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1.1  Introduction

Atthe AWiI nt er Meet i Americarf PhysibabSodiety attCalteoil959,t h e
the gener al notion of Ananotechnol ogyo was
famous theoretical physicist, Richard Feynman, whosedalken credited with initiating the idea
that it is possible to manipulate materials at the nanoscale in conjunction with nele@erelent
physiochemical properties.While nanoscience has flourished for the past few decades,
interestingly,these sizedependent propertidsave actually existed for thousands of years as
evidenced bgdectedancient artifactsemaining today.To date scientisthave bee@ble to trace
the origirs of the unique physical featurestibésematerials. One of the most famaasampless
the medievalchurch windowsn the Atenberg Cathedraat Germanythat display magnificent
ruby red and deep yellow colors. Careful analyses revealed that the presence of gold and silver
nanoparticles (NPgmbedded in the glass matrix are responsible for the red and yellow hues
respectivelyof these elegant glaggndows (Figure1).® In contrast to bulk materials of the same
composition, such uniquedtures stem from metal particlegh structural dimensions limited to

the nanoscalé.
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Figure 1. Nanopatrticlesitilized in a medieval church window in théténberg Cathedrghdapted

from ref.4).



To date nanotechnology has played a prominent role in various aspemis lofes.With
advances ircharacterizatiortechnology particularly in high resolution microscopgiong with
continuouslygrowing knowledge of the physiochemical propertiesnahoscale materialspa
increasinghumber of studies and diverse applicatjansluding energy and nanoelectronitgt
involve nanomaterialtias now beenexplored® > ¢In terms of biomedical scienceéhe emergence
of nanotechnologyhas offeed tools and methoddo understand the complex behaviors of
biological systems and therefore promote an interdisciplinary field, ithabw referred to as
nanomediciné.’

With particularregard to drug delivery, nanotechnology has also contributed a remarkable
evolution to the field by enabling treatments of several incurable diseases while alleviating adverse
side effects that are largely stemmedrfroonspecificity of the free drugs?

For the past 30 yeara,myriad of studies employirdjverse nanoformulations habeen
presented in an attempt to address challenges encountered in multiple deleterious pathological
disease$*! The first nanoformulatiorthat received the Food and Drug Administration (FDA)
approvawas Doxil in 1995, whiclitilizesnanoscale liposomesodifiedwith polyethylene glycol
(PEG)to encapsulate and delividre anti-cancer drug doxorubicifor treatment of ovarian cancer
or AIDST el at ed K a ptoWhileomanisbased delivieay. vectors, such as liposomes
have achieved exceptional results andny have evesuccessfullyobtained FDA approvaf
inorganic nanoparticl(NPs) have recently emergedaggpealing options owing tftensimpler
synthetic routes and the ease of segdeoroduction**® Since administered materials need to be
eliminated from the body afterompleting their therapeutic functions, biodegradable NPs are
invariably required” Among the few inorganic NPs present today thatcapmble of resgtion

in biological media, porous silicon is an ideal delivery candidate for multiple dis€ases.



In this chapterthe first section focuses on the role of inorgahiEsin nanotechnology
with an emphasien nanomedicineThe review describes soroéthe selectedtategories of NPs
with fundamental properties relevant teerapeutic apptiations. Challenges in drug delivery
regardingnanoparticle interactionwith biological environments will be disgsed along with
future directions for effective clinical translatiorhe final section wilfocus on thdundamental
aspects obiodegradablenanostructured porous silicon (pSijth an emphasis on properties

relevart to nanomedicine.

1.2 Inorganic Nanoparticles in Biology and Medicine

1.2.1 Compositions and Structuresof Nanoparticles and Related Biological Applications

Compared to bulk amterparts, nanoscale particles possess a relatively high surface area
along withsizedependenphysiochemical propertie particularmetallic NPsof gold (Au) and
silver (Ag) offer a tunablecolor thatcan be varied by tuning the particle size owtimghe surface
plasmon resonance (SPRJhe surface charge built up from such interacti@sults in a restoring
force that causes resonant density oscillation of electron charge at a specific frégd&wdyen
the particle size is within th@ano regime, the absorption of light resulted from the SPR
phenomenon fallsvithin the visible region of the spectrum. As the particle size decreases, the
absorption wavelength is blue shiftéd.

Based on this unige SPR featurea large number of immunoassays and biosensors
employing AuNPs for detecting oligonucleotides and proteins with high sensitivity have been
achieved! Interestingly, in terms of therapeutics, owing to abitifcolloidal Au NPs to absorb
andscatter in the near infrared (NIR) regiaith a higher molar absorption coefficient congxhr
with that of NIR absorbing fluorophoreghe Au NPscan emit heat locallypon irradiation

therebyenhancing cell death bgisrupting thecell membrané® 2> An example of thiss an
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ultrathin Au nanoshel(lsurrounding &ilica (SiQ) core) that enablesnhanced optical contrast for
bioimaging while effectively suppressing tumor growith vivo via noninvasive external NIR
irradiation Eigure 2).2® 2* This novel technologyhas been commercialized Wyanospectra

Sciences (Houston, Texas)inical trials ofprostate cancer treatmaurtilizing this approach are

underway?®
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Figure 2. Goldsilica core shell structuse A) Tunable colors and HJxtinction spectra of the
composites with different Au shell thickness; C) Transmission electron microscopic (TEM)

imaging of SiQ-Au nanocomposites (adapted from (28).

For trackinga given material after adminigtation into a biological environmentthe
intrinsic sizedependent fluorescence properties stemming from quantum confinement of selected
semiconductors, (scalled quantum dots (QDs)) offer the feasibilitynadnitoring the distribution
of the NPs in real tim&. Since thesizes of these dots are smaller thia@ excitorBohr radius
(typically less than 10 nmjheband gapf QDs is inversely proportional {marticle sze (1/R?).

One can take advantage of tuning the siz@D&to achieve photaminescence (PL)f specific

energes Figure3A). To date QDshave not only been one of the popular options for bioimaging



owing to tunable PL properties, but several promising therapeutic delivery options employing QDs
also suggest potential merits of these materials in nanomedéicite.

While UV light is normally used to exciteQDs the surrouding tissues and cells can
potentially be damaged by this excitation source, thus posing legitimate concern in biGxafety.
the other hand, a lon@mergyNIR sourcethat can penetrate deeper into the tissue and generate
lower background signals, is anpaaling safer choice for bioimagif@ln this manner, anique
class of lanthaniddoped material so called upconversion nanopag&(UCNP9, that can
efficiently convert two or more of thabsorbed phons witha relatively low energyi.e. NIR)
into a higherenergy phton (i.e. visible or UV), have demonstratedceptional potential in high

quality bioimaging and relategpplications Figure3B).3!
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Figure 3. A) Emission spectra adpDs with various sizeand TEM imaging ofCdTe/CdS/ZnS
core/shell/shellQDs (adapted from ref32, 33 (scale bar: 2 nmand B) Diagram showing
conversion of NIR light to visible lighand its application in stimulation of neurons and TEM
imaging ofNaYF+:Yb/Er UCNPs(adapted fronB4).



In addition to some of the selected examples of inorganic NPs presented above, a large
number of other NPs withiverse compositions and unique properties, such as biocompatible
superparamagnetic §4,3° carbonbasedNPs (e.g. carbon nanotubé$ynd nanohybrids (e.g.
alloys)?” have been introduced. These naatenialshave been shown to exhibirious distinctly
unique physiochemical properties suitable ddoroad range of bicelated applications, thereby
suggesting a large library of inorganic NPs potentially available for nanomedicine.

In terms of nanalelivery, several studies to date haeegplored theadvantages of
employing inorganicbased NPsas robust delivery vectordo enhance bioavailability,
pharmacokinetics and therapeutic efficacyhsf free drug entitie¥ For instance, NPendowed
with a porous morphology (e.g. porous silicaiO.), have been exploited tefficiently entrap
active species (e.g. biologics)side the poresand therefore protectthem from the external
environmentFigure4).2® In addition, enhanced bioavailability of tiresolublecrystalline drugs
is also feasibledue to nanoconfinement rendered by the small pore size of the matrix that
effectively restrains the crystallization process and thus retain the amorphous form of the drug
molecule®®

With the versatile surface chemistry of inorganic materials, a diverse range of molecular
moieties endowing additional functions to the NPs can be readily grafted onto the particle
surface’® A relevant example is utility of pidensitive linkers to delivena facilitate drug release
in a controlledmanner via cleavage of the linker as a response of changes in pH gradient within
biological environment&! So far, several nitifunctional particles have been demonstrated, and
enhanced therapeutic efficaicytreatments of various disease modwelge been achieved pre-

clinical studieg? 43
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Figure 4. Schematic representation of various designs of mesoporous nsdterciug ddivery

(adapted from re#44).

Unlike conventional organibased nanocarrierahich face challenges imanufacturing
scaleup dongwith limited shelflife, inorganic NPs can be readily fabricatecinigh quantity at
low cost andexhibit highstablity for a long period of timé> However, #hough many inorganic
NPs (e.g. magnetic iron oxid&r biosensors and bioimaging are currently in clinical tA&f8,
mostinorganicbased nanomaterialsnasionedfor therapeutic delivengtill remain in the pre

clinical stage of developmentving toa large number afomplex biological barrier$’

1.2.2 Biological Barriers in Drug Delivery

Multiple nanoparticldased drug delivery platforms have demonstrgtedt therapeutic
potentialin pre-clinical studies® >*However severahanoteckbasedieliverysystemsave failed
to satisfythe stringent requirements for translatitmhumanmedicaluse. In particularegardto
cancer therapy, which has been tleeus of manydelivery platforns, a recentanalysis
summarizingdelivery efficiency of several therapeutic delivery systems in the literature for the
past 10 years, suggested that only 0.7 % (median) of the injected dose of NPs can successfully

reach the tumor®.



Suchlimitations area consequence of multiple physiological barriers that Niesunter
upon systemic administration, thereby hampering delivery efficiency and clinical translation.
These barriers to acquiring effective dosagetaaget sites (e.g. cancerous tumor) inelud
phagocytic sequestration and renal clearamaggination extravasation from the blood vessels,

cellular internalization and endosomal/lysosomal es(aigeire5).>?
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Figure 5. Biological barriers of drug deliveffadapted from ref3).

a) Clearance byMononuclearPhagocytic andRenal Systems

In order for NPs to reach the pathological tissues after systemic administration, it is
imperative that the nanoconstructs must be able to exlshiffigiently long circulation lifetime.
Although NPs can readily be engineered with wehlhracterized physal and chemical properties
(size, shape and surface chemistry), upon exposure to a dynamic extracellular environment, the
presence of a protein corona (a layer of proteins adsorbed on NP saitac®mposition dictated
by cell conditioning (e.g. mediand cell phenotype) and physiochemical features of the NPs
creates a bioactive interfgoghich consequently determines cellular responses and circulation
time in the blood streafit: >>Such formation of a protein corona is not only detrimental to particle
stability by alternating the surface charge but also hinders chemical reactivity of thiemoi
grafted onto the NP surface, hence significantly diminishing the functions originally designed for

the construct® >’ In addition, the protein corona also mediates sequestratitne NPsby the



mononuclear phagocytic system (MP®hich is responsible for engulfing and removing foreign
substances (e.g. viruses and bacteria) from the host body as aitsadet#fnse mechanispf.>®

The physiochemical featuresd nanomaterials, particularly surface charge, have been
shown to influence the likelihood dIP sequestration by MPS. Evaluation of circulation lifetimes
of NPsas a function of theurface charges hawuadicated thapositively charged NPs armore
prone to becleared from the body, whereas those pogsgssslightly negative or neutral surface
exhibit a relatively longer circulation lifetime and therefore have a higher chance of reaching the
disease site¥.Based on this principlegcent FDAapproved lipid\Psfor delivery of therapeutic
small interfering RNASIRNA), namelyOnpattrohas been shown to exhilbgmarkable delivery
efficacy owing in part to the relatively neutral surface changéultimately inhibits nonspecific
protein adsorptiof°

In addition, surface modifiers are also involved in modulating the biological identity of the
synthetic materialFor instancePEG molecules are among the most popular surface grafting
agents that are capatbdf reducing norspecific protein binding via the formation of the hydrated
shell around the NP core, thus camouflaging the nanoparticulate from systemic clearance
recognized by the macrophages as well as extending circulation time in the bloo8s8ewra.
PEG is among a few polymeitsathaveFDA approval owing tats biocompatibility and lack of
immunogenicity, this surface functionalizatienrelevant toseveral types oNPs desigred for
drug delivery??

Among the factors mentioned above, NP size is also one of the critical parameters that
dictate systemic clearance of the NPs.efdlad\NPs with a hydrodynamic diameter smatiean
5.5 nm are rapidly cleared out of the body through the renal (kidney) system, larger NPs are

subjected to entrapment within the liver and spleen of the MP8ving to the physiological
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features of the liver, NPs are likely to be passivatapturedinside the liver sinusoid via
extravasatig through the gps between the adjacent endothelial cells, so called endothelial
fenestration, of the liver blood vess&iThe Kupffer cells, which are the macrophsigéthe liver,

lining inside the capillaries readily take up the NPs by binding to the opsonins, such as
immunoglobulins, adsorb onto the NP surface via the complementary receptors present on the cell
membrane and therefore redube circulation halflife of NP %6 Although the endothelial
fenestration (5 e€m) of the spleen is signifi
more likely to accumulate Wiin the liver rather than the spleen owing to the significantly higher
blood flow rate through the liver relative to that through the sgteen.

Thus, understanding of the biological systems responsible for reducing circulation
lifetimes of e administered nanomaterials is imperative to rationally design NPs that can
circumventsuch rapid clearance.

b) Flow Dynamics of Nanoparticles in theBloodstream

While in vitro studies commonly employ a static cell growth conditdR,in vivo studies
aresubjected to complex blood flow dynamitisereby affectingnargination(i.e. the movement
of the NPs towards the endothelium and propensity to adhere to the vascu)dr @atth
interactions with vessel wall are unequivocally desirable in drug delivery due to the need of
extravasatiof NPsfrom the blood vessel to accumulate within the pathological sites and efficient
interactions with vascular biomarkenshe case of NPs decorated with targeting moigtieseby
influencing overall biodistribution of the mateg&p 6

In blood vessels, a variety of forces, such as gravity, van der Waals and hydrodynamic
forces, act on NPs and influence their movement in the blood stt@drase forces, however, are

highly dependent on the characteristics of NPs, such as size and geometry, and therefore determine
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the overall outcomes of drug delive?§.Here, dthough the optimal size required for efficient
margination varies depending on teeperimentalmodels and the characteristics of the blood
vessels, it is geneiglobserved that the relatively small NPs (less than 100 nm) are more likely to
be trapped between the red blood cells (RBC) and move along with them in the center of the flow
streamlines, therefore, it is more difficult for the NPs to escape from theafidwnove towards
the endotheliun®® On the other hand, larger NPs (greater than 500 nm) exhibit a relatively higher
margination degee, and gravitdriven marginatioralso becomesanore prominent at this size
range(Figure6A).5°

As mentioned aboveNP shapesre also involved in determiningverall margination
dynamicsof the materialsin early studies, NPs were commonly synthesized spherical
geometrywhich areinclined to flow parallel to and away from the blood vessald therefore
unlikely to marginat&® With advances in synthetic methodologies, a variety ofspirerical NPs
with complex moements under fluid flow have been demonstrated in a number of models that

mimic blood flow dynamics in the microcirculatiéh 58

In contrast to spherical NPs, the movements of the-spbwerical counterparts are
characterized wi oscillation and tumbling owing to the noniform distribution of forces (i.e.
lateral, longitudinal and torque) exerted by the blood flow on the partiEigaré 6A).%7 ©°
Decuzzi and coworkers have indicated an increase in aspect ratio (AR) of NPs also increases lateral
drift velocity, thereby favoring marginatidA Thus, these NPs are more likely to transport across
the vessel walls and thereby interact with the endothelial walls. In another careful study of the
influence of NP geometry on margination dynamics using a papdéled flow chamber setup,
Decuzz and coworkers compare the flow patterns of porous silicon (pSi) particles (Skeétif)n

in different shapes: discqiduasihemisphergand spheré’ As expecteddifferent flow dynamics
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associated with each particle shape observed with discoidal particles were more hikelyeto
thevessel wallgi.e. marginate) than the other shagegiire6B). Althoughbiological interactions

of freestandingoSibasechanorodor nanotubebave not been evaluated in a systematic manner
earlier studies have showimat Au nanorods exhibitavorableflow dynamics(i.e. morelikely to
marginat®’. Thus compared with spherical NPs, nephericaNPs exhibit higher contact points
with endothelial cells, favoring tumor accumulation and promoting interacbetseen the

vascular receptors and the ligands decorated on the NP s{kige6B).

. >
L e

Figure 6. A) Flow dynamics ofNPsof different shapesand sizes (adapted from ré6) B) a.
Margination of particles in discoidal geometry and contact surface area of b. spherical and c.

discoidal particles (adapted from rég).

While the key physical characteristics of NBsscribed abovdictate the transportation
pattern within the blood stream and margination treoidier physiological conditions, such as the
local concentration of RB€and the shear ratedso significantlyinfluence the flow dynamics of

a given material.

c) Extravasation of Nanoparticles from theBlood Vessels
Upon systemic administration, NPs must be able to accumulate in the target sites to deliver

therapeutic agentsThis requires efficient extravasation of NPs from the blood vessels to the target
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area In normal vasculatissues endothelial cells create a layer with tight junctions (~ 1 nm) that
allow diffusion of certain small molecules, such as oxygen asaltmetabolic waste produdfs.

On the other hand, in neer,due toaggressive growth of tumor cells, additional blood vessels are
produced to acquire more nutrition and oxygen. In contrast to normal blood vessels, these newly
formed angiogenic vessels are highly disorganized and characterized with thendlotelial
gaps(or fenestrayvhose size arecommonly within the range of 18800 nm, present across the
vessel wall that allow NPs of particular size range to extravasate through and into the pathological
sites, such as the tumor interstitiu(figure 7A).”® In addition, owing to dysfunctional
lymphagiogenesis along with a high density of tumor cells that compresses the lymphatic vessel,
lymphatic drainage is signifamtly impaired; therefore, NPs are highly retained in the interstitial
fluid after extravasatior{i.e. escapingfrom the capillary vessef8.This phenomenon described
herein was discovered by Maeda and Matsumura aratled enhanced permeability and retention
(EPR) effect or passive targeting, whichsthmeenextensivelyexploited in cancer therapy to
facilitateaccumulabn of NPs at the tumor sités.

Although EPR is common in cancé&nestrationgor pore$ are also present on the blood
vessel wall of iflamed tissues in heart diseases and infecfibrds cells undergoing
inflammation, they become contracted and therefore induce formation of poresocapitlaies
(Figure 7B). In addition, some molecules, such as 56 kilodaltons protease secrededrdya
marcescenathogens, are also responsible for inducing fenestration in blood vessels, thereby
facilitating vascular permeabilityf. However, it should be noted that in contrast to tumors, owing
to a lack of aggressive cell growthetlymphatic drainage system in inflammatemd bacterial
infectionsremains normal relative that ofthe healthy tissues. Overall, suehnique EPR effect

can be harnessed as a route to facilitate extravasation of NPs through the leaky endthelium.
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Figure 7. Fenestrationg blood vessel wall of) cancer(adapted from ref7/5) and B) inflamed

tissueqadapted from ref64).

Since pore sizdistributionand the degree of vascularization depend on the type of tumors
aswell as the stage of canc®rdelivery systera designedspecifically for a particular cancer
treatment ienvisoned However, due to heterogeneous distribution of the endothelial gaips on
blood vessel wall, nenniform extravasationof NPs is typically observed, creating critical
challenges in the passive (Repecific) targeting stratedy.

Since some organs of the MPS, such as the liver, also possess fenestration features as
describedpreviously nonspecific accumulation of NPs in ntargetel organs and tissues is
discerned as ehallenging issué&’ While NPs in passive targetimgeonly coatedwith stabilizing
or antifouling agentdn active targetingtargeting moietiessuch as ligands and antibodiase
decorated ontdlPs to specifically bind tadhe complementary specipsesent orthe taget sites
such ageritumoral area (i.e. area surrounding the turaoriptracellular targetdn this fashion,
compared t@assive targeting that solely relies on EPR, active targeting has achieved a statistically

higher delivery efficiency in cancéinerapy owing to preferential accumulation at the target sites
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and enhanced cellular uptakeNeverthelesformation of a protein corona mentioned previously
also potentially compromises the targeting features by mashehhesemoieties thus posing
critical challenges that must be promptly addressed.

After extravasationNPs are expected to distribute within the tumor tissues for subsequent
cellular internalization. Howeverdue to the heterogeneity of the tumor microenvironment
(composed of stromal cells and diverse components of the extracellular matrateas collagen,
proteoglycans and fibrjpanonuniform distribution of drughnanocarriers at the pathological sites
is normally observetf: "®Moreover, the movement of theectorsto thedistal region (i.e. beyond
the proximity of the blood vessea$) highly compromised owing to the abnormally high interstitial
fluid pressure resulted from high proliferation rate of the cancer cells particuladgnorg,and
therefore they are molikely to remain in the cell areas close to the blood veé$étsorder to
mitigate such elevated pressure, some dfsigsh as angiogenic and antifibrotic agghts/e been
utilized tofacilitate diffusion of NPs by normalizing the blood pressdre.

d) Cellular Internalization

Upon accumulation in theathologicalareasdrug carriers now must be able to transverse
the cell membrane to release therapeutic agents inside theSasdisthe lipid bilayer of the cell
membranesnly permitsdiffusion of small, hydrophobic molecules, NPs are typically engulfed in
membrane imagination and encapsulated inside cytoplasmic vesicleslgu endosomes.

Endocytosis consists afvariety of pathways that are specialized in internalizing different
types ofmaterials: clathrirmedicated endocytosis, caveclaediated endocytosis, pinocytosis
and phagocytosi§Figure 8).”® Upon internalizing inside the cell, the materiale &ypically

subjected t@nacidic and enzymech environment othelysosome, which is detrimentd the
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stability of drugs and genetic materidlfierefore, NP designs that facilitate endosomal escape are
of utmost necessity

To date, two main endosomal escape pathways have been the mainstay of designing
nanomaterials: fliglop mechanism and prot@ponge effect. In the flifilop pathwayJipids and
polymers with cationic components can interact wikie negatively charged endosomal
membranethereby triggeringnembrane flipping and facilitating material releds€onversely,
the protonsponge effect isbserved with thenaterials containing high density of protortéeble
amine groups thdtiggeranosmotic pressurenbalancensidetheendosome and therefore burst
the vesicle$? 8!

Since surface chemistry dictates interactions withroelinbrane, these functionalities are
involved in mediating recruitment of protein components and molecules of endocytosis, thereby
influencing the entry pathways. In this manrserface functionalities involved in internalization
routes that circumvent lgsome, such asaveolaemediated endocytosigathway,have been
currently studied and integrated in MBsigns to eschew complex endosomal esé&pes.

In addition to challenges to ensure NPs can escape from or avoid the endosome and release
therapeutic agents intracellularly, multidrug resistance stemming droigp efflux pumpsand
effective delivery of therapeutic species to the target cellular compastrteegt cytoplasm vs.

nucleus) are also worthy of being emphasized in therapeutic deffvery.

17



Phagocytosis Macropinocytosis

Clathrin Caveclin
dependent dependent Clathrin- and caveolin-

Particle

S endocytosi

Early endosome

s endocytosis ndependent pathways

@)

1 * Caveolin

IA(tm filaments

Lysosome

Nature Reviews | Molecular Cell Biology

Figure 8. Pathways of cellular internalization MPs (adapted from ref8).

All in all, the complex influences of biological environments on the performance of
nanocarriers reinforce the notion that any NP design must addresusdamental challenges

described abovi guarantee robust performance of the vectors

1.2.3 Influence of Nanoparticle Shape on Biological Functions

Theshapes of NPsot only impact on flow dynamics of the vectors in the bloodstream but
also play alynamicrole in cellular internalization, intradular trafficking as well asnfluencing
various cellular pathways and functions.

While surface chemistry of NRdong withcell phenotype determine the efficacy of NP
internalization theinitial interface between NPs and cell membrare dsitical factor®® in other
words, the wrapping time of the cell membrane around the particle required for initiating the uptake
hinges on the local alignment of the particle on the cell membf&ne.

Since norspherical NPs exhibit diverse orientatioatative to the cell surfacdong with
different surface adhesion endégg various uptake outcomesare certainly expectét For

instance, considering the interactions betweetrophages anbPs of different shapes (i.e.
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sphericaand cylindrical), aelativelylonger wrapping timgasobservedn the case ofylindrical
NPs interadhg with cells via the major axf&. In addition, sincea givennanaccell interface
instigates théinding of the targeting moietie® the biomarkers expressed on the cell surface,
internalization of NPs is regulated accordingBenerally, a local contact ardaat generates
sufficientdensity of ligand-receptor sitess requiredfor initiating theinternalization proces® °2

For nonspherical NPs, thaspect ratio (AR) (length : widthgf NPs is involvedn the
outcomes ofendocytosisConsideringmacrophageiptake since nonrspherical NPs inhibit the
formation of actin cups required for initiating phagocytosis type of structures less likely to
be internalizedy the macrophageslative b the spherical counterparSigure9A).8* 8 Hence
this unique uptake behavior suggestsrspherical NPs are an appealing optioreffectively

precludeclearance by the macrophages

Table 1. Influence of NP shapsiOz NPs)to cell functiongA375 cells)(adapted from reB3).

Cell function Order of Impact
Cellular uptake LR1 SRI S
<7
Increasing cellular uptake
Cell Cytoskeleton LRI SR=S
47
Increasinglisorganization of factin
Cell adhesion and adhesion molecule § SRI LR
expression <

Increasing the number of cells adheredhmxell plates.

»
»

Decreasing melanoma cell adhesion molecule (MCAM) expression
Cell migration S SRI LR

Pl
<«

Increasing migration

Cell viability and apoptosis LRI SR=S
47

Increasing cytotoxicity and apoptosis

LR =long rods [AR =], S = short rods [AR = 2], S= spherical [ARLE

19



However, owing to the complex physiological conditions and physiochemicalrpespe
of NPsthat collectively dictate narbio interfaces, there is no general consensus in cellular uptake
patterns applied for all NPs as well@l lines anddisease model$-or instancewhereagyold
nanorods were shown to accumulate insigd¢a cervical cancesells at a lower density than the
sphericalcounterparta higher concentration of PEGylated silica nanorods with a relatively high
AR was internalized compared with that of the spheres and the shorter n&i®&uods.drastic
differences might be attributed to variation surface chemistry, aggregation stasnd
hydrodynamic size of the materials in the biological metierefore NP internalization should
be carefuly evaluated in the context bbthcell phenotype and Nproperties

As indicated above, besidsarface chemistry and size of Nfatcollectively influence
cellular functions, NP shapes also have diverse impacts on the integrity of the plasma membrane
and multiple cellular functionsincluding cell migration, cytoskeleton, cellular spreading and
cytotoxicity (e.g. SiQ NPs Table1).8% In some studies, NPs with a high AR, such as nanowires
(AR > 1000) were shown to readily pierce through and dishgatell membrane, thus potentially
triggeringunexpectectonsequences to overall cellular functi¢Rigure9B).8” 8GivenNPs with
the same chemical composition with differert shaps, cellular structures andathwaysare
affecteddifferenty. For instance, while spherical SiQPs strongly affect cell migration, the SiO
nanorod structure causa®re profounceffectson the cytoskeleto??: °* Thus, an understanding
of the impact of a given NP design to overall cellular functisngeeded to address aagverse

pathological responses resulted from NP administration.
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Membrane wrapping Targeting

Figure 9. A) Macrophages internalizing polystyrene particles of different shapes (scalebar) 5
(adapted from reB6) and B Schematic illustratingiteractiomsof NPs of various geometriegth

cell surfacgadapted from reP1).

Upon internalization, intracellular distributismf NPs are also governed by NP shape
probably owing to its influence on diffusion movement of the matandlse viscous cytoplasm.
For instance, after cellular uptake, spherpmally(lactic-co-glycolic acid) PLGA) NPsare more
likely to accumulate closer to the nucleus than the elliptical discs count&rpart.

Since biodegradable materials are popular choices for drug delivery carriers, it is
noteworhy to emphasize the impact of the degradation process to the structural dynamics of the
materials. Here, as degradation proceeds, physiochemical properties of the platform also change
accordingly, causing complications in determining the biological impathe materials in a
predicted manner.

Therefore considering the involvement of shape in multiple complex cellular pathways
and delivery efficacythe concepfi f or m f ol | ouwssbetlfe primapte ofdNR design in
nanomedicingandunderstandingn structural characteristics of a given nanomaterial is imperative

to evaluate downstream cellular pathways and ultifuetetionsin vivo.

1.3  Nanostructured Silicon
Bulk crystalline silicon has been the major element in electranid photovoltaic

industries; nevertheless, they are unfavorable itonbdicinelargely due ta lack ofdissolution
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in biologicatrelevant environment8: °4It was not until the 1990s when the unidpiedegradation
properties ofSi particles with a nanoporous architecturas discovered by Professor Canham,
thus paving a way to a new era of {iisednanomediciné® Owing to tunable physiochemical
properties of pSi and the bioinert degradation byproduct (i.e. orthosilicic acid, 2j(@id)e is a
growing enthusiasm for employing this material to tackle multiple challengsigndelivery as
describedchbove and thereforeplying future clinicalapplicationswhicharecurrentlylimited to
organiebased materiafs: %

In this section, a brief overview of fabrication strategies of pSi commonly empioyed
biomedicallyrelevant studiesand methods to control particle shape are predentlext, a
comprehensive review of several unique-tatevant properties of pSi is presented, namely
tunability of surface chemistrpiodegradation and biocompatibility, followed by some selected

examplesof nanocarrierbased on pSi platforms with pragimgin vitro andin vivoresults.

1.3.1 Pore Formation and Control of Silicon Particle Geometry

To date, porous silicon can be fabricated via a number of preparative¥dtdtegever, to
be able to control formation pbrous architecturas well as achieweproducible etching results,
electrochemical etching method, in which Si is etched in an anodization cell in the presence of HF
ard a platinumcathode, ishighly preferredand has beesommonly employed bynumerous
research groups to fabricate pSi particiedefined porous structuré®

In anodic etching, the pore morphology is highly directional and perpendicular to the (100)
crystal plane of the Si wafer. By controlling etching parametevgetisas doping level athe Si
wafer, a broad rangef surface areg pore sizes (abbreviatedd)sand porous morphologiesn
be achievedTypically, a dendritic poous structureas commonlyobserved irboth micro d < 2

nm) and mesoporous Si (2 nmd< 50 nm) while acolumnar architecture is normally associated
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with the macropores (d > 50 ni¥Y) Since porous structure of pSi determidasgy loading capacity
along with the release profjlesuch initial control of the porous architecture is imperative to
capitalize on thigtching strategy

Similar to any NPsdesigned fodrug deliveryapplications tunability of particle sizes
alsoof utmost interest. FaanodizedpSi, after etching, the film is lifted off and is subjected to
ultrasonicatiorand/or grindingo obtain micro and narsized particles®® However, this method
normally yields a large size distribution and often requieeklitional ultrafiltration or
centrifugation step tobtainthe target particle sizeuch as submicrepSi for therapeutic delivery,
therefore inevitably loweringhe vyield (Figure 10A). To circumvent this issue,naalternative
anodic etchingbased strategy, namely electrochemical perforation etching, developed by the
Sailor group has been demonstratedraadily program he size via etching parametavithout
affecting the final yield of the produtt:

In perforationmethod, high porosity (65 % porosity) layers of tens of nanometers; or so
called perforations, are created pgriodic pulses of high current density (e.g. 400 mA3m
during the etching and separated by thicker primary layer$ welatively lower porosity (42%
porosity), whose thickness essentially determines the particle(E68:350 nm) Since the
porosity of the perforation layer is relatively hagltthan that of the primary layer, they are prone
to cleavage during ultrasorfiacture, thuprecluding exhaustive ultrasonicatistep andielding
a more uniform size distributioBincethe target particle size can readily be achieved using this
method withoutfurther ultrafiltration or centrifugation, a five times higher yieddative to the

those prepared with no intervening perforated layes obtainedRigure 10B).10%
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Figure 10. Anodized pSi A) after ultrasonication and size selection by centrifugéditepted
from ref. 102) andB) producedby perforation etching metho&canning electron microscopic
imaging showing perforation layers (B1) and particles after sonication (B2); TEM imaging

showing high resolution of poroaschitectures (B3) (adapted from r&@1).

Although anodi etching includng the perforatiormethod enables controbf porous
architecturealong withparticle sizejrregularshaped particles are typically produckdthe field
of nanomedicine whetthe particle shapelays pivotal rolesn variousphysiological interactions
particles with a weldefined geometry are therefore a desired target. Thus, this motivation has
spurred investigations of a number of synthetic methods to sensitively manipulate the shapes of
pSi particles, and in recent years, a number of pSi in remgrkantrolled geometric shapes has
been successfully fabricated via intricate synthetic routes

To achieve welldefined NP geometrygne of the strategies in whigihotolithography
employed prior tanodic etching is demonstrated, such that the fingleshaf pSi particle are
precisely controlled via the unit shapes created on lithographic paftefd3n this manner, while
the porous structure is readily achieved via electrochemical etching, this photolithographic route
offers flexibility to obtain a large selection of micron and submigceled pSi in various shapes:

hemispheres and disicls along with tunable diameter, thickness and porobBityu(e 11A and
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B).100. 14However, a main challenge of this strategy is poor yield that precludes it from practical
clinical trials.

In contrast to the pSi shapes (typically 2 dimensional (2D)) presented thusnéar
dimensional (1D) Si nanostructures, such as nanowires (NW) (AR > 1000), can also readily be
achieved via a vapdmuid-solid (VLS) method. Since Sianowires typicallypossess aighly
crystalline structure with a smooth surface morphotbgyresiis in a lack of favorable resorption
in physiologically relevant environmentshe range of applications dofolid Si NW in
nanomedicineis unfortunately limited 8 1% Alternatively, a novel strategy combining
photolithography anthetatassisted chemical etching (MACE) has besmployed to produgeSi
in 1D nanoneedle@NND) form; therefore a high loading of therapeutic molecules in conjunction
with favorable biodegdability and biocompatibilitystemmingfrom the porous structurean be
achieved(Figure 11C).1% While therapeutic loading in pSIND is confined within the porous
structure analternative 1Dconstruct, namely nanotubeoffers additionalencapsulation of the
cargos inside a hollow structure, therebgally protecting the therapeutic species from the
external environmenf’ In recent yearsmultiple synthetic routes have been demonstrated to
produce alD nanotube structa of Si further dscussions of SINT fabricatioralong with

associatetherapeutic implications will be described in detail in the chagietsollow.
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Figure 11. Porous silicon in various geometric shap&sDiscoidal pSi (Al: 2500 x 700 nm, A2:
600 x 400 nm) (adapted from r&D3) B) Hemispherical pSi (adapted from r&@4) and C) Porous

nanoneedles (adapted from r&®8).

In general,while a vast variety of synthetic methods can be used to generate pSi of
desired structureglepending on thtarget biomedical studies, the overall structure of pSi must be

carefully controlled to achieve desirable delivery outcomes.

1.3.2 Surface Chemistry and Chemical ModificationStrategies

The original surface chemistry of the-@®pared pSi is determined by tbelected pSi
fabrication methodn particular, fabrication methods involviegectrochemical etchingenerally
producepSi with a nativehydrideterminated surfagevhereas chemical conversion of silica to
silicon typically generates an outer oxildger'% Since SiH species X = 1-3) of the hydride
terminated pSare strong reducing agents and susceptible towards oxidation in both ambient air
and aqueous environmentsistihhative surfacereatescomplications in evaluation of tHsofate
of the materialén bothin vitro andin vivostudiest°In addition, carefuin vitro studies performed

by the Voelckergroup suggested cytotoxicity of the hydreminated pSi, particularly towards
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human lens epithelial cel(SRA 01/04),owing in part to the presence of the reactive oxygen
species generated from the material after exposureelio culture medium Hence, these
observations emphasize the urgent need for surface modifications to ebiloanocapatibility and
stability of the materia™

Depending on the target applications, a suitable surface modification method is chosen to
activate/passivate the surface of pSi, thus tuning degradation kinetics as well as endowing suitable
surface functionality for further modification (or biologlctargeting). To date, several surface
modifications, such as thermal oxidatidghigure12A) and thermal hydrocarbonization, have been
established toeadily modify hydrideerminated pSi in a wettontrolled manner and impart
distinct hydrophobicity/hydrophilicity on the material depending on the surface functiorality.
In particular, whereas freshly anodic etched pSi is hydrophobic, oxidized pSi is hydrophilic,
therebysuggesting feasibility of integrating biologics and hydrophuitiegs to this platform!©

Considering surface functionalization of the oxidized pSi, organophosphonates
functionalization and silanization have been commonly performed to endow additional
functionality to the @i matrix!!? In the specific case of silanization, the silanol groups on the
template are covalently bonded to the hydrolyzed anchoring moiety of the aijanrgsilane
molecules via a condensation reaction, thereforetingea stable siloxane bond between the
coupling agent and pSi surfadegdure12B). Due to a large variety of the tail groups of the silane
moleculesa variety of additional molecules of interest can be linked to the pSi template via the
coupling agents. Among possible linkers, silane molecules with an amino group at the distal ends
have been extensively utilized to extend surface functionality andgatej with biomolecules of

interest via either covalent bonds (e.g. PEGylation) or simple electrostatic interactions (e.g. nucleic
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acids)!1% 113Thus, such versatile surface functionality of pSi has significant implications in diverse

bio-relevant applications.
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Figure 12. A) Surface oxidation of the hydriderminatedpSiand B) surface modification of the

oxidized pSi via hydrolytic condensation with orgaaikoxysilane molecules (adapted from ref.

114
1.3.3 Bio-relevant Properties

a) Dissolution of Porous Silicon

Accumulation of NPs in the body after administration for an extensive period of time can

potentially trigger harmful pathological responses, such as inflammation. Thus, a drug delivery
system capable of degrading and resorbing/excreting in a bpatinie manner to avoid invasive
surgical removal procedure is an attractive option. The discovarywiro biodegradability of
pSi in simulatedody fluid (SBF) by Professor Canham in the nligi90s and the followp in
vivo studies demonstrating bothodegradability and biocompatibility of the material have
remarkably inspired pSiased nanomedicirté.Owing to the nanoarchitecture with a relatively
high surface area, upon exposure to physiological media, pSi is readily resorbed via surface
oxidation followed by hydrolysis of S$i bonds to release a ntoxic and soluble orthosilicic acid
[Si(OH)4], which is readily eliminated from thbody via the enal system Rigure 13).11°

Interestingly, the Si(OR)byproduct has not only been shown to be-taxic to the body but also
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benefit bone growth and collagen synthesis. Recent studies have also demonstrated the remarkable

implications of SiiOH)i n combating Al zhei merdés dil'8ease v

Figure 13. Dissolution mechanism of pSi (adapted from 1éf?).

Although pSi is a bioresorbable material, a fast degradation may decrease-ttie oalf
the platform upon administratiom vivo and thus diminish therapeutic efficiency of the system.

For the past decade, a great number of studies have demonstrated the impact of pore size, surfac
functionality and Si skeletal dimension (or feature size) of pSi on its degradation kitetics.
Hence, by controlling these features, adequate dissolution rate can readily be obtained.

While a large selection of porous structures can be produced via tuning fabrication
parameters, dissolution of pSi is generally acceleratdwbasitface area increases due to enhanced
diffusion of the medium throughout the Si skeleton. In addition, owing to versatile surface
chemistry, the degradation profile of a modified pSi also differs from that of the original material
as a result of the ipact of the surface functionality® In particulay while hydride terminated pSi
is susceptible to oxidation that leads to fast degradation rate, a passivatitay8i@ignificantly
slows down the dissolution. Also, modifying agegrafted on the pSi surface are also responsible
for changing dissolution behavior of the material. For instance, for the case of commonly
employed PEG, the Ferrari group observed that pSi dissolution rate decreased as the molecular
weight of PEG moledas increased, presumably attributed to the steric hindrance of the chain
length of PEG molecules that inhibits diffusion of Si(@Hissolution byproducts from the pore,

thereby reducing resorption raté.
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Besides those factors mentioned above, there are other physical features of pSi, such as
particle size and crystallinity, which dictate dissolution rates and have been described thoroughly
in severhcomprehensive reviews of pSf.In general, owing to tunable dissolution properties of
a given pSi architecture, there is a great utility in drug delivery where the platform is designed for
delivery and cleared from the biological systems after completing its functions. Although it is
generally assumed drug release is primarily facilitated by the dissolution of the platéstmtti
and coeworkers suggested that drug release profile is also significantly influenced by the intrinsic
chemical properties of the cargos (e.g. solubility sumlace chemistry) and pore filling, which is
primarily determined by the pore siZé&

In addition, it is also worthwhile to point out that while dissolution kinetics of pSi can be
readily tuned via fabrication conditions, complex biological environments, particutavo
condtions, composed of diverse biochemical species and different pH gradients also significantly
affect the dissolution rate of a given material, and thus one can expect the degradation kinetics of
a given material is varied as a result of biodistributiorhefgarticleg® 120

Thus, the interplay between cargos tfolan structures and the biological environment in
determination of the therapeutic outcome must be carefully considered rather than decoupling
these components separately. Also, careful evaluation inibothro andin vivo studies are
necessary to undgand the biological dynamic behaviors of the materials prior to any clinical

studies.
b) Dissolution Patterns of pSiParticles in Well-defined Shapes

As described in the previous section, a large selection of pSi in diverse geometrical shapes
(i.e. hemisphres, discoids and nanoneedles) has been synthetically achieved to date and

contributed to our understanding the biological outcome of the materials upon administration.
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These weldefined structures not only elucidate the movement dynamics in the bleachsbut

also provide information regarding evolution of the particle shape as the dissolution occurs, thus
sensitively having an impact on drug release kinetics as well as biological interactions, that is
challenging to obtain from irregularly shapedtjzdes.

While the pore diameter of all the structures become larger over time as a result of
decreasing wall thickness upon dissolution, the degradation patterns of each particle shape are
drastically different. While the disc morphology becomes thinséissolution progressesigure
14A), the outer layer of the hemispheres is first subjected to dissolution followed by the central
core and théinal pore collapseRigure14B).1°% 11%0n the other hand, for the nanoneedle structure,
as the pore size increases as thgraidation progresses, the defined needle structure eventually
collapses owing to insufficient structural integrity, and only the solid stumps remain after 24 h
(Figure14C).108

Hence, by understanding the evolution of structural shapes upon dissolution, the impacts
of the nanostructure on nab@ interface can be thoroughly evaluated, especially with respect to

delivery efficacy.
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Figure 14. Dissolution patterns of Ahemispherical pSi (adapted from r&19); B) discoidal pSi
(adapted from refl03) and C) nanoneedle pSi (adapted from 168).
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c) Biocompatibility of pSi

While nanostructured pSi can readily degrade into nontoxic byproducts to avaciiong
accumulation, pSi in micro and nanosize ceadily interact with and penetrate into body tissues
and organs in various manners and therefore result in complicated body redpdnsé late
1990s, studies of pSiimplantationtire guinea pighowedno evidence of chronic inflamrtian,
thereby indicating the first evidence of biocompatibility of pSiivo.*?2

To date, a multitude of pSiased platforms with intricate designshaen developed to
address severdurdlesin drug deliveryand therefore poseritical challenges to dva a solid
conclusion regarding the biocompatibility of all pSi structures for every disease. ®oded) to
the complex nature of the biological systems, the structural parameters (e.g. shape and size) as
well as the surface chemistry of the materials #natgenerally responsible for possible changes
in cell homeostasjbiological responses can vary among different cell lines and animal m&dels.
Interestingly, in earlier studies, injection of pSi microparticles (hybidesed and oxidized
surface) into the vitreous of rabbit eyes and implantation of pSi membranes (amino and oxidized
terminated surface) under the conjunatof rats triggered insignificant inflammatory responses
and did not cause any damages to ani mal sd e
different surface chemistry to eye tissti#&s.

All'in all, while in vitro studies are imperative to evaluate the impacts of a givehgsed
platform at the cellular level, more vivoand clinical studies are required owing to the complex
aspects of the living systems, such as immune respétisesaddtion, a systemic evaluation of
the biointerface of a given pSi structure is imperative in order to understand the biological
responses upon administration of the materials and also to allow reasonable comparison of the

impacts of different types of pSirgttures on biological systems.
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1.4  Nanostructured Silicon as A Therapeutic Platform

1.4.1 Bio-relevant Applications

Owing in part to the unique tunable resorption characteristics, pSi nano and microparticles
have become a prominent candidate in multiple nanonmedieipplicationd!® 12> While
biosensing and nemvasive implants using p®iased materials have been demonstrated and
achieved considerable successes, pSi is also indicated as exceptional therapeutic delivery
platforms9®: 110. 126

In general, pSi is designed for loading, providing protection, delivery and facilitating the
release of the therapeutic cargos at the targeted disease sites. In particular, the porous architectur:
of pSi has been exploited not only to irese drug loading capacity but also to enhance
bioavailability of the drugs as described in sectioB.1 Owing to tunability of the porous
morphology, drug release profile can ideally be controlled accordingly. For the past few decades,
a multitude number of studies have exploited the porous architecture of pSi to deliver insoluble
drugs, such as antancerdrug camptothecin and astiflammatory drugcelecoxib!?’ Recently,
our group has demonstrated an exciting-eiemdly delively route comprised of plaiterived
mesoporous pSi and amtiflammatory drugs extracted from horsetail. By confining within the
porous structure of Si platform, drug solubility was enhanced significantly and increased anti
inflammatory effect relative tde free drug was observéd.

In addition, since a vast numbef therapeutic species, particularly nucleic acids and
proteins, are susceptible to degradation by the complex biological environments, multiple designs
of pSkbased platforms have been introduced to confine and protect the cargos within the porous

architeture, thus indicating potential merits of pSi in delivery of biologfés-*
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Interestingly, while pSi has been employed to deliver various therapeutic agents fo
treatments of cancer and infection diseases, there is a growing evidence suggesting pSi with certain
surface chemistry (i.e. thermally oxide and thermally hydrocarbonized pSi) can act as adjuvants
by inducing maturation of dendritic cells and stimulatiogtokine secretions involved in
differentiation of immune cells, hence implying remarkable potential uses of pSi in

immunotherapy??

1.4.2 pSi particle - cell Interaction

As described in earlier sections, after systemic aditnation, nanomaterials are subjected
to complex interaction dynamics with various biological constituents. While there are multiple
factors that determine therapeutic efficacy of a given material, a focus on the influence of some of
the selected physioemical properties, namely surface chemistry and particle geometry, of pSi
materials at the nancell interface is described herein with an emphasis on cell functions and
delivery efficacy.

To date, surface chemistry is one of the most important chasdicterihat dictate the
outcome of any therapeutic treatment. Not only blood circulatiorlifalbut systemic clearance
is also significantly determined by the chemical functionality grafted on the NP surface. Hence,
critical assessment of the effect afface chemistry of a given pSi particle is necessary to address
any potential adverse side effects.

Upon administration into the body, pSi particles are expected to interact with immune cells
prior to reaching to the target sites and subsequently triggaune responses. In a series of
careful studies by the Santos group, the influence of pSi with a diverse range of surface chemistry
on various immune cell lines have been elucidakeglufe 15). As expected, positively charged

particles generally exert adversepacts on cells due to disruption of cell membrane integrity,
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whereas negligible effects were observed in the remaining carriefB@QRS| TCPSi, THCPS]
THPSI, defined in Figure 15)n addition, while NPs possessing a hydrophobic surface are
generally compatible to cell functiorte.g. low ATP depletion and genotoxicity) was shown
that the biocompatibility of the hydrophilaxidized pSi stems fronts hydrophilicity andthe
favorable resorption of the material into nontoxic Si(@Hy *2

Additionally, in another study using irregusinaped pSi to exclude shapeta, the same
group also observed that pSi of certain surface chemistry, particular those with higher density of
C-H structures on the surface, are likely to act as adjuvants that can synergistically trigger immune
responses, thus implying tremendous pbté& in delivery of immunestimulative drugs. On the
other hand, other pSi such as APTHSctionalized pSi particles, which lack ability to exert
immune responses, offer advantages in delivery of imrsuppressive molecules. Therefore,

these results clactively highlight the impact of pSi on immune systeffs.

Control TOPSi TCPSi APSTCPSi THCPSI UnTHCPSi

Figure 15. Impact of surface chemistry of pSi to morphology of immune ¢&(BPSi: thermally
oxidized pSi, TCPSi:thermally carbonized pSAPSTCPSi:APTESfunctionalized thermally
carbonized pSi, THCPSi: thermally hydrocarbonized pSi and THPSi: undecyleniohatizid
pSi) (adapted from refl32).
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Besides surfacehemistry, particle shape has been explored as a critical structural
parameter responsible for any changes in celluaeses and therapeutic outcomes. With the
emergence of welllefined nanostructured pSi in recent years, the influence of particle geometry
on nanebio interface can be thoroughly interpreted. While particle shapes have been shown to
influence biodistribubn, a focus on the interactions between pSi particles and cells is presented
herein.

As mentioned in the previous sections, local alignment of the particles relative to the cell
surface invariably determines the efficacy of particle uptake. With advances in microscopic
technique endowing high resolution imaging, particle association wikh ltas been explored,
providing details regarding internalization pathways. In addition,-elafihed structures of pSi
readily allow distinguishing particles from cells and other biological interferencegtance, via
scanning electron microscop(SEM) imaging, phagocytosis of discoidal microparticles by
murine bone marrowlerived dendritic cells (BMDCyvas shown, as evidenced by formation of
an actin cup engulfing the particles surfate.

The exploration of the biointerface using pSi in a wdelfined 1D structure paves the way
to understanding the distinct nanell interactions produced by the high AR of the particles.
Similar to he aforementioned SiNWSs, which insignificantly creates adverse impact on cell
viability despite cell penetration observed after exposure to NWs with relatively higRigre
16A), biocompatibility of the noninvasive porous Si nanoneedles has also been inditaté.
Owing to biodegradability of the material, temporary exposure to cells presumably exerted
negligible damage.

Here, detailednteractions between the array of needles and cells svaleatedvia the

crosssectionsobtained fromthe focusedon beamscanningelectronmicroscopc imaging (FIB-
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SEM), which outlines needleell interface Figure16 B1 and B2) While initial studies suggest
penetration of Si needles creates access to cytoplasm and thereby facilitates delivery of cargos (e.g.
nucleic acids and quantum dots), Stevens atiéagues indicated a tight interface is created
between the nanostructure and cell membrane upon interaction and thus deforms the cell
membrane rather than completely piercing through the cell strudigner€¢ 16 C1 and C2). As

the cell membrane becomes deformed owing to the physical interactions, numerous signaling
proteins, such as caveolinand clathrin light chain, participating in endocytosis psees are
recruited locally at the needill interface, thereby initiating the endocytosis, presumably via
mechanical stimuli. However, since a high delivery efficiency was achieved despite the payloads

(i.e. siRNA) colocalized with endolysosome, whickadily degrades the cargos, the delivery

mightalsobe stemming from an alternative pathway, which remains to be evalated.

Figure 16. Association of 1D Si structureith cells. A) mouse stromal cells interacting with
vertical SINW array(adapted from ref87); B1) Cross section imaging showing higésolution
cell-needle interfacdetween porous silicon nanoneedles lamthan mesenchymal stem celied
B2: clathrinlike vesicles formed at the interfa@lapted from refL35).

While the majority of cellular interactions with 1D structures of Si up to date have focused
on interactions with the whole array, only a few studies have focused on cellular responses upon
exposure to frestanding suictures, which affect celiiability in different manners. For instance,

unlike SINW and needle arrays, cell proliferation after treatment withstegaling particles is
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significantly dependent on the dose, presumably owing to toxiuilyced aggregati@nand
interference with cell function'$® Also, diverse orientation of free particles whesmes into
contact to cell surface creates complications in evaluations of internalization of the materials. Thus,
to compare the platform witthose are currently existing, such as nanodiscs and platelets,
systematic studies regarding the impact of a givendtaeding 1D Si structure on the nano

interface and intracellular delivery is needed.

1.4.3 Current Design Strategies of pSbased Drug Celivery Systems and Outcomes

To address multiple biological hurdles, the designs ofyaSed delivery platforms have
become increasingly intricate over the years. Whereas earlier studies mainly focused on controlling
drug release and relied on the EPReefffto enhance particle accumulation, recent years have
witnessed an increasing number of studies which focus on active targeting strategies to enhance
specificity13® For instance, pSi decorated with peptid@and small molecular ligant¥ that
selectively arget specific moieties expressed on the target cell membrane have been demonstrated
and achieved exceptional results.

While foreign materials are subjected to clearance by the MPS, particle design with an
additional biomimetic outer layer, particularlerdzed from the cell membrane with specific
surface molecules and lipid compositions , have enabled the matedatmaoflageand evadethe
MPS by prolonging circulation tim&® Here, Santos and coworkers have developed strategies to
effectively encpsulate thermally oxidized pSi NPs within cell membrane derived from various
cell lines!*°and pSibased nanovaccine, which involves coatioglylated dextra@pSi platform
with cancer cell membrane (CCM) has demonstrated several prgmmimunomodulatory
properties. Since cancer cells of every patient exhibit different selection of antigens, a personalized

vaccine can be envisagd@igure 17A).14° Besides cell membrane, biomimetic exosome coating
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also renders NPs enhanced stability in the blood stream along with immunocompatibility and
enhanced cellular uptake. In this man@dsjocompatible exosome coated drug@pSi nanocarriers
have been achieved via exocytosis of the doagled particles by human hepatocarcinoma tumor
cells, and the system has been demonstrated to significantly enhancanasti activityin vivo

(Figure17B).14!
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Figure 17. Biomimetic pSi nanoparticles: A) pSi coated with cell membrane derived from
different cell lines (1. A542. MCF7, 3. MBA-MD-231, 4. PC3MM2) (adapted from refl39);
B) pSi coated with exosonfadapted from refl41).

In addition to some of the selected designs described above, severaleothekable
nanoconstructs have been presented to tackle multiple hurdles encountered upon systemic
administrations, such as coating with amiiah molecules (e.g. dendrimef®) or fusogenic
lipids®*° to overcome the endosomal barriers, thus emphasizing flexibility of manipulating a given
pSi material to satisfy stringent requirements for specific disease models and achieve optimal
therapeutic outcomes. While a diverse selection of surfacengyafitblecules can be synthesized
and decorated on pSi in various manners, the pSi core remains the utmost important component
that influences the therapeutic outcome of the whole nanocomposite given by tunable dissolution
properties and nanoarchitecturebefefore, a system composed of a central pSi component with

a welldefined structure is an appealing target in therapeutic applications.
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Chapter Il

One Dimensional Nanostructure of Silicon and Bigelevant

Properties of theNanostructures
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2.1  Introduction

One dimensional (1D) structures of silicon have offeretheras opportunities to study
the impact of theenanoconstructs on cellular functions and contributdshtavledgein nangbio
interfaces:®> 1% Among 1D structurg nanotubs are an attractive optiorowing to additional
lumen that endows enhancement in cargo loading.

Although singlewalled Si nanotubes (SiINTs) have yet to be producesit(@tineir inability
to retain sphybridization in the same fashion as carbon nanotubes), nanotube constructs of cubic
phase Si have been successfully fabricated via various synthetic YSut&ddowever, earlier
synthetic methods, such as alumina membrane template and gas phase condensation methods
typically encountered complicating issues involving contamination with byproducts (e.g. solid Si
nanowires) and homogeneity of the SINT structdfes*® With advances in nanotechnology,
methods that endow SINTs with tunable structures and high levels of reproducibility have been
demonstrated, #reby providing ease in systematic evaluation of the impadhsesdéstructures,
especially on biological systent¥: 14/

With a focus on the pldirms designed for intracellular delivery via controlled interactions
with cells, a unique delivery strategy using vertically aligned SiNTs have been demonstrated
recently. Via a combinatioof direct ebeam lithography and deep reactive ion etching (EBL
DRIE), an array of opeended SiNTs with weltlefined structures (e.g. 300 nm inner diameter, 2
em |l ength and 5 em pitch) that are uTheser ml y
delivery platforms are not only biocompatible to the tested primary cell line (i.e. Mouse embryonic
fibroblast cells) but also have shown to trigger endocytatibyeays for intracellular delivery of

biomolecules in a similar fashion to that of the porous Si nanoneedles (Si NNigcaibed in
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Chapter 1. Owing to the unique hollow inner space, the authors also pointed out that additional
functionalization was not necessary to achieve high loading.

Whereas pSNNDs have demonstrated efficient therapeutic delivery via high surface area
and bierelevantproperties (i.e biodegradability and biocompatibility) imparted by the porous
morphology®® 1%8SiNT arrays presented above readily mediate mechanodelivery (delivery via
disturbance of the plasma membrane by mechanical force) via the unique hollow structure. Thus,
these selected platforms are not only applicable teraé therapeutic treatments including
nanoinjection and celbbased therapy for their capability of delivering a large selection of
therapeutic cargoes (e.g., nucleic acids and Cas9 ribonucleoprotein), but they are also beneficial
to explore complex biolagal pathways triggered via interactions with 1D nanoconstructs at close
proximity with cells.

While SINT arrays produced by EBDRIE are endowed with controlled wall thickngss
smooth sidevalls aretypically achieved. Alternatively, an approach developgdur groupthe
so called sacrificial ZnO templateute Figure18), not only yield SiNTs with tunable structural
parameters (shell thickness andandiameter), but the surface morphology of the nanoconstructs
can readily be modulated via controlling the conditions of chemical vapor deposition {&VD).
Typically, a unique porous morphology is accompanied with a thin Si side wall2(1mn)
obtained at a relatively low temperature (~ 3@) and a short reaction time (typically 5 min),
whereageactions operating ahigher temperature for a longer period of tinseiallyyield thicker

shells and a smoother surface.
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Si-ZnO
Zn0O NWs composites

(Cross section)

Figure 18. Synthetic scheme @iNTs produced via sacrificial ZnO templatenethod

For porous SINTs (pSiNTs), the unique arrangement of pores on the side wall distinguishes
this porous morphology from the dendritic mesopores and columnar macropores of other pSi
structures typically obtained from anodic etching. In contrast to other p&irials, SINTs
produced herein are typically amorphous presumably owing in part to lattice mismatch at the
ZnO/Si interface. Nevertheless, highly crystalline nanotubes can readily be obtained by performing
additional annealing step at a relatively higmperature (60®5C°C). In addition, since this
sacrificial template method excludes the need of corrosive reagents (e.g. HF) and intricate
lithographic methods, the ease of use of this strategy is recognized.

With regard to bierelevant properties, tunabldegradation kinetics along with vitro
biocompatibility of the unmodified SiNTs with healthy human cell line (e.g. human embryonic
kidney cells, HEK 293) have been demonstrafédore importantly, resorption patterres the
amorphous pSIiNTs in phosphate buffered saline (PBS) have been shown to be similar to that of
the bioactive anodized pSi materials, thus collectively demonstrating potential merits of SINTs

with a porous morphology inrdg delivery®’
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Since biodegradable freasiding nanostructures are of utmost importance for systemic
delivery of the therapeutic cargoes to the pathological sites and subsequent elimination from the
body in a controlled mannéfjt is of great importance to assess therapeutic implications of such
biodegradable pSiNTs. Thuar, we acknowledge that there have been no reports regarding
evaluation of the therapeutic potentials of Si in freestanding nanotube structuefofieheany
assessments of pSINTs as delivery matrices will be exciting opportunities to gain insight into
applicability of this new class of nhanoconstructs in nanomedicine.

Whereas inner diameter and shell thickness of SINTs have beechagdicterized in
earlier studies, the lack of demonstration of systematic control of nanotube length suggests
necessity of evaluating this feature prior to any-felevant studie®’ In terms of cellular
interactions, since membrane wrapping and cellular penetration are presumably influenced by the
AR of the norspherical nanoconstruct® manipulation of pSiNT length jsherefore essential
to achieve optimal therapeutic outcomes. In addition, although pSINTs are produced as an array
of uniform individual nanotubes, investigations into size control of the freestanding pSINT arrays
are critical. Besides, since various raimentioned biological factors and physiochemical
properties generally dictate the biofate of the materials, evaluation of the effects of biological
media and surface functionality on biodegradability patterns of pSiNTs are also needed.

For these reasond this Chapter, control of nanotube length and fragmentation of
nanotube arrays are thoroughly described, followed by assessment of degradation behavior of
unmodified and functionalized pSiNTs in biological media. Additionally, cytotoxicity of

functionalzed pSiNTs to cancer cells is also detailed herein.
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2.2  Experimental

2.2.1 Fabrication of SINTs viaA Sacrificial ZnO Template M ethod
a) Growth of ZnO Nanowires (ZnO NWSs)

ZnO NWs template presented herein were fabricated via a hydrothermal method.
Fluorinedoped tin oxide (FTO) glass or Si wafer was cut into 1 x 1.5 cm pieces, which were
immersed in 10% HCI and sonicated in acetone for 1 h and 40 min respectively. ZnO nanocrystals
(or seeds) were prepared by stirring (400 rpm) a mixture of 0.01 NLBsCO2)2 (12.5 ml), MeOH
(25 ml) and 0.03 M NaOH (6 ml) for 2 h at®&d The final clear ZnO solution was cooled to room
temperature before further use.

ZnO seeds were deposited on the substrataspy coating method: the substrate surface
(conducting side for FTO glass) was coated wWithaboveZnO seed solution (8 drops) and was
spun for 20 s at 3000 rpm; this process was done twice. After spiimgothe substrates were
annealed in air at 260 for 40 min. After the samples were cooled down to room temperature, the
spin coating and annealisgepswvererepeated one more time.

For growing ZnO NWs, a solution of 0.08 M Zn(M©® (50 ml) and 0.08M
hexamethylenetetramine (HMTA) (50 m)as prepared, and the rack containing the substrates
with the ZnQcoated surface facing downward was immersed in the soluiignré19A). The
sample was incubated at°@sfor 1.5 h, 3 h, 6 h and 9 h. pSiNTs utilized in studies described in
sections 2.4 2.6 were all produced using 15Z2nO NW coreslt should be noted that for ZnO
NWs that are grown longénan 3 h, the reaction was replenished with a fresh solution of Z){NO
and HMTA every 3 h. After the reaction was done, the substratesiwsed with deionized (DI)

water and dried in air.
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Figure 19. Setups of ZnO NW growthof the substrates precoated with ZnO nanocrystal seeds
(A), Si depositionB) andgasphase etchin¢C).

b) Silicon Deposition of ZnO NWs
Chemical vapor deposition (CVD) in which silane (0.5 %43iHHe) (20 sccm) diluted
further in pure (5.0 UHP) He (250 sccm) was used to deposit Si on ZnO Nyusg19B). To
achieve a porous morphology, CVD waerformed at 540C for 5 min.
c) GasphaseEtching of ZnO NW Cores
Final removal of ZnO NWs was performed via etching withs@Hat 500C for 2 hin He
(5.0 UHP) (180 sccm)The etchingeactorwas configured as showm Figure 19C. The final
pSINT products were quickly rinsed with Db®, acetone and gently dried with §as to remove

any reside from the etching reactions.

2.2.2 Fragmentation of pSiNT Arrays
In these studies, pSINTs obtained from-ti.§rown ZnO NW template were utilizethe
substrates were wetted with EtOH (95%), and the SINT arrays were gently scraped off from the

surface of the substrate. The solution of SINT arrays was incuipataduoto removeany trace
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EtOH solvent. To fragment SINT arminto smaller sizes, 2 ml of DI 4D was added, and the
solution containing SINT arraylsarvestedrom 3-4 substrategmsintsiotay= 10062 0 0 wag )
subjected to ultrasonication using Bran&mnifier (80 watt, 20 % Duty Cycle) fd0 s, 3 min, 5

min, and 10 min in an ice bath. It should be noted that the solution was mixed every 2 min by

inversion.

2.2.3 Characterization of pSiNTs

Structural parameters (inner diameter, shell thicknesdesgth) and the morphology of
pSINTs were characterized by transmission electron microscope (TEM) imaging (JEGL JEM
2100 electron microscope equipped with a GENESIS XM2 imaging EDX spectrpnigter
prepare TEM samples, pSiNTs in EtOH were briefly son&tgtelO s) in an ice bath by
ultrasonicationand a drop the solution was added onto the carbon coated side of a TEM grid.
After the solution was dried, the addition was repeated 2 more times.

To characterize the size of SINT arrays after fragmentati@ndibps of the SiNTs after
fragmentation aeach time point was added onto a clean Si wafer subst@iatedon an Al
thimble and were dried in air prior to imagin@articles were characterized Bield emission

scanning electron microscoffeE SEM) imagingJEOL JSM7100F)

2.2.4 SurfaceFunctionalization of pSiNTs andCharacterizations

pSINTs remained attached to the substrates iwetdated in 2% &minotriethoxysilane
(APTES)orN! (3 Tri met hoxysilyl propyl tjiathing(Gdlegtinenet r
toluene for 4 h at room temperaturgtweconstant stirring (120 rpmjrigure 20 and Figure 21).
After incubation, the substrates were washed with toluene, acetone and then dried in air-For long

term storage, the substrates or the freestanding functionalized pSiNTs were stored&tCa#3. %
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Zeta Potential Analysis

Functionalized pSiNTs were mixed withn® ultrapure water (water was purified using
Purelab Classic, Elga) and the solution was briefly sonicated in an ice bath (~ 10 s). The zeta
potential measurements were performed using ZetaPALS Zeta Potential ArfBiyamkhaven)
The zeta poteidl values vere collected atroom temperatureRT = ~ 20 °C) (10 runs, 30
cyclesfun and fit toS mo | u ¢ hmodd, kvinioh & used for determination of electrophoretic
mobility of particles dispersed in aqueous mediz)For the optimal measurement, the amount of
pSINTs should be kept at minimal sublat the sonicated solutions should have a very faint yellow

color.

2.2.5 Degradation ofUnmodified and Functionalized pSiNTs inBiological M edia
Unmodified and functionalized pSiNTs were fabricated on Si w4810 growth time:
1.5 h)and they were cut into equal pieces. The sanfples 1 0 ewpre inaubbared i PB&

cell growth culture supplied with fetal bovine serum (FBS) (complete medq&im)) for 6 h, 24
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h and 48 hin a humidified incubator (3T, 5% CQ). The morphologies of the nanotubes before

and after incubation at each time point were characterized IBEIMEIimaging (15 kV).

2.2.6 Cellular Interactions with Functionalized pSiNTs and the Corresponding Cell
Viability

HelLa <cervical cancer cell s were maintain
(DMEM) supplemented with 10 % heigiactivated fetal bovine serunkBS), penicillin (88
U/ mL) , streptomycin (88 ¢€g/ mL), glutamine (
(MEM) nonessential amino acids. Cells were maintained at 37 °C with 5 %irC@air, in a
humidified incubator. Cells were split when they reach@8® % confluene

For a typical viability assay, 5000 HeLa cells were seeded in each veedicaivell plate
and incubated for 24 h. Next day, cells were treated with different doses of AFSIN®s and
TriaminepSIiNTs (ZnO NW growth time: 1.5 hjor 36 h. To prepar@a pSiNTs solution, the
samples were sterilized with EtOH and driedvacuofor 2-3 h. Prior to cell treatment, the
materials were sonicateith sterilized waterfor 5 min as described previously. The target
concentrations of nanotubes were preparedubpther dilution in sterilized water. After 36
incubation, cell viability was evaluad by luminescence CellTit&lo assays, which quantify the
amount of ATP in viable cells. Luminescence measurements were acquired with a BMG Labtech

FLUOstar Omega fluorescence/luminescence plate reader.

2.3  Results andDiscussion
2.3.1 Fabrication of pSINTs
a) PorousMorphology of SINTs
According to earlier reports, surface morphology and shell thickness of SiNTs produced
by the ZnO template method can be readily adjusted by modulating CVD parameters (i.e.
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temperature and timéy’ By operatinghe aboveCVD processat 548 + 2°C for a short but fixed
period of time (i.e. 5 min), SiNTs with porous sidalls can readily be obtained. It ioteworthy

to point outthat sincea orange/brown color is a typical feature of pSiformation of the porous
sidewalls can readily be probed vigisual inspection afhe color of the substrates post CVD. Due
to fluctuations in thénheating ratédcal temperature, different color intensities can be obtained,
thus indicating variations in the shell thickness and the assocmtgzhology Figure22A). In

the case of pSiNTs with a lighellow hue (#1), a thin wall in conjunction with a highly porous
morphology, presumably resing from a relatively low local temperature (of the above defined
range), were observed owing to a relatively low density of Siislands. In this regard, the distribution
of the Si domains is relatively broad with thin Si protrusions (diameter = ~ 20amddmly
distributed across the wakigure23-1).

At a relatively higher local temperature (of tabove defined range)he growth of Si
islands via an Ostwaltype coalescenceas induced®’ thus increasing shell thickness and
reducing the porosityHigure23-2 and23-3). In addition, disappearance of the thin Si protrusions
in these sampless likely a consequence of the fusion of the structures with a high density of the
smaller nearby Si islands in order to achieve a lower surface emdsgy.the relatively high
operatingemperatur@along with a high gaow ratemight alsocontribute to the collapse tifese
physically unstable protrusion¥herefore, a smoother sidewall together with a narrcsizas
thickness are typically observed in SINTs with darker coleigufe22 A and B).

For investigations described later, pSiNTs with color intensities #2 and #3 were utilized
since those with an ultrathin shell (#1) were shown to be highly fragile under physical

manipulations.
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Figure 22. Porous silicon nanotube&) Color of the substrates after CVD (substrates: FTO glass)

and the corresponding B) distribution of shell thicknesses.

Figure 23. TEM imaging of pSiNTs with different shell thicknessBsale bars (from left to right):
50 nm and 20 nm (1); 50 nm and 10 nm (2); 50 nm and 20 hrim§&t: corresponding images of

associated films.
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Table 2. Shell thickness gbSINTs

Shell thickness (nm) 1 2 3
Average + Stdev 10.0+ 3.2 109+2.2 114+1.2
Min 3.8 5.5 8.0
Max 28.3 19.2 14.2

b) Control of SINT Lengths
Since theZnO NW core template dictates the resultant hollow nanostructures of SINTS,
the length ofSINTs can be controlled via modulating the growtiznO NWs. With the polar
plane (0001) oZnO inthewurtzite crystal structure being metastable, growth aleagj€is more
favorable than other directiof® Therefore, by tuning the growth time of ZnO NWs, the length
of the 1D structure can therefore be controtdin other words, the longer the reaction time, the
more extended the length of the NWs or SINTs. Here, by keeping the same concentrations of the
reactants (i.e. Zn(N§): and HMTA) but increasing the growth time from 1 h to 9 h, longer NWs
were achieved as indicated in the lengths of the final pSINT prodkigiaré 24). It is also
necessary to point out that the lateral growth of ZnO NWs (or the inner diameter of SINTS) also
increased as a result of a longer reaction {ifiable3). Hence, using this method, a pSINTs with
lengthranges from100nm3 . 5 e m can r e &igurek5y be achieved (
With an interest in therapeutic applications, nanotubes with submicron lengths are of
utmostrelevance de to the small size relative to that of masimalcells (~ 10-2 0 B m
diamete)y!>* thus suggesting beneficial implications in enhanced cellular uptake and other related

interactions.
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Figure 24. pSiNTs of different lengths achieved by tuning the growth time of ZnO NWs A) 1h,
B)1.5h,C)3h,D)6 handE)9h.

4000 -

4 5 6
Time (h)

Figure 25. SINT length increaseas a function of ZnO growth timéaverage from ~100
measurementsme point).

Table 3. Inner diameters of pSiNTs determined by the growth time of ZnO NW templates

Inner diameter 1h 15h 3h 6 h 9h
(nm)
Average * 44.3+12.8 34.9+8.1 96.2+ 30.4 103.3+34.6 125.5+45.9
Stdev
Min 145 14.0 35.0 34.9 28.9
Max 75.3 50.8 200.4 199.6 245.8

c) Fragmentation of SINT Arrays
Since drug delivery using pSiNTs in freestanding fismnvisagedsizecharacterization
of the materials after detachment from the arrays are imperative.uperejetacimentfrom the
substratedarge fragments of nanotube arrays are collestbdsewidths (bundles orggregates)
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ranef rom 100 nm t o 3 0dthemenessity dharescontrofigrftagmentatian
to achieve smaller sizes along with a narrow distributiigufe 26 andFigure 27A). It is also
important to note that the length of the nanotubes employed in these studies was limited to the
submicron regimelue to the lenty of the ZnO NW template

By mechanically fracturing the arrays via ultrasonication, the size of the nanotube array
films was reduced significantlgelative to the original film dimension&igure 26). Instead of
discrete singular nanotubasis clearly evident thathe arraysre be broken into smaller bundles
of SiNTs while retaining the same lengtis those of thearrays before fragmentatioand
preservation of the interconnecting opered structuregFigure 27). For a5 min-sonication
period the majority of the bundles (75 %) was in submicron rang less than 2 %f the
bundles within 23 ¢ Fagur€27 D). After 10 min a higher percentage of submicron bundles (82
%) was achievedRigure27 E). It is necessary to point out that from SBRJ TEM imaging
even being subjected to a relatively high sonication power for 10 min, almost @éirtiobesstill
maintaired the welldefined intact nanotubestructuresas well as the porous morphology
suggesting negligible mechanical damage tayitien nanotube structur€ifure28).

Since the submicron particles are demonstrated to be beneficial in therapeutic delivery
owing to favorable cellular internalization and prolonged circulation lifetimevivo,%® 83
sonication time longer than 5 mirare necessary tachieve the greatest number of submicron

bundlescomposed of submicrelength pSiNTs
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Figure 26. Size distributions af/nmodifiedpSINTs (UpSINTS).

Figure 27. SEM imagingof U-pSINT arrays before (Aand after ultrasonication for 10 s (B), 3
min (C), 5 min (D) and 10 min (E). Scalebaks) 1 em and 100 nm (from
C) 1 &m; D) 1 & m; E) 1 ¢&m, 1 em and 100 nm (
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Figure 28. TEM imagingof U-pSiNTs after 1@min sonication.

2.3.2 Surface functionalization of pSiNTs

With regard to surface modification to extend functionality necessary for facilitating
conjugation with additional moeities, it is essential to pointtbat in contrasto hydrophobic
hydrideterminated pSi obtained from electrochemical anodization, all types of SiNTs (i.e. smooth
and porous sidevall) produced by ZnO method are hydrophilic with axygenterminated
surface owing to relatively high reactivity of Sitime presence of oxygeiiherefore, SINTs can
be readily functionalized with organo alkoxysilane molecules without the neech @xtra
oxidation step. Since silane molecules with amino group are advantageous for conjugation with
additional mdeties via covéent bondformation and electrostatic interactigf*® APTES and
triamine molecules are selected for functionalizing pSINTS.

In order to probe successful surface modification, zeta potengakumements were
performed to evaluate electrophoretic mobility and the corresponding zeta potentials, which
subsequently reflect the surface charge of the materials. Here, a highly negative zeta potential

value was observed for unmodified pSiINTs owing tbe tendency of the silanol groups to
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deprotonate (pKa = 2.5 in ultrapure watergH rangeis presumably2-7). Conversely, since
amino group of APTES or triamir{pKa = 9.6)are protonatedithin this pH rangg®¢the surface
charges of both materials became positivend&atedin the positive zeta potentials. Although
zeta potetial analyses performed herein warea qualitativenature changes in the sign of the
zeta potential values from negative to positive after surface modification sufficiently indicated

successful functionalizatioT éble4).

Table 4. Zeta potential measurements.

Zeta Potent

Unmodified pSiNTs -20+1
APTES-pSIiNTs +24 1
Triamine-pSiNTs +27 1
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Figure 29. SEM imaging of APTE$SINT arrays before (A) and after ultrasonication for 10 s
(B),3min (C),5min (D) and 10 min (E).c al e bars: A) 1 & m,; B) 10
R); C) 1 em and 100 nm (from L tomR)1 ®m 18
1 em (from L to R)

For producing freestanding SINT bundles, functionalized SINT arrays were also subjected
to fragmentation by ultrasonication as described above. Simil&-pSiNTs, 5 and 10nin
sonication yielded the majority of the bundlees in the submicron regimeigure29 and Figure
30). By measuring zeta potential values before and aftenihGragmentationthe surface charge
of the particlesemained positive. In spite of differences in particle sizes in these meastgemen
the resultsobtainedfrom zeta potential measurements qualitatively indicated the amino group
density remainingn the nanotube surfaaéer 10 min sonicatiosufficiently conferedan overall

positive surface charge to the materidlakile5).
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Figure 30. Size distribution of APTEQSINT bundles.

Table 5. Zeta potential measurements of APTESINT bundles after 18 and 16min

ultrasonication.

Zeta Potent
10 s +14 +1
10 min +24+2

2.3.3 Biodegradation of pSiNTs

While degradatiorkinetics of a large selection of SiNTi® aqueous medihave been
investigated in earlier studié®; 1*understanding the structural evolution of the construjets
degradation iviological medias essentiato evaluatehe dynamic behavisrof the nanomaterials
relevant to therapeutic studieSince pSIiNTs are of interestving to thefavorable dissolution
kinetics, degradation patterns ofd$iNTs and APTES®SINTSs in biological media (i.e. PBS and
cell culture medium) were assessed.

FromSEM imaging, there was no evidence indicating degradatiBBSoccurred in both

types of pSINTs even after 48(Rigure31). However, it should be nalethat since the studies
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presented herein were mbne under sink conditio{ge. resupplying fresh medium after each
time point)as reported in earlier studies, accumulation of silicic acid byprodcmtgiensation
into SiG) over time might have inhibited dissolution of the material.

In contrast in cell culture medium, dissolution of-pBiNTs and APTE$SINTs were
significantly eahanced with complete degradation after 4@igure 32). Such relatively faster
degradation rates presumably resulted ftbm presence ahultiple complex components (e.g.
(i.e. amino acids and proteins) of the growth medium and FBS thableaweshown previously
to induce degradation of p&P '°Here, for UpSiNTs after 6n incubation in the growth medium,
small hollow structures, presumably enlarged pores, appeared on the nanotube surface, thus
indicating signs of degradation. After B4 not onlydid pores presented on the remaining tubes
becane larger, but the welllefined nanotube geometry of almost all the tubes also completely
collapsedleaving behind the hollow structures as remnants. Similarg&INTs, the majority of
APTESPSINTSs also degraded after 24 h. However, the nanotube lasyebined intact after 6
h, and the enlarged por#isat appeared after 24 h wesdso slightly smaller than that of the
degraded LpSIiNTs. Thesélifferencedn structural changes as a function of surface chemistry for
a given mediunmight sten from the presnce a silica derivative layer formed bgondensation
of APTESmoleculeghatslightly increased the shell thickness, therelhybiting diffusion of the

medium and therefore slowed down dissolution of the functionatizedtube surfacé&igure33).
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Figure 31. SEM imaging of UpSiNTs and APTE®SINTs before and after incubation in PBS at
37 C for 6 h, 24 h and 48 8cale bars: 100 nm.

APTES-pSiNTs

6h

24 h

Figure 32. SEM imaging of UpSiNTs and APTESSINTs before and after incubation in cell
culture medim at 37°C for 6 h and 24 HScale bars: 100 nm.
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Figure 33. Surface morphology of APTESSINTS after functionalization and distribution of shell

thickness before and after functionalization.

2.3.4 Cellular Interactions with Functionalized pSiNTs

Since biocompatibility of a given nanomateria@ partly influenced by itsurface
chemistry'®’it is important to evaluate the impact of the functionalized pSiNTs on canceincell
order to address any potaitadverse effectsriginating intrinsicallyfrom a given platform prior
to any studies involvingelease of an antiancerdrug Here, cytotoxicity of APTES and triamine
functionalized pSiNTs to HelLa cervical cancer cells was evaluated. After 36 bnttehalized
pSINTs appeared to accumulate around the nuclei and did not significantly affect cell morphology
whencompared to the nrtveatment controlRigure34). In addition, viability assays suggested the
materials negligibly exerted toxicity to the cells after 36 h, thus indicating biocompatibility of the

materials at the tested concentratidfigre 35).
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With biodegradability of the pSiNTs in the cell culture medium demonstrated, it is
necessary to assess the morphology of the degraded pSiti€spiresence of cells along with the
metabolic byproducts. Using TEM imaging, therphology of th&emaining nanotubes harvested
by cell lysis after the treatments were evaluakegie36). Consistentvith SEM imaging studies,
APTESPSINTs readily degraded after 36 h as indicated in the disappearance of the defined
nanotube construct. On the other hand, TriamiBENTsremainedntact after the samespod of
time. The lack of degradatiois originated from the relatively higher amino group density
compared with that of APTEBSINTS, thus creating r@latively higher local acidic environment
on the nanotube surface and redudtaglissolution rate. Iraddition, presumably owing to steric
hindrance of the longer alkyl chain of the triamine molecules, medium diffusion aiggibe
hampered.

Therefore, by probing the nanotube morphology via TEM imaging, the dissolution rate of
TriaminepSINTs was qualitavely demonstrated to be slower than that of APFEINTS. In
addition, together withthe viability studies presented above, it can be concluded that the
degradation byproducts alsegligibly exert adverse effects to viabildfthe type ofcancer ce#

studied herein.
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Figure 34. Cellular interactions with A) APTERSINTs and B) Triaming@SINTS.
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Figure 35. Cytotoxicity of APTESpSINTs and TriamingSIiNTs after 3éh treatment.
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Figure 36. TEM imaging of APTESpSINTs and Triaming@SiNTs before and after d6exposure
to cancer cells in the complete growth medi@wmale bars: 50 nm.

2.4  Summary
ThisChapter describes a facile method for controlling nanotube length via modulating ZnO

NW growth time,thus suggeshg feasibility of tuningan additionalstructural parameter of
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nanotubeslong withinner diameter, shell thickness and surface morphdmggsuitable for the
target applicationdn the context of therapeutic delivery, the majority of the pSiNTs bundles in
the submicron regime can readily be achieved by simple ultrasonication.

In addition, biorelevant properties of pSiNTs and the functionalized materials including
biodegradability and biocompatibility were described in @hapter. Although, the current stage
of the studies presented heremstill in its infancy, recognizing the need for evaluasaf
genotoxicity andn vivo studies to fully confirm biocompatibility of pSINT and its derivatives,
these preliminary results provide important information regarding the impacts of piMiTi®

and encouragfuture studies involving pSiNT as the therapeutic platforms.
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Chapter Il

Formation of Platinum Nanocrystals on Porous Silicon

Nanotube Templates
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3.1 Introduction

Ptbased metal comples, notably cisplatirPt(NHs)2Cl2, areamong the anticancer agents
commonly used for treatment of a variety of cancers, including lymphomas and carcinomas, by
exerting damage to DN&A® Nevertheless, several therapeutic delivery systems, such as polymers
and inorganic nanoparticles, have been designed to locally deliver a high concentration @f the dru
while minimizing adverse side effects partly imparted by-specificity 42 15

Since biocompatibility and degradability of pSiNTs have been demonstrated in earlier
chapters, these initial results encouraged us to evaluate the usenaténials as a delivery vector
for cisplatin. One initially envisioned approach was to coordinate cisplatin to the amino moieties
of APTES linker grafted on pSiNTs surface, thereby locally concentrating the therapeutically
active [Pt(NH)2]2* species on # nanotube surface, which can be modified or loaded with other
entities (i.e. targeting peptides or magnetic nanoparticles) designed for targeted delivery.
Interestingly, in reactions where an established-pigiity cisplatin (Sigma&ldrich) was utilized,
a relatively low amount of platinum species [2 wt % (THEX)] is detected that was not visually
observable by TEM imaging; in stark contrast, a significantly higher density of ultrasmall
crystalline Pt species [45 wt % (TEEDX)] were surprisingly obseed when using cisplatin
prepared and donated by a local small contract research firm. Further investigations into impurities
present in the latter cisplatin have led to the intriguing discovery of a facile synthetic method for
platinum nanocrystals (Pt NTsniformly deposited on pSiNT matrices.

In this Chapter, a series of experimental studies and results that tell the story behind the
discovery of this novel synthetic route is described. Also, an evaluation of possible factors that
contribute to formatin of Pt NCs is presented, followed by a discussion of strategies for systematic

control of the concentration of Pt NCs clusters formed on pSINT templates.
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3.2Experimental

APTESPSINTSs utilized in all experiments described in t@isapter were produced by
functionalizing pSiNTs (14 ZnO NWSs) with APTES according to the protocol described in
Chapter 2 unless otherwise stated. Zeta potential analyses were also performed to validate

functionalization processes.

3.2.1 Initial Experiments with Cisplatin Obtained from Different Sources
a) Conjugation of Cisplatin to APTES-pSINTs
APTESPpPSINTs adhered to a given substrate (i.e. FTO glass) were incubated in cisplatin
solution (3.32 mM, 2 ml) at room temperature (R20 °C) for 24 h with constant stirring (200
romon a Fisher Scientific hot plastirrer). After incubation, the samples were washed with DI
H20, EtOH and dried in air. Cisplatin utilized herein was obtained from two different sources: one
was purchased from AldricBhem Co (Purity: 99.9%). and the other was received as a donation

from a local contract research firm that had been prepared by that organization.

b) Evaluation of Cisplatin Purity
Purity of cisplatin was evaluated using a UV absorption spectral methaate wihe
absorption spectra of the stock solutions (prepared in deionized water) (1 mg/ml) were recorded
using a Beckman Coulter spectrophotometer (DU ,8a0)l the absorban@goo. &247 ratio was

evaluated. Cisplatin with acceptable purity should noeteratio of less than 418

c) Identification of Impurities in Cisplatin
The twvo componeh s o f  Ma g n u s3)9% and [RtCI}%, werg Rested MgHthe

possible major impurities in cisplatif- 162 Here, APTESpSINTs remained attached to the
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substrags (i.e. FTO) were incubated[iPt(NH3)4]Cl2 (3.3 mM) orK2PtCh (3.3 mM) atRT for 24

h with constant stirring (200 rpm). The samples were washed with®] EtOH and dried in air.

3.2.2 Control experiments
a) Influence of the Amino Groups to Formation of Pt NCs
To evaluate the roles of the Mgroups, unmodifiegpSiNTs (UpSINTS) were incubated
with potassium tetrachloroplatinate ARClL) solutions (prepared in DI @) of different
concentrations (0.5 mM, 1.5 mM and 3.3 mM) for 4 h and a8 RT with constat stirring (200

rpm). After incubation, the substrates were washed with X, EEtOH and then dried in air.

b) Synthesis ofSilica Nanotubes (SiQ NTs)

Silica nanotubes (SiENTs) were synthesized using tha-gel basegrocedure developed
by Yin and ceworkers'®3Cyclohexang15 ml)was added to a rourbttom flask containing Brij
58(8.5 g)and the mixture wasigted at 50°C until the surfactant was completely dissolved. Then,
NiCl2 solution(0.8 M, 1.9 ml)was added into the mixture. After NiGlias completely dissolved,
hydrazine hydrat€0.45 ml)was added dropwise into the mixture. After 3ligthylamine(1 ml)
was added into the solution atedraethyl orthosilicat¢ TEOS) (3 ml) was added dropwise. After
2 h, the mixture was centrifuged and washed extensivelyisagnopanol to removanyresidues.
Next, the produc(0.4 g)was stirred in HC(1 M, 30 ml)to removethe NiCl2-hydrazine core and
yield ahollow SiQ:NT structure. The aprepared SieNTs werethen calcined in aiat 500°C for

4 h to removeny remainingprganic residue from the samples.

3.2.3 APTES Functionalization and Synthesis of Pt NCs or5iO2 NTs
The calcined Si©@NTs (5 mg) werefunctionalized in 2% APTES solution(2.5 ml)

(solvent: toluene) for 4 h with constant stirring (200 rpihjen the sample was centrifuged and
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washed with toluene 3 times and acetone 2 times. The functionalitedatsavere drieth vacuo
overnight.

Unmodified SiQ NTs or APTESfunctionalized Si@ NTs were incubated in #RtCh (2
mL, 1.5 mM) at RT for 24h. The product was centrifuged, washed with deionized water and finally

dried with ethanol.

3.2.4 Quantification of the Density of NH, Groups (from APTES) Grafted on SiO, NTs

The weltknown Kaiser test was adapted from SGta n tproédure (with some minor
modifications) for the purpose of estimating the density of amine moieties present on silica
nanotube surface8? In this method,ninhydrin reacts with the amino group of APTES and
producesablupur pl e product or 0 RRTESHundionalizedSiOpNTs pl e .
(2 mg in 0.5 mL deionized water)ane mixed with EtOH (3.5 mL). The sample was briefly
sonicated in an ice bathrf@O s, andaninhydrin solutiorprepared in EtOHO.35 % (w/v) 1 ml,
was added intthe vial. The mixture was heated in an oil bath 8€d6r 30 min. After the samples
were cooled down to RT (about 15 min), the mixtures were centrifuged, and thesalogoof the
supernatant was measura@ds74 nnmusinga Beckman Coulter spectrophotometer (DU 80@)
construct a calibration curvihe above procedure was performed with a series of standard glycine

solutions of known concentratioRigure37).
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Figure 37. Calibration curveshowing absorbance as a function of glycine concentréiote:

some errors bars are too small to be visible in the graph).
3.2.5 Control of Platinum Nanocrystals (Pt NCs)Density on APTESpSINTSs

APTESPSINTs attached to a given substrate were incubated 20tk solutions
(prepared in DI KO) of different concenations (0.5 mM, 1.5 mM and 3.3 mM) for 4 h and 24 h
at RT with constant stirring (200 rpm). After incubation, the substrates were washed wi® DI H
EtOH, and then dried in air.

For determination of Pt content in SINT samples udingnsmission electromicroscopy
- energy dispersive Xay analysis (TEMEDX), the EDX analysis method employed here uses a
Pure Element Intensity Factor (PEIF) to calculate thnatio, whichis then corrected by ZAF to
determine the composition of a sampé EDX spectra wee consistently acquired using 200 kV,

80,000 magnification, and a ~700 nm x 700 nm scanning area.
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3.3 Results and Discussion

3.3.1 Initial Experiments with Cisplatin Obtained from Different Sources

For the initial experiments regarding conjugation of cisplatin RTBSpSINTs via a
linker strategy, the presence of cisplatin was evaluated by probing the Pt content using TEM
imaging and energy dispersivergy analysis (TEMEDX). In the case of the functionalized
nanotubes incubated with the commercial cisplatinptbgohology of the nanotubes was similar
to the untreatedhaterials, presumably owing to the small molecular size of the intact cisplatin
molecules in conjunction with a low conjugation efficiency (2 wt % Fpuyre 38 Al).
Conversely, with the neoommercial cisplatin, a highly uniform and dense clusters of ultrasmall
platinate(i.e. PP) species deposited on the nanotube surface was obséigede38 B1). At
sufficient magnification, these species exhibitbdracteristic lattice spacings associated with Pt

(d = 0.24 nm) proof of the existence of crgdline Pt nanoparticles-{gure39).

In order to elucidate such drastic differences in the cisplatin/ARIEST products, the
purity of cisplatin wasalidated byusingt andar d s pect r sohavtatioiwbosea s s a
value of 4.5 or higher indicates satisfactory pu§dere, while the purity of the commercial
cisplatin was confirmeddoo/ @= 4. 58) and agreed with the man
the noncommercial product, however, did not achieve the acceptable purity(fegete 38 A2
and B2) thus suggesting the impurities in the cisplatin obtained from donation might possibly be

responsible for the formation of the crystalline Pt species.
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Figure 38. TEM imaging of APTESpSiNTsafter incubabnin two different solutions of cisplatin
(3.3 mM)and the corresponding UVis spectrum of each cisplatin soluti@mmmercial cisplatin

(A1 and A2); norcommercial cisplatin (B1 and B2)
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Figure 39. HR-TEM imaging of Pt species formed on the functionalized pSiNTs aftdr 24

reaction with the nowommercialcisplatin; The associated TEFDX spectrum and elemental

guantification confirmedhe high concentration of Pt species.

Identification of the Major Impurities in Cisplatin

To date, multiple synthetic routes of cisplatin have been explored WtCK commonly
employed as the starting material. One of the approachg®ld cisplatin reported in earlier
studies involves déct addition of ammonia, Nito the Pt salt precursor; nevertheless, this
procedur e i nev isgedsalywhichisconipessedwiRL(N*5add [Pt(CI)]*
as a side produ¢t® 2T hus, Magnusos green H€hmightebéthen g w
major impurities in the neoommercialdonatectisplatin angossiblyfacilitated the formation of
a high density of metallic Bjpecies.

Here, whereashe reaction with [Pt(NB)s?>* c o mponent of the Magnu
negligible amount of Pt (~1 wt %); interestingly, a uniform coverage of Pt species (60 wt%) with
relatively high crystalline domains was observed in the case2BfGk (Figure 40), thereby
suggesting PtGt is the major constituent in the naommercial/donated cisplatin responsible for

the generation of the ultrasmall Pt NCs on APTF&sctionalized pSINTS.
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Figure 40. Molecular structures dla g n u s 6 s agdrTEM imagsma@df the functionalized
pSiNTSs after reactions with [Pt (NM]?* and [PtCl]>. HR-TEM imaging showing lattice spacing
of the crystalline Pt NCs formed on the nanotubes after incubation it PtClI

3.3.2 Control Experiments

Since Pt NCs form on the functionalized pSiNTSs in the absence of any external reducing
agents, the logical questiohwhat is the most likely species responsible involved in reduction of
P£*to the metallic Ptemerges. Possibilities include: 1) network ofSsbonds; 2) polyols (i.e.
silanol (StOH) moieties); 3) the amine moieties emanating from APTES. To addresssofl)
and (2) the following controls, unmodified pSINTs and 8MJ's produced via a sgel method,

were assessed to identify the impact eB8bonds and polyols, respectivel{?

a) Formation of Pt Species onUnmodified pSINTs
It has been demonstrated thatSsibonds, along with S species, of pSi can act as
efficient reducing agents to etfiively mediate deposition of various metals (e.g. Cu, Pt and Ag)

on pSi template in immersion plating methd®s®” While pSiNTs produced here are oxide

75



terminated, SBi bonds were presumably involved in facilitating the formation 8f Phe
exposure of LpSiNTs to dilute PtG? solutions resulted in a trace amount of Pt species that
randomly deposited on the nanotube surface. In addition, varying reaction time and concentration
of the Pt salt precursor also did not significantly enhance the density of Pt spéguies 41and
Table6), thus suggesting any exposedStbonds in the nanotube framework played a minor role

in the formation of Pt NCs.

0.24
Pt (111)

Figure 41. TEM imaging showing tpSIiNTs incubated in various concentrations ePtCL for
different timeperiods A1-A3 3.3 mM (24 h), A3: HRTEM imaging showing lattice spacing of
a cluster of Pt species deposited on the nanotube surface; B) Q&#hni@) 24h, D) 1.5 mM (4h)
and E) 1.5 mM (24h).
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Table 6. Elemental analysiént %) of platinate species deposited ofpBiNTs.

Time () [K 2PtCl4] Si o) Pt Cl
(mM)
4h 0.5 76.66+2.72 21.97+2.40 0.69+0.47  0.68+0.23
4h 15 66.89+3.31 32.09+3.47 0.57+0.16  0.53%0.23
24h 0.5 73.46+599 24.84+470  0.28+0.57  1.42+0.89
24h 15 7510+ 1.27 2252+1.14 0.67£053  1.71+0.56
24h 3.3 71.04+ 1.57 27.12+127 1.28+0.05  0.560.35

b) Synthesis of SiQ NTs and APTESfunctionalized SiO; NTs

Since polyols (commonlfrom glycolic solventshave been demonstrated to mediate the
formation ofvariousmetal NR,1%8 SiO; NTs (length = 200 nm; inner diameter = 20 amd $ell
thickness= 7 nm) produced via a sajel method were evaluated as the control to assess the
reducing ability of the polyols, i.e. silanol groupshis cas€Figure42, Figure43andTable7).

Here, only a negligible amount of Pt species was detected on the urmddsii® NTs
upon exposure to Pt€l, thus indicating the insignificant role of the silanol groups inr¢dection
of P£*. Converselyan appreciabléensity of Pt species (19 wt% Pt) wady observedn the
functionalized Si@QNTs, confirming thepivotal role of the primary amine moieties in facilitating
the generation of Pt NCEigure44 andTable8).

Since various amines, such as oleyl amine and triethylamine, have been employed as
efficient reductants to synthesize metallic Au N3/ we propose that the amino groups
stemming from the APTES moieties not only coordinate withs#Pt€pdecies but also prasmably
serve as reducing agents to convett #t PP. In addition, based on the quantitative colorimetric
Kai

ser d0s t es tthe functoonafizedr SIONTE, a densityhof(2.73 + 0.89) x1ONH:

moieties/nanotuber 0.767 + 0.025 Nkigroups / nriwas sufficient to yield the metallRt species
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(calculation method adapted from r&f.2with minor modificatiors. Note: nanotubes are assumed

ashollow cylinders with closed enjls

Figure 42. TEM imaging showing structural morphology of SiSTs.
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Figure 43. Size distributios of shell thickness, inner diameter and length of28ITs.

Table 7. Summary of ge distributions of structural parameters of SNJ's.

Inner diameter (nm) Shell thickness(nm) Length (nm)

Averagez+ Stdev 16.7+5.9 6.9+1.0 188.5+ 55.6
Min 6.4 5.3 56.7
Max 38 9.7 333.4
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Figure 44. TEM imaging of A) USIiO:NTs and B)JAPTESSIO2NTSs after incubation in #PtCl
(3.3 mM) for 24h.

Table 8. TEM-EDX analysis of the elemental contents of SNO's after incubation in 3 mM

K2PtCl.
U-SiO2 NTs Wt % At % APTES-SIO2 NTs Wt % At %
Si 43.15+0.95 30.46+0.96 Si 36.79+2.03 31.64+2.21
O 56.22+1.13 69.51+0.91 O 43.49+ 3.22 65.53+ 2.50
Pt 0.55+0.48 0.06+0.05 Pt 19.05+£2.96 2.37+0.44
Cl 0.07+0.08 0.04+0.04 Cl 0.68+0.20 0.47+0.15

3.3.3 Characterization of Pt NCspSIiNT composites prepared using KPtCls
Common synthetic methods for crystalline Pt nanopartigieisally involve addition of

reducing agents, such as NaBihd ascorbic acid, to facilitate the reduction éf.Rh order to
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maintain stability of the freestanding nanoparticles, especially for long term storage, addition of
surfactant cetyltrimethylanmonium bromi@ (CTAB) or polymeric stabilizers such as
polyvinylpyrrolidone PVP) are necessarily critical®> ’4For synthesizing ultrasmall Pt particles
with diameters o& few nanometers (< 3 nm) (i.e. Pt NCs), more sophisticated reaction conditions
are often required to yield a narrow size distribution whilegrkeisg particle stabilityTo date,
some strategies, such as phase transfer method(s) or use of templatien(eigners), have been
demonstrated tsuccessfully achieve Pt NCs as small as £3m4’®In our case, we have explored
a facile reductanfree method, in which the functionalized pSiNarenot onlycapable of serving
as a solid supporto achieve a uniform distribution of ultrasmall PtNCs3(1im) but also
effectively stabilize and minimize crofssion of the resulting NCs owing to the unique porous
morphology of the platforms.

Further investigation into the tunability of Pt concemntrasuggests that the amount of Pt
NCs deposited on the nanotubes can readily be modulated by controlling the reaction time and
K2PtCh concentration. In this manner, the density of Pt NCs can be modulated in the range from
20 to 60 wt96:%° Interestingly, for samples obtained aftert24ncubation, a relatively higher
density of crystalline platinatgpeciesompared to 4h samples was observed

In additionto K2PtCk, another Pt salt precursor, namebtassium hexachloroplatinate
(K2PtCk) also yieldeda high density of Pt species the functionalized pSiNTsThe lower
concentration of Pt NCs (33 wt % Pt) compared to that obtained feMCK (60 wt % Pt) might

presumably attributed to a higher reduction potential required for redudinig Pf.
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Figure 45. SINTs with uniform coerage ofdifferent concentration oPt NCs after being
immersed in Pt salt precursor for different lengths of time.2BY®k = 0.5 mM (4h), b) KoPtCh
= 0.5 mM (24h), ¢) KoPtClh = 1.5 mM (4h), d) KoPtCk = 1.5 mM (24h), e) K2PtCl = 3.3 mM
(24 h). Scale bar = 10 nm.

Figure 46. HR- TEM imagingprovides insight into sizes and lattice spacing of Pt NCs (APTES
SiNTs were immersed ifA) 1.5 mM and (B)3.3 mM KzPtCl for 24 h
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Table 9. Elemental analysigwt %) of PtSINTs composites prepared under different reaction

conditions ([KPtCk] and immersion time in Pt precurs¢adapted from refL65).

Time (h) [K 2PtCl4] Si o) Pt cl
(mM)
4h 0.5 623+1.7 175+ 1.3 18.4+0.8 1.8+0.3
4h 1.5 454 +23 14.4+0.4 37.1%2.0 3.1+05
24h 0.5 482+1.2 11.7 2.2 37.3+23 2.8+0.5
24h 1.5 322+16 9.7+1.2 548 +1.4 3.3+05
24h 3.3 20.3+0.4  11.3+23  63.0+2.3 5.4+ 0.5

Figure 47. Formation of platinate species on A)d$iNTs and B) APTE®SINTsusing KPtCk
(3.3 mM, 24 h) as the Pt salt precursor
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Table 10. Elemental analysis of FRiNTs compositedeposited on pSiNTs and APTEDSINTs
preparedvith K2PtCk (3.3 mM, 24 h).

U-pSiNTs Wt % At % APTES- Wt % At %
pPSINTs
Si 69.0L+ 439 6007+ 1.99 Si 4605+ 2.04 5536+2.%4
O 2546+2.95 38.80+229 0] 1656+ 147 3489+228
Pt 482+6.61 065+0.98 Pt 3316+251 575+0.61
Cl 056+025 0.39+0.20 Cl 410+ 066 389+0.%
K 0.14+009 0.09+0.05 K 0.14+009  0.12+0.07

3.4  Summary

In thisChapter, a facile method of synthesizing Pt NCs using pSiNTs as a scaffold has been
explored. In theontext of therapeutics, Pt NPs, especially those with ultrasmall size (i.e. <3 nm)
have demonstrated exceptional anticancer property (i.e. overcome eéh@rekistance in
hepatocellular carcinoma), owing in part to the high surface'aré&Since tunable payload of
Pt NCs can be achieved and stabilized by SiNTs, a deligkry system was envisioned, in which
the biocompatible pSINT component can serve as an effective biodegradable delivery vector for
the therapeutic Pt NCs. Henaespired by the preceding therapeutic studies;@ancer activity

in vitro of this nanocomposite was assessed and described in detail in Chapter 4.
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Chapter IV

In vitro Anticancer Activity of Pt Nanocrystals-Porous

Silicon Nanotube Nanocompos$es
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4.1  Introduction

Platinum nanoparticles (Pt NP9)oth freestanding as well as anchored on various
surfaces, have attracted widespread attentioranocatalysis(e.g. fuel cells) andlectronics’
180 However, in recent years, the potentiadrits of Pt NPs in therapeutics and diagnostics have
alsobeen recognized. In terms afticancer therapy, Pt NPs have been demonstratsidRaH -
photothermal agentstrong absorption in thED00-1350 nm region) that effectively induce local
heaing upon NIR irradiatiorand thusablate the target cancerous tumide3

In addition, more recent reports have explored the intrinsic anticancer properties of Pt NPs
which stems from cytotoxic Ptleaching from the corrosive Btirface upon exposure to a cellular
environment’” 178. 184, 185gwing to the high surface areasasiated withits ultrasmall size,
especially those with sub0 nm diameter, these NPs are readily oxidgiadean increase in Pt
density with decreasing particle simeevidenced in earlier Xay photoelectron spectroscopy
(XPS) studie$® Upon endocytds and subsequent entrapntwithin the intracellular vesicles
(i.e. endosomes and lysosomes), the dissolution of the corroded Pt NPs was enhanced owing to the
acidic envionment of these organelldbus eliciting damage to cellular functiol¥é Whereas
cisplatin and other related Pt complexes exert damage to DNA via initial chelation with DNA base
heteroatoms, several studies regarding Pt NPs exposure to cells suggest arrested growth anc
programmed dedeath (apoptosis)a consequence of DNA platination and enhanced steakd
initiated by the leaching Pt (Figure 48).42 187. 188 Recently, the Hyeon groupsuccessfully
identified multiple genegcritical for proliferation of hepatocarcinoma cancer Qellsat are
downregulated after treatment wigth NPst’8 Interestingly, Pt nanocrystals (Pt NCs), whose size
is less than 3 nm, trigger a higher reduction ihwability than those with larger size, presumably

owing to a relatively greater exposed surface area for dissolitidff: 18> 188ince Pt NCgan
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effectively overcome chemoresistanaequired byhepatocellular carcinomedter treatment with
traditional anticancerdrugs, such as cisplatin, RiCs are thereforean attractive alternative in

cancer therapy’®
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Figure 48. Schematic illustration ofytotoxic mechanism exerted by A) cisplatin and B) Pt NPs.
(adapted from refl87)

In order to achieve optimal therapeutic outcomes with Pt NCs, adnuiggrsare not only

required to encapsulate and deliver a controllable payload inside the cells, but they also must

ideally be capable ofnaintainng high dispersity of thesmallsized crystals to preserve their

therapeutic activity®® To address these issues, Pt NCs immobilized in dendfftharsd pH

sensitive polymeric matric&$ have been developed recently, and superior therapeutic efficacy to

Ptbased metal complexes (e.g. cisplatin) have been achievenh vittto andin vivo.

As described in previous chapters, dety vectors with weldefined structures are of

utmost interest in order to overcome multiple biological barriers. Thus, since pSiNTs with tunable
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structures can readily serve as a facile template for formatidniniform distribution of a tunable
concefttration of PtNCs (13 nm) (Chapter 3), therapeutic potential of this novel nhanocomposites
is suggested. In this Chapter, a tinependentytotoxicity exerted by Pt NGSSINT to HelLa
cervical cancer cells is described, followed by cellular uptake stuties elucidate the

mechanisms of Pt species in eliciting cellular damage.

4.2  Experimental

4.2.1 Fabrication of Pt NCs-pSiNTs andFree-standing Pt NCs
a) Pt NCspSiNTs
Pt NCs/APTESSINT composites were synthesized according to the procedure described
in Chapter 3. Here, two different concentrations of Pt NCs formedRNESpSINTs were
obtained by incubating the functionalized nanotubes in 1.5 M@ for 4 h and 24 fat room

temperatureThe resulting Pt NCpSINTs were characterized by TEM imaging diitM-EDX.

b) Freestanding Pt NCs
Smallsi zed freestanding Pt NPs were synthes:s
method!®° In particular, KPtCk (1 mL, 8 mM) and sodium citrate (0.5 mL, 40 mM) were diluted
in DI H20 (18.5 mL), and theadution was stirred vigorously at room temperature for 30 min (400
rpm). Then NaBkI(100¢ L.50 mM) was slowly added dropwise into the above solution, and the
resulting solution was continuously stirred for 1 h at room temperature. Pt NPs were chagacterize

by TEM imaging and TEMEDX.

4.2.2 Viability Assays
HelLa cell s were maintained in complete ce

medium (DMEM) supplemented with 10 % héadctivated fetal bovine serum (FBS), penicillin
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(88 U/ mL), st mk)pmlutammeg ©.B8dmM) aéhd1/160gminimum essential medium
(MEM) nonressential amino acids. Cells were maintained at 37 °C with 5 %irC@ir, in a
humidified incubator.

HelLa cells were seeded at a density of 2000 cells/well{L6@mplete medium) ia 96
well plate, and the cells were incubated af@7n the humidified incubator for 24 h. Next day,
cells were treated with Pt N@sSiNTs, which were dispersed in the complete medium by
ultrasonication (5 min in ice bath). The final concentrations of Ptp&INTsin the wellswere
35 eg/ mL a rCdllswebe incupdtechior.48 h, 72 h and 96 h 35 % CQ.

CellTiter-Glo assays were performed to assess cell viability. After incubation for a specific
period of time, the medium wasmoved and cells were washed with PBSdiscardany excess
nanpgarticl es. Then the complete medium (50 ¢
CellTiter-Glo reagent(Promega)( 50 ¢ 1 ) . The samples were mi
temperature for 5 min and 10 min respectively. The samplestivenéransferred ta 96well
black plate(clear bottom) and the luminescence measurements were acquired with a BMG
Labtech FLUOstar Omega fluorescence/luminescence plate reader.

Cells were also treated with the following controlspl6i NTs (17.5 ¢€g/ mL,
35 &y PtrIPs and BPtCh ((10 eg/mL, 17.5eg/mL, 25eg/mL and 35eg/mL)) and the

viability assays were performed as described above.

4.2.3 Caspase 3/'Assays

Cells were seeded and treated with Pt S8\ Ts and UpSINTs as described above.
After incubation, cellsvere washed with PBS to remove any excess nanoparticles. Caspase 3/7
activity was evaluated by usiri¢aspase 3/7 Glo assays. Specifically, fresh complete mg8um

¢ Ifollowed by Caspase 3/7 Glo reagénP r o0 me g avps afldedlintoseach well. Thergales
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were mixed briefly for 30 s at room temperature, and the plate was incubated at room temperature

for 1 h and covered in aluminum foil to protect the samples from light. Then the samples were

transferred into a 9@ell white plate (opaque bottom), atite luminescence was recorded. The

caspase activity was normalized based on the cell number determined from cell viability assays.
For the control, caspase 3/7 assays were perfoomeells after treatment with4gSINTs

(25 e€g/ mL and 35 e€g/ mL) .

4.2.4 Cellular Uptake Studies
a) Non-fluorescentL abeling Method
Cells were seeded at a density of xd@lis/imliwell in a 24well plate and incubated at
37 °C with 5 % CQ in a humidified incubator for 24 h prior to treatment. Next day, cells were
treated with Pt NG Si NTs (35 ¢eg/ mL) , and were incuba
incubation, the medium was removed and washed with PBS (1 mL) to remove excess composites,
fresh complete medium (500 eL) was added in

Axiovert 200 microscope (in brightfield mode).

b) FluorescentLabelingMethod

Pt NCspSiNTs were labeled with Alexa Fluor 58S ester tris(triethylammonium salt)
(Molecular Probésby incubating the materials, which remained attached to the substrates, in a
solution of excess Alexa Fluor 594 af@ overnight. Samples were washed with DOHand
stored at 4C until uses. Prior to cell studies, the samples were edraff from the substrates and
sterilized in 95 % EtOH.

Cells were seeded atansityof2x16c el | s/ mL (500 €1l ) on a c
of a 6well plate for 30 min, and complete medium (1 ml) Weshadded into the well. Cells were

incubatedand treated with Pt N@3SiNTs in a similar manner described previously. After
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incubation, CellTracker Green BODIPY8-chloromethyi4,4-difluoro-1,3,5,#tetramethyd4-
bora3a,4adiazaS-indacenedy e ( 0. 5 (Mdaleculal Rrob@swhy added into each well

and incubated at 3%C for 30 min. Then cells were washed with PBS 3 times to remove excess
dye. The coverslip was mounted on a glass slide and cells were observed using Zeiss LSM 710
laser scanning confocal microscope. In conjiomcto staining cells with Green BODIPY, cell

samples without Green BODIPY dye labeling was also analyzed.

4.2.5 Dissolution of Pt NCspSiNTs in the Complete Growth M edium

The medium obtained after cell incubation with Pt NS8NTs and PBS washing were
savel, centrifuged (5 min, 10000 rpm) and washed with DOHwice to collect the remaining
composites. The morphologies of the samples were characterized by TEM imaging and TEM

EDX.

4.3 Results and Discussion

4.3.1 Formation of Pt NCs-pSiNTs andFreestanding Pt NPs

To evaluate the anticancer activity of the Pt NE&SNT compositeswo candidates with
different ranges of wt % Pt (determined by TENDX) were selected30-35 wt% Pt (1.5mM/4h)
and 4550 wt % Pt (1.5 mM/24hAs described previously in Chapter 3, Pt NGsied on pSiNTs
possess an ultrasmall size31Inm) and are uniformly distributed on the nanotube templates
(Figure49). In order toevaluatethe therapetic effects of the Pt NCsiltrasmall freestanding Pt
NPs which exhibited @seudosphéral structure and similarsize rang€average: 3.6 nm), served

as a controlKigure50 andFigure51).
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Figure 49. TEM imaging of Pt NCgSIiNTs (A)1.5 mM/4h(30-35 wt % Ptland (B) 1.5 mM/24h
(45-50 wt % Pt)

Figure 50. TEM imaging of (A) ultrasmall Pt NPs and (B and C)-HIRM showing lattice spacing
of Pt NPs.
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Figure 51. Size distribution otitratecapped, freestandingPt NPs.

4.3.2 Viability Assays

Based on the results obtained framvitro viability assays, oth types of Pt NGpSINT
[Pt Wt%: 3635 % (1.5 mM/4 h) and 450 % (1.5 mM/24 h)jhanocomposites reduced cell
viability to 60-80 % after 48 h and to less than 50 % after 72 and $&ghre52). At a higher
concentration (5@g/ml), cell viability was slightly lower but not statistically different than the
lower doses (35g/ml), presumably owing to an increase in nanotube aggregation at a relatively
higher concentration that reduced surface area and hampered cellular uptake:E&INTs had
no significant impact on cell viability even at the highest dose& ¢8%l), cytotoxicity exerted by
Pt NCspSiNTs presumably stemmed from the secondary nanostructure, i.e. Pt NCs components
(Figure53). Interestingly, by normalizing the toxicity to the amount of Pt speciasiodmed Pt
NCs appeared to be more toxic than thenZamples, presumabtiue to either smaller crystal
size @ amorphous morphology of Pt species formed after a shorter reactiorsificeeno
distinctive crystalline structure was deteclsdHR-TEM imaging. Thus, a higher concentration
of P£*was released and exerted greater damage compared to the morerayialiterpart in a

given time period.
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With P£* was shown to be responsible for the cytotoxicity profile of Pt NCs, two sources
of P£*: citratecapped Pt NCs and:RtCk were selected as the controls to evaluate the impact of
Pt species identity to celiability. Here, kPtCL( 25 €g/ mL) with a mompar
the upper limit of Pt NC density in 1.5 mM/4h nanocompogites35 wt%) surprisingly yielded
a higher cell viability (657/0%) even after 96 h, thereby suggesting a lotacellular
bioavailability of K2PtCl (Figure 55A). Conversely, Pt NC¢ 1 7 . L) eligtéd a similar
toxicity level compared to that of Pt N@SINTs at a comparable Pt concentratibig(ire55B).
Therefore, the results suggest cellular internalization of Pt NCs is necessary to elicit a higher

toxicity by increasing bioavailability of Ptinside cellular compartment&

W4Eh AM7Zh Q% h
120

p<0.05 p<0.05
171
100 u
J‘ pﬁD.’;‘ F":D’-D—E‘
80 4
& 2
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#
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- - 75

Cellcontrol  1.5mM/4h  15mM/8h 15mM/24h 15mM/24h
i35 ug/mh (50 ug/mh (35 ug/mh {50 ug/mi

Figure 52. Viability of HeLa cells after treatment with RICSpSINTs[(1.5 mM/4h(30-35 wt %
Pt) andl.5 mM24h (4550 wt % Pt)]Jat different dose&@dapted from refl65).
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Figure 53. Viability of HeLa cells after treatment with-pSINTs at different dosdadapted from
ref. 165).
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Figure 54. Normalizedcytotoxicity based on wt % Ribtained from TEMEDX of Pt NCspSIiNTs
[(1.5 mM/4h (3035 wt % Pt) and 1.5 mM/24h (40 wt % Pt)](adapted from refl65).

94



E4Eh EA7Zh 0O%h m4Eh @7Zh O%h
120 120

A

100 A

BO -

60 -

% Viability

%Viability

40

20 A

0

CellsControd2.5 ug/ml  5Sug/ml 12.5 ug/mi 17.5 ug/ml 25 ug/ml Cellcontrol 10 ug/ml  17.5ug/ml 25 ug/ml 35 ug/ml

1]

Figure 55. Cytotoxicity of A) K2PtChk and B) Pt NCs (3.5 + 1.1 nm) exposed to HelLa cells at
different dosegadapted from refl65).

4.3.3 Caspase 3/'Assays

Apoptosis is a programmed cell death pathway that ingohigal activation of initiator
caspases (exaspase 8 and 9) followed by activation of the effector caspases (caspase 3 and 7),
which subsequently trigger apoptotic events.sTHa elucidate the mode of cell death occurring
in Pt NCs/pSiNTdreated cells, the activity of caspa@d@ enzymes activated during apoptosis was
evaluated and thus differentiate the mechanism from necrosis, which is an abnormal and harmful
unprogrammedathway. Consistent with viability assays, cytocompatibihtyU-pSiNTs was
confirmed since caspase 3/7 activity was comparable to untreate@cette other hand, elevated
caspase activity ranging froail.5 to 2fold increase was observed in celleatreatment with Pt
NCspSIiNTSs regardless of the tested concentrations of the nanocomgiegjtes56). Therefore,
the data suggested Pt N@SINTSs elicitcytotoxicity in an apoptotic manneincethe peroxidase
like character (known for Pt NC systems) may alsanvolved in cellular functims, further

mechanistic details remain to be elucidated.
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Figure 56. Caspase activity of HeLa cells after treatment wthSINTs and Pt NGpSINTS[(1.5
mM/4h (3035 wt % Pt) and 1.5 mM/24h (48 wt % Pt)](adapted from refl65).

4.3.4 Cellular Uptake

Based on viability and caspase assays, Pt-p&NTs nust be able to internalize inside
the cells to locally release a high concentration éf ffom the NC surface. According to both
nonfluorescent and fluorescent labeling studies, the nanocomposites were shown to accumulate
around the cell nuclei of a ma&rable number of cells after 24 h, and the density of the internalized
particles continuously escalated after 48 h and F2gufe57 andFigure58). Since the significant
reduction in cell viability was consistently within the same time frame as the increase in the
nanoparticle concentiah accumulating within the cells, toxicity elicited by the internalized Pt

NCs-pSiNT nanocomposites was confirmiéel.
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Figure 57. Localization of Pt NC$SiNTs in HeLa cells after 4h (AA3), 24h (B1B3), 48h (C1

C3) and 72h (DD3) observedising visible light (brightfield mode) of fluorescence microscopy
(nonfluorescence method). A1: Cell with no treatmen#A2-D2: 1.5 mM/4h B0-35 %wt Pt)

Pt NCspSiNTs; A3D3: 1.5 mM/24h 4550 % wt Pt)Pt NCspSiNTs. Note: arrows show the
presence of Pt NGsSiNTs(adapted from refl65).
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Figure 58. Confocal imaging showingellular uptake of Pt NGpSINTSs after 4& treatment with
HeLa cells. (A) and (B): 1.5 mM/4h (386 %wt Pt); (C) and (D): 1.5 mM/24A%50 %wt Pt).
A) and C) Accumulation of Alexa dystained compositedRed) around nuclei of the unstained
HeLa cells (fluorescent methqdd) and D)Accumulation ofAlexa dyestained compositgfed)
in Green BODIPYstained HelLa cell§Green) (fluorescent method)Note: arrows show the

presence oAlexa dyestained compositgadapted from reflL65).
4.3.5 Dissolution of Pt NCspSiNTs in the Cell Culture Medium

To evaluate the role of pSINT matrices in delivery of Pt NCs, evolution in structural
morphology of Pt NGSINTSs in the extracellular environment were assessed. After 24 h, most
of the nanocomposites remained intact without considerable changes in toenfpisition,

presumably owing to minimal dissolution of the nanotube matrices and Pt NCs during this time
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period. Since cellular uptake studies indicate accumulation of the composites inside the cells after
24 h, the composites are assumed to mostly remaimact form inside the cells. Conversely,
significant structural evolution in conjunction with an increase in Pt and a decrease in Si
concentration were observed after 48 h when the reduction in cell viability was also pronounced
(Figure59 andTable11). It should be noted that upon accumulationdaghe acidic intracellular
organelles, the resorption of pSINTs is expected to slow down along with an enhancement in
dissolution of Pt NCsOverall, based on the dissolution patterns of the nanocomposites, these
results suggest biodegradability of pSiN¥as responsible for mediating cytotoxicity of the Pt

NC components.

Thus, these studies presented here collectively suggest cytotoxicity of RiSWNCE
nanocomposites hinges on a ATrojan horseo
concentratiorof Pt NCs is mediated by the pSINT matrix, whose dissolution along with the acidic
microenvironment of endosome/lysosome readily facilitate the release of a high density of

cytotoxic PE* from the corrosive Pt NC surface inside the cells in a-tiegendent manné$®

L

Figure 59. TEM images of Pt NGpSINTs after dissolution in the DMEM growth medium
showing gradual change in the morphology of the composites over incubation per3&dwsi
Pt: A:initial, B: 24 h, C: 48 h, D: 72 B5-50wt% Pt: E: initial, F: 24 h, G: 48 h, H: 72(hdapted
ref. 169).

99



Table 11 Elemental analysis of Pt NG@sSiNTs after incubation in the cell growth medium
(adapted from refl65).

1.5Vth(|’\//<|)/4 h Si 0 Pt cl
Initial 441 +3.8 165+23 38.2+3.9 13+01
24h 40.0+5.5 156+23 433+ 3.9 1.0+0.6
48h 145+82 128+3.0 706 +10.1 21+09
72h 20.6 * 15.2 138+47 64.2 18,5 14+05

1'5%\(%24 h Si 0 Pt cl
Initial 38.8+4.8 144+33 454+ 4.8 12+009
24h 381457 18.0+3.9 348+51 9.0+20
48h 157 +11.7 8.4+3.2 73.9+136 1.9+06
72h 147 +12.4 87+28 743 +13.5 23+13

4.4  Summary

This Chapter describes vitro anticancer properties of Pt NPSINTs, whose time
dependent cytotoxicity is demonstrated as a consequence of leachififroi®Pt NCs mediated
partly by dissolution of pSINT matrices. Whikevivo studies are necessary to assess therapeutic
potentid of this type of novel nanocomposite in translational animal models, investigation into
grafting additional targeting features (e.g. targeting peptides) is imperative in order to minimize
deleterious side effects imposed on healthy cells. Also, sincprésence of reactive oxygen
species in the cellular environment has been shown to play a pivotal role in facilitating oxidation
of metallic P? and thus govern the toxicity level of Pt N&8gvaluation of cytotoxicity of P
NCspSINT nanocomposites in other cancer cell lines (e.g. liver cancer), which exhibit a relatively

high oxidative potential, is also necessary to assess cetldipendent cytotoxicity.
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Chapter V

Porous Silicon Nanotubes as Gerieelivery Vectors
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5.1 Introduction

To date, several chronic diseases, such a
have been shown to associate with genetic disotéfef®. Typically, abnormal expression of
single or multiple crucial proteins, such as those involved in cell cycle regulations (e.g. tumor
suppressor p53), is deleterious to overall biological functitin®*

Conventional therapies normally involve small molecule drugs which target proteins of
interest; however, these strategies are unappealinggdwireliance on the binding sites of the
proteinst®® In addition, althougtadministrationof recombinant proteins has begemonstrated
lately, low biologic activityin vivo eventually hamperthis therapeutic rout®? Therefore, over
the past few decades, treatments targeting the genetic level have been evaluated as an alternativ:
approach in biologic therapy. Nowadays, nucleic acids, such as exogeneous DNA and RNA
species [e.g. smalterfering RNA (siRNA) and micro RNA (miRNA)], have been demonstrated
as a unique class of therapeutic agents with great potential merit to cure genetic diSotders.
These nucleic acids have been shown to either extensively impede the production of
overexpressing proteins or increase the concentration of the deficient ptetelflsAmong
therapeutic strategieSJustered Regularly Interspaced Short Palindromic Ref€RtSPR)-cas9
geneediting has been recently recognized as a simple and flestrakegy that allows modifying
genes of interest in divese organisms witextremelyhigh accuracy®

Unlike molecular drugs and active biologics which typically require extensive synthetic
routes and purification steps, a large seleatibnucleic acids can readily be achieved due to the
ease of design angroduction processes, thereby implying flexibility in creating therapeutic

nucleic acids stable for a given pathological disea$e.

102



Despite promising therapeutic features, administration of nucleic acids still eesount
numerous hurdles since free nucleic acids are notorious for having low bioavailability owing to
high potential of being degraded and eliminated by RNAsesger#onucleases and immune
responses of the intrinsic defensive systéthén addition, since cell membranes are mainly
composed of lipid bilayers, diffusion of free nucleic acids across this barrier is highly restricted
due to a combination of the large size, hydrophilic nature and the overall negative charge stemming
from the phosphate and the sugar backbbiie?® Also, since multiple intrackllar barriers
including endosomes/lysosomes hinder the therapeutic functions of nucleic acids, delivery vectors
assisting the transport of nucleic acids in such complex biological systems are necessary to acquire
desirable transfection outcon®s.

Since the movememtf the genetic materialespecialy those with size larger than 2 kbp,
is highly restricted in the viscous environment of the cytopld$nt®3delivery vectors should not
only continuously protect genetic cargoes from cytoplasmic enzymes but also need to assist
translocation of the materials to the nuclear regions.

To date, a few gene therapieghich rely on viral vectors, have received FDA approval
owing to high transfection efficiency attributed to the unique features of the vectors that enable
efficient bypassing of cellular barrief¥: 2°>However, potential insertional mutagenesis, limited
loading capacity, asvell as manufacturing bottleneck (e.g. limited production capacity and high
production cost) must be carefully considered in developing these delivery sy&té&hs.
Alternatively, a number ofnonviral carriers that offer safer approaches have been
demonstrated®®

Among nonviral vectors, nanparticleswith a porous architecture can either confine and

protect the genetic materials within the pores or immobilize them on the surface via electrostatic
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interactiong’'® For these reasons, porous silicon (pSi) with the unique biodegradability features
has been extensively evaluated in gene therapy. In an earlier study, the @offprhas
demonstrated oxidized stagiched pSi (average size: 422 nm) functionalized with 3
(aminopropyltriethoxysilane (APTES) as a feasible vectoirfaiitro delivery of small circular
DNA molecules or plasmid DNA (pDNA) containing enhangeeenfluorescent proteins (eGFP)
encoded reporter gene to HEK 283.In another strategy, Cunin and colleagues evaluated
conjugation of luciferasencoded pDNA with pSi (average size ~ 200 nm) modified with
positively charged amino acids (i.e. histidine andngsi and a relatively high transfection
efficiency in HEK293 has been obsen/étinterestingly, promising initial results of vitro gene
delivery using plantlerived pSi have also been preseritédlvhile extensive synthetic routes of
anodic and staketched pSi poses critical challengesoaleup production, plantierived pSi is

an ideal lowcost and ecdriendly alternative route of p&iased gene delivery.

Since pSi employed in these preliminary studies are typically of auniborm particle
morphology, evaluation of gene delivery ugswectors with weldefined geometry are therefore
of interest. In the studies presented in this Chapter, assessment of Si in afsadtoealized
nanotube architecture as potential gene carriers was evaluated imiavito model, in which

transfecton efficiency of reporter gene, eGieRcoding pDNA, into HEK 293 was analyzed.

5.2  Experimental

5.2.1 Cell Culture
Human embryonic kidney (HEK) 293 cells wenaintainedunderthe same conditions as

described in the experimental section of Chapter 2
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5.2.2 Purification of DNA PlasmidsEncoding eGFP (pEGFP)

Escherichia coli(E. coli) bacteria containinghe eFIRES plasmidvith an eGFP insert
(prepared byhe Dr. GiridharAkkaraju group?**were grown irlysogeny broti(LB) (2 ml) with
ampicillin (100eg/ml) at 37°C overnight (16 h) in an incubator shaker. Next day, the bacterial
culture( 2 0 Owag ttansfeed into a flask containing LBB00 ml)and ampicillin (10Cg/ml),
and the culture was incubated at°€7in anincubatorshaker overnight again. After 16 h, the
bacteria were harvested by centrifugation to remove the growth medium, and the plasmid was
extracted and purified according to the man
Finally, the plasmid p&dt was resuspended in TE buff@b0el). The purity and the concentration
of the plasmid were characterized bmeasuring UV absorbance at 260 nm using Nanodrop

spectrophotometdihermo Scientific Nanodrop 1000 model)

5.2.3 Immobilization of pEGFP to APTES-functionalized pSiNTs

pSiNTswere functionalizedvith APTES according to the protoadéscribed in Chapter. 2
APTESPSINTs were sterilized with 95 % EtOH anere driedn vacuo APTESpSINTs were
thendispersed in sterilized DI water afrdgmented by ultrasonication férmin in an ice bath.
The mixture of APTES$SINTSs was diluteth sterilized DI HO to obtain theiargetconcentration.
APTESPpPSINTs,were incubated with pEGFRNd the sample was incubd for 5 min at room
temperature with occasional mixing by tapping on the side of the Aditee.incubation, samples
were mixed by pipetting up and down prior to transfectiioshould be noted that immobilization

of pEGFP to APTE®SINTSs was performeiehmediately prior to transfection experiments.

5.2.4 Evaluation of Conjugation Efficiency of pEGFP to APTESpSINTS
After 5-min incubatiorwith pEGFR the mixturewas centrifuged for 10 min at 13000 rpm,

and the supernatant was collected. The absorbance ofghenatant was measured using the
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Nanodrop UWVis spectrophotometer to determine the concentration ofitiundpEGFP.

Conjugation efficiency is determined according to the following equation

50 —— pmh (1)

wherem is the initial mass of pDNA anak is themass of pDNA remaining in the supernatant.

5.2.5 Transfection of Cells with pDNA/APTES-pSiNTs

HEK 293cells were seeded in avgell plate(1x 10 cells/well (~ 1042 cells/cAor 2.5x108
cells/well (~2604 cells/cA)). For plating cells on the coverslips, cells<10* cells) were seeded
on a collagen coated coverslip (d = 25 mm, Neuvitro Corporation) (~ 2038 cé)lsioch
incubated at room temperature (5 for 30 min, then complete medium was added to make up
a total volume of 4 ml. Cells wenecubated at 37C, 5% CQ for 24 h.

Next day, cells were transfected with pEHEAPTESpPSINTS which were prepared as
described in section 2.3hen the plate wascubated in the incubator for 48 h and 72 h.
Transfection of pEGFP by APTHSSINTs was assessed Wigual detectiorusing a fluorescent
microscope equipped with GFP filter (EXEm 485/520) (Zeiss Axiovert 20@) semi
guantification by calculating the mamtage of the area of cells expressing GFPs relative to the
total cell area (Eq. 2)For the positive contropEGF (100 ng) was conjugated witlyovec
(I'nvivoGen) (100 ¢1), which is a commerci a
phosphonolipid Di-tetradecylphosphoryi,N,N-trimethylmethanaminium chloride (DTCPTA)

and 1,2Diphytanoytsn-Glycero 3-Phosphoethanolamin®iPPE) (Figure60).

b Yihe i "QQ HEIEMRD QQE—c-6 p T (2
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Figure 60. Molecular structure of A) DTCPTA and B) DIPPE

53 Results and Discussion

5.3.1 Optimization of Conjugation Efficiency and Cellular Uptake

In this approach, initial efforts focused on increasing the density of the plasmids
immobilized onto APTES$SINT surface by introducing a high concentration of the nanotubes. At
concentrations greater than 1&y/ml, extensive aggregation was observed, thus hampering
cellular uptake process required for delivery of the genetic cargoes inside the cells. In addition,
increasing incubation time of pEGFP with the nanotubes for more than 5 min also induced
aggregation, presumably due to insufficient surface charge necessary for maintaining stability of
the particles after the conjugatiai the largesized pEGFP Kigure 61). Thus, since highly
dispersed particles are essential to achieve optimal cellular uptake, a short incubation time (i.e. 5
min) and a concentration difie functionalized pSiNTs of less than O@g/ml were essential,

despite a relatively low conjugation efficiency (53.6.9 CE %) and loading (0.530.02 wt%).
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Figure 61. Brightfield imaging of HEK 293 cells interacting with pEGFP/APTESINTS.
APTESp Si NTs prepared at 0.2 eg/ ¢l and incubat

5.3.2 Delivery of pEGFP to HEK 293Cells

Cells expressing eGFPs as a phenotype is an indicateucoéssful pEGFP transfection.
For the positive control using Lyovec, a high density of cells expressed eGFPs by day 2, thus
suggesting the cationic lipids successfully complexed and delivered pEGFP into thEigetfis (
62 and Table 13. In addition, the data also confirms such purified pEGFP (260/280 > 1.80)
extracted from E.coli can be effectively transcribed and translated into eGFP, thus serving as an
efficient reporter gen&?

Nevertheless, it should be pointed out that although a high transfection efficiency (~ 50 %)
could be achieved using the commercial agent, cells in thgmgiments appeared to be rounded
up and detached from the well plate after 48 h, presumably owing to a high density of positive
charges stemming from the cationic lipids that have been shown to be responsible for damaging
cell membranes in earlier stugdfé®2!’

Transfection using APTESSINTSs resulted in a relatively small number of HEK 293 cells
expressing eGFPs at all the tested SINT concentratleigsiré 63 and Table 13). Given the

instability of the plasmid in an extracelluar environment, ¢etlated with free pEGFP expressed
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no fluoregent protein Figure62C) and the eGFP expression observed here thus stemmed from
pPEGFP delivered inside the cells by SiNTs. After 72 h, a higher density of fluorescent cells was
observed, but transfection efficieneyas not statistically higher compared to that at 48 h,
presumably owing to cell proliferation that yielded an increase in overall cell density.

Given the same nanotube concentration (£§/4n¥), an increase in cell confluency (from
1042 cells/crito 2604 cells/cm) yielded a slightly higher number of cells interacting with SiNTs
and transfected with pEGFP, although the percentage of eGFP expression was insignificantly
affected Figure64 andTable14). Therefore, these results imply cellular association of SINTs is
essential for successful transfection. Increasing nanoparticle density relative to the cell coverage
area (i.e. from 10.49/2604 cells/cmto 20.4£g/2038 cells/crf) resulted in similar transfection
efficiencies, which might be attributed to more aggregates formed at a higher particle
concentration per surface area, thus hindering cellular internaliz&igur€64 andTable14).

Although transfection efficiency was lower-§2%) compared to that transfected by
Lyovec (~50 %) (partly due to a relatively low conjugation efficiency), HEK 293 cells not only
exhibited a similar morphology compared to that of the untreated controlsoupmliferated
normally; hence, confirming cytocompatibility of these SINT materials to this cell line.

Based on these results, APTBRSINTs were assumed to be able to internalize inside the
cells and escape the endosome, presumably via a mechanisan ®rthie protorsponge effect,
in which the unbound primary amino groups of APTES absorb protons and lead to an influx of Cl
along with water, thus eventually rupturing the endosomal membrane due to osmotic swelling. In
addition, since it has been preusly suggested that particles with sharp edges are more likely to

rupture the endosomal membrane and reside in the cytoplasm compared to spherical
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counterparté!® nanotube bundles might also presumably rely on their shapesipessndosomes.
Overall, additional studies remain to elucidate the escape mechanism(s).

Since pEGFP must translocate into the nucleus to be translated, nuclear entry (in addition
to cytoplasm trafficking) is a critical part to this process and has Heatified as one of the main
ratelimiting step in gene deliver§t® 22° Although a series of nuclear pores formed on the nuclear
envelope by nuclear pore complex (NPC) allows diffusion of certain molecules into the nuclei, the
entrance of exogeneous DNA is greatly hindered (ascribed to its large size) and thus mainly relies
on the breakdown of the nuclear envelope during mitési&?Hence, these hurdles collectively
contribute to a relatively limited transfection efficiency of the SINT delivery vectors employed in

these experiments.

Brightfield

Figure 62. Microscopic imaging of HEK 293 cells. Untreated HEK 293 cells seeded at a density
of A) 1x10¢ cells B) 2.5x10cells; HEK293 cells treated with free pEGFP aftéh(C-1) and72
h (C-2); HEK 293 cells seeded at 1¥1€ells (D) or 2.5x16cells (E) trangfcted with pEGFP

delivered by Lyovec Scal e bars: 50 & m.
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Table 12. Transfection efficiency%) of HEK 293 cellswith Lyovec as transfection agent.

1x10* cells 2.5x10¢ cells
(1042 cells/crf) (2604 cells/crf)
Day 2 Day 3 Day 2 Day 3

50.1+£10.7 65.3+81 475+75 547+156

Table 13. Transfection efficiency%o) of HEK293 withAPTESpSiNTsas delivery vectors

1x10'cells

(2038 cells/crf)

MAPTES MpEGFP MpeGFP Day 2 Day 3
DSINTS (incubated)  (bound)

100 ¢ 1 ¢€g ~ 500 ng 3.2+15 3.1+28
50 ¢ 1 ¢g ~ 500 ng 2.7+0.6 49+97
50 ¢ 0.5 & ~500ng 3.0+05 32+18
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Figure 63. Brightfield and fluorescence imaging of HEK 2@2Il density: 1x16cellsseeded on
coverslips (2038 cells/ct) after transfected with APTESSINTSpPEGFP (incubated)A) 100

€0:1eqg, B) 50eg:1eg C) 50eg: 0.5¢g.Sc al e b a r-2, B2dhd@ C2timaging Ahowing
interactions between between pEGFP/APFEENTs and HEK293 cells at high magnification.
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Cf dz2 NB

Figure 64. Brightfield and fluorescence imagingldEK 293 cells plated at different densities; A)
25x10" cells (2604 cells/cA) and B) 10 cells (1042 cells/cA) after transfected with
PEGFP/APTESSINTS (10Ceg) for 48 h and 72 IScale bars: 50 nm
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Table 14. Expression of EGFPs (%) in different HEK293 cell densities.

1x10¢cells 1x10* cells 2.5x10 cells
(2038 cells/crf) (1042 cells/crf) (2604 cells/cr)
20.4¢ (en? 10.4¢ (en? 10.4¢ (en?
MAPTES-pSiNTs Day 2 Day 3 Day 2 Day 3 Day 2 Day 3
100 ¢€g
3.2+15 3.1+28 85+57 59+52 28+24 3.0+1.9
5.4 Summary

Initial in vitro gene delivery experiments described in thiepter suggest the feasibility
of biodegradable pSiNTs to serve as a nanocarrier for mediating internalization and expression of
exogeneous genes, and thus signifies the potential merit of this type of nanmtongelivery
of other types of nucleic acids. Future investigations into increasing cargo loading, overcoming
nuclear barriers as well a&tucidatingmechanisms of the intracellulgate of the materialare

necessary to enhance transfection effigyjenc
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Chapter VI

Porous Silicon Nanotubes as Potential Nanocarriers for

Delivering of Small Interfering RNA
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6.1  Introduction

RNA interference pathway (RNAI) was first discovered by Matthew Fire and Craig Mello
in 1998 when they were studying thbeenotype effects of the doultdranded RNA (dsRNA)
encoding a myofilament proteinrfc22 RNA) in the nematode wor@aenorhabditi®legangC.
elegan}.??®The injection of dsRNA resulted in a severe twitching motion which was correlated to
a decrease inunc22 activity. Followrup studiesconfirmed that dsRNAs recognize the
complementary mRNA strands at thesttranscriptional level and trigger degradation pathways
prior to translation, thereby leading to a reduction of the corresponding préféihgir findings
revealed the significant role of dSRNAs in physiological gene silencing, pioneered a new era of
RNA in molecular biology and therefore earned them a Nobel Prize in?2006.

Based orin vitro studies using@rosophilaembryo extracts and cultured cells, the silencing
mecharsm was revealetf®2?8 When dsRNAs are introduced inside a celidoribonuclease

Dicer is recruited and cleaves the strands into shorter sequence@®hftleotides (3 nmx7.5
nm), so called small interfering RNA (siRNA). siRNAs are bound to Argonaute protein and other
components of RNAnduced silencing complex (RC3, and the endonuclease Ago 2 of RISC
catalyzes the unwinding of the siRNA duplex. After the unwinding process, the passteaiger
of SiRNA is released leaving the guide strand incorporated into the RISC; therefore, RISC can start
searching for any mRNgwhich have complementary sequence to the guide strand and cleave the
target MRNA via an endonucleolytic proceBg(re65).

The advent of RNAI has pfoundly contributed to an understandingceflular functions
and development of organisif8.To date, siRNAmediated gene silencirig envisioned as a
promising strategy to combat detrimental dised¥edowever, administrabn of siRNAs still

encounters numerous critical challenges owing to the nature of nucleic acids, thus requiring
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effective delivery vectors that can harness the potential therapeutics of RNAi while minimizing
potential immuneelated toxicities. In contrasto gene delivery, since siRNAs target
complementary mRNA in the cytoplasm, hurdles related to the nuclear entry described previously

in Chapter 5 are no longer the concerns in siRNA delig@rg®?

siRNA Long dsRNA
YAYNY, NAVAVANVAVAVAN
Cyiopiasts SNSASASASASN
/ Dicer
PAVANS ._g ‘_/\,/\o YAVAN
Ago2
¥ - 1§
/ N\
RISC \
O,
RISC assembly
-”7\£ }\7\
MY 4 Cleaved sense strand
Target mMRNA recoinition

{ \O’\/\ Sense strand

/NS Oﬂ /7 - g W/ \/\ Antisense strand

/ / . Target mRNA
Target mRNA cleavage ksl

Figure 65. RNAI pathway(adapted from ref233

Lipid nanopatrticles (LNPs) hawntributed to the great progress in siRNA delivery, such
as the cationic ionizable LNPs that serve as the central keys to the success of the first FDA
approved siRNAbased therapy for treatment of peripheral nerve disease (polyneuropathy)
(Onpattro)?*° Inorganic NPs such as pBave also been demonstrated as exceptional delivery
carriers ofa variety ofsiRNAs in diversedisease models.

To date,multiple designs of pSbhased siRNA delivery vectors have been reported to
address multiple challenges in therapeutic delivery. Owing to the versatile surface chemistry of

pSi, a high loading of siRNAs can be readily achieved via surface functionalin&fp@i with a
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great diversity of cationic molecules (e.g. dendrimers, PEIn another approachhe Sailor
group has demonstratednovel loading method, so called calcium ion predipitastrategy, in
which formation of the calcium silica{€aSiOs) shell occurs simultaneously with the entrapment
of siRNA within pSi. Therefore, not only a high loading of siRNAs is achi€v20 wt %) but
dissolution of the Si skeleton is also sloweavd by theCaSiOsshellin order to attain a sustained
release of siRNAs from the pSi carrié?$

In addition,Shen and colleagues hagealuated discoidal pSi, which exhibits favorable
flow dynamics (i.e. more likely to marginate and reach the vessel walls), in delivery of sSIRNA
targeting the ataxia telangiectasia mutated (ATM) gene in human lwa&astr cells & a
multistage vector approachndbiocompatibility of ths novel deliverysystemwas also confirmed
by in vivo studies?3> 236

Since nanoparticle shape plays aicaitrole in blood circulation and cellular interactions,
in this Chapter, the potential of the Jd@drous nanotubstructureof Si (pSINTS)to serveas
delivery vectorgor siRNAis demonstrated via twia vitro models, both of which involve pSiNTs
functionalized with APTES to facilitate siRNA conjugation via electrostatic interactions. In the
first model, delivery of SIRNAsiIGFP) targeting the enhanced green fluorescence prdE&irp
reporter genewhich wastransiently transfected in HelLa cervical can cells was assessed
Knockdown efficiency of EGFP expression was quantitatively evaluated by measuring
fluorescence intensity of the EGFPs, which mirrored the mRINR level. The secondn vitro
model involved delivery of therapeutic SiRNA (siER)tavdor e gul at e estr ogen
which are known to overly expressed in breast cancer?@e#é8Knockdown efficieng by siER
was characterized by quantification of $pRotein and ERNRNA levels via Western blot protein

analysis and Reverse Transcripti@eal time Polymerase Chain Reaction {§HACR)
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respectively. Cellular uptake and dissolution of sSiRNA/APTENSTs werealso evaluated to

elucidate the possible siRNA delivery mechanism.

6.2 Experimental

6.2.1 Cell Cultures
HelLa and MCF7 (Breast cancer) cells waraintainedn the same conditions as described

in the experimental section of Chapter 2

6.2.2 Fragmentation of APTES-pSiNTs
APTESPSINTs were sterilized and fractured for 5 min (delivery of SIiEGFP) or 10 min
(delivery of siER) in diethyl pyrocarbonate(DEPC}treated water IBI Scientific) by

ultrasonication as described in Chapter 2.

6.2.3 Preparation of SIRNA/APTES-pSINTs

The sonicated samples were further diluted with Dife@ted water to obtain the target
concentrations. APTEBSINTs were incubated with siRNAs [nonspecific SIRNA (NS_siRNA),
siGFP (Thermo Fisher Scientific) or siER (SIGENOME, Smartpdoljzon Discwery)] for 30
min at room temperature (RT) (~25).

For siER experiments, the samples were further centrifuged, and the pellet was

resuspended in OpMEM reduced serum (Gibco, Thermo Fisher Scientific).

6.2.4 Characterization of SIRNA/APTES-pSINTs
a) Zeta Potential Measurements
After siRNA conjugation, the sample was centrifuged (13000 rpm, 10 A, d@nd the
supernatant was collected. The nanopatrticle pellet was washed twicediskrsed in ultrapure

H20 (2 ml). The sample was briefly ultrasonicatedq-s) in the ice bath and the zeta patnt
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values verecollected atRT (10 runs, 30 cyclesin and fit toS mo | u ¢ h modd, kviiah &
used for determination of electrophoretic mobility of particles dispersed in aqueous rédia)).
Zeta potential of APTE®SINTSs stock solution was also collected to evaluate changastan

potentialbefore and after sSiRNA binding.

b) Conjugation Efficiency of SiRNA to APTES-pSINTs
The sonicated APTESSINTs were diluted in DER@eated water to obtain the following
concentrations: 0. 02, 0.05 and 0.1 ¢ gdnmel , 1
volume of siRNA stock (30 pmol,&1 ) f or 30 min at RT. The san
rom, 15 min, 4°C), and the concentration of the unbound siRNA was analyzed by using a
Nanodrop U\Vis spectrophotometer. The conjugation efficiency (% Qi) % mass loading

were determined according to the following equations:

P6 ¢ ¢t QO UHVAN® QOE—66 pmmbp (1)

PO Widé 0QQe— pmiTmb (2

c) ReleaseKinetics of SIRNA from APTESPpPSINTSs
APTESp Si NTs (20 ¢ g, ubatedwith #ugréseeht FANabeledsiRNAN ¢
(80 pmol)(Ex/Em: 485/520) for 30 min at RT, and the sample was centrifugedGi(43,300
rpm, 10 min). The pell et was walispersedin BBE¢460 wi t
el ) and i nhunidifiedineubatar at 3% vtk 5 % CQin air. At a specific time point,
the sample was centrifuged (13,000 rpm, 10 mifC}to collect the supernatant, and the pellet

wasredi spersed in fresh PBS (400 ¢l ).
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Two calibration curves were constructed using FAIRNA diluted in RNAsdree HO
and PBS to determine mass loading and cumulative release of slR§Ag66). Fluorescence

readings were recorded using a microplate reader (Ex/Em 485/520).
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Figure 66. Calibration curve of FAMsIRNA diluted inA) H20 and B) PBS.

d) Interaction of SIRNA/APTES-pSiNTs with HelLa cells

Brightfield Imaging

HelLa cells were seeded at a density -of 50C
well plate and were incubated at %7, 5% CQ for 24h Next day, NS_siRNA/APTEBSINTs
was prepared by incubating APTHSS T NTs (2.5 eg) \perwdl)ascordhiyA (1
to the procedure described above, and cells were transfected with this mixture (final conc. = 12.5
eg/ ml) for 36 h. After transfection, cell s
compl ete medium (50 ¢ leightgbngitfield madg)®fdhe husréscegce t h e

microscope {eiss Axiovert 200

Confocal Microscopiclmaging
Hela cells were seeded at a density of 7.85x1@ | | s (500 ¢ | medi um)

cmx2.2 cm) placed in a well of avéell plate and weréncubated for 30 min at 3%C. After 30
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min, 2.5 ml of the complete medium was added into the welkkddh otany= 3 ml), and the plate
was placed in the incubator for 24 h.

The next day, a solution of APTHSSINTSs prepared in DERCeated HO ( ( 3580 € g :
el ) was mi xed wi t h -spetific siRNA $Atexariludr §74 (ARET4SIRBIA)] n o n
(40 pmol) for 30 min at RT. For the positi
OptiMEM) was incubated with a commercial transfection reagent Op(ifeatrogen ( 1 2 ¢ | i
250 ¢l OpaddfEdM)ng t o t he manuf aficstdiutee in Ot pr o't
MEM and incubated &T for 5 min, then pEGFP diluted in OgdEM was combined wittthe
Optifect solutionand the mixture was incubatedRit for 20 min.It should be noted that all the
samples were protected from light during incubation period. Cells were then transfected with
SiRNA/APTESpPSINTs and siRNA/Optifect, and cells were then incubated’& 8¢ 4 h and 24
h.

At a specific time pointCellTracker Green BODIPY dye (OmbL, 10 M) was acf
each well and cells wereincubated at 3?C for another30 min. After ircubation, cells were
washed with PBS1 ml) for 2times to remove excess dyad fixed in a solution of 4 %
paraformaldehyde (prepared in PB&)15 min. Cells were thethoroughly washed with PB&hd
mounted on a clean glass slide usiFigoromountG Mounting Medium.Cells were observed
using Laser Scanning Confocal microscope, and EX/Em for AF 647 and Green BODIPY are

selected to be 633/66B0 and 458/51:688 respectively

SEM Imaging
Cells wereseeded and treated wisiRNA/APTESpPSINTs as described ithe sample

preparation foconfocal microscopic imaging section. It should be pointed out thaflumarescent
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NS_siRNA (60 pmol) was utilized here. Cells were incubated for 4, 24, 48 and 72 h in the
humidified incubator a87 °C with 5% CQCein air.

After a specific time point, cells remained attached on the coverslip were washed with
phosphate buffer (0.2 M, pH 7.2) and incubated in a solution of 6 % paraformaldehyde and 8%
glutaraldehyde prepared in phosphate bufferl5 min(volume ratiois 1:1:1). Cells were then
slowly dehydrated in a series of EtOH solution: 30%, 60%, 95% and 100% EtOH (5 min for each
step) The coverslip was attached to a carbon tape adhered to an aluminum mauthtszodiently
sputtercoated wittB-nm gold thicknessThe cellsvereimagedwith FESEMusing an accelerating

voltage of2 kV and a working distance of 10 mm

6.2.5 Invitro Delivery of siRNA Targeting EGFP-mRNA
a) Cytotoxicity of APTES-pSINTs

HelLa cells were seeded at a deedam)inpg9e f 50C
well plate and were incubated at 7, 5% CQ for 24h Next day, to mimic siRNA delivery
experiments (Section 1.1.4), the reduced serum medium-fOptM, 50 el ) was ad:
well followed by different concentrations of APTEESINTs60 €1 ) prepared in
The final concentrations of APTHSSINTSs in the well are: 2.5, 5.0, 12.5, 17.5, 25, 35 and 50
eg/ ml . Cells with no nanoparticle treatment

and cell viability was asssed by CellTiteGlo assays.

b) Silencing eGFPExpression in HelLa cellsTransiently Transfected with pEGFP
In this experiment, HelLa cells were transiently transfected with pEGFP and subsequently
transfected with siGFP to suppress eGFP expresBigare67). For the negative control, cells

were transfected with NS_siRNA.
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SIGFP = siRNA targeting EGFPmRNA
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Figure 67. Experimental scheme of evaluatimgvitro siGFPdelivery by APTESSINTSs.
TransientTransfection of HeLaCells with pEGFP
HelLa cells were seeded at a density -of 50¢
well plate and were incubated at 3Z, 5% CQ for 24 h. Next day, cells were transiently
transfected witha solution( 50 colh} ai ni ng 125 ng.QelE GdiePthedl . 5 ¢

incubated for 8 lat 37°C prior to sSiRNA transfection

siRNA Delivery for Silencing eGFPEXxpression

After 8-h incubation with pEGFP/Optifect, cells were transfected with siGFP (or
NS_siRNA) delivered by either APTHSSINTS or the control. Here, SiRNA/ APTHSSINTSs was
prepared by incubating APTHSSINTs (2.5¢ (b0 €l) with siGFP (10 pmol). For the contsp
SiGFP or NS_siRNA (10 pmol, 23 OptiMEM) was combined with Optifect (063 diluted in 25
el OptiMEM). It should be noted that SIRNA/APTHEINTs and siRNA/Optifect were freshly
prepared before-B time point. Cells were incubated in the incubatoB&afC for 36 h, and

knockdown efficiency was analyzed.

Analysis of eGFPKnockdown
After 36 h, cells were gently washed with PBS (H)Dtwice to remove the excess
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nanoparticles. Cells were incubated in the complete medium and were imaged usingeihoeresc
microscope equipped with a GFP filter (ExX/Em 458/520 nm). After imaging, cells were washed
again with PBS to completely remove the medium, and fresh PB&[[L@@&s added into each
well. Cells were then lysed by a freetbaw method: the plate wascitbated at80°C for 30 min

and thawed to RT. Cell lysates were transferred into-avédbblack plate with opaque black
bottom, and the fluorescence reading was recordedibygtihe multiplate readeBMG Labtech

FLUOstar Omega(ExX/Em: 485/52)

Analys s -acfin Expression
1 Protein Extraction

Influence of siRNA transfection conditions to a housekeeping gene expression, in this case
I -actin, was analyzed by Western blot analysis. In this method, cells were seeded and transfected
as described above. For scalg 8 wells were prepared for 1 sample. Afterh36iIRNA
transfection, cells wer e waysismafférwasiaddadintoedcld P B
wel | (50 ¢l / well), and the plate was 1incuba
cleared by centrifugation at 13,000 rpomfor 10 min@4 The supernatant (20
was combi ned wi tndthe&sampeDnire brigfly voetdxed,, boiled af@5n a
dry bath incubator (Fisher Scientific) for 5 min. The samples were frozen immediately and stored
at-20°C for further use.

The protein concentration of each sample was determined by coloriBrettiford protein
assay, in which the acidified Coomassie Brilliant Blu2%® binds to the proteins and yield blue
complexes with maximum absorbance at 595 nm. The calibration curve was prepared according
to the following protocol Table 15 andFigure68). Note: a new calibration curve was prepared

for every Western blot experiment.
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Table 15. Construction of calibration curve and determination of the concentration of the

unknowns
BSA (mg/ml) VBsa (stock) (€1) Vo.15m Naci (€1) Vbradford reagerk€ 1)
0 0 10 190
0.5 1 9 190
1 2 8 190
2 4 6 190
4 8 2 190
Unknown Sample \% (SI) VO.lSM NacCl (8 I) Vbradford reager{SI)
(triplicate) 1 9 190
0.45 -
0.4 y =0.0913x + 0.017%
o 0-35 1 R?=0.9996..""
2 0.3
8 0.25
Q 0.2 - ®
< 0.15 -
0.1 - C
005{ ¢
O T T T T 1
0 1 2 3 4 5

[BSA] (mg/ml)

Figure 68. A typical alibration curveusedfor determininghe totalprotein concentratianin the

unknowns

1 WesternBlot
A gel comprised of the separating gel and the stacking gel was prepabtell@). Equal
amount of the sampl esi b5l.a2dege e@shdgh)amPm{dugs her
Color Standardswere loaded into the wells, and gel electrophoresis was run at 100 V until the
blue dye was close to the bottom of the gel. Electrophoretic transfer of the proteins to a PVDF
membrane (Immokon-P5C Transfer Membrane) was run at 100 V for 1 h, and the membrane was

blocked with 5 % milk (prepared in TBST buffer) for 1 h. The membrane was incubated in primary
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antibody i actin mouse monoclonal IgG (Santa Cruz Biotechnology) (1:1000), which was
prepared in 5 % milk, for 30 min on a rocker at RT and therf@tavernight.

Next day, the membrane was washed with 5 % milk on the orbital shaker for 3 times (10
min/time) and hen incubated in the secondary antibody &uodt Mouse with Alkaline
phosphatase (ARconjugatgSanta Cruz Biotechnology) (1: 10,000) on tbeker for 1 h aRT.

The membrane was then washed again using 5 % milk as describecatfinvally incubatedn

the AP substrate solution, which is comprise&-bfomao4-chloro-3-indolyphosphate and nitro

blue tetrazolium(BCIP and NBT). Here, AP conjugated tdhe secondary antibodies hydrahs

BCIP into inorganic phosphate andb&mao4-chloro-3-indole and imrganic phosphate, which is
further oxidized by NBT to form an insoluble dark blogrple diformazan precipitat©nce the

bands were developed, the membrane was then washed thoroughly with deionized water and dried

in air on a filter paper.

Table 16. Preparatiorof separating gel and stacking gel.

Separating gel Volume Stacking gel Volume
H20 3.6 ml H-O 2.33 ml
1.5 M TrisHCI, pH 2ml 0.5 M TrisHCI, 1mi
8.8 pH 6.8
Acryl:Bis (37.5: 1) 2.4 ml Acryl:Bis (37.5: 0.67 mi
1)
APS (10 %) 40 ¢l APS (10 %) 20 ¢l
TEMED 10 ¢l TEMED 2 ¢l

Notes: APS =Ammonium Persulfa ; TEMED = Tetramethylethylenediamine

Dissolution of SIRNA/APTESASINTSs
Cell lysates remaining after eGFP knockdown experiments were colleetedfuged and

washed with DI HO. The pellets were s@ispersed in DI ED and the morphology of the NPs was
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evaluated byTransmission electron microscope (TEMnaging JEOL JEM2100 electron

microscope 200 kV)

6.2.6 Delivery of sSiRNA Targeting ER-encoding mRNA
a) Cytotoxicity of APTES-pSINTs Against MCF-7 cells
MCF-7 cells (1x10cells/well) were seeded in a 96 well plate and were incubated for 24 h.
Next day, APTESSINTs were sonicated and-despersed in OptiMEM as described in section
2.3. Cells were treated with APTESSi NTs, whose final concmntrat
12.5 ¢eg/ ml and 25 eg/ ml . Cell s were incubat

CellTiter-Glo assays.

b) Cytotoxicity of SIER
MCF-7 cells were seeded and incubated as described above. SIER/ASINER were
prepared as described in sectioB 2. ( Not e : 0 . O-@SiNEsgvasniricubated With 3.0
pmol si RNAs), and the samples were added int
viability was assessed by CellTi&lo assays.
For the controls, cells were transfected with APFEENTS, NS_SiRNA/APTESSINTsS

and si RNAs delivered by Optifect (0.5 ¢l Opt

c) Interaction of SIRNA/APTES-pSiNTs with MCF-7 Cells
Brightfield Imaging
After 48h transfection, cells were observed using the visible light{tiredd mode) of

the fluorescence microscope.

SEM Imaging

MCF-7cells (1x1&cel | s/ 500 €l ) were see-walglatwand a c
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were incubated for 30 min at 8€. Complete medium (2.5 ml) was added into the well, and cells
were incubate for 24 h. Nextday, APTES Si NTs (15 €g) were incuba
pmol) for 30 min at RT, and the samples were prepared as described in siER transfection section.
Cells were transfected with NS_siRNA/APTHBSINTSs for 4, 24 and 48 h. After eacitubation

time, cells were fixed and dehydrated according to the procedure as described above.

Confocallmaging

MCF-7 cells were seeded and treated as described in the SEM imaging section. Here,
APTESp Si NTs (15 €g) webd7e(40ipmoat)..ChllaweeedransiactedwithAAF
647 NS_siRNA/APTE$SINTSs for 4 h and 24 h. After each incubation time, cells wtn@ed

with Green BODIPY and fixed with 4 % paraformaldehyde as described in the siGFP section.

d) Western Blot for Analysis of ERProtein Expression

MCF-7 cells were seeded in a-9&ll plate (1x16cells/well and 8 wells/sample for scale
up) and transfded with siRNAs as described in the section 2.6.2. After 48 h, cells were washed
with PBS (100 ¢1l), trypsinized (25 ¢l) and
were harvested and washed with cold PBS. Cell pellet was incubated in the
radioimnmunoprecipitation assgR | PA) buf f er suppl emented with
on ice for 15 min. Proteins extraction and Western blot were performed as described above. After
blotting with 5 % milk, the membrane was cut into halves and eaclopavtks incubated in a
suitable primary anti body s oilaotih antibodies {:6000 , m
(Santa Cruz Biotechnoloyyvere utilized.

In order to achieve the optimsignal for quantificationa WESTERNVIEW detection kit
(Enzo Life Scienceswas utilized. Here, after incubation in the primary antibodies, membranes

were washed with the kitédés wash buffer for 1
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antibody (antimouse, AP conjugate) (1:100)RT for 1 h. Membranes wereashed again with
the wash buffer and incubated in tRBT/BCIP solutionof the kit in the dark without shaking
until the purple bands develop (typicalh2Imin fori -actin and 10 min for ER). Membranes were
quickly washed with plenty of DI water, and ttiembranes was immediately imaged.

Protein bands after Western blot were quantified by using ImageJ software. Here, ER
protein was first normalized to the correspondingctin control, and the resulting ER/actin

ratio was normalized to the no treatmeantrol to obtain the % ER expression.

e) ReverseTranscription-quantitative PolymeraseChain Reaction (RT-gPCR)

RNA Extraction

MCF7 cells were transfected and harvested
After the cellswere washed with PBShe samples were preparadcording to therotocol of
Maxwell® 16 LEV simplyRNA Purification Kits. RNA extraction was automatiggtierformed
by Maxwell 16machine.Quantification of the total extracted RNA was determined by measuring
absorbance at 260 nm using Nanodrop spectrophotometer. The purity of RNA samples was
assessed by determining the 260/280 and 260/230 ratios, whickd 4w around 2.0 for
acceptable purityHigure69A).

RNA integrity was evaluated by gel electrophoresis. In this method, agarose solution (0.8
%agaroe (0.2 g) in TAE buffer (25 ml)) contair
and gel was poured once the solution was warm. RNA samples were prepared by mixing the
extracted RNA (2 e€l) with 61 | oadi ngmakeue ( 1.
a 10 el solution. Gel was r uSyngane G:BoX Ghenv/flubror 1
imaging systemRNA with acceptable integrity must exhibit two bands associated to 28S and 18S

of ribosomal RNA (rRNA) Figure69B). It should be noted that the ladder utilized herein was
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double stranded DNA, which was mainly used for confirming the efficiency of the gel

electrophoresis.
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Figure 69. A typical UV-Vis spectrum of total extracted from RNA (here is RNA extracted from
cells with no treatment) and B) Gel electrophoresis oésttiacted RNAs from MCH cells after

a SsiRNA transfection experiment.

Synthesis of cDNA

RNA was further diluted th RNAsefree water and was combined wiscript cDNA
SuperMix( Quant aBi o) (8 ¢l : 2 ¢ |-gap).iTme re@ctich was lrun P CR
using a thermal cycler (BKRAD T100), and the reaction conditions were set according to the
ma n u f a qirotacolesman st 25°C, 30 min at 42°C, 5 min at 85°C and hold at 4°C. After the
reaction were completed, the product was centrifuged and transferred into a centrifuge tube
containing 30 ml reverse transcription buffer.

To construct a calibration curvéRNA extracted from cells with no treatment was
combined with thegScriptc DNA Super mi x (16 ¢l : 4 ¢l ), an

with RNAsefree water to obtain twéold serial dilutions.
RT-gPCR

cDNA was combined with a reaction mixture contagnPerfeCTa SYBR Green FastMix
(QuantaBio)(2x), -a€tin (or ER) primerg 2 0 ¢ M) afreelwaterNahd tbe mixture was
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added intoa96ve | | PCR plate (10 €l /well ). Tihaetinpri m

are the following:

Table 17. Primer sequences.

Primer Sequences

For wairGGC TIBCACT TGG TATGTCTTG T3 6

Ce

ER
Reveris@ECCGAGAT TCTCAGTCCTTITG 3 6

For wait @GATEAGCA AGC AGG AGT ATGI 3 0
b-actin
Re v er sAGA ASGIGGT GTAACG CAACTAAT 3 6

Note: Theprimers were purchased from Integrated DNA Technologies.

The plate was sealed and spun at 1350 rpm for 3 min. The reaction was run according to
t he manufactureros Bt etpoc@Ycl i mgroe ,sea t Ak@s tv
denaturation: 93C, 30 s, PCR cycling (40 cycles): 95, 35 s and Collect datat end of extension
step: 60°C, 2030 s. The reactions were performed by using CFX ConnectTReal System
(BIO-RAD).

In addition, PCR efficiency (or amplification efficiency) was analyzed based on the slope

of the calibration curve. Since PCR efficlen e s o f  bioattih wekeRround 90 AEFgure

70), the design conditions of gPCR assays presented herein were successfully optimized.
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Figure 70. Amplification blots and standard curves of PCR products A) ER ard &tin.

6.3 Results and Discussion

6.3.1 Characterization of SIRNA/APTES-pSIiNTs

As discussed in the previous section, the negatively charged siRNA itambbilized on
the APTESPSINTS surface via electrostatic interactions. Here, an average of 23.1 % CE and 5 %
of sSIRNA mass loading were respectively achieved at the lowest concentration of ASINES
(0.02¢eqgfel) (Table18). An increase in APTE®SINTSs concentratioslightly enhance€E% but
yieldeda decrease it wt SIRNA presumablylue to formation of largaggregats with relatively
lower surface areas and a reduction in the amino group density available for conjugating with

SiRNAs.
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After siRNA loading, the zeta potential analysis of SIRNA/APFESNTSs showed a drop
of the potential value due to the shielding of the amino groups by thévwedgaharged nucleic
acids Table19). Therefore, these results confirm successful immobilization of siRNAs to the

functionalized nanotubes.

Table 18. Conjugation efficiency and mass loading of SIRNA to APFESSNTs

[APTESpSINTS] CE% % wt conjugated siRNA
0.02¢eg/el 23.1+4.7 50%1.0
0.05¢g/el 38.1+8.3 3.3+ 0.7
0.1eg/el 524+ 7.3 2.3+0.3

Table 19. Zeta Potential measurements.

Zeta Potential (mV)
APTESPpPSINTs +20.55 £ 0.35
SIRNA/APTESPSINTs -10.27 £ 0.26

With regard to the release kinetics of siRNAs from SINT matrices, a burst release was
observed a# h postincubation Figure 71). After this time point, SIRNA was released in a
sustained manner. Although the cumulative release did not reach 100 %, presiuadbla loss
of a small amount of the material during washing and transfer, the release profile of SIRNA from
SiNTs was insignificantly affected.

The gradual disappearance of the brown functionalized pSINT particles during the course
of the release expement indicated dissolution of SiNTs, thereby implying tessibility that

SIRNA releasevasmediated by the dissolution of the pSINT matrix
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It should be noted that although the complete medium more closely mimics biological
conditions and enhances dikgmn kinetics of SiNTs (Chapter 2), the complex components of
the medium significantly interfered with sSIRNA measurements. Overall, the study presented herein
provides the initial release profile of SIRNA from the SiNT platforms and serve as a foundation

for understanding thia vitro siRNA delivery.
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Figure 71. Releaserofile of FAM-labeled siRNA from APTE®SINTS

6.3.2 Delivery of siGFP for Downregulation of eGFPExpression in HeLa cells
a) Cytotoxicity of APTES-pSIiNTs
Since any nanopatrticles can potentially exert adverse side effects to cell proliferation as
well as transfection affiency, in vitro cytotoxicity of APTESpSINTS was assessed. In this case,
the viability of HeLa cells was above 90 % at all the tested doses aftetr@&tment, suggesting
cytocompatibility of the NPs and the negligible influence of the diluted mednditoon to cell

viability (Figure72).
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Figure 72. Viability of HeLa cells after 36 treatment with APTEPSINTS

b) Interaction between siRNA/APTESpSINTs and HeLa cells
In order to elucidate feasibility of APTHSSINTS as nanocarriers in intracellular delivery
of siRNA, a combination of imaging techniqusas performed to assess cellular internalization

of the nanotubes as well as the siRNA components.

Brightfield Imaging
Optical imaging of HelLa cells after 36 transfection with SiRNAS/APTESSINTs
showed a significant density of particles accumulatimgiiad the nuclei, thus indicating cellular

association and possible internalization of the NTs inside the cells.
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Figure 73. A) Brightfield imaging showing interactions between siRNA/APTESNTSs with
HelLa cells. B) Highresolution imaging showing accumulation of th&sNaround the nuclei of
HeLacells|]APTESp Si NTs] = 12.5 ¢€g/ ml

ConfocalMicroscopiclmaging

In this study, delivery of the siRNA&argoes into HelLa cells was assessed via tracking
fluorescently labeled siRNA. For transfection with free AF-8/HNA, no fluorescent signal
associated with siRNA was observed owing to instability of the cargo#seiaxtracellular
environment FFigure 74A). Conversely, AF 648iRNAs were shown to be associated with a
considerable number of cells after 4 h and 24hdfection with AF 648IRNA/APTESpPSINTS
(Figure74 D and E). Cdocalization of the fluorescent siRNAs with the nanotube bundles (black
spots locatedmcells (green channel)) confirmed conjugation of siRNAs to the SINT matrices. In
addition, internalization of siRNA after 4 h was confirmed via the confoctaak scanning
(Figure 75). Therefore, the data presented here collectively provides evidence of the ability of
SiNTs to immobilize, protect and mediate delivery of siRNAs inside the cells.

It is also necessary to point out that while both APE8NTs and the positive control
Optifect were incubated with the same amount of siRNéveater concentration of siRNas

delivered by Optifect, presumably owing in part to a relatively higher conjugation efficiency.
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