challenges such as systemic biodistribution witthi@ body, drug degradatian vivo,
low bioavailability at the site of disease, andtaffget toxicity. As such, particulate drug
delivery systems have been developed with the dimioimizing these limitations of
current therapies. Through the PRIN{Particle Replication in Non-wetting Templates)
technology, hydrogel nanoparticles, prepared fraatdmpatible poly(ethylene glycol)
and acid-sensitive silyl ether crosslinkers, wewacfionalized and conjugated with
targeting ligands for the folate receptor (FR), FERceptor, and transferrin receptor
(TfR). By conjugating specific ligands to nanopdes to impart specificity, highly
selective targeting and internalization (>80%) @inhoparticles were demonstrated in
various cancer cell lines. The extent of cellulgtake of targeted nanoparticles was
dependent on the surface characteristics of thepaaticles, particle concentration, and
kinetics. Because a negative surface charge redunoaspecific cellular uptake,
attaching monoclonal antibodies to the surface agatively charged PRINT
nanoparticles facilitated specific binding of thetibodies to cellular surface receptors
that subsequently triggered receptor-mediated giidsis. Additionally, the multivalent

nature of nanoparticles influenced cellular uptak8pecifically, nanoparticles with a



higher valence internalized more rapidly and egintly than those with a lower valence.
Nanoparticles that selectively target and accuraulaithin diseased cells have the
potential of minimizing drug degradation under pbiegical conditions, enhancing
bioavailability at the tumor, improving the effigaof the drug, and reducing toxicity
from systemic biodistribution.

Drug delivery through targeted nanoparticles wadiemed by loading
nanoparticles with silyl ether-modified gemcitabipedrugs. Covalently reacting the
prodrug into the nanoparticle matrix minimized diogs, while the acid-sensitive silyl
ether moiety enabled release of gemcitabine atwa pél. Targeted nanoparticles
appeared to accumulate intracellularly, through-if&diated endocytosis, within acidic
vesicles whose environment could trigger degradatiothe prodrug and thus, release of
gemcitabine. Leveraging the specificity of targlet@noparticles and acid-sensitive silyl
ether-based gemcitabine, targeted nanoparticles @CL.8 x 10° nM) were far more
potent than free gemcitabine (4G 4.1 x 10 nM). Therefore, this system demonstrates
the tremendous potential of targeted PRINT nanagpest as advanced drug delivery

agents.
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CHAPTER 1

ENGINEERING PARTICLES AS POTENT DRUG DELIVERY SYSMS

1.1 Designing Nanoparticlesas Cancer Therapeutics

Conventional chemotherapeutic drugs are effectiibe treatment of cancers but
also have limitations. They are distributed nocdjmally throughout the body, affecting
both normal and cancerous céllsThis lack of specificity and thus bioavailability
decreases the efficacy of the drugs. Howeverciiyxto normal tissue limits the dose
and frequency of treatment. Thus, nanotechnolag/bdeen employed to address these
issues for therapeutic drug delivérySeveral parameters, such as particle size, shape,
modulus, surface charge, surface chemistry, ang drease, must be considered in the

rational design of drug nanocarriers and are dgsdibelow.

1.1.1 Nanoparticle Therapeutics

Through nanotechnology, researchers have develmggidods for improving the
therapeutic efficacy and functionality of canceeatments. Some extensively
researched nanovectors include nanopartfclgzsgsomes, dendrimers, and micelles

(Figure 1.1).
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Figure 1.1 Examples of nanocarrier systems for drug delivéky:nanoparticles, (B)
liposomes, (C) dendrimers, and (D) micelles. Addgtom [8].

Liposomes are spherical, self-assembled colloigaickes produced from lipid bilayers
with an inner aqueous phase. The lipids consistofydrophilic head and a hydrophobic
tail. They are appealing as nanocarriers becadistheir general biocompatibility,
biodegradability, and amphiphilicify.Both hydrophilic and hydrophobic molecules have
been incorporated into liposomal strategies witltceas. Doxil and Myocet are
liposomal formulations of the chemotherapeutic dakecin and are approved for the
treatment of metastatic breast cancer, ovarian ezanend multiple myelom#:*?
DaunoXome is daunorubicin formulated within lipossmand is indicated as a
therapeutic for advanced HIV-associated Kaposismsaal®

Micelles are another class of lipid-based nanoeesri Commonly prepared from
amphiphilic block copolymers, micelles are selfeasbled closed colloidal structures
that consist of a lipid monolayer with a hydrophobbre and hydrophilic shéff. The
hydrophilic outer region stabilizes the hydrophobimre while rendering the system
soluble under aqueous conditions. The hydrophabie serves as a reservoir for

hydrophobic or water-insoluble dru§js.By this approach, Genexol-PM and NK105 are



currently in clinical trials as polymeric micelleormulations of paclitaxel for the
treatment of various cancers, including breastcpeatic, and gastric cancer-’

Dendrimers are synthetic, branched macromoleculesanometer dimensions
(average diameter of 1.5-14.5 nm) with arms thaerek radially from a central cot®.
They are biocompatible, monodisperse, multivalaighly water soluble, and possess a
modifiable surfac&!® Polyamidoamine dendrimers are one of the mosneomly used
platform in this area and have demonstrated immgt@fBcacy as cancer treatments over
free systemic drugs such as cisplatin and methateéX*® Dendrimers can be
conjugated with targeting molecules, imaging ageotsdrugs for multifunctional drug
delivery systems, but they require numerous syittlsteps, which can be difficult to
translate into large-scale productfoff:??

Nanoparticles have also been explored as pharmeakewehicles for cancer
therapy. While they can be prepared from organdtiaorganic materials, polymers are
among the most common scaffolds for nanoparticegnthetic polymers, such &bk(2-
hydroxypropyl)methacrylamide copolymer (HPMA), p@thylene glycol) (PEG), and
poly-L-glutamic acid (PLA), have been conjugatedth@rapeutics for polymer-drug
conjugate$>%* They can be formulated to incorporate hydrophebibydrophilic cargo,
both small molecule drugs and macromolecules sschualeic acids and proteifrs®’
Nanoparticles can also be tailored to release pleertec cargo at a controlled rate in a
time- or condition-dependent fashitit’ The surface of nanoparticles can be
functionalized to influencén vivo circulation and accumulation at the target Sit&.
Naturally occurring polymers, such as albumin, a$an, and heparin, have also been

utilized to deliver chemotherapeutic drdgdor example, Abraxane is a nanoparticulate



formulation of paclitaxel in which the drug is bauby albumin. It is approved for the
treatment of metastatic breast cancer and is hewggtigated in clinical trials for the

treatment of other cancers including non-small-eaily cancer®3*

1.1.2 Particle Size and Shape

The size of particles plays an important role imdustribution in vivo and
mechanisms of cellular internalization. Most sasdhave investigated the effect of size
with spherical particles. Nanoparticles in theesiange of 10-100 nm are generally
accepted as effective drug delivery agents, deterthiby in vivo clearance and
biodistribution. Particles less than 5-10 nm gmadally cleared rapidly from circulation
through renal clearané@® and larger particles up to around 15 pm generaliect in
the liver and spleen and are removed from cirautahly the reticulo-endothelial system
(RES)3"38 Kupffer cells in the liver are actively involvéa removal of particles, as well
as mechanical filtration of particles by sinusditthe spleer®

Particle size is also a key factor in the mechangntellular internalization.
Particles can be internalized into cells throughgatytosis, macropinocytosis, caveolae-
mediated endocytosis, or clathrin-mediated endsts?*? The mode of particle entry
into cells influences subsequent intracellular oecvironments of the particle.
Understanding the mechanism of internalization vedlgoarticles to be engineered to
accumulate in particular intracellular regions dde specific triggers or drug delivery.

As the field of nanomedicine continues to advartbe, shape of particles is
emerging as a key factor in biodistribution andiudat internalization. It has been

reported that prolate elliposoids can effectivela@eh to macrophages but are not well



internalized”** Also, the geometry of interaction between theigiarand cell is critical
to inducing or inhibiting internalization. Tangeamgles of the particle at the point in
contact with macrophages must be less than 45° particle internalizatiof®
Furthermore, filomicelles, filamentous particlesttwlengths up to 18 um, have been
reported to circulatén vivo for up to one week whereby the circulation timerelated

with the length of the particl®.

1.1.3 Particle Modulus

The modulus of particles is another significantdaén designing particulate drug
delivery systems that has not been thoroughly imya&®d. One study reported the low
uptake of soft polyacrylamide beads (1-6 pum) by nmgltcages while their rigid
counterparts were readily phagocyto§edThey found that the soft particles frustrated
actin filament formation by macrophages, therelgventing internalization. Conversely,
another report of rigid liposomes decreased comg@ignactivation and thus, reduced
internalization by macrophag&s.This area requires additional research but hawistto

be an important parameter for consideration ingiesg therapeutic particles.

1.1.4 Particle Surface Charge

The surface charge of particles can influence lllimternalization andn vivo
circulation. Generally, positively charged paeglare efficiently internalized by cells
because of electrostatic interactions between dsitipely charged particle surface and

the negatively charged cellular membrah&. Particles with a positive surface charge



also undergo more phagocytosis by macrophages eadmalate in the liver and
spleer®™? Conversely, particles with negative surface cesrgypically exhibit low
cellular internalization® It has also been reported that negatively chapgeticles can

circulate longein vivoand thus, better accumulate in the turifor.

1.1.5 Particle Surface Chemistry

Surface properties of particles influence theierattions with proteins and cells
in vivo. Poly(ethylene glycol) (PEG) is often cogated to the surface of particles to
impart stealthing properties in circulation. PE&luces adsorption by serum proteins,
minimizes nonspecific cellular uptake, and decreagkagocytosis by macrophages,
thereby extending circulation time vivo.>® In addition to prolonging circulation within
the body for accumulation of particles in the tumselective interaction with cells is
important. It is desirable for particles to spieaifly internalize into cancerous cells so as
to deliver therapeutic cargo to the site of intergereby maximizing drug efficacy while
minimizing any adverse side effects. Thus, tangetigands are conjugated to the

surface of particles to promote cellular interretiian at the disease si®.

1.2 PRINT Particlesas Cancer Therapeutics

The PRINT (Particle Replication In Non-wetting Tdatps) technology is a
robust particle fabrication approach that faciégindependent control over particle size,
shape, matrix composition, and surface chemistijhas been described previoudi§?

and is illustrated in Figure 1.2. Photopolymeriealow surface energy prepolymers,



such as perfluoropolyethers, are used to genelagtomeric molds that replicate features
on a silicon master produced by photolithograpbahhiques. These molds become the

template for the fabrication of particles prepafemm proteins’ monomers®°%-%4

or
polymers>’ A preparticle solution is applied to the PRINT Ithgprovided by Liquidia
Technologies, with a sheet of poly(ethylene tereglate) (PET). The mold and PET are
laminated together under pressure to fill the eawviin the mold with the preparticle
solution. As the sheet of PET is separated froenntlold, excess preparticle solution is
effectively removed from the mold because of thghbr surface energy of the PET, and

thus, enables the formation of individual particleSolidified particles can then be

transferred to a sacrificial adhesive layer fotexdion.

> —»*—»' »»—»é

Figure 1.2 Schematic illustration of the PRINT process.

Through the PRINT platform, a variety of particl@sigure 1.3) have been
fabricated to investigate the rational design oftipi@s for delivery of therapeutics.
Particles of different shapes and sizes from 8am20 um, composed of biocompatible
polymers such as poly(ethylene glycol) (PEG), doHdctic acid), and proteins, have
been fabricated’®? Additionally, particles were prepared from nos#yl ether-based
materials and disulfide crosslinkers to producengli responsive nanocarriers for
advanced drug delivel:®> PRINT particles have also been readily loadedh wit

chemotherapeutic drugs and imaging agents as thgiapand imaging particle



system$1®5°" Furthermore, particle surfaces have been modfiedpecific targeting,
imaging, and enhancinim vivo circulation®*®® Through the PRINT process, various
factors in engineering model particles as drugveey vehicles have been investigated

and will be discussed below.
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Figure 1.3 Diverse array of hydrogel (unless noted otherwsajicles fabricated
through the PRINT platforr.

1.2.1 Particle Size and Shape

Employing the PRINT technology and its independemttrol over particle shape
and size, hydrogel particles over a range of 466 nm to 5 um) and shapes (cylinders
and cubes) were fabricated, and the interdepereffadt on internalization in HelLa cells
was investigated® Generally, large microparticles internalized msi@vly than smaller
nanoparticles, with 3 pum and 5 pm cubic particigsrnalizing minimally in HeLa cells.

Hela cells internalized more cylindrical particle¥5%) with diameters of 500 nm and



1 um 6 = 1 pm for both particles) than 2 pum cubic paescl(~45%). For the
nanoparticles, cylindrical nanoparticles with dirsem ofd = 150 nm anch = 450 nm
(aspect ratio, AR = 3) internalized most rapidlyg &ffectively. Despite a similar volume,
the more symmetric, low AR, cylindrical countergaft = 200 nm andh = 200 nm, AR

= 1) were internalized more slowly. Cylindricalnogarticles with a diameter of 100 nm
and an AR of 3 were also internalized more slowbnt nanoparticles with a diameter of
150 nm and AR of 3 (Figure 1.4). This demonstrétes the internalization kinetics of
nanoparticles by HelLa cells is dependent on bathsthe of the particles and the shape

(elongated, rod-like vs. symmetric cylinder).

100

Percent Internalization

Y 1 . 1 ¥ 1 4 1
50 100 150 200 250
Time (minutes)

—=— 150 nm (AR=3)/ 0.00795 um®
—e— 100 nm (AR=3)/ 0.00236 um’
200 nm (AR=1)/ 0.00628 um®
—w— 0.5 um (AR=2)/ 0.196 um®
1 um (AR=1)/ 0.785 um®
—<4—2um/8um’
—»—3um/27 um®
5um/ 125 um®

Figure 1.4 Internalization of PRINT particles into HeLa cedis15 pg/mL and 37 °C up
to 4 h. Legend depicts particle dimater and voldfne



Internalization of these hydrogel particles by Heledls was mostly mediated by
a combination of clathrin and caveolae pathwaygufe 1.5)° Prior to incubation with
particles, HeLa cells were incubated with variouscbemical inhibitors of energy-
dependent processes, clathrin-mediated endocytzsieplae-mediated endocytosis, and
macropinocytosis. Inhibition of cellular uptake &glls pretreated with sodium azide/2-
deoxyglucose (NaMDOG) suggests that all particles are internalitedugh an energy-
dependent process. Decreased uptake of partidssolserved for cells preincubated
with cytochalasin D (cyto D), an inhibitor of mapmocytosis/phagocytosis and also
clathrin- and caveolae-mediated endocytosis. énpesence of inhibitors for clathrin-
mediated endocytosis, Dynasore, chlorpromazine, geuistein, cellular uptake of
cylindrical nanoparticles (150 nm, AR = 3 and 208, AR = 1) decreased markedly.
For 1 um (AR = 1) particles, only chlorpromazingrsficantly inhibited uptake of the
particles. Although the mechanism of internaliaatis unclear for larger particles,
nanoparticles are clearly internalized, in part, digthrin-mediated pathways. In the
presence of inhibitors for caveolae-mediated entdsty, 3-cyclodextrin (MBCD) and
genistein, internalization of nanoparticles wagetéd more significantly than uptake of
microparticles, which was expected as caveolaergbypean only endocytose particles
in the range of 50-100 nf. This work suggests that clathrin- and caveoladiated
endocytosis, and to a lesser extent, macropinosyéws all involved in cellular uptake of
nanoparticles and microparticles. These mecharegpsar to play a larger role with the
internalization of 150 nm (AR = 3) and 200 nm (ARL¥rnanoparticles. Nonetheless,

none of the biochemical inhibitors that were stddihibited particle internalization to
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>05%, suggesting that the possibility of non-clethrand non-caveolae-mediated

mechanisms of internalization.

Genistein
MpCD
Chlorpromazine
Dynasore

Cyto D
NaN,/DoG

Control

20 40 60 80 100
% Cellular Internalization (normalized)

Il 150 nm (AR =3)
200 nm (AR =1)
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Figure 1.5 Internalization of PRINT particles into HelLa cebieincubated with various

1.2.2 Particle Modulus

inhibitors of endocytosi®

Modulus is a factor for consideration in the desifparticles for cancer therapy.

It has not been extensively explored, scientifiouiht is that the modulus of particles

dictates thein vivo biodistribution and circulation time. Red blooclls are

extraordinarily flexible, able to deform as theycdiate in vivo and pass through

restrictions in vasculature that are smaller tteirtdiametef! To investigate the effect

of particle modulus, we fabricated hydrogel micndigées, with tunable elasticity, in the

shape (biconcave disks) and size (6 um) resembédgblood cells (Figure 1.6A.
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Macroscopic coupons of the hydrogels with variedoants of crosslinker resulted in
moduli that ranged from 64 to 8 kPa, including thedulus of red blood cells (26 kPa).
In microfluidic models of vascular constrictioneetlow crosslinked, soft microparticles
readily navigated channels that were 3 pum wide &0d um long, while rigid

microparticles clogged the channels (Figure 1.6).

Figure 1.6 Deformable red blood cell mimics. (A) Fluorescenage of hydrated 10%
crosslinked particles. Scale bar is 20 um. (Bddesequence of 1% crosslinked
particles deforming to pass through 3 um x 3.5 hanoel (25 ms between frames). (C)
10% crosslinked particles stuck at entrance of saEnin microfluidic device. Scale bars

are 30 pnf?
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For in vivo studies, it was found that microparticles with lavodulus bypassei vivo
filtration mechanisms in various organs, such a&sltimg, and were able to circuldte
several days with a 30-fold increase in eliminatioalf-life relative to their rigid
counterparts. While flexible microparticles werestly sequestered into the spleen, rigid
microparticles were largely accumulated in the &in@igure 1.7§° This study
demonstrates that the modulus of particles is grortant design parameter that affects

pharmacokinetics and biodistribution.

80.00% % Recovered Fluorescence/g tissue weight
70.00% = 10% cross-linker

60.00% ® 5% cross-linker

50.00% - T 2% cross-linker
¥ 1% cross-linker
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5 T
10.00% - i T i
0.00% - = ENPS. J
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Percent Recovered Fluorescence/gram )>

Figure 1.7 Biodistribution of red blood cell mimics. (A) Drdbution of particles in
various tissues 2 h after dosing. (B) Lung tissa mouse dosed with 10% crosslinked
particles (red). Cell nuclei are stained purpld #re cytoskeleton (F-actin) is stained
green. (C) Lung tissue of a mouse dosed 6\{)vith 18%stinked particles. Scale bars are

50 pum:
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1.2.3 Particle Surface Charge

Studies have demonstrated that the surface changarticles plays an important
role in cellular internalizatio®>* So the effect of-potential of PRINT particles on
cellular uptake was explored. Cylindrical hydrog®INT nanoparticlesd(= 150 nm
andh = 450 nm) were fabricated, and their cellular kptevas investigatenh vitro with
HelLa cells’® Nanoparticles were reacted with acetic anhydridpassivate protonated
surface amine groups, shifting tligpotential from +35 mV to -34 mV. Positively
charged nanoparticles internalized into 84% ofscafter an incubation period of 1 h.
However, less than 5% of cells internalized theatiggly charged counterparts. This
suggests that the surface charge of particlesci#tiaal factor in cellular internalization

and the design of drug delivery agents.

1.2.4 Particle Surface Chemistry

Surface modification of particles is an extensivedgearched area, particularly
with the aim of extending in vivo circulation anélidering therapeutics specifically to
diseased cells. Through the PRINT platform, we ehd&abricated nanoparticles to
investigate the effect of multivalency on targetiawgd cell biology® The surface of
cylindrical d = 200 nm anch = 200 nm) hydrogel nanoparticles were conjugatdéd w
ligands specific for the transferrin receptor (T.fRHuman holo-transferrin-targeted
nanoparticles (NP-hTf) and anti-TfR antibody-tasget nanoparticles (NP-OKT9)
selectively internalized into HeLa, Ramos, H460,(8K3, HepG2, and LNCaP cancer
cell lines with varying levels of overexpressiontbé TfR, as well as HEK293 cells, a

transformed normal human cell line with low expressof the TfR (Figure 1.8A).
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Cellular uptake of targeted nanoparticles was faiencorrelate with the expression level
of TfR in the cell lines, in addition to being depent on nanoparticle concentration,
targeting ligand density, and incubation times.cantrast, control nanoparticles (NP-bTf
and NP-lgG1) were minimally internalized (<10%)alt cell lines investigated. When
the viability of cells treated with nanoparticlesasvinvestigated, no cytotoxicity to
targeted nanoparticles was observed for HeLa, H88@V3, HepG2, or LNCaP cells.
However, both NP-hTf and NP-OKT9 exhibited doseethelent cytotoxicity to Ramos
Burkitt's lymphoma cells (Figure 1.8B). It is beded that this cytotoxicity is due to the
multivalent nature of the nanoparticles with nunusraopies of specific TfR ligands hTf
and OKT9. By functionalizing the surface of nantigées with specific targeting

ligands, selective internalization was achievednaestrating the potential of targeted
PRINT nanoparticles as site-specific drug nanoeesri Moreover, the cytotoxicity of
NP-hTf and NP-OKT9 to Ramos cells only suggests pwgential of targeted

nanoparticles as effective therapeutics withouadditional chemotherapeutic payload.
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Figure 1.8 Transferrin receptor-targeted delivery of nanopbes. (A) Cellular uptake
and (B) cytotoxicity of nanoparticles in variousicar cell lines. *** P < 0.001%°

1.2.5 Delivery of Therapeutics

Effective drug delivery systems are biocompatitdeget specific, and can deliver
and release a therapeutic payload at the tumor 6itee such system includes poly(lactic
acidco-glycolic acid) (PLGA) PRINT particles with high dding of docetaxel, up to
40%>" We demonstrated the facile fabrication of pagticlin various shapes and sizes,
from PLGA, a biocompatible and bioabsorbable polyrieat has proven promise in
biomedical devices and applicatioi§® Docetaxel was easily and efficiently
encapsulated into PLGA cylindricad € 200 nm andh = 200 nm) nanoparticles. When

investigatedn vitro with SKOV3 cells, nanoparticles loaded with 40%dotetaxel were
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more efficacious (I6p = 0.013 nM) than nanoparticles of lower loadint8%, 20%, and
30%), as well as Taxotere, the clinical formulatairdocetaxel (16 = 0.103 nM, Table
1.1 and Figure 1.9). This suggests that doceiaxa&leased from the nanoparticles and
can be delivered intracellularly to trigger cytateffects that are more potent than the

current therapy.

Table1.1 ICso values of docetaxel-loaded PLGA PRINT nanopasieied Taxoter#’

ICs0 (nM of Docetaxel)

Taxotere 0.103

10% Docetaxel Nanoparticles 0.379
20% Docetaxel Nanoparticles 0.158
30% Docetaxel Nanoparticles 0.072
40% Docetaxel Nanopatrticles 0.013
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Figure 1.9 Cytotoxicity of Taxotere (red) and PLGA PRINT naadjcles with 0%
docetacel (black), 10% docetaxel (purple), 20% thoed (green), 30% docetaxel (dark
blue), and 40% docetaxel (light blue) to SKOV3 geliter 72 h. Blank nanoparticles
(0% docetaxel) were dosed at equal nanoparticleesurations to 10% docetaxel

nanoparticles’

To minimize release of chemotherapeutics from nam@gs until the drug
delivery agents reach cancerous cells, particlesotien engineered to be responsive to
acidic and reducing environments within cells. \Vdeestigated the delivery of the
encapsulated doxorubicin in microparticles desigtetelease cargo under intracellular
reducing environments such as the cyt83olCubic (2 pm) hydrogel particles were
fabricated with and without the reductively Ilabildisulfide crosslinker N,N'-
cystaminebisacrylamide (Table 1.2). Particles witie disulfide crosslinker released
doxorubicin when incubated with the reductant dittweitol (DTT), but when stirred
only in phosphate buffered saline (PBS), doxorubigias not released from the
microparticles. For particles without the disuéfidrosslinker, no release of doxorubicin

was observed in the presence of DTT.
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Table 1.2 Composition of reductively labile PRINT micropaléis. Adapted from [65].

Composition A B C
TR Saee 445 gy
N,N’-Cystaminebisacrylamide 30 0 30
Doxorubicin HCI 2 2 0
2-Aminoethylmethacrylate HCI 10 10 10
1-Hydroxycyclohexyl phenyl ketone 1 1 1

When cytotoxicity of the particles was investigatedvitro in HelLa cells, particles
containing the disulfide crosslinker and doxorutigiere markedly more cytotoxic (only
10% viable cells) than those without the reductivabile disulfide crosslinker and were
also nearly as potent as free doxorubicin (Figud®)L This work suggests that the
reducing intracellular environment triggered retea®f doxorubicin from the
microparticles. It is believed that the reductadrthe disulfide crosslinker decreased the
mesh density of the particles, thereby increadiegporosity of the particles for passive

diffusion of the cargo.
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Figure 1.10 Cytotoxicity of doxorubicin (dox) and doxorubicindded PRINT
microparticles to HelLa cells. Dosing of 1-3 was, 260, 640 pg/mL for particles and
0.05, 3.2, and 12.8 pg/mL for doxorubiéh.

Along the same lines, stimuli responsive micropéet, composed of acid
sensitive bifunctional silyl ether crosslinkers, reidabricated® A collection of novel
crosslinkers based upon silyl ether chemistry wasigthed and synthesized: dimethyl
(DMS), diethyl (DES), diisopropyl (DIS), and teft-butyl (DTS) silyl ether crosslinkers.
Silyl ethers are acid labile, and their sensitivityunable’* Large, bulky substituents on
the silicon atom create more stable materials, @dseismall substituents on the silicon
atom produce molecules that are more sensitiveitb &Vhen 5 um cubic microparticles,
fabricated from these bifunctional silyl ether loskers, were incubated under
conditions to mimic lysosomal, endosomal, and piiggical pH (pH 5.0, 6.0, and 7.4,
respectively)”® all microparticles preferentially degraded undesidie conditions
whereby the rate of degradation was acceleratéonatr pH (Figure 1.11). The rate of
acid catalyzed hydrolysis was also varied amonigst garticles fabricated from the
various silyl ether crosslinkers. Particles faatgd from the DMS crosslinker degraded

most rapidly, on the order of hours, while parscfabricated from the DES crosslinker
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were 13.6 times more stable, degrading over dayarticles fabricated from the DIS
crosslinker were most stable with a degradatior-ltial of 30.7 days, fully degrading
over months. This demonstrates the acid sengitniitthese bifunctional silyl ether
crosslinkers as well as their tunability. Silyhet crosslinkers are a promising material

in the delivery of therapeutic drugs in a contrdlfeanner.
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Figure 1.11 Release of rhodamine-B from PRINT microparticledricated from (A)
DMS, (B) DES, and (C) DIS crosslinkers, at varipiis®*
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CHAPTER 2

TARGETING PRINT® NANOPARTICLES FOR ENGINEERED DRUG DELIVERY

CARRIERS

2.1 Targeting Nanoparticlesfor Cancer Therapeutics

One method of improving nanoparticles for therajgewkelivery systems is
targeting. The goal of targeting is to specifigaleliver therapeutics to the disease site
SO as to improve both the bioavailability and tffecacy of the drug, while minimizing
adverse systemic effects. Delivery of the druthtodesired tissue is primarily achieved

by two approaches: passive and active targeting.

2.1.1 Passive Targeting

Passive targeting exploits the leaky vasculatugk @oor lymphatic drainage of
the tumor microenvironment. It is based upon thiea@ced permeability and retention
(EPR) effect. The EPR effect describes the accaton of particles and payload in the
tumor as a result of highly permeable vasculaturd defective lymphatic drainage
(Figure 2.1)* Through this method, the concentration of macteswes in tumor tissue
can reach levels up to 100 times higher than imabtissue. Extravasation of particles

into the tumor and subsequent release of drug ttencarrier are essential to passive



targeting. The extent of nanoparticle depositiol @rug accumulation is dependent
upon the size of the fenestrations and pathwagtseitumor. Liposomes have shown that
the threshold for extravasation into tumors is acbd00 nnt,

Through passive targeting, therapeutic nanopartid@mulations have
demonstrated improved efficacy over small molechlemotherapeutics and become the
basis for clinical therapy. One such success is Doxil, composed of doxombici
encapsulated within liposomes that are coated patly(ethylene glycol) (PEG). 1t is
approved for use in treating refractory Kaposi’scema, breast, and ovarian cancer and
has been shown to be more effective than free dimcin.” Formulation of the drug
within liposomes reduced uptake by the reticulo¢gheltal system and extended
circulation, thereby promoting tumor accumulatfoSuch advancements have prompted

extensive research into passively targeting drupoarriers.
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: Active cellular
o targating 4"

lymphatic drainage

Figure 2.1 Model of the two approaches of nanopatrticle tangetpassive and active
(inset). Adapted from [1].

2.1.2 Active Targeting

Active targeting is an approach that involves tbejegation of specific ligands to
the surface of nanoparticles. These ligands razegand bind specifically to tumor
tissue through cellular surface receptors. Toehtarget specificity, the biomarker is
uniquely expressed on the tumor cells with minievgdression on normal ceflsSome
receptors that have been investigated includedlatef receptor, transferrin receptor, and
human epidermal growth factor receptits Through the ligand-receptor interactions,
nanoparticles can internalize into target cells nehthe cargo can be released so as to

minimize toxicity to adjacent healthy tissue.
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A variety of ligands have been explored as targetinolecules for cancerous cells.
Most prominent are antibodies, their fragments, dedvatives. Within the last couple
decades, antibody therapeutics have emerged astipbteargeting agents in cancer
therapy. Numerous monoclonal antibodies (mAb) Hasen approved by the US Food
and Drug Administration (FDA), including rituximalrastuzumab, cetuximab, and
bevacizumab® Despite clinical success as monotherapies, matigaaly therapeutics
are being investigated as adjuvant therapies inbamation with chemotherapeutic drugs.
As adjuvant therapies, improved effects are obskemeer treatment by antibody or
chemotherapeutic alorté'® Thus, nanoparticles encapsulated with a high tading
and targeted with specific antibodies may provédcan advanced, more potent cancer
therapy than either chemotherapy- or antibody-b&sadments.

An advantage of targeting with whole monoclonalitaodies is the divalent
nature present on a single antibody that allows Migher binding avidity. Whole
antibodies are also stable during long-term storagarthermore, when immune cells
bind to the Fc portion of antibodies on targets;adl signaling cascade is triggered to Kill
cancer cells. Conversely, the Fc domain of antd®dan bind to receptors on normal
cells and result in immunogenicity and uptake afiogarticles in the liver and spleen.
Thus, antibody-based targeting efforts also incladgbody fragments such as antigen-
binding fragments (Fab), dimers of antigen-bindiragments (F(ab2), and single-chain
fragment variables (scFv), seen in Figure 2.2. pidesheir safer systemic profiles due to
diminished nonspecific binding, antibody and engned fragments are less stable than

their whole counterpart$:*’
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Antibody

F(ab), Fab’ ScFv

Figure 2.2 Various targeting ligands based upon antibodfegapted from [1].

Aptamers, nucleic acid-based ligands, have also bgplored as targeting agents
for nanoparticles® They are DNA or RNA oligonucleotides that fold imyramolecular
interaction into conformations that have bindingparties. They can be developed to
bind antigens with high affinity and specificity. They can also be selected to bind to
various targets such as transmembrane and inukrelbroteins, carbohydrates, and
small molecule® Thus, aptamers have been investigated as taggatjants and have
demonstrated potential to improve nanoparticulatey cdcarrier systems. For instance,
nanoparticles encapsulated with chemotherapeuties lemonstrated increased efficacy
in vivoas a result of aptamers targeting prostate camtist’*?

Peptides have also demonstrated potential as itaggetgents. Through
combinatorial libraries, short peptides of 10-15raracids have been developed to bind
specifically to proteins and cefl8?* They are attractive alternatives to antibodies
because of their small size, increased stabilibyyek immunogenicity, and ease of
manufacturing. One of the most widely studied pigst is the RGD (arginine-glycine-
aspartic acid) peptide, which binds to thfs cell adhesion integrin on endothelial cells.

It has been shown to enhance intracellular accumoolaof nanoparticles in

neuroblastoma and breast cancer moitelsvo.>>?’ Cilengitide is a cyclic RGD peptide
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that is being studied in clinical trials for theatment of glioblastoma, pancreatic, and
non-small cell lung cancéf* Despite the promise of the RGD peptide, it isspatific
and binds to other integrins, including: andasfB;, so it is not specific to cancer cells
and can also target healthy tisSue.

Utilizing nanoparticles to target receptors asdediawith metabolic rates has
been extensively researched. As cancer cells gamdly, receptors including the
epidermal growth factor receptor (EGFR)folate receptor (FR¥ and transferrin
receptor (TfR}® are commonly overexpressed. Specific proteinnliga for these
receptors have been conjugated onto nanoparticeachieve specific targeting in
diseased cells. Nanoparticles targeted with epidegrowth factof*° or transferrin®®’
have demonstrated increased delivery in cances &allimproved therapeutic efficacy.
Similarly, folic acid has been employed as a tangeagent for the FR, and nanopatrticles

targeted with the small molecule have shown gremt&acellular accumulation and

enhanced therapeutic poteri&y?

2.2 Nanoparticles Targeting the Folate Receptor

2.2.1 Introduction

The folate receptor (FR) is a cellular membranecgbyotein with limited
expression on healthy tissue but amplified expogssin cancer cells, such as ovarian,
breast, lung, and prostate cancers. Expression of the FR has been correlated with the

stage or grade of the cancer. Metastatic can@arsrglly express significantly more FR
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than localized tumors, and high overexpression h&f FR is associated with poor

prognosis.*

4> Although generally absent from most normal tissuke FR is found at
significant levels in the choroid plexus, placentmg, intestine, and kidney. However,
these receptors are largely inaccessible to pldstates?® Consequently, the FR is an
attractive biomarker for targeted nanotherapeutiesause of its prevalence amongst a
variety of cancer cells but limited expression ommal cells.

Two general strategies for targeting the FR invdlekc acid or monoclonal
antibodies. Folic acid is a small molecule (MW X4ith high affinity for the FR (i
~0.1 nM) because it is necessary for the synthdsmiceotide bases. Thus, it plays a
critical role in cellular survival and proliferatid’*® Folic acid is an attractive targeting
ligand because of its low molecular weight, solitjilstability, lack of immunogenicity,
commercial availability, and facile conjugation twanocarrierd? Consequently,
nanoparticles conjugated with folic acid as a tange ligand have been widely
researched and have demonstrated selective irtdacetptake in diseased cells for
delivery of therapeutic¥>>** Similarly, monoclonal antibodies against the RR.(
MOv18, MOv19) have also been explored as targdtgands for drug and diagnostic

nanocarrieré’ Through either targeting ligand, nanoparticlageting the FR bind to

cancer cells and are delivered intracellularly tigto receptor-mediated endocytosis.

2.2.2 Experimental
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2.2.2.1 Chemicals and Reagents

Biotinylated isotype control mouse IgG was purcklaem eBioscience. Anti-
folate receptor (FR) monoclonal antibody (mAb; M@yivas purchased from Axxora.
UltraAvidin was purchased from Leinco TechnologieBiotin-poly(ethylene glycol)-
succinimidyl carboxymethyl ester (941 g/mol; NHS@&Ebiotin) was purchased from
Thermo Scientific. Biotin-poly(ethylene glycol)-stinimidyl carboxymethyl ester (3400
g/mol for PEG; NHS-PE&ogbiotin) was purchased from Laysan Bio. Anhydrous
dimethylformamide (DMF) and pyridine were purchagesn Acros. Acetic anhydride
was purchased from Fisher Scientific. All otheagents were purchased from Sigma

Aldrich.

2.2.2.2 Cellsand Culture

SKOV3, MCF7, OVCAR3, and Hela, cells were from UNCCC Tissue
Culture Facility. SKOV3 cells were maintained inc@by's 5A with 10% FBS.
OVCARS3 cells were maintained in RPMI 1640 with 16®8S. MCF7 and Hela cells
were maintained in MEM with 10% FBS. All media aswpplements were from Gibco

except McCoy’s 5A, which was from Mediatech.

2.2.2.3 Fabrication of PRINT Nanoparticles

Cylindrical nanoparticlesd(= 200 nm andh = 200 nm) were fabricated using the
PRINT technique. Nanoparticles were prepared feostarting monomer solution (5%
wt/vol in DMF) consisting of 87 wt % of trimethyligropane ethoxylate triacrylate (MW

= 428 g/mol; PEGsg triacrylate), 10 wt % of 2-aminoethyl methacrylatgrochloride, 2
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wt % of fluoresceino-acrylate, and 1 wt % of 2,2-diethoxyacetophenoAemonomer
film was cast upon a sheet of poly(ethylene tetteglhte) (PET) by spreading 90 pL of
monomer solution with a mayer rod (#2, R.D. Spéieis), and it was dried with heat
using a heat gun to remove the solvent DMF. Thaoneer film and patterned mold,
provided by Liquidia Technologies, were laminatedether under pressure (40 PSI) and
then delaminated, by gently splitting the mold &ET, to yield a mold with filled
cavities. The filled mold was laminated with astiesheet of PET and then exposed to
UV irradiation ¢ = 365 nm, power 90 mW/cinfor 4 min under a nitrogen purge. The
mold was removed, leaving nanoparticles transfeorethe sheet of PET. This was due
to the higher surface energy of the PET. Millii@efed water (400 pL) was placed on
the PET, and nanoparticles were collected mechiénigdath a cell scraper. The

harvested particles were washed twice with watezdntrifugation.

2.2.2.4 Labeling anti-FR mAb with Biotin

Anti-FR mAb (1 mL, 0.5 mg/mL in PBS) was reactedhwNHS-PEG.-biotin
(2.5 pL, 25 mg/mL in DMF) for 30 min at RT. Theantion solution was then dialyzed
in a Slide-A-Lyzer dialysis cassette (10k molecwleight cut-off; Thermo Scientific)
against cold DPBS for 24 h at 4 °C to remove exddstS-PEGo-biotin. The

biotinylated antibody was then collected and staied °C.
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2.2.2.5 Determining the Biological Activity of Biotinylated anti-FR mAb

MCF7 cells were trypsinized and seeded at 50,006 oe50 pL of DPBS per
well in a round-bottom 96-well plate. The primamtibody (anti-FR mAb, biotinylated
anti-FR mAb, or IgG), at 0.5 mg/mL, was diluted @:;n DPBS, and 50 uL of the
primary antibody was added to the cells and inabdbr 30 min at 4 °C. Cells were
washed twice with cold DPBS by centrifugation. T™ezondary antibody Alexa Fluor
488 goat anti-mouse IgG (Invitrogen), at 2 mg/mlaswdiluted 1:400 in DPBS. The
diluted secondary antibody (100 pL/well) was thecubated with the cells for 30 min at
4 °C. Subsequently, cells were washed twice witkd DPBS by centrifugation.

Samples were resuspended in DPBS and analyzedaifiago CyAn flow cytometer.

2.2.2.6 Conjugation of anti-FR mAb/IgG to PRINT Nanoparticles

Nanoparticles were conjugated with anti-FR mAb g lthrough a biotin-avidin
linkage. Nanoparticles in anhydrous DMF (500 pI2 ahg/mL) were reacted with 5 mg
of NHS-PEGyogbiotin in the presence of 10 uL anhydrous of pyed the nanoparticle
dispersion was shaken on a vortex for 2 h. Acaticydride (10 puL) was added to the
dispersion, which was shaken for 10 min, to quamaieacted amines on the nanopatrticle
surface. The nanoparticles were washed twice Bitltvecco’s phosphate buffered saline
(DPBS) by centrifugation.  UltraAvidin (50 pL, 10 gimL) was added to the
nanoparticles in DPBS (2 mg/mL). The dispersionswshaken for 1 h. The
nanoparticles were washed twice with DPBS by clgation. To target the
nanoparticles, 50 pg of anti-FR mAb or IgG was addethe nanoparticle dispersion and

was shaken for 30 min at room temperature and Kegnt overnight at 4 °C. The
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nanoparticles were washed twice with DPBS by cemgation and then resuspended in

DPBS.

2.2.2.7 Physical Characterization of Nanoparticles

Scanning electron microscopy samples were prephyegipetting 10 pL of
nanoparticle solution onto a glass slide. Samplese dried and coated with 2 nm of
gold palladium with a Cressington 108 auto sputteater (Cressington Scientific
Instruments). Samples were imaged with a scanelagtron microscope (Hitachi S-
4700). The size (dynamic light scattering, DLS)d acharge {-potential) of the
nanoparticles were determined for 20 pg/mL nanaparsamples in a 1 mM potassium

chloride solution with a Malvern Instruments Nar®.Z

2.2.2.8 Determining the FR Expression in Cells

HelLa, SKOV3, MCF7, and OVCARS cells were analyzed dxpression of the
FR following the same protocol described abovetlier determination of the biological

activity of biotinylated anti-FR mAbD.

2.2.2.9 QuantitativeIn Vitro Cellular Targeting

SKOV3 and Hela cells were plated at 50,000 celld/imea 24-well plate and
allowed to adhere overnight at 37 °C and 5%, C@anoparticles in OPTI-MEM were
incubated with cells at 37 °C and 5% £@r specified amounts of time and then

removed. The cells were washed twice with DPB$®psinized, and prepared for
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analysis by flow cytometry with a 0.2% trypan blselution containing 10% FBS in

DPBS. Samples were analyzed with a Dako CyAn figtometer.

2.2.2.10 Inhibition of Cdlular Internalization of Nanoparticles

SKOV3 cells were plated at 50,000 cells/well indaviZell plate and allowed to
adhere overnight at 37 °C and 5% L@ ree anti-FR mAb or 1gG, in varying amounts in
OPTI-MEM, was dosed onto cells. The cells wereibated at 37 °C for 1 h, after which
free targeting ligands were removed. Nanoparticie®PTI-MEM, at 5 pg/mL, were
incubated with cells at 37 °C for 4 h and then reetb The cells were washed twice
with DPBS, trypsinized, and prepared for analygiglow cytometry with a 0.2% trypan
blue solution containing 10% FBS in DPBS. Samplese analyzed with a Dako CyAn

flow cytometer.

2.2.2.11 Confocal Microscopy

SKOV3 cells (50,000) were seeded in T-25 flasks afidwed to adhere
overnight at 37 °C and 5% GOCells were incubated with 15 pg/mL of nanop&tidn
OPTI-MEM for 4 h at 37 °C. Cells were washed bytadament with trypsin,
resuspended in complete media, replated onto 35-giass bottom dishes with 1.5G
cover slips (MatTek Corp.), and allowed to adhevernight at 37 °C. Nuclei were
stained with 2.5 pM DRAQ5 (Biostatus Ltd.). Cellsere fixed with 4%
paraformaldehyde. Cells were imaged with a corfdaser scanning microscope

(Olympus Fluoview FV500).

38



2.2.3 Results and Discussion

2.2.3.1 Nanoparticle Fabrication and Conjugation with Anti-FR Antibodies

The PRINT technology is a versatile platform foe tfabrication of particles
because it affords precise control over particlee,sshape, composition, and surface
chemistry?>® Through this technique, cylindrical nanopartic{ds= 200 nm anch =
200 nm), primarily composed of poly(ethylene glyd®EG; 428 g/mol) triacrylate were

fabricated (Figure 2.3).

Figure2.3 SEM of 200 nm cylindrical PRINT nanoparticles. [edaar is 3 um.

Also included within the nanoparticles were 2-aneithyl methacrylate hydrochloride,
fluoresceino-acrylate, and 2,2-diethoxyacetophenone (Table. 2.The 2-aminoethyl

methacrylate hydrochloride provided amine functlies for nanoparticle surface
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modification, while fluoresceim-acrylate fluorescently labeled the nanopartictedé

tracked and visualizeid vitro.

Table2.1 Composition of PEG-based PRINT nanopatrticles fgeting with anti-FR

antibodies.
Monomers Wt %
PEG, s triacrylate 87
2-Aminoethyl methacrylate hydrochloride 10
Fluoresceiro-acrylate 2
2,2-Diethoxyacetophenone 1

Pre-functionalized nanoparticles with no surfacedifications had a hydrodynamic
diameter of 297 nm with a narrow polydispersityaraf 0.039. They were cationic and
possessed a positivepotential of +29.2 + 0.6 mV because of the amiaecfional

groups at the surface of the nanoparticles (Taldg 2

Table2.2 Hydrodynamic diameters and zeta potentials of 28@wlindrical PRINT
nanoparticles.

Nanoparticle Diameter (nm) PDI {-Potential (mV)
Pre-functionalized 297 0.039 +29.2+£0.6
Biotinylated 300 0.010 -20.6 £ 0.5
NP-FR 298 0.08 -23.1+0.8
NP-1gG 298 0.07 -26.6+1.4
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Previously demonstrated, positively charged pasidan internalize into cells quickly
albeit nonspecificalf*®**and can also induce cytotoxicfy. Thus, such particles are
not ideal as drug delivery systems. However, negigt charged particles can
circumvent these issues because they exhibit deenlezellular uptak®:®>? Therefore,
conjugating targeting ligands to negatively chargedicles can achieve specific cellular
internalization that is better suited for improwkdg delivery agents.

For this reason, the surface of PRINT nanopartielese functionalized and
targeted with anti-human folate receptor (FR) mdoral antibodies (mADb; Figure 2.4).
Cationic pre-functionalized nanoparticles wereiatiy reacted with NHS-PE&qgbiotin.
This was followed by acetic anhydride to quench anseacted amines, thereby shifting
the (-potential to negative (-20.6 mV for biotinylatednoparticles, Table 2.2) so that
nonspecific cellular internalization could be awad Targeted antibodies were
conjugated to the nanoparticles through biotin-davithkages, so avidin was first reacted
with biotinylated nanoparticles, followed by thedgeting ligands, anti-FR antibody and
IgG. Nanoparticles functionalized with the anti-BRtibodies (NP-FR) were designed to
specifically target cancer cells that overexpréssRR, while nanopatrticles targeted with
IgG (NP-1gG) were tailored as control nanoparticldargeted nanoparticles maintained
hydrodynamic diameters around 300 nm and negdtpetentials of about -25 mV so

that nonspecific cellular internalization and cgtatity could be avoided.
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- ® NHS-PEG-Biotin ‘ )CJ)\ Avidin N
‘NH;3 DMF, Pyr H PEG-Biotin PBS pH 7.4
i Biotin-Ab _ )O]\
N
N" "PEG-Biotin-Avidin PBS pH 7.4 N PEG-Biotin-Avidin-Biotin-Ab

Figure 2.4 Scheme of nanoparticle surface modification fogeting with antibodies.

As the anti-FR antibody was attached onto nanapestithrough biotin-avidin
linkages, the antibody was first modified with loto enable conjugation. The antibody
was reacted with NHS-PEgbiotin, which randomly labeled the antibody witlotn.
Because biotinylation of the antibody was indiseniate, biological activity of the
antibody was investigated by flow cytometry befarenjugation to nanoparticles.
Binding of the original antibody and the biotingdt antibody to the FR on MCF7
(human breast cancer) cells was studied using andacy antibody labeled with the
fluorescent dye Alexa Fluor 488. Histograms inufeg2.5 illustrate similar shifts in
fluorescence for both the unmodified antibody ahd biotinylated antibody. This
demonstrates that the biotinylated antibody mametziits biological function. Labeling
the anti-FR antibody with biotin did not disrupetbinding of the antibody to the FR, so

the biotinylated antibodies were utilized in targgtPRINT nanoparticles.
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Figure 2.5 Flow cytometry histograms of (A) MCF7 cells, (B)taRR mAb binding, (C)
no nonspecific binding of the fluorescent seconderyand (D) binding of biotinylated
anti-FR mAb.

2.2.3.2 Determination of FR-Positive Cell Lines

Before investigating cellulanternalization of the nanoparticles, a varietycef
lines were investigated for the expression of tReté determine appropriaia vitro
models. HelLa (human cervical cancer), MCF7 (hurbeeast adenocarcinoma), and
SKOV3 and OVCAR3 (human ovarian adenocarcinomals cekere probed for the
expression of the FR. Cells were stained for tRewith anti-FR mAb and a secondary
antibody labeled with the fluorescent Alexa Flu&84dye and then analyzed by flow
cytometry. SKOV3, MCF7, and OVCARS cells exhibitathplified expression of the
FR, while HelLa cells had minimal levels (Figure)2.@ased on these results, SKOV3
cells were chosen as a FR-positive cell lineifowvitro studies, and HelLa cells were

selected as a FR-negative cell line.
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Figure 2.6 Histograms illustrating the level of expressiorited FR in HeLa, SKOV3,
MCF7, and OVCARS3 cells.

2.2.3.3 Quantitative In Vitro Cellular Uptake

Cellular internalization of the nanoparticles wagastigated in SKOV3 and HelLa

cells.

receptor.

SKOV3 cells overexpress the FR, but Hellts deave negligible levels of the

Initially, pre-functionalized nanopaléi& were studied. Nanoparticles were

incubated at 37 °C with the cells at varied nantigdar concentrations and incubation

times (2 and 4 h). Uptake of pre-functionalizedayzarticles was analyzed by a flow



cytometry technique to quantify the percentageetfsavith internalized nanoparticl&S.

In both SKOV3 and HelLa cells, pre-functionalized noparticles were rapidly
internalized in a dose dependent fashion (Figum@. 2.There was a high amount of
nanoparticle internalization, over 95% in HelLa s@lhd over 85% in SKOV3 cells at 4 h.
In 2 h, there was only a slight decrease in uptaite 94% of HelLa cells and 75% of
SKOV3 cells with internalized nanoparticles. Rapitérnalization of pre-functionalized
nanoparticles in both cell lines was due to theitpes (-potential that induces
nonspecific cellular binding and uptake. Rapidpspecific internalization of positively

charged PRINT particles has also been demonstpaéstibusly>*°°
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Figure 2.7 Internalization of pre-functionalized nanoparticlesSKOV3 and HelLa cells
as a function of nanoparticle concentration andlation time.

Positively charged particles can internalize in@lsc nonspecifically?®*°* and
potentially induce cytotoxicity® To avoid these issues, targeting ligands arenofte

conjugated to the surface of nanoparticles to pterspecific intracellular accumulation.
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Thus, pre-functionalized nanoparticles were funalzed for a negativé-potential to
evade nonspecific cellular uptake and then congdyatith targeting ligands for the FR
to support specific internalization. Targeted naarticles NP-FR and NP-IlgG were
incubated with SKOV3 cells at varied nanopartiadd@aentrations and incubation times.
In SKOV3 cells, which overexpress the FR, NP-FR s&lectively internalized into cells,
in a dose and time dependent manner, to over 70%hatnd over 55% in 2 h, while
minimal cells (<14%) internalized NP-IgG (Figure8R. Low uptake of NP-IgG was
attributed to the negative charge of the nanopestias well as the nonspecific IgG
ligands. In contrast, despite the negatiymotential, NP-FR exhibited higher uptake due
to the specific binding of the anti-FR mAb to thR,Rvhich induced receptor-mediated
endocytosis of the nanoparticles. By conjugatirigrgeting ligand to the surface of the
nanoparticles, NP-FR were able to overcome the Uptake of negatively charged

particles to specifically internalize into FR-exgsgng SKOV3 cells.
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Figure 2.8 Internalization of anti-FR mAb-targeted nanopaeticinto SKOV3 cells as a
function of nanoparticle concentration and inculratime.
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Additionally, NP-FR and NP-IgG were incubated wiieLa cells, which have
minimal expression of the FR. Uptake of targetadaparticles was low as compared to
that in SKOV3 cells (Figure 2.9). There was alsoirsignificant difference between
NP-FR and NP-IgG, attributed to the low level oé thR in HelLa cells. As observed
between SKOV3 and HelLa cells, the level of the RRhe cell lines strongly influences
the specific uptake of NP-FR. The amount of irdéimation of NP-FR correlates well to

the expression level of the FR on the cell lines.
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Figure2.9 Internalization of anti-FR mAb-targeted nanopes in HelLa cells as a
function of nanoparticle concentration and inculratime.

2.2.3.4 Inhibition of Nanoparticle Cellular Targeting

Specific targeting and uptake of NP-FR was confdnre SKOV3 cells through
competition with free anti-FR mAb. SKOV3 cells wancubated with free anti-FR mAb

prior to addition of NP-FR to allow the cellular E&® be bound by free ligands and thus,
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decrease those available for binding with target@dboparticles. As seen in Figure 2.10,
SKOV3 cells preincubated with free anti-FR mAb mtdized less NP-FR, with only
37% of cells having internalized nanoparticles. ddidn of the nonspecific IgG control
antibody to SKOV3 cells prior to incubation with N#R did not influence the binding
and internalization of the targeted nanoparticlépecific targeting and inhibition of
uptake with only free anti-FR mAb indicate that RR-selectively bind to the FR and

internalize through receptor-mediated endocytosis.
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Figure 2.10 Inhibition of internalization of anti-FR mAb-target nanoparticles with free
ligand in SKOV3 cells.
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2.2.3.5 Confocal Microscopy

Targeting and internalization of NP-FR in SKOV3lselas also visualized by
confocal microscopy. Cells were incubated withofescein-labeled NP-FR. As
expected, targeted nanoparticles bound and inteegainto SKOV3 cells (Figure 2.11).
NP-FR specifically targeted the FR on the surfacte cells, and through FR-mediated
endocytosis, targeted nanoparticles were intere@dlinto the cells. Based on the data,
PRINT nanopatrticles targeted with anti-FR mAb aweeptial drug delivery vehicles that
can selectively bind to cells that overexpressRReand accumulate intracellularly for

localized delivery of a therapeutic payload.

DIC NP-FR Nucleus

Figure2.11 Confocal microscopy images of specific targeting arternalization of NP-
FR in SKOV3 cells.

2.2.3.6 Effect of Targeted Ligand Density on Nanoparticle Uptake

To better understand the influence of multivalemey targeting, nanoparticles
were fabricated with varying densities of anti-FRIn(100% to 0%) by substituting the
targeting ligand with the control ligand IgG durinbe process of conjugation to
nanoparticles. Nanoparticles were incubated wkKI©83 cells for 4 h at 37 °C, and

SKOV3 cells were analyzed for nanoparticle uptakdidw cytometry. As the density
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of anti-FR mAb was decreased on the nanopartiocliésrnalization of the nanoparticles
also began to decrease (Figure 2.12). When thsitgenf anti-FR mAb was lowered

from 100% to 60%, uptake of NP-FR decreased sligintim 56% to 50%. This may

suggest that nanoparticles functionalized with Gif%he targeting ligand can achieve a
nearly similar extent of nanoparticle internalipatias those with 100% of anti-FR mAb.
Therefore, other targeting or therapeutic ligands/lhe conjugated to nanoparticles, in
addition to anti-FR mAb, to increase target speitifi or therapeutic efficacy while

maintaining high selective targeting of the nantpl®s to cancer cells. However, when
the density of anti-FR mAb was further decreased(%, a more prominent effect was
observed with only 25% of SKOV3 cells having in@imed nanoparticles. At 10% of
the targeting anti-FR mAD, effects from the nondpetgand IgG were more prevalent
as uptake of these nanoparticles were nearly simailthose with 0% of the anti-FR mAb

(or 100% of IgG). In both cases, less than 7%etisenternalized nanoparticles.
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Figure2.12 Internalization of NP-FR with varied density of theti-FR mAb targeting
ligand in SKOV3 cells.
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2.2.4 Conclusions

PRINT nanoparticles were created and investigated aictive targeting as
possible drug delivery agents. Cylindrical nantipes, composed primarily of
biocompatible PEG, were successfully fabricated emuverted from a positive surface
charge to a negativepotential to avoid nonspecific cellular uptakehey were further
engineered with anti-FR mAb targeting ligands oe #surface to facilitate specific
targeting and internalization into cancer cellshwvan amplified level of the FR. When
investigatedin vitro by flow cytometry and confocal microscopy, NP-FRhibited
specific targeting and internalization into FR-eegsing SKOV3 cells. The targeted
nanoparticles internalized in a dose and time dégetnmanner. It was also shown that
NP-FR internalized into SKOV3 cells through FR-na¢ed endocytosis, triggered by the
binding of anti-FR mAb with the receptor, becausgernalization of NP-FR was
inhibited by free targeting ligands. Additionallyptake of NP-FR correlated with the
expression level of FR in cells. SKOV3 cells réadnternalized NP-FR, while the
targeted nanoparticles did not heavily accumulatdelLa cells. Moreover, NP-FR, with
a decreased density of targeting ligands on thepeaticle surface, still internalized into
SKOV3 cells, suggesting that nanopatrticles withrelased multivalency can still target
and accumulate in cancer cells. In contrast to ARP-NP-IgG were minimally
influenced by all these factors, exhibiting lowlgklr internalization, because of their
negative surface charge and nonspecific surfacandig. By utilizing the PRINT
platform, biocompatible nanoparticles were fabedaand developed into potential drug

nanocarriers that actively target FR-expressingeacells.
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2.2.5 FutureWork

Conjugating antibodies to the surface of nanocaraes a method to enhance
specific targeting of the drug delivery systemashenonly employed by researchers. For
the FR, targeting is primarily achieved with anR-mAb or folic acid, a small molecule
ligand for the FR? Because of its small size, it can be easily maatpd for
conjugation and may be nonimmunogenic as #ellhus, it is an appealing ligand for
targeting the FR that has been researched by othBr®>' Cylindrical PRINT
nanoparticles were fabricated and conjugated witlt facid and investigateth vitro
with FR-expressing KB cells. After 4 h at 37 °@noparticles targeted with folic acid
were internalized into 85% of cells, while just 26%KB cells internalized untargeted

nanoparticles (Figure 2.13).
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Figure 2.13 Internalization of nanoparticles targeted withdacid in KB cells.
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While the results are promising, further studies egquired to confirm targeting and
internalization mechanisms of folic acid-targeteahaparticles. Additionally, future
investigations with nanoparticles targeted with sh@all molecule folic acid compared to
those targeted with anti-FR mAb would help to elate differences in nanoparticle
targeting between the targeting ligands. The PRp¥form is an ideal technique for
such a study as nanoparticles can be readily faledcand studied with independent
control of the surface chemistry and targetingridg These basic studies would benefit

and advance efforts to develop improved targetedhffeutic nanocarriers.

2.3 Nanoparticles Targeting the HER2 Receptor

2.3.1 Introduction

The human epidermal growth factor receptor 2 (HERER2heu ErbB2) is a
transmembrane tyrosine kinase receptor of the epalegrowth factor receptor (EGFR)
family.?® It is minimally expressed in normal tissue bubvgrexpressed in ovarian, lung,
and about 30% of breast cancers and is largelycided with poor prognosf$:”® There
are no known ligands for the HER2 receptor, butclptin (trastuzumab; Genentech) is a
humanized monoclonal antibody approved for thetrtmeat of metastatic breast cancer
that binds the receptor with specificity. Hercaptinhibits tumor growth as a
monotherapy, but when administered in combinatiath weytotoxic agents, it acts
synergistically’"’* As such, Herceptin is an appealing targetingnigéor the delivery

of nanoparticles containing chemotherapeutic driegsa dual functional nanocarrier.
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Thus, researchers have studied the targeting afpaaticles with Herceptin and found
that nanoparticles effectively and specificallygetr HER2-positive cancer cells and
internalize through receptor-mediated endocytts!8. When loaded with cytotoxic
agents, such as paclitaxel, methotrexate, and dbiwn, targeted nanoparticles still
demonstrated specific targeting and internalizatido cells and were generally more
potent than the free drdg’®

Herein, we describe the fabrication and modificatd PRINT nanoparticles with
ligands specific for the HER2 receptor and thevitro targeting properties of the
nanoparticles. We investigated nanoparticles thate conjugated with Herceptin
through noncovalent biotin-avidin linkages. Adalitally, nanoparticles were covalently
modified with an engineered heptameric ligand foe tHER2 receptor. These
nanoparticles were studied for targeting and acdaton in various HER2-positive
cancer cell lines. Through these two ligands, wealied the implications of the
multivalent nature of the nanoparticles on targetmemphasize that such considerations

are necessary in the rational design of targetedpeaticles for cancer therapeutics.

2.3.2 Experimental

2.3.2.1 Chemicals and Reagents

Control mouse IgG and biotinylated 1gG were pureldasrom eBioscience.
Herceptin (Genentech) was purchased from the UNGphids. The engineered

heptameric ligand for the HER2 receptor was pravitly Professor Rihe Liu (UNC
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Eshelman School of Pharmacy). UltraAvidin was pased from Leinco Technologies.
Biotin-poly(ethylene glycol)-succinimidyl carboxyrigl ester (3400 g/mol for PEG,;
NHS-PEGogbiotin) and maleimide-poly(ethylene glycol)- sudanidyl carboxymethyl
ester (5000 g/mol for PEG; NHS-PEf@mMal) were purchased from Laysan Bio.
Biotin-poly(ethylene glycol)-succinimidyl carboxymmgl ester (941 g/mol; NHS-PE&
biotin) and borate buffer were purchased from Tleer@cientific.  Anhydrous
dimethylformamide (DMF) and pyridine were purchadexn Acros. Acetic anhydride
was purchased from Fisher Scientific. All otheagents were purchased from Sigma

Aldrich.

2.3.2.2 Cellsand Culture

BT474, SKOV3, MCF7, OVCARS3, and HelLa cells werenfrdJNC LCCC
Tissue Culture Facility. BT474 cells were main&dnn RPMI 1640 with 10% FBS, 1.5
g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPEO mM sodium pyruvate, and
0.02 mg/mL human insulin. SKOV3 cells were maiméa in McCoy’s 5A with 10%
FBS. OVCARS3 cells were maintained in RPMI 1640mi0% FBS. MCF7 and HelLa
cells were maintained in MEM with 10% FBS. All neand supplements were from

Gibco except McCoy's 5A, which was from Mediatech.

2.3.2.3 Fabrication of PRINT Nanoparticles

Cylindrical nanoparticlesd(= 200 nm andh = 200 nm) were fabricated using the

PRINT technique. Nanoparticles were prepared feostarting monomer solution (5%
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wt/vol in DMF) consisting of 77 wt % of PEgy diacrylate, 20 wt % of 2-aminoethyl
methacrylate hydrochloride, 2 wt % of fluorescairacrylate, and 1 wt % of 2,2-
diethoxyacetophenone. A monomer film was cast uposheet of poly(ethylene
terephthalate) (PET) by spreading 90 puL of monosoértion with a mayer rod (#2, R.D.
Specialties), and it was dried with heat using @ lgen to remove the solvent DMF. The
monomer film and patterned mold, provided by Ligaidechnologies, were laminated
together under pressure (40 PSI) and then delaedipby gently splitting the mold and
PET, to yield a mold with filled cavities. Thel&tl mold was laminated with a fresh
sheet of PET and then exposed to UV irradiatios 865 nm, power 90 mW/cnfor 4
min under a nitrogen purge. The mold was remoleajing nanoparticles transferred on
the sheet of PET. This was due to the higher sarémergy of the PET. Milli-Q filtered
water (400 uL) was placed on the PET, and nanapestwere collected mechanically
with a cell scraper. The harvested particles wesashed twice with water by

centrifugation.

2.3.2.4 Labeling Herceptin with Biotin

Herceptin (1 mL, 2 mg/mL in PBS) was reacted wWitHINPEG2-biotin (2.5 pL,
25 mg/mL in DMF) for 30 min at RT. The reactioriigmn was then dialyzed in a Slide-
A-Lyzer dialysis cassette (10k molecule weight afif-Thermo Scientific) against cold
DPBS for 24 h at 4 °C to remove excess NHS-PHftin. The biotinylated antibody

was then collected and stored at 4 °C.
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2.3.2.5 Determining the Biological Activity of Biotinylated Her ceptin

BT474 cells were trypsinized and seeded at 50,@l8 o 50 puL of DPBS per
well in a round-bottom 96-well plate. The primamgtibody Herceptin or biotinylated
Herceptin, at 2 mg/mL, was diluted 1:200 in DPB&J &G, at 0.5 mg/mL, was diluted
1:50 in DPBS. The diluted primary antibody (50 well) was added to the cells and
incubated for 30 min at 4 °C. Cells were washeddwith cold DPBS by centrifugation.
The secondary antibody Alexa Fluor 488 goat antivéin IgG or Alexa Fluor 488 goat
anti-mouse IgG (Invitrogen), at 2 mg/mL, was ditut&:400 in DPBS. The diluted
secondary antibody (100 pL/well) was then incubatét the cells for 30 min at 4 °C.
Subsequently, cells were washed twice with cold BPB centrifugation. Samples were
resuspended in DPBS and analyzed using a BD LIBW €tytometer with an HTS

system.

2.3.2.6 Noncovalent Conjugation of Herceptin/lgG to PRINT Nanoparticles

Nanoparticles were conjugated with Herceptin or Itfitough a biotin-avidin
linkage. Nanoparticles in anhydrous DMF (500 pI2 ahg/mL) were reacted with 5 mg
of NHS-PEGyogbiotin in the presence of 10 uL anhydrous of pyecl the nanoparticle
dispersion was shaken on a vortex for 2 h. Acaticydride (10 puL) was added to the
dispersion, which was shaken for 10 min, to quanuieacted amines on the nanoparticle
surface. The nanoparticles were washed twice Bitltvecco’s phosphate buffered saline
(DPBS) by centrifugation.  UltraAvidin (50 pL, 10 gimL) was added to the
nanoparticles in DPBS (2 mg/mL). The dispersionswshaken for 1 h. The

nanoparticles were washed twice with DPBS by clgation. To target the
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nanoparticles, 50 pg of biotinylated Herceptin g6 lwas added to the nanopatrticle
dispersion and was shaken for 30 min at room teatpex and then kept overnight at 4
°C. The nanoparticles were washed twice with DRABScentrifugation and then

resuspended in DPBS.

2.3.2.7 Covalent Conjugation of Herceptin/Heptamer/IgG to PRINT Nanoparticles

Nanoparticles in anhydrous DMF (500 pL at 2 mg/mveye reacted with 5 mg of
NHS-PEGggmaleimide in the presence of 10 pL anhydrous ofidpye; the
nanoparticle dispersion was shaken on a vorteX for Acetic anhydride (10 puL) was
added to the dispersion, which was shaken for 1) tniquench unreacted amines on the
nanoparticle surface. Nanoparticles were washeacetwith Milli-Q filtered water by
centrifugation. To target nanoparticles with aodites, 50 pug of Herceptin or IgG was
added to the nanoparticle dispersion (500 puL agémh in 50 mM borate buffer pH 8.5).
To target nanoparticles with the heptamer, 50 pgdhef heptamer was added to the
nanoparticle dispersion (500 pL at 2 mg/mL in DPB8 7.4). All nanopatrticle
dispersions were shaken for 4 h at room temperati@noparticles were washed twice

with DPBS by centrifugation and then resuspendddRBS.

2.3.2.8 Physical Characterization of Nanoparticles

Scanning electron microscopy samples were prephyegipetting 10 pL of
nanoparticle solution onto a glass slide. Samplese dried and coated with 2 nm of

gold palladium with a Cressington 108 auto sputteater (Cressington Scientific
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Instruments). Samples were imaged with a scanelagtron microscope (Hitachi S-
4700). The size (dynamic light scattering, DLS)d acharge {-potential) of the
nanoparticles were determined for 20 pg/mL nanaparsamples in a 1 mM potassium

chloride solution with a Malvern Instruments Nang. Z

2.3.2.9 Determining the Expression of the HER2 Receptor in Cells

BT474, SKOV3, MCF7, OVCARZ3, and HelLa cells werelgpad for expression
of the HERZ2 receptor following the same protocaalded above for the determination

of the biological activity of biotinylated Hercepti

2.3.2.10 Quantitative In Vitro Cellular Targeting

BT474, SKOV3, and MCF7 cells were plated at 10,88Ds/well in a 96-well
plate and allowed to adhere overnight at 37 °C 84dCQ. Nanoparticles in OPTI-
MEM were incubated with cells at 37 °C and 5%,3&@ specified amounts of time and
then removed. The cells were washed twice with BPtBypsinized, and prepared for
analysis by flow cytometry with a 0.2% trypan blse@lution containing 10% FBS in
DPBS. Samples were analyzed with a BD LSRII floggometer with an HTS system.

For kinetic studies, BT474 cells were plated ab@0,cells/well in a 96-well plate
and allowed to adhere for 24 h at 37 °C and 5%. Odanopatrticles in OPTI-MEM (200
png/mL) were incubated with cells at 37 °C and 5%, @@ specified amounts of time
and then removed. Cells were then processed dar ¢ytometry analysis as described

above.
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2.3.2.11 Confocal Microscopy

BT474 cells were plated on cover slips in a 6-waite (5 x 10 cells/well)
overnight at 37 °C and 5% GOCells were incubated with 50 ug/mL of nanop&tadn
OPTI-MEM for 4 h at 37 °C. Cells were fixed, mgakrmeable with 0.1% triton-X100
in PBS for 3 min, and incubated with 1 uM of TO-PR@Invitrogen) in DPBS for 15
min. Cells were washed with DPBS, and cover skipee mounted onto glass slides with
FluorSave Reagent (Calbiochem), and cells were @ahagith a confocal laser scanning

microscope (Olympus Fluoview FV500).

2.3.2.12 Inhibition of Céellular Internalization of Nanoparticles

BT474 cells were plated at 10,000 cells/well inGavéll plate and allowed to
adhere overnight at 37 °C and 5% L£CFree Herceptin, heptamer, or IgG (6 pg) was
dosed onto cells. The cells were incubated at@7of 1 h, after which free targeting
ligands were removed. Nanoparticles in OPTI-MEWM2@0 pug/mL, were incubated with
cells at 37 °C for 4 h and then removed. The oekse washed twice with DPBS,
trypsinized, and prepared for analysis by flow ay&try with a 0.2% trypan blue solution
containing 10% FBS in DPBS. Samples were analyadda BD LSRII flow cytometer

with an HTS system.

2.3.3 Results and Discussion
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2.3.3.1 Particle Fabrication and Noncovalent Conjugation with Her ceptin/IgG

As the PRINT technology affords independent contneér particle size, shape,
matrix, and surface chemistt§>>°>"®*¢ylindrical @ = 200 nm anch = 200 nm)
nanoparticles, primarily comprised of biocompatipy(ethylene glycol) (PEG), were

fabricated through this process (Figure 2.14).

Figure2.14 SEM of cylindrical ¢l = 200 nm andh = 200 nm) nanoparticles. Scale bar is
3um.

Nanoparticles were mostly composed of the crosstifkEGqo diacrylate, and also 2-
aminoethyl methacrylate hydrochloride for functibm@andles in surface modification,
and fluoresceim-acrylate to fluorescently label nanoparticlestfackingin vitro (Table

2.3).
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Table2.3 Composition of PRINT nanoparticles for targeting.

Monomers Wt %
PEG oo diacrylate 77
2-Aminoethyl methacrylate hydrochloride 20
Fluoresceiro-acrylate 2
2,2-Diethoxyacetophenone 1

Cylindrical pre-functionalized nanoparticles witho nsurface modification had a
hydrodynamic diameter of 288 nm with a PDI of 0.11s seen in Table 2.4, they also
possessed a positiepotential +26 mV. The cationic nature of the fureetionalized
nanoparticles was due to amine functional groupssitively charged particles have been
reported to internalize rapidly though nonspecificento cells’*®"®?and can also induce
cytotoxicity®®  Alternately, negatively charged particles showw ldntracellular
internalizatio>®"%? Thus, for the purposes of drug delivery, nandglag are often
designed to have a negative charge. The use atigely charged nanoparticles helps to
minimize nonspecific uptake and in conjunction weingeting ligands, aids in achieving

specific accumulation within the disease Site.
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Table2.4 Hydrodynamic diameters and zeta potentials of PRilioparticles
throughout surface modifications to noncovalentdyjogate Herceptin.

Nanoparticle Diameter (nm) PDI (-Potential (mV)
Pre-functionalized 288 0.114 +26.0 £ 0.5
Biotinylated 284 0.111 -23.6 0.5
NP-Herc 329 0.213 -20.1+£0.3
NP-1gG 310 0.214 -18.7+0.2

Consequently, pre-functionalized nanoparticles wehénctionalized and
conjugated with targeting ligands as described ipusly. Pre-functionalized
nanoparticles were reacted with NHS-REfgbiotin and then with acetic anhydride to
guench any unreacted amines. As shown in Tablehiodinylated nanoparticles still
maintained their size (284 nm) after surface modifon. However, their surface
charges shifted to negatiepotentials (-23.6 mV) so as to inhibit nonspecialular
internalization. Through biotin-avidin linkagesrgeting ligands were conjugated onto
the surfaces of nanoparticles. Biotinylated nantigas were first reacted with avidin
and then with the targeting ligands biotinylatedrdégtin or IgG. Herceptin is a
humanized monoclonal antibody that binds with HERRjle 1gG is a nonspecific
control antibody. For Herceptin-targeted nanopkesi (NP-Herc) and IgG-targeted
nanoparticles (NP-1gG), thé-potentials were negative (around -20 mV) so as to
minimize nonspecific cellular uptake while targetifigands could facilitate specific
accumulation within tumor cells.

Because Herceptin was conjugated onto nanopartitiesigh biotin-avidin
linkages, it was first labeled with biotin to fatate attachment. Herceptin was reacted

with NHS-PEG2-biotin, resulting in antibody that was randomlyéted with biotin.
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The biological integrity of biotinylated Herceptuwas determined prior to conjugation
with nanoparticles. Binding of biotinylated Hertiepwith HER2 was investigated to
ensure that antibody activity was maintained and wat disturbed by the arbitrary
reaction with biotin. Binding of unmodified andobinylated Herceptin in BT474

(human breast carcinoma) cells was studied by flowometry using a secondary
antibody labeled with the fluorescent dye Alexadfld88. Shown in Figure 2.15, there
were similar shifts in fluorescence for unmodifeed biotinylated Herceptin, suggesting
that biotinylated Herceptin maintained its activispd could still bind to the HER2

receptor on BT474 cells. There was also minimalspecific binding of the fluorescent
secondary antibody. Based on this data, labeliegéptin with biotin did not adversely
alter its binding with HER2. That being the calsmtinylated Herceptin was used to

functionalize and target nanoparticles.
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Figure2.15 Flow cytometry histograms of (A) BT474 cells, (Bh@ing of Herceptin,
(C) no nonspecific of the fluorescent secondarjbanty, and (D) binding of biotinylated
Herceptin.

2.3.3.2 Determination of HER2-Positive Cdll Lines

Numerous cancer cell lines were investigated f@ression of the HER2 receptor.
In a similar manner used to check the integrityiofinylated Herceptin, HeLa (human
cervical cancer), MCF7 (human breast adenocarcipo@4CAR3 and SKOV3 (human
ovarian adenocarcinoma), and BT474 (human breasinoana) cells were probed for
HER2 with Herceptin as a primary antibody and amexal Fluor 488 fluorescently-
labeled secondary antibody. As shown in flow cydtmy histograms in Figure 2.16,
BT474 and SKOVS3 cells strongly expressed the HE®Zptor. Hela, MCF7, and

OVCARS3 cells demonstrated less intense shifts uroréscence, indicating decreased
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expression of the receptor. Based on these refili474, SKOV3, and MCF7 cells

were selected for further investigations with Hetoetargeted PRINT nanopatrticles.
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Figure2.16 Flow cytometry histograms of HER2 expression iriouas cancer cell lines
by labeling with Herceptin and a fluorescent (Al€taor 488) secondary antibody.

2.3.3.3 Cdlular Internalization of Nanoparticles with Noncovalently Conjugated
Herceptin/lgG

Targeting specificity of nanoparticles targetedhwiHerceptin and IgG through
noncovalent methods was investigated in variousearacell lines of differing HER2

expression. NP-Herc and NP-IgG, in increasing eatration up to 200 pg/mL, were
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incubated with BT474, SKOV3, and MCF7 cells for 4ah 37 °C. Samples were
analyzed by a flow cytometry technique to quantife percentage of cells with
internalized nanoparticlé4. As seen in Figure 2.17, BT474 cells readily ingdized NP-

Herc with nearly 95% of cells containing nanopaesc Uptake of NP-Herc was slightly
lower in SKOV3 cells (75%), and MCF7 cells inteimatl a minimal amount of NP-Herc.
This trend correlates with the expression levethaf HER2 receptor in each cell line.
BT474 cells express more HER2 receptors than SK@aAl3, which have more HER2
than MCF7 cells. Increased level of cellular HERZeptors facilitates greater
nanoparticle internalization. However, for NP-Ig@iere was negligible accumulation in
all cell lines (<2%). This demonstrates the higlecdsficity of NP-Herc as a targeted
nanoparticle system, which can discriminate cane#is with high overexpression of the

HER2 receptor from those with minimal levels of tkeeptor.
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Figure2.17 Cellular internalization of cylindrical 200 nm naeaoticles targeted with
Herceptin or IgG in BT474, SKOV3, and MCF7 cells.
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In addition to flow cytometry, targeting and intalimation of 200 nm cylindrical
NP-Herc were visualized by confocal microscopy.udréscein-labeled nanoparticles
were incubated with BT474 cells for 4 h at 37 “Based on flow cytometry results, NP-
Herc were anticipated to be readily internalized iBT474 cells, and indeed, the targeted
nanoparticles bound to the HER2 receptor and iatened into cells (Figure 2.18).
Conjugation with the HER2 receptor presumably irdl@anoparticle internalization
through receptor-mediated endocytosis. Targetsglts from both flow cytometry and
confocal microscopy demonstrate the potential olNARnanoparticles as advanced
nanomedicine through highly specific targeting ohjcigated Herceptin to the HER2

receptor and subsequent cellular internalizatiod&R2-positive cells.

Figure 2.18 Confocal microscopy images of (A) 200 nm cylindfidaorescein-labeled
NP-Herc (green), (B) in BT474 cells (nuclei staipeahd (C) merge of fluorescence and
DIC.

2.3.3.4 Effect of Targeting Ligand Density on Targeted Cellular Internalization

The density of Herceptin on the nanoparticle s@facas varied to further

understand targeting specificity. Density was ntaithd from 100% of Herceptin to 0%,
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with the total ligand concentration maintained mpsituting Herceptin for the IgG
control antibody. In other words, nanoparticleshwd% Herceptin were equivalent to
nanoparticles with 100% of IgG (NP-IgG). Cells wencubated for 4 h at 37 °C with
targeted nanoparticles (0-200 pg/mL) with varieghtid densities. In BT474 cells, all
nanoparticles with Herceptin exhibited selectivéeinalization in a dose dependent
manner, while nanoparticles with 0% Herceptin (dP-NG) had negligible uptake
(Figure 2.19). Over 85% of BT474 cells readilyermalized nanoparticles with just 50%
of Herceptin, achieving a similar uptake profileresoparticles with 75% and 100% of
Herceptin. However, when the targeting antibodyddptin accounted for only 25% of
the ligands, cellular uptake decreased slightly75¢6. Nonetheless, all nanoparticles
conjugated with some Herceptin specifically intéized into BT474 cells because of the
overexpression of cellular HER2 receptor, while oyaarticles with 0% of Herceptin (or
NP-IgG) demonstrated minimal uptake as a resultaohegative {-potential and
nonspecific control ligand. Through this studyge thigh specificity and cellular
internalization of nanoparticles with only 25% oérddeptin are promising indications for
multimeric targeting of other overexpressed reaepto increase target specificity (i.e.,
nanoparticles with various ligands that targetHigR2 and FR) or for addition of ligands

with therapeutic effects (i.e, chemotherapeutigdju
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Figure2.19 Internalization of 200 nm cylindrical nanopartictesgeted with varied
densities of Herceptin in BT474 cells.

Cellular uptake of these nanoparticles was furtheestigated in MCF7 cells,
which have a differing level of HER2 than BT474lselAs seen in Figure 2.20, less than
20% of MCF7 cells internalized nanoparticles lallelgith any Herceptin. In fact,
minimal differences in uptake were observed amongsbparticles targeted with 100%,
75%, 50%, or 25% of Herceptin. Low cellular uptakfethese nanoparticles can be
attributed to the minimal expression of the HER2emor in MCF7 cells. Based on
nanoparticle internalization in BT474 and MCF7 sethe extent of uptake of NP-Herc
correlates well with the cellular expression of HEER2 receptor. This demonstrates the
high degree of specificity with which PRINT nandpaes functionalized with Herceptin

can target diseased cells.
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Figure2.20 Internalization of 200 nm cylindrical nanopartictesgeted with varied
densities of Herceptin in MCF7 cells.

2.3.3.5 Particle Fabrication and Covalent Conjugation of Ligands Targeting HER2

In efforts to further understand the targeting ahoparticles, 200 nm cylindrical
nanoparticles were functionalized with Herceptin am engineered heptameric ligand,
both with binding affinity to the HER2 receptor.infilar to previous NP-Herc, these
nanoparticles were composed of Pkfdiacrylate, 2-aminoethyl methacrylate, and
fluorescein o-acrylate (Table 2.3). Pre-functionalized nandpke$ without surface
modifications had a hydrodynamic diameter of 295 and were positively charged

(+32.4 mV, Table 2.5).

71



Table2.5 Hydrodynamic diameters and zeta potentials of 28@ylindrical PRINT
nanoparticles for targeting with HER2 ligands.

Nanoparticle Diameter (nm) PDI (-Potential (mV)
Pre-functionalized 295 0.080 +32.4+0.2
Maleimide 300 0.017 -31.3+0.6
NP-7mer 301 0.062 -34.2+2.8
NP-Herc 299 0.125 -31.8+0.6
NP-IgG 298 0.058 -32.8+0.4

However, positive,-potentials can induce nonspecific cellular uptakeparticles®®°
and also cellular toxicit{? so pre-functionalized nanoparticles were functiazed for a
negativel-potential and conjugated with targeting ligandsthee HER2 receptor. Unlike
previously fabricated targeted PRINT nanopartictesgeting ligands were covalently
attached to the surface of nanoparticles througkeimale functional groups (Figure
2.21). Pre-functionalized nanoparticles were rshcivith NHS-PEGygmaleimide,
yielding nanoparticles with surface maleimide fuowal groups for further reaction with
targeting ligands. After quenching unreacted aswéh acetic anhydride, maleimide
nanoparticles became negatively charged (-31.%+#1)/) so as to minimize nonspecific
cellular internalization. Maleimide nanoparticlesgere then reacted with lysines in
Herceptin or IgG under moderately basic conditifpid 8.5) for covalent but arbitrary
attachment of the antibodies. Conversely, maleenmédnoparticles were reacted under
neutral conditions (pH 7.4) with heptameric ligarf@dmer) consisting of a cysteine for
site specific covalent conjugation of targetingahgs. Heptamer-targeted nanoparticles
(NP-7mer), along with covalently linked NP-Herc anNP-lgG, maintained

hydrodynamic diameters around 300 nm and negé&tpaentials around -30 mV.
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Figure2.21 Scheme of covalent conjugation of HER2 targetiggnids to the surface of
nanoparticles. (A) Functionalizing pre-functiozakl nanopatrticles for surface
maleimide functional groups. (B) Conjugating madiele nanoparticles with targeting

ligands.

2.3.3.6 Cdlular Targeting of Nanoparticleswith Covalently Conjugated Ligands

Nanoparticles were investigated in BT474 breastearells for the effects of
surface modification through covalent linkages ahd targeting of the engineered
heptameric ligand with seven sites for binding WiBR?2 receptors. After incubation
with cells for 4 h at 37 °C, samples were analyagdlow cytometry. HER2 receptor
targeting nanoparticles NP-7mer and NP-Herc wergnalized into cells, while NP-IgG

showed minimal cellular uptake of <10% (Figure 2.22bout 80% of BT474 cells
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internalized NP-7mer, while fewer cells (~40%) intdized NP-Herc, but both NP-7mer
and NP-Herc demonstrated target specificity, bigdim the HER2 receptor present on
BT474 cells to induce internalization. IntereshindNP-Herc fabricated through covalent
conjugation methods did not achieve similar lewdlsellular internalization as NP-Herc
prepared through noncovalent biotin-avidin linkag#&3% vs. 85%). However, NP-7mer
reached 80% uptake in BT474 cells, comparable teH&R formed with noncovalent

bonds.
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Figure 2.22 Internalization of nanoparticles targeted with HHRands or IgG in
BT474 cells.

A possible explanation for this is the acceleratgdrnalization of large cellular surface
complexes formed by neighboring HER2 receptorsréotenected by proteins (Figure

2.23)8183
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Figure 2.23 Models comparing the size of receptor-antibody dengs formed at
cellular surfaces by (A) one or (B) two antibodiésdapted from [81].

The heptamer can bind with up to seven HER2 recgpichile Herceptin can only bind
with a maximum of two receptors. With multiple oep of the heptameric ligand, NP-
7mer possess over three times as many binding fte$lER2 as NP-Herc. The
increased valency of NP-7mer enables larger celkuaface complexes to be formed,
and thus, facilitates internalization of the nantipkes. Similarly, NP-Herc fabricated
through biotin-avidin linkages likely formed largeceptor-antibody complexes that
enabled efficient uptake of nanoparticles becadsthear increased multivalent nature

over NP-Herc prepared by covalent means (Figuré)2.2
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Nanoparticle Valency

NP-7mer 7

NP-Herc 2
(covalent)

NP-Herc 6

(noncovalent)

Figure 2.24 Diagrams illustrating the maximal valency of NP-eland NP-7mer.

Additionally, specific targeting of NP-7mer and Mrc was visualized by
confocal microscopy. NP-7mer, NP-Herc, and NP-lgiGlabeled with fluorescein, were
incubated with BT474 cells. As expected, cellennalized NP-7mer, as observed by
intracellular nanoparticle fluorescence seen iregr@-igure 2.25), corroborating results
from flow cytometry. These targeted nanopartidbesind to the HER2 receptor on
BT474 cells, thus inducing receptor-mediated enthsty. In contrast, NP-Herc were
mostly observed at the periphery of cells, boundtiie HERZ2 receptor but not
internalized because the HER2 receptor is remaykedsistant to internalizatio}:®°
Also, the low multivalent nature of NP-Herc relaito NP-7mer likely could not create

sufficiently large antigen-antibody complexes taune efficient internalization. As a
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control, NP-1gG showed negligible internalizatioria cells due to their negative surface

charge and nonspecific ligand.

Figure2.25 Confocal micrscopy images of BT4747 cells with (#-Herc, (B) NP-
7mer, and (C) NP-IgG.

2.3.3.7 Kineticsof Internalization of Nanoparticleswith Covalently Conjugated

Ligands

To further elucidate the effect of surface chemgisind targeting ligands, the
kinetics of internalization of these nanoparticlesre investigated by flow cytometry.
Targeted nanoparticles were incubated with BT47K et 37 °C for varied periods up to
4 h. NP-7mer internalized into cells more rapitiign NP-Herc. Different ligands, both
targeting the HER2 receptor, resulted in dissimraies of nanoparticle uptake into
BT474 cells. This is a result of the differing eaty between the two targeted
nanoparticles, which influences the size of the BEBceptor-ligand complexes on the
cellular surface. Previous studies have shown that rate of internalization is
proportional to the size of HER2-ligand latti®%8?> As NP-7mer are capable of binding

more receptors and thus forming larger cellulafagie complexes than NP-Herc, it is
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expected and was observed that the rate of inteatiain of NP-7mer is more rapid than

NP-Herc.
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Figure 2.26 Kinetics of internalization of nanoparticles corgiigd with ligands for
HER2 or IgG in BT474 cells.

2.3.3.8 Competition with Free Targeting Ligands

Additionally, the effect of competing free targefiigands on internalization of
targeted nanoparticles was investigated in BT414.cd&0 confirm binding and uptake
of NP-Herc and NP-7mer, BT474 cells were initialtgubated with free Herceptin prior
to exposure to nanoparticles (200 pg/mL) to allbe free ligands to bind to the HER2
receptors on the cellular surface, decreasing terem@vailable for the nanoparticles.
Internalization of NP-Herc was greatly inhibited evhcells were incubated with free
Herceptin (Figure 2.26), indicating that NP-Here &inding to the HER2 receptor and
inducing receptor-mediated endocytosis. Howefar NP-7mer, cellular uptake was

only slightly inhibited with a drop of 80% to abou0% of cells with internalized

78



nanoparticles, indicating that the heptameric lsgdoes not bind the same epitope on the
HER2 receptor as Herceptin. Control NP-IgG werafigtted by the addition of free

Herceptin and exhibited minimal cellular uptake.
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Figure 2.27 Effect on internalization of targeted nanoparticte8T474 cells with prior
exposure to free Herceptin.

Because internalization of NP-7mer was minimallfeetied by free Herceptin,
BT474 cells were also incubated with free heptabedore addition of nanoparticles. In
this case, internalization of NP-7mer was inhibite&50% (Figure 2.28), indicating that
NP-7mer are also internalized through a receptatiated mechanism despite binding to
the HER2 receptor in a different site than Heraeptinterestingly, when BT474 cells
were incubated with free heptamer prior to the waliiof nanoparticles, internalization

of NP-Herc and NP-IgG increased to 60% and 35%ems/ely.
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Figure 2.28 Effect on internalization of targeted nanoparticte8T474 cells with prior
exposure to free heptamer.

The heptameric ligand can bind up to seven HER2ptecs to generate large cellular
lattices of receptors and ligands. Seen previgukby cellular surface complexes formed
by NP-7mer accelerate internalization. As the &eer and Herceptin bind different
epitopes of HER2, NP-Herc can bind to receptordiwita cellular surface complex
interconnected by heptameric ligands, thereby esihgninternalization of NP-Herc.
Increased cellular uptake of NP-IgG was likely geged by the same mechanism where
large, preformed antigen-heptamer complexes haightany nonspecific binding of NP-
IgG. Similar results of enhanced HER2 receptoerimdlization have been reported in
which BT474 cells incubated with antibodies thahdbidifferent epitopes stimulate
internalization because of the formation of largemtigen-antibody complex&S.
Targeting nanopatrticles with multivalent ligands deigger alternate cellular pathways

that intensify the accumulation and potency of memticle therapeutics.
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2.3.4 Conclusions

Through the PRINT technology, HER2 receptor targetnanoparticles were
successfully designed and fabricated to study titenpial of these nanoparticles for a
targeted delivery system and the effects of muktivey on targeting. Nanopatrticles
possessed a negative surface charge that avoidegpewfic cellular uptake, but through
noncovalent and covalent methods, Herceptin anthhegic ligands were conjugated to
nanoparticles, enabling specific targeting and HERReptor-mediated endocytosis,
despite the receptor's resistance to internalipatio Cellular uptake of targeted
nanoparticles was found to be dose dependent aadcakrelated with the expression
level of the HERZ2 receptor in the cells. Furtherepdhe multivalent nature of targeted
nanoparticles influenced cellular targeting ancenmalization. When Herceptin was
noncovalently conjugated onto nanoparticles, NPeH&hieved high levels of uptake in
BT474 cells through the numerous ligands on thdasar from the multiple biotin
binding sites. Similar levels of cellular uptaker& achieved with NP-7mer because of
the multivalency of the heptameric ligand that dobind and form large antigen-ligand
complexes at the cellular surface. Thus, nanapestitargeted with HER2 ligands
demonstrate potential as improved therapeuticsugirespecific targeting and induced

internalization.

2.3.5 FutureWork
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2.3.5.1 Nanoparticles Targeting the HER2 Receptor

A barrier for delivery of nanopatrticles is the I&m@f in vivocirculation. Smaller
spherical particle sizes from micro to nano havenbfound to increase circulati8h®’
However, filamentous particles (>5 um) were regergported to have long circulation
in vivo, detectable up to a week after injectfdfi’ Also, data indicates that cellular
uptake by macrophages is decreased with elongateticlps relative to spherical
structures, thus indicating a method of reducingaicdnce by the reticuloendothelial
clearance pathways so as to prolong circulaioh. Thus, these properties of
filamentous particles in conjunction with specifcgeting may unlock great potential for
therapeutic delivery of nanoparticles. To bettducidate the possibilities of
nanoparticles targeted with HER2 ligands as impilowanotherapeutics, Herceptin-
targeted cylindrical nanoparticled £ 200 nm andh = 200 nm, AR = 1) were compared
with elongated, rod-like nanoparticles (80 x 320, &R = 4). Targeting ligands were
conjugated via biotin-avidin linkages. NP-Herc aN®-lgG, in various nanoparticle
concentrations of 0-200 pg/mL, were incubated witncer cell lines of differing
expression levels of the HER2 receptor. In BT4@Wscboth types of NP-Herc exhibited
similarly specific and high internalization arou®@d%, while there was an inconsiderable

amount of cells with uptake of NP-IgG for eithenpparticle shape (Figure 2.29).

82



100-
200 nm; NP-Herc

80%x320 nm; NP-Herc
200 nm; NP-IgG
80%x320 nm; NP-IgG

Dhod

% Cells with Particle Uptake

=

I - I
0 50 100 150 200 250
Particle Concentration (ug/mL)

Figure2.29 Internalization of 200 nm cylindrical and 80 x 32 rod-like
nanoparticles targeted with either Herceptin or ig@T474 cells.

In MCF7 cells, negligible difference in cellulartage was observed between NP-
Herc and NP-IgG (Figure 2.30). Less than 5% of MGCgells internalized any
nanoparticles regardless of shape, aspect ratsyrface ligands. This can be attributed

to the minimal expression of the HER2 receptor @GR cells.
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Figure2.30 Internalization of 200 nm cylindrical and 80 x 32 rod-like
nanoparticles targeted with either Herceptin or ig®MCF7 cells.

Regardless of the nanoparticle shape and aspéat itatvas found that the extent of
internalization of NP-Herc correlated well with tbellular level of the HER2 receptor.
BT474 cells possess high amplification of the HEB@ptor so demonstrated increased
nanoparticle uptake, whereas MCF7 cells, with logression of HER2, exhibited low
uptake of all nanoparticles. This indicates thghhspecificity of NP-Herc for binding to
the HER2 receptor for cellular internalization desglongated, nonspherical shapes as
minimal differences in cellular uptake were obsdrisetween 200 nm cylindrical and 80
x 320 nm rod-like nanoparticles.

The effect of nanoparticle shape and aspect ratiche kinetics of cellular
internalization was also investigated. Targetedbparticles were incubated with BT474
and MCF7 cells at 37 °C and then analyzed for [lluptake by flow cytometry at
various time points (0-4 h). Shown in Figure 2.Biernalization of NP-Herc of either

shape followed nearly identical profiles over tlwairse of 4 h in BT474 cells. Control
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NP-IgG of both shapes in BT474 cells also exhibitedy low uptake throughout 4 h. In
MCF7 cells, due to the low expression of the HEB&ptor, there was minimal uptake

of both NP-Herc and NP-IgG in either shape ovettithe course.

100+
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Figure 2.31 Kinetics of internalization of 200 nm cylindricahé 80 x 320 nm rod-like
NP-Herc and NP-IgG in (A) BT474 and (B) MCF7 cells.
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These preliminary results suggest that, in thi® siange, targeted nanoparticles are
minimally influenced by the shape or aspect ratioregards to cellular uptake and
kinetics. Instead, the predominant factor affertoellular uptake of NP-Herc is the
expression level of the HER2 receptor in diseasetls cbecause nanoparticle
internalization is regulated by HER2 receptor-mttiaendocytosis. Further studies
would be necessary to fully elucidate the effedtparticle shape and size, but initial
results are promising for the application of norespdal nanoparticles as advanced
targeted nanotherapeutics.  Additional nanopartisteapes and sizes should be
investigated, specifically nanoparticles with gesaspect ratios, such as filamentous 80
x 2000 nm (AR = 25) or 80 x 5000 nm (AR = 62.5) myaarticles. Targeting capabilities
of these nanoparticles must be affirmed, in additein vivo pharmacokinetics resulting
from the varied sizes to determine whether targétachentous particles exhibit similar
prolonged circulation and accumulation at the turside as compared to untargeted

counterparts.

2.3.5.2 Nanoparticles Targeting the HER1 Receptor

With the success of targeting PRINT nanoparticléh Wweptameric ligands for
the HER2 receptor, targeting the HER1 receptor (BEGEbB1), another member of the
epidermal growth factor receptor family, was inigaied. The HER1 receptor is
overexpressed in 20-80% of breast cancers, amdmggsptand both HER1 and HER2
receptor drive growth and progression of tuniors.>> Cylindrical nanoparticlesd(=
200 nm andch = 200 nm) were covalently conjugated with engieddreptameric ligands

(provided by Professor Rihe Liu from the UNC EshmtmSchool of Pharmacy) or
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nonspecific control IgG. Targeted nanoparticleseniacubated with A431 (epidermoid
carcinoma) and SKOV3 (human ovarian adenocarcinaeléy for 4 h at 37 °C. As seen
in Figure 2.32, over 90% of A431 cells specificaliyernalized NP-7mer because of the
high expression level of the HER1 receptor. HoweWwP-7mer did not exhibit
significant cellular uptake in SKOV3 cells becao$eninimal expression of the receptor.
For NP-IgG, there was low uptake in both cell limssa result of the nonspecific ligand

and negative surface charge.

100-
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80- @ A431 NP-IgG
- SKOV3 NP-7mer
60 0O SKOV3 NP-1gG
40-
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Figure 2.32 Cellular internalization of cylindrical nanopargsl targeted with heptameric
ligands for the HER1 receptor or IgG in A431 andC8K3 cells.

Selective internalization of NP-7mer was also obserby confocal microscopy
(Figure 2.33). NP-7mer, labeled with fluoresceuere prevalent throughout A431 cells
as the nanoparticles bound to the HER1 receptor veeed presumably internalized
through receptor-mediated endocytosis. Conversélfe-IgG  were minimally

internalized.
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Figure 2.33 Confocal microscopy images of (A) HER1 NP-7mer égieand (B) NP-
IgG in A431 cells.

These promising preliminamn vitro results from targeting with heptameric ligands for
the HER1 receptor demonstrate the versatility ofNARhanoparticles to be designed and
fabricated to accommodate specific targets ancadese Further investigation into HER1
targeting is necessary to confirm the target smetyif of the nanoparticles, such as
competition with free ligand as well as comparisothe approved monoclonal antibody
against HER1, Erbitux (cetuximab). Furthermorege tmultivalency of these
nanoparticles may allow for the presence of varitaigeting agents (i.e., HER2
heptameric ligand, Herceptin, antibodies against /R or TfR) on the nanoparticle
surface to enhance target specificity for drugwdel, or therapeutic agents, such as
chemotherapeutic drugs, can be conjugated to thepaaticle surface while maintaining
high specificity for tumor cells. Additional reseh is required to determine the potential

of these nanoparticles as improved targeted drligetye agents.
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CHAPTER 3

ENGINEERED TARGETED PRINT NANOPARTICLES FOR DRUG DELIVERY

3.1 Degradable Silyl Ether Nanoparticles

3.1.1 Introduction

Numerous advancements have emerged in the devehbphengineered drug
delivery nanocarriers for more effective cancerrdpeutics. Improvements include
stimuli-responsive drug delivery agents that achidetter targeted efficiency and
treatment efficacy of the chemotherapetti®Researchers have developed sophisticated
systems that undergo cleavage or degradation zathlgy biologicaltriggers such as
temperature and pf  In particular, hydrazoné@ trityls,” aconityls'®** vinyl
ethers'*** polyketalst**® acetals® poly(ortho esters)’ and thiopropionaté® exploit a
pH gradient to trigger degradation. However, thesaterials are limited by poor
tunability, toxic degradation prodructs, or comp$gxtheses.

Thus, we reported the development of silyl ethesebabiomaterials that are
sensitive to pH? Silyl ethers are commonly employed as protectmmups in organic

chemistry because the rate of deprotection canrettby varying the substituents on the

silicon atom?® Less hindered substituents create silyl ethersate more susceptible to



acid catalyzed hydrolysis. For instance, the neastabilities of trimethyl silyl ether
(TMS), triethyl silyl ether (TES), and triisopropgllyl ether (TIS) to acid catalyzed

hydrolysis are 1, 64, and 700,000, respectivelypl@8.1)*°

Table 3.1 Chemical structures of silyl ethers and their reéastabilities to acid
catalyzed hydrolysis.

Trimethyl silyl ether Triethyl silyl ether  Triisopropyl silyl
(TMS) (TES) ether (TIS)

P R/\O_K /\Y{

Chemical Structure R™ "O-Si— Si R™ "O-Si
| /
Relative Stability 1 64 700,000

This example shows that the rate of deprotectiom reage over multiple orders of
magnitude by merely modifying the substituents lom gilicon atom. More specifically,
bifunctional silyl ethers, which consist of a C—O+#F§,—0O—C moiety, are commonly
used for the protection of 1,2- and 1,3-didi&® Typically, less hindered substituents,
such as dimethyl, diethyl, and diisopropyl, are utiized because they are excessively
sensitive to acid catalyzed hydrolysis and thus,rat appropriate as protecting groups.
However, these same properties can be favorablkecfdrsensitive biomaterials. As such,
silyl ether chemistry was adapted to create sthmadponsive materials for biomedical
purposes.

Bifunctional silyl ether crosslinkers (Figure 3gre easily synthesized in one
step from commercially available reagents to gdeesaacollection of crosslinkers with

varied substituents on the silicon atbn.Crosslinkers were named according to their
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substituents: dimethyl silyl ether (DMS), diethilysether (DES), diisopropy! silyl ether

(DIS), and ditert-butyl silyl ether (DTS).

Q R * R= Me (DMS)
O7SI"0O Et (DES)
| © R ] iPr (DIS)

tBu (DTS)

Figure 3.1 Generic chemical structure of silyl ether crodsdir.

These materials were used to fabricate micropagitly the PRINT process, and the
particles were investigated for drug delivery pwgm When 5 um cubic particles were
studied under varying pHs, it was found that alttipkes preferentially degraded under
the acidic pH 5.0 and more slowly under the neuyttdl 7.4. This indicates that the
particles, fabricated from the acid-sensitive dinokers, are more susceptible to
degradation under endosomal conditions rather tpagsiological environments.
Additionally, particles fabricated from the DMS sstinker displayed an accelerated rate
of degradation in just hours, while particles fabted from the DES crosslinker degraded
on the order of days. Particles fabricated from EHS crosslinker exhibited an even
slower rate of degradation over months. This destrates that the rate of degradation
was effectively modulated by altering the substituan the silicon atom of the silyl ether
crosslinker.

Furthermore, the intracellular degradation of 3 lpgwnut particles prepared from
the DMS and DTS crosslinkers was investigated Wigha (human cervical cancer) cells.
Particles prepared from the acid-sensitive DMS simolser degraded rapidly under

intracellular conditions, initially swelling and fdeming, and then fragmenting before
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complete degradation, as observed by the growinigspread green fluorescence within
the cells by confocal microscopy (Figure 3.2). cbmtrast, particles fabricated from the
nondegrading DTS crosslinker exhibited no changeleunthe same intracellular
environment. This illustrates the potential of tresslinkers as biomaterials for drug
delivery carriers because the materials degraderumdracellular conditions and thus,

may deliver chemotherapeutics more effectively imittancer cells.

Figure 3.2 Confocal imcroscopy images of the phases of rapgtatiation of DMS
particles (green): (a) swelling, (b) fragmentatiand (c) complete degradation. DTS
particles (red) exhibited no change intracellulgdy. Scale bars = 10 uH.

Based on the promising results of these bifunctiwilyl ether crosslinkers,
additional crosslinkers incorporating PEG (polyitine glycol)) were synthesized.
PEG is a biocompatible material and imparts hyditaty. This new class of
bifunctional silyl ether crosslinkers was studiesl lsiomaterials for improved drug
delivery agents. Specifically, the PEIES (PEG diethyl silyl ether) and PE TS

(PEG di-tert-butyl silyl ether) crosslinkers were investiga{éthure 3.3).
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Figure 3.3 Chemical structures of the PEES (top) and PEEDTS (bottom) silyl ether
crosslinkers.

These materials were investigated with the chemap®utic agent docetaxel, which is
the active component in Taxotere. Taxotere israatide therapeutic drug approved for
the treatment of a variety of cancers, includingast, non-small cell lung, prostate,
gastric, and head and nekBy combining the acid-sensitive characteristitthe silyl

ether-based crosslinkers along with active targetigands, we aimed to develop
improved nanoparticulate cancer therapeutics tpatiBcally treat diseased cells by

intracellular degradation of the drug carrier andsequent release of the drug docetaxel.

3.1.2 Experimental

3.1.2.1 Chemicals and Reagents

Biotinylated OKT9 and isotype control mouse IgG &epurchased from
eBioscience.  Herceptin (Genentech) was purchasedh fthe UNC Hospitals.

UltraAvidin was purchased from Leinco TechnologieBiotin-poly(ethylene glycol)-

99



succinimidyl carboxymethyl ester (3400 g/mol for @ENHS-PEGogbiotin) was
purchased from Laysan Bio. Anhydrous dimethylfommde (DMF) and pyridine were
purchased from Acros. Acetic anhydride was puretidsom Fisher Scientific. All other

reagents were purchased from Sigma Aldrich.

3.1.2.2 Cedlsand Culture

Ramos, BT474, HelLa, and H460 cells were from UNQGCOCTissue Culture
Facility. Ramos and H460 cells were maintaine®iEMI| 1640 with 10% FBS. BT474
cells were maintained in RPMI 1640 with 10% FBS, d/L sodium bicarbonate, 4.5 g/L
glucose, 10 mM HEPES, 1.0 mM sodium pyruvate, afi® Gng/mL human insulin.
HeLa cells were maintained in MEM with 10% FBS.| Aedia and supplements were

from Gibco.

3.1.2.3 Fabrication of PRINT Nanoparticles

Cylindrical nanopatrticlesd(= 200 nm andh = 200 nm) were fabricated using the
PRINT technique. Nanoparticles were prepared feostarting monomer solution (5%
wt/vol in isopropanol) consisting of 87 wt % of tmifctional silyl ether PESDES or
PEGDTS crosslinker, 10 wt % of 2-aminoethyl methadeylaydrochloride, 2 wt % of
fluoresceino-acrylate, and 1 wt % of 2,2-diethoxyacetophenoAemonomer film was
cast upon a sheet of poly(ethylene terephthal®gY) by spreading 90 pL of monomer
solution with a mayer rod (#2, R.D. Specialties)d a was dried with cool air using a
heat gun to remove the solvent isopropanol. Theamer film and humidified patterned

mold, provided by Liquidia Technologies, were laated together under pressure (40
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PSI) and then delaminated, by gently splitting th@ld and PET, to yield a mold with
filled cavities. The filled mold was laminated i fresh sheet of PET and then exposed
to UV irradiation & = 365 nm, power 90 mW/cinfor 4 min under a nitrogen purge.
The mold was removed, leaving nanoparticles traresieon the sheet of PET. This was
due to the higher surface energy of the PET. Qualthecco’s phosphate buffered saline
(DPBS; 400 pL) was placed on the PET, and nanapestivere collected mechanically
with a cell scraper. The harvested particles weashed twice with cold DPBS by

centrifugation.

3.1.2.4 Fabrication of Docetaxel Encapsulated PRINT Nanoparticles

The same fabrication procedure as described fokbianoparticles was followed.
The nanoparticles were prepared from a starting amam solution (5% wt/vol in
isopropanol) consisting of 86 wt % of bifunctiorslyl ether PEGDES or PEGDTS
crosslinker, 10 wt % of 2-aminoethyl methacrylayelfochloride, 2 wt % of fluorescein

o-acrylate, 1 wt % of 2,2-diethoxyacetophenone, @ititer 1 wt % of docetaxel.

3.1.2.5 Herceptin/lOKT9/1gG Conjugation to PRINT Nanoparticles

Nanoparticles were conjugated with Herceptin, OK#®JgG through a biotin-
avidin linkage. Nanoparticles in anhydrous DMFQ%Q at 2 mg/mL) were reacted with
5 mg of NHS-PEGgbiotin in the presence of 10 pL anhydrous of pyeg the
nanoparticle dispersion was shaken on a vorteX for Acetic anhydride (10 pL) was

added to the dispersion, which was shaken for 1) tniquench unreacted amines on the
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nanoparticle surface. The nanoparticles were wehdice with cold DPBS by
centrifugation. UltraAvidin (50 pL, 10 mg/mL) waslded to the nanoparticles in DPBS
(2 mg/mL). The dispersion was shaken for 1 h. maeoparticles were washed twice
with cold DPBS by centrifugation. To target thenoparticles, 50 pg of Herceptin,
OKT9, or IgG was added to the nanoparticle dispersind was shaken for 30 min at
room temperature and then kept overnight at 4 TBe nanoparticles were washed twice

with cold DPBS by centrifugation and then resusgend DPBS.

3.1.2.6 Physical Characterization of Nanoparticles

Scanning electron microscopy samples were prephyegipetting 10 pL of
nanoparticle solution onto a glass slide. Samplese dried and coated with 2 nm of
gold palladium with a Cressington 108 auto sputteater (Cressington Scientific
Instruments). Samples were imaged with a scanelagtron microscope (Hitachi S-
4700). The size (dynamic light scattering, DLS)d acharge {-potential) of the
nanoparticles were determined for 20 pg/mL nanaparsamples in a 1 mM potassium

chloride solution with a Malvern Instruments Nar®.Z

3.1.2.7 Quantitative In Vitro Cellular Targeting

BT474, HelLa, and H460 cells were plated at 10,G8&/gvell in a 96-well plate
and allowed to adhere overnight at 37 °C and 5%.C@®amos cells were used at
100,000 cells/well. Nanoparticles in OPTI-MEM weéneubated with cells at 37 °C and

5% CQ for specified amounts of time and then removetie Tells were washed twice

102



with DPBS, trypsinized, and prepared for analygidlow cytometry with a 0.2% trypan
blue solution containing 10% FBS in DPBS. Samplese analyzed with a Dako CyAn

flow cytometer.

3.1.2.8 Confocal Microscopy

BT474 cells were plated on cover slips in a 6-waite (5 x 10 cells/well)
overnight at 37 °C and 5% GOCells were incubated with 50 pg/mL of nanop&tadn
OPTI-MEM for 4 h at 37 °C. Cells were fixed, mgokrmeable with 0.1% triton-X100
in PBS for 3 min, and incubated with Alexa Fluob5%halloidin (Invitrogen) for 1 h at
room temperature without light. Cells were wasketh DPBS, and cover slips were
mounted onto glass slides with FluorSave Reageab{@hem), and cells were imaged

with a confocal laser scanning microscope (Olynmigusview FV500).

3.1.2.9 Cytotoxicity of Silyl Ether-Based Nanoparticles

BT474, HelLa, and H460 cells were plated at 5,008/eeell in a 96-well plate
and allowed to adhere overnight at 37 °C and 5%. Qanoparticles in complete media
were incubated with cells at 37 °C and 5%,@@ 72 h and removed. Cell viability was
determined using Promega CellTiter-&louminescent Cell Viability Assay according to
the manufacturer’s instructions. Bioluminescen@s wneasured by a SpectraMax M5

plate reader (Molecular Devices).
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3.1.3 Results and Discussion

3.1.3.1 Nanoparticle Fabrication and Conjugation with Herceptin/OKT9/1gG

The PRINT technology is a versatile technique for fabrication of particles.
Previously describet!”3? it affords absolute control over particle size,asd
composition, and surface chemistry. As such, ttuegss was easily adapted for the
fabrication of nanoparticles composed of novel slinkers consisting of bifunctional
silyl ethers, PE@ diethyl silyl ether (PEE@ES) and PE@ di-tert-butyl silyl ether
(PEGDTS; Figure 3.3). Cylindrical nanoparticled € 200 nm andh = 200 nm),
comprised mostly of the novel silyl ether crosstirs were fabricated. PEBES served
as an acid sensitive nanoparticle matrix, while BFES acted as the stable,
nondegradable control. In addition to the crogslin 2-aminoethyl methacrylate
hydrochloride, fluoresceiro-acrylate, and 2,2-diethyoxyacetophenone were dszu

within the nanopatrticles (Table 3.2).

Table3.2 Composition of bifunctional silyl ether-based aparticles.

Monomers Wt %
PEGDES or PEGDTS 87
2-Aminoethyl methacrylate hydrochloride 10
Fluoresceiro-acrylate 2
2,2-Diethoxyacetophenone 1
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Amine functional handles for nanoparticle surfacedification were incorporated into
the nanoparticles through 2-aminoethyl methacryhgtrochloride, while fluoresceio-
acrylate provided a fluorescent label so that theoparticles could be visualized and
tracked with cellgn vitro. As seen in Figure 3.4, nanoparticles composetiehovel

silyl ether crosslinkers were successfully fabecat

Figure3.4 SEMs of cylindrical 200 nm (A) PEBES and (B) PEEDTS nanoparticles.
Scale bar is 3 um.

Both crosslinkers polymerized with co-monomers tornf isolated cylindrical
nanoparticles, demonstrating the versatility of tRRINT technology to fabricate
particles composed of a desired material so a$idib gpecific behaviors, properties, or
traits in the particles.

Unmodified, pre-functionalized nanoparticles fabted from the PE(PES and
PEGDTS crosslinkers had a hydrodynamic diameter ara0@ nm and a positive
potential of approximately +26 mV (Table 3.3). Ams from the monomer 2-
aminoethyl methacrylate hydrochloride imparted tbationic nature of the pre-

functionalized nanoparticles and were reacted Witt5-PEG,ogbiotin to functionalize
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the nanoparticles for targeting as previously dbedr In order to avoid nonspecific
cellular uptake of positively charged particlesyaatted amines were quenched with
acetic anhydride to ensure a negatiyaotential of -12.0 £ 0.2 mV and -14.5 + 0.4 mV
for nanoparticles prepared from the RPES and PEEDTS crosslinkers, respectively.
After conversion to a negative charge, biotinylatexhoparticles were targeted with
monoclonal antibodies through noncovalent biotirdav linkages. Avidin was first
coupled to the surface of the nanopatrticles, foldvby the targeting ligands Herceptin,
OKT9, or IgG to yield Herceptin-targeted nanopadesc (NP-Herc), OKT9-targeted
nanoparticles (NP-OKT), and IgG-targeted nanopadi¢NP-1gG), respectively. Final
targeted nanoparticles (NP-Herc, NP-OKT9, NP-IgQjintained negativé-potentials.
Also, throughout the surface functionalization aadgeting of these silyl ether-based

nanoparticles, the size of the nanoparticles waataiaed around ~300 nm.
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Table 3.3 Hydrodynamic diameters and zeta potentials of dyical 200 nm PEEDES
and PEGDTS nanopatrticles.

g;g;sEI:r?lferr Nanoparticle Dlg]rrne)ter PDI C-Fz:)r:{e/;ltlal
Pre-functionalized 311 +16 0.178 +25.6 £ 0.3
Biotinylated 306 £12 0.155 -12.0+£0.2

PEGDES  NP-Herc 299 +4 0.125 -7.1+£0.7
NP-OKT9 302 £17 0.083 -8.3+0.6
NP-IgG 298 £ 10 0.164 -6.3+0.3
Pre-functionalized 288 +3 0.086 +27.3+0.9
Biotinylated 300+1 0.178 -145+0.4

PEGDTS  NP-Herc 303 +£15 0.133 -15.1+0.4
NP-OKT9 294 + 3 0.143 -14.3+0.9
NP-1gG 297+ 6 0.163 -15.5+0.75

3.1.3.2 Quantitative In Vitro Cellular Uptake

Nanoparticle uptake was investigated in BT474 (huima@ast cancer) and Ramos
(human Burkitt's lymphoma) cells. BT474 cells desphigh expression of the HER2
receptor (human epidermal growth factor receptom@jch is present in approximately
30% of breast cancet* Both BT474 and Ramos cells overexpress the tanmsf
receptor (TfRF™* The TfR is a prevalent protein amongst a varigtycancer cells
because it is necessary for intracellular transpbriron, which is required for DNA
synthesis and active proliferatidh. Both the HER2 and TfR are highly amplified in
cancerous cells relative to normal cells, and foeeg are appealing targets for cancer
therapeutics.

Nanoparticles composed of the silyl ether crosslinREGDES were targeted

with Herceptin and OKT9. Herceptin (trastuzumabd ihumanized monoclonal antibody
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developed by Genentech that is approved as an iwmtnerapy with breast cancer
patients’’ It binds to the extracellular region of HER2 tibit tumor growth and thus,
is a potential targeting ligand for therapies aime#ER2-positive cancere>® OKT9 is

a monoclonal antibody that binds with the TfR, &)@ is a nonspecific, control antibody.
Both NP-Herc and NP-OKT9, in addition to NP-1gG qd-functionalized nanoparticles,
were incubated with BT474 cells at various concditns (0-200 pg/mL) for 4 h at 37
°C. Samples were analyzed using a flow cytometchnique to quantify the percentage
of cells with internalized particlé§. Pre-functionalized nanoparticles internalizeddhyp
but indiscriminately into BT474 cells because dittpositive surface charge. Over 95%
of BT474 cells readily internalized PEIBES pre-functionalized nanoparticles at all
particle concentrations (Figure 3.5). Also, NP-¢ieand NP-OKT9 exhibited
nanoparticle uptake in a dose dependent mannerovigh 90% of BT474 cells having
internalized nanopatrticles because BT474 cells lzemplified levels of both the HER2
and TfR. Uptake of control PEBES NP-IgG was much lower (<30%), owing to the
negativel-potential of and nonspecific ligands on the namigas. Through attachment
of targeting ligands to the surface of silyl etbased nanoparticles, specific
internalization of NP-Herc and NP-OKT9 was obsengsspite the negative surface
charge of the nanoparticles. Herceptin and OKT@nboto the HER2 and TiR,

respectively, to facilitate receptor-mediated entlogis of the nanoparticles.
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Figure 3.5 Internaliztion of nanoparticles fabricated frome PEGDES crosslinker in
BT474 cells.

Additionally, silyl ether-based nanoparticles wéwnactionalized with OKT9 to
target the TfR expressed on Ramos cells. As seémgure 3.6, the positively-charged
PEGDES base nanoparticles internalized rapidly in®délls with over 95% of Ramos
cells having associated nanoparticles. Approxiima@% of Ramos cells also
internalized NP-OKT9 in a dose dependent manneilevadontrol silyl ether-based NP-
IgG bound minimally to the cells. NP-OKT9 boundtb@ TfR overexpressed in Ramos
cells, inducing subsequent receptor-mediated eridsisy This demonstrates selective

targeting of NP-OKT9 relative to NP-IgG.
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Figure 3.6 Internalization of nanoparticles fabricated frtre PEGDES crosslinker in
Ramos cells.

In both BT474 breast cancer and Ramos Burkitt's plgoma cell lines,
nanoparticles, composed of the silyl ether crokshriPEGDES, demonstrateth vitro
uptake trends similar to PEG-based targeted naticlear Silyl ether pre-functionalized
nanoparticles were internalized into both cell $irguickly but nonspecifically and in a
dose dependent fashion due to their positipetential, as was previously observed with
PEG-based nanoparticles. Targeted nanopartickdsichted from the silyl ether
crosslinker, selectively internalized into cellsyabbgous to PEG-based nanopatrticles.
Based on these results, silyl ether-based nanofesrtivith surface properties similar to

PEG-based nanoparticles exhibited comparialgro trends.

3.1.3.3 Confocal Microscopy

In addition to flow cytometry, targeting of silykher-based nanoparticles was

visualized by confocal microscopy. Targeted andtrod nanoparticles fabricated from
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the PEGDES crosslinker, fluorescently labeled through faszeino-acrylate, were
incubated with BT474 breast cancer cells. ShownFigure 3.7, nanoparticle
internalization, seen in green, was observed withH¢rc and NP-OKT9 but minimally
with NP-IgG. This is indicative of the selectiventing of NP-Herc to the HER2
receptor and of NP-OKT9 to the TfR, which induceseptor-mediated endocytosis. As
was previously observed by flow cytometry, BT474lscadid not internalize an
appreciable amount of NP-IgG as a result of thespedific ligands on the nanoparticles
and the negative surface charge. Confocal micssam@ges corroborated the results

determined by flow cytometry.

DIC Particles Nucleus

NP-Herc

NP-OKT9

Figure 3.7 Confocal microscopy images of specific interrediian of nanoparticles
(green), fabricated from the PEIGES crosslinker, in BT474 cells.
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Furthermore, the observed green fluorescence framgeted silyl ether-based
nanoparticles differed from that in previous imagéPEG-based nanopatrticles. Prior
images of PEG-based nanoparticles consisted ofipeshpunctate areas of fluorescence
from the fluorescein-labeled nanoparticles. In$te& distinct, spotted fluorescence,
dispersed and diffuse fluorescence was noted framoparticles fabricated with the
PEGDES crosslinker. This difference may be attributedhe intracellular degradation
of the silyl ether-based nanoparticles. As demated previously, microparticles
composed of dimethyl silyl ether (DMS) degradeddbpunder intracellular conditions,
observed as widespread fluorescence in the cellgfr confocal microscopy. So the
susceptibility of nanoparticles, fabricated frome ttPEGDES crosslinker, to acid-
catalyzed hydrolysis may be detected by confocarascopy. Active degradation of
these nanoparticles stimulated by acidic intratailgonditions is a favorable property
for nanocarriers whereby the therapeutic payload lza locally released at the site of

disease.

3.1.3.5 Cytotoxicity of Blank Silyl Ether-Based Nanoparticles

To ensure the nontoxicity of this nanoparticulategddelivery system developed
from novel silyl ether biomaterials, cytotoxicity eilyl ether-based nanoparticles and
their degradation products were investigated in Bl 4breast cancer), HeLa (human
cervical adenocarcinoma), and H460 (human largelwet) carcinoma) cells. Ramos
cells were not investigated because prior studmsealed that similar PEG-based

nanoparticles, without any drugs and targeted WiKT9, were cytotoxic to Ramos cells
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due to the multivalent nature of the nanopartittesPre-functionalized nanoparticles,
comprised of PEEDES and PEEDTS, were incubated with each cell line for 72 I8at
°C, after which the viability of cells was evaludtevith a bioluminescence assay
detecting ATP generation. In all three cell ling® pre-functionalized nanopatrticles did
not elicit significant cytotoxicity (Figure 3.8)There was minimal difference in toxicity
for nanoparticles fabricated from the PIB&ES and PEEDTS crosslinkers as well. The
results suggest that nanoparticles fabricated fteese novel silyl ether crosslinkers and

the degradation byproducts are well-tolerated leycetlls.
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Figure 3.8 Cell viability of BT474, HelLa, and H460 cells afiacubation with pre-
functionalized nanoparticles fabricated from theSgIBES and PEEDTS crosslinkers.

To further investigate the potential of silyl ethmrsed nanoparticles as a drug
delivery system, the viability of BT474 cells withrgeted nanoparticles, fabricated from
the PEGDES crosslinker, was studied. NP-Herc, NP-OKT9d adP-IgG were

incubated with BT474 cells for 72 h at 37 °C andntlanalyzed for cellular viability.
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Similar to the pre-functionalized nanoparticles targeted versions exhibited minimal
cytotoxicity across a range of nanoparticle conegians (Figure 3.9). Based on these
results, silyl ether crosslinkers are promising emats for therapeutic targeted
nanocarriers because their blank nanoparticle fatoms and degradation byproducts
do not exhibit cytotoxicity in a range of cancetl€eand nanoparticle concentrations.
This supports the potential for silyl ether-basedaparticles targeted for the HER2 and

TfR as improved drug delivery agents.
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Figure 3.9 Cell viability of BT474 cells after incubation witrgeted nanopatrticles
fabricated from the PESBES crosslinker.

3.1.3.6 Fabrication of Silyl Ether-Based Nanoparticles L oaded with Docetaxel

As nanoparticles fabricated from the RIP&S and PEEDTS crosslinkers were
not cytotoxic in either pre-functionalized or tatgg formulations and demonstrated
intracellular degradation, silyl ether chemistryaisiable approach for biomaterials used

in drug delivery. To further investigate the edity of silyl ether-based nanoparticles as
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drug delivery agents, they were applied to thevee}i of docetaxel. Docetaxel is a
chemotherapeutic antimicrotubule agent, approvetbastere for the treatment of breast,
non-small cell lung, prostate, gastric, and headl meck cancers. Docetaxel has also
demonstrated promise over other drugs includingddbicin and paclitaxél: However,
like other chemotherapeutics, docetaxel is plaghgdsystemic toxicities and thus
adverse side effects, so it is an attractive cadidfor enhanced efficacy by
encapsulation within nanocatrriers.

Docetaxel was loaded into nanoparticles, comprisédthe PEGDES and

PEGDTS crosslinkers, with 1 wt % by addition to theparticle solution (Table 3.4).

Table3.4 Composition of docetaxel-containing silyl ethesbd nanoparticles.

Monomers Wt %
PEGDES or PE@EDTS 86
2-Aminoethyl methacrylate hydrochloride 10
Fluoresceiro-acrylate 2
2,2-Diethoxyacetophenone 1
Docetaxel 1

Nanoparticles encapsulating the chemotherapeutre iabricated following the same
procedure as blank particles. Addition of doceltalie not adversely affect the formation
of cylindrical nanoparticles by the PRINT processseen by SEMs in Figure 3.10.
Surface functionalization of the nanoparticles #argeting with Herceptin, OKT9, and

IgG were also performed under the same conditisidamk nanoparticles.

115



Figure3.10 SEMs of cylindrical 200 nm nanoparticles, fabricabem the (A)
PEGDES and (B) PEEDTS crosslinkers, containing docetaxel. Scalei@rum.

3.1.3.7 Cytotoxicity of Targeted Silyl Ether Nanoparticles L oaded with Docetaxel

Similar to other cancers, Hela cells express aieglifevels of the TfR! which
was used as the target for 1 wt % docetaxel-loadetbparticles. Nanoparticles were
fabricated from the PESBES crosslinker, functionalized, and targeted vitkT9 and
IlgG. They were incubated with HelLa cells for 72at 37 °C and evaluated for
cytotoxicity thereafter. Dose dependent cytotdayiavas observed for both NP-OKT9

and NP-IgG fabricated from the PEIES crosslinker (Figure 3.11).
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Figure3.11 Cytotoxicity of targeted nanopatrticles, fabrichteom the PEGDES
crosslinker, loaded with docetaxel in HelLa cells.

However, no difference in cytotoxicity between NRT® and NP-IgG was observed. In
fact, the cytotoxic profiles were nearly identigathin each nanoparticle composition

(Table 3.5).

Table 3.5 IC5g values of targeted nanopatrticles, fabricated floenPEGDES
crosslinker, loaded with docetaxel in HelLa cells.

Nanoparticle 1Go (NM)
NP-OKT9 5.2 x 1¢
NP-IgG 4.8 x 10

It was expected that NP-OKT9 would bind specificalith the TfR on the cellular
surface of HelLa cells and internalize the nanoglagito promote the intracellular

degradation of the nanoparticles under acidic dardi. It was also anticipated that
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HelLa cells would not internalize NP-1gG becauséefnegative surface charge and
nonspecific control targeting ligands on the nambglas. Instead, targeting ligands on
the nanoparticle surface did not influence the topicity in HeLa cells. This is
potentially because docetaxel was poorly retainghinvthe nanoparticles. In hydrogel
particles, the predominant mechanism of drug reléapassive diffusioff. Thus,
cytotoxicity observed from NP-OKT?9 likely was natsaciated with TfR-mediated
endocytosis and the subsequent intracellular dagadof the nanoparticles for release
of docetaxel. Instead, docetaxel may diffuse 6iNP-OKT9 and NP-IgG, resulting in
similar cytotoxicity profiles regardless of thedgating moieties on the nanoparticle
surface.

Because docetaxel was encapsulated within the astmdps, loss of the drug
during surface functionalization and targeting wasoncern for these bifunctional silyl
ether-based nanoparticles. To further understagldase of docetaxel and the
cytotoxicity profiles observed, pre-functionalizednoparticles were fabricated from the
PEGDES crosslinker and loaded with 1 wt % of docetaxeDne set of pre-
functionalized nanoparticles was set aside whiletlaar set was washed in a similar
manner to nanoparticles undergoing functionalizatod targeting. Pre-functionalized
nanoparticles were incubated with HeLa cells foh7& 37 °C and then analyzed for cell
viability. As seen in Figure 3.12, blank nanopaes without any encapsulated docetaxel
did not elicit strong cytotoxic responses over rggéaconcentration range, suggesting the
nanoparticle composition of PEBES and its degradation byproducts are well-toberat
by HelLa cells. Drug-loaded pre-functionalized rnaanticles without extensive washing

exhibited cytotoxicity at all concentrations. Hoxge, when the same nanopatrticles were
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processed through multiple washings, they showesk dtependent toxicity. Through
repeated washes, encapsulated docetaxel diffusédofouhe silyl ether hydrogel

nanoparticles. This suggests that docetaxel iaveditretained within the nanoparticles
and readily diffuses out of the nanoparticles, alswoborating the minimal difference in

cytotoxicity results observed from NP-OKT9 and Nj&|

- 0% Docetaxel
1004 -+ 1% Docetaxel
-o- 1% Docetaxel Wash

504

% Viable Cells

0-
0.00001 0.0001 0.001 0.01

[Docetaxel] (nM)

Figure 3.12 Cytotoxicity of washed and unwashed pre-functicrealinanopatrticles,
fabricated from the PESBES crosslinker, loaded with 1 wt % docetaxel ir_&leells.
Blank (0% docetaxel) nanopatrticles were dosedeat#ime nanoparticle concentrations

as the drug-loaded nanopatrticles.

Consequently, nanopatrticles fabricated from thg sther crosslinkers may not
be appropriate nanocarriers for docetaxel or athell molecules therapeutics as the
cargo freely diffuses from within the nanoparticlé¢onethless, utilizing silyl ether
chemistry as acid-sensitive moieties that are mesige to environmental triggers
possesses great potential. Instead of nanopartiolmprised of silyl ether crosslinkers,

we exploit the sensitivity of silyl ethers for drdglivery by incorporation of the
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functionality into a prodrug and explore its detiéhrough targeted nanoparticles in the

following sections.

3.1.4 Conclusions

Bifunctional silyl ether crosslinkers PEBES and PEEDTS were investigated
as biomaterials for drug delivery nanoparticles.The crosslinkers were used to
successfully fabricate cylindrical nanoparticlds=(200 nm andh = 200 nm) through the
PRINT technology. This reinforces the versatilaf the PRINT platform as novel
materials, including these silyl ethers, can beditgaincorporated into particles.
Furthermore, the silyl ether-based nanoparticleseviienctionalized with Herceptin and
OKT9 and investigateth vitro for cellular targeting of the HER2 and TfR. BatiP-
Herc and NP-OKT9 demonstrated specific uptake iveladb control NP-1gG in BT474
and Ramos cells, suggesting nanoparticle intem#bz through receptor-mediated
endocytosis. After internalization, targeted naartiples prepared from the PEQES
crosslinker degraded intracellularly, as observedliffuse fluorescence throughout the
cells by confocal microscopy. This indicated tthet nanoparticles are responsive to the
stimuli of acidic conditions within the cells. Msver, cytotoxicity of blank pre-
functionalized and targeted nanoparticles indicdtet the silyl ether-based materials
and its degradation byproducts are well-toleratgdBi474, HelLa, and H460 cells.
Specific cellular targeting and internalization,idacatalyzed hydrolysis, and relative
nontoxicity of the nanoparticles are promisingtraf drug delivery vehicles for cancer

therapeutics.
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Efficacy of the silyl ether-based nanoparticles wagstigated by encapsulation
of the chemotherapeutic agent docetaxel. Both MH9and NP-IgG exhibited dose-
dependent cytotoxicity but negligible differenceetieen targeted and control
formulations. These results were due to poor teterof encapsulated docetaxel within
the nanoparticles due to passive diffusion. Ldstghe therapeutic payload during the
targeting of the nanoparticles produced less cytotpre-functionalized nanoparticles as
compared to those with less processing. The paterft nanoparticles fabricated from
the silyl ether crosslinkers as drug delivery vidsds overshadowed by the rapid passive

diffusion of docetaxel out of the nanoparticles.

3.1.5 FutureWork

Although targeted nanopatrticles fabricated frombifienctional silyl ether
crosslinkers PEGDES and PEEDTS were not ideal drug delivery vehicles for deget,
silyl ether-based crosslinkers still have much pgeenas stimuli-responsive materials for
biomedical purposes. The hydrogel nanoparticleg maabe appropriate for the delivery
of small molecules drugs, such as docetaxel, beocafusncontrolled passive diffusion of
the drug out of the nanoparticles, but they codditiized for macromolecular cargoes,
including peptide? proteins** and oligonucleotide®. The hydrodynamic radii of
macromolecules would promote sustained release ligairogels instead of the rapid
diffusion of small molecule¥ Furthermore, silyl ether crosslinkers could Htzed as
stimuli-responsive materials for biomedical devisetial investigations have been
promising. The previously reported DMS crosslimk@s molded into rudimentary

biomedical devices of sutures and stents; bothcdewshowed accelerated degradation
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under acidic conditionS. Because silyl ether chemistry provides precisgrobover the
rate of degradation, based on the substituentseogilicon atom, biomedical devices
prepared from these materials can truly be tailtoet the application and needs of

patients.

3.2 Nanoparticles Containing Degradable Silyl Ether Prodrugs

3.2.1 Introduction

Gemcitabine (2’,2’-difluorodeoxycytidine, dFdC, Geam, Figure 3.13) is a
versatile chemotherapeutic drug with proven antiearefficacy against a variety of
cancers including pancreafitjung?’ breasf? ovarian, and head and néék.It is a
pyrimidine nucleoside analogue that must be deddeinto cells through nucleoside

transporters (NTs) in order to inhibit cell growfi?*

F:EB-J)H
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Figure 3.13 Chemical structure of gemcitabine.
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Once internalized, gemcitabine is phosphorylatedi&yxycytidine kinase (dCK) to its

monophosphate form and then further into the actighosphate and triphosphate
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metabolites. The active triphosphate derivativenorporated into DNA, inhibiting
DNA synthesis and thus, arresting cellular growtithie early S phas@.

Despite its clinical relevance, gemcitabine facesne challenges. As a
hydrophilic, polar drug, it possesses poor membraaeneability. Similar to other
nucleoside analogues, gemcitabine requires actiaesport processes via NTs for
delivery into cell$*>® Still another limitation of gemcitabine is that is rapidly
metabolized in the blood, liver, kidneys, and otbegans by cytidine deaminase into the
inactive 2’,2’-difluorodeoxyuridine, which is sulzpeently excreted in uring:>
Therefore, gemcitabine has a short plasma halfdifenly 8-17 min in human®:>®>’
This adversely affects the bioavailability and theduces the efficacy of the drug.

Current efforts to improve upon gemcitabine havegeal from aerosol&®? to
conjugate®®® to nanocarrierd®*>®*"> |n particular, gemcitabine prodrugs have been
designed and synthesized with various lipids whih @im of protecting gemcitabine from
rapid deamination to its inactive uridine metal®litGemcitabine has been modified with
fatty acid§>’®’" and also with saturated and monounsaturated 18&2Bon atom
chain$’ to yield select prodrugs with highiervitro cytotoxicity profiles than the original
drug, in addition to reduced degradation by cygdideaminase. Although these
gemcitabine prodrugs overcame the limitation ofabetizing to the inactive metabolite,
they included their own set of challenges, namelgrpaqueous solubility and problems
with administratior??

To address this new set of challenges, liposomeésnamoparticles have been
utilized as drug delivery agents for gemcitabinecause lipophilic derivatives of

gemcitabine are easily encapsulated into lipophilemvironments of some
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nanocarriers**>"%’®  Liposomes and nanoparticles have enhanced itthevitro
cytotoxicity of the chemotherapeutic drug througiereased cellular penetratfidrand
also have improved thein vivo antitumor activity through the differential
pharmacokinetic profiles of the small molecule damgl nanocarriers:”®’® Entrapping
gemcitabine within liposomes and nanoparticles gated the plasma degradation and
inactivation of gemcitabine by cytidine deaminaseRecent advancements involve the
attachment of ligands specific for overexpresselililee receptors to the surface of
liposomes and nanoparticles to actively target eacells. These studies demonstrated
that gemcitabine encapsulated in nanoparticles tirget the epidermal growth factor
receptor (EGFRY %% or HER2 recept8f possessed improved therapeutic effects.
Targeted nanocarriers promoted greater intracellatxumulation of the drug than
untargeted nanocarriers to further enhaimceitro cytotoxicity andin vivo antitumor
activity.

In this study, we investigated the potential of RRInanoparticles, targeting the
transferrin receptor (TfR), as drug delivery ageiotsthe enhancement of gemcitabine
efficacy. We have previously shown that PRINT naarticles, conjugated with ligands
that bind the TfR, selectively internalized intaoncar cells with amplified TfR expression
and even exhibited cytotoxicity to Ramos (B-cethjghoma) cells due to the multivalent
nature of the nanoparticlés. In addition, we have synthesized novel gemcigbin
prodrugs (Figure 3.14), consisting of an acrylatectionality through which the prodrug
can be covalently entrapped within the nanopagjcad also a silyl ether functionality
that imparts acid sensitivity such that the prodreen degrade under endocytic

conditions™®
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Figure 3.14 Chemical structure of diisopropyl silyl ether grog.

We leveraged these two approaches of targeted admedps and a novel prodrug to
improve the therapeutic effect of gemcitabine. @esign aims to protect gemcitabine
and enhance drug accumulation intracellularly tglodhe targeted nanoparticles in

addition to reducing nonspecific systemic toxieitgh the acid-labile prodrug.

3.2.2 Experimental

3.2.2.1 Chemicals and Reagents

Biotinylated OKT9 and isotype control mouse IgG &epurchased from
eBioscience.  UltraAvidin was purchased from Leind@chnologies.  Biotin-
poly(ethylene glycol)-succinimidyl carboxymethyltes (5000 g/mol for PEG; NHS-
PEGoogbiotin) was purchased from Laysan Bio. Anhydrdiumethylformamide (DMF)
and pyridine were purchased from Acros. Poly(ethgl glycol) dimethacrylate (1000
g/mol for PEG; PEGoo dimethacrylate) was purchased from PolySciencésetic
anhydride, HPLC grade water and acetonitrile, aHd50 buffer were purchased from

Fisher Scientific. All other reagents were pur@tom Sigma Aldrich.
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3.2.2.2 Cdlsand Culture

H460 cells were from ATCC. HEK293 cells were frdadNC LCCC Tissue
Culture Facility. H460 cells were maintained in N\RP1640 with 10% FBS, and
HEK293 cells were maintained in MEM alpha with 1088S. All media were
supplemented with 50 units/mL penicillin and 50 mb/streptomycin. All media and

supplements were from Gibco.

3.2.2.3 Fabrication of PRINT Nanoparticles

Cylindrical nanoparticlesd(= 200 nm andh = 200 nm) were fabricated using the
PRINT technique. Nanoparticles were prepared feostarting monomer solution (5%
wt/vol in DMF) consisting of 78 wt % of PE@o dimethacrylate, 20 wt % of 2-
aminoethyl methacrylate hydrochloride, 1 wt % aioflesceiro-acrylate, and 1 wt % of
1-hydroxycyclohexyl phenyl ketone. A monomer filmas cast upon a sheet of
poly(ethylene terephthalate) (PET) by spreadingp@0of monomer solution with a
mayer rod (#2, R.D. Specialties), and it was dumatth heat using a heat gun to remove
the solvent DMF. The monomer film and patternedidngrovided by Liquidia
Technologies, were laminated together under preqdr PSI) and then delaminated, by
gently splitting the mold and PET, to yield a meldh filled cavities. The filled mold
was laminated with a fresh sheet of PET and th@osed to UV irradiation(= 365 nm,
power 90 mW/crf) for 4 min under a nitrogen purge. The mold weamaved, leaving

nanoparticles transferred on the sheet of PETs Wais due to the higher surface energy
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of the PET. Cold Dulbecco’s phosphate bufferetheaDPBS; 400 puL) was placed on
the PET, and nanoparticles were collected mechiénigdath a cell scraper. The

harvested particles were washed twice with cold BB centrifugation.

3.2.2.4 Fabrication of Prodrug-L oaded PRINT Nanoparticles

The same fabrication procedure as described fokbianoparticles was followed.
The nanopatrticles were prepared from a startingamam solution (5% wt/vol in DMF)
consisting of 58 wt % of PEfgo dimethacrylate, 20 wt % of diisopropyl silyl ether
gemcitabine prodrug, 20 wt % of 2-aminoethyl metjiate hydrochloride, 1 wt % of

fluorescein o-acrylate, and 1 wt % of 1-hydroxyoywxyl phenyl ketone.

3.2.2.5 OKTY9/1gG Conjugation to PRINT Nanoparticles

Nanoparticles were conjugated with OKT9 or IgG tigio a biotin-avidin linkage.
Nanoparticles in anhydrous DMF (500 pL at 2 mg/mieye reacted with 5 mg of NHS-
PEGqogbiotin in the presence of 10 puL anhydrous of pwyed the nanoparticle
dispersion was shaken on a vortex for 2 h. Acaticydride (10 puL) was added to the
dispersion, which was shaken for 10 min, to quanuieacted amines on the nanoparticle
surface. The nanoparticles were washed twice wild DPBS by centrifugation.
UltraAvidin (50 pL, 10 mg/mL) was added to the npadicles in DPBS (2 mg/mL).
The dispersion was shaken for 1 h. The nanopastialere washed twice with cold
DPBS by centrifugation. To target the nanoparsicle00 pL of OKT9 or IgG was added

to the nanoparticle dispersion and was shaken@anmi® at room temperature and then
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kept overnight at 4 °C. The nanoparticles were hgdstwice with cold DPBS by

centrifugation and then resuspended in DPBS.

3.2.2.6 Physical Characterization of Nanoparticles

Scanning electron microscopy samples were prephyegipetting 10 pL of
nanoparticle solution onto a glass slide. Samplese dried and coated with 2 nm of
gold palladium with a Cressington 108 auto sputteater (Cressington Scientific
Instruments). Samples were imaged with a scanelagtron microscope (Hitachi S-
4700). The size (dynamic light scattering, DLS)d acharge {-potential) of the
nanoparticles were determined for 20 pg/mL nanaparsamples in a 1 mM potassium

chloride solution with a Malvern Instruments Nar®.Z

3.2.2.7 Quantitative In Vitro Celular Targeting and Kinetics

H460 cells were plated at 10,000 cells/well in aw@8l plate and allowed to
adhere overnight at 37 °C and 5% £ ONanopatrticles in OPTI-MEM were incubated
with cells at 37 °C and 5% CQor specified amounts of time and then removedhe T
cells were washed twice with DPBS, trypsinized, gmdpared for analysis by flow
cytometry with a 0.2% trypan blue solution contagil0% FBS in DPBS. Samples
were analyzed with a Dako CyAn flow cytometer. Bamprocedures were followed for

HEK?293 cells, which were plated at 30,000 cellshivel 96-well plate.
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3.2.2.8 Inhibition of Nanoparticle Cellular Targeting

H460 cells were plated at 10,000 cells/well in avw@8l plate and allowed to
adhere overnight at 37 °C and 5% £ ®ree OKT9 or IgG, at varying concentrations in
complete media, was dosed onto cells. The celle weubated at 37 °C for 30 min,
after which free targeting ligands were removedandparticles in OPTI-MEM, at 200
pag/mL, were incubated with cells at 37 °C for 4riddahen removed. The cells were
washed twice with DPBS, trypsinized, and prepacedahalysis by flow cytometry with
a 0.2% trypan blue solution containing 10% FBS PES3. Samples were analyzed with

a Dako CyAn flow cytometer.

3.2.2.9 Kinetics of Gemcitabine Released from Nanoparticles

Aliquots of nanoparticles loaded with prodrug wehaken in a buffer solution
pH 7.4 or pH 5.0 at 37 °C. At specified times, usmension of nanoparticles was
centrifuged to pellet the particles, and an aliqpfdhe supernatant was analyzed by high-
performance liquid chromatography (HPLC, Agilentciieologies Series 1200) with a
C18 reverse phase column (Zorbax Eclipse XDB-C18x¥0 mm, 5 micron). A
mobile phase of water and acetonitrile on a gradenwater to water:acetonitrile
(97.5:2.5) over 15 min with a flow rate of 1 mL/mamd a detection wavelength of 267

nm was employed.
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3.2.2.10 QualitativeIn Vitro Cellular Targeting and Trafficking

H460 and HEK293 cells were plated on cover slips i-well plate (5 x 10
cells/well) overnight at 37 °C and 5% &O Cells were incubated with 50 pg/mL of
nanoparticles in OPTI-MEM for 4 or 24 h in additiea Lysotracker Red DND-99
(Invitrogen) at 37 °C. Cells were fixed, made peafie with 0.1% triton-X100 in PBS
for 3 min, and incubated with Alexa Fluor 555 phalin (Invitrogen) for 1 h at room
temperature without light. Cells were washed MifPBS, and cover slips were mounted
onto glass slides with FluorSave Reagent (Calbim}h@nd cells were imaged with a

confocal laser scanning microscope (Olympus Fluewe'500).

3.2.2.11 Cytotoxicity of Prodrug-L oaded Nanoparticles

H460 cells were plated at 5,000 cells/well in av@él plate and allowed to
adhere overnight at 37 °C and 5% £ CONanopatrticles in OPTI-MEM were incubated
with cells at 37 °C and 5% GQ@or 1 h and removed. The cells were washed twitle
DPBS, and complete media was added to the cellghwirere incubated at 37 °C for 72
h. Cell viability was determined using Promega [TO#r-Glo® Luminescent Cell
Viability Assay according to the manufacturer’s tinstions. Bioluminescence was

measured by a SpectraMax M5 plate reader (Mole@#garces).

3.2.3 Results and Discussion
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3.2.3.1 PRINT Particle Fabrication and Conjugation with OKT9/1gG

The PRINT technology is a robust particle fabrisatapproach that facilitates
independent control over particle size, shape,immatmposition, and surface chemistry
and has been described previodSl§2?°332 Through this technique, cylindrical
nanoparticlesd = 200 nm andh = 200 nm), primarily composed of poly(ethyleneagly

(PEG, 1000 g/mol) dimethacrylate, were fabricatedyre 3.15).

Figure 3.15 SEM of 200 nm cylindrical PRINT nanoparticles.

The nanoparticles were also prepared to includav2® of 2-aminoethyl methacrylate
hydrochloride and 1 wt % of fluorescemacrylate (Table 3.6). The 2-aminoethyl
methacrylate hydrochloride provided a functionahdia through which the nanoparticle
surface could be modified. Fluoresceiracrylate labeled the nanoparticles to enable

fluorescent monitoring and visualization of nandigées with cells.

131



Table3.6 Composition of blank and prodrug-loaded PRINTapatticles.

MONoMers No Prodrug With Prodrug
(Wt %) (Wt %)
PEGuooo dimethacrylate 78 58
2-Aminoethyl methacrylate hydrochloride 20 20
Fluoresceiro-acrylate 1 1
1-Hydroxycyclohexyl phenyl ketone 1 1
Diisopropyl silyl ether gemcitabine prodrug 0 20

The pre-functionalized nanoparticles with no swfacodification had a hydrodynamic
diameter of 277 nm with a narrow polydispersityaraf 0.037. They were also cationic
and possessed a positivepotential (+25.6 £ 0.4 mV) due to the amine suwfac
functionality (Table 3.7). It has been shown thasitively charged nanoparticles are
internalized rapidly but nonspecifically into célt8'®®and can induce cytotoxicify.

Conversely, negatively charged particles exhibitrdased cellular uptaké®®

o)
nanoparticles with a negatiepotential and targeting ligands can effectivelggmvent

nonspecific cellular internalization while targegispecific diseased cefls.

Table 3.7 Hydrodynamic dimaeter and zeta potential of 200RRINT nanopatrticles.

Nanoparticle Diameter (nm) PDI (-Potential (mV)
Pre-functionalized 277 +4 0.037 +25.6+0.4
Biotinylated 309 +7 0.071 -10.0+ 0.7
Avidinated 304 +2 0.104 -5.31+0.4
NP-OKT9 310+4 0.114 -15.3+0.7
NP-1gG 301 +3 0.085 -14.8+0.8
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Thus, the surface of the pre-functionalized nanoges was functionalized and
enhanced with targeting ligands as previously desdr To evade nonspecific uptake
into cells, the pre-functionalized nanoparticlegevmitially reacted with NHS-PE{gy¢
biotin, followed by acetic anhydride to quench amyeacted amines. Quenching of
unreacted amines shifted the positivpotential to negative (biotinylated nanoparti¢le
potential = -10.0 mV, Table 3.7) to avoid nonspeatellular internalization. Targeting
ligands were then attached via biotin-avidin linkag Biotinylated nanoparticles were
reacted with avidin, and thereafter, the targetiggnds (OKT9) or the control ligands
(IgG) were conjugated to the nanoparticle surfa@KT9 is an anti-human transferrin
receptor monoclonal antibody, and IgG is a contnolse antibody of the same isotype.
Both OKT9-targeted nanoparticles (NP-OKT9) and kg@jeted nanoparticles (NP-IgG)
maintained hydrodynamic diameters of ~300 nm andtieg(-potentials of about -15

mV (Table 3.7) for minimizing nonspecific celluleternalization.

3.2.3.2 Quantitative In Vitro Cellular Uptake and Kinetics

Cellular internalization of the nanoparticles witihgorodrug was investigated in
H460 (human large cell lung carcinoma) and HEK2@8nsformed human embryonic
kidney) cells. H460 cells display amplified exmies of the transferrin receptor (TfR),
in contrast to HEK293 cells that have minimal deltulevels of the receptdt.
Transferrin binds to iron for transport through tHi&. Thus, the TfR is critical in the
transport of iron, which is involved in metabolismespiration, and DNA synthesis, and

expression of the TfR is regulated by intracellutan levels. Consequently, the TfR is
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highly expressed on actively proliferating canceraells and at low levels on normal
cells. Therefore, the TfR is an attractive tafgetcancer treatment§.

Pre-functionalized nanoparticles, as well as NP-OKahd NP-IgG, at various
concentrations (0-200 pg/mL), were incubated wit66i and HEK293 cells at 37 °C
over a range of times (1-8 h). Samples were apdlywsing a flow cytometry technique
to quantify the percentage of cells with bound amérnalized nanoparticlé§. When
pre-functionalized nanoparticles were investigatedh H460 and HEK293 cells,
nanoparticles were rapidly internalized into cefisa dose dependent manner (Figure
3.16). In both cell lines, over 80% of cells haaternalized pre-functionalized
nanoparticles after 8 h. In H460 cells, time-dej@m nanoparticle uptake was observed,
while minimal differences in uptake were observedoagst the incubation times for
HEK293 cells. Regardless of the amount of timerfanoparticle incubation, HEK293
cells exhibited significant internalization of ngaoticles (>90%). This rapid
nanoparticle uptake into cells was expected as awe Ipreviously shown that PRINT

particles with positivé-potential are easily internalized nonspecificalty?
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Figure3.16 Pre-functionalized nanopatrticle uptake as a fonaf nanoparticle
concentration and time in (A) H460 cells and (B)K283 cells.

Despite the significant cellular internalizationgre-functionalized nanopatrticles,
positively charged particles are internalized necirally’’®*®* and can induce
cytotoxic effectd* Consequently, the pre-functionalized nanopasielere engineered
to have a negativé-potential to evade nonspecific cellular uptake andjugated with

targeting ligands for the TfR to enhance selectiuggy delivery. When incubated with
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H460 cells, which have amplified expression of TIRP-OKT9 exhibited selective

targeting in a nanoparticle dose and time depenf@dshion. As seen in Figure 3.17, up
to 57% of cells had associated NP-OKT9 at 1 h. gdiamg was saturated at 4 h with
~80% of cells with bound NP-OKT9. In contrast, hesm of their negative charge and
nonspecific ligand, NP-1gG did not exhibit an appable level of uptake (<7%) in H460
cells at all nanoparticle concentrations and intobha times. Conversely, despite a
negative(-potential, the addition of the specific targetihgand OKT9 enabled NP-

OKT9 to bind selectively to H460 cells through ttigg of the TfR. Negatively charged
particles can override nonspecific cellular uptaket with a targeting ligand, the

particles can now induce specific internalization.
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Figure 3.17 Association of OKT9- and IgG-targeted nanopartiahel460 cells as a
function of nanoparticle concentration and time.
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Additionally, targeting of NP-OKT9 and NP-IgG in KE93 cells was
investigated. When NP-OKT9 were incubated withlsgelow cellular binding of

nanoparticles was observed (Figure 3.18).
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Figure 3.18 Association of OKT9- and IgG-targeted nanopartiaeIEK293 cells as a
function of nanoparticle concentration and time.

Unlike H460 cells, HEK293 cells have low levels TR expressior: so the extent of
NP-OKT9 uptake in H460 and HEK293 correlates weelhte TfR expression on the cells.
H460 cells internalized more NP-OKT9 and also ajuaker rate than HEK293 cells
because H460 cells have greater expression of Ti®n the other hand, control
nanoparticles NP-IgG exhibited similarly minimaltake (<6%) in HEK293 cells. The
difference observed in cellular binding of NP-OKT® H460 and HEK293 cells
demonstrate the potential of targeted nanopartidgweferentially bind and internalize

into diseased cells for specific delivery of therdpeutic payload.
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3.2.3.3 Inhibition of Nanoparticle Cellular Targeting

To confirm binding and uptake of NP-OKT9 in H460lsecompetition with free
targeting ligand was investigated. H460 cells wecebated with varying concentrations
of free OKT9 prior to exposure to nanoparticleshaiit prodrug so that the TfR on the
cellular surface could be bound by free ligandsehyg decreasing those available to bind
with targeted nanoparticles. H460 cells dosed Witk OKT9 exhibited lower binding
with NP-OKT9 in a concentration dependent manrfar.increased concentration of free

OKT?9 led to greater inhibition in binding of NP-ORTFigure 3.19).
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Figure 3.19 Inhibition of binding of NP-OKT9 to H460 cells byele targeting antibodies.

Targeting was suppressed to <20% when cells wgresexi to 200 pg/mL of free OKT9

before incubation with NP-OKT9. Binding of NP-OKT®as inhibited in a dose-
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dependent manner with free OKT9, but addition @& tlonspecific 1IgG isotype control
antibody to H460 cells did not influence bindingiP-OKT9. The selective binding of
NP-OKT9 and its suppression only with free OKT9 icade that the targeted
nanoparticles are specifically targeting the TfR $obsequent internalization through
transferrin receptor-mediated endocytosis. As suaphly specific NP-OKT9 targeted
for the TfR demonstrate potential as drug deliveghicles to enhance therapeutic

efficacy.

3.2.3.4 Kinetics of Gemcitabine Released from Nanoparticles

Novel asymmetric bifunctional silyl ether prodrugfsgemcitabine were reported
previously from our group’ Silyl ether chemistry is ideal for the synthesfsvarious
prodrugs as silyl ethers are acid sensithemd degrade under acidic environments within
the body. Moreover, the rate of degradation of¢hgrodrugs and subsequent release of
the drug are tunable by modifying the substituents the silicon atom. Further,
degradation of these prodrugs releases the paregtwithout any trace of chemical
modification. For these reasons, novel asymmadifienctional silyl ether prodrugs of
gemcitabine were synthesized and incorporated?RINT nanoparticled? The stability
of each prodrug of gemcitabine was investigatedeumeéutral (pH 7.4) and acidic (pH
5.0) environments. Each derivative exhibited ma@pid degradation and subsequent
release of gemcitabine under acidic conditions @megbto pH 7.4 due to the silyl ether
functionality. Additionally, it was shown that geitabine prodrugs with less steric bulk
around the silicon atom were more sensitive to,amdprodrugs withert-butyl groups

were very stable relative to those with isopropyethyl moieties. The diethyl silyl ether
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gemcitabine prodrug degraded rapidly within hounsilevthe diisopropyl derivative
exhibited sustained released over several dayss ddmonstrates that the release of
gemcitabine can be controlled based upon the suésts on the silicon atom.

The diisopropy! silyl ether gemcitabine prodruggifiie 3.14) was incorporated
into our TfR-targeted nanoparticulate system bes#utemonstrated sensitivity to acidic
conditions as well as extended release of the ctierapeutic over several days.
Gemcitabine is also hydrophilic and highly soluinlevater, so it is difficult to retain the
drug within hydrogel nanoparticles because rapi significant loss of the drug would
likely occur in aqueous environmenfs. Thus, recent efforts by others involved
encapsulating lipophilic derivatives of the drugpimydrophobic pockets of liposomés
or nanoparticled>’*"® Our novel silyl ether gemcitabine prodrug circemted the issue
of loss in aqueous environments through its aagyfanctionality which allowed the
prodrug to be covalently conjugated into the nanoga to avoid loss of the cargo by
diffusion while the silyl ether moiety enabled #entrolled release of gemcitabine.

Targeted nanoparticles, loaded with the silyl ethemcitabine prodrug, were
incubated in physiological (pH 7.4) or endocytidH(®.0) environments at 37 °C to
investigate the effect of targeting on the prodragvell as the degradation of the prodrug
and subsequent release of gemcitabine. Supersatarh aliquots of nanoparticle
suspensions were analyzed by high-performancedighromatography (HPLC). As
seen in Figure 3.20, gemcitabine was released fewgeted nanoparticles more rapidly

under an acidic environment than under a neutral pH
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Figure 3.20 Release of gemcitabine from targeted nanoparticksed with silyl ether
prodrug at acidic (5.0) and neutral (7.4) pH owaet

Based on this data, the half-life of drug releasenftargeted nanoparticles at pH 5.0 was
15 days, whereas the half-life at pH 7.4 was 38k dd&apid release of gemcitabine from
the targeted nanoparticles was derived from thg sther functionality in the prodrug.
Silyl ether moieties are known to be susceptibl@d@?® The more rapid release of
gemcitabine from nanoparticles under endocytic tmns also demonstrated that
functionalizing the surface of the nanoparticleshwargeting ligands did not adversely
influence the behavior of the silyl ether prodrug.he differential and more rapid
degradation rate of the silyl ether prodrug andseguent release of gemcitabine from
targeted nanoparticles under endocytic environmdataonstrate the possibility of an
engineered drug delivery system to specificallyveelthe drug intracellularly and thus

improve bioavailability.
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3.2.3.5 Qualitative In Vitro Cellular Uptake and Trafficking

Targeting of NP-OKT9 without prodrug with H460 selvas also visualized by
confocal microscopy, through which intracellulacamulation of nanoparticles in acidic
vesicles was observed. Inside these acidic comeats, prodrug degradation can be
activated for release of gemcitabine from nanogadi Cells were treated with
fluorescein-labeled nanoparticles. As expected;OMH'9 were associated with H460
cells through specific targeting of OKT9 to the TfRhile NP-IgG did not bind to the

cells (Figure 3.21).

Particles Lysotracker Red DAPI Merge

4h
NP-OKT9
24 h
NP-IgG

Figure 3.21 Confocal microscopy images of specific targeth@P-OKT9 (green) and
minimal association of NP-IgG with H460 cells.

To investigate the intracellular fate of NP-OKT69 cells were treated with NP-OKT9
and Lysotracker Red, which labels acidic vesicl@hiw cells. NP-OKT9 were found to

bind the TfR, internalize into H460 cells, and aatize with Lysotracker Red, indicating
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that after internalization, NP-OKT9 accumulatedoirdgcidic compartments, such as

endosomes and/or lysosomes, of the cells (Fig@).3.

Particles Lysotracker Red DAPI Merge

24 h
NP-OKT9

Figure 3.22 Confocal microscopy images of specific targethiP-OKT9 (green) and
intracellular trafficking into acidic compartmer{ted) in H460 cells.

The intracellular pathway of internalized targeteshoparticles may be similar to
that of the TfR with transferrin. As the mechanigmiron delivery, the TfR does not
undergo the endosome-lysosome pathway so as td degradation of the TfR. Instead,
it is recycled back to the plasma membrane follgwitternalizatior?® Intracellular TfR
are incorporated into endocytic vesicles that adertransiently with EEAl (early
endosome antigen 1)-enriched endosomes and thee mtw juxtanuclear recycling
compartments free of EEA?. As seen in Figure 3.22, the targeted nanopasticle
internalized through receptor-mediated endocytasid accumulated in acidic vesicles
intracellularly. This is consistent with resultsserved previously in Ramos cells where
TfR-targeted nanoparticles internalized into acidinvironments free of EEAZY.
Targeted PRINT nanoparticles were endocytosed gfirothe TfR into acidic
compartments. As prodrug-loaded nanoparticlesasel@ gemcitabine more rapidly

under acidic conditions than a neutral pH (Figu208 acidic vesicles within cells are
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the preferred sites of accumulation where prodregradation can be triggered for drug
release. Effective delivery of gemcitabine candohieved through this approach of

combining both an acid-sensitive prodrug and t&adjeanoparticles.

3.2.3.6 Cytotoxicity of Prodrug-L oaded Nanoparticles

Nanoparticles were fabricated with the diisopromlyl ether gemcitabine
prodrug through the PRINT process by which the prgdwas polymerized into the
nanoparticle. Covalently reacting the prodrug itite nanoparticles enabled convenient
incorporation and retention of a water soluble dmip a hydrogel matrix. As the
prodrug is sensitive to acid, gemcitabine was ssdafrom the nanoparticles more
rapidly under endocytic conditions than a neutralimnment. Through targeting the
TfR, NP-OKT9 were found to accumulate intracelllyan acidic vesicles where the
degradation of the prodrug can be stimulated. nvestigate intracellular degradation of
the prodrugin vitro and subsequent release of gemcitabine, cytotgxafitprodrug-
loaded nanoparticles was evaluated by a biolumerescassay detecting ATP generation.
Nanoparticles were incubated with H460 cells fdr 4t 37 °C for nanoparticles to target
and bind to cells. Unbound nanoparticles were radso as to minimize nonspecific
cytotoxicity from the degradation of the prodruglaaubsequent release of the drug from
the nanoparticles. Viability of the cells was detmed after 72 h. As shown in Figure
3.23, NP-OKT9 and unmodified pre-functionalized oarticles both exhibited similar

cytotoxicity profiles.
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Figure 3.23 Cytotoxicity of gemcitabine and nanoparticlesded with silyl ether
prodrug in H460 cells.

Both sets of nanoparticles were cytotoxic in sulonamlar concentrations, and thesd©f
NP-OKT9 (0.018 nM) was nearly three times less dotihan pre-functionalized
nanoparticles (Table 3.8). For NP-OKT9, cytotayicstemmed from the specific
binding of OKT9 to the TfR and the subsequent rememediated endocytosis of the
nanoparticles into acidic vesicles within the cellsere prodrug degradation could occur.
Likewise, the pre-functionalized nanoparticles éxieid a similar cytotoxic profile (165

= 0.0064 nM) to NP-OKT9, but instead, they interzed quickly albeit indiscriminately
due to their positivé-potential. Although the pre-functionalized nandijgtes exhibited

a similar cytotoxicity profile to NP-OKT9, targetenoparticles with a negative surface
charge are a more ideal therapeutic iforvivo purposes, as indicated by the NCI
Nanotechnology Characterization Laboratory’s ciatefor the model nanoparticle

therapeutic.
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Table 3.8 IC5 values of gemcitabine and PRINT nanoparticlesddadlith silyl ether
gemcitabine prodrug in H460 cells.

ICs0 (NM) Relative Response
Pre-functionalized Nanopatrticles 6.37 X*10 1.00
NP-OKT9 1.82 x 18 2.86
Gemcitabine 4.09 x f0 6.42 x 16

Moreover, NP-OKT9 and pre-functionalized nanop&tic demonstrated far
improved efficacy relative to free gemcitabine. ni@gabine was six orders of magnitude
less cytotoxic than pre-functionalized nanoparsicle The chemotherapeutic is
categorized as an antimetabolite. It is a nuctEpanalog that once internalized, inhibits
DNA synthesis, thereby arresting cell growth thesids to apoptosté. Therefore, the
efficacy of gemcitabine is foremost dependent am titansport into cells. The
chemotherapeutic is typically internalized into Igethrough nucleoside transporters
(NTs)>%%! |n our system, the mechanism of internalizatibgemcitabine was different.
The drug was shielded from the usual cellular uptalechanism through incorporation
into a nanoparticulate drug delivery system. Uetak gemcitabine was dictated by the
nanoparticles. Positive pre-functionalized nantglas were internalized nonspecifically
because of their positive-potential and were previously shown to traffickoircells
through clathrin- and caveolae-mediated endocyfdsisNP-OKT9 were delivered
intracellularly into cells through TfR-mediated @agtosis rather than NTs. Targeted
nanoparticles trafficked into acidic compartmentbeve the low pH environment
promotes rapid degradation of the silyl ether pugdrand subsequent release of

gemcitabine. Despite the lower concentration afediodrug, the nanoparticles exhibited
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well improved potency over free gemcitabine assalteof the method of delivery and
internalization. Studies have shown that incorpogdipophilic gemcitabine derivatives
into liposomes and polymeric nanospheres can maginé effectiveness of the
drug>+*>7">7879 A few have also investigated nanocarriers tangetihe EGFE"*and
HER2 receptof? and demonstrated enhanced performance of genrstattirough
targeting. NP-OKT9 make up a new class of advarted delivery agents that are
responsive to environmental stimuli and can selebti target diseased cells with
amplified expression of the TfR. Bypassing thealsaoflux mechanism of NTs greatly
enhanced the efficacy of gemcitabine when the cliesnapeutic was incorporated into
TfR-targeted nanoparticles as an acid-sensitivelrpg that degraded under endocytic

conditions.

3.2.4 Conclusions

TfR-targeted nanoparticles with diisopropyl silypher gemcitabine prodrug were
shown to be more efficacious vitro than gemcitabine alone, suggesting that NP-OKT9
are a promising platform for drug delivery. Nandées demonstrated improved
therapeutic efficacy through active targeting witKT9 and the acid-sensitive silyl ether
gemcitabine prodrug. They specifically targeted®i4ells, which have high expression
of the TfR, and thus induced receptor-mediated eytdsis for internalization of the
nanoparticles. Additionally, targeted nanoparidleaded with the prodrug demonstrated
preferential release of gemcitabine under acidicddmns compared to a neutral pH,
indicating that the silyl ether prodrug was unatiéelcby incorporation into nanoparticles

and the processing to conjugate targeting ligantidgracellular accumulation of NP-
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OKT9, through TfR-mediated endocytosis, into acidiesicles promotes the acid
catalyzed degradation of the silyl ether prodrugelease gemcitabine. The efficacy of
these targeted nanoparticles was investigated ghrawytotoxicity studies. Targeted
nanoparticles exhibited far improved therapeutitepoy with a significantly lower 1§
than gemcitabine alone. This is because the uselillar uptake mechanism of
gemcitabine was bypassed through targeting, and aeaid-sensitive silyl ether
gemcitabine prodrug, capable of degradation undelicaenvironments, was employed.
NP-OKT9 are effective drug delivery agents that spacifically target cancer cells and

deliver its cargo intracellularly to achieve enhesh¢herapeutic potency.

3.2.5 FutureWork

NP-OKT9 have demonstrated the potential to advaweacer therapy.
Nanoparticles conjugated with OKT9 can target aetyarof cancers that have amplified
levels of the TfR. When loaded with a silyl ethgemcitabine prodrug, they
demonstrated enhanced efficacy against H460 latjduag cancer cells vitro. Thus,
they are promising drug delivery nanocarriers tihmgty improve upon conventional
chemotherapeutics. NP-OKT9 were engineered anicébd to shield gemcitabine to
limit systemic distribution and consequently norcfie toxicities, in addition to
protecting the drug from potential plasma degradati They were also designed to
enhance the bioavailability of gemcitabine througihgeting so as to increase drug
efficacy. In vivo studies are required to better understand thesavimes of the targeted

nanoparticles and the degradation of the silylrepinedrug.
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Moreover, TfR-targeted nanoparticles loaded witlyl sether gemcitabine
prodrugs may be a possible therapeutic for gemogatesistant cancers. Gemcitabine is
typically internalized into cells through nucleasittansporters (NTs), in particular the
human equilibrative nucleoside transporter 1 (hRENT1? Studies have shown that cells
deficient in hENT1 are highly resistant to gemdita?® Without hENT1, cells have
difficulty internalizing nucleoside analogs, so tle&pression level of hENT1 is a
predictive marker for cellular sensitivity to genatiine’®®>*** As NP-OKT9 are
internalized via receptor-mediated endocytosis, RENvould not be necessary for
chemotherapy uptake and the usual internalizatieshanism would be circumvented.
Further investigation into targeted uptake andcaffy of nanoparticles loaded with silyl
ether gemcitabine prodrugs in drug-resistant eedlsld provide more insight.

Furthermore, the possibility of acid-sensitive Isdther prodrugs is not limited to
gemcitabine. Derivatives of camptothecin and dakathave been synthesized and
reported®® Additional chemotherapeutics can be modified veillyl ether chemistry to
create prodrugs designed to degrade under endaoytditions. The possibilities of silyl
ether chemistry and its adaptation for prodrugs stite largely undiscovered. As the
PRINT process is amenable to fabricating partifiesm new materials, novel silyl ether
prodrugs can be easily incorporated into parti¢tesdrug delivery carriers that may
improve upon current chemotherapeutics. Togetidrether prodrugs and the PRINT

platform have the potential to address a multitoideancers.
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