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Lay Abstract

Using drugs to treat diseasesia always effectivethedrugoftendoesnotwork or

comes withmanyside effects. A combination of factors prevents promising drugs from
working. Most often the drug is eith@partially or fully) removedrom the body before it
reachestte diseas, or itimproperlyentershealthy tissu¢o cause undesirable responses
Previous research hasostn that if drugs are put into nanoparticlds nanoparties can
betterdeliver the dug to the correct target. Hower, corflicting sizes are needed to
travel through different parts of the body, making nanopastiaked drug delivergnly

of limited effectiveness humansThis thesisaims to address these issues by creating
i nanoas s @andparticlesswith smaller, drigpntaining nanopadies insde of
themi that overcome the typical issues with drug delivery. Nanoassemblies are able to
switch their size tdoetter reaclhe target tissg) ultimatelyleading to more efictive and

safe treatments.
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Abstract

In recent deades,a variety ofnanoparticle drug delivery systeifi¢P DDS)i
nanometescaled materials physically or covalently interacting with therapéeuties
been developed to overcome biological barrienprove the hakife, reduce toxicity,
and improve the efficacy of convigonal dug delivery. However, many NP DDS fail to
translate taheclinic. While this is in pat due to mmerse heterogeneity withimany
disease typeacross individualghe conflicting size and surface chemistrirequired in

t he gidddr wer y (peatd avodadhg dearance mechanisms and unintended
tissues in the bodyhento reachandspecifically enter target tissyesso pose a

significant challenge

Recent advaneein the fieldof drug deliveryhave created sizend surfaceswitching
nanopartites hat overcome biological barriefsor example, large (100200 nm) NPs

are adequate at evadi corporeal defense mechanisms, while small (< 50 nm) NPs can
actively enter ancerous tissu€urther, relese profiles of drugoadedNP DDS must be

tailored to stay within a narrow therapeutic window to prevent teffects.

This thesis highlight s tniNeDDSthatcokaessmal, o f
drugloaded starch nanoparticles (SNPs) within a larger nanogel matrix. Nanoassembl
are ciemically tuned to reach specific targeis different administration routgsotably,
cancerousissuesvia systemic administration and brain tissigintranasal

administraion). Furthermoretherapeutidoaded SNPare releasdunderendogenous

(pH, redox)or exogenousgultrasound)stimuli for diseasespecific release kinets,

allowing for deeper penetration into tumor cores or through thetods®in pathway as

iv
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required.Both thephysicochemical characteaitzon of these nanoassembliaswell asin
vitro andin vivo experiments have been performed to assessffibacy of
nanoassembligs biological systemandhow theymay provide performance
improvemensg over nonasembled SNPsAs such, anoassabliesshow great pronse n
overcoming complex biological barriers to ultimately improve drug delivery in clinical

applications.
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Chapter 1: Introduction
Pages 5910 91 are retrievedwith slight modificationsfrom the previously published
review, titled AA Review of Design and Fab
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listed asa cofirst author. Permission from the publisher has been granted for the full
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doi.org/10.1002/ADFM.202102355
1.1 Fundamentalsof Drug Delivery
1.1.1 Conventional Drug Delivery Overview

Synthetictherapeuticsanging in sizefrom several hundred Da small molecules
to many kDa macromolecules have been commercialized and used to treat diseases for
over a century:? Such advancements lealthcare have helped more than double the life
expectancy in the human population over the last 200 yéaishough the therapeutics
themselves &ve long been used, there is a growing emphasis on improving the method of
delivery ofthosetherapeutics to impra@vtheir efficacyease of usd.g. to incrase use by
physicians and/or increase patient complianog)rovetheir solubility/stability (for
increased ease of uaad bioavailability, andreduce their oftargetsideeffects® The
field of drug deliverythusaims to enhance the pharmacokinetics (PK),
pharmacodynamics (PD), and overall efficafyherapeutics.

Drug delivery can be altered a number of ways, ttmnventional methodseing
throughthe route of administration anket dosing of the therapitic. Routes of

administratiorare dividednto two primary classes: enteral (i.e. must pass through the
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gastrointestinal tracgndparenteral (i.e. administered outside of the gastrointestinal
tract)® The route of administration determines which biological proceaksetherapeutic
must interact with and overcome in order to reach its target tissuexample, enteral
delivery (most commualy from orally administered drugs) must not only survive the low
pH of the stomach but alsbe first pass metakiem through the liveafteruptake in the
intestine. During parenteral delivery (most commonly from intravenously administered
drugs), therapeutics must be compatible with red bisdld andavoidclearance
mechanisms that direct drugstbe liver spleen and kidney$® Regardless of the route,
the primary goal should be to reach the target tissue as efficientlgsiblpavithout
disrupting off-target tissues. The optimal route of administration is madgeaaseoy-

case basisof each drugpatient and disease sitAdjustingtheamount of dag
administereds the other clear method of controlling drug delivieryivo. Simply, the
amount of drug administered must match the amount needed to adequately treat the
disease without causing unwanted effeEtee amount of drug necessary to treat a disease
is highly variable between individual®sulting in the emphasi§d per sonal i zed
medicire dn recent decad€sThough personalized, it is generally accepted if the

drug dosestoo little it is ineffective while too hig of adose yieldsoff-target side
effects.The administered dose must also consider its route of administiratisame

drug is lost due to some metabolic process while in transport, a-figtmemormal dose

is needed to ensure the adequate dose arrives at the targewtissuedosing irexcess

to lead to potentially fatal side effects.sunmary, choosing a corremute of

administration andoseis paramountor efficacious andafe drug delivery
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1.1.2 Challenges with Conventional Drug Delivery

Converional drug delvery methodsan be highly ineffective in numerous ways
The main deficiencies in delivering conventiodaligs include &igh risk or prevalence
of adverse, oftarget effed, inefficacious dosingand/orinefficient or undesirable rowe
of administrationAdverse, offtarget effects are defined by a harmful reaction from a
medicinal product, caudeby many factors including error, misuse, an improper dosing
regimen or off-label uses ahe correct dosage form and ocuith between 5 ard 10%
of all patents before and after discharjé!As suchthese are the first factors tested in
clinical trials on a new therapeutitMost adverse effeceredosedependentsuch that
reducing the dose while still in the therapeutic window can reduce adverse effects in most
patient populationdDifficulty arises when the safe dose I longer effective. For
example, resveratrélas shown an abundancemfitro andin vivoanimaldata outlining
its antiinflammatory, anticarcinogenic, caio andneuroprotectivebenefits'® however,
it is not widely bioavailable when administered in humans, leading to its therapeutic dose
being well above its toxic thresholkl wide rangeof systemicallydelivered
chemotherapeutics share the same condéisSimilarly, failure to control and monitor
thetherapeutic window has been a major drivingéoof the opioid epidaic
(specifically the misuse of fentarghsed pain treatments) ircemt decade¥:'°Simgy
reducing administeredos is often not aough b prevent adveres effects.

As previously alluded to, the selectedite of administratiomay pose many
issues for a drug to reach its target tis3imugh many considerations should be taken to

determine the ideal route of administration (such as effectiveness, cost, patient
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compliance, etg, it is generally advised to use the most direate thatdoes notose
efficacy.A simpleexample is that delivering a steroidal compoumgdrts of the skirs
most efficient by using topical creams antidnsrather tharsystemically administering

a compound (enterally or parenterally) to eventually reach the target area of tfHe skin.
New therapeuticshoweverjook to challenge howraditional drugs are being
administered to increase efficacy and reduce toxicity. For example,-adaiinistered
migraine treatments can take hours to provide reliefe intranasal (INadministration

of antrmigraine compounds can bypass entpracessig pathways to provideslief in a
few minutes’! Alternatively, tre routeof administraton for lithiumi the most common
treatment for bipolar disordérhas shown littldo-no effect on its adverse effectsith

the common gastrointestinal, renal, thyroidal, and cognitive side effects not mitigated
when administered through oraliatravenous [ ) administratior?? Altering routes of
administration may be succésson a caséy-case hsis.

Regardless of the administration route, therapeutics musaéhigith many
biologicd barriers before entering and acting uplagirttarget tissue, wih biological
barriers thus servings a major contributor to the Rid PDprofiles of therapeutic§ he
specific barriershatdifferent therapeutics must circumvel@pend on many factors
including their route of administration, size of therapeutic, surface chenaistitgrget
Although trying to outline every biological togr in a single docuent wauld be nedy
i mpossi bl e, Kohaneos vgpuldished gmat dsvdoa difierant i 6 s
considerations for passimiplogical barriers fordrug delivery purpose€s?*There are

some commonalities among most barriers for drug delivery applicatioparticular

g
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each barriehas unique size and surface properties that can be exploited to allow a drug to
transport through. For examptlge blood brain barrier (BBB) hagry tight junctions to
protect the brain frm pathogens, allowingnty small molecules (400500 Da) that are
slightly hydrophobic (lo = 1i 2)to pass throgh2® Alternatively,junction gaps in
endothelial cells lining tunmor blood vessels can be up to a couple of micrometers wide,
allowing even large nanoparticles to be transported across the Bavtary transport
systems aralsoreceptormediatecifor examplepoth skirt’ and various tumé? cellscan
be traversed by hyaluronic acid (HA, a naturally produced glycosaminoglycan) since cells
in these tissues contdiigh expression of HAinding surface receptotisat trigger
endocyosis

Together, thesexamples highlight the aaplexity of administering drgs to targt
sites. Casiderations muse maden order toreducedrugtoxicity, dosedrugswithin
thar therapeutic regimemndavoid certain biological barriers (while interacting with
others), all while maintaining the intended mechanism of action. Each of these challenges
must be overcome on a cdsgcase basidighlighting the difficulty of providing
adeqiate drug delivery to pantsviaa fAone size .fits all o appro
1.1.3 Drug Delivery Systemgo Overcome Conventional Dug Delivery Barriers

Drug deivery sygens (DDSs)have since beetheveloped to help overcome the
primarychallenges witldirectly administering a drug and attempting to reach its target
siteasoutlined inSectionl.1.2 Simply, the goal of a DDS is to improve on one of (or a
combination of) factors of conventional drug delivery, includmngroving thePK

profile, reducing side effects, cmalling drugrelease ovethe therapeutic window,
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overcoming barriers aeciated with trarnmort of drugto the targetissue, antbr

improving drug solubility in waterto increase pa&ntcompliance and bioavailabili#y

All of this should be done with the caveat thatBizprofile is unchanged, i.e. that the

drug still treats the disease through its intended mechanism of.datidtinam Park has
excellently reviewed the history of controlled DDS in literature, outlining that they are the

focal pointof improving the deliveryand release of active drug&dure 1.1).%°

Smart Materials

Delivery Materials | { Release Mechanisms

Mac AL

Drug Delivery Systems }- Delivery Routes §

..................... 3 Release Kinetics

55
Duration ¥

IVIVC / Pharmacokinetics — 3’1‘ Clinical Study

¥ ¢
/ L4

= /
Small Animal Experiments [ T TR
—— Clinical Applications

[ S
1 Targeted Delivery

Figure 1.1: Oveniew of the function of drug diwery systemgDDS) and their
prospective impad on clinical ajplications.The Back box highlighs the focus of this
chapter, analyzing how the scale of DDS impacts other faa$sisciated witklrug
delivery. Adapted from Kinam Park014 Elsevier)°

Biodistribution |

Since the first DDS created in 1952 for the controlled release of
dextroamphetamine (Dexedri€ DDS have evolved to improve the &ienent of a wide
range of diseases and becommuowercially avdable. Mog notably, Doxif became the
first FDA-approvedhanodug, fabricated by loading theti-cancer drug doxorubicin
(DOX) into aliposame that reduced offarget cardiotoxicity by increasing drug

circulation time and being of ideal size to selectively enter tunsuets Tresib&, an

6
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insulin analog formed from the hexamerization of insulin,fimeentousnanoescaled
drug that extends the releasdrafulin up to 42 hourso reduce hgoglycemic episodes in
patients with type 1 diates®? By cortrolling the release of the dg over timethe
therapeutidosayeis more likely to be mewhile conventionablelivery resilts in the
effective dose dippingelow the minimum effective levehuch fastefFigure 1.2).3°
Decapeptyl is a microparticle formulation of the deeggtide triptorelin that is
maintained in tumor vasculature due to its large thiagprevents extravasation because
of its size, allowindgor improved localization andustaned release in the tumor s#dn

each examplehesizeof the celivery vehicle is key t@nable theelease kineticand/a

biodistribution profile desiretb optimize drug delivery

Conventional release Maximum desired level
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Figure 1.2: Comparing conventional drug release with controlled release.
Conventional drug release (blue) starts with a single ihaseasng theamount of

drug available in blood after an initial burst, which is often above the maximum
desired levelnd thus magause toxic adverse effects the drug is metabolizeits
effective dosejuickly falls below the minimm effective ével,requring another
dose.This process isapeated fothe aentirety of the treatment schedutesulting in
numerous peodsof potentally toxic and ineffective dosing. Controlled release (red)
slowly releases the therapeutic over time, staying within the therapentowi(grey

box) and reducing the likelihood of efirget toxicity.Reproducedrom Huynhet al,
2014 (Springer Naturey
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Theremaindenof Chapter 1 will highlight DDSs thanprove PK profiles, side
effects,and/orcontrolled release/dosgof specific drugswith a particular foason the
material design. Specifically, materiad® three different lengtbcales will be compared
and contrasted on their ability to overcome specific drug delivery challenges and
biological barriers: macrdi.e. bulk hydrogels), micrpand nanematerials. Cancer is the
most commonlynvestigatedlisease inthis context irthe literatureand assud, will
have most of the focus in the followisgctions. However, other pertinent diseagitls
be mentionedvhere appicable.Althoughenphasis will beplacel onthe scientific
literatureadvancingcurrert drug delivery technologs,appropriateexamples of
commercially available products will be included as necessary.

1.2 Hydrogels for Drug Delivery

Hydrogels are blk 3D materials composed of crosslinked polymers that guell
to thousands of timekeir initial weight)in the presence of waté&t3’ Hydrogels have
been used to addrettee many issuegosed with drug deliverfor several decadder a
variety of reasns Fa examplemost hydogels are addedirectly toits target area either
by direct implatation orinjectiondiredly into the disease ardairect application of
drugloaded hydrogelsan address marbyjological barriers and offarget effects
assaiated with systemicalhadministered drugs. The use of differeasuecompatible
polymers and crosslinking chemistries can be used ne hoth the loading and release of
therapeuticsgreding a depot of drug at the target sit@tcanbelocally andcortrollably

released to matain dosing witim the theraeutic windowBulk hydrogels must be
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carefully designed to adelss the mechanical, physical, and chemical requirements of
both the target tissue and the drug being released intastreesd site.
Thoughhydrogelshemselves are macsezaledthey are inherently mutscaled
materials containing nanometand micrometesized domaingFigure 1.3).26 Hydrogels
used in biomedical applicatisalsooften contain micropores (formedledrfrom pore
forming agentsor by controlling crosslinking denisy/chemistres)that play a large role in
determning the deformability andverall mechanical properties of the dalcontrast,
the meshsize of a hydrogél defined as the distance betwee tadjacent craginks®-3°
T istypically on thenanometescale and influensghe ability of the loaded drug to be
stored within the crosslinked polymerwerk anddiffuse throughhat networkfor
subsegant release. Mesh size is dependent on thedictking density andthemstry
used in the deand carrange vithin a sinde hydrogel network, allowing for unie
mechanical propertiesd release kinetics depending on the design of the hydradel
its swelling profile; a the gel swells theffectivemesh size increas Finally, the
chemistry utilized on a molecular level may further dictate how the drug interacts with the
network (i.e. electrostatic int@cions, covalent bonds, etayhich may create bding
sites for the drug and/amtroduceslow the release of druigom the networke® It is clear
that multple length sales are incorporated within a singtl@croscopic material, abif
which may impact the overall loading and release of drugs within aloadgd hydrogel.
The effect thatlifferent $£ales and chersirieshave orthe administration,
loading and releasef drugloaded hydrogelwill be further described below. A greater

emphasis otrans@ithelialand mucosal hydrogel DDSs will be debed due to their
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abundance in the literatur@though the princigsdesribedcan be usetbr otherin vivo

tar gets.

Macroscopic scale Mesh scale Molecular and atomistic scale

Macroscopic hydrogel Non-porous structure Meshes Polymer—drug interactions
Gelsize

X
25
Sl

1mm 1pm 1h?ﬁb

Nature Reviews | Materials

Figure 1.3 Length scales within macp-scaled hydrogels for drig delivery. Hydrogels
themselves are macroscopic materials with microrsetgled pores that alter mechanical
propertiessuch as streri, swelling, and deformability. Nanometsraled meshes and
molecularscaled polymedrug interactions help to determine the amount of drug
available in a hydrogel DDS along with its releas® the target site. Retrieved frdm
et al, 2016 (Springer Nate).*®
1.2.1 Overcoming Biologcal Barriers with Implantabl e and Injectable Hydrogels

The deformaility of hydrogel network is commonly used to avoid biological
barriers associated with systemic drug delivaighoughhydrogelscan be implanted
surgicallyat the site of disease, the invasive natursuchoperations greatly reduces
patient comfort and compliance to Buceatmentstypically restricting norinjectable

hydrogel DDSs to eithempalermal applicaons, surface wound dressings,in sites too

de® to be reacledby aninjection*° Increasing interestas thus been placed on
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developinghydrogelsthat areinjectabk, whichcan beachievedoy: 1) forming the
hydrogelsdirectly at the desired tissue site Eitu); 2) pre-forming a sheathinning gel
prior to injection, or; 3) creating macropores to increase the deforméatatitpresiility
of the gelto allowfor injection(Figure 1.4).2¢4Each system utilizes a unique set of
chemigries.In situgelling hydrogels undergo a sgél transition at th injection ste and
typically require either a slowgelling chemistryin which either 1)gdation starts pre
injection but is completed at the injection site?) two reactive components aeparated
prior to injection btimixed during the injection procegsvariety of crosslinking
chemistriehave previously beeexplored to fabricate injectable hydrogels, inthg
disulfide bond formatiofi? stereoselective complexatiéhivichaektypereactions'* and
polyelectrolyte complexatiof? However, the mst commonly wsedin situgelling
materials aréghermoesponsive polymers thahdergo a phastransition when being
heated above their lower critical solution temperature (LC&3 the temperature
increases from room tempdure to internal body temperature, hydrogen bonding
between hydrophilic polymer domains decreasethe entropy of water around the
hydropholic domains increasgallowing hydrophobic domains to reassemble and
aggregatéo createa gel-like structure®® Thermoresporige polymers with ICST
behaviaurscommonly br injectable hydrogebaseddDSsinclude poly(N
isopropylacrylamia) (PNIPAM)#"4€amphiphiic block copolymers consisting of
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PE@dly(oligo(ethylene
glycol) methyl ether methacrylate) (POEGMA), and other branched poly(ethylene glycol)

(PEG) polymers®>? The hermoresponsivityfahese gels can Harther finetuned by
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crosslinking prior to LCST activatig helping taune delivery in environments with
slightly increasedempeaturessuch as carer.

Sheatthinning hydrogelsare designed to have mxgible viscsities under shear
wherebya pre-formed hydrogel undergoes a viscosity chatigeng extrusion through
the needlendthen regaings original stiffness after being expelled from the needle.
Crosslinks in these gels must be abler@akduring the application of shear areform
quickly in its absence. As such, crosslinks are limited to eltiggrly reversiblephysical
interactiongsuch as hydmphobic interactios, eletrodatic interactons, hydrogen bonds,
and segencespecific peptide iteractions)>>* or dynamic covalent osslinks (such as
imines, hydrazones, Diekslder-type reactions, disulfide bonds, and beaatechol
interactionsy?

Macroporous hydrogels are functionally similar to skteaming hydrogels in that
they are typically formed prior to injectiombtemporarily defan in order to be
injectable Mechanistically, however, tlyeare quite dferentin thatit is the highly
compressivanature @ the hydrogel (a resultof theincreasegore sizesn their network
structure that allowsfor injection rather thatransientde-crosslinking of the network,
with the subsequemé-expansion of the hydrogafter injecton enabling neafull
recovery of the prénjected networleven when exposed tp to 90% applied straiif.
Pores are typically formed from freedrying gels, emaion templating, foaming during
gelation, electrospinningr addingporogens>’ However, arge pore sizemake it
difficult to cortrol therelease ofmall molecules and nanomesgeale biologics, making

macroporousydrogels more promisingf cell delivery than traditional therapeutics.
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Figure 1.4: Strategies fordesigninginjectable macrosopic hydrogels for drug
delivery. Adapted fromLi et al.,2016 (Springer Naturé$

The ability for injectable oimplantable hydrogel DDS to stay within a tissue (i.e.
not pass through a biological barjies one of tleir strengths as retainsthedrug depots
in the target tissue. fAis retentioncan befurther enhanced by deliberdy making
hydrogels bioadhesiviel s tngcdk it o ¢ er t adepithefieésorfacesaloavs a
more controlled storage (and subsequent seleaf drugs at the target siMany
hydrogels are inherently adherent to wet surfaces such as intestthaliem and mucus
layers in the nagpharyngeal and vaginal tracfMoreover, hydrogel surface chemistry
can be altered to inease adhesiao specific surfaced-or exampleincorporating
chitosan and/or @atechd-containingpolyme's enables enhanceateracionwith mucin
proteins in the nosEf% while poly(acrylic acig (PAA),%* PEG, fibrin, alginate, and
hydroxypropyl methylcellulose (HPM@ganadhee to wet surfaceat wound site§?

Adhesion can also be adjusted by tuning tydrdgel mechanicalrppeties(by the
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choiceof polymer surface chemistry, and crosslink densitymatch those of the target
tissue, allowing foapplication n a wide range of tissues.
1.2.2 Drug Loading Inter actions Within Hydr ogel DDS

Hydrogetdrug depotsare often designed tncreag the physical and chemical
interactions between the drud choice and the composed hydrogel network. The two
major factors contribirig to druggel interactions are 1) the chemical interactions
betweerthedrug anahe hydrogel moieties, angd) the mesh size of the network atsl
ability to physically trapthe drug.n theory, the greater the interplay between tiese
interactians, the higher the drug loading amount and thagreater longevy of thedrug
depot.

Hydrogelsdesigned to enhanceutdrhydrogel interactions typically erageone
of threebasicchemistries: covalent bonds, electrostatic interactiomsydrophobic
interactions’® Covalent chemistriegrovidethe strongest polymedtrug interactions, but
mustnot be too strongo as to impede release into thgeatissue. If the covalent
interaction is not cleavablender physiological conditior{such asmany ami@ bonds,
Diels-Alder reactions, coppeand stran-promoted click bemisties, or avidin-biotin
conjugationsf® then drg release is based on the collapsthefoverall networkAs
sweh, therapeutics are typically linked to hydrogel networks through déabandghat
allow release in particular tissue environments. Examples inalatkror acidlabile
imines, hydrazones and esters, exchangehsldfide bondgspecificallyusefulin tissues
with high redox potentialpr proteasalegadable peptideegjuenceshat have been

conjugated to therapeas Although thesehemidries work in thery in vivo, many are
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limited by the structure of the drug being delred; few active @ampound contain such
reactive groups, and, therefore, such chemistriet/pieally used to degrade hydrogel
crosslinks more than they are to remove drug directly from hydiogetporated
polymers Electrostatic interaabins are a simpiavay to conjugate therapeutics that
containeither cationic or anionic chaater with an oppsing charge on the hydrogel
network.lonic gek are made either bgonjugating chargd groyps to polymer backbones
or usng inherently charged polymers (sueh chitosan, chonditin sulfate, PAA,
etc)54%5the amount of chargavailable on gels dictates the strength of the electrostatic
interactionwith the therapeutiddydrophobic interactions araore generally usefio

load drugs into hydrogels due to the inherent hydrophobicity of most therapeutics
although excessive hydrophobization can signifisaoompromise thdeneficial
properties oflie hydrogel itself Creatingsmallerhydrophobe domainswithin
hydrophilicgels istypically enough tadrasticaly increase the solubilitiand, thus,

loading) ofhydrophobic drugs ithe gel matrixmost commonly done either by linking
long aliphatic chains tpolymer backbones or incorporati(ejther chemically or
physically) cyclodextrins (CDs), cyclic oligosaccharides with hydrophobic cavities that
can stabilizea wide array of hydrophobic small moleculeigs®® 8 Introdudng
hydrophobicityinto hydogels may affect swkhg and mechanical propes effects that
may befurthercompounded by the addition ofettherapeuticas suchextensivetesting
should be done to ensure ypoler modification and drug loading dasa negatively alter

hydrogel properties prior o vivotesting.
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The mesh size of hydrogels helps dietthepotential entrapment and diffusio
drugs between polymer chains in a hydrogelvoek. Since most mesh sizes range
between I 100 nm the meshige of a hydrogemay limit which therapeutics arfourd
between the netwk spaces$? for example, dévering cells (10" 100 pm)via hydrogels
that are not inheremntidegra@ble can onlyoe doneby creating maropores within the gel
network/°Small molecule and proteimased therapies (typically on tfesv nanometes
sizescalg, however, comfortablfit in smaller mesh sizes. Thele of themesh sizén
controllingdiffusion through the rtevork alsoregulates the amount of drug thandoe
sorbed intdhe hydrogel for loading pyposes if the gel ispgg-macde and therincubatel in
drug solutiondor loadnng, as is typically the case in noyectable hydrogel systems
1.2.3 Drug Releasdrom Hydrogel DDS

Once theraputics have been loaded into the bulk of the gel, controlled release out
of the gel must be tracked over time to ensure proper dosing at teesited hree
primary factors determine the rate of drug release and can be modeled niatligna
determine which method is most poadinant in the relag of any particular

drug/hydrogel combinatioriFigure 1.5.
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Figure 1.5: Mechanisms of drug releas from bulk hydrogels. Release of digs from
hydrogels is depa&tent ona combination of foumedanisms: meh size, degradation of
the polymer networkeither backbone or crosslinks) aswlelling of the gel to
temporarily increase mesh siZelaptedfrom Li et al.,2016 (Springer Nature$
1.2.3.1Mesh Size

The influence of mesh size on the diffusion of drug out of a hydrogel is more
widely sudied than its diffusion into a gel becausetsiiinplications ordosingin vivo.

As suchjt is generally understoodahthe ratio of mesh radiusnéen to drug radius
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(rarug) dictates drug diffusivity out of the gdh general, if the drug is smaller than the
mesh size (i.enksrarug> 1), there is rapid diffusion through/out of the gi|acemesh
sizedoes not significantlyestrict drugranspot.® When the drug and mesh size are
equivalent (fesrarug @ 1), diffusion is still the drivingforce of release, but occurs much
slower than whenksHdrdarug > 1. This is often desirable fsfow or controlled release
DDS, allowing for a longacting release and dosing of a therapeutic at the target site.
Finally, when drug is larger than the mesh sizgsffrarug < 1), movement of the drug is
highly restricted within the hydrogel and thus requiresvorkdegradation, swellingyr
deformation (as describdxtlow)to drive releaseMesh size is thus a key factor on drug
release rateand controlling it camducedrastic changes thedrug concentrations in
the target siteMesh size can beontrolled by changing polymer concentration (inversely
proportional tarmesy, crosslinking densifjnumber of crosslinkinfunctional groups
(inversely proportional tavesy), andthe choice of polymer (atoratom bond lengths are
inversely proportional torksy) among other factors.Measuring kesh by mechanical and
swelling properties of the gel (to relate to diffusivity)nicroscopy €.g.atomic force,
confocal or electron microscop{dsmall angle xay or neutron scatteringnuclear
magnetic esonance (NMRJ? or fluorescent probes of differing and well characterized
size€® can give insight into the potential afjiven hydrogel for controlling drug
delivery.It should be notechoweverthatwhile hydrogel meshes are heterogenealuef
these methds assume homogeneous or average mesh lamigisig their utility for fully
understandinglrug diffusion through a given hydrogel

1.2.3.2Network Degradation
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Mesh size can be altered by stimulttansientlyincrease the rate of release,
specifically when mesdrdarug < 1. The most obvious way by which this occurs is the
degradation othe hydrogel network, eith@tongthe polymer backbone arrosslinks(or
both). Both methoddgypically increase the mesh siaed subsequent movematfithe
drug through the mak. Hydrogels must be designed to accommodate specific stimuli
that degrade backbones and crossliekter linkages are typically used for watard
pH-sensitive backbones and/or crosslifkahile specific peptide sequences can be
cleaved by mizix metalloproteinase@MMPs) found in numerous cellular
environment<® Some chemistries can be used to temporarilybseak d s + n fsel f
healingo hydrogels, i.e. the polymer and/ o
stimulus the reform in the absermfethe stimulus for oldemand release of drugs from
the hydrogel matrixsimilar to those described for shelainning gels irsection1.2.179:8°
Examples obuch chemistriesclude disulfides, Dielg\lder pairs boronatecatechol
pairs imines, hydrazones, hydrophobic interactiongitacking, hydrogen bonding,
metatligand coordination, and ionic intatéoons EFigure 1.6. Importantly, the
mechanism for network degradation shotdasiderthe tissuento whichthat drug is
being delivered. For example, mactyemotherapeutitbaded hydrogels are designed
with disulfide crosslinkso exploit the observation thatany cancers show an
upregulatio in disulfidereducing peptides and enzym&siring injection/implantation
into the tumor s&, these reductive mechanisms can degrade the polymer to more rapidly

release drug in the canamicroenvironment!
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Figure 1.6: Chemistries used in sethealing hydrogels for drug delivery.Retrieved
from Tuet al.,2019 (Elsevier§°

1.2.3.3Swelling
Mesh size cabetemporarilychangedy local stimulithat drive hydrogel
swelling/deswelling and thus adjust tteric strain on the loaded therapedtimternal

stimuli such asltanges in temperatu(gypically stimubted ly increased blooflow
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and/or immuneasponsg pH (from increased metabolic procesk@nd ionic strength
(from metabolic processeaje the most common methadsaffect hydrogel structure
and subsequent releaséthough external stimuli such bght and electric fieldhave
also been used #dterthe swelling of a network for drug releasenong thes, an
increased emphasis is placedpbirespnsive materials due to their use in cancer drug
delivery applicationsDue tothedecreased vascularity and oxygen permeatlserved
in many tumors (particularly more solid tumgr)e Warburg Effect dictates that most
cancerous environmenare acidic, which can alterdnpgel swellingdependingn the
polymer and crosslinking chemistry chosen for the hydrogel B¥D8cal temperatures
can also be hig#r in such tumors due to the absence of vasculaturentoveeheat
associated with the rapid metabolief tumor cells For exampleCD-based hydrogels
can increase drug release by temporarily decrosslinipog exposure to higher local
temperaturgat tumor site§384
Alternatively, local stimuli can induce temporarysleve | | i n gz etoo tfhsequ e e
loaded therapeutic out tie gel network more rapidlgkin to squeezing a spongéis
is most commonly done using thermosensitive polymer systems with b&l&WViour
such as PNIPAM, POEGMA, and Plurofiiased hydygels® These are optimally used
in cancerapplicationsto sti mul at e a rapid Aburswdling, rel ease
followed by a hydrogeimediated lag phase for sustained drug deliyeeg section
1.2.3.4for further information on release kinetics from hydrogels)

1.2.3.4Mathematical Modelling for Release Kinetics
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Therelease kinetics of therapeutics have bedarsivelymodeledo varying
degrees of complexity. The firgariableto consider is diusivity, D, of a therapeutic
through the hydrogel matrprior to its release into the target sitlsingthe Einstein
Stokes equatiofi.e. taking into account the viscosity of the swollen magiixcan be

measured withEquation 1.1

p=—1 [1.1]

6N drug

whereR is the Bdtzmann costant,T is the temperature, amts the viscosity of the
solution. As discussed sectionl.2.3.1, diffusiorin a hydrael is largely dependent on
the esHrarug ratio and ultimately thenesh sizeD is useful for determining the tinse
drugwouldtake to diffuse fully through the hyabel (tir), which is estimatebased on

the thickness of the hydrogél,(Equation 1.2):

2

tair = [1.2]

Numerous reports have used this approximation to confirm experiments showing that
several hours are needed to release protein therapeutics from hy8togedserage,
evely 1 mm hydrogel requires between 0.3 and 30 h to release a ptepsinding on the
protein size/composition and hydrogeheposition.

However, drug transport fronytirogels isnot solely dictated by diffusignwvith
swelling, electrostatiinteractions network deformationgnddrugconcentrationsill
also affectinghe release kinetics of hydrogehded therapeuticg:#”As such, kinetic
models fordrug release from hydrogestiould account for both diffusion and potential

drug-matrix interaction effets. In a purely diffusive release systeinjgreleasas
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typically modeled by either zerorder (constant amount of drugleased at each time
point, Equation 1.3) or first-order (constant percentage of total drug released at each time

point, Equation 1.4) release kinetics.

M
M
(i) = ke 1.4

where M is the mass of drug at time tg¥ the total amount of drug in the gel, and k is

the experimentally determined kinetateconstant. In realitynostin vivodrugrelease

from hydrogelsic har acteri zed by an initial HAbursto
consistent release of drug oven¢ until the drug either depletes from the hydrogel or

hits an equi |l i br i ymlatedddheccembinatian ofidifusioni pl at eawu
through/out of the hydrogel netwgranydrug-matrix interaction effects, arftbw

swelling changesither of those propertie€omplexdiffusive mechanisms are most

commonly described through the Peppas equakqgodtion 1.5):
— = kt" [1.5]

wheren describes the powdaw relationship of release and dictates whether release is
diffusion or swelling dominated. When n stInatchesEquation 1.3 and describes zero
order releasewhich is most common when swelling (potentialigt network degradation
and deformation) is the primary driving factor of release. When n = 0.5, it matches the
Higuchi equation which is most common when diffusion is the primary driving factor of
release. Most gels exhibit 0.5 < n < 1, describing a combination of diffasidswelling

controlled releasdf n is closer to 1 than 0.5, it is understood that release in that system is
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swelling-dominatecithe inverse is true for diffusielbased release if n is closer to 5.
However, this model still doa®t outline everyinteraction within a hydrogel nor every
hydrogel geometryOther model®utlinethe effect of swelling on release in more detail
as well & polymer chairdrug interactionsgrug/matrix interaction effectsliffusiornvbulk
gel degradatiomteraction effectsreversible proteidigand paired gelsand moresuch
models have been reviewed in detail by Lin and Metters but fall outsdscope of this
thesis?®

In summary, hydrogels are bulk materials comprised of 3D, crosslinked polymers
that have unique physical properties due to their swelling. Characterizing and optimizing
bulk gels on scales down to the molecular level allows for tuned drug release kinetics,
both through the gel and into the surrounding target tigdtieoughhydrogelsare good
for implartable and(if in situ-gelling) injectable applicationdydrogels cannot circulate
to find disease tissywhich limits theirroutes of administration aralological barriers
they can overcoméMlicro- and nanescaled materials are needed to address drug delivery

challenges that require circulating drugs.

1.3 Microparticles for Drug Delivery
Microparticles (MP) are DDS with a diameter between 1 and 1008 3T heir
high surface area to volume ratio and smaller size than bulk hydrogel DDS allows them to
haveunique PK and PD profiles depending on the composiiaihe MP and can be
tailored to the disease target differently tharklmrlnanescaled materials. Diameter,

polymer composition, pommeshsize, surface charge, and hydrophilicity are all important
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factors in determining the effectiveness of dlogded MPs, and similarly to bulk
hydrogelsi must be tuned distinctlyp achievahe target tissue andlease profile.
1.3.1 Architecture and Morphologies of MPDDS

Four main structural classes exist for M&sgh of which hasmany sukclasses
depending on the specific formulation and characterization of each MP: microspheres,
microapsules, liposomes, and microgels. Microspheres are typically described as MPs
that includehomogeneousg dispersed therapeutics wighsolidpolymer matrix. In
contrast, microcapsules have heterogeneous matrix and therapeutic phases, whereby the
polymer matrix typically encapsulates the therapeotitreate a drug reservéir.
Liposomes which may be on the nanoscalenaicromete scaledepending on how they
are fabricated are amphiphilic MPs containing a lipid bilayer (hydrophobic within the
bilayer, hydrophilic within the core§* Microgels are simply hydrogels with micrometer
diameters and can contarhibit allthe samecharacteristics of a bulk gel (including
stimuli-responsive crosslinks, swelling, physical properties, bareficialrelative to
solid microspheres iapplicationsn which swelling and deformabilitgan promote
favorable release properti&$°The choie of structure largely depends on the choice of
drug and polymer for the target. For example, the amphiphilic nature of ligsserideal
for amphiphilic drugs and/or duédading of hydrophobic and hydrophilic drugs as each
drug caninteract with theamphiphilicdomain in which its most solubfwhile drugs
adsorbed to the surface of microspheres will have higher burst release profiles than
encapsulating microcapsulesfmigels that require full or partial deglation of the outer

network to stimulateelease®?
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The choice of polymer and synthesis method are important considerations for MP
DDS. Poly(lactieco-glycolic acid) PLGA) is by far the most abundantly used and
researched MP DDS dueits cytocompatibility tunabledegradation profildased on the
L:G ratio(in either case resulting mortrtoxic degradation productbat are natural
metabolite} synthetic flexibility and ease of processing into different foffBLGA
can befabricatednto eitheramicrocapsule or microsphere or incorporaed dispersed
phasdanto hydrogel composite materiabdternately, many protocols have been
established for fabricating magorous PLGA microparticlesumerous other natural
polymers(such as chitosatt,gum arabic? hyaluronic acicd?® dextran®” and cellulos®)
and synthetipolymers(suchas poly(lactic acidj? PNIPAM,® PEG°* and
POEGMA®) have been used to fabricate MPs

MPs are typically made by one of ocambination of manufacturing techniques
after the polymer(s) have been chodemulsions, extrusion through nozzles, spray
drying, and microfluidics are all common methods to make MPs, each with different
undetying mechanism& Emulsions incorporate polymer and/or drug solutions into an
immiscible solvent + surfactant solution to create stable, nascent particles within droplets
The solvent is theremovedo produce dried, stable particl®dultiple emulsions can be
made in series to create particleshahigher morphological complexityg. adding an
extra water phas®e createa waer-in-oil-in-water (W/O/W) double emulsiathatcan
help increase the stability of hydrophilic drugs on the internal watee ptiaite the
dropletis stabilized by the surface tension between the oieatetnalwater phase. The

surface tension at the tip of a nozzle can be used to create a-sim¥drdroplet from a
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solution of drug and polymer(f)at can then be droppedextruded into a collection
bath for particle fanation. MP size can be controlled byyraker concentratiortheforce
appliedduring extruson (higher force results in larger particlesdllection bath
properties, and moyalthough the resulting micropantiés are typicallyelatively broadly
disperse in terms of particle siZpraydryingis also commonly used, in whieh
solution of polymer + drug is heated and sprayéal andrying chamber while an inert
drying gas is added in the presence of an aspirator. The collected product is a dried
particlewith little-to-no excess solvent, whigdimost completely alleviates the need for
extradrying steps like from other preparation methdaswvever, particle collection can
be a challenge in scale. Finally, microfluidic chips with defined channel sizesn be
used to create emulsionspdlymers + therapeutian chip, with the tbplet(and thus
MP) size controlled primarilypaged on thdlow rate andhe chip designWhile
microfluidics excels at creating monodisperse particles, its throughput is |divedta
other methodsEach of these miabds listed can be used to create microsgshe
microcapsules, liposomes, and microgels, and must be optimized depending on the
desired morphology and size.
1.3.2 Overcoming Biological Barriers with MP DDS

The key advantage &Ps over bulk hydrogels as DDS is their ability to be
deliverednoninvasively into the bodwithout the need for dynawiin situ-gelling
chemistry as is required with hydrogdl4Psare particularh)commonly used for
pulmonary drug deliveryas micometersized particles target deep areas of the lung when

inhaled!® Since the 198s, it has been well characterized tla@rosolizegarticles(i.e.
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solid or liquid particles within a gaseous matietweer0.57 5 um in diametercan be
effectively delivered to different areas of the lugfjgure 1.7),1%*with particles >5 pum

are deposited in the upper airway as they are épy mucus and cilia in the upper
respiratory tracvia a defence mechanism known as mucociliary clearance (MCC).
Gravity and brathing rates allow particles withini25 um to sediment within the trachea
and branchi. Between 1i 2 um, MPs can reach the deep lung (i.e. bronchenel

alveoli), whereby diffusion primarily controls theatisport of drugoaded MPs into
targeted lung tissues. Though nanopatrticles (NPs) have been shbettet diffuse to the
deep lung, they are alsouch morecleared quickt through exhalatioas well as
phagocytosisia macrophages surrounding alveatie latter mechanism promotes
clearancdor pariclesof sizeup to 2 um.Sizeswitching MPs have been developed to
overcome thighallengeeither by 1)creaing size-switching MPs with an initial size of 1

T 5 um thattravel to the deep lung thelegrade and release <0.5 um NPs lochlit are
not detectable by macrophages and are retained by sedimenting in the lung mucosa
(which is not ideal akrge number of nanoparticlasereadily exhaled due to their small
size)!% or 2)creating swellable MPs that are smallei @ um) to reach the deep lung,
but swell tolarger (~5 um) sizes so as to not be engulfed by alveolar magegdra be
retained in the deep lurtd® Non-spheroidal MPs have also shown to reduce
phagocytosisalthough irregular shapes may impact densities and flow rates for proper

delivery to the deep lunty’
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Figure 1.7: Deposition of pulmonary MP DDSs in human airwaysRketrieved from El
Sherbinyet al, 2015(HBKU Press)3

Macrophage uptake, can, alternatively, serve as a useful target for drug delivery.
Some treatments for cancer (amartler diseases) have been aimed at targeting
cancerous tissue with endagusT-cells, which can be recruited by specifically
polarizedtumormacrophaged-or exampleJoshiet al. previously created i 3 um MPs
loaded with tumomssociated antigens that targeted macrophd§j€be fhagocytosis,
antigenpresentation, and subsequent targeting of turmmamrophagesnabled by these
MPsresuted inasignificant reductionn tumor volume between untreated and-MP
treated mice.

MPs have also been used inlataug delivery systems, specifically when
targeting the colof®® Formuhtingacidresistive coatings on the MP surface alldars
thepassage of MPs through the highly acidic pH of the stomach, through the small
intestine, and into the colon. Size again influences the impautithve MPson the
colonic tissue. In the case of ulceratogditis, drugloaded MPs betweeni41l5 pum
showed decrease impaction and uptake in the colon compasgatiqum MPsthat can
traver® through the leaky, inflamed coloragculaturao allow for furtheruptake while

avoiding macrophage degraiat*° Although mucoadhesive polymers in MP synthesis
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haveshowed to further increase this transport (i.e. to further increase the residence time
of the MP prior to systemic clearance), it is MP size that primarily govlkeese transport
mechanisms

Similar to bulk gels, MP DD&cancircumventmost biological barriersia direct
injection into target tissue. Since maddPsare stable colloid@articularly MPs on the
lower ones tdens of micron size range that is most typically used in drug delj\bgy)
MP suspension has\ascosityvery similar to that bthe dispersing solvent while at
reasonable concentratiomsaking the placement of MR®o0 syringes and injection into
target sites simpl& MP DDSs have situational advantages over bulk gelsontextsin
which drug loading maye greater in the MP than in andctale gel(i.e. loading
hydrophobic compounds in PLGA MPs vs. primarily hydrophilic bulk gels) or the release
profile of the MP is more adequately tuned compared to bulk gelsésdenl.3.3 for
more on drug release kinetics in MRgPscan alschave significant advantagever NP
counterpartslepending on the context given thia¢y are betteretainedin tissueacross
which NPs can pass easily. For example, when MPs ranging from 5 to 250 um were
injectedintraperibneally(IP) in mice, MPs remairtein the peribneum for two weeks
while NPs at the same mass fraction leaked oth@fperitoneum and rapidly
accunulated in macrophages that were then transported to (and subsequently inflamed
the spleett’. MP containment withitissuescantherefore beseen as a benefit in the
context of local delivery, provided that the injection site of the MP isaeflhed and

known
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Outside of pulmonary, oral, macrophagic, and injectable delitangeting other
tissues systaically with MP DDSshas significantdrawbacks. 1V administration of MPs
is well-known to cause embolisms the MP diameteexceed the diameter ofhe blood
vesselsWhile the exact size of MP to embolize vessels is not éytitear Kohaneet al.
have shown that ¥ 5 um MPsonly embolize at higlconcentrations, with no such
clotting seen at lower concentratiofi$nterestingly, dug-mediated embolisms have been
shown toeffectivelytreat hepatic carcinomaathoughthis approach is only really
relevant to this specific cancer typ@themwise, embolisms oftelead tofatal clotsand
thusheart attack and strok€he inability ofMPs to pass thrah most vasculature when
injectedi or, more problematicallyblock vasculaturérom proper functiori thusgreatly
impedestheir function as an IV delivery vehicle.

1.3.3 Drug Loading Interactions Within MP DDS

Loading therapeutics into MPs follewnany of the general guidelines outlined for
bulk hydrogels irsectionl.2.2, namely that increased interactions betvitbe polymer
and drug will incrase the relative amount of drug loaded into MP. For example, @fang
al. found thatesterterminated PLGAenabledncreased doxycycline loadiradter
electrospraying with doxycycline comparnedhdd-terminated PLGA because of the
increased hydrophobicity of the esfanctionalized particles (as confirmed by wetting
test of the native MP), which more simily matched the hydrophobicity of
doxycycliné'2 Thesame papealso reported that smaller PLG#olecular weights
reducedloading a result attributetb more acid groupbeingpresent on MPprepared

with shortPLGA chains compared to long PLGA chains. As with lgdls, the molecular
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functionality present on MHRorming polymers should comptient the physicochemical
properties of the drug to be loaded

Additional considerations must be made with particulate systethg@sare
typically additional processing steps that are not needed duringadrdgd hydrogel
formulations. Many MP formulations must be ppsbcessedat create a dry, usable
formulation; significant amounts of drug may be lost during such a progess. simple
processing steps suael washing awagome mass of drug after eluting from the nozzle
of an electrospraying settipor removingunbound drug duringurification of emulsified
MPs may reduce calculated encapsulagéfiitiencies (EE; peentage of drug
encapsulated from starting drug solution) and loading capacities (LC; mass percentage of
drug encapsulated per mass percentage of'fRj)ternatively, unique processing and
MP fabrication methods open up new opportunities for drug loading that are not available
for bulk hydrogels. Winkleet al compared the simultaneous loading of acetaminophen
(hydrophilic) and naproxefhydrophobic) when Janus MEsmprised of
PLGA/polycaprolactone (PClwere loadedisingeither a single O/W or doub\&/O/W
emulsiont!® Naproxen was loaded with high efficienggingeither method as it is
miscible in both of the hydrophobic polymers; acetaminophen, howese EESs 3x
higher and LCs 15x higher when a W/O/W was used compared to a O/W emailsion
resultattributed to the hydrophilic drug compartmentalizing witaiW/O droplet prior to
encapsulation in the overall/O/W-formedJanus partie. Such processing parameters

add power to MPs that are not as easily achievgth single phase bulk hydrogels.
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1.3.4 Drug Release from MPDDS

The overall steps of MP drug release closely resemble those seen in bulk
hydrogels Drug musttransporthrough the MP matrixpartition fromthe surface of the
MP, and be releasedto the surrounding tissue. In the case of micrqdleésfactors
controlling these kinetics are identicalttmse for bulk hydrogels as the microgefiem
a modeling perspectiya miraturized composition of a bulk hydrog@ldiffusion (and
its relation to mesh size), polymer and network degradation, and swallpigy key
roles The main differencbetween microgeland bulk gels is thahe distance travelled
by the drug out of the microge sigrificantly smaller given thenicrometer instead of
the millimeterplus scale of microgelsesulting in significantly faster drug release
compared to bulk geld_engyelet al. have outlined thgenerakelease mechanisnfer
MPswith slight variationsdependingn if the active phanaceutical ingredient (API) is
homogeneoug entrapped in the MP or entrapped in a drug rese(Fagure 1.8).28 The
combination of these factors deternsiige overall releasand is dependent on the MP
architectureFor examp, if the MP is porousnd the API islijomogeneoug dispersed
(commonly usedo decrease density in pulmonary drug deliV&ywater diffusing into
the strcture will likely cause it to swell slightly before hitting a critical pointian
bursting the solid microsphete rapidly elease drug from the MP crosslinking is
present in either a microgel or microgel composistenal, water uptake will induce
swelling, increase the mesh siaad release drug more quickly than-pveelled
diffusion (similarto bulk gels)?In all casesFickiandiffusion through the polymer

network will occur to some exterfthe rate of diffusion is increased with increased
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porosity and pore/mesh siz@ver time surface erosion and bulk erosion will ocour
release drug, but the rate at which that happens depends on the MP composition and
releag mediaEster linkages within PLGA MPs are well known to hydrolgeze
enzymatically degrad& vivo buttuning the molecular weiglanhd lactic:glycolic acid

ratio alters the erosion rate of such MP’s.
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Figure 1.8 Release mechanisms of MPs when the API is eithtemrmogeneouly
entrapped (top) or encapsulated as a drug reservoir (bottompPrug release is
typically a combination of each of thesechanisms and is dendent on the MP
structure and composition of the release mdgirieved from Lengyettal., 2019
(MDPI).88

Similar phenomena are seen with drug resettik@rMPs: dissolution of the outer
coatingand/or increased swelling causes release from the reservoir and into the
surrounding tissud-=or example, Litet al.created stimuiresponsive, corshell
microgels by incorporating pH sensitigely[2-(dimethylamino) ethyl metltaylate]to

induce shell degradation and subsequent drug release in acidéc canc
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microenvironments!® Using solid polymer coatings/polymer MPs allows for the
introduction of tinyopeningscreated from endogenous or exogenous stimuli, known as
microcracksmicrocorks or microcaps!® These openings are often larger than the mesh
size of swollen microgels to yield a large buatthe target siteSimilar to bulk gels,
numerous stimuli can be used (and combined) to control drug reiedke above
mechaisms, including pH, light, redox, temperature, and various forms of ultrasdund.

Regardless of the stimulus (or in the absence of aniie mechanism of release,
several considerations can generally be made with MP DRa®ely, MP drug release
contains two main phases: initial burst release followed by lag time and subsequent
sustained release until equilibrium is reached with the surroundid & he initial
burst is caused by the diffusion of nepecifically adsorbed drug on the MP surface or
weekly-bound drug throughout the Mindis present to some degree in all formwaasi
The rate of this initial burst (and, thus, the rate of the later sustained release phase) can be
tuned by increasing the M@rug interactionsthe greater the interaction between the MP
and drugthe slower the release rafeiningthis interactionby changinghe pore/mesh
size, polymer molecular weight, polymer goosition/functionalityand/oradding
adjuvantscan tundhe release profile of an MP DDS
1.4Nanopatrticles for Drug Delivery

NPs are one order of magnitude smaller than MPs and are tymoadiglered for
therapeutic use between 10 aid 2m in diameteNPs are such promising DDS that the
US National Science and Technology Council created the National Nanotechnology

Initiative to set guidelines for NP DDS and drive their translational progress fotttard.

35



Ph. D Thesisi Matthew Adrian CampeaMcMaster Universityy Chemical Engineering

Due to their smaller size and increased surfaea eelative to MPshgy exhibit different
physicochemical characteristics ahds requiralifferentconsidertions compare to
MPsthat also open unique opportunities and benefits foingatelease, and transport.
Most notably, NPs do not embolize vasculature when circulating, making them very
promising vehicles for systemic drug deliveffae unique nanarchitectures and drug
delivery application®f nanoparticlesvill be discussed witlanemphasis on the array of
biological barriers NPs can overcerthat ardess effedve or impossibl@n larger length
scales.
1.4.1 Architectures and Morphologies of NP DDS

NP DDS aregenerally classified based on the precursor material that makes up the
NP: lipids, inorganicmaterials or polymess (Figure 1.9).122123Each architecture has sub
classes of NPs that slightly alter their shape and physicochemical characteéiijsties
based NPs are the most commonly used nanomedicines in literaturavatite most
FDA-approved formulatiort$* due to their simple formulathsthat mimic nativecell
membranesnd flexibility in loading different payload$?Lipid-based NPs are
compiised of amphiphilic monomeismost commonly phospholipids with a hydrophilic
head and hydrophobitail allowing them to assemble into distinct hydrophobic and
hydrophilic domains within the same nanoparti&elid-lipid NPs GLNs) can form
single layer vesicles containing a primarily hydrophobic core for loading hydrophobic
therapeutics, which are formed iriagile manner byincreasing the monomer
concentration abowhe critical micelle conentration (CMC)or, more commonly,

through emulsiotbased techgues In some case§LNscan be designed to hasmaller
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micellar structuresvithin the hydrophobic coref the SLN to stabilizehydrophiic
therapeuticsSLNs formulated with cationic lipids are widely used to encapsulate
negatively charged genetic material, a co
landscape for treatments such as in mMRNA vaccine defi¥&rijposome NP DDSs are
identical tothose discussed sectionl.3.1 but on the narscale;some report that is

easierto formulate nanometdiposomes than micrometer onegth the nanoscale

liposames often easier fabricate into stable NPs than those on the microsthesame
advanagesand disadvantages are present here, namely that simple synthetic methods
may be performed to entrap hydrophilic and hydrophobic compounds within the same
particle!?6 Additionally, liposomes can have multiple lamellae of lipid bilayers, allowing
for fine-tuning of size and surface charge distinct applicationsThe first FDA

approved chemotherap@NPwasa liposomal form of DOX known as DoXithat

provided substantial improwgents for cardiotoxic side effects compared to free dnah
serves as conmon case study for NBased DDStoday>! Thoughthe mostcommon
methods for creating liposomes éneeither saicating a mixture of lipids or rehyating

lipid thin films, emulsions described isection1.3.1 may also be used to create NP BDS
with the amount of energy input to credte droplet of the immiscible phase and the
concentration ofwfactant(and, pdentially, number of cesurfactantsjsed to stabilize

the droplebeing the primaryactors for determining siz€’ The wide array of solvents,
surfactants, and energy input methods helps to increase the complexity and versatility of

emulsionbased NP DSs,athough much optimization must be done to prodace
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specfic NP. Interestingly, emulsions have been described both as a class of NPs and as a

synthesis method fFEGLNSs, oulining their vast utility in drug delivery applications.
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Figure 1.9: Clases of NP DDS Adaptedfrom Mitchell et al, 2020 (Springer Naturéj?

Inorganic NPs are other commonly used DDS that are unique for their dual drug

delivery (therapeutic) and sensing (diagnostic) capabilities, spawning a field edynmo

known as theranass. Silica (SiNPs), gold (AuNPs), superparamagnetic iron oxide

(SPIONSs), and quantum dots (QDs) are the most commonly researched subclasses of

inorganic NP DDSsSINPs are silion dioxide based NPs thedin be fabricatedia

metaods in ug for several decades and have grown immensely assiD& the late

1990s'28 In addition to their facile synthesis, SiNPs have widely tunable pore sizes

(ranging from aseveralkaingstroms to 50 nm) for eas#yljustabledrug loading and

release kinéts, simple surface ampore functionalizationv{a siloxare chemistry, and

exceptimal in vivotolerability in a wide range of tissud3f the inorganic NPs, SiNPs are
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least commonly used for themstics as they lack inherent sensing moieties aythe
easly conjugated to other probes if theranostics are desired. Aai¢Rrost ommonly
used in theranostics as they contain semed surfacelependent photothermal properties
and are easily conjugated to a wide variety of biosensor surfaces (commamiyi-on
based surface asmon resonandeased sensor$}>3°SPIONSs utilize their
superparamagnetic abilities to serve as theranostics, specifically in cancer diagnosis and
drug deliveryin terms ofacting as a contrast agent in diagnostic imaghridle
stimulaing cytotoxiclevels of heaspecifically in cancer cells (as a functiontomor
vasculature and thermal propertieSPIONshave reactive functional groufmmed on
their surface during synthesisd stabilizatiorand are usetb increase their affiity for
loading chenotherapeutics such as DA% QDs are commonly composed of osdm
and selenium and of the inorganic NPhsted herei are most often used as a diagnostic
more than a therapta given their relatively low surface functionalipgt high
conductivity and strong emission specftaQDs, however, are the least promising N
DDS given hat they exhibit signitiantly highersystemicoxicity than all the other
inorganic NPs describetdhe contast of toxicity and treatability of druigaded inorganic
NPs calls 6r more research to be doro that these materials can be better translated into
clinical applications.

Polymeric NPs are composed of natural and/or synthetic polymer@randdely
sought after due to their synthetic flexibiltf.Many different combinations of
monomes and polymer synthestechniquesan produceinique precursors that can

either bepostprocessed or sedssembled into NPs based on polymeric structure. For
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exampleblock copolymers alternate hydrophilic and hydrophobic monomets®n
same backbone to allofer self-assembly into micellike NPs;the size and charge of
the NP can eagsilbe tuned by changirthe type of monomer, the molecular weighthe
precursor polymer, the pendant group(s) on the polyandfor the method of self
assembly33 The breadth of available [yonersi specificaly tunéle synthetic oneis
yields numerous subclasses of polymeric B®gondthe aforementioned polymeric
micelles. Polymersomeare equivalet to liposomes in that they have bilayer as oo
to micellelike structures but are fabricated using amphiphilic polymers (either linear or
branched) rather than phospholipids; again, the flexibility in the choicelyrhpr allows
more tunabilityfor the overall polymersome stture.Nanospheres are similar to
microspheres desbed in section 1.3 in that thepmrtaintherapeuticshroughout a
homogeneous polymer phaséthoughregionsor domains of inhomogenats may be
presentnanosperes consistf onedefined phase in contrast to micelles or
polymersomes which contamore distinct hydrophobic and hydrophilic regid#fs.
Dendrimers aréractatlike nanoparticlesormedwhen monomers withmultiple branch
pointsareadded in succession oveany layers to create larg@mayeneoudNPs.
Poly(ethylenimine) (PEI) and poly(amidoine) (PAMAM) are the most commagnused
monomers for these casathough many multfunctional monomers withoth
electrophilic and nucleophilicharacter have beeaported-®> Nanogels are hydrogels
formulated to be orhe nanescaleand,similar to microgels, combethe benefits of bulk
hydrogels with the unique surface area to volume of a smaller lengtiicad@ress

many issues thditulk materials face when trygto overcome biological barrig!??
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Specifically tailoring crosslinks in nanogsistems to respond to unique stimukither
endogenously or exogenouslgreates many opportunities for tugithe loading and
release profilesf therapeutickeyondthe rolustmechanisms that polymeric NPs
inherently posssst® It should be noted that although nanogels are primarily formed from
synthetic polymers, natural polymers and lipids are often crosslinked to form gels or
incorporateé into nanogels to creatermposite materials, which will béiscussed in
sectionl.5. Combininghe characteriscs of lipids, naturapolymers ard synhetic
polymerscan enable optimization efanogel formulations for specific drug delivery
applications and further increase the robass & polymeric NP materials. Though it is
clearthat tre breadth of possibilities for polymeric NP materials is greater than other NP
DDSs, there are still many issues preventing aggregation and, thus, tioxigity that
must be addressed befdhey can be viable in clinical pfications??
1.4.2 Overcoming Biological Barriers with NP DDS

Compared to DDS on the budiad mcroscale, NPs show the greatest amount of
promisefor overcoming biological barrierspecifically in systemic drug delivery
Althouwgh the routeof administration can vary on the systand target, ysstemic DDSs
are typically administered 1V andust considefive main principes whendelivering a
therapeutic through the blood and to the disease sitemlist avoid norspecific
clearance mechanisms in the bloodricreae circulation time (which includesoiding
kidneyfiltration, serum proteinadsorpion, and uptake by theononuclear phagoayt
system (MPS¥213%; 2) it must target/localize around diseased tissue from cironlati

while avoiding healthy, offarget tissues; 3) must extravasate out of the blood and into
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the target; 4jt must navigate the local microenvironment and localize in the necessary
regions of diseased tissues, andt B)ustrelease drug in thamet tissuet the target

site, idally (but not necessarily) in response to a laadlogenos or exogenous stimuli.
Abiding bythesefive principles allowssystemically administeredP DDSs ¢ increase
drug deliveryefficacy by delivering a relatively higheoncentration of drug to the
disease site while premting(or at least minimizingdoxicity in off-target tissueslhis
section will highlight how NP DDSs have been engineered to utilizegizeir shape,
charge, and surfagpropertiego overcomehe systemic, local, and cellulardbogical
barriers associatedlith local drug deliveryFigure 1.10. Specific examplewill be
providedin whichsome aspects of this pathway are avoided ardpghasized, where

applicable.
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delivery. Size, shape, charge, and surfpogpertieqe.g. nanoparticleoatings or

targeted ligandsjanincrease the circulation time of NP DDS delivered systemically.
Increasing extravasation of @¥rom blood into target tissues, avid clearance from
mechanisms in blood, and targetingmerties of specific barriersifch a the

biochemical makeup of cancer and various mwamered surfaces) must be addressed to
ensureeffective drug deliveryRetrieved fromMitchell et al, 2020 (Springer Naturé§?
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1.4.2.10vercoming Systemic Barriers in Circulation

NP DDSs can be engineered in a variety of ways/tdfiltration through the
kidney, interactions witlserum proteinsard interactionswith the MPS yhich lead to
subsequent clearance hetliver and spleen). The barriers have been overcome by
changinghe size, surfaceharge stiffness, and surface coating of NP DDSBs with a
diameter <10 nnarecleared rapidlfrom the bloodvia filtration throughthe kidneys=3’
Similar filtration is seen withg@ymersbelow 32 kDa:®in the case of polymdrased
NPs, it is vital that even partial degradation is mitigated to prevent filtratitre dfiP
prior to reaching its tget. Alternatively, NPs that are too large%01 500nm) are
rapidly targeted by the MP8nd @cumulate in the liver and spleéffhis presents a
narrow siz rang of ~30 to 200 nm to adequately avoid clearance by both the MPS and
kidneyswhile in circulation.

Designing an NP in this range may not fully prevent its clearance through efith
these systems. Proteins and lipids abundant in serum may adsorb to the NRasurface
increasats size above 200250 nm by forming a protein corona around iesurface,
resulting inthe same fate as NPs initially designed abovliagocytic threshold. NP
DDSs with positive surface charges have shown proportiohiglherbinding to corona
forming serum proteins (most notably albumin, immunoglobulins, lipoprot@mddyIPS
factorssuch as opsonipghan those with neutral or slightly negatisleargesconsistent
with the typically net anionioverall surface charge of the abundant serum proteins.
However, NPs wittegativesurfacechargesalso have drawbackBlegativecharges hay
still been shown to neapecifically bindto caticnic domains oserum proteins antthus
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prevent adequate delivery of NP DDSs to targetssfor example<30 nm gold
nanoparticles with either positive or negative surface chaaygsind fibrinogen to illigt
an inflamnatory respons&°Neutral particles are thus most promising foading
circulatory barriers and araostcommonly made by functionalizingply(ethylene
glycol) (PEQ to the surface of the nanopartiéf€ PEG further prevents serum peint
adsorption by creating a thick hydration layartbe surface of the NP that is
thermodynaritally unfavourable for theinding of serumproteinst*! The commercial
availability, tunable chain lengths, and varying chemical derivatives d&& ef
conjugatimto NPs)hasmnade PEG t he most widely used st
systemically dministered NP DDSs. In recent decades, howearereasing concerns
have been raised around growingnunogenicityto PEG that can cause adverse
reactions While many cormercial NPs still use PEG coatings, alternative redugnd
highly waterbinding coatings (inciding coating based obranched PEG (i.e.
POEGMA) which creates neutral hydration shelgile avoidingbinding to antPEG
antibodie$'*? are incrasingly of interst.

Finally, nanoparticlestiffness and shape has shown change in interaatiins
saum and the MPS-or example, stiffer (harder) NPs are more rapidly cleared in the
liver/spleen by the MPS than softer NPs, suggeshatflexible nanogelsre lkely more
beneficial for evasion. Spherical NRlsoshow significantly less uptake and clearaiy
phagocytic cells (and subsequent inflaation) compared to higher aspect ratio particles
such as rods or triangular NBSAlthough the stratges presented hecan work ©

reduce the interactions that circulating NPs f#ds challengng to design one single
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phase NP system that cavercome the many clearance mechanigdurig systemic
administration of drugoaded nanoparticles.
1.4.2.20vercoming Barriers to Localization and Extravasation

NP DDSs that havevercome the many systemic barriesing he strategies in
the previous sectiomust tlen localize around the target tissue and extravasate out of the
bloodstream and into thargettissue.There are few gaemalizéble gudelines aroundNP
design to increase localization and extravasate &ery tissue has a unique
physiological makeup that alters how it can interact with a circulating nanopatrticle. This
heterogeneity is exacerbatiegeach disease stof a tissue, not to mention the personal
differences that are present within each patiera particular subsection of a disease. As
sud, specific examples that enhance extravasation and localization will be pravided
illustrate how thidarrier has beeaddressed ispecific applcations that may or may not
be extrapolated to othdiseagsd tissues

NP size ismostcommonly discussed when treating cancer due to both its
prevalence as a diseaagwell as the ready availability sinall animal modslfor
validation testinglnitial research in thisiéld assumed that the vasculature in araiad
tumor tissuecontaindargerthannormaljunctions betweeendotheliakcellsdue to
unique and rapid angiogenesis mechanigrasoccur in canegallowing NPs wth a 501
150 nm diameter teasily extravasate into tumor tissuihis effectis oftenknown as he
enhanced penetration and retention (EPR) efféatveverthe validity of this mechanism
has recently come into questigiven that<1% of NRbased DDSsnithe last 20 years

successfully reaettumor microenvironment¥** Additionally, fenestratios in tumor
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blood vessels were found b@ up to 2000 nm in diameter, indicating that it is not likely
that smaller NP size increased thexaort of NPs into tumoisisuepassively**® The

Chan labhowever, recently demonstrated that NPs wses&ndthelial active transport
mechanisms to extravasate into tumor tissesylting inup to97% of the administered
nanoparticle®eingtaken up actively rather thamassively*6Although they found that
upteke of 100 nm NPs was 22% higher thhatof 50 nm NPs, nospecific receptor
mechanisnhaveyet to bereportedthat enable this active transparow dubbed the
active transport andetention(ATR) principle. Regardless, nanopatrticle siays a key
role inincreasingocalizaion and extravasationtmtumor environments.

Particle size also plays a key rofenianopatrticle transport for treating otharget
tissuesSystemically delivered NP DDS are well known to be poor for treating conditions
in the brain due to thdigh selectivitythe bloodbrain barrier BBB); howeverthe BBB
can e bymssed byNP DDSthroughIN administréion.!*’ The nose contains numerous
mechanisms that increase N&isport over either free drug injections through the nose or
administenng NPs intravenouslppecifically,at least two nerve pathwagse present
that enabla@irecttransport of NPs intbrain tissuecoupled with thénigh vascularizatin
presenin the nasal epithelium as well as around brain tissue, these pathwayhanoe
brain delivery of NP3*¢150 Sych transport pathwaysive been repted to te effective
for nanoprticles betwee 207 200 nmin diameterdepending on the transport
mechanism bepusedt> 153 highlighting how nanoscale size can improve localization
inside of certain tisueslit should be noted that even though the BBB dw¢seed to be

addresseduring IN adminigtation other biological barriers the nosenust be
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overcomeby NP DDS which will be addressed in later sectiof8nally, NPs have

shown improved localization in the Gl tradfter oral administration. The two nios
common colon cellthat mustbe bypasgdto enter the lumen are enterocytes and M cells,
which promote extravasation &fPs of 207 100 nm and 100 500 nmdiameter
respectively*>*in contrast, MP DD®nly increasextravasation in specific cases of
colitis.

NP shape may algoromoteextravasationHigher apect ratidNPs(i.e. nanords)
move through ci r clongthe waltsof vasgulaté ratbentbah i ng o a
through the bulk of flowing blood as seen wsthheroidal particle¥®® Rodlike shas
thus have higherrpbability of colliding with the vascular wall and thester throughhe
endothelial gaps around tiggiresulting in enhancealerall uptakdgspecifically in
cancer or in epithelial cells in tlelon).1*+1%However,usingshapeas a method to
enhance extravasation must be balanced téincreased MPS aetation and toxicityof
many anisotropic NP DDS akscussed isectionl.4.2.1 Alternate routes of
administration should beonsideredor nanorodDDS that have lovefficacydue to MPS
acivation and cleanace

NP surface chargalsogenerallyincreases extravasation but waysthat
contradict trends around N&Xicity and clearancpreviously discussed; specifically,
while positively charged particleshow increasethteradions with negatiely charged
membranesn a wide range of cell typés promoteentry intodiseased tissugtheir
increased interactions with various serum proteins make them generally ineffsctive

systemically ciculating DDS'®"1%As suchit is better to cajugae adiseasespecific
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targeting moietyto the NP surfacthan to rely on surface chargesacalize and

extravasate NP DDSs intarget tissues. For example, numerous cancers show increased
expression of CD44 and folate receptamrespndingly, NPs basd onhyaluronic acid
(HA), a known binder to CD44yere surfaceonjugated with folate to increase its
targeting and internalization in cervical cancer moarelgvo.**® Folate provided

targeting for &travasation while HA provided intraliular loalization oncethe NP had
entered into tumor tissu@®ther receptors commonly targeted éxtravasation ircancer

drug delivery(typically by conjugating specific peptides for that tissue onto NP surfaces)
include G protein coupled receptoirgegrins, transrrin receptors, egsielial and/or
fibroblast growth factors, ahmore'®° It should be noted that the receptor being
overexpressed varies greatly by the indivigsatch thathorough diagnostics shoulte
donetoensure a c h p a ¢asesan ligargeteddbyaspedic desired moiet.

Other examples of actitargetinghavebeenreportedn non-cancer
environmentsFor examplePLGA-based NPs conjugated with a collagen type Il binding
motif has beensed to treat osteoarthrifi&! Interestingly, somef these targets are cress
functional; transferrins often oveexpressed on endothelial cells lining the B&Bwell
as many cancersnabling such targets sthiowin vivo efficacy fordelivery to thecentral
nervous system (CNS§? CD44-HA interadionsarealso welldocumented in treating
arthritisin the kneé83 This multiplicity of tageting, while enabling the selection of
rational targeting ligands for a host of diseases, can also decrease the specificity of a
particular targetingtrategy Succasful targeting requiraadividual diagnoseandfinely

tunedNP engineerindor creating a successful drug delivery system.
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1.4.2.30vercoming Barriers Within Tissue Microenvironments

Once bcalized inside thdesired tissue, NP DDSs must movetighthedense
tissuematrix o eventually reach target cellss with most drug deliveryelated
problems, each matrix is not only individualized for each tissualsoteachlisease
because different conditions alter the extracellular matrix (ECNM) wiique phenypes.
Cancer and mucosal matrices are most-gteitliedgiventha NP DDSs are commonly
used to treat cancers and mutined environments such as the Gl, pulmonasyryical,
andnasal trat. In particular, cancenas numerous biochemicabnkers that difr
compared tdhealthy tissugalthough the specifics vary greatlgpending on the type of
cancertumor ECMsypically become thicker and stiffer relative to healthy tissue in order
to promote celgrowth, migration, and differentiatiofi* This may create unigumesh
sizes in cancer ECMs that can increase NP reteimicancerous tissugpreviously
determined to be ~50150 nm as an ideal retentive size rartgewever, he Chan lab
recentlyelucidated that ge plays a great role in NRwvel throughandwithin cane@r
ECMs1®The EPR effect previously stated that NPs withiri 30 nm could be
retained in cancer tissue due to collapsed lymphatic vessels. Further investigation
now shown thatlymph vessel collapse was negligible between healthy tumorlsesse
rather,NPs usdifferent lymphatic vessglathwaygo tenporarily escape solid tumors
and reenter the bloodstream to be available for subsequent and rapittaeasation
into tumor tissueén a sizedependent mechanismotally, 15 nm NPs wald exit
primaily through peritumoral (i.e. on the surface of tumor tissue) lymphatic vessids wh

5071 100 nm NPs primarily travel through intratumoral lymphatic vessels (i.e. inside
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tumor tissue) to be recirculated deemed by the ATR principlehis 2023 publication
has yet to inspire sp#ically engineered NP#®r these purposealthough fiture work to
target these mechanisms for enhanced tumor uptake and mabllitgt be of interest

Aside fromthese newly discovered mechaniswtfig unique tunor physiologies
have been exploitefor drug delivery purposeacludingmore acididocal pHs and
enhancededox potentials (anmy other mechanism#f)at can be used teduce NP size
andbr to stimulate drug release: such mechanisms (and theeguént NP designs) will
be discussed ifuture sections.

Traversingthrough mucus is a common challengerany NP DDSs that are
travelling through the GI, pulmonargervicovayinal or nasal tracts. Mesh sizasd
barrier thicknesses vary si§jnantly depenihg on the type of mucous and tiype of
disease being treated. While mucasaish sizes typically range from 10 to 1000 nrig it
generally understood that GI mucus is more viscous and adherent than either nasal or
pulmonary mucus®® There is als contradictoryresearch on whether emphagisld be
placel on an NFDDS to be mucoadhesive (i.designingthe NPt st i cko t o t he
to be able to increase its residence timgn@mucusich media) or mucopenetrative (i.e.
designing theéNPto quickly move through the mucus to incredisechance of being taken
up by epithelial cells adjacent to the mucus lgyér to clearancenechanism)g!6’:168
both have some advantages and have been used in different ways to promuaieUsP
interactionsPEG coatings, thiol moieties, dense anionic atianic chargesandor
hydrophobic domainsave all been reported toake NPs mucoadhesive and/or

mucopenetrativelepending omow theyinteract with high concentrations of mucin
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glycoproteinsand, inthe case of PEGthe length and density of PEG the NP
surface'®” Mucusrich organssuch aghe nasophangeal pulmonaryGl, and
cewicovaginal tract arecomplextarges thatmay require unique NP morphologisd
surface propertiet® maximize drugranspot.

Aftera NP DDS successfully t rfonthedreasnerd t hr ou
of many diseasds must enteinto specificdiseased cells. The most efficient way of
targeting desired cells to add ligands to NP surfacesmilar tothe apprachde<ribed
in sectionl.4.2.2 Nondheless, receptdree mediated interactions may also lead to
internalization into cellsThere ardour general mechanisms NPs can use to enter cells:
caveolinrmediated endocytosis, clathmnediated endocytosis, pinocytqsaad
phagocytosigFigure 1.11).1?? Caveolin and clathriamediatedendocybsis are often
considered active transport, while piramd phagocytosis are more passne less
specificmechanismsCaveolinmediated endocytosis occurs most commonh wi
negatively charged, <60 nm nanopatrticles, specifically those with diked
morphology*®°Clathrin-mediated endocytosis occwrith targeted NPs in whickpecific
receptors are bourat onsphericaNPs with hydrophobic or electrostatic interactions
with cels.!®These two differ mostly in vesicle morphology as one is stabilized by
caveolin proteins while the other is stabilized by clathtishould be noted that not all
receptofmediated endocytosis is clathwilependentalthough clathrirmediatedvessels
are mat common inhuman®.hagocyt os i sreqirBscahe tell meanarane to g 0 )
pincharoundandsubsequentlgngulf the NRand only occurs on certain cell types (such

as macrophages and mowgitas for particles2501 500nm whi | e peEllnocyt osi ¢
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d r i n kmonedjréctly absorbs some of the cell membrane to create a vesatied
smaller nanoparticles (10500 nm)and is initiated bythe need of cells fdituid

uptake'’* In most cases, NPs are transported to the cytosol through anatiobid all
four of these mechanisntsa manner thas often dependent on the relative
concentratia of proteins thamediate each proce#ss such although numerous methods
canlead to cell internalization, NP DDS surfaaean be engineereditaprove targeting

for a specific cell type within a diseased tisand favour one internalization mechanism

if desired
Caveolin-mediated Clathrin-mediated Pinocytosis/
endocytosis endocytosis phagocytosis
© \©_ e
O () © e %)
© o
Extracellular & © Receptor
fluid © O Y
V7 e ¢ ,, ’
Y = Caveola  Clathrin-CL 4
‘_SO coated pit 1
77 x Caveolin
(%)

l

Clathrin-coated vesicle

Figure 1.11:Endocytosismechanismsfor NP DDSs.Caveoln-mediated and clathrin
mediated endocytosis are actmethodsof transport, while pinocytosis (and
phagocytosis, nahown) are passive. Figure modified wagrmission fronMitchell et
al., 2020 (pringer Nature}??

1.4.2.4Size- and Surface Switching NPs to Better Overcome Complex Systemic
Barriers

While the @ove sections ha outlined many nanoparticle design strategies for
overcoming barrieralongthe drug delivery pathwatheyalso made clear th#te
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strategies foovercomingthese barries are complex and often contradictdfgr
example, utilizingasingle surface charge (either anionic or cationic) could not effgti
avoid systemic cleance while efficiently binding to cell surfaces sincpagie charges
are requiredn eachcaseAs suchmuch research has recently been devoted tdirngea
NP DD$s that switch thir physicochemical properties to match the desired environment
typically leveragingemporary or permanent breakable bonds,-sbedl andorfi Tr oj a n
h o r drecturestha are sequentially presented along the transport pattamdpr
envionmentallyadaptableanoparticle properties upexposureo defined stimulit’2
Most stegs in the drug delivery pathwayaveunique stimulithat can trigger switching of
the desired propertallowing drug delivery researchers to leveraigdogical knowledge
in ther NP designOur colleagues have thoroughly reviewed such nanopartfélte
textbelow will providea brief summary of the key takeaways and design criteeaed
to create switchable NPEmphasis will bgplacedonthe design oNP DDSsfor cancer
given thatthese are the most highly studied systemrsently in the literture.

The stimui availableto switch NP properties depd on the target tissube
method of administration, and tepecific barriers needed to be cx@me and an either
be triggered by endogenous or exogenous stimuli. The most common endogenous stimuli
include changes in pf.e. more acidic tumor microenvironments due to the Warburg
effect)!”3 diseasespecific enzymes (i.@nzymesupregulated to increaske dersity and
metastatic nature of tumor ECMY, or temperaturéi.e.increased temperatuoé up ©
~3°Cin thetumor microenvironments due itacreased cell metabolism coupled with

heatgenerating, tumespecific immue celld.1"”>1"®These stimuli can be used to trigger
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stimuli-sensitivedegradation of NIerosslinks (for nanogels and crosslinked NPs) or
triggered exposure or cleavagesofface ligands. ptdensitive bonds cdpe cleavablén
environmentsvith increased acidity (i.e. imines are cleaved pH5-@hile more stable
hydrazones are cleaved at pBlL6);'’" alternately,protonaion canchange the
hydrophilicity of a nanoparticle to changeutrsport and/or ceNP interactiongi.e.
zwitterionic carboxybetaineseprobnated at pH ~5.5 while acylsulfonamides regjui
pH ~4.5 to be protonated}®!°Upregulated enzymes are documented in many diseases
but are most commonly found in cancer and include Mifiid can degraed specific
peptide sequence¥f and tyaluronidase (K asethat candegrade HAand ontributes to
tumor metatasis).'8 Similarly, pegides such asysteine/cystine (primarily extracellular)
or glutathione and its associateansfer enzymes (primarily intracellularan cleave
disulfide bonds withi NP DDSs*®2 Elevatediocal temperatur&an revese
supramolecular interactions between CD and its guests ariggmr lower critical
solution temperature transitiofend subsequestvelling or deswellingof POEGMA
and PNIPAMbased NP&3102183xogenous stimulare also commonly used.igh
intensity focused ultsound(HIFU) has beenl®own to artifcially induce temperature
changes similar to those seen in endogenous tumyaasnore direct watdreating
mechanisnt® while materialspecific stimuil suchasnear infraredadiation(NIR, which
canhea AuNPsand other surface plasmon resonaactive materials®® UV light
(which cansizeswitch spiropyrasconjugated PEG NP4 or alternatingmagnetidields
(which can inducéeat specificayl around SPIONscan also drive local respoes-8’

The choice of exogems stimuluss dctated not only bywhich chemistriesire used but
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alsowhere the diseased tissue is relativehtostimulus. For example, UV and NIR have
very shallow penetration depthadcanonly work on surfacer neafsurface
lesions 18818%while most ultrasounds cannot adequately penetrate throughdithaeigh
additional ultrasound inducers can be added for more complex penetratenga
vivo).1%

Many structures havieeen created to try and stsevitchNPsin the presence of a
desired stmulus. Three main class have beddentified in the literature thus faf?
First, coreshellNPs in whichonei typically polymerici phase is distinctly on the
outside (shell) of a s@pate,nner (core) nanoparticle phasan be usedrhe bonds
connecting the shell to the core are ofingetedo induce size switching. For example,
PAMAM dendrimer cores were linked to HA shells by an MigHargetable peptide
sequence; in MMPich cancer environments, shedding the HA cavidched the NP size
from 200 nm to 10 nm to incresa& penetratio through the tumor ECNMP* Second,
fraspberry clusterNPscontainnumerous mall nanoparticles on the surface of a larger
nanoparticle (simulating thorphobgy of raspberry seeds bundled on the detsif the
berry).For example5 nm PAMAM dendrimers were covalently linked to the outside of a
100 nm PCLEbased nanopartickda acidresponsive dnethyl malec anhydriddDMMA)
linkages size switchng from 100 to 5 nm occurred rapidly in tumamvironmentgo
release aplatinloaded dendrims 1°2Third, Trojan horse structures are simitar
raspberry clusters in that they contamaller nanoparticles bundled with a larger
nanocarrierhowever, with Tojan hase materialsthe smaller NPs are foundtime bulk

rather than distinctly on the surface of the larger N#8s.example, chondroitin sulfate
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(CS)based nanoparticle prodrugs (~40 nm) loaded with duatancer therapies were
disulfide crosknked into a larger C8anogel (~120 nm) aneleased drugs with
increaed concentrations ofugathione (GSH)1°3More g/nthesisstrategies
morphologiesand propertiesf sizeswitching nanocomposité.e. dual phase) NPs will
bedescribed in more detail section 1.5.

Altering surface charge and/or exgiag targeting ligands to the NP surfae
alsoprovide flexibility in addressing the contrasting surface requirements needed for
circulation (neutral or sligtly negative) compared to cellular imelization (positive).
For examplePMMA is deavedin acidic environmeis to remove a negativharge as
such, DMMA is incorporated in epolymers containing positively charged quasgyn
amine chainsan overall positive NP chargan be formed in an acidisicroenvironmert
to promotecellular internalizatin.*® Cleavable bonds can also be governed by physical
electrostatic interamns For examplelijposomeshave been reported thadntain both
glutamyl and higdyl moieties that shift from neutral tmoderately positiveharge(as
histidyl carloxyl groups protonate) taghly positive (as higtline groupslissociate
entirelyand expose glutamate surface groups) in varyingeaeidironments'®*Both
these examples caaduce MPS activation/protein coroftemationduring circulation
without impedingsubgquentcellular localization.

In other designs pecific binding moieties arattachedo the NP surfacdo
control the steric hindrance around the bindingetyoiFor example, long chain PEG
linked b the NP surface bgsn MMP-degradable peptideequencean be eaved fom

the NP surface to erge cellinternalizing folate in the presence of MsIF®
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Alternatvely, steric hindrancean be altered without removing PEG from the surface of
the NP but rather by altering tydrophilicity. For example, p | ya(nibo ester) (PAE)
has beemncorporated into the REebased shell of a micelle; acidic tumor environments
protonated amine groups on PAE to induce a positive charge, thus increasing the
interaction with surfacéound water and removing steric hindrarirom the cellular
binding peptide for improveih vivo efficacy®’

Combiningboth surface and size switchimga single NP DDS provides even
more power in addressing the constraints within the drug delivery pathway. Numerous
examples exist for such designs. For exanglai sensitive shell (using DMMA) and
reductionsensitive core (using disulfierosslinkedPEG bock copolymers) was
previously made to switcét NPfrom 145 to 40 nnin size and fronslightly negative to
slightly positivein charget® Extravasation and tumor killing were greatly increased in
this systentompared to free drug and ntayered NP controls, highlighting the benefits
of a multiswitching systemSimilarin vivoimprovements werebserved when
positively charged coppe&loped nanosheets (50 nm@reencapsulated into slightly
negaively charged liposomes (200 nm) in a Trojan horsgctitre that was sensitive to
reactive oxygen species and ultrasquerthblingon-demandgexogenously stimulated
drugreleasé?®®
1.4.3 Drug Loading and Delivery with NP DDS

Considerations for drug loadimg NP DDSs closely resemble thadescribed in
sectionl.3 for MP DDSs. Specificallypading drugs into NP DDSsan be enhanced by

introducingphysical and covalent interactions specific to the éM@gcombination to
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maximize the amount of drug loaded itih@ bulk of the nanoparticlelowever, the
purification ofdrugloaded NP£an be more complex, particularly in the context of
minimizing the amount ofirug lostin the isolation proess. One notadd difference
betveen NPand MP drug loading is the difference in surface area to volume ratio: since
NPs have &igher surface area with smaller internal cavities, there is increased likelihood
of drug diffusing out othe NPand into the surrounding solvent, often resgltim lower
encapsulation efficiencieompared to micrecaledparticles made of theame

material®® Smaller sizes and increased surface arearatseases the difficujtin certain
processing methods, such as requifegter centrifgation speedsma more spcific pore
sizes in filtration devices to ensure adequate NP/small molecule sepdbaspite this
challenge >90% EE and >50% L€an often be achieved with properly designed NP
drugcombinationsDrug release is also similar P DDS in thaincreased interactions
betweerthe NP anddrug slows the release ratoweverthe mwch snaller diameteof

NP compared to DDS on the micro and bulk sagfecally result in faster release given
that drug has a shorter diffional path lagthto travelto be relased into target tissie.
Combined with the many stimuli that can destabilize NPs in desired tissue/cellular
compartmentgreviously discussefi.e. pH, temperature, enzymes/peptideas), NPs
typically showaninitial burst release followed by &osver sustained release phase, both
of which can be tailored by NP compositifilt is important to note that targeting
ligands on NPs maglisointeract with loaded drug, requiring extra optimization to fine
tune releaserofilesand airgeting efficay compare to nascent NP#additionally, drug

release profiles mayealtered significantlyin multi-particulate systems as the drug may
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have unique release profilaad/or partitioning interaains with eacmanoparticleor
bulk phasaised in the system.

Despite the promising designs from swabke and nosswitchable NP DDSs for
systemiadelivery, there has still been very poor translation of such designs into human
patients. This is likely due tihe differences in physioffyy between huans and small
animal modés that fail to be captured with current NP designs as well as a lack of NP
diversity to matchhe diversityof diseases in stratified patient grodgsFurther, more
complex designs (gh as architectures demonstrated in-sizéchable NP DDSSs)
require more complex synthetic methodsjah mayinhibit scaleup, manufacturing, ah
regulatory approvafor commercially available productsnprovedNP designand
synthetic strategiethat better account for the locablmgy while atthe same timéeing
as ynthetically simple apossible are thus required to devetopre commercially
available and efficacious solutions.
1.5Nanocompositeand Nanoparticle Network Hydrogels for Drug Delivery

Nanocompositdydrogels’ similar to those discussedsectionl.4.2.4i provide
unique morphologies thanay help to address the challenges wiingdation into clinical
successNanocomposite hydrogetse hydrogel®n any scalebulk, micro, or nanpthat
contain multiple componentsf which at least oneomponents onthe nano scal&he
termfinanocompositastypically refers to materials in whigkanoparticles are physically
entrappedn the bulk of the hydrogel matrix; when nanoparticesvely participate in
crosslinking the termfinanoparticle network hydrogéls moretypically used Both

clas®s ofhydrogelscan enable the fabrication DPDS with uniquenetworking strategies
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morphologies, anghysical propertiedepending on the choicé NP/hydrogelndthe
interactior{s) between the g and theembedded nanayticles.

Below is an excerpt from our published
Fabrication Methods for Nanoparticle Network Hydrogels for Biomedical,
Environmental, and Industrial Appi ¢ a £°Whilatsedeview extensively covers how
NNHs are desiged for use irvarious applicationsicludingas energy storageensing,
agricutural, and tissue engineering applications), the excerpt will only include the
introduction (section 1 of the original publication), prdjess (sectior), and drug
delivery aplications (section 3) sections Thefollowing sectionshighlight more urgue
architectures thahcorporade NPs in order toovercomecomplexbiological barriers
associated with drug delivergpecifically,emphasis is placed dhe contribution of the
physical andmechantal properties of hydrogelsn thedesign of the overall DS and
how their interaction with NPs can provided&tbnal benefits notliscusseavith size
and surfaceswitching NP DDS (section 1.4.2.4).

1.5.1 Introductio n to Nanocompositeand Nanoparticle Network Hydrogels

Hydrogel networks, 3D arrangementscabsslinked polymer ains thacan swell
in thepresere of watef®! have attracted considerable interest due to their utility across a
range of industrial, environmental, agricultural, and biomedical applications. A plethora
of hydrogels has been raped in the literature, leveraging the diverse options available
for forming the hydrogel networks using both difieréypes of building blocks as well as
differentcrosslinking mechasms/architectures to link thoseiloling blocks together. A

particularly popular type of hydmgel morgology is a nanocomposi(slC)
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hydrogel?°22%3in which nanoparticles (conventionally defined as particles with a size in
at least one dimension of <100 rffffare incorporated within the hydrogel network. The
majority ofexamples of such hydrogels in the literature involve the physical
encapsulation of nanopatrticles, leveraging the lspaaie size of a hydrogel to trap the
nanopartic inside the contimus hydrogel network. The inhetdtexibility around

what type of naoparticle can be incoguated nto the hydrogel phasercanlock diverse
applications in which the properties of the hydrogel phase (e.g. hydrophilicity, pore size,
etc.) can be efficientlyambined with the properties of the nanopatrticles (e.g. high
surface aea, crosslinking density, chemical composition) to create new functional

materials.

Further possibilities arenlocked in cases in which the nanoparticlessalst
participate ircrosslinking as one of, or as tbele, building block(s) of the buljel
network, in which ase thenanocomposite hydrogelisferred to as a nanopatrticle
network hydrogel (NNH)Kigure 1.12). Such structures directly integrate the functional
nanoparticle phase into the bulk gel phase and thus can lead to a serielarficdeand
functional benefits in various applications. In particular, by linking nanatestdirectly
into the néwork, the available diversity of nanoparticlesérms of size (i.ealtering
crosslinking density vifh large vs small nanoparticf8y, shape (e.g. regulating
nanocompsite conductivity baseoh using spheric8l®, tubulaf®’, or sheetike?®®
nanoparticles), and functionality (e.g. conducti®fgntibacteriaf®®magnetic®®etc.) can

be more effectively leveraged to dictate the molpby and corresponding functions of

the NNH. It should be emphasized that, while all nartapas will exhibit somdevel of
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weak physical interaction with the gattwork, NNHs represnt structures in which the
nanopaticles are directly involved in foring the network; thatsi the emoval of the
nanoparticd would result in a significant alteration of the network structure of the

material and/or (in many cases) the loss ofligel properties entirely.

Nanocomposite Nanoparticle
Hydrogel Network Hydrogel

Polymer
Nanoparticle
Interaction or

Bonding

Figure 1.12 Comparison of conventional nanocompsite hydrogels (NC) and
nanoparticle network hydrogels (NNH). In NCs, nanoparticles (grey spheres) are
physically emapsulated into a polymeric hydrogel network ¢klines); in NNHsNPs
directly participate in the osslinking of the network.

In this paper, we comprehensiyeleviewrecent progress in theesign and use of
nanoparticle network hydrogels in a solid or sewlid (hydrated) form, with solid form
aerogels considered only if such materials can #hsdeated to form hydrogels when-re
expo®d toan aqueous environment (i.e. organogels or xerogels are not considered).
Specifically, we review the gel morplogies/architectures that can be achieved with
NNHs (sectionl1.52.1), the typical crosslinking approlaes used to fabritm NNHs
(sectionl.52.2), thefundamental propéies and functional befies of NNHs governed
by their unique morphologieséction1.52.3), and the reported applications of NNHs

(sectionl.5.3, emphasizing how the NNH structure is apglieimprove the

performance ofhe hydrogel in each application.
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1.52 Properties of Nanoparticle Network Hydrogels
1.5.2.1Architecture/Morphology of NNHs

Multiple types of NNH hydrogels can be forméepending on how NPs are
incorporated within the hydgel phase and the types of NR&dto form the hydrogels.
NNH morphologies can be classfl into three key morphologieBigure 1.13), with
each morphology (and the polyréP interactions that govern theagscribed in more

detail below.

Polymer-Nanoparticle NNHs Polymer-Nanoparticle-Polymer Nanoparticle-Nanoparticle
NNHs NNHs

Plum Puddin
Polymer-Bridged Colloidal

Interlocked Hair
Nanoparticles

Legend

= Hydrogel . _ .
. = Nanoparticle
outline @

= Linear -=Nanosheet
polymer

Figure 1.13 Ar chitectures and morphologies oNNHSs.

1.5.2.1.1 PolymerNanoparticle NNHs
The Aplum puddingo morphol ogy is named &
proposed by J. J. Thompson in 1904 after the disgoekthe electron and is used to

describe nanocompositgdrogels in whichrandomly dispersedanoparticles (plums) are
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usedas the crosslinkers to form an otherwise conventional hydrogel nethdtkAs
such, the polymer matr i Xxitancomphsses the il ofthse t h e
volume of the overbkysem. NP concentrations Ve&be& shown to be as low as 0.05
w/v% in some systents® Note that the same term is often used to refer t@systn
which the nanopatrticles are physicallyrapped, rather than chemically attached, to the
gel netvork; in this context, we will discugmly structures in which theanoparticle acts
as at least one of the crosslinkers for forming the plum pudding network. Crosslinking
may occur via any of the chemicalmhysical interactions discussedsiection1.52.2.
1.5.2.1.2 PolymerNanoparticlePolymerNNHs

Polymernanoparticlepolymer network hydrogels are similar to plum pudding
hydrogels in that they consist ofma@particles whose network interactions are mediat
by polymers. However, instead of the polymer networking due to the direct
incorporaion of a crosslinking nanopaete during the hydrogel fabrication process, in
this case weltlefined polymers are grafted or crosslinked to the nanoparticles to create
the 3D network structure.

Polymerbridged NNHSs In the polymetbridged NNHmorpholay,?# a bi- (or
multi-) functional polymer terminated with specific functional groups form direct bridge
like connetions between nanoparticles. In this case, eadhoéthe polymer is used to
bridge between two nanopités, creating a spacing between tla@oparticles that is
definedprecisely by the molecular weight of the linking polymer. In this context, both
the nanoparticle and bridge polymer concentrations as well as the molecular Wéght o

bridges can toe themorphology, ranging fromcolida lraph er ry c¢cl ust er so u
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concentration ratio of linkers and/or very short linkers to bulk gels witheptiep similar
to plum pudding hydrogels usinchagh concentration ratio of linkers and/or higher
molecuar weight polymeric linkers!®

Interlockedhairy nanoparticle NNHs: Alternately, if bridging polymer is grafted
only by one end on the surface of a nanopa
subsequent i nteract i ovesewdikdarnatoe. rintetattiens A hai r s
may be driven by seHcrosslinking between grafted polymers on the surface of other
nanoparticles and/or physical irdetions (e.g. depletion interactions or steric
interactions) between the grafted polymers that prorhetassembly of the nanoparticles
in aspecific array upon setsserbly at sufficiently high concentrations.aity NPs can
be created by either fAgrafting fré&%mo the N
which the NP serves as a macroinitiatbptonote polymer chain elongationrectly on
the NPsurfacé’or fgrafting too the NP #Snmwhignore i s
the polymer chias are fully formed first and then subsequetethered to the NP surface
by coupling with surfac®ourd functional groupd821?

Althoughvisually similar to colloidaNNHs, the crosslinking occurs based on the
interactions between the grafted polymers and not between the nanoparticles directly.
Terms such agolymernanoparticle (PNP) hydrogel€?°fiit mr | ocke d® nanoge
physica gels?® and polymeispaced crystalline colloid arrays (CCA<have also been

used to describe this type of moagbbgy.
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1.5.2.1.3 NanoparticleNanoparticle NNHs

NNHSs (bot on the bulk and micrscale) can also be created usiimgct
nanoparticlenanopatrticle intexctions in the absence of amynoecting polymer. Though
the concentrations and types of forces connecting NPs together dictate the shape and size
of the NNH, two main subclasses of direct-NP NNHs have been degwed kased on
the shape and organi&at of NP utilized in the macrostructure.

Colloidal NNHs Colloidal hydrogels are NNHs formed by the direct crosslinking
andor interactions between nanoparticlesdrm a network???23This morphology can
beimaginedea a chi | dr e n 6 s nabopdrttles pre tightly packéuhtheceh t h e
is high porosity between spherical building blocks based on their curvature, with the
porosity tunable based on the size of the colloidal building block. Using two similarly
sizedparticles will increase thetierparicle spacing, while using one largad one small
particle (the latter of which can pack within the free volume betvike large NPs)
results in significarly lower porosity; as sth, customization of the colloidhbilding
block can engineer the rd8ng NNH porosity. Alternatelycolloidal hydrogels made
linking rod-like NPs (or combinations of spherical and-fib@ NPs) exhibit a more
random and amorphous matrix of interlocked NPs. In either case, thenedimof the
high inherent porositgf suchnetworks with the often weaker phigal forces used to
hold nanoparticles together typically results in an overafikagel with a high
nanoparticle conterity weight. It should bemphasized that, unlike the preusly
described morphologies in whiemy nanopatrticle could be uspavided the polymeric

components of the NNH can drive hydrogel formation given the simultaneous presence of
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a watersoluble polymer that can drive hydrogel formation, in order to faculoidal
NNH hydrophilic and/or figroscgic nanopatrticles (e.g. nanogels) need to be used as the
colloidal building blocks. The most common type of colddiNNH is produced by
manipulating the ltarge of nanogel buildgnblocks. If oppositely charge@nogels are
used, electrostatic ini@ctions drive assembly into gdrogel??? alternately, if like
charged nanogels (or a single species of hanogels are used), electrostatic repulsion
between the nanogels can also create NNHs at sufficiently higipawdinle
concentrationg?*

Meatlasagna NNHs Many NNHSs used in the electronics field in particular use
NPs (the meat) as physical stabilizers and crosshinkgents between flat nanosheets
(thelasagna noodles) to form a hydrogel. Proper and even sepavhthese nanosheets
with nanopaitle separators are vital to épgel formation as nanosheets are prone to
aggregation in the absence of a separator, in which case ilsolicin film instead of a
hydrogel would be producé®T h e s e i meaatrogbsaasealigtinguishable fro
convantional colloid hydrogels based on the order of the nanopatrticles, with the
nanoparticles 1 n fbamg mdre otdered arg fagered Wwithpesttm g e | s
the 2D colloidal building block.
1.5.2.2Networking Strategies

To assemble the above architeegimorphologies dINHs andkeep them intact
in the desired environment over the targeted period of time relevant to a specific NNH
application, the type of crosslink(s) used to assemble NNH hydrogels must hallatio

selected. It should be emphasithatany of the networking strategies discussed herein
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can be implemented on their own or in any combination deemedsaegés create the
final NNH hydrogel mgphologies discussed gectionl.5.2.1 the only exceptio is the
interlocking hairy nanopardie morphology(sectionl.5.2.12) in which polymer chains
must be figrafted too or nAgrafted fromo
crosslinking (via the mechanisms described below) or argchlchain interlocking may

OcCcCur.

1.5.2.2.1Covalent Crosslinkig

Small moleculecrosslinkingagents One of the simplest ways to create an NNH is
to use a crosslinking agent that reaetth the preexisting chemistry of thslP to
effectively crosslink neighbouring NPs together Boyd\Ps to a watesoluble polymer.
NPs can be prunctionalzed wih reactive moieties to initiate either covalent or-non
covalent bonding between neighbouring NPs and the surrounding polymer 3#fafrix.
Similar difunctional smalinolecue crosslinkers to those usedthe literature fo
corvertional hydrogel formation (with glutaraldehyd®epichlorohydrid?® being the
most common) can be used for thisgose, with the chemistry used to fotime
crosslinks dependent on both the crosslinker and Ehad¢d. However, the direct use of
swch crosslinkers to forMINHSs islimited in some applications by the toxicity of many
residual small molecule crosslinking agents that may negatively impact downstream
applications or scalap procedtes, d&least in the absence of exsare purification
protoals.

Dynamicconstitutionalchemistry Dynamic constitutional chemistry (DCC), the

use of covalent bonds that candymamically broken and f®rmed, can ao be used to
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crosslink NNHs. In some cases, such dynaesponsiveness requires the appiarabf
additional stimdulor adlitives such as temperature or pHin other cases, dynamic
network formation occurs spontaneously independent of such external Stftiik
polymers and NPs areually pre-functionalized with a particular chemistrypst
typically by functionalizing one component with a nucleophile (e.g. thiol, hydrazide
amine,cis-diols, or cyanide) and the other component with an electefdg. activated
carboxyl i c aci dynsatratddedrbomyle maleiknidd, ongl sujfoned
(meth)acrylate, oboronic acid®¥ 233 the resulting formation of hydrazorimine, Diels
Alder, Michael, or boronate ester adducts can be reverskst different conditions as
per the aplication needs of the NNH. Alternately, supramolechidstguest complexes
by which a specific |ligand (Aguesto) i
(Ahost o) can be designed to be reversi
redox conditions, light, and temperatéféThese bonds are typically mediated by
cyclodextrin, al,4-linked glucopyranoside containing a hydrophataeity. NNHs have
been created in which small molecules (e.g. adamapt&rand/or polymers (e.g.
poly(ethykene gycol), PEG$3%23"grafted to various NPs are colaped with polymer
grafted CDs; alternately, CDs can be anchored on the NP to complex with polymers
functionalized with the same grou@ynamic bonds can also in some cases facilitate
self-healing®® or selective degradatidd’ although the mechanics of such networks are
typically limited relative to other types of covalent crosslinkindntégques>>®

Free radical polymerizatianFree radical polymerization (FRR) which radicals

initiated on unsatratedmonomers and/or grafted functional groups arel tiséorm GC
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bonds, is broadly used to create both conventional and NNH hydrogels. Radicals are
most commonly generated via the temperatlrreen degradation of a thermal free

radical initiator (most commonly a persulfate, peroxide, or azioaining molecufé®),

with gelation often accelerated by catalysts and/or accelerators SUEM&DTto enale
gelation at room temperature without the need for additemeargy input**

Alternatively, hidi-enegy UV light,24?243oxidation?**?**microwave iradiation

(particularly usefuln vivosince prolonged exposure to UV can induce tissue necféis),
and gamma radiatidfY have been used to induce radical generation, often at room
temperature or without the need for explicitly added initiating species whose residuals
following gelation can pose issues in some applications. However, $dhese methds
(microwave, UV, gamma) require specific equipment thatpcee safety risks during the
gelationprocess. While forming conventional hydrogels typicakguires the addition of

a crosslinker with more than one polymerizable functional group, the nanoparticle phase
of the NNHcan itself act as the mulinctional crosslinker to enable gel formation;

small molecule crosslinkers (e.g. the inclusion of b{gfi2thacryloyloxy)ethyl]

phosphate in the fabrication of collaggp(AA-co-NVP)/Fe&0,@SiO, NNHS**®) can be

used to further enhance NNH mechanics. Chain tranafealso be used to abstract
protonsfrom the nanoparticles to link them into the networlkha absence of a

conventional polymerizable group; the nanoparticle itself can serve as both - asgaolx
initiator and a crosslinker in some cases to promote participation of the nanoparticle in the

surrounding hydrogel network®
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1.5.2.2.3Physical Interactions

A variety of noncovalent bonds can be used to crosslink the precursor payme
into a hydrogel by introducing entirely new interactions between tRs Bind the
polymers (or the NPs themsek) aad/or supplementing existing (often ai«
intermokecular forces/interactiorts® Relative to covalenthgrosslinked NNHs,
physically-crosslinked NNHs offer a multitude of benefits including the potential for self
healing and formability; however, physical crosslinks often lead to evdajdrogel
mechanicg3®

Weakphysicalinteractions Weak intermolecular forces such as hydrogen
bonding,van der Waalforces, and ppi stacking®! can be used to assemble NNHs.
Hydrogen bonding is particularly conomly goplied, leading to NNH formation via
interactionsdbetween peptide sequencées?>3polysaccharide$*?*%and synthetic polyols
such as poly(vinyl alcohol) (PVAP4256 For exampleZhanget al.demonstrated the
formation of NNHs via hydrogen bonding between the immense numbarfate
carboxyl groups on polystyrene (PS) NPs and PAA, with the strong interactions observed
enabled by thaigh surfae area of the NP$’

Electrostaticinteractions Electrostat forces can be used in several way$orm
NNHs. Oppositelycharged nanoparticles nanoged have been used extensively to form
colloidal gels with NNHIlike properties; for example, many publications from the
Berkland group have combined positively charged chitosan or polyvinyl drases
nanoparticles with negatively chadjalginate or poly(ethylerso-maleic acidjcoated

poly(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles form NNHs kased on
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electrostatic attractiofr®2°°Alternately, electrstatic repulsion between likeharged
particles at sufficiently high particle condeations wthin a confined volume can create a
bulk hydrogel stabilized by the mutual repulsion between the NP building BRI&RS,
often resulting in crystalline NNH structures if the starting NPs are sufficiently
monodisperse and attractife@ces (hydrophobic aggregation or hydrogen bonding) are
balanced with the repulsiesriven volume exclusiaf?*262

lonic coordination Chelation between (typically multivalen@xttonic species and
species with lonegirs d electrons can be used to drive crodshg, with the interaction
between multivalent metal ions and polyelectrolytes (e.g. the tridentate coordination with
Fe** and poly(acrylic acid) (PA&$®) most commonly used for crosslinking in
conventional hydrogels. The use of charged nartmtes rather than small molecule ions
can similarly be used for fabricating NNE8:2¢4For example, botpolyoxotungtate
metal clusters and silica NPs (SiINPs) have been dematetsto stabilize gelatin in a
similartriple helix state, allowing the addition afily a lowNP content to create stable
yetflexible hydrogels based on chelation interacti¢ffs.

Hydrophobicinteractions Hydrophobic interactions have also been used to
crosslink NNHSs, although hydrophobic interactions are more commonlyedppli
combination with some other crosslinking mechanism in NNH formation (i.e. using
hydrophobic interactianto enhancthe strength of or accelerate the formation of the
network);for example, the interaction betweehyargohobic nanoparticle and the
hydrophobidblocks ofa di/tri-block copolymer and/or hydrophobic domains in natural

polymers can form anchag points in the networkRepresentative examples include the
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use of hydrophobic domains in shksheet polymer to crosslink silk nanopartici¥s,
octyl-functionalized cellulose nanocrystals to crosslink long alkyl (hexyl/dodecyl) chain
hydroxypropyl méhylcellulo®e?®or t he generation of a fAhair
on hydrophobic interactions between pdiyeneNPs and poly(ethylene glycelblock-
pay(lactic acid) copolymerg!®

In situ adsorption For NNHs prepared by the situformation of the
nanoparticles in the presence of other networking components;muadal physical
interactions via the adsorption of polymers and/or otherpeatioles to thén situ-grown
nanoparticles can drive network formation. Such interactions are partiagol@dytant
int he fabrication of HfAmeat clessassaftemgowvim NNHs , f
situ on sheetike nanoparticles vigrecipitation or hydrdtermal redation reactions. In
this latter case, anionic charges on a precursor material are used to adsorb metal cations
that are subsequently reduced using a reducing agent or heated to high temperature,
yielding spontaneous formation of NPt subsequently serve as bridging sites for
hydrogel formatiort®>’-2%626’ The degree of adsorptiairivencrosslinkingachieved can
be tuned based on the compositions of bottpttgmer and NPs, the NP concentration,
the NPsize, and/or the polymer chain lengthgsed>"?58 2701 al| of which can regulate
the balance of physical interactions that form the NNH.
1.5.2.3Fundamental Properties of NNHs

The introduction of crosslinkabMPs into hydrogel matrices provides unique
properties and thus benefits compared to other NC hydrogels. In particular, the diversity

of variables that can be used to regulatedhemistryof an NNH, including crosslinking
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density, NP size, NlRIP infeENP 0 ) a nmd loy meNdne (whoi) ckdsstinking
chemistry, NP and/or pginer concefration, and the length scale of the NNH (i.e. bulk
hydrogel, micro/nanogel, thin film gel, etccreates a highly flexible platform for the
rational manipulation oNH properties for improved application performance.
1.5.2.3.1Mechanics

NPs have been physically encapsulated into NCs for decades to improve the
mechanical strength of a hydyel, as tymally characterizetiaa Youngo6és modul u:
compressive modus, elastic modulus, and/or shear sjeflos modulug>®2’* Using
crosslinkablenanopartioks adds further benefits in this context. The increased surface
area and number of subsequennding sites on NPs allows for increased local
crosslinking density relative to the small molecule crosslinkers used in traditional NC
hydrogels? typically resulting in the formation of stiffer hydrogels. The often higher
moduli of many nanopade additives (in particular solid nanoparticles) relative to
hydrogelsncreases the stiffness of the NNH tala to the hydrogel alone while also
providing functioral antifracture benefits (e.g. sdtiealing and/or improved crack
pinning)2"32"4Furthermorecrosslinking with NPs enforces a more even distribution of
NPs in the polymer matrix, minimizing or preventing NP aggregation that is typically
detrimental to the mechanical performance of conventional NC hydrdgéfsin
particular, NP aggregion in NC lydrogels often limits the maximum NP concentration
that carbe used to form such a hydrogel andstthedegree to which the mechanical
propertes of a hybgel can be effectively improved by NC formatid#?’®a problem

avoided if the NPs are caeatly or physically immobilized within an NNH. NP size has
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been shown to also affect the degree of NP aggregation (and thus mechanical strength) of
NNHs; although smaller NPs (typically <20 nm) have a higher theoretical crosslinking
density due taheir increaed surface area, they also have a higher propensity to

aggegate relative to larger NP1t is important to optimize the NP and polymer
coneentrationscrosslinking densities, and NP sizes within an NNH since each

NP/polymer combination has uniginteractions that determine the mechanical

properties. While NP concentrations most typically range froni 6.%/v% for

mechanical enhancement, some studies demonstrate that up to 50 v/v% nanopatrticle
content can be used to achieve desired nmecalepropeties while also introducing other
properties into the NNK’! Table 1.1 summarizes key papers thasgriee NNHs

primarily designed for enhanceaechanics.
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Table 11: Summary of papers describing NNHs designed to impart improved
mechanical properties overconventional hydrogels Dashes represent info that was not
cited in the paper.

) . NP . Crosslinkin NNH Control Gel .
NP Material NP Size Concentration Polymer Material g Method Morphology Mechanics NNH Mechanics
Barium Polyacrylic acid Electrostatic Elastic modulus Elastic modulus =
titanate 15 - 60 nm 50 viV% yacty - 4 Colloidal S = n
(BaTiOs") (PAA) interactions =0.3 kPa 100 kPa
Methacrylated lonic (io;l?é)szi?/z; %O;]Z?SSI;I?Z;
] . : Y coordination; p p
Oleic acid- gelatin (Gel-MA) + covalent Plum modulus =2 kPa; | modulus = 35 kPa;
stabilized 4-12nm 0.1-5 ug/mL di-carboxylated, bonding: pudding ultimate stress = ultimate stress = 21t
Fe30a4 NPs nitro-dopamine ! 10 kPa; 300 kPa;
functionalized PEG hydro_gen toughness = 20 toughness = 300
bonding Kd/m? Kd/m®
Poly(acrylamide) Hydrogen
Slll(_:a NPs 28 nm 0-3wWi% (EAAm) + _ bonding; Plur_‘n G":_:L.S -3 Pa; G":_6 - 25Pa; 268
(Si NPs) poly(dimethacrylami covalent pudding G"=0.3-8Pa G"=1-30Pa
de) (PDMA) bonding
TiOz2 NPs; 3-
methacryloxy-
T e
methoxysilane 25 nm 0.05 - 1 wt% hydroxyethylmeth- ' 9: ] G'=6800 Pa; G'=8700 Pa; 213
dipole-dipole pudding
(MPS)- acrylate) (BHEMA) interactions
functionalized
TiO2 NPs
Hydrogen
. Poly(acrylamide) bonding; Plum G' =250 Pa; G'=2750 Pa; 278
- 0,
SiNPs 100 nm 0-20vivie (PAAM) covalent pudding G" =200 Pa G" =800 Pa
bonding
Hydrogen
0..05-0.75¢g : : . .
. ) : Poly(acrylamide) bonding; Plum G'=690 Pa; G' = 6500 Pa; 269
SiNPs 9-30nm S'rﬁ‘gz 9 n’:srm (PAAM) covalent pudding G'=73Pa G" =280 Pa
bonding
Dextran-CHO
Aldehyde- (DEX-CHO) and
A . - Covalent
. ' hydrogen pudding G" =400 Pa; G" =750 Pa;
nanocrystals wide carboxymethyl bondin
(CNC-CHO) cellulose (CMC- 9
NHNH>)
Vinyl-grafted 1.3,5.7- Covalent Plum Young's modulus | Young's modulus =
5 - ) = 276
Si NPs 25nm 6 - 24 wi% tetramethycyclotetr bonding pudding =146 GPa 3.37 GPa
a-siloxane (D4H)
CNC-grafted lonic Interlocked Elastic modulus Elastic modulus =
poly(acryl- . 0 - 3 w/w% of Poly(acrylic acid) coordination; hairy = 30 kPa; tensile 60 kPa; tensile 263
amide) (CNC- AA monomer PAA hydrogen nanoparticle strength = 60 strength = 250
g-PAAM) bonding s kPa; kPa;
Hydrogen
Cellulose A
. bonding; Plum G'=400 Pa; G" G'=4000 Pa; 280
_— - 0,
nanocrystals 0- 10 wi% Alginate electrostatic pudding =100 Pa G" =200 Pa
(CNCs) : .
interactions
Covalent
Poly(oligoethylene r?ot?rimg; Plum
CNCs - 0-5wt% glycol methacrylate) by d'g . ddi G'=1kPa G'=40kPa 270
(POEGMA) _bonding; pudding
dipole-dipole
interactions
Methacrylated Covalent
starch ) ) o . bonding; . G'=1200 Pa; G' = 6500 Pa; 281
nanoparticles 20-290 nm 10 - 35wt% hydrogen Colloidal G" <100 Pa G" = 1000 Pa
(SNPs) bonding
Hydrogen Compressive Compressive
. ) . bonding; Plum modulus = 32 modulus = 49
- 0, ’ 282
Si0z NPs 65 nm 0-5wiv% Gelatin/alginate dipole-dipole pudding MPa; viscosity = MPa; viscosity =
interactions 2.28 Pa*s; 14 Pa*s
Graphene GO = Hydrogen . . _
oxide (GO); unreported: Poly(N- bonding; Elas_tlc mod.ulus Elastic modglus =
carbon CNT=10- 0-50 mg NP/g isopropylacrylamide covalent Plum =3 kPa; 10 kPa; 283
monomer - pudding fracture stress = fracture stress =
nanotubes 20 nm ) (PNIPAM) bonding; 5 kPa 35 kPa
(CNT) diameter, 10 physical
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-30 um
length

interactions

Dopamine- Pi-pi G6 =103 1
functionalized . Poly(vinyl alcohol) stacking; Plum kPa; Go =i 90 kPa;
iron oxide 107 60 nm 3 with (PVA) physical pudding Go =i@6 1| Go %8kPa o
(Fes04) NPs interactions kPa
1.5.2.3.2 MassTransfer
The pore size (also known as the fimesh

manipulated to allow for efficient and tunable mass transfer of compounds ranging from
water to small molecule pharmaceuticals to proteins through the leygriogse. The use

of an NP building block in the context of forming NNHs adds significant addition

cortrol over size and/or concentratidependentporasity in hydrogels. For example,
electrostatic repulsion between the embedded nanoparticles, whigpiagadly stiffer

than the surrounding hydrogel phase, can prevent the bulk collapse of a thermoresponsive
hydrogel phase and thus promote enhanced por§%#.286 Creating different pore

numbers and sizes in the NNH by changing the NP size caalkgofor selective mass
transfer of particular compounds, such as gases in thin film filtraggteras(e.g. where

NPs <100 nm were noted ifimprove gasadsorptiord®’ or pharmaceutical compounds in
agueous environments (e.g. in which >150 nm partiojgsfeantly inareased the release

of large payloads in one exampt€}286-282The porosity within the NPs themselves can

also be modified to further moderate mass transport; for example, the use of mesoporous
rather than solid SIENPs as the NP phasean NNH has been demonstrated to facilitate
significantly increased ion transport through the NN¥#rhe concentration of both the

NPs and plymerswithin the NNH can also be used to engineer mass transfer rates, with
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increasing concentrations of eitremponent leading to a decrease in overall network
porosity and thus the diffusion of target compounds through the }NH.
1.5.2.3.3 Swelling

The swelling ratio of a conventional or NC hydrogel is governed by the solvent
affinity of the polymer comprising the hyalyel, the crosslinker density (i.e. the number
of available crosslinking sites), and (for NC hydsls) he embedded NP concentration.
Althoughincreasingthe crosslinking density and NP concentration typically increases the
strength of a nanocomposite hgdel (at least up to a point specific to the particular NP
polymer combination used), it can greatly decrease the amount of sviledlir@ccurs in
the gel since more tightlgound polymers and the more volume taken up by (typically
nonswellable) NPs slwos the diffusion of water into the gel; in contrast, at lower NP
concentrations, NP inducqmbrosily candrive increased swelling in hydrogéf$.
Changingthe NP size affects the swelling of NNHs analogous to the trends described for
mass transport isection1.5.2.3.2 by which smaller NPs typically lead to increased
porosity and thus faster diffusion of water into tietwork28%287Alternately, by using
swellable NP crosslinkers (such as nanogels) to prepare NNHSs, further increases in
overall NNH sweling can be achieved driven by the swelling of the NPs themselves
without altering the totadensty of crosslinks within the bulk gel networkn these wys,
the incorporation of nanoparticles can break some of the traditional correlations observed
between swiéng and crosslink density, opening new opportunities in applicapacific
hydrogel design.

1.5.23.4 Degradation
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The degradation rate of NNHs crosslinked with degradable linkages and/or based
on degradable polymers and/or NPs can also be goveased on the mass transfer
properties of the hydrogeséction1.5.2.3.3. As eiher the number of NP crosslinks or
the concentration of polyen inaeass, the time required to degrade the hydrogel will
also generally increase due to reduced diffusability of the degradatiooing agents
into the hydrogef/2288such effects are particularly pronoedowvhen larger molecules
(e.g. enzymes) are responsible for degrading the nef#fbrks such, any of the
mechanisms highlighted in the swelling sectionvhich crosslinked NPs can manipulate
hydrogel swelling can aisbe used to manijate tydrogel degradation. For example,
NNHSs prepared with Rs thaincrease hydrogel porosity due to charge repulsion
typically degrade faster than their conventional hydrogel counterparts due to the increased
swelling promoted by such NP§.
1.5.2.3.4 StimuliResponsivity

NNHs allow for a multitude of different chemistries and materials to be
incorporated into a single material that can respond to different stimuli, with the
nangarticle structure of the crosslinker effectively confiningpheticular
responstrenesf the nanoparticle material to a discrete phase mwitiehydragel. For
example, crosslinking thermoresponsive microgels inside dh@ymoresponsivi situ-
gelling bulk gel phase enables local deswelling (and increased local hydrophobicity) in
the microgepha® without significantly altering the properties of the mesponsive bulk
phase, thereby altering both diffusion and affinity within only the nanopadiocteins to

tune drug release kinetié¥ Alternately, the chice of the nanopadle can be used
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directly to promote triggered responses witthe NNH. If NPs that have inherent
responsiveness to different stimuli such as magnetism, heat, pH, light, etc. are used as the
NP crosslinkers for an NNH, the NP crosslinker can also directly actuate thetipopé
the NNH upon the application of the appropriate stimulus. For example, if iron oxide
based NPs that generate heat in the presence of an oggiftetgnetic field are used as
the NNH crosknker for a thermorgsonsive hydrogel e heagenerated by the NPs can
induce a phase transitionathemoresponsive hydrogel to induce gel deswellffg?®3
NNHs can additionally offer the advantage of incorporating separate crosslinks between
or within NPs, allowing different aspects of the network toftected by different
stimuli. For example, intrdlP crosslinks may be stable in the presence of pH changes
that can break Nfolymer crosslinksl’?%°reaulting in the triggered release of
nanoparticles over time frothe NNH?2%
1.5.3 NNHs for Drug Delivery

Hydrogels are ideal materials for drug detivdueto their controllable porosity
and hydrated interface that maximizes cargo uptake and minimizes protein adsorption, the
latter of which also minimizes the potential for inflammatory responses. NNHs allow fo
further customization of hydrogel properties, in particular the ability of NNHs to tune
local network crosslink densities and thus customize diffusidrrelease profiles, add
physiologically relevant degradation pesisivity, and/orncreas hydrogeldrug affinity
and efficacy?*® Table 1.2 sunmarizs dfferent strategies to use NNHs for drug delivery,

categorizing the utility of the NNH in each case based at least one of five key factors.
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(1) Engineering diffusional release profileddodifying the densit of
crosslinkers or nanoparticle anchors within the NNH will change the porosity and
swelling of the hydrogel, ulodusmattreanys proergtud
through the NNH%>2%As such, the absption of water inb thematerial fays a
significant role in the passive loadimndsubsguent entrapment of watepluble drugs
within hydrogels. A highly crosslinked network leads to lower encapsulation
efficiency/drug loadings the water soluble drug has limited space to diffuse ietgeh
however, due to the smaller pore size, slower drug release is ob&&riTé. locally
variable crosslinking densities within NNHSs in this contefkér potential for enabling
both higher drug loading (by engiréng the pore statureof the hydogel) as well as
sustained drug delivery dites (by manipulating nanopartictdrug interactions and/or
tuning drug partitioning between the nanoparticle and bulk gel phases), the latter
particularly relevant to reducing the burst release typically obsenith hydrogel$° As
an example of pore structure engineering, high drug loading efficiencies were obtained
with hybrid polyaptamegraphene oxidaydragels (PAGO) developed by Kim et al.,
whi ch exhi be stlile@intemalniotphdogy is which the GO aligned the
polyaptamer chains. hE resilting decrease in the tortuosity of the network increased the
water uptake by ~700% by enabling ponediated permeatiosimultaneously
increasing drug (Kanamycin) access to the specific polyaptamer lgirsgiguence and
ultimately drug loading and retention of the NK¥As an example of engineering drug
partitioning, Nagaet. al demonstrated the use ofveo-stage drug release system based

on NNH formation between &ilmicrofibrils andsilk nanopartioks wherein the inclusion
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of the nanoparticlphaseachieved a secondary significantly sustained release period

compared to that achieved with the silk fiber phase alBigeie 1.14).24 In Table 1.2,
examples | abel ed as fiNet wmovhich drigs drelaagedhe nt 0 r
nonspecifically into the NNH network polyme:]
Entrapment 06 repr esentdetimms enw the manopahiclecphased r u g s

of the NNH specifically.

C;llk nanoparticles

o
: Assembly and o

gelation by ethanol

ilk molecule in solution

I Hydrophobic block

WA Silk microfibril
2 Hydrophilic block © O Dyes

Figure 1.14 Silk nanoparticle-polymer NNHs can demonstrate two drug release

profiles. one burst release of drug entrapped within the network itself and one

controlled release based on drugs entrapped in the nanoparticle phagelapted

from Numataet al, 2012(ACS Publication}?**

The wok of Hu et al.on optimizing the porosity and crosslinking density of an

NNH fabricated based on thermoresponsive poligdbropylacrylamide) (PNIPAM) and
polyacrylic acid IPN nanogel #oidal building blocks representa good example of how
diffusional profiles in NNHs can be manipulated via NN#rication. Since this IPN
nanogel design does not macroscopically collapse at the LCST (as a PNIPAM hydrogel

would on its own), the temperatudiredependent NNH can maintain high porosity to

promote hidper cumuhtive drug relase; almost 80% release of drug can be released over
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~30 hours using the NNH, whereas bulk gels based on PNIPAM that undergo thermal
collap could only release ~20% ofkttota loaded dug over the samgeriod?85-286.:297
By decreasing the size of the large pores between the cgHeNPAM nanogel building
blocks (by mixing nanopatrticle sizes that are better able to pack) or decreasing the
number interparticle spaces (by tight packing with a higher wt% of nanogels and/or
smallernanogels)the same NNH could extend its release to over ~80 hours while still
not undergoing a significant bulk collapse event at physiological tempeféture.

(2) Introducing chemical affinity gugps tocontrol release: Nanoparicle
morphology or functionalization can be used to introduce chemical or phgffinity
groups for drugs to NNHs without substantially altering the structure (and thus diffusion
properties) of the bulk hydrogel phase. Dgpgecific interactions with the nanopatrticle
phase can bbtincreas loading efficiency as well as fistane the drug release rate. This
strategy is particularly useful for loading hydrophobic drugs into a porous néolpas
NPs can offer a highffinity region fa hydroplobic drugs to bind within an otherwise
highly aqueous environmefi2 For example, hydghobicco-polymer nanoparticles
within microgels developed by Matos Fonsetaalwere able to enhance the loading and
slow the release of ketoprofen, a hydrophobic drug; however, reduced drug uptake was
achievedvhen hydrophilic comonomers were introduced within the nanoparticle phase or
when fewer nanoparticles were incorporated into the microgel nefff@Bkth the
nanoparticle phase and thelk gel phaseseparating the m&orked nanoparticles from
the outside environment can also reduce drug exptsusédatve or enzymatic

degradation to maintain drugs in their biologically active form for a longer period of time,
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typically either via the formation of a dynamic bond between the drug and the
nanopaticle ard/or via physical encapsulation of the drug within the nanoparticle used to
form the NNH239:250.2%% ey papers in which chemical affinity is applied fhancing
NNH-based drug delivgraredenoted infable 1.2as mMdNmar t i cl e Entr ap me
drugs are primarily loaded inside the nanoparticte) ofidgatinc | e Sur face Af fi
drugs are primary loaded on the surface of nanopatrticles).
The work of Akiyoshiet al.in designing drug delivery nanogels based on the self
assembly of ~1% cholest#functionalized pullulan represents an excellent example of
the potential to tune drug release by engineering nanopattiageaffinity. The nanogels
on their own can work as hydrophobic dregrrias based o their internahydrophobic
domains generated by cholesterol sa$embly® However, in soluibns with high
protein concentrations (e.g. blood), proteins will penetrate and exchangeenitituth
cargo, resulting in triggered release and ultimately degradation of the nanogel. By
functionalizing he nanogls with acryloyl groups and crosslinking them together via
Mi chael addition with thiol functionalized
c | ust ewas formédithat was demonsedtoprevent sah protein exchaye,
thereby increasing nanogel héfe 15 fold and thus sukentially prolongng therelease
of loaded I1l-:12 (Figure 1.15). Delivery over an extended period from a protechivéH
prevents rapid I£12 releasén vivoand thus suppresses the associated side effects of high

IL-12 levés in theblood 215301303
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Figure 1.15:A Araspberry c | u<ridged NNHdniwhiehtche pol y mer
PEGSH terminal groups bond neighboring CHPANG microgels tgether to form

an NNH-based drug delivery vehide. Figure adapt from Hasegawat al, 2019

(Elsevier)30?

Charge affinity domains can also b&ed ¢ engineer release profiles. For
example, we have demonstrated that hydrafzidetionalized acrylic acidNIPAM
copolymer nanogels covalently crosslinked within an injectable hydrogel formed by
mixing hydmazidefunctionalizedcarboxymethyl cellulose and aldehyfiectionalized
dextran enable substantial prolongation of the release of the cationic drugchinmva
compared to the hydrogel network alongbysically entraped nanogels of the same
composition, théatter of which could undergo thermabllapseupon heating to increase
local free volume within the network and thus promote diffudiased drug releasg

(3) Enabling triggered degradation and/or drug releasghe potential to
incorporate differen  A's ma r t 0 into drug pladivery vehides that respond to
different physiological microenvironments or external stimuli via NNH design is also
beneicial for drug delivery’®¢2°*NNH structuresan enable the gorporation of
responsive elements into thgdrogel without altering other faxable @mponents of a
hydrogel for drug delivery, helping to prevent-tdfget release of drugs while promoting

degradatio and release in targeted environments such as tumors:rskgtinsive

nanoparticles caalso be incorporatefdr their benefits in controlling drug release while
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avoiding some of the drawbacks of using the nanopatrticles alone (e.g. uncantrolle
aggregation following triggarg). For examie, Zhaet al.reported the fabrication of a
colloidal NNH kased on the electrostatic attracthmtweeroppositely charged
amphoteric gelatin and anionic polydopamine nanoparticles that enable triple responsive
properties’?® Upon injection, the acidic microenvironment of a tumour induces charge
switching n the gelatin nanopicles from anionic (pH >9) to cationic (pH <9),
introducing charge interactions with the negatively polydopamine nanoparticlemta for
colloid hydrogel depot for doxorubicin (DQXelease at theimour site. As the
environment become moeeidic (from pH 7.4 to 5), more pdisie charges are generated
within the gelatin NP that can compete with the electrostatic interactions between the
anionic polydopmine nanopatrticles and the cationic DOX drug, promoting its triggered
release outfathe NNH depot (from-25% to 60% over 100 hours); concurrently, the
higher localizedMMP concentration in tumour microenvironments induces enzymatic
brealdown of the gelatin nanopatrticles to furthecrgase total DOXelease (from ~30%
to ~70% over 7 days) hyromoting degradation of the gelahtiPs. Thegelatin
nanoparticles also are thermoresponsive and can be triggered via externally delivered near
infrared (NIR)radia i on i n a series of six short sess
faster DOX elease (from ~20% te60% over 25 h).

The ability of different parts of the NNH to encapsulate different types of payloads
can also be exploited to enalfeedbacicontrolled triggered release. Fowmeple, by
encapslating glucose oxidase (GQm the hydrogl phase to catalyze glucose

converson to duconic acid, the local pH inside an NNH can be reduced to induce
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hydrolysis of an ethoxypropemeodified dextran NP core and subsequent release of the
insulin loaded in the nanogels for enabling feedbaglated diabetes trapy?%° Such
feedback systems can ensure drug release only when necessary while preventing burst
release of potentially toxic drug¥ Various triggers for olemand drug releaseom
NNHSs are lised inTable 1.2

(4) Promoting longterm biobgical penetration and size switchingimed
degradation of the NNH can further be engineered using dynamic bonds within the
network?38 offering potential for a secondary drug release profile and/osssitehing
targeting upon the release of tm@noparticle componer® Biomedical applications such
as drug delivery to the brain or into tumors can benefit from size switching materials that
are delvered in NNH form (taking advantage of the daable antifouling properties of
hydrogels) but then degrado release the nanoparticle compangho® small size can
better penetrate into tissues. For example, we have recently demonstrated the use of
starch nanoparticle (SNP)/carboxymethyl chitosan (CMCh) NNHs formed via dynamic
Schiff base crosslinkinfpr enhancing nost-brain drug delivery using such size
switching propertie$?* Stach-basechanomaterials havareviously been seeasa
promising deliverysystemgiventhewell-establisheadytocompatibilityof starch
Howeve, native starch ishallengirg to scalably and consistently procest
nangarticlesdue to is granular crystalline structure thmaikes itdifficult to chemically
functionalizeand/or incorporate to a multiscale delivengystem(such as an NC or
NNH gel). However,SNPsformed through a higkemperature extrusion process

overcome these limitationsesuting in primarily amorphous starcfior more faile
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functionalization thathave thepotentialto penetrate through dse biological matces
due to theithigh compressibilitlandsmall sizg(20-50 nm).3*43%5In these contextshein
situ gelling bulk CMCh/SNP enables good retention and mucoadhepmmspraying
into the noseAs the méerial degrade via hydrolysis, thesmall <50 nmSNPswere
releasedtranspotedthrough the nasal epitheliymnd ultimately to the braia the
trigeminal and olfactory nerveshusfacilitating local delivery of antipsychotic drugs
over longer time periods following a single intranasal sprayb(8ays) with fewer
systemic side effect&igure 1.16).2°*Improved efficacy is due to thmaulti-scale system

design and favorabphysicahemical properties of nanoparticidaarch.

20 +Free PAOPA
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Figure 1.16: An internasal plum pudding NNH spray based on carboxymethyl
chitosan and oxidized starch nanoparticles (SNP£x20 nm) crosslnked via Schiff
bases. The SNPs were loadewith the antipsychotic peptide PA@Rnd wereeleased
over time as the Schiff base degraded in the moist nasal cavity, enabling delivery of
PAOPA to the brain to sustain therapeutic efficacy atéeast 3 days following a single
spray. Figure adapted from Majclegral, 2020 (Elsevier§®*

In any ofthese cases, iheuld be noted that the requirement to avoid cytotoxicity

places restrictions die types of polymers and (in particular) nanoparticles appliéca
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for NNH desigr®® as well as the types of crosslinking methtids can be sed3°:29%05

relative to other applications previously discussed.
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Table 1.2 Summary of
provided in the paper.

papers describing drug delivery applications of NNHsDashes represent information that was not

S . Release
. . NP Polymer or Crosslinking NNH B Swelling Drug . ¥
NP Material NP Size Concentration Crosslinker Material Method Morphology Gel Delivery Delivered Drug Loading S':t’irrﬁzllﬁls
Chollﬁlsljtle;r?l(-gsgglng ~28nm Polymer- Nanogels Network and
_pullt - and 0.5-4 wiv% PEGDA Photopolymerization ~oly (~47-107nm) - FITC-Insulin Nanoparticle Controlled 300
functionalized with acryloy! ~43nm bridged NPs or Macrogels Entrapment
groups (~28%) (CHPOA) 9 P!
Pullulan with ~1.4% ARaspbe
cholesteryl groups 0.8 w/v% Four arm thiol- Michael addition of Polymer- Cluste Rhodamine- Network and
functionalized with acryloyls | ~10-15nm CHPOA, 2w/v% functionalized PEG CHPOA to PEGSH brid )(/ed NPs Nanogels - labeled IL- Nanoparticle Controlled 215301
(CHPOA) or acrylates CHPANG (PEGSH) g (~50-150nm) 12 Entrapment
(CHPANG) or Bulk gel
Polydopamine (PDA) ~124nm 1.5 wt% Thiol-functionalized Michael-type addition | o, pudding Bulk gel ~25-35x Dimethyl- Nanoparticle Controlled 306
hyaluronic acid reaction oxalglycine Entrapment
o . . Polysuccinimide(PSl) /
Agln:e;:n;figza\(lggj Polyaspartic acid and Amide bond between Porous (~200- ~0.1-1.5x , Entr':em/gr:fand Controlled,
grap . ~0.001 wiv% poly(acrylamide-co- GO-NHz and PSI Plum pudding 500nm) bulk pH Curcumin P N Responsive 215
nanosheets embedded with h N h Nanoparticle
; acrylic acid) IPN, NMBA chains gel dependent e (pH)
various metal NPs . Surface Affinity
crosslinker
Network
Aldehyde- functionalized 90 . o O-Carboxymethyl Schiff Base between . -0 B PAOPA Entrapment and 204
starch NP 20-50nm 5-35 wiv% chitosan aldehyde and amine Plum pudding Bulk gel 0.5-6x peptide Nanoparticle Controlled
Surface Affinity
Amino- functionalized .
Amide bond between . Controlled
CoFe203 and Fe304 ~60-80nm, ~0.375-0.75 Carboxymethylcellulose . re Doxorubicin, Network S 231,292,307
magnetic NPs or titanium ~20nm wt% or Hyaluronic acid NP-NHz Slnd HAor Plum pudding Bulk gel 10-25x toluidine Entrapment R’aspons!ve
oxide CMC (Magnetic)
Hydrazide-functionalized Hydrazone
) poly(N- Aldehyde-functionalized | crosslinking between ' ~0.8-1.1x, N Network Controlled, 203
isopropylacrylamide)- ~10-20nm ~12 wiv% Plum pudding Bulk gel time Bupivacaine Responsive
. dextran aldehyde and Entrapment y
coated superparamagnetic hydrazide dependent (Magnetic)
iron oxide NP (SPION) Y
Hydrazide-functionalized 85 g?l;iiyrﬁ-e%r;?téoeﬂillgseg cross'l—i'rilgiﬁg(t’;?ween Bulk gel Nanoparticle
e ~85- o i I 02 . ’ 21
acryllcmzia;lglzll\;lPAM 460nm 4 wiv% and aldehyde- aldehyde and Plum pudding ﬁ;trimgg 0.3-1x Bupivacaine Entrapment Controlled
9 functionalized dextran hydrazide 9
Hydrophobically
modified hydroxypropyl- Hydrophobic Bovine "
~50- . ) Interlocked Network and Dual Profile,
SIS I PESIPLA | s, | dowes | oreivesliose || metonsand | ™| e || | Naopande | Shorand’ |
~100nm Yy N nanoparticles ! Entrapment Controlled
and adsorption Red
carboxymethylcellulose
80 Low pH-induced Nanogels Nanoparticle Controlled,
: ~80- o . h " - ! 208
Zein NPs 120nm 0.5 w/v% Pectin hydroph_oblc Plum pudding (~100-300nm) Doxorubicin Entrapment Responsive
interactions (pH)
Graphene oxide (GO) ~0.008-0.032 Oligo A sequence H Polymer- Kanamycin Emr';exvgr:f and
P ~90nm : : ssDNA polyaptamer and pi-pi bonding bridged Bulk gel ~6.5x 4 pment Controlled 22
nanosheets wiv% . A and F- Nanoparticle
with GO surface nanoparticles . o
Gentamicin Surface Affinity
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Hydrophobic Rhodamine Network and Dual Profile,
. . ) . ) . Porous Bulk B, Texas - 214
Silk NPs ~175nm 0.01% w/v% Silk Solution interactions between Plum pudding ol - Red Nanoparticle Controlled and
regions of silk sheets 9 Al - Entrapment Burst
uorescein
Temperature- APl um
Triblock polymer of tBA- induced% drophobic Interlocked Bl ossom Network and Controlled,
poy! ~0.8-1 mm 4-10 wt% None uced hycrop hairy gel made of - Doxorubicin Nanoparticle Responsive 309
pNIPAM-tBA (PNAX) bridging of NIPAM icl NP clust
blocks nanoparticles clusters Entrapment (Temp.)
(~0.8-1nm)
e
Polyacrylic acid (PAAc) and 110 ) dextran Controlled,
poly-N-isopropylacrylamide 110 2.5-8 wt% PAA temperature Colloidal Bulk gel made - (40k-2M Network Responsive 286297
155nm dependent of NP clusters Entrapment
(PNIPAM) IPN . - MW), and (Temp.)
interparticle
X BSA
potential
Poly-N-
isopropylacrylamide-co- ~76- Glutaric dialdehyde (for o
B . 2 ) Covalent crosslinking Polymer- Labeled Controlled
allylamine (PNIPAM-co- 186nm o allylamine), apidic acid - - - Bulk gel made e ~ Network ) 285
allylamine) or -co-acrylic and ~210- 10 wi% dihydrazide (for acrylic V|artr11|(f)l|‘|enccut||:nal na:(gldgr?ictj:les of nanogels 5-17x diﬁa’\r/]lﬁ)k Entrapment Rez_srgtr)nns;ve
acid (PNIPAM-co-acrylic 320nm acid) p p-
acid) IPNs
Poly (N- ~0.2-1.6x,
. ) o Polymer- Controlled,
isopropylacylamide-co-2- 3.7 Wi% Divinyl sulfone (DVS) Covalent crosslinking bridged Bulk gel temperature 5- . Network Responsive 310
hydroxyethylacrylate) with DVS nanoparticles and pH Fluorouracil Entrapment (pH, Temp.)
(P(NIPAM-HEAC)) nanogels P dependent pA, p.
Polyphenylboronic acid ol F[:?;;Zg;g; of Polymer- r': |_|| Ok ne eéy—cp ~10-310x, Network Controlled,
(pPBA) nanogels with St, ~194nm 4.2 wt% MBAAmM and AAm pol ymers from NP bridged Crystalline glucose Insulin Entrapment Responsive a
DMAEA and MBAAmM poly nanoparticles Ty dependent P! (Glucose)
seeds Macrogel
. . ~340nm ) Network and Controlled
Alginate and chitosan- 20 wiv%, 1:1 NP electrostatic X " . - 260
coated NPs and NP ratio attraction Colloidal Bulk gel - Insulin Nanoparticle Responsive
~293nm Entrapment (Glucose)
Calcium- enriched Nanoparticle
CaCOs porous microparticle ~4-6mm ~2.5 wiv% Alginate release of NP for Plum pudding Bulk gel - Ibuprofen Entrap ment Controlled su
ionic crosslinking P!
(pol;i_inGy/I\z;Ew\i/:eTand ~144nm 10-30 wt%, 3:7
to 7:3 NP electrostatic ) Bulk gel made Dexamethas Nanoparticle 261
PLGA- and cationic:anionic None attraction Colloidal of NPs - one (DEX) Entrapment Controlled
PEMA(poly(thyelene-co- 181nm NP r.atio P!
maleic acid)) NPs
. Network Controlled
. ) NP electrostatic i
Gelatin and polydopamine ~113nm, . o . Ny . . . Entrapment and Responsive 223
NPs Z96nm 5-15 wt% attractll)on (Il_'r;duced Colloidal Bulk gel Doxorubicin Nanoparticle (pH, Enzyme,
Y P Surface Affinity NIR)
Mesoporous silica (MSN) _ . i
and polyamidoamine &187’3"] Poly(ethylene glycol) 3\2::;6[’%?;\52251 Polymer- Isoniazid Network and Dual Profile,
dendrimers (G3) and ! 5-20 wt% G3 diglycidyl ether (PEG- Y bridged Bulk gel ~0.35-0.5x and Nanoparticle Controlled and s12
N ~146nm NPs and PEG-DGE . ; .
dendrimer- templated Ag DGE) nanoparticles Rifampicin Entrapment Burst
G3-Ag ends
NPs (G3-Ag)
Poly[N-
isopropylacrylamide) or . Controlled,
Silica ~12- 5-20 Wt% vinylpyrrolidone -co-(3- Siloxane bonds and Plum pudding Porous bulk ~18-42x Caffeine Network Responsive 272288
h hydrogen bonding gel Entrapment
218nm methacryloxypropyltrime (Temp.)
thoxysilane)]
Iron oxide (Fe304) (MNPs), C terminus of Labeled Network Controlled,
Nap-GFYE peptide ~52nm 0.5-3.5 wt% peptide binding Colloidal Bulk gel --- dextran (10k Entrapment Responsive 818
nanofibers affinity towards MNP MW) P! (Magnetic)
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1.6 Thesis Objectives

Creating new andhoreintricatebut still scalabe architectures of nanopatrtiele
based drug delivery systems creates more opportunities to deal wittnipéex natce
of treating diseases in the personalized medicine landddapearchitecturesan
creatively be synthesized by combining our knowledgezef and suface switching
nanoparticlegand what nanoparticle properties are most appropriate at different points
along the delivery pathwayyith nanocomposite/nanoparticle netlwdydrogelsThis
thesis is focused othe synthesis, structure, and étion ofi n a n 0 a s sirewhibhl i e s 0
small nanogelare used as building blocks to foemarger nanogedrosslinkedvia
dynamic bonds to triggdroth nanoparticle andrug releas@ a variety of avironments
Depending on the design, inner (smaller) nanogélither be encapsulated in the
larger nanogel matrix (hanocomposite)doectly participaten the crosslinkingof the
overallnetwork(nanoparticle network)l'he smallnanogés used herein arstarch
nanoparticles (SNPs) provided by EcoSynthetix leneraging the favorable sie 20-
50 nmmgor size fraction), amorphous structeabling effective chemical
functionalization, and significant water conteEachSNP-basechanoasembly
descibed inchaptes 21 4 wasrationally designed for a particulaisease target with a
defined release trigger and mechanjsvith eachnon-SNP precursopolymer and
crosslinking chemistry carefully selectedaimphasize the biological baars thateach
nan@ssembly desigaimsto overcome anthe improvements théihe nanoassemblies

have over SNNly and free drug contralBmprovementsill be validatedbothin vitro
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andin vivo, where applicald. Each chaptein this thesis is devoted to a different

nanoassembly design.

Chapter 2 highlightanNNH-based nanoassemldgsigned taleliveranti
psychotic drugso the brain after IN administratiofihe nose is a promising route of
administration as it avoids thew-permeabity bloodbrain larrer by targetingnerves
located at the back of th@sethatprovideadirect pathvay to the brainHowever, the IN
route introducesew biological barriers such as the nasal muensthe respiratory and
olfactoryepitheliathat mus be traversedSpecifically, thisnanoassemblwasdesignedto
deliverhaloperidol (HP), mantischizophrert drug thatis poorly water soluble and thus
exhibits poor bioavailability when delivered systeally (degite its ability to bypass the
BBB). These nanoassembliegereinitially designedo bemucoadhesie (i.e. toincrease
residene time in the nose by sticlgrto the nasahucosa) mucopenetrate (i.e.to
improvepenetration through the denseicis layer to eventually reach the nasal
epthelid), andtravese the nasal dghelium (i.e. entry to the braimia endbcytosis into
nerves at thposterior of thelfactory epithelia) Carboxymethyl chitosan (CMCh) has
been previouslyeported as mucoadhesive; amines on CMCh could crosslink with
aldehydes on SNRs/drophobted with octenysuccinic anhydridd SNROSA-CHO) to
form a nanopatrticle netwoltkydrogel that could adhere to mucus to increase residence
time inthe noseNamassembliswere mades SNPs and CMQRere crosslinking
within a watefin-oil (W/O) emulson to ensure a gel within a defined droplet size.
Dynamic light scatteringdILS), nanoparticldracking analys (NTA), andtransmission

electron microscopyTEM) was usedo probe the nanoassembly size as well as
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investigate the effect of nanogel formatiorthie droplet comared to emulsified, non
gelled SNPs. The release rate of hal@mifrom iminecrosslinked nanoassemblies was
tracked in the acidic environmeuoitthe n@ein vitro, while the pharmacokinetics and
pharmacodynamics of HR vivowas tacked by the locomotion of rats over time after
intranasal injection of free HP, SN#hcapsulatd HP, or HP loded intonanoassemblies.
NanoassembliesnprovedHP efficacyfor more than 4 h compared to control, whereas
nonasserbled SNROSA-CHO showed no diffeance after 1 h-urther, nanossemblies
had greater mucopenetration as deterchimgfluorescent biodistribution studies,

suggesting their improved PK and Pfilesin vivo compared to noiassembld SNPs.

Chapter3 describes the formation ofNC-style nanoassembbjesigned to
address theonflicting size and surface chemistry requiremémtshe systemic delivery
of anticancer therapeuts tosolid tumors.Specifically a nanoassembig designedhat
hasa rdatively large siz€1007 200nm) for improvedcirculationthatselecti\ely
switches to a smaller size (<50 nm) in t@cer microenvironmefdr improved
traversal through the deeECM. Tumortargetingchondroitin sulfate (CS) was
functionalzedwith thiol groupsto form disulfidecrosslinked nanogels that could
physically encapsulate SNiPsthe presence of a gelatemplated withira similar W/O
emulsionusedin Chapter 2DLS, NTA, andTEM thoroughly characterized thesiand
surface properties of nanoassemblies to ertbat@roper size could beachievedunder
different biological conditions asecessary for systemic drug dehyfter loading
doxorubicin (DOX)i awell-documented anttancer therapeiati therelease rate of

DOX-loaded mnoassembliesastracked over time in the presencegbitathione (GSH),
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adisulfide-reducing peptide that mverexpressgin manysolid tumorsin vitro toxicity
experimentscreened the potential efficacy of D&daded nanoassemblies intba@olon
carcinoma (cancerousha human fibroblast (neoaneraus) cells. Finallyjn vivo
efficacy was tested in tumdearing mice by measuag tumor g&e over timewith the
drugloadednanoassembly showingduced tumor grotli compared to drug¢paded,
nonrassembled ISPs Histologywas used to assetfge pharmacokinetic profile/ofarget
toxicity of DOX-loaded nanoassembljeonfirming increasd tumor toxicitycompared
to nonencapsulated SNRsdreducedff-target cardiotoxicitcomparedvith free

DOX..

Chapterd describes nanoassemblgimingto combine tle size and surface
switching benefg of nanoassemblies outlined in Chaf@eiith the benefits that en
demand release systems have in maintaitiiagherapeutic windovin vivo. Specifically
nanoasembliesvith NC archiectureswvere designed vidynamic cosslinkingthatcoud
ensure the large (100200nm) nanoassembly size for improved circulation before
transientlyindudng size switching byde-crosslirking in thepreence of an exgenous
stimulws. Poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMAB
crosslinkedw it -tyclodextrin(CD) via supramoleculahostguestinteractions that can
beselectively decrosslinked at increased temaenes induced fromexternal souwes
such as high intensitfypcused ultrasauwd (HIFU). Nanocompsite nanoassembliegere
formed similarly to th&V/O emulsion described previous chptersbut with POEGMA
and CD aghenanogelmatrix physcally encapsulating thBNPs. The sizes of a small

library of nanoassemblies (n = Mgrecharacterized with DLS, NTA, TEMand a
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fluorescencébased assay at different temperatures (2666 temperature; 37°C,
internal (normal) body temperature, and 42°C, heated ultnalsé thermal ablatiom
tumor emperaturejo assess the thermoresponsivity of each formulafioaloading and
release profiles dDOX from the fourmost promising formulationsere thertested in a
variety of HIFU environments, notably when HIFU was applied througiiieabm that
mimics the acoustipropertie®f soft tissuesConfocal microscopy oBD and 3D(i.e.
tumorlike morphology)colon carcinma cellculturesshowedthe penetration capacity
and efficacyof nanoassembliesther in the presence or absence of HIRlith HIFU-
apgdied nanoassemblies penetrating tighand killing tumor mimics more effectively

than in the absence of HIFdie b the increased redse of penetrative, ultrasmall SNPs.

Chapter 5 summarizes and concludes the research findings of each of the previous
chapters and theimplications on the broadéeld of size and surfacewitching

nanoparticle drug delivery systems.
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Objectives:

To design and characterize a nanoassemblyi(Z8D nm)crosslinked between
carboxymethyl chitosaand hydrophobic, aldehydanctionalized starcmanopatrticles
for delivering hydopholic antipsychotic drugs through the nose. To outline how
crosslinking and emulsification affects the size, distribution, naggly, and
hydrophobicity of nanoassemblies. To test the efficacy @tdlition of drugloaded

nanoassembligs vivo.

Author Contributions:

Nanoparticlesynthesis, nanoassembly synthesis and characterization, drug loading,
release, 20n vitro studies, andh vivowork was completed by Matthe@ampealn vivo
studies were by Andrew Lofs and aided bfzrica Winterhelt Erica Winterhelt further
acquired the data for drug delivery, as well as acquire and analyze sprayability data.
Kevin Gulo and Ann®asatskaya aided in timaking of nanoassemblies and collecting

characgrization data.

123



Ph. D Thesisi Matthew Adrian CampeaMcMaster Universityy Chemical Engineering

Starch Nanoparticle/Carboxymethyl Chitosan Nanassembliedor Intranasal

Delivery of Anti-psychotic Drugs to the Brain

Authors: Matthew A. CampedAndrew Lofts? Erica Winterhelt, Kevin Gulo! Anna
Basatskaya,Todd Hoaré’

Affiliations:

! Deparment of Clemical EngineeringylcMaster Univesity, Hamilton, ON, Canada,
L8S 4L8

2School of Biomedical EngineerinlylcMaster University, Hamilton, ON, Canada, L8S

4.8

* To whom correspondence should be addredsedretr@mcmaster.ca

Abstract:

Delivering antipsychotic drugs intranasally (IN) shows promising benefits over
systemic delivey by avoiding complications associated witlossingthe bloodbrain
barrier (BBB), increag the bioavailability of the drugnd improng its efficacy while
reducing offtarget toxicity To effedively use this pathway for proloed drug delivey,
vehiclesare required that canitially adhere tdhe nasal mucosa but theansport
through the mucosahe nasal epitheliunand ultimately to the brairHerein,we descibe
a nanogl-based nan@asemby with the capacity tewitch its size from 150 nm to 20 nm
under intranasal conditions deliver a model anpsychoticdrug (haloperidol, HP) to the
brain. The nanoassembly wiabricatedby imine crosslinking beveen caboxymethyl

chitosan(CMCh) andhydrophobzedaldehydefunctionalzed starch nanparticles (SNP
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OSA-CHO) within a waterin-oil emulsion. Nanoassemblies could efficiently load HP (up
to 80% encapsulation efficiepy release up to 55%f the drugn nasal eptelium
simulated conditbnsover5 days and showedjoodcytocompatilility with striatal and
nasal epithelial celldn vivo, HP-loaded nanoassemblissppressedat locomotiorfor 4
h relative to normal rat behavidonger tharENPOSA-CHO-loaded HR2 h)or free HP
(3 h)dosed athe same drug concentratiddiodigribution resuls siggest that
nanoassemblies are mucopenetrative widle SNROSA-CHO are primarily
mucoadhesivegorrelating with the improvedatalepsy duration achieved with the
nanoasseblies These results, agledwith flexibility of the small nanoparticle
componenbf the nanoassembfgr delivering diverse drug payloads, suggest the
potentid utility of mucoadhesive nanoassemblies for IN drug delivery.

Keywords: nanogelassemblyintrarasal, antipsyctotic drugdelivery, mucoadhesn,

muaopenetrion

2.1 Introductio n
The treamment ofpsychiatric disorders such as depression, bipolar disorder, or
schizojmr eni a, neurodegenerative diseases such
othercentral nervos system (GIS)-related diseases (e.g. braancey is challenging
based on the role ¢iie blood brain barriglBBB) limiting the diffusion of relevant drugs
into the brainThe BBB is a selectively permeable membrane containing tigny
junctions andew pinocytotic vesiclesresulting inlow non-specific cellulauptake)*?<
2% of small molecules and < 1% of macromolecalesthus able to crosise

BBB.3*Administering drugs intranasally (IN) has recently been explorechas-a
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invasiveway to avoidthe BBB aml improve drug efficacin 4 major ways’ (1) the nasal
epithelium contains olfactory and trigeminal nerve pathways that serve as a direct, BBB
uninhibited route to the CN&lltimately increasg thebioavailability of CNS drugs

while decreasig potentihoff-target effect$:’ (2) the resal epithelium hasigh

absorption rates due to its high vascularization and permealidityakyintercelluar
junctions® (3) the nasal epithelium has a high mucus cortteattcan bindirugs and/or
drug-nangarticle @®mplexesand thus retain thein the nose rather thdraving them
clearvia circulation® and (4)IN delivery avoids other circulatory complications of drug
delivery such as phagocytotic degradation, hepatic drug metabblisation through
kidneys, ad gastrointestinal degradatihDespite these advam@s,IN delivery of CNS
drugs requiresvercoming othebiological barriers in the nosecludingthe thick,
hydrogetlike mucus layerifi which drugsmust first be retairgin priorto penetrating
through to reach downstream targets), the basal epithelial kdngestfuctural surface of
the nasal tissyeand ultimately, nasalassociated neuromsdthe olfactory bulkio

eventually transport into the brain

While moderately hydrophobicsmall molecule drugs can transptrtoughthese
barriers,nanopartite drug delivery systems (NP DDS®E increasingly being
investigated in this contexXtiP-based drug delivergystems can be engineered with
different size and surfaaemistriedo navigae throughthe numerous barriers in the
nosewithout altering the structure or function of the loaded theraplitgoromote high
retentionmucoadhesiveelivery vehicles thatan interact with glycoproteins the

mucts are preémred;howeverthe ske and surface chemistrgquirements for
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muaooadhesion arbighly canplex and often contradictory, as reviewed by Schattling et
al® In generalcharged polmers (either anionic or cationig)eutral but highly flexible
polyethylene glycb(PEG) catingsof lower dengy/longer PEG chain lengthand thiol
bearing compoundkat can form disulfide covalent bonds with mucin protéase been
shown taincrease adhesion to mucin glycoproteldswever, mce boundthe vehicle
must penetate thiough the mucuto be transported to/througiasal epithigal cells In

this contextPEG coatingsvith shorter denser PEG laygfsnethods to increase surface
hydrophilidty, switching surface charges (often from cationic to anionic/nedtral),
bre&king intermucin dislfide bords with thiolshave all been identifiedspreferred
strategie$®'*Given thatmucociliary clearance (MCQ)the primary innate defence
mechanism in thaasal/respiratory tratly whichparticulates trapped in the nasal/upper
regiratory mumsa are shuttled the gastrointestinalract for degradatiat>®i occurs
every 15minutes in humans, a rapid mucoadhesion + penetration mechanism must be

establishedo inaease the retention and thus bioavailabilityhofdelivered drugs

Additional contraditory size andsurface chemistryelated barrieralsoexist
beyond the mucus layer tacilitate thetransport of an IN delivery vehicle from the nasal
epithelium to the brai@Figure 2.1). For example, particleszesof 207 100 nmare ideal
for transporting througthetight junctions between epithelieglls and axons of the
olfactory sensory neuroniBatserve as a nedalirect path from nose to brathalthough
larger particles (100 200 nm) cartransporthrough theséight jundionsvia paracellugr
transport nechanism&®1°Hydrophobic surface groups haaisobeen shown to greatly

increase the rate of transcellular transport (i.e. uptake and subsequent intercellular
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trafficking) in the nasal mucog4while hydrophilic gropstypically have higher
paracelllar transport rate$€. As suchtheoptimization of nanoparticle properties for IN
delivery faces several contradictory design objectives that make tiga désuch
vehicles challenging

Multiple reviewsthatdiscussdifferent size and surfacchemistry sategies for
improvingIN deliverywith NPshave been pursueihcluding thoséoy our group and
others??23Xu et al.and Rabieet al., particularlyemphasized cling trials with NP
loaded antidepressants in theviews.The owerall trend is to ephasizemucoadhesion
asthe most importanchallenge to overcome for INelivered NP DDSg-or example,
PEGPLGA self-assembledianoparticlesleliveredvia the IN route were shown to
significantly enhance theelivery of haloperidol (HP)}o thebrain relatie to
intraperitonealnjection, a resulattributed to the increasaducosalnteractiors enabled
by thePEGcoating layef* Nanogeldabricated frommucoadhesive poly{nyl
pyrrolidone) (PVP)covalentlylinked to insuin enabled a dubling of dwnstrean insulin
target proteins in the brain mpaled to free insulin delivered INygain attributed to the
mucoadhesive properties of P¥Chitosanbased nanoaterialshave also been broadly
used for their inherent ntoadhesiveropertiedue to darge intera@bns with mucin
glycoproteinghat can bdurther enhancebly glycolaing chitosan NP$® However,
mucopenetration has been less widely studied despite its importaraeilitating
effective drug transport to the bmalt was orignally reported thasmall NPs (< 50 nm)
mucopenetrate bettédran larger NPs as they could move through the small mucus mesh

size more easil§-?® However,Maisel et al. demamstrated this was not always ttese,
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with PEGqgrafted caboxylatedpolystyrene bea(PEGPSCOOH) NPsin the size range
of 200500 nmshowing significantly improved mucopenetration in rat colons relative to
mucoadhesive REOOHNPsat all sizegested40i 500 nm¥°; thisresultwas attributed
to the hydration layerraund the PE@lated particle$adlitating sizeindependent
mucopenetratio. Mucolytic NPsthat can activelglecrease the viscosity of the mucus
layerhave also been explored as an altéveab breaking sizsurface chaye
dependencies around ousal trasport, sometimessing nonintuitive strategieg-or
exampleRohreret al.conjugaedcysteine ontgoly(acrylic acid) PAA) NPsto break
apart disulfide bonds between mucin glycoprotéinisicrease enetratior® while di
Colaet al.co-delivered chitosan(typically thought to be mucoadhes)weith mucoinert
nanoemulsios to enhance nanoemulsion penetratipheveragingchitosanrmucin
interactions thatempaarily atteredmucus densityand poresize3! As suchthe interplay
between mucoadhesi@md mucopeneation is very complexyith the same components
capable oEhowingmucoadhesive or mucopenetratpr@perties depending on how they

are presented

Ourgroup hagecentlyaddressed thesesuesy designing multscale IN
deliveryvehicles based osprayable hydrogethat combinen situ-gelling hydrogels
with ultrasmall nanoparticles with highgnetratiorcapadty. Carboxynethyl chitosan
(CMCh) was used to crosslinkdahydefunctionalized starchanoparticles (SNRP&0 i
50 nmmajor size fractioff'®) to fabricaten situ-gelling nanoparticle network hydrogel
(NNH) that release the penetrative SNishydrolysis of the Schiff baserosslinked

network in the nasal cavitifluorescentlylabeled SNPsre shown t@rimarily localize in
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the noséased on the fagjelling mucoadhesive hyogelbut, yon release;ould
efficiently transport to varios parts bthe brainthanks ¢ the small size and neutral
charge of the SNRg&xtending the activity the of a antpsychoticpeptide from 1 h when
delivered vithout the vehicle IN to 2 h with the delivery vehicl¥ Hydrophdic
functionaliation of theSNPsfurther enables the delivery of hydrophobic grgychotic
drugs (e.golanzaping IN that increase the duration of antania treatment efficacyyb
~4x relative to IN or IP drugnly admiistration® However a drawbak of this
approach is the ratively high viscosity of thebulk NNH vehicle, making it harder to
administewvia spray in general angharticularly bypatientsexperiencingssueswith fine-
motorcontrol As such, the formlation of a delivery vehicle that caxploit the same
basic NNH deigin butbe delivered in a mudess viscousormulationwould offer
benefits in terms of improving ease of spray and thoeelikely patient compliaoe.
Althoughothermulti-scaled, sizeand surfaceswitching nanomaterials i@ kbeen
repatedpreviously (moscommonly for anticancer applicatiort), few examples have
been reported for intranasal deliveiydeed the only such example of which we are
aware is the work dbawadeet al.in coaing exosomes (150 nm) with cationic pullalan
nanogels (30 nm) to iniéte sizeswitching forlN vaccine delivery® although this

approach haget to be testeah vivo.

Herein, wedescribehe design and efficaayf an NNH-baseddrug delivery
systemin which gelation is confinedithin ananaropletto creat nanoasseniiesof the
ultra-small SNPghat enableffective IN drug deliveryWe have previous reported the

benefits of nanoassemblies based on SNPsrioancing the penetration of
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chemotherapeutidrugs to treat tumors, designing the nanoassembly size to enable
effective circulatiorand tumor targeting and the SNP size/chemistry to enable effective
intratumoral doxorubicin deliverd/.In this paper, we appla paralleldesignconcept to
createmucoadhesiveanoassemblies (60 nm)for the delivery of haloperidol ® the
brainby gelling carboxymethyl chasan(CMCh) with hydropholdedaldehyde
functionalized starch nanoparticles (S®BA-CHO) via imine crosslinksinside a water
in-oil emulsion(Figure 2.1). Sucha design aimmto targetfour separate INransport
phenanena:(1) mumadhesion enabled llge CMCh component of theanoassemblies;
(2) paracellular transport promoted by the h&size of the nanoammblies; (3 in situ
release of the SNRsga cleavage of thacid-labile imine crosslinksbetween CMCh and
SNP-OSA-CHO in the acidic nasal cavif?**and (4) increased transcellular and axonal
transportvia olfactory sensory neurons based onghmll (< 30 nm) SNROSA-CHO
nanoparticles relead from the nanoassemblid$he sizeandhydrophobicity ofthe
nanoasemblies wasextensively characterized and compared with-gelled and
nanoparticleonly controls to determine the effa@ness othe nanoasseblies in
addressig thesize and drudpading constraintassociated with #IN delively of
hydrophobic antpsychotic drugdike haloperidol In vivo delivery of haloperidol showed
that the nanoassembliesabled prolonged locomotion suppressiompared to drug

only or SNROSA-CHO-only IN admnistrationwhile promoting increased nanopatrticle

transport to the f@brain
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Figure 2.1: CMCh@SNP-OSA-CHO nanoassembly desigim the context ofthe nose
to-brain (N2B) pathway. Three mairtransporipathways abw nanoparticlebased drug
delivery systems to target the brain throughrihgalepithelum: paracellular (e. around
tight junctions in epitheliatells lining posterior nasal tissue), intraneuronal (i.e. directly
through the axons of olfactory nerves and intolreen), and transcellular é.

endocytosed by epithelial cells and shuttled to the interstitzadesthrougtntracellular
vesicles). Nanoassemblies have beegineered to target multiple pathways to maximize
deliveryto the brainAdaptedfrom Loftset al, 2022 (Springer Nature).

2.2 Materials and Methods
2.2.1Materials
Experimental grade stah nanopéicles (SNPs) wereupplied byEcaSynthetix

Inc. (Burlington, ON, Canada)8-anilino-1-naphthalenesulfonic acid ammonium salt
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(1,8ANS,  ®0), €iridiethyl sulfoxide (DMSQ reagent grade O ), 2-&ctén 1-
ylsuccinicarhydride(OSA, mixture ofcisandtrans, 9799, sodium carboatesalt
(NaCQACS r e ag e i sodium@eriodate BN&HD99%), hydroxylamine
hydrochloride (HH@ ACS reagety 98%9, sodium lydroxide (NaOH 1 M), Spaff 80
(viscosity 10062000 mPa.s (2€C)), halopeidol (HP, pharmacetical seondary
standard)Hoecsht 33347 O Y @héfluorescen-5-thiosemicarbazide (FTSGuitable
for fluorescence, ~80% (HPCByere allobtainedfrom SigmaAldrich (Oakville, ON,
Canada). Polyglycerol polyricinoleaté b (PGPR, Pkgaard), fractiontad cocont
100%medium chairriglyceride MCT) oil (Voyageur Soap & Candle Co.), acetone
(reagent gradeGaledon Laboratoriesyndo-carboxymethyl chitosan (CMGCR8 0 % DS,
10i 1000 mpa*s viscsity, Bonding Chemical, Katyl, X, USA) werealsoused as
receved Mill i-Q grade distilled éionized watewas used for all experiments.

2.2.2 Synthesis oDctenyl Succinic Anhydride-functionalized SNPs (SNFOSA)

A ring-openingesterification reaction was used to g&tenyl succinic anhydride
(OSA) group to SNPs(Figure 2.2A). 1.5¢g of dry SNPsvasdissolved in 60 mL of a 1:1
buffer consisting of 0.1 sodium carbonate and DMSO. The pH was corrected to 8
using0.1 M NaOH as necessafyor a desired DS of 0.1 (i.€L0 mol% ofarhydrous
glucose units (AGUJjunctionalzed with an OSA gran), 0.194 mL ¢ OSA was added
dropwise tahe SNPsolution for a desired DS of 0.2 (i.e. 20 mol% of AGU
functionalized wih an OSA grop), 0.389 mL of OSAwas added dropwise. The reaction

vessels wereapped and stirreat room temperature for 24 houEallowing, he reaction
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was neutralized to pHd and he product was dialyzed (3.5 molecular weightaftit
(MWCOQ)) for 6 x 6 h cycles, lyophilized, and stored as a dry powder.
2.2.3 Synthesis ad Characterization of OSA-aldehyde-functionalized SNPs (SNP
OSA-CHO)

2.2.3.1 Synthesid g of SNPOSA wasdispersed in 40 mL of water whigther
0.33g NalO4 (for atargeted DS of 0.25) or 0.66NpIO4 (for atargeted DS of 0.5yas
dissolved in 10 mL of water. The two solutions wiren mixedvia slow addition of the
NalOs solution to the SNFDSA suspensiolfFigure 2.2A) and reacted for 4 hours at pH
5 covered with foil to exclude lighe Following, he reaction was terminated with the
addition of etlylene glycoland he product wasdialyzed(3.5MWCO) for 6 x 6h cycks,
lyophilized, and stored as a dry powder.

2.2.3.2. Characterizatiorlo assess the DS of OSA graftingskinto-acid
titrations were performed to quantify the number of pendant COOH groups added to the
SNPsupon theanhydridering-openingOSA grafting reactionthe-COOH content
directly corresporsito the amount of OS4rafted 50 mg ofSNROSA or SNPOSA-
CHOwassuspendeth 50 mL of watemandtitrated against 0. NaOH usingan
auotitrator (Mandel Scientific)The condiwctance versus volunmirve was anatzed to
guantify theDS of the OSA grafting reactiofEquation 2.1):

[(Macu) (Vi;;’;)(CNaOH)] (Msnp—osa) [2.1]

DS =

where DS = degree of substitutionadd = molecular weight of anhydrous glucose unit
(AGU) = 162 g/mol; \£ = theright bound othehorizontalpart of the conductometric

titration curve(L); V1 = theleft bound ofthe horizontalpart of the conductometric
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titration curve(L); Cnaon = themolarity of NaOH (nel/L), and mxwp-osa = themass of
SNROSA(g).

To assesthe DSof theoxidation reactiona hydroxylamine hydrochloride
(HHCI) titration was used® A 0.25 M solution of HKC| was prepared bglissolving
0.875 g HHKCI in 50 mL of water and adjusg the pH to 4 with 0. HCI. 50 mg of
dried SNRPOSA-CHO were dispersed ingtdHCI solution with HHCI reacting with
COH groups in the SNR&a oxime formatiorto produce HCIThe amount of titrated 0.1
M NaOH neededo neutralize th@roduced HCI (i.e. retarthe suspensn back to its
initial pH of 4) was measuredia condu¢ometrc titration and theDS wascalculated

based ortquation 2.2:

DS = ( NNaOH added )_ (nNaOHadded) [2.2]

NSNP-0SA-CHO NSNP-05A

where rnrosa is the moles 0BENPOSA (i.e.prior to OSA functionalization) angsne
osacHo IS themoles ofaldehydefunctionalized SNFOSA calculated from titration,
where both moles are calculated as numb&@f within the SNP The functionalized
SNPs were coded as SNISA,-CHOx«, whereyy is the DSof OSA andxx is the DSof
CHO.
2.2.4 Synthesis andPurification of Starch Nanoparticle and Carboxymethyl
Chitosan (CMCh@SNP-OSAyy-CHOxx) Nanoassemblies

Nanoassemblpanogels weréabricated by inme aosslinking within aroil-in-
water emulsion asummarizedn Figure 2.2B. Theoil phasemedium was prepared in a
50 mL Falcon tube by combining 25 mL of fractionated coconut oil, 1 mL of&pand

0.25 mL PGPRTwo aqueous pdses consisting @ 3 w/v%suspensionf SNROSA-
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CHOin wateranda 2 w/v% soluion of CMCh solutonin water were therpreparedwith

5 0 Q. ofseeach aqueous precursor loaded into separate bareetdooible barrel syringe
The ajueous precursors were then added dropwise followirextrasion through a static
mixer attheend of thedouble barrel synge inb the oil phase undéomogeiration

(T25 Digital Ultra Turrax IKA, Staufen, Germang) 12,000 RPM with the homogenizer
tip %2 into the Falcon tube. Once precursors were fully gdtdedsuspensiomwas
homogenized foan additionall minuteandthen left on benchtopvernightto ensure
equilibriumgelatonFor fAcontr ol 06 emul si onbattheEMCa abov e
solution was replaced with watgre. no crosslinking wagerformed. Nanoassemblies
wereredisgersedn an aqeous continuoushase by a series of centrifugationa which 2
mL of emulsion was aliquoted to Eppendorf tubes and centrifugedCt®BRPM for 10
minutes. The oil supernatant was discarded, 2 mL of acetasadded, and the
centrifugationwasrepeated. This acetom@ashproceduravas completed twice; after
which thenanoassembliesereallowed to dry at room temperature overnightl then

redspersed in water for further use.
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A HO
NaIO4 \7&/
—>
SNP-OSA SNP-OSA,,-CHO,

SNP
-OSA-CHO

3 x acetone wash

SPAN 80
CMCh PGPR

Figure 2.2: Fabrication of nanoassemblies and nanoassemlby ecursors: (A)
Synthesis of SNPOSA-CHO i SNPs are functionalized withSA groupsvia a ring
opening anhydride esterification and then oxidized to produce dual
hydrophobized/aldehydiinctionalized SNPYB) Fabrication of nanoassemblie$
CMCh andSNRPOSA-CHO wereloaded intaseparate barrelsf a double barredyringe
and added dropwise into ail + surfactanmixture to form a watemn-oil emulsionvia
homogenizationthat confines the Schiff lsa crosslinking reactiomNanoassemblies were
dispersed intovatervia repeaed centrifugationand syinge filteringsteps to remawthe
oil phaseInset shows a schematic and thectmanism of imine crosslinking during the
emulsionto form a stable nanoparticle network hydregated nanoassembly.

2.2.5. Characterizing CMCh@SNROSA-CHO Nanoassemblies

2.25.1 DLS.Nanoassemblgwere dispersed ia10 mM NaCl solutiorata
concentration ol mg/mLandfiltered with al em polyethersulfon¢PES)syringe filter to
removeanylarge aggregatesr dust presentilterednanoassemblgwere added to a

clear polypropyleneuvette andnalyzed using NanoBrook 90Pludynamic light
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scattering instrumer{Brookhaven, Long Isla) NY, USA; temperature = 255C
refractive index = 1.34).

2.2.5.2Electrophoretic mobilityThe same anoassemlglsuspensionprepared
for DLS were added to a clear polypropylene cuvette and measured on a NanoBrook
90Plusinstrument(Brookhaven, Long Island, NY, USA; temperature = 256@8rating
in phase analysis light scattering mode.

2.2.5.3Nanoparticle tracking analysis (NTA).5 mL ofthenanoassemil
suspensiomprepared for DLSvasused to measure particle size usingM10 HS
NanoSight microscap(Malvern Panalytical, Worcester, UK; 100 to 200 patrticles per
frame) Datawereplotted as a %f particles with sizes in each size bin relative to the
total number of particles counted by the software

2.2.5.4 Transmission electron microscopy (TEMpanoassembliesere dispersed
in water at a concentration of 0.5 mg/mhd syringe filtered through audn PESsyringe
filter to remove any larger aggregates or dust pre8dhflL w/v% concentration & ~150
nm poly(methyl methacrylate PMMA) latex wasadded to th@anoassemblig® prevent
SNP aggregation and film formation during dryifipe combined suspension was
dispenseanto a Cu TEM grid and air dried f80 minutesNanoassembliesere imaged
on a JEOL 1200EX TEMSCAN transmission electron microscafif theparticle size
of the imaged particlesnalyzed using ImageJ.

2.2.5.5Hydrophobicdomain characterizatiariThe fluorescence df-anilino-8-
naphthalenesulfonic acid ammonium salt {A]8S), a molecular probe théltiorescesn

hydrophobic avironmentsbut isquenched in hydrophilic environmeritavas used to
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assess thiecal hydrophobicity of eachanomaterial. 2061 of a1 mg/mLnanoassemil
or SNPsuspension waadded to a 96 bladkottom well plateFollowing, 10 of a3
mM 1,8 ANS dock solution (0.1 mM final concentratiopjeparedn 10 mM PBS was
added to each well and incubated at room temperature for 1 h. Fluorescetitenvas
measuredisinga BioTek Synergy HTX MultMode Reader plate readgperating aan
excitation wavelength of 375 nm and emission wavelength of 475 nm (both emission and
excitation bandwidths = 10 nm).
2.2.6 HP Loading into Nanoassemblis

CMCh@SNPOSA.1-CHOy snanoassemblies were dispersed in water
concentration of 1 mg/mhy stirring overnightl mg/mL of HP wasseparatelyissolved
in 0.1 M HCI overnightFollowing, various volumes of HP stock solution (115 500
L, or 2 mL) were added directly to the nanoassembly suspension and stirred ftar 24 h
allow for diffusionbased HP uptake into the nanoassembliesneasure HP drug
loading, he resultingHP-loaded nanoassemblies (HP@Nanoassemblies) were
centrifuged at 55,000 g for 30 minutesandthe supernatant was collected, dilufedn
water andmeasure®n aThermoFisherNanoDrogM 2000 spectiphotometeto track
HP absorbance &45nm. Loading capacity (LC) and encapsulation efficiency (EE) of

HP was calculatedccording tcEquations 2.3 and 2 4.

MHP initial """ HP supernatant
LC = P *100 [23]
Mnanoassemblies
MyPp initial ~"MHP supernatant
EE = x100 [2.4]
MHP initial
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wheremgpinital is the initial mass oHP added to th@anoassemblg Mup supematanis the
massof HP found in the supernatabased ora HRin-watercalibration curve, and
MhanoassembliekS the mass of theanoassemblgandyzed All loading experiments were
done in triplicatewith the results presented representing the average loading and the error
bars representing the standard deviation
2.2.7 Sprayability of HP-loaded Nanoassemblies

To test theability to spraythe nanoassembly suspensions thionosea
suspensionf HP@Nanoassembliesr HP@SNPOSAg 1-CHOy 5 (2 mg/mL HP; 1
mg/mL nanomaterialsyas preparebtly dispersing nanmaterals in milliQ waterand
stirring overnigh, then adding 2 mg of HP to $Nr nanoasserpsolutions with ldrop
of 1 M HCI for 24 lours 1 drop of IM NaOH washen addedo correctback to pH 7.4
as confirmed by litmus paper. 2 drops of blue food colouring werestthéed to the
solutions to Blp viswalize spray patterns on papemL ofthedyedsuspension was then
added to al mL syringefitted with anattached nasal mucosal atomization device (MAD)
(Equipment Medical RiveNord, Montreal, QC, Canaylandmanuallysprayed upwards
onto a sheet of paper 10 cm away= 3spray3 over 3 secads. After air drying flat for
24 h, photos were taken and analyzed on Imagd) tonvertingthe imageso abinary
8-bit mask 2) removing background by coloring pixels black vitike paintbrush toql
and3) analyzing particlesvith sizes betwen0.00005 pixel&i infinity anda circularity
of 0-1, including holesValues are reported #se area ofpixelscoveredper 10 cm x 10

cm gridarea.
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2.2.8 HP Releasdrom Nanoassemblies

The release of HP from HBaded nanoassembliesmstracked over a 5 day
period in bothneutral and acidic conditionSimulated nasal fluid was prepared by
adding 7.5 mg/mL of NaCl, 1.3 mg/mL KGnd0.3 mg/mL CaCGland corredhg the pH
to 6.2 to mimicthe pH of the posterior of the no¥e\ separate solution of nalsfluid
wasadjusted to pH 7.4to simuatetheneural physiologicalenvironmentwithout
introducing effects from different electrolyte concentratidn® mg/mLsuspension of
the nanoassentieswasmixedwith 0.5 mg/mL of HP in 0.1 M HCI for 24 A 400 pL
aligua of the resultingHP@Nanoassembliegas therplaced in a 12vell transwell plate
surrounded by 2 mL of either simulated nasal fluid or PBS. At defined intervals (1, 2, 4,
8, 24, 48, 72, 96, and 120,A)mL of release media was collected andaegdl with a
freshl mL of mediaReleas samples we diluted 5x in water anithe absorbance was
measured @45 nmusinga Thermo FisheNanoDrog™ 2000 spectrophotometer
correlating the reasured absorbance value to a released haloperidol mass based on a
calibraton curve Release plates were prepared in triplicate, witlkethar bars
representing the standard deviation of the replicate measurements.
2.2.9 FluorescentLabeling of SNP-OSA0.1:-CHOosand Nanoassemblies

Fluoresceirb-thiosemicarbazide (FI§ was covalentlgonjugated to the
aldehyde groupf SNROSA.1-CHOp 5 to track thetransporiof SNPsin vitro andin
vivo2° 200 mg of SNPOSA,1-CHOo s was dispersed in 20 mL @D mv PBS(pH 7.4.
Following, 5 mg of FTSC was addedttee SNP dispersion and sted in the dark for 2 h

to perform the conjugation reaction. The resulting labeled SNPs were puidiec 6 h
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dialysis cyclesagainst watein the dark andhen lyopholyzed toyield FSNROSAo 1-
CHOos. Fluaescent nanoassemblieslanoassenites) werethensynthesized
following the same praotcol as section 2.Butreplacing SNPOSAg 1-CHOp 5 with F-

SNP-OSA1-CHOp 5.

2.2.101In vitro Viability and Localization in Nasaland Brain Cells

Human nasal epitheligells (hNEpC; PromoCellBurlington, ON andmouse
immortalized striatal STHdH/?7 cells*? (Cornel Institute, New YorkNY) were used
screen the cytocompatibility of the materials in bibin nasal and brain environment.
hNEpCcellswere cultured in airway epithelial cell growth mediuontaining0.5%
penicillin/streptomycin(a concentrion choserto lower the potential focontamination
without slowing growth)STHdH"/"cells were culturedidu | beccods modi f i e
medium wih 10% fetal bovine serum and J@énicillin/streptomycinAll platedadherent
cells were cultured in a humidigontrolled incubator at 37°C and 5% &&nhd recovered
for use following treatment wittrypsinwhen confluence reached betwddsi 70 %for
hNEpC andB5i 90% in STHAR"/" cells.

2.2.10.1 Cellviability. Both STHAIR"?"andhNEpC wereseededin all black 96
well plates at a density of 5,000 cells/w@0Q pL of a 2.5 x 19cells/mL stock) and
incubated ovelight. Meanwhile, 1 mg/mL standards@NP-OSA 1-CHOp 5 and
nanoassemblies were dispersed in whayestirring overnightfollowed byfiltering with a
1 um PES filter. Diffeentvolumes of nanomaterial stogkerethenadded to each well to
obtain final concentrati@of 0.01 mg/mL (2.02 L), 0.05 mg/mL (10.5 pL), 0.1 mg/mL

(22.2pL) or 0.5 mg/mL (B0 pL) of SNP ineach well, with the multing suspnsions
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incubated for 24 before removing media and washing with PBS. Mediaaining 10
pg/mL of resazurin waadded to each well and incubated for Z e fluorescence of the
converted resazuriwas measuredsnga BioTek Synergy HTX MultMo d e Resa der
=560+/- 10n m ,em=&90+/- 10 nm), with the percentage celliability calculated
relative tocontrolcell wells (i.e. cellsot treated wih SNP3. All experiments were done
in triplicate with the repomd results representirthe mean+ standad deviationof the
replicates.

2.2.10.2 Cell uptake 2 mL of either 1 x 10cells/mLSTHdHR"7or 0.5 x 16
cells/mL hNEp((final densities = 2 x TQcells/well or 1 x 10cells/well, respectively)
were seeded in adherent 6 well plates containing a glass cover slip and incubated
overnight In parallel,1 mg/mL ofF-SNP-OSA,.1-CHOv s and FNanoassemblies were
dispersed in water overniglind therfiltered through a 1 um PES filtefollowing, 222
pL of the nanopdicle suspensioffinal concatration = 0.1 mg/mLjvasadded to each
well and incubated fat h, after which the radia was removed artde cells were washed
3x in PBS.To stain thenucleus of the celld, mL of a D pg/mL Hoecsht 333482olution
in sterile PBS solution was addedtbe cover slips and incubated fo® inins, with
excess stain washed off bpsingin PBS The coveslipswere then transferdgo a glass
microscope slide andhagedon an Olympu$VV1200confocd microscope. 2D images
were acquiedusingFluoview FV10 software withthe DAPI (Hoecsht stainand FITC
(fluorescently labele@&NPs/nanoassembliiiters active (brightness = 550, gain = 2,

offset = 1 in both channels).
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2.2.11In vivo L ocomotionand Biodistribution

2.2.11.1 AnimalsMale Spragudawley rats (250 300 g, Charles River, St.
Constant, QC, Canada) were agatched and received care complying with protocols
approvedbyMcMs t er Uni versityds Ani nhaduideRnesot ar c h |
the Canadian Council on Animal feaRats were individually hased in standard cages
on a reverse 12 h light cycle in a roomimtained at 22°C and 50% humidity, with access
to food and watead libitum Animals were habituated for the first week upon arrival and
handkd for a further wek prior to any experiments.

2.2.11.2 In vivolocomotiontesting The efficacy of the nanoassemblies for
delivering haloperidol to the brain following Idiministrationwas trackedn vivo by
measuring theharacteristiaecrease inocomotion of Spragu®awley ratsfollowing
haloperial treatmentvithin a locomotion chambé?:*42 mg of HP and1 mg of either
nanoassembliesr SNP-OSAg.1-CHOy s weredispersedn 1 mL water overnigh(2
mg/mL HP, 1 mg/mL nanomaterials final congatibns) As a drugonly control, a 2
mg/mLHP solutionwaspreparedn 0.1 M HCI (to initially solubilizethey drug followed
by pH correctiorto pH 7.4using0.1 M NaOH (to avoidirritation in ratnostrils)as
clarified with litmus papedll solutions were filtered with a 1 um BEyringe filter prio
to injection.To administer the formulationsninals were anesthetized in a chambe
containing 5% isoflurane with oxygéa L/min flow rate)for approximately 3 minand
the test solutions/suspensionsre/administeretN by placing theanimals on @able
fully supinated holding the ratn place to restrict movemeand gently touchinth e r at 6 s

nose toensure full anesthetizati@nd prevent sneezifjgnd adninistering~100 pL

144



Ph. D Thesisi Matthew Adrian CampeaMcMaster Universityy Chemical Engineering

aliquots ofeach the treatment solution/suspensmrer31 5 seconds throudma flexible
geh oading tip ~1 cm deep into the ratos
solutions/suspensions waadjustedvith wateras requiredased on mass of the tat
ensure a final Hlose of0 pug/kg (drugfree control), 10 pg/kgor 30 pg/kgin each case
Animals rested for 30 mins before being placed MemsaMax Open Field Activity
Monitoringinfrared sensingpcomotion chambefAccuScarinstruments Inc., Columbus,
OH). Movement was monitored every minute fdngursand plotted cumlatively over
time. A total ofn =6 ratswere tested per formulation, with the resulting metrics
expressed ameanst standard deviationsf those replicate measurements

2.2.11.3 Biodistribution offluorescently labeledanoassemblie$luorescerly
labeled FSNPOSA.1-CHOp s and FNanoassemblieséesections 2.4 and 2f@r
synthesiy weredispersedndinjected intranasally adescribedn section 2.11.2Animals
were incubated for B before being sacrificed with 5% isoflurgreverdose of ketamen
via intraperitoneal injection, and heart puncture. Blood, liver, and spleen were collected
immediately after punctur&ollowing, the ats were decapitated and-slaulled tocollect
nasal epithelialolfactory bulb (OB)and forebrain(FB) tissues. 1x PBS was addeals
required to create tissue homogenate precursarsa@tcentration of 25 mg/100 pafter
which the resulting mixtusawere manually homogenizéa 2 mL Eppendortubesvia
repeatd injection through ah8G needleFollowing centrifugation &£4°C,blood was
centrifugedat 1100 x g for 15 minsgvhile all other tissues were centrifugedl@t000 x g
for 10 minsto separatéarger cellular debrif'om transparentiuorescent suspensioh00

pL of each supernatant wdeen added to a black,ear bottom 96 well plate in triplicate
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andfluorescence wasieasuredisinga BioTek Synergy HTX MultiMode Reade(eex =
4901 0 new¥,520& 10 nm,gain= 80). Calibration curves for both-BNP-OSA, 1-
CHOos and FNanoassemi#s were measured with the same parameters to normalize
fluorescence to SNP conteftuorescence in each organ was reportedipgimass of
SNPOSA.1-CHO and relative to the total fluorescence in the animaknst standard
deviations plotted, n = 3 animals per group).
2.2.12 Statistical Analysis

All statistical analyses wemnducted usingr aphPad Prism 9. 1. 0.
test was used fatrug release and biodistributiexperimentsA one-way ANOVA with
Du n n et +de test was ssed to compaignificance between treatments and their
respective controls fan vivolocomotion experimentall other experiments used a ene
way ANOVAwi t h T u kheoptestdo repesestatistical significanc€d = ).0. 05
2.3 Resultsand Discussion
2.3.1 S/nthesis and Characterization of SNROSA-CHO

Prior to makinghanoassemblieSNPs were functionalizesiith hydrophobic
groupsvia OSAgrafting (to enablenteractions with hydrophobic drugs) and aldehydes
via oxidation(to enabldmine crosslinking with CMCh). OSA was addidt through a
Sn2 reactiorbetweerprimarily the C6 hydroxyl of SNPand the succinic rindollowed
by opening the SNP ringetween C2 and O3y NalO, oxidation Eigure 2.2A). OSA
reactions yielded ~50% less functionalization thartdéinget DS Figure 2.3A); reactions
targeting 10 mol%OSA (denoted by SNIDSA 1) resulted ir2 i 5 mol% of AGUs being

functionalizedwhile reactions targetin20 mol%OSA (denoted by SNFDSA, ») resulted
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in 107 12%of AGUs being functionalizedHowever, the overall trend bigherDS
values upon increased OSA functionalization was consigteinserved. The efficacy of
the sibsequentxidation reaction to formaldehyds wasdependent on the amount of
OSAgraftedto the SNPsKigure 2.3B). Both SNROSA. 1 formulations showed nearly
identical experimental D#alues relative to thetheoretical DSralues, while SNR
OSA.2formulations could onlyeach about half of thetargeted DSalue Thisresultis
likely attributedto the increasetlydrophobicity of the highedSA-functionalized SNPs
creating steric barriers the effective oxidation of AGUs throughout the SdfFrom
reduced reactivity of Nal£dn more hydrophobic environmés. Based on this resulinly

SNP-OSAo.1formulations were used for future experiments

A B
0.5 ———=====<
7 0.20- )
Q =]
c c 0.4+
S 0.157 S
2 2
£ £ 0.3
< B (O
I
8 <2 0.10 o2
@ @ 0.2-
o] (o]
] _ iy
$ 0.05 8 o1
0 o
a) o
0.00- 0.0-
v\ogi 000 ‘\0011 o “06:1 o0 \"0611 o
SPho” 0° P‘Ql 0° GE,M'\ 0° o po? 0°
07 R (@ OT P72 07 e

Figure 2.3: Degree of substitution (DS) for OSA (A) andaldehyde (CHO; B)
functionalizations to SNPs.(A) OSA was added to an SMdBspension and reacted for
24 h at room temperature. DS was ca@a with Equation 2.1 after basen-acid
titration. (B) CHOwassubsequentlyunctionalizedoy NalQ;: ring opening of SNPs and
guantified with a HHCI titratioras defined irequation 2.2. Dotted lines represette
theoreticaDS value based on the reaction recipe, while the red bars represent the
experimentally measurdaS values.
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2.3.2 Synthesis and Characterizatin of SNROSA0.:-CHOxx Nanoassemblies
Following SNROSA-CHO formation nanoassemblgof CMCh and SNFOSA-CHO
were formedoy gelationwithin a watefin-oil emulsionvia Schiff base formatiofFigure
2.2B). IntensityweightedDLS measurements of SNPSA 1-CHOp 25(Figure 2.4A) and
SNP-OSA.1-CHOp 5 (Figure 2.4D) indicated thatthe large polydispersity of the $¥
alone ¢ 0.25,associated with the tendency of SNPs to fdgmamic nanoaggregates in
suspesiort® and likely accelerated by the hydrophobiza of the SNPs by OSA
functionalizaton) is significantly reducedipon ranoassembly formatigmanoassemlas
with average diameters betwekr81 195nmandamoreunimodal size distribution
(polydispersity <0.5%; seeFigure 2.4G for a summary of polydispersity values measured)
were thus formeébr bothtypes of SN used to make the nanoassemblymber
averagedLS sizedistributions Figure 2.4B,E) andNTA measurementd-igure
2 4C,F) of the same parties confirm thanuch narrowedispersity ofthe nanoassemblies
while simultaneously suggsting thathe freeSNP-OSAq 1-CHO« suspensioonsists
primarily of very small € 30 nm) nanopartites. Together, these data indicate that the
waterin-oil emulsion process enables the controlled assembly of SNPs intdefiakkd

nangarticles.
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Figure 2.4: Characterization of SNROSA0.1-CHOxx and corresponding
nanoassembes. (A-C) Particle size of SN SA.1--CHOp25s andCMCh@SNPOS A 1-
CHOv2s nanoassemblies ) intensityweighted DLS(B) numberweighted DLS, and
(C) NTA; (D-F) Particle size 08NPOSAq.1-CHOy5 andCMCh@SNPOSA1-CHOy 5
nanoassemblies by (D) intensityeighted DLS] numberweighted DLS, and (F) NTA,;
(G) Summary of plydispersitiesas measuredy DLS for allSNP andnanoassembly
formulations (= 5, **** p < 0.0001).

To assesshe effectof crosslinkingon the properties of the nanoassembl¢R
OSA0.1-CHO was subjected the same emulfscation process but in the absence of
CMCh (i.e. o Schiff base crosslinking was possibliesenanoemulsions were labeled
asSNP-OSAy.1-CHOw Emulsion the assembly prosg for which is shown schematically
in Figure 25A. DLSresultsshow that the different degrees of aldehyde functionalization

onthe precursoBENPs dictat¢hesize and polydispersity trendbservedFigure 2.5B-
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E). Nanoassemblies made wiiNPs prepared withlawer-CHO DS shovedno
significantdifference in sizdetweerfree SNRPOSA.1--CHOp 25 or emulsified SNP
OSA.1-CHOp 25 (Figure 2.5B); however, emulsifying SNSA 1-CHOp 25resulted in a
decrease in polydispersity from 0.28 (free SABAo.1-CHOp. ) to 0.21 (SNPOSAo 1-
CHOo.25 emulsion)while the addition of th€ MCh crosslinker further reduced the
polydispersity to @5 (CMCh@SNROSA..1-CHOv.25), suggestinghatboth
emulsificationand crosslinkingnarrow tte particle size distribution observégigure
2.5C). Increasing the DS of CHGBENP-OSA..1-CHOp.5) allows for more potential imine
crosslinksresulting in asignificant decease in nanoassembly siggon CMCh
crosslinking(~160 nm) relative to that bserved with botfree SNRPOSAq 1--CHOy 5 and
emulsified SNPH~210 nm) (Figure 2.5D); howeverthe same decreasjpolydispersiy
trendwasobserved upon both emulsification and crosslinkiagvith the lower DS
starting material§Figure 2.5E). Of significancegach of free SNHDSA 1-CHO,
emulsified SNPOSA.1-CHO, andCMCh@SNPOSAq.1-CHO (at both aldehyde DS
valueg showeda similarslight negative electrophoretic mobjlifFigure S2.1),
consistent with the roughly neutral cha of the amphoteric CMCh and the anionic
charge of the OSAnodified SNPgrom the-COOH group produced upon anhydride ring

opening.
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Figure 2.5: Size and polydispersity comparisons diree SNROSA0.1-CHO xx,
emulsified SNROSA0.1-CHOxx, and CMCh@ SNP-OSA0.1-CHOxx nanoassemblies
(A) Schematic representinipe fabrication strategy and final morphologies of the
different nanomaterials being comparéd-C) Intensityweighted effective diametéB)
and polydispersity@) from DLS forof nanomaterialprepaed with SNPOSA 1-
CHOo.25 (D-E) Intensityweighted effective diametéD) and polydispersy (E) from
DLS of nanomaterialprepared wh SNP-OSA;1-CHOp 5 (n = 5, *** p < 0.001, **** p <
0.000lviaoneway ANOVA wi t fhoctTeatk ey 6s post

TEM was used to compare the morphologies & B&lPs, SNP emulsions, and
nanoassemblie$-{gure 2.6), with the largd@ransparat grey particles in the images
corresponding to RMMA latexadded tgrevent film formation commonlgbserved
with free SNPs*” Free SNPOSA.1-CHO« showedsmall spherical particlegonsistent
with theDLS and NTAresults while SNP-OSA..1-CHO« emulsionsvere also spherita
ard appeared to consist adenser aggregates of SNRscontrast, anoassemblies
displayeda unique, ovlar, raspberry clustelike morphologywith increasedapparent

inteSNP spacingconsistent with both the role of CMCh in lgidg the SNPs together
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as well as the amygthilic nature of the OSAunctionalizedhanoassembliehat

promotes their assembly both within ¢hnanoassembly as well as at the nanoassembly
water interface; thisesult isalso consistent with the identicgightly anionic
electrgphoretic mobilities observed for free SNOSA.1-CHO and CMCh@SNROSA 1-
CHO nanoassembliekigure S2.1). Nanoassemblies are noticeably larger than SNP
emulsions in TEM, whereas they were equal in size or smaller when measured on th
DLS. We attribute this result to the breaking of the uncrosslinked SNP emulsion upon
drying on the T grid such that the SNPs appear mdispersed; in contrast, the
crosslinked nanoassemblies do not dissociate dpong and thus maintain their larger

apparent size
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SNP-OSA,

SNP-OSA, 4-CHO 5 SNP-OSA, -CHO, s Emulsion

Figure 2.6: Transmission electron microscopy images @lee SNROSA0.1-CHOxx (left
column)emulsified SNROSA0.:-CHOxx (middle column)and CMCh @SNP-OSAo.1-
CHOxx nanoassembliegright column) Top row: SNPOSA.1-CHOy 25 Bottom row:
SNPROSA.1-CHOy 5. Orangearrowsindicate PMMA latex separat®rwhite arrows
indicatenanomaterial of interesthe proposed morphology of each particle is
represerdd in cartoon form below eachspective column

2.3.3 Hydrophobicity of OSA-Functionalized SNPs and Nanoassemblies

To assess the degree to which OSA functionalization enhanchgdtahobicity
of the SNPs anther reaulting nanoassemblies (key for delivering hydrophobic-anti
psychotic drug), 1,8ANS was usedbased on its property selectively fluoresiagin
hydrophobiamicroenvironmentgFigure 2.7).4° Relative to free SN®SA-CHO

nanoparticles, raulsifying the SNPsresulted ina significantincreag in ANS
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fluorescence indicatevof increased clusterirgf the SNPssa result ofemulsification
this resultis dso consistent with thencreased contrast observed in THeM imagesof
the emulsified SNPs iRigure 2.6. Crosslinking to formrCMCh@SNPOSA..1-CHOp 25
maintained the fluorescemancrease observed with tB&IROSA0 1-CHOp 25 emulsion
but did not futher increase 1;BNS fluorescence; in contrast, ttdMCh@SNPOSAo 1-
CHOo 5 nanoassemblghoved significantlyincreased fluorescence relative t®
respective emulsion as wels1.5x more fluorescence thahe CMCh@SNROSA 1-
CHOo2s5 nanoassemblie§Ve attrikute this result tohe ncreased imine crossliimg
density in nanoassemblies prepaneth higher availale aldehyde contest allowing for
closerpacking of the OSA grafts andus the generation afiore/largeihydrophobic
domains amenable 1,8-ANS partitioning this result is also consistent with the apparent
condensation of theanoassmbly versus emulsion siodserved wittCMCh@SNP
OSA0.1CHOy 5 but not with the lowe DS sampleKigure 2.5D). Given the sigificantly
higher hydrophobe binding capagismaller size, antnprovedmonodispersityf
CMCh@SNPOSA.1-CHOp s relative to CMCh@ SN S Ay 1-CHOp 25, all subsequent
drug loading andiologicd application data will use thinanoassembly (heretofore

referredtosimplya@ nanoas3embl i eso
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Figure 2.7: Hydrophobicity of free SNROSA0.1-CHOxx, emulsified SNROSAo.1-
CHOxx, and CMCh@ SNP-OSA0.:-CHOxx nanoassembks as measuredia polarit y-
sensitive 1,8ANS fluorescene: (A) SNP-OSA..1-CHOv 25 andrelated emlsions and
nanoassemblie$B) SNROSA.1-CHOop s.and related emisions and nanoassembliés=
3, ** p <0.01, *** p < 0.0001, ns not significant

2.34 HP Loading and Releasen Simulated Nasal Environments

2.34.1 Drug loading:To assess the capacity of the nanoasseniolid$P
loading, HP was loaded infivefabricatechanoassembliega passive diffusiorover24 h
to create IP@Nanoassembliewith the residual (nobound) superatant concentration
of HP measredvia UV/vis spectrophotometriFigure 2.8A). All concentrationsf drug
testedyieldedencapsulation efficiencigblack) between 75 80% with drug loading
capacities reaching as high&0 w/w% at thehighest HP concentratidested.This high
drugloadingcapacity correlatedirectly to the significantly enhanced hydrophobic
domain formatioras a result of O&functionalization observed in the 18NS assay®*°

2.3.4.2 Sprayability:To asess the practical sprayatyilof the

HP@Nanoassemblieslegant to IN deliverythe nanoassembbBuspension as sprayed
155



Ph. D Thesisi Matthew Adrian CampeaMcMaster Universityy Chemical Engineering

through a nasal moesal atomization device and the spray area was assessed by image
analysisThe HP@Nanoassembliggluced minmal changes in the viscosity of the
agueas dispersing mediunconsistentvith their high dispersion and nanoscsiles;
correspondingly, the spray area of Hie@Nanoassembliesispensiomvas not
significantly different from a wateonly control (Figure 2.8B; seeindividual spray
imagesn Figure S2.2), consistent wittobservations around existing emulsiased
sprayabe drug suspensiorté This righ sprayabilityis beneficial forensuring high
coverage of the nasal cavifgndthuspotential efficacy)n clinical applications

2.3.4.3 In vitro drug releaseTo assess drug release kinetics,
HP @Nanoassembliegere subsequently dispersed in simulated nasal fluid at either pH
6.2 (the average pH at the posterior of the nasal c&yity 7.4 (average physiologit
pH, including in ceretmspinal fluid*®) to compareherelease profiles in different
environmers (Figure 2.8C). Release at both pH valuess similarwith both pHvalues
showing aburst release of ~26% of loaded drug over the firsaBdhthersustained drug
release wver thefollowing 5 days However,after 24 hours, release@t 6.2was
significantly higherthan that at pH 7.4, with6% more releasebserved after Bays in
the weakly acidic intranasal conditions comparedeotralconditionsconsstent with the

acceleratedleavage of Schiff base cros#in slightly acidic condition®
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Figure 2.8: In vitro characterization of the suitability of HP@Nanoassemblies for
haloperidol delivery: (A) Encapsulation efficiency (Eblack, % of addd drug and

drug loadig capacity (LC, ed, mass drug/mass nanoassembly) as a function of the initial
HP concentration in the passive loading suspenfB)rSpray area coveragé a
HP@Nanoassembliesuspensiomompared to watdbllowing extrusion througla
mucosalatomizerdevice (C) HPreleasekineticsfrom HP @Nawassemblies through a
transwell platenembrane in snulated nasal fluid bufferdguged topH 6.2 (nasal
posterior)or 7.4 (neutral/cerebrospinal fluidD) Inset of Figure€.8C focusing orthe

first 24 hours of riease(n = 3 forall figures. * p < 0.05 compared to pH ¥.4

2.3.51n vitro Cell Viability and Cell Uptake

2.3.5.1 Cytocompatibility The dosedependent cytocompatibility of SNBSAo 1-
CHOosand correspondinganoassembliesas quanfied using a resazurin agsagainst
murineSTHAR"Q7 stiiatal (brain)cellsand human nasal epélial cells(hNEpC) both
cell lines releart to the noseao-brain transport pathwayigure 2.9). After 24 hof
exposureboth cell linegnaintain >75% viability upon expage ofbothSNROSA-

CHOusandits correspondinganoassembliest concentrations up @1 mg/mL meeting
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the threbold of cytocompaliility as outlined by 1ISO 10993:2009.°°At 0.5 mg/mL,
howeverthe cell vidility of free SNROSA.1--CHOp 5 drops just below ths value(65%
and 64% in STHA®'?” and hNEpC, respectivelyhowever, he correspoting
nanoassemblies maintaiviabilitiesof 78% and 74%espectivelyAs such, the
formation of the nanoassembly reduces the even mytotoxicity observed atigh
concentratioawith thehydrophobized SNR€onsistent with Schiff base formation
redudng thefree aldehyde cdantwithin thenaroassemblyo avoid any potential
aldelyde-relatedROS-inducedtoxicity.>! Coupling these data witthe observatiorthat
mucociliay clearancdurnover in humansccursevery~15 ming>1€(making itlikely
that the practical concentrations odmparticles/nanoassembliegposed to cellat any
given timein vivoare far below those measuiiedvitro), the nanoassembliesd their

degradatia products showufficiently high cytocompatibility fom vivo application.

>
w

150 STHthT.’QT 150 hNEpc

L] SNP-OSAO.1-CHOU.5

1004 -—d--=o=- P e 100 e Nanoassemblies
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o
1

Cell Viability (%)
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b4
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Figure 2.9: In vitro cell viability based on the resazurin assay of SNP®SA0.1-CHOo.5
and their corresponding nanoasemblies toSTHdh?”Q”and hNEpC cellsafter 24 h
of material exposure:(A) STHdH?7 cells and (B) hNEpC cell®otted blak lines
indicate 100% viability; dotted cdines indicatehe 75% viability threshold for
classifying the material as cytocompatible according to18€935:2009

2.35.2 Cell uptake:Fluorescently labeled SNPs and nanoassemblies were then

used to assess thempacity for uptaketo STHdHR?’and hNEpCcells FTSGlabeled
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nanoparticles ((ISENROSA.1-CHOp 5) were used to creatd BCGlabeled nanoassemblies
(F-Nanoassembliesyvith 0.1 mg/mLof each nanoparticl@ concentration webelow

the cytotoxicrangeas icentified n Figure 2.9) added @ hNEpC and STHd¥'“cells and
imagedafterl h of co-incubationusingconfocal laser scanning microsgof-igure

2.10). Both SNP-OSA.1--CHOp 5 andits correspondinganoassemiplcouldenter both

cell lines with theconsistento-localization of the nucleadoecshinuclear stairand the
green FSNP-OSA..1-CHGOp 5 signal suggesting that bofilee SNPs and SNPs
encapslated into nanoassemblieanenter the cytos@ndlocalize around the nuclear
membrangexcesgreen fluoresences consistently observeafound the nucleysand

the merged channels show a large fraction of teal pikelsoferlap of green + bé
channels)lt is likely that both SNFOSA.1-CHO s andits nanoassemplare taken up by
cells nonspecificallythrough a combination of pinocytosiadclathrin-mediated
endocytosisa consistent witlthe transport ofmostsphericahanoparticle of size< 200

nm (Figure 2.5).%2
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Brightfield Zoom

A: STHdhQ7/Q7 Hoecsht FITC

F-SNP-0SA, 1-CHO, 5

F-Nanoassemblies

B -

F-Nanoassemblies

Flgure 2 10: Cell uptake of SNP-OSA0.--CHOo.5 and its corresponding nanoasembly
in STHdh Q77 (A) and hNEpC (B) measired via confocal laser scanning microscopy.

Green FTSGlabeledSNR-OSA.1-CHOp.5 with or without nanoassebly-based
encapsuladn; blue =Hoecsht 3342 nuclear stain

2.3.6 In vivo Locomotion and Biodistribution

2.3.6.1 Locomotiormodel:To assess the capacitytbe nanoassemblies to
transport drug to the braiRlP@SNPOSA.1-CHOy sandHP @Nanoassembliegere
mack via passive diffusionoading of prefabricated nanopadesusing3 differentHP
concentration (0, 0.01and 0.03 mg/kg HPand administredIN, using a free HP
injectionin wateras a drugpnly control Drug delivery efficacy was assessed tacking
the HRinduced eduction in locomtion using a computerized locomotion tracking
chamber, with the tal movement of the raneasureevery minuteover atotal4 hour

observatiortime following an initial 30 min induction periodter IN administration
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(Figure 2.11A; see Supportingnformation, Figure $for raw datg.?*34Notably, neither
free drug or SNRloadal nor nanoassemblpaded HRat0.01 mg/kgsignificantly
reduced locomotion compared to baselsgygestinghat 0.03 mg/kg ishe minimum
effective dose in thesmntextgFigure 2.11B-E). Surprisingly HP@SNPOSA. 1-
CHOo5did not show a significardecrease in locomotion relativettee 0 mg/kgHP
control ateither HP dose any of the time points testesliggesting tat the SNPs alone
may hhibit the transport of Hihto the braincompared to the feedrug alone In
contrast, at theighe 0.03 mg/kgHP concentratiofior which thecontrolled release
potential of the nanoassemblies could most effectively delib@lagically-effectiveHP
dose into the brainver an extended ped of time HP@Nanoassemblies shed
significantly lowerlocomotion réative to thenanoassembhpnly control at edttime
point tested; furthermore, HP@Nanoassemblies administration resuttedlowest
locomotionamong all three test grosmver each 30 min intervalfterthe initial 30
minuteinduction periodFigure S2.3). The contrast ithe apparentP bioavailability
between HP@Nanoassemblies and HP @882, 1-CHOp sfollowing IN administration
clearly $rowsthe importance ofte nanoassembly iachieving mucosal capture upon
administration and/or promotingucosakransport to enhance HP bioavailability
following IN administration.Administration of free HP maintains a significanteeff for
3 hourspostadnministration at the 0.03 mg/kdpse but returns toaseline aithe 4 h time
point, showing the advaage ofthe @ntrolled release capacity dfeénanoassembly
(Figure 2.8C) relative to the drug solutiaatis more rapidly clearedds such, the

nanoasemblies can prolongdtefficacy of HP lmlogical effects over a longer period of
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time thanfree drug while maitaining improved brain transport propertiearitthe free
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Figure 2.11: Locomotion of SpragueDawley rats after incubation with free HP,
HP@SNP-OSA0.1:-CHOo.5 or HP@Nanassemblies(A) Schematic showig the

protocol used for thiecomotionexperiments(B-E) Cumulative locomotiomipon
administration of either 0.01 mg/kg or 0.03 mg/kg HP in solution (using water only as the
control) or loa@ed into HP@ SN SAq.1-CHOo s0r HP@Nanoassnbliesafter B8) 1 h,

(C) 2 h, O) 3 h,andE) 4 h of locomotioriracking(n = 6 rats, * p < 0.05, ** p < 0.01,

*** < 0.00).
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2.3.6.2 Biodistribution:To assess the transport®P-OSA: 1-CHOo 5 and its
correspondig nanoassemblieghen admiisteredIN, the bodistribution of F-SNP
OSA.1-CHOp s and FNanoassetliesfabricated from FSNROSAq 1-CHOp s were
assessed by tissue homogenization following sac#ficafter administration (matching
thelocomotiontimepointg of the nasalepithelum (NE), the olfactory bulb (OB)the
forebrain (FB)thespleenand thdiver, in addition to collecteflood (Figure 2.12A).
When the luorescacevalues weraormalized tdhe same SNP contetat enalte direct
comparisons betaen the nanoassemblies dhd free SNPg&Figure 2.12B,C), the large
majority of --SNP-OSA.1-CHOo 5 were locéized in the nasal epithelm regadless of
whether or not they were delivered in a nanoassenhhig result isonsistent wittboth
the free and nanoassembledBNP-OSAq.1-CHOy 5 nanoparticles being mucoadhesive.
However,SNPs initially encapsulated intanoassemblies appear to more effectively
move out of he naal epithelium;significantly more FSNROSA 1-CHOp 5 wasobserved
in the liver (a ommon site of localizatiofor nanoparticlesvith sizes 200 nmif they
can access systemic ciratibn®and(more releantly) the forebrai when they were
delivered as a nanoassembly as opposed to free nanopaviiblesthe fluorescence
valueswerefurthernormalizedrelativeto the toal fluorescenceneasured across all
collected organwithin each grouggFigure 2.12D,E), the retention of free 4SNP
OSA0.1-CHOp s in the nasal epitheliurwassignificantly higher than that ohé
corresponding nanoassbiy Coupling this result ith thelow observedn vivo efficacy
of free HP@SNROSA 1-CHOy 5 in reducinglocomotion (Figure 2.11), we hypotlesize

thatfree SNPsare too mucoadhesive and tlget trapped in the nasal mucasstead of
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being able teffectively transport dig to the brainin contrastnanoassembliesan

control the rate of SNP releaaed/orthemselves facilit&&mucopenetration prior to
disassembly to trap®rt more SNPs closer to the nasal epithelium and thusqgtemnore
effectivenoseto-brain transportln the Etter case, the potential ofdlgel phase of the
nanoassembly enhangithehydraion shellaroundthe nanoassemnt relative to the
hydrophobized SNPs alone mdgcrease the interactions with hydrophobic mucin
domains andhus increase mucopenationdespite thearger size of the nanoassemblies
relative to the free SNP$>*Chitosanbased nanoemulsions haalsobeenreportel to
interactwith mucin and thus rededtsviscosityto increag the penetationof a

mucoinert emuisn droplet®! the CMCh gding agent used to form the r@assembly
heremay be interacting in theame manndob promote higher mucopeneirat,

particularly as the Schiff base crosslinks within the nanoassembly are hydrolyzed and the
CMCh is releaed Thisinterpretatioris consistent wititheincreased concentration$ F-
SNPOSA.1-CHOp 5 observedn the liver, spleen, bloodnd forebrairwith the

naroassembly deliveryehicles suggesting thahe nanoassemblieanpenetratdo the

highly vascularizé regions of the respiratpepithelium that transport naparticles
systemically the free SNPsemain trappé in the nose and thesnnot acess this
vasculatureshowingreduced systemic and brain transport despite their inherently smaller

sizel®
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Figure 2.12: Biodistribution of F-SNP-OSA0.1-CHOo.5 and F-Nanoassemblies in
SpragueDawley ratsfollowing IN administration . (A) Schematic outlining the
experimental protocalised for théiodistribution studiesBoth free SNPs and
nanoassembligsrepared wth F-SNPR-OSA.1-CHOv s were administered INand allowed
to transport for 4 hlissues were colléed, homogerzed, andsolubilized prior to
measuling the resulting fluorescenom a spectrophotometéB,C) Fluorescence signal
in each tissuaormdized per mg ofSNP, (C) is an expanded inge of B8) excludingthe
high signalfrom the nasal epithelium (NEJD,E) Fluorescencsignal normalized to the
total fluorescencebserved among all tissuegthin eachindividual animaj (E) is an
expanded image oD( excludingthe high signafrom the nasal epitheliulE = nasal
epithelum; OB = olfactory bulbFB = forebran. N = 3 animals per group, * p < 0.05, **
p <0.01, ** p <0.001
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Combining the abovim vvo data with the previous characterization data
highlights several &y improvementgnabled by our nanesemby approach relative to
previousy reported sprayabléN delivery systemsaMost systems thatsenanoparticulate
systems on multiple length scales (suckhase that our group has previously cre¥fied
are successful at keieyg drugloaded nanoparticles the nasal space, baan be limited
by their highviscosities representing a particular challenge for older patients in terms of
facilitating administration Systems that are entirely nanoparticulageich as thse
devel oped by 3% loffeypoomikingi \dtro esults bytimitedin vivodata
to demonstraté¢heir efficacy in complex biological systemsith the IN environment
representing garticularly complex system given the multiple mucosal, epithelidl, an
nerve transpotbarriers thatmust be consideredlthough initialin vivo datasuggests that
theimprovednanoassemblgfficacy is linked primarily by its capacity to betbalance
the often competing requirements foucopenetratiofnoseto-brain transportjelative
to mucoadhesia (retention) furthermechanistic tegig may be requireth complex
mucus environment® confirm this hypothesi In particular, the@pparentole of CMCh
in enhancing mucoadhesion when complexeginanoassembligut enhacing
mucopenetrationpon nanossembly degradatiomay offer design gdanceon how to
balance mucoadhesive versus mucopenetrative effects for not only IN transport but also
other drug delivery challenges in whittfansport across mucous layersequired (e.g.

oral or vaginal drg ddivery).
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2.4 Conclusions

A size andsurface chemistrgwitchable nanoassemhltpmprised ofSchiff base
crosslinkedcarboxymethyl chitosaand duabxidizedhydrophobized starch
nanoparticles enablexffective uptake angrolonged delivery of the smdilydrophobic
antipsychotic drudhaloperdol. The naoasembly is ~160 nm in diametésuitable for
penetrating acrogzaracellular tight junabns)and crosslinked through aeldbile bonds
thatcan break in the #@dic posterior regions of the nasglithelia; upon derosslinking,
hydrophobicSNPOSA-CHO of< 30 nm diameter (suitable for transport through
epithelia and axons to the brain) were relea€edespondingly, the nanoassemblies
could effectively deliver haloperidito the brain enabling proloned observation of
suppressed laenotionfollowing intranasal administratiorelative to drugonly or SNP
OSA-CHO-only controls Biodistribution tracking of fluorescently labele@NPs showed
that SNP<rosslinked ito nanoassemblieseresignificantlymore penetrative thanee
SNROSA-CHOQ, reslting in enhanced starch nanoparticle concentration in the forebrain
consistent with the prolonged locomotion suppression obséfednticipate this
approach can be adapted to deli@eange of small hydrophobicugysrelevant to
treating psychosis ottleer brainrelated disordersvith improvedefficacy through the

intranasal route.

2.5 Supplementary Information Declaration
Full characteazation of gel precursor material;reening of bulk gel

formation/themoresponsivity to inform nanoassembly desfiurgrescent calibration
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curves for CysSNRPCHO before and after nanoassembly encapsulation, and stability of

the lead nanoassembly over time.
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Figure S2.1: Electrophoretic mobilities of (A) SNP-OSA0.:-CHOo.25and (B) SNR
OSA0.1:-CHOo:s nanomaterials.N = 5 for egh nanomateail.
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Water

HP@Nanoassemblies

Figure S2.2:Binary mask images of spray data following injection of water and
HP@Nanoassemblie$ (ng/mL nanoassemblierough a mucosal atomization device
(vertical spray, 10 cm spray distance)
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Figure S2.3: Locomotion over time of Spragudawley rats with free HP, HP@SNP
OSA-CHO, or HP@Nanoassemblies following IN administrationLocomotion was
binned cumulatigly over each 30 minute interval after injectiatswith (A) 0, (B) 0.01,
or (C)0.03 mg/kg of HP.
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Chapter 3: Disulfid e-Crosslinked NanogetBased Nanoassemblies for
Chemotherapeutic Drug Delivery

Published Manuscipt:

Matthew A. Campea, Andrew Lofts, Fei Xu, Mina Yeganeh, Meghan Kostashuk, and

Todd HoareACS Applied Materials & InterfaceX)23 15(21), 25324 25338.

Objectives:

To design and characterize a nanoassemblyi(Z80 nm) comprised gdhysically
entrappedtarch nanopatrticles (2050 nm) for the delivery of doxorubicin
hydrochloride with increasedelease over timin glutathionerich environmentsTo test
the impoved efficacyin vitro (2D and 3D cell cultures) and efficacy kkgrmacokinetic

profile in vivo.

Author Contributions:

Polymer synthesis, nanoassembly synthesis and characterization, drug loading, release,
2D and 3Din vitro studies, anih vivowork was completed by Matthew Campbavivo
studies were led by Andrew Lofts and aided by Meghan Kostashuk. Spheroid penetration
images were gathered by Fei Xu during COVID restms. Mina Yeganeh aided with

2D in vitro viability studies.
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Disulfide-Crosslinked NanogetBased Nanassembliefor Chemotherapeutic Drug
Delivery

Matthew A. Campea, Andrew Lofts, Fei Xu, MiMaganeh, Meghan Kostashuk, and
Todd Hoare*
Department of Chemical Engineering, McMaster University, 1280 Main St. W., Hamilton,

Ontario, Canada L8S 4L7

* To whom correspondence should be addregssatetr@mcmaster.ca

Abstract:

Although nanoparticidased chemotherapeustraegies have gained in
popularity, the efficacy of such theragiés still limited in part due to theifferent
nanoparticle sizes neededomstaccommodateifferentparts ofthe drug delivery
pathway Herein, we describersanogelbased nanasemby based a the entrapment of
ultra-small starch nanopatrticles (size-40 nm)within disulfide-crosslinkedchondroitin
sulfatebased nanogels (si2®071 250 nm) to address this challenge. Upon exposire
the namassembly to the reductive tumor microgammentthe chondroitin sulfabased
nanogel can degrade to releése doxorubim-loaded starch nanopatrticles in the tumor
to facilitate improvel intratumoral penetratiol€T26 colon carcinomsapheroidsould be
efficiently penetrated bthe nanoassemblygsulting in one order of magnitude higher
DOX-derived fluorescence inside thpheroid relative teree DOX), whilein vivo
experimentshowed thatloxorubicirloaded nanoassemblis=sduced tumor sizdsy 6x

relative tosaline controls and=relative to free DOX after 21days Together, these data
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suggesthatnanogelbased nanoasmbliesare a viable option famproving the efficacy
and safetyf nanoparticlebased drug delivery vehiclégatingcancer.
Keywords: nanoassembly, nanogei-nanogels, nanocomposite hydrogel, wéteoil
emulsion, drug delivery, starch nanoparticle, chondroitin sulfate
3.1lIntroduction

Despite decades of researtreatingcancer remains a major global challenge.
While the challenge of treating cancer is highly migteted, @suringthatadministerd
anticancer drugs reach tumaesmairs a key bargr to effective therapylthough the
use of nanoparticlkeased chemotherapeutic delivery vmapedto overcomethis
challenge a metaanalysis of various nanopatrticle (NPased drug delivery vehicles
tested ovea 20 yearmeriod showed thabn averaggust<0.7% of administered drug
actually reaches tumors Although the reasons for such limited efficaeynaina topic of
debatethedifficulty of conventionaNPsto saisfy the differing size and stiace
chemistry requirements to circutatarget, ath penetrate a tumas onepotential
explanation Drug-loaded NPs best evade immune clearance during circulation if they are
in the 100250 nm size rangand have a neutral/proteiepellent surfacé* in contrast,
uptakeby tumor cells works best with NPs in the BB0 nm size rangandwith a surface
chemistry that specifically targets tumor cell recepémd/ornon-specifically interacts
with cell membrane3® Furthermore,while NPs with a size 0€40 nm can penetrate deep
into poorlyvascularizedareas of tumors to deliver drgand thus reduce the probability
of tumorrecurrence)nanoparticles on this length scaletypically rapidly cleared from

circulationprior toreacling their targef>® On this basis, developingdaug delivery
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vehiclethat can switch its siziegom ~100-250 nm diametert¢ enable effective
circulation)to ~5-50 nm diametelocally at the tumort increasentratumoral
penetration)s hypotheszed to improve the efficy of drug delivery to tumors.

Mostreportedsize-switching nanoparticles aim tocalize the size change
specifically once in the target tumor microenvironmeéyyically using cancespecific
mechanismsSuitable triggers includiéne characteristicallynore acidiqpH 2t increased
local enzyme concentratior.g.MMP-2 or hyaluronidasg'?'® or increasededucing
agent concentration (e.glutathione GSH)% 18 often observed in tumors, particularly
those ofmore rapidgrowingcancersSuch stimuliresponsive nanopatrticlege typically
fabricated asoreshellstructures in which the shell is shed in the tutidtraspberry
clustep structures in which surfaeedsorbed or bound nanoparticles are released from a
carrier nanoparticlé®??or fiTrojan horsé structure in whichdegradation of the bulk
nanoparticle releases smaller naatisles encapsulated insié&**the breadth of
published examples of each typiesize switching nanoparticlare summarized in a
recently published review. However while positive preclinical data hadeen publishe
using each of these approaches, challenges in designing ttigagnsabé breakdown
only (or at least primarilyin the tumor and accessing sufficiently penetrative
nanoparticles that are likely to achieve regulatory approval fimipractical utility of
many of the published strategi

Starch is a promising delivery vehicle for anincer drugs given itsell-
establisheadytocompatibility and biodegradability?® Howeve, native starch is

geneally an ineffectivedrug delivery vehile due to is granular crystalline structure that
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makes itdifficult to render into a tunable nanoscale sinel/or functionalize to enable its
fabrication into a multscale delivery vehicl& Starch nanoparticles (SNPs) formed
through a higktemperature extrusion procesgercome these limitations that they
consist of entirely amorphous starch with easily modifiable surthaésan be
engineered for tumor targetinfyrthermorethe 20-50 nmdominant size fraain of SNPs
coupled with their higltompressibility(due to their high water conterstiggests their
potential topenetrate deep into poorly vascularized tumor c&&Our group has
previously modified SNPs with numerous functional groupdudingusing oxidized
(aldehydefunctionalized) SNPs together with carboxymethyl chitosan tm far
sprayable iminerosslinked hydrogel enabling enhanced roserain drug delivery®
However, to effectively treat cancer, the fghtionof astableSNPnanoassebly on the
100-250 nm size rang@naling longerterm circulation crosslinked with a chemistry
more stable outside of the tumor microenvironnirrthighly labile within the tumor
microenvironments anticipated to enhance the therapeutic potential of SNPs fer anti
cancer therapy

In this work wereporta sizeswitchable nanogeadf-nanopaticlesi herein referred
to as a naressemblyi based on starch nanopartic{&NPs)for tumor targeting
applicationgScheme3.1). SNPs(20-50 nm diameter) were physibaentrapped in
disulfide-crosslinkedhiolated clondroitin sulfatebasedchanogels (CSH) templated
usinga watefin-oil emulsionand passively loaded with the antincer therapeutic
doxorubicin hydrochloride (DOX)Such a procesesuledin ananogelcontaining

controllably aggegatednanoparticlesn the desired size range for evadpltagocytosis
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and minimizing entry into healthy, eférgetcells(100-250 nm diameteryvhile also
exploiting thereportedclathrintumorspecifc targeting of chondroiti sulfateto promote
nanoparticle uptee into the amor. Uponexposure to the moreductivetumor
microenvironment based on the higher local concentratidisoffide-reducing peptides
in tumors® the nanoassembly could loegradedo releasehighly penetrative small,
compressibleandneutratichargedOX-SNPs.Such DOXloaded NAsare denonstrated
to significantly enhance intratumoral DOX transpor8ih cancer cell spheroids well

as enhance tumor suppressionivo comparedo DOX-SNPsaloneand free DOX.

o= L. Hf" B High [GSH] .. -
i_ . - * ) o0’
SNP-CHO

Delivery to
tumor cores

;
10-40nm: ‘h'/
Tumor penetration [ -
Doxorubicin K
hydrochloride \
(DOX)
\\ A

\.

Nanoassembly

Scheme3.1: Overview of theformation aml application of nanoassemblies for
chemotherapeutic drug delivery

3.2 Materials and Methods

3.2.1Materials
Chondroitin sulfate A sodium salt from bovine trachea)(Cgstamine
dihydrochloride (CysHCI, 96%), PBS tablets (10 mM phagebhuffer, 140 mM NacCl, 3

mM KCI, pH 7.4 in 200 mL water) sodium periodate (Ngl@9%), L-glutathione
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oxidized (GSSG, 98%),-glutathione reduced (GSH, 98%), Sp&0,
ethylenediaminetetraatieacd ( EDTA, -&tBidh)s-(2-niopedzoic acid)
( DT N B8%),Qodium phosphate dibasic gNRQy), doxorubicin hydrochloride
(DOX, pharmaceutical secondary standaaa)d resazurin sodium salt were all acquired
from SigmaAldrich and used aeceived 1 -Bhyl3-(3-dimethylaminopropyh
carbodiimide (PC, Carbosynth, commercial gia), dithiothreitol (DTT, 1M in KO,
BioUltra), polyglycerol polyricinoleate 4175 (PGPR, Palsgaard), fractionated coconut oil
(100% MCT oil Voyageur Soap & Candle Cpgndacetone (Caledon Laboratesg
reagent grde) were asoused as receive@NPs (EcoSynthetix, experimental grade) were
dialyzedagainstdistilled deionizedvater for a minimum of 6 (6+ hour) cyclbsfore use.
Milli -Q gradewater was used for all experimen®orning™ Matrige™ basement
membrane matrix was supplied by Fisher Sciendifid stored a20°C until useCell
media contents including Dulbecco's Modified Eagle Medhigh glucose (DMEM),
fetal bovine serunfFBS), penicillin streptomycinRS), arl trypsinEDTA were
purchaed from Invitogen Canada (Burlington, ON).
3.2.2 Synthesisand Characterization of Thiol -Functionalized Chondroitin Sulfate
(CS-SH)

4gCS @071 25 kDamolecular weightwasmixedin 125 mL of water and bath
sonicated for 1 hr téully dissolve.Following, 2.62 gof CysHCI (2 molar excess
relative to monomeric CS usjtand2.68 g ofEDC (2 mol excessrelative to monomeric
CS unit3 were added to CS and the pH was adjusted to(&atteme3.2, top). The pH

was subsequrly maintained between 4.5 anddy dropwiseaddition of 1 M HCl over6
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hrs. The resulting solution was dialyzed againgd Fbr a minimum of 6 (6+ hr) cycles
using12i 14 kDa MWCAO dialysis tubing. Subsequently, the purified polymer was
removed from dialysis, the pH was adjusted and maintained between 8 and & BAwith
NaOH solution, an®.2 mL of DTT (21.6 mmol, 2.% mol excesselative to monomeric
CSunitg) was added anallowed toreactfor 6 hrs.Following, the reaction was adjusted
to pH 3.5 to peventdisulfide recrosslinkingnd the productvas dialyzedat pH 3.5 for 4
(6+ hr) cyclesusing12i 14 kDa MWCO Specte®0of® 3 RCdialysismembrans

followed by lyghilization to yield purified CSSH.

Thedegree of substitutiofDS) of CS- SSwas quantified using conductometric
baseinto-acid titration(0.1 M NaOH as a titrantvhile theDS of free thiolsafter DTT
reductionwas determinedsinga n  E | hseag. trietsil,a calibration sindard of
GSH in a concentration of 1 mg/mLdibasic sodium ptsphde buffer (0.01 mM
sodiumphosphate dibas, 0.001 M EDTA, pH 8.5) was made and serially diluted@®
make the calibration standard3S and CSSH solutionswere made at the same
concentratiorusingthe sameprotocol Calibration standards and unknowmesre further
diluted by adding 250 pL of sample to 1 mL of pH 8.5 buffer. 50 ph 4fmg/mL
solution of dithionitrobenzoic acid (DTNB) in pH 8.5 buffgas then added to the newly
dilutedstandards and the absorbance was measured at 4@&nmga Teca Infinite
M200 Pro plate readeThe thiolDS of CS-SH was calculated by comparing to a
calibration curveand dividng by the knowmumber ofmoles of CSnonomert repeat

units
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Scheme3.2: Synthesisof polysaccharide precursorsand resulting hydrogels

Reaction schemes for thadlation of chondroitin sulfate (C$op) and the oxidation of
SNPs(SNR-CHO, bottom)and the resulting bulk hydrogels formed upon mixing the two
precursor polyme (L0 w/v% CSSH, varying concentrations of SNEHO).

3.2.3Synthegs and Characterization of Aldehyde Functionalized SNPs (SNPCHO)
Starch nanoparticles (SNPs) were dialyzed against water for a minimum of 6 (6+
hour) cycles before usEollowing, 1 g of dry SNP wadispersed in 20 mL of watand
0.33 g of sodium periodate (0.25 @fganhydrous glucose units in stayetas added
slowly to the SNP suspensi¢8cheme3.2, bottom). The pH wasnanually adjusted to
pH 5, andthe reaction was allowed to prode@gtroom temperature for 4 hours. The
reaction vessel contairgrthe SNPs and sodium periodatas covered th aluminum
foil to exclude light for better reaction efficiency. The reaction was termiratetiding
425uL of ethylene glycol (5 theoretical mar excesof aldehydes), after which the
product was dialyzed (8 6 h cycles, 3.5 kDa molecular weight -@ift membrane),
lyophilized, and stored as a dry powder241°C.SNPR-CHO wereprepared freskvery 3
months teensureprope dispersal in aquesumedia (as confirmed witlualitative
observationsand minimizeany potential ofslow hemia@talformationonthe

crosslinkirg potential of the SNFCHOs.

184



Ph. D Thesisi Matthew Adrian CampeaMcMaster Universityy Chemical Engineering

The DS ofSNRCHO functionalization was determined by reacting free aldehydes
with hydroxylamine salt and analyzitige producvia potentiomet titration 3233
Briefly, 875 mg of hydroylamine hydrochloride wadissolved in 50 mL of kD (0.25 M
final concentration) and the pH was adjusted to 4. 50 mg of GNP® wasthendispersed
in the hydroylamine solutionthe pH was recorded, and the solution was titrated with 0.1
M NaOH back to a pH of 4’he same protocol waserformedon unfunctionalized SNPs

as acontrd sample The resulting aldehydeS was calculated accordingEguation

3.1

DS = (nNaOHadaecz) _ (nNaOHadded) [3.1]

NSNP-CHO nsnp

where DS = degree stibsttution, NnaoHaaeda= Mol of NaOH addeduring the titration to
reach pH 4nsnercHo = mol of SNP-CHO titrated(calculated by dividing the mass of
SNRCHO by the molecular gight of the anhydrous glucose unit, 162 g/mahd rnp=
mol of SNP control titrate¢calculatedas aescribed fonsnrcHo).
3.2.4 Synthesis ofStarch Nanoparticle and Chondroitin Sulfate (CS-SH@SNR
CHO) Bulk Gels

Bulk gels werdabricatedusingvarying concentrations of precurgos-SH and
SNRCHOto idertify optimal concentration®r gelationprior to fabrication of the
nanoassembliesScheme3.2, right). All gels were made with a total volume of 1 mL,
with 0.5 mL of each of the GSH and SNFCHO presursor solutions added to a 3 mL
glassscintillation vial and vortexed lightly for 1 minute enable miing. Following,
various volume®f a 100mM GSSG stock dation wasadded to the precursor mixture
and vortexedightly for 30 seconds. Gerecursors were left on the benchtop at room
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temperature for Bous to enable gelation. Viahversion tets were used taletermine

gelation time, with samples deemed to be gelled when inverting the vials yielded no flow
after 5 secondg.he redox responsivenessthiese gels was tested by adding 5 molar
equivalents of DTT to vials followed by vortexing, widkgradabn assessed by tlsame

vial inversion méhod 90 minutesfter DTTaddition.

3.2.5Synthesisand Purification of CS-SH@SNRCHO Nanoassembks
Nanoassemblieserefabricatedby performing the gelationptimized in section

3.2.4inside the dispergkphase ofa watefin-oil emulsion Figure 3.1A). A 20 w/v%

solution of CS inwvater a5 w/v% solution of SNFCHOi n EIl | man s buf fer (

NeeHPQs, 1mM EDTA,pH 85),andal 00 mM sol uti on of GSSG in

were bath sonicateat 50°Cfor 30 minutes t@nsure fullsolublization/dispersion of the

precursor matgals. In parallel, a 50 mL Falcon tube containing fractionated coconut oil

(25 L, HLB value4-5), Spaff 80 (2 mL, HLB = 4.3), and PGPR (0.5 mi|.B 1.5-2)

was homogenized 42,000 rpm fob seconds to create the oil pha280 uL of CS'SH

precursor solutiomvas then loaded into one barrel of a dotlidereled syringe whil200

pL of SNRCHO preairsor suspensioand50 pL of GSSGwere loaded into the other

barrel. Precursor solutions were dispentsedugh the mixing chamber of the double

barreled syringand intothe oil phase, after which the resultieghulsion was

immediatelyhomogenized using a T25 Digital Ultra Turrax homogenizer (IKA, Statfen

Germany) for 15 minutes a2}000 rpm folbwed by probe sonicationsing aQ700

sonicating probe (QSonica, Newtown, CT, Uiy 3 minutes Sonication was

performed with the emulsiaon an ice batlandwith a sonicator pulse on/off time of 10
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secs/30 sed® ensurehe temperaturyas maintainetbelow 85C. TheCS- SH@SNP
CHO nanoassemblganogel product was oted to r@m temperature otine benchtop
overnightbefore purification.

CSSH@SNP-CHO nanoassembliesere purified by consecutive centrifugation
andacetone washg steps. Brfly, 2 mL of CSSH@SNRPCHO nanoassembliesere
centrifuged afL0,400x g for 20 minutesvith the supernatant discardafierwards
Nanoassembliesere washed witR mL of actonebefore repeating centrifugatipafter
which the acetone supernatant was discaatatithenanoassmblieswere washed witha
1 mL of acetone and centrifugedjain. Tk supernatant was again discarded and the

purified nanoassembliegereair dried overnightto ensure complete acetone removal

3.2.6 NanoassemblyCharacterization

Dynamic light settering was performed by dispersing purified nanoassenihblies
a10 mM NacCl solutiorata concentration of mg/mL andfiltering the resulting
suspension usingl ¢ npolyethersulfonédPES)syringe filter. Filteednanoassemblies
were addedo a clear polpropylene cuvette ananalyzed using NanoBrook 90PIlus
instrument(Brookhavenlong Island, NY, USA; temperature = 25%articlerefractive
index = 1.34consistat with that of starch5 measurements per sag)pElectrophoretic
mobility measurements were performed using the same instrument and the same
precursor solutiongsing phase analysis light scattering m@denperature = 25°ycle
delay time = 1 s, 30 cycles per measurement, 5 measurements pel).ddarmassembly
samples from DS were dilutel 5:1 with 10 mM NaCl ananeasured witlmanoparticle

tracking analysis (NTAusinga LM10 HS NanoSight microscope (Malvern Panalytical,
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Worcester, UKtemperature 25°C,flow rate = 150100 to 200 particles per frame).
Effective diameter, polydispersity, electrophoretic mobility, and size by NTA were all
reported as an average + standard deviatioB fechnicalregicates
Transmission electron microscopy (TEM) was performed by disperaifgep
nanoassemlasin water at a concentratioof 0.5 mg/mLand syringe filtemg the
resulting suspensiairough a 1 um PES syringe filtér0.1 w/v% concentration at
~150 nmPMMA latex was added to theanoassemlasto prevent SNP aggregation and
film formation during dryingand thus permit imaging of individual SNAH$ e combined
suspension wadispenseanto a CHPdTEM grid and air dried foBO minutes.
Nanoassembly morphology wesagedusinga JEOL 1200EX TEMSCAN transmission
electron microscopevith thenanoassemblyizes amalyzed using ImageJ.
3.2.7 Doxorubicin Hydrochloride (DOX) Loading into Nanoassemblies
(DOX@Nanoassemblies

A 15mg/mL DOX standardolutionin eitherwateror DMSOwaspreparedy
soni@tion underminimal heaing (~40°C)for 15 mins.In parallel,4 mg of purified
nanoassemblieseresuspendeth 2 mLwaterin a 7 mL glass scintillation vial/arious
volumesof the DOX standardsolutionwere added to the nanoassembly suspersion
form final solution concentrations 6f1 w/v% @ pL), 0.5 w/v% @O puL), 1 w/v% (20
ML), 5w/v% (100 pL), or 10w/v% (200 uL) DOX, with the resulting suspensiomxed
with a magnetic stbar for 24 hrs.The resultingdOX-loaded CSSH@SNPCHO
nanassembliegDOX@Naroassembligsverecentrifuged at 10,400 x g for 20 minutes

after whichthe fluorescence of the supernatant was measisiaga BioTek Synergy
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HTX Multi-Mode Readeplate reade( & 480 +£15n m ,em 585 +£ 15nm). The
loading capacity (LC) andheasulation efficiency (EEdf DOX into the nanoassemblies
were guantified according tequations 3.2 and 3.3 respectivelyby comparinghe
measured supernatant fluorescence valescalibration curvef DOX in the same

solvent (water or DMSQ)

MpoXinitial ~"MDOX supernatant
IC = P *100 [32]

Mnanoassemblies

Mpox initial~"DOX supernatant
EE = P *100 [33]
MpoX initial

Here,LC is theloading capacitympoxinitial IS theinitial massof DOX added to
nanoassemblie8poxsupematantS themassof DOX in thesupernatant (as determined by
the calibration curvg andmanoassembiietS thetotal mass of th@anoassembliesAll
loading experiments were done in triplicataéth the repord results representing the
means and the error bars representing the standard deviation of the three independent
loading expaments.
3.2.81n vitro Degradation of Nanoassemblies

Purifiednanoassembliesere resuspended in PBBY mM, pH 7.4)ata
concentration of 1.5 mg/mL. Samples were vortexed for 1 min at 1600 rpm, bath
soncated for 10 minutesandthen syringe filtered as described aboVée prticle size
was measured using dynamic light scattering every 90 s. After 3 measurenpeets, a
definedvolume of a 100 mM GSH stock solution in PBS (15 mg in 0.5 mL) was added to
the cuvette to reachtarget concentration of GStdnging from01 10 mM and final

samplevolume of 2.75mL. Paricle sizemeasurements wethentaken every 3 minutes
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for the first hour then once every hour over the next 12 hourack the breakdowof
thenanoassemblie8 separate nanoassembly replicates were prepared for each
concentration of GSH tested; effective diameter is reported as the average + standard

devidion for dl DLS measurements.

3.2.9DOX Releasdrom Nanoassemblies

DOX release was measured in various concentrations ofv@Sidialysis bag
methodFirst, 0.5 v/iv%Tween80 was added to 10 mpH 7.4 PBS buffer téorm the
release buffer, with the Tween 8@dedto simulate the driving force of cell membranes
in promoting the releasof DOX from the nanoassembliegarying concentrations of
GSH were addetb simulate intracellular (10 mM)r extracellular (10 uM)GSH
concentrations in tumoos control GSH comatrations(0 mM).313*DOX-loaded
nanoassembliesere dispesed to a final concentration of 0.2 mg/mL in the desired
release buffer, mixed, and sonicated<@0 minutes tdfully disperseafter whichl mL
of the resulting suspension wiasided ino a 1 mLcellulose acetatéloatA-Lyzer® G2
(3.57 5 kDa MWCO, Specte®0® 3 RC), placed in a 50 mL Falcon tube containing 20
mL of the chosemelease medjaand placedh ashakingincubatoroperatingat 37°C and
150 rpm. At pre-determined intervals of 0, 2, 4, 8, 24, 48, 72, 96, 120, 144, and 168
hoursof incubation,1 mL ofthe release mediaasremoved for analysiand replaced
with fresh media. Fluorescence was measured using a BioTek Synergy HT X\iddki
Reader pl &880+l & a aenbI5 k5 nm, step: 10 nmvith drug
release calculated relative to a DOX calibration cypmepared in the samelease

mediumusingEquation 3.4
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% Release = E(mDOXt_(mDOXt_lxo'gs)) * 100 [3.4]

MpoX initial

Here mpox tis the mass of DOX collected outside the dialysis bag atttimgox t1is the
mass of DOX collected in the previous timepoint multiplied by the dilution f§0t8§),
andmpox initial IS the initial mass of DOX present in DQ¥ggregate. Control elease
experiments were conducted using $hme protocol but addingn equivalent
concentration of DOX in PBS (no GS# nanoassemblig¢to the FoatA-Lyzers,
allowing for distinction between the magransport effects of the membrane and the
release of DOX from theanoassembliedll release experiments were done in triplicate,
with the reported results representing the means and the error bars representing the
standard deviation of the three independent loading experiments.
3.2.101In vitro Cytotoxicity in 2D Tumor Cell Cultures

The cytotoxcity of the fabricatechanoassembliegwards CT26 colon carcinoma
cellsand NIH 3T3 fibroblasts (nenancerous, cort cells) with or without DOX
l oading was assayed in 96 wakildcaldnat es .
5000 cells/wellin DMEM medium was seeded into the wells of a 96 well plafesr 24
hours to allow forcell attachment, blankanoasseniies, blank SNRPCHO, free DOX,
DOX@SNRCHO, andDOX@Nanoassemplsuspension®adedwith various DOX
concentrations (0, 0.001, 0.01,010and 1 0. [hsalingwera bdded into
separate wellm triplicate After 24 hrsor 72 hrs of incubation, theedia was removed
resazurin solutions préissolved in media were added into the wells as per
manuf act ur e rabdihe platesasimcubatédifoo shhs Thiguorescence
intensityof the converted resazunmas measured using a Tecan Infinite M200 Pro plate
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reader using an excitation wavelength of 560 nm and an emission wavelength of 590 nm.
All viability experiments were done in triplicate, with the reported results representing the
means and the error bars representing the standard deviatimntbfee independent

experiments.

3.2.11In vitro Inhibition Assay

The ability of free chondroitin sulfate (CS) or hyaluronic acid (EANhibit
DOX@Nanoassembplentry into CT26 or 3T3 cells was tested in i2lvitro cell culture
Cell suspensions weeeededn 96 well plates in triplicatasdescribedn section3.2.10
Following, standard®f 5.4 mg/mL, 13.5 mg/mL, an&7 mg/mLof CSor HA were
preparedn saline and filteredisinga 1 um PES syringe filteBO pL of each standard
was added to different well to give a finaCS or HAconcentratiosof 1 mg/mL, 2.5
mg/mL, or 5 mg/mL.In parallel,0.1 mg/mL ofDOX@Nanoassemidswereprepaedin
salineandfiltered, with 20 pL of the resulting suspension thadded to each well
containing CS, HA, or no inhibitor (contrehmplg. Cells were incubated for 24 after
which the esazurirassay was performed as pectsoon3.2.10to assess residual cell
viability in triplicate
3.2.12 In vitro Nanoassembly Penetrationin 3D Tumor Spheroids

3D cancecdl spheroids were culturagsing the hanging drop methading
CT26cels A1 0 &L drixa® cels/mlsdispeasion of CT26 celis DMEM
mediawasadded to the lid of a Petri digg4 mm diameterl6 mm height)A thin layer
of PBS (510 mL) was dded to the base of the Petri dishrtaintain humidified

conditions within he plate angireventthe media fromevaporating Spheroids were
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incubated at 37°C and 5% G€r 10days. Symmetrical spheroidsth a diameter
between 15200 umwere chosen ansubsequently ncubated with 1 e€g/ m
of either free DOX oDOX@Naroassembésfor 1 hour prior to visualizatiowia
confocal laser scanning microscapsinga Nikon upright confocaimicroscopeanda
TRITC filter ( & 540N M ,em 581 NM step:5  ebmghtress (HV)50, offset:-10, gain:
3). Imagesof 4 separate spheds per treatment growpere analyzedn Imageby
projecting thez-stackfluorescencavith maxmum intensity toidentify the maximum
fluorescence at eagart ofthe spheroid. The background was then manually removed by
adjusting the minimurpixel density to 5 while the maximum was set o Bhe
integrated pixel densityepresenng thetotal fluorescence from all combinesstacks
wasused taepresent theverall fluorescence of penetrate@®X into thespheroids
Projected fluorescence intensity wapaded as the average + standard deviation of all 4
spheroids measured per treatment.
3.2.13 In vivo Tumor Toxicity in BALB/c Mice

BALB/c mice @1 6 weeks oldCharles River Canada, St. Constant, QC, Canada)
received careomplyingwith protocols approved by the Animal Research Ethics Board at
McMaster Universitythe Animals for Research Act of Province of Ontaaiog the
guidelines of the Canadian Council on Animal Care. Animals wereedaugroups ob
in standard cages on a 12 h light cyiol@ mom maintained at 22°C and 50% humidity,
with access to food and watad libitum Animals were habituated to their holding room
for 1 weekprior to experimentatigrfollowed byoneweek of handlindefore use in

experiments. On Day @00 pL of alx10’ cells/mL solutionin sterile PBSi.e. 1x10°
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total cells) ofCT26 cells(confirmed to bdree ofpathogerderivedDNA via PCR
performedoy Charles Riverjveremixed with 100 pL oMatrige™ and injectedthrough
a 25gauge needlsubcutaneouslin the flark. After allowing the tumors tgrow for 7
days, nice wereweighed and tumor sizagasmeasurepgmice were themandomly
separateghto different treatment groups ensuriaig average tumor size of ~50 riwas
achieved in each grouBubsequently(1) 100 pL ofsaling (2) 3 mg/kgblank SNPCHO
nanoparticles(3) 3 mg/kgblank(no drug loadedhanoassemblie$4) 5 mg/kgfree
DOX; (5) DOX@SNRCHO nanoparticle63 mg/kg nanoparticles loaded withrig/kg
DOX), or; (6) DOX@Nanoassemids (3 mg/kgnanoassemblidsaded with 5 mg/kg
DOX) were injected through the tail vein. Mice were weighed and tulinognsions
weremeasureetvery?2 days with digital calipers allowing for the calculation of the

tumor volumeusingEquation 3.5:

length=width?
Volume = gf [3.9]

Treatments were administered at sa@ne concentration and using the same protocol
every 3 days for a total a0 days, with n = 7 animds tested pegroup Tumor volumes
and mice masses were measuwreery 3 days over a 21 day period pogtction.
Relative tumowvolume and body mass were calculated by dividing the value at that
timepoint with the value at t = 0; values were reported as average + standard deviation of
all collected tumor volumes/body masses

Tumor growth was also measured using a separate group of BALB/c mice with
larger tumor volumes (average starting volume ~10)rtorcompare the therapeutic

potential of DOXloaded $IPs and DOXoaded nanoassemblies on treating tumors of
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differert sizes. DOX@SNRHO orDOX@Nanoassemias (n = 3 for each) were
prepared as described previously in this section and administengd3:eays over an
18-dayperiod. Tumor volumes were recorded every 2 days, with values reported as
average * standard deviation.

Although no mice in the study died naturally due to tumor effects over the 21 day
trial designed, survival curves were made stgtly based on when humane endpoints
were enforced by awanimal utilization protocol (i.e. a tumor with a length ofeatst 17
mm was achieved in a 25 g molse
3.2.14 Histology Analysis

Mouse organs (tumors, heart, spleen, liver, kidney) were harvested and fixed in
10% formadin, washed in ethanol, and embedded in paraffin. Prior to sectioning, tumors
were cut in half and cross sections were exposed on the cassette so that dense tumor cores
could be sectioned. Organs were then sectioned into 5 pum slices and stained with
hematoxylin and eosin (H&E) stain tosass inflammatory responses and an activated
caspase 3 dye tosss apoptosis. The resulting stainedisas were then imaged on a
Leica DM IRB inverted microscope attached to a Q Imaging Retiga 1300 CCD camera
and analyed by a blinded observer.

To quantify the prevalence of activated caspase 3 dye in each tissue, tissues were
processed in ImageJ by manually removing the background in each image, converting
caspase-3tained tumors into anldt binary mask, and decreasing the threshold until
only brownstained cells were included in the image. Following, the intedrdensity

was measured for each imagedescribed iisection3.2.12 The average + standard
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deviation was plotted for n = 4 technical replicates for eatiot(2 images from 2
unique tumor slices)
3.2.15 Statistical Analysis

GraphPad Prism 9 was usedanalyze the statistical significance in all
experimentsstandard deviation was used for error bars in all experimBntstailed t
tests were used to assess significance in polydisparsit electrophoretic mobility
measurements.r@way ANOVAwith Dunnetb s mu |l t i p | postlcootesfwasr i sons
used tocompare multiple groups spheroid penetration experimeatsdin vivotests
Two-way ANOVAWi t hk @2 drful t i p| e wasusedpoeconipareonmultiiee s t s
groups in drg loading experiments. Twvay ANOVA with Tukeyo6s mul
comparisons posgtoc testvas used taompare multiple groups in all other experiments
with the analysis supplemented by interquartile testing to identtfieuin thein vivo

tumor suppression testing U  was Qisedbr5all statistical significance.
3.3 Results and Discussion

3.3.1Synthesis andCharacterization of Precursor Polymersand CSSH@SNPBulk
Gels
CS was chemicallfunctionalized with thiogroups(Scheme3.2, top) to enable
the formatim of nanoassembliesrosslinkedvia GSH-cleavable groupsnabling
accelerated nanoassembly breakdown in the reductive tumor microenvironment. CS was
chosen as theontinuous phase of the nanoassembly based wepitsted binthg to
clathrin and (to a lesser exte@p44andreceptors upregulated in many cancérés®

SNPs were functionalized with aldehygi®ups yia oxidation)to improve drug loading
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with aminebearing chemotherapeutic drugs sucb@s< (Scheme3.2, bottom),
providing both a mechanisfar dynamic covalent drug loading (via imine bond
formation) as well as passive drug loadiug diffusion into the gebased SNP interior)
CSwas thiolatedCS SH) by grafting the disulfidecontaining cystamine dihydrochloride
to the-COOH group in CS followed by reducing the disulfEndwith DTT, beneficial
to minimize anyunwantednter/intramolecular disulfide formation prior to gelatidre
DS forcystamine dihydrochloridgrafted CSvas 0.37 as aqntified by basénto-acid
titration of the-COOH groups before and after conjugat{@igure S3.1A), while the DS
for CSSH was 0.17 as quantifiedby ol or i met r i cThig€differemeen 6 s as s ay
suggestshatsome combination of incomplete disulfide cleavage andftorreation of
disulfide bondskeeps approximately half the potentially available thiol groups protected,
although thee remaining disulfide graftge still capable of undergoing disulfide
exchange over time once the gel has forrméa.degee of substitution of aldehyde
groups followingoxidation of the SNPw&as 0.34 as @qntifiedvia hydroxylamine
titration (Figure S3.1B), providingample aldehyde groups to improve @X loading
into thenanoassemblthroughimine formation

The gelation kinetics of GSH@SNPCHO bulk gels were assessggingavial
inversion test to determine tkhencentrationsf each componemtecessary for rapid
gelation Table S3.1). Use ofthedisulfide-inducing gelator oxidized glutathione (GSSG)
significantly deceasedhegelation timen a concentratiolependent manner, decreasing
the gelation timérom an hours to minutésne scaleupon the addition adslittle as 1

mM GSSGAnN optimum ratio of CSSH:SNRCHO:GSSG was determined to be 5:1:5
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w/v%, enabling geformation in<20 minutedo allow for sufficient time to perform the
required homogenization/sonication steps to fabricate the emulsion templates for nanogel
formation while still minimizing the total time required to fabricate the nanoassefibly
fabricated gelslegra@d back to their lowiscosityprecursor solutions the presence of
DTT (Figure S3.2), confirming that crosslinkingccurs primarilyia reversibledisulfide
formation given that DTTs known to inducelisulfide exchange to ultimately cleave
disulfide crosslinks.
3.3.2Synthesis andCharacterization of CSSSH@SNRCHO Nanoassemblies
Nanoassemblies were fabricated using an inverse emulsion technique to
encapsulate SNEHO nanopatrticles insidedisulfide-crosslinked CS phase at a size
scak templated by the emulsion dropletesThe $ze and surface properties of
nanoassembliesere analyzed to ensure tla%SH was effectively encapsulating the
SNRCHO nanopatrticles and that the t@aghregatsizewasin the 100-250 nmrange
targetedor prolonged circulation and effective tumor uptékeyure 3.1A). Boththe
intensity Figure 3.1B) and numberKigure 3.1C)-averagedize distributions indicate
that thenanoassembliesererelativelymonodisperse (polydispersity0.12, Figure
3.1D) with particle sizes within the target@@0-200 nmsize rangein contrastthenon
encapsulated SNEHO are both highly polydispergpolydispersity = 0.37and much
smaller.Nanoparticle tracking analysis indicated a similar size distribution (average
particle size ~165 nnkigure 3.1E) and narrow polydispersity (D90 < 200 nm) for the
nanoassemblies buthaodal size of 41 nm for SNEHO alonecoupled with a much

broader size distribution andsagnificantly higher total particle count (i.e. the area under
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thecurve).Together, theseesuls confirm succedsl formation of the nanoassemblies by
the inverse emulsion templating technighlanoassembly stability was tested over a 14
day period in salineSupporting Figure S3.3), with the nanoassembly size staying in the
targetedl50-250 nm size range for 9 days (and <300 nm over 14 days) with a similar
polydispersity index maintained throughout the full incubation peridectrophoretic
mobility measurementd-igure 3.1F) show thenanoassembliegre slightly aniorg (-

0.76 (W/s)(V/cm) consistent with the presee of negatively charged CS on the surface of
the nanoassemblieghile SNRCHO are neutra0.07 (u/s)(V/cm)) showing that while
SNPs have the potential to act as Pickering emulsion stabilizers a significant fraction of
the tumottargeting CS remains at the nanoassembly sutfadeM analysis of the
naroassemblieshowed somewhat irregularly shaped particles withdefr internal

phase boundaries within the partictes on the outside of the particldsgure 3.1G),
suggesting a unique morphology msishilar to a Trojan horskke nanoparticlg’ note

that thesmallernanoassemblgize of ~40100 nmindicated byTEM is directly attributed

to the drying of the nanogéike nanoassembly as required TEM.3" In comparison,
nonrencapsulate@NP-CHO particles show consistent spherical morphologies ares si

in the 2040 nm size rangé-igure 3.1H).
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Figure 3.1: Physical characterization of nanoassemblie¢A) Schematic of the water
in-oil inverseemulsiontemplating technique used for nanoassembly ¢akion; (B, C)
Dynamic light scattering comparison of the particle size distributions by inteB3ian(
by number C) of SNRCHO and CSSH@ SNPCHO nanoassembliesD] Polydispersity
comparison betweeBNP-CHO andnanoassemblies as per dynamic light scattgnng
5), averages = SD plottet** p < 0.0001; (E) Particle size distribution as measured b
nanopatrticle tracking analysis, with the dotted lines corresponding to each distribution
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representing theandard deviation (n = 5{F) Electrophoretianobility of SNRCHO and
nanoassemblie@ = 5) averages + SD plotted* p < 0.001; (G, H) Transmission
electron microscopy images oG CSSH@SNRPCHO and H) SNRCHO
nanoassemblies (note: orange labels represent PMMA &atdrcto prevent film
formation of SNPs on drying).

3.33DOX Loading into Nanoassemblies

DOX was loaded intmanoassembliest various DOX concentrations in either
water or DMSO to analyze the binding affinity of DOXth® nanoassertibs under
different solvent and charge condits(Figure 3.4A). Consideringhe 1.5 mg/mlinitial
DOX concentratiomlata as aepresentative caskie tothe highly efficient loading
achievedtheencapsulation efficiency & a measure of thigactionof initially loaded
DOX thatwas encapsulatedndthe drug loading capacity.C, a measure adhe mass of
DOX loaded per massf nanoassemb)yarebothsignificantly greater when DOX is
loadedin water (2% EE; 61% LC) rather than DMSO (61% EE; 46% I(Eigure
3.2B). We hypothesize this trend is linkamithe partial protonation of the amine on DOX
when in waterin whichthemeasured phvas6.1 atthe highest concentration of DOX
tesed in this case, DOX loading can proceed absorption into the gel phase, imine
interactions with SNFCHO (primarily via the unprotonated fraction of DOX at pH
6.1),3 4% and/or eletrostatic interactionbetween the protonated fraction of D@ith
anionicsulfateand carboxylate groupms) CS (Figure 3.2A), providing a highlyfavorable
microenvironment for DOX uptake atehding Thesignificantincrease irthe measured
absoluteelectrophoretic mobility from0.76to -0.32 (/s)(V/cm)supports this claimas
positively charged DOXanpartially shield theCS-derivednegative chargean the

surface ohanoassembliagpon loadingFigure 3.2C). Nanoassembliewith the highest
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DOX loadingalso yieldedarger particle sizes 0f240 nm Figure 3.2D) andmoderately
increased polydispersiti€gigure 3.2E) relative to unloaded nanoa&ssblies, a result we
attribute to potential et¢rostatic or hydrophobicitdriven interactions between surface
bound DOXand neighboringpan@ssemblie However, @spite this slight sizand
polydispersityincreaseobserved upon DOX loadinthe particle size still remains in the
100-250 nm range targeted for prolonged circulafias; suchthe formulation yielding

the highest LQi.e. starting DOX concentration of 1.5 mg/nmLwate) was selected for
furtherexperimentgiventhat itmaximizes the amounbf drugloadedpernanoassembly
ard thus minimizsthe mass of delivery vehicle required for effecttbemadherapy

While preloading the SNPs with DX prior to emulsification to form the nanoassemblies
would offer potentially more specific loading into the penetrative SNP phase, low EE and
LC values were achieved following emulsification of-jpaded DOX@SNPs

(Supporting Figure S3.4). We attribute this result to the heat generated during the
process (affecting DOX stability) and/or partitiog of DOX into the continuous phase
during theemulsificatian process. Furthermore, regardless of where the DOX is initially
loaded, we hypothesize that drug vpillrtition between the (higaffinity) SNP-CHO and

the (lower affinity) CSSH phase in the nanoassembly over time, with the reversibility of
drug-matrix interactions resulting in similar drug partitioning following sggraegardless

of the loading method used.
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Figure 3.2: Doxorubicin loading into nanoassemblies(A) Schematic of potential
interactionsof DOX with the nanoassembliesagueous solutins relative to DMSQ(B)
Encapsulation efficiencyHE, light barg andloading capacityl(C, dark barkvalues
achieved withvaryinginitial concentrations of DOXsingeither waterred) or DMSO
(black) as the drudoading solven{n = 3).Averages + SD plotted** p < 0.004; (C)
Electrophoretic mobility of DOXoaded nanoassemblieslative to blank nanoassemblies
(n = 5) Averages + SD plotted;} p < 0.01; (D) Nanoparticle tracking analysiesultsof
the particle size distributioof DOX-loadednarassembliexompared tdlank
nanoassemblie®otted lines represent standard deviaidk} Polydispesity of DOX-
loaded nanoassembilies relative to blank nanoassenibkeS).Averages + SD plotted,
*** n < 0.001.

3.3.4DOX Releasen Reductive Microenvironments

The ability ofthe nanoassembli¢s release anttancer therapeutics wh
subjected to cancdike microenvironments was tested by incubating
DOX@Nanoassemidsin a PBSsolution comainingglutathione (GSH), a disulfide
reducingpeptide thats commonly overexpressed in numerous cancer cell ffpgare

3.3A).168 GSH concentrations @&, 001, or 10 mM GSHvere usedo represent control,
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healthy cell andtumorcell concentrations of GSHespectively*? 43 with the subsequent
releaseof DOX from thenanoassembliegackedusinga FloatA-Lyzerdialysis device
followed byfluorescencanalysisof the release medi&igure 3.3B). Incubating
aggregate with 10 mM GSH released moreabtirugfaser; after 24h, > 80% of DOXis
released in 10 mMGSH , which was significantly higher thaoth theGSHfree control

(0 mM; 46 + 5%releaseaafter 24 h andhealthy cellGSH concentrationd(01 mM 36 +

6% release after 24)h The same trend persisifter 7 dayswith 10 mM GSHfacilitating

> 94% DOX releasaevhile 0 mM and 0.01 mM5GSH facilitate68 + 6% and 85t 4%
release, respectilye Thisenhanced release is coupled véthincreasedliameterof the
nanoassembliesbserved by DL&s disulfde bonds a decrosslinkedat higherGSH
conentrationgFigure 3.3C), further confirmingthe disulfide cleavagenechanisms
related tahe faster drug releasethetumormicroenvironmengither by full or partial
degradation of the nanoassemBlighough disulfide cleavage is largely enzyme
mediatedn vivo(i.e. a fasterdegradation/release rateexpectedn vivorelative toin
vitro),**these data indicatdgnificantly acceleratetklease ofinti-cancer therapeutics
from our nanoassemblies in hig reductive environmentdt should be notethat a non
GSHresponsive crosslinked nanoassembly was considered as-dgg@uable) control
for this experimenthowever the need to entirely change the crosslinking chemistry to
perform such an experiment is likely to significantly alter both the interfacial chemistry as
well as bulk structure of the SNP nanoassembly, making such a controbeg(avery

limited practical value.
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Figure 3.3: DOX release fromnanoassembliesn cancerlike microenvironments (A)
Disulfide exchange mechanism and soh#c descrilng nanoassembly partial and full
degradation in GSHich environments to stimulate SNP and/or DOX reteéB)
Cumulative DOX release over tinfiom DOX-loaded nanoassembliss10 mM PBS,
pH 7.4 (C) Effective diametenormalized tahe fresh(0 hour) diameter for
nanoassemblies suspended in PBS contamtifeyent GSH concentratior{a = 3).
Averages + SD plotted,p < 0.6, *** p < 0.001

3.3.51In vitro Cell Viability and DOX Uptake Inhibition

To test thepractical cancekilling potentialof the DOX-loaded nanoassemblies
varying concentrations of DOKaded into SNFCHO or CSSH@SNRPCHO
nanoassembliesere incubated in either narancerous NIH 3T3 fibroblasts or CT26
colon carcinoma cellsver24 or 72 hours. Irbothcell lines,unloaded (blank)
nanoassemblies and frE&IRCHO maintained higlviability (> 80%)at all
concentrationgested suggesting that theanoassembliesndthe componenstarch
nanoparticlesre inherently nowytotoxic (Figure 3.4A-D). The addition of DOXboth

free a loaded intdSNP-CHO or nanoassemblig®sulted indecreasedell viability as
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the loadedOX concentration increas, with 10 pug/mL of DOXdelivered in any format
beingsufficient to reduce cell viability below 50% after 24 hours in both cell l&kgs.
such,the release of DOXrom thenanoassembliesver timeis sufficientto kill tumor
cell lines

To explore the methods by whidanoassembliesnter cells, the toxicity of
DOX@Nanoassemiasin both cell ines was trekedin the presence divo potental
competitiveinhibitorsfor DOX uptake: chondroitin sulfat€§) or hyaluronic acid (HA)
Increasinghe concentrabn of either inhibitor haao effect on cell viabilityin 3T3
fibroblasts, suggesting that DOX ngpecifically enters neonancerougellsto initiate
cell death(Figure 3.4E). In comparison, fo€T26 carcinoma cellsncubating with CS
graduallyincreasedesidual celliability from 52% to 100%asthe CS concentration
increased from 1 to 5 mgl while inaeasinghe HA concentratiorshowedno
significart improvemet in cell viability (Figure 3.4F). Thisresultis consistent with
previous studies that ifghted that HA is primarily endocytosg CD44 receptor$
while CS endocytosis is primarily mediated by clathrin with a small contribution from
CD44 and pinocytosi®. This result suggests that the inclusion of CS as a key component
in the nanossemblieshould bebeneficial for itreasing the intracellular DOX
concentratiorthrough multiple ellular patlways (instead of just one in thesesof HA
modified nanopdicles)and thus expose the nanoassemblies to theiigtcellular
concentration of GSkh tumor cells tgoromot nan@assemblydegradation and thus

release of the highly penetrative SNPs
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Figure 3.4: 2D cell viability in the absence or presence afptake inhibitors. Cell
viability for CT26 colon carcinoma cells after 24 h (A) @17 (C) and 3T3 fibroblasts
after inawbation for 24 h (Bpr 72 h (D) with either unloaded SNEPHO o
nanoasseniies, free DOX, or loaded SNEHO a nanoasseml#s Note tlatthe SNP
CHO andnanoassemplconcentrations were varied to match toeresponding masg o
either carrier required to deliver the targeted dose of DOX to the cells under the optimal
DOX loading condition identified isection3.3.3. Dotted lines represent 100%@ability;
(E, F)2D cell viability of (E) CT26 or (F) 3T3 cells incubatedth
DOX@Nanoassemids and varyingancentratios of either CYclathrin inhibitor)or
HA (CD44 inhbitor). Solid lines represent the cell vialtyiof correspading cellline
without inhibitors. N = 3 for all groupswverages + SD plotted
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3.3.63D Tumor Spheroid Penetration

To assess thpotentialbenefit of the hypothesized higher penetrability of the
SNPs forkilling poorly-vascularized deep tumor cancer ¢ell3 26 colon carcinoma cell
spheroids were cultured in 3D using tlenging drop methodndincubated in Jug/mL
equivalents of X eitheraloneor loadedinto either SNPCHO orCS-SH@SNRPCHO
nanoassemldsfor 1 h before being amgzed wih confocal miroscopy. Zstacks showed
that onlya small amountf free DOXcouldpenetrate into th€ET26 spheroid wh a
relatively limited penetratiordepth with the added free DOJrimarily localized to the
outer cells of the spheroa remairing in solution(Figure 3.5A). In contrastDOX-
loadedSNP-CHO andDOX-loaded nanoassemblies could bettablesignificantly
higherDOX penetration thraghout the entire spherqidith ImageJ analysis of
indicating~10x higher eamulativefluorescencéntensity (and thus DOXddivery) within
the SNRCHO or nanoassemblyeatedspheroid relative tepheroiddreatedwith free
DOX (Figure 3.5B). These data are consistent wiithvitro cell uptake stuks Figure
3.4E,F) thatshowedmultiple pathways available f@fficienttransport into cellshat are
not available torke DOXwhile also beingonsistent with previous refs thatfree
DOX is poorly penetrative through spheromsdis oftentrappedntracellularlyin
endosome?! The similar fluorescence intensitiashievedvhen SNPCHO or the
nanoassembly igsed as the carrier supports the effective degradation of the disulfide
crosslinked namassemblies in a cancell microenwonment toenable release and thus
penetration of the small SNEHO carrieranto the spheroidWhile exposure to the

intracellular tumor environment is shown to be highly beneficial for breaking the
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nanoassemblig§igures 3.3, 3.4), this result shows that (a) the extracellular environment
of a tumor microenvironment can also induce nanoassemétyablatior(likely through

the cystaie/cystine pathway) and/or (b) SNPs that are released from the assembly
from intracellular degradatioand not furthetraffickedin the cellcan efficientlyleave

the cell to further penetrate intioe tumor, consistentvith previous reorts of the high

mobility and cellulamuptake potentiabf nanoparticles in the 3050 nm rage.*4¢
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DOX@ DOX@ : . o
DOX SNP-CHO Nanoassemblies  Figure 3.5: DOX penetration in

CT26 spheroids wth or without
nanoassemblymediated transport.
(A) Confocal microscopy tracking of
the penetration of free DOX, DOX
loaded SNPFCHO, and DOXloaded
nanoassemblies into CT26 spheroids
(DOX concentration 1 pg/mL, 1 h
incubation time)(B) Overall projected
pixel intensity of fluorescent DOX
signals inside the spheroids following
treatment with free DOX, DOXoaded
SNR-CHO, and DOXloaded
nanoassemblies as determined by
ImageJ at a constant incident laser gi
(n=4). Averages 1SD plotted* p <
0.05, ** p < 0.01. Scale bars represer
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3.3.71n vivo Tumor Treatment

To assess the potential of the nanoassesbdimproveintratumoral delivey and
thus tumorsuppressiomn vivo, CT26 tumors wergrown subcutaneously in BALB/c
micethatwere subsequently treated through tail vajactionswith either sline,blank
(unloaded SNP-CHO, blank (unloaded) nanoassemblitee DOX, DOXloadedSNP
CHO, or DOX-loaded nanoasmblies, with the mass of each vehicle delivered adjusted
to achieve a constant administered DOX darsdvehicle dosef 5 mg/kgand3 mg/kg,
respective}, for each treatment formulatipensuringhe observed effects are attributed
to changes ithe delivery efficacy of the drug rar than changing drug andigehicle
doses Tumor volume and body mass were inspected over 21 daysoamndlzedto their
initial values. DOX@Nanoassemiads showed the lowest tumor growth rate over this time
(Figure 3.6A,D; raw datatumor volumes over timdound in Supporting Information
Figure S3.9; specifically, after 21 dayef observationDOX@SNRCHO (11.5< tumor
volume increase@ndDOX@Nanoassemias (11.1x tumor vdume increase
significantly sippressed tumor suppression relative to the untreatet contro[66.7x
tumor volume incrasg, either blank vehicle controlnd free DOX(20.0x tumar volume
increasg (Figure 3.6B), suggestinghat the nanoparticlesproved tumor targting over
nonencapslatedDOX. It should be noted that SNEPHO withoutloaded DOXalso
showed decreased tumoogith compared to the saline abldnk nanoassembbontrols,
suggesting some natiwgtotoxicity effectwith the nanopaitlesthemselvest this
concentratin (likely caused by free aldehydésnot observed when the SNPs were

encapsulated in the naassembliedAs such, while the DOXoaded SNFCHO and

211



Ph. D Thesisi Matthew Adrian CampeaMcMaster Universityy Chemical Engineering

DOX-loaded nanoassemblies showed similar potential for tumor suppression, the lack of
toxicity achieved wth the unl@aded nanoassembly suggests it is safer than-GNB

aloneas a delivery vehicl&lhemass of BALB/c mice (compared to starting masses)
minimally deviatedbelow the initial mass all DOX-loaded groupsKigure 3.6C),
indicatingno significantsystemidoxicity to mice.The low systemic toxicity is further
exemplified by none of themice naturally reaching their terminal endpoint over the 21

day study period or exhibitingehavioral scores requiring euthanasia. However, several
mi ce reached a humane endpoint (i.e. tumor
g mouse) over time, with the corresponding sacrifice curve sho@mgporting

Information Figure S3.6. Consistat with the correspondgitumor size dta, all skine or
DOX-freenanoassemblieseated mice met humane endpoints over the 21 day study
period while all but one DOX@SNEHO orDOX@Nanoassemigs-treated mouse

reached the end of the study without meeting a humane endpoint criterion. This result

further suggests the safety and tumor treating efficacy of theldsi&d delivery vehicles.
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Figure 3.6: In vivo tumor treatment in BALB/c mouse CT26 tumor models(A)
Tumorvolume (nornalized totheinitial tumorvolume)of BALB/c micetracked over
time for eachtreatment grougn = 4-5, depending on number of tumors successfully
grown). Arrows indicate injection day$B) Relative tumor volumes for each group
shown in (A)after 21 days showintpe measured tumeolumes ofeachindividual
mouse testedC) Body mass (normalized to initiabdymassat day ( of all treated
miceover time(n = 4-5) thedotted line represents a ratio ointlicative of no mass
changeArrows indicate injection day$D) Representativenagesof thefinal tumors
after 21 daysn each groupAverages + SD plotted,p < 0.05

Histology was used to assess the tissue responses of both blank (unloaded)

nanomaterials and DGKaded nanomateriais vivo.Both activated caspase 3 (which
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