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Aim of the Thesis

The aim of thiPoctoral Thesidsto evaluatethe effectiveness of nasal therapies through different
levels of studyin vitro, ex vivoandin viva

In this perspective, the nose sdudied hereas a potential effective deposition site for several
therapeutic purposes, including antiviral activity and neuroprotectiofmese latter are
experimentally demonstrated in this woik vitroandin vivq respectivelyOther applicationssuch

as vaccinationare widely described in literature and contribute to broaden the range of therapies
for which nasal administration represents an effectaleernative to conventional and invasive
route of administrations

Considering that the nasal mucosa is the first anatomical section with which a drug interacts once
administeredto the nasal cavity, the main anatomical and functional features of this tiaseie
widely analyzed. The 4depth study of the nasal mucosa, done by exploitingeanvivoanimal
model, has been done with the aim of understanding the main difference between the respiratory
and the olfactory region in both anatomical and functional terms.

In addition to this, given that it is well known that the nasal mucosa can hinder the absorption of
drugs due to its physiological featuréscluding the overlining mucus layer and the related
mucociliary clearance, nanotechnologgydescribed here as a todd overcome these potential
issues.

Nanosystems indeedjre widely leveragedn this workwith the aim of overcoming the limits
represented by physiological barriers, while on the other hand ensuring the stability of challenging
cargoes such as peptides or genetic mateirabrder to effectively reach the target allowing for
therapeutic effect.

Finally, this work aimat identifying the most suitable nasal device for each different therapeutic
goal to beachieved basing on the ability of the device to deliver tteemulation to the desired

area of the noseresponsible for drug absorption and effect
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ThisChaptemwvaspartiallytakenfrom the following publishedReview: Sonvicd;.,ColomboG.,Quarta,E.,GuareschiF,
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1. GENERAINTRODUCTION

1.1 Thenoseasatarget for drugdelivery

The nasatoute of administration has been widely explored in the last decades as a potentially
effectivealternativeto the classioral andparenteralroutesfor drugdelivery.

Owingto its anatomicaland physiologicatharacteristicéndeed,the noserepresentsaninteresting
deposition site for therapeutic agents. The external part of the nose presents two nostrils allowing
the access to the two nasal cavities, that are separated by the sehtlime nasal cavities, each
characterized by a volume of 7.5 flextend approximately 224 cm between the nostrils antle
nasopharynx, that is the junction between the nose and the phatyhike nose is internaltyivided

by inferior, middle and superior turbinates, consisting of three projections from the meltd®
thank to which the total surface area of the nose is increased to 150 ¢Rigure ). Thiswide
surface area not only allows a more efficient humidification of the inhaled air, burefsesents

the targetfor intranasallydelivereddrugsthat canhave alocallyor a systemiceffect2.

~o. olfactory region

nasal vestibule

7% turbinates) )
i e nostrils 4 —T‘l———nasopharynx

Figure 1¢ Anatomical features of the nose (right), that is part of the upper respiratory tract (left). Two nostrils open into
the nasal cavity, that is internally divided by three turbinates. The olfactory epithelium is located in the upper gart of th

nasalcavity,near the superioturbinate. Figure reproduced frofn

The nasal mucosa is composed by three different epithelial cells: stratified squamous,
pseudostratifieccolumnarandtransitional®®. Theanterior part of eachcavity is mainlycomposed

of stratified squamousandtransitionalepithelium,that are not characterizedy ciliaand



mostly not vascularizetth ¢ KS L2 AGSNA2NIJ LI NI 2F GKS yI &
consists of a columnar epithelium, characterized by cilia, Goblet cells secreting mucus and basal
cells® (Figure 2. This region is highly vascularized and presents nerves and an extensive lymphatic
network aswell . Finally,nearthe superiorturbinate and adjacentto the nasalseptum,islocated

the olfactoryepithelium’ (Figurel), representingapproximately3-5%of the total area ofthe nasal
surface®. Three different types of cells characterize the olfactory epithelium: olfactory sensory
neurons supportingcellsandbasalcells®. Olfactoryneuronshavetheir dendriticportion extending

above the epithelial surfacend terminating into the olfactonbulb °. Approximately10-15
immotile cilia expressing odor receptors on their membrane protrude from the olfactory bulb,
allowingthe detectionof inhaledodors'®. Moreover,the axonsof theseolfactoryneuronscrossthe

basal lamina of theells and join the axons belonging to other olfactory neurons, thus forming a
network of nonmyelinated nerves into the lamina proptidhese nerve bundles pass through the
cribriform plate separatinghe nasalcavityfrom the brain,andform the outer layerof the olfactory

bulb® (Figure2).
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Figure2 ¢ Thedifferenttypesof epitheliacharacterizinghe nasalmucosaTherespiratoryepithelium(above) mainly
composed of goblet cells secerning mucus, basal cells and ciliated cesléatiary epithelium (below), presenting

olfactoryneurons pasalcellsand supportingcells.Figure fromtL,

1.2 Advantagesf nasaldelivery comparedto the classiaoutes of administration
It has been shown that the nasal administration of drugsreasarkable advantages compared to
the classic routes of administration as the oral and the parenteral ones. These advantages include

the rapid absorptiondue to the wide surfaceareaand high vascularizatiorof the nasalcavity,

Ol



allowing a high bioavailability of therapeutic molecules. This aspect is important because allows to
significatively reduce the administered dose, contributing to prevent the risk of side effects
Moreover,the nasalroute of administrationguaranteesa rapid onsetof action,andfor this reason

it is attractive in those cases in which a fast therapeutic effect is requirgdriigraine, Parkinson
rigidity, seizures,cardiovascularevents) 3. In addition to this, once a drug is intranasally
administered,t doesnot undergoliver first passmetabolismor metabolismat the gastrointestinal

level, thus avoiding the partial or total conversion of the drug into inactive metabolites and at the
sametime preventingthe irritation of the gastrointestinatract *2. Noteworthy, the intranasakoute

Aa y20 Ay@FraigdS FyR Al R2SayQi NBIldzZANBE ySSRf Sa
reduced risk of infection and, as reported in literature, also to a reduced risk of overdose and
infectious diseases transmissiéh A pivotal aspect of nasal therapy is the ease of administration

andthe possibilityof selfmedication,animportant aspect tooptimize the patientompliance*.

1.3 Therapeuticeffects

1.3.1Localeffect

The nasal administration of drugs can be exploited when a localized therapeutic effect is required,
for example to treat localized pathologic conditions such as rhinitis, sinusitis or allergic egisodes
Several drugs including corticosteroids, ariitamines, antcholinergic and vasoconstrictors can

be intranasally administered with this purpose, being formulated as solutions, gels, suspensions or
emulsions™.

Inadditionto this, it mustbe consideredhat the nasalcavityrepresentsthe accesto awiderange

of pathogens that can be directly driven into the nostril by the inhaled air causing infectionmboth
the upper or in the deeper region of the respiratory tract, in some cases leading to severe
complications. The first preventive measure to avoid this risk consists in avoiding the contact
betweenthe inhaledpathogensandthe nasalmucosalkorthis purpose,a numberof nasalproducts

acting asa barriercan be exploited to have a locptotective effect andhave experienceda
significant success during COMMDpandemic®. These products, mostly marketed in the form of
nasal sprays, can be exploited to prevent the spread of the infection when there is a high risk of
transmission,for example incrowded places, schools andhospitals®. Moreover, these nasal
products can also be used to reduce the severity and the duration of the symptoms caused by
respiratory infectiont>% Ly GKAA& | LIX AOIF GA2Yy X I Olcanyfeducd a | &
the risk to have an increasing pathogen loading into the nasal cavity after when the infection has
alreadyoccurred®. Thetherapeuticeffect of thesebarrier productsis consideredpassivesinceit is

mainly due to a non-specificmechanismof action; hence,these productscanbe usefulin those
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therapy !’. Barrier nasal products are mainly marketed as medical devices; they can contain for
example natural compounds such as carrageenans and bentonite, or chemical derivatives such as
hydroxypropylmethyl cellulose,that in contact with the nasal secretions hydrate and form a
protective gel layer on the mucosa. In addition to this, there are products containing compounds
such as astodrimer sodium, that nonly can form a barrier but are also able to interact with
positively charged surface proteins of the pathogen, hindering their binding to the mucus and the
underlyingtissue®.

In additionto the socalledd 6 | N.INR RNtGiacietizedy a non-specificmechanisnof action,
thereisanumberof moleculescharacterizedy aknownandspecificantimicrobialactivity that can

be exploited to locally counteract the infection. Favipiravir, ivermectiand chlorpheniramine
maleateareamongthe moststudiedfor this purpose especiallystartingfrom the pandemicperiod,

due to their ability to hinder viral replication or its entry into the cells. More precisely, favipiravir
inhibits viral RNAlependent RNA polymerase and for this reason it is approved against influenza
RNAviruses'; to enhancethe residenceime of the treatment at the depositionsite, this drughas

been encapsulated into mucoadhesive chitosan/alginate nanoparticles °. Ivermectin has
demonstratedantiviral propertiesin vitro againstSARS0\2, probablyowingto the ability to inhibit

the importinh k Fmrdiated nuclear entry of viral proteins, leading to the block of viral RNA
replication?. Also in this case, it is reported in literature that the drug has been formulated as a
mucoadhesive nanosuspension containing hydroxypropylmethyl cellulose (HPMC), poloxamer and
alginate?™. Finally, chlorpheniramine maleate demonstrated antiviral properties when formulated
asanasalspray?, andthe activitywasattributed to the ability of the drugto hinderthe viralentry

into cells?,

1.3.2Nasalvaccinesand systemiceffect

The nose is considered a key component of the mucosal immune system of the upper respiratory
tract %. Indeed,the noseassociatedymphoidtissue(NALT)s locatedat the levelof the tonsils, but

there are dendriticcells along the nasal epithelium that are specialized in taking up and processing
antigenic material$*. The mucosal immune system, consisting of lymphoid tissues and dendritic
cells, is considered the largest immunocompetent tissue in the human‘hdtigactivationof this

system by an antigen leads to a local and specific immune response, that successisgseadn

O
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response consists in a combination of both-eell response and an IgBased humoratesponse®.
IgA are specificantibodiesproducedat the mucosallevel and secretedon the mucosaéxternal

surface wherethey interact with pathogensneutralizingthem, thus preventing the
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infections?’. The presence and the activity of NALT makes the nose an ideal target for mucosal
vaccination against airborne pathogens; however, it must be considered that the mucosal surfaces
areconstantlyin contactwith foreignbodies,andfor thisreasonthey canmediateboth the mucosal
immuneactivationandthe inductionof tolerance®. Therefore the agentadministeredo stimulate

the immune system has necessary to be of a particulate nature, in order to elicit a full immune
response?,

Nasal vaccination is characterized by remarkable advantages against the classic intramuscular
injection; for example, it is not invasive and it does not require administration by healthcare
professionals. Moreover, it has been showii* that in some cases nasal vaccination allows to
develop a stronger protection than that reached after a classic vaccination. More precisely, the
superiority of nasal vaccination in terms of efficacy has been reported against those pathogens
characterizedy a highrate of mutations €.g.influenza virus§*=°.

Nasal vaccines can be formulated as liquids or powders taking into account the needs in terms of
dosing and stability, for example in those cases in which the vaccine has to be administered to
populationslivingin countrieswhere coldchain isnot guaranteed andhe transportis challenging

4.

Interestingly, before the pandemic period, only few nasal vaccines had been licensed and were
available3!. However, it was observed that the first developed vaccine against Severe Acute
RespiratorySyndromeCoronaVirus2 (SAR& 0\ 2) for parenteralusewasunableto giveriseto the
expressiorandactivationof neutralizingantibodies pivotalto reduceinfectionseverenesandviral
spread“. This opened the discussionabout the possibility of exploiting alternative routes of
administration such as the nasal offethat led to have currently 8 nasehccines to prevent the
SARS0V2 infection in ongoing clinical study lev@* and six nasal vaccines approved in local
markets®.

Finally,in additionto the useasatargetfor nasalvaccinationthe nasalroute of administrationhas
beenstudiedoverthe recentdecadesasaneffectiveandsafeapproacho reachasystemiceffect of
drugs!*. Thisis possiblethanksto the abundanceof blood vesselsharacterizinghe nasalmucosa,

that canabsorbthe administereddrug molecules'*. Importantly,it hasbeenreportedthat in some

studiesthe nasaldrug absorptionturned out to be almostequalto the oral absorption®.

1.3.3Noseto-Brain

It is weltknown that drugs intended to treat neurological Central Nervous System @3d¢&jers
have a pivotal prerequisite, consisting in the ability of crossing the Blood Brain Barrief(EBB8)
highlyspecializedrainendothelialstructure®. BBBconsistf layersof tightly packedcellslocated

at the endotheliallevelof the braincapillarieghat physiologicalljhindersthe passage ofnostly of
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the moleculescirculatingin the bloodstream tathe brainandthe cerebrospinafluid (CSF°.

As a consequence,the accessof most of the therapeutic agents to CNSat therapeutic
concentrationds stronglylimited 4%,

To overcome this issue, several strategies have been adopted, mostly extremely invasive since
NEIlj dZA NER Yy SdzZNP adzNHA OF f LINPOSRdAZNBA&a (2 RAMBEOU AY:
On the other hand, the Nos®-Brain (N2B) delivery can be efficiently exploited as a masive

route allowingthe deliveryof intranasallyadministereddrugs,comprehendingeptides,directlyto

the CNS=xploitingthe olfactoryd y' S dzN2 S LIX. inde&ifthk ldit¢recanbe consideredanatural
anddirectaccesso the brain“for both smallandlargemoleculessince itisknownthat molecules
intranasally administered are able to bypass the BBB and directly reach thexpMging the
olfactory and the trigeminal nerves located at the mucosal 18ebllowing an extracellular or a
transcellulatransport 472,

More preciselythere are four mainpathwaysthat allowthe drugto reachthe CNSInthe first case,

the drugcanbeinternalizednto the olfactoryneuronsandtransportedalongthe axon;in the second

case, the drug undergoes a paracellular transport exploiting the channels next to the olfactory
nerves or the spaces between cells; in the third case,dihi crosses the basal epithelial cells
following a transcellular transpoft#%°%>3 The fourth case is represented by vascular pathttay
consisting in the absorption of the drug into the systemic circulation exploiting the mucosal blood
vesselsthen, the drugistransportedto the brainby crossinghe BBB*.

It is reported that the paracellular pathway is the dominant mechanism of transport among all the
ones previously describedl. Moreover, it allows the most rapid movement of active compounds
from the nose to the brain (normally, less than 30 minutes); on the other hand, the other two
mechanismsequire afew hours orin somecasesalsodays*®-°¢,

It has been hypothesized that the olfactory epithelium could allow the passage of drugs from the
nasalcavityto the brainowingto the slowregenerationof the olfactoryneurons(that takesaround

1 month) and the coexistence of mature neurons; the result is that some parts of the olfactory
epitheliumshowa partialabsenceof tight junctionsandcanbe exploitedasa passagdor drugs®. In
addition to this, the physiological bulk flow of the CSF into the brain contributes to drive the
administereddrugs tothe CNS¥.

Onceenteredthe CNSthe fate of a drugcanbe different basingon the caseslindeed,the drugcan
accumulate selectively into one of the brain regions directly connected to the olfactory epithelium

(i.e., the piriform cortex hypothalamusamygdalapnd/or distribute throughthe whole CNS’.



1.4 Nanotechnologyasatool to overcomethe limitations of nasaladministration
1.4.1Limitationsaffectingthe nasaladministration

Despite the remarkable advantages characterizing the intranasal administration described above,
there are significantchallengesassociatedvith this innovativeroute.

First of all, nasal delivery is not applicable for all the drug molecules. Indeed, if a molecule is not
sufficiently soluble in water it cannot be efficiently absorbed by the nasal muéo3is aspect
becomes even more critical considering that the dose volume is limited ®0Q5.L per nostril,
meaning that it is required a relatively high solubility of the drug to be administered in the desired
amount!2. Moreover, the extremely low volume administrable implies that nasal administration is
limited jug to drugs with high potency?. One other limitation is represented by the possible local
irritation that some drugs can cause once in contact with the mucégstor this reason, nasal
delivery is not considered suitable for chronic applicatiéhsMoreover, the nasal mucosa is
characterizedby the presenceof severalenzymes includingytochrome P450, esterasesnd
transferase$®°&¢1 whoseactivity cancausethe metabolicdegradationof drugs*2.

Finally, there is a number of active compounds that, due to their intrinsic characteristics, are not
able to permeate across the nasal mucosa due to their dimension, surface charge, lipophilicity and
water solubility. Thisgroup of moleculesincludesfor examplepeptides,proteinsand nucleotides

13_

It must also be noted that the nasal mucosa is subjected to a continuous turnover of the overlying
mucuslayer,dueto the mucociliaryclearanceThissystemexploitsthe constantbeat of the motile

ciliato providethe transportof the mucuslayertowardsthe nasopharyn®?with a clearance,, of
20minutesin humans®™. Thisphysiologicafunctionisessentiato protectthe respiratorytract from
damages caused by inhaled pathogéfshowever, being a nespecific mechanism, it can also
providethe earlyremovalof administereddrugfrom the site of absorptionor action. It followsthat

the chemical physical features of the drug play a pivotal role in the interaction with mucus laying
onthe surfaceof the mucosalndeed the surfacepropertiesof the drugcouldrepresentalimitation

for nasal delivery in those cases in which they favor the retention of the drug on the mucus layer
andtherefore itsremoval bymucociliaryclearance.

Moreover,whennasaladministrationis exploitedfor N2Bpurposesjt mustbe consideredhat it is

quite difficult to precisely deliver the drug on the olfactory region of the nasal epithelium; indeed,
this latter is located in the roof of the nasal cavity, and this aspect makes it difficult to be reached

by the administered drug®*%4



1.4.2Roleof nanomedicinein nasaldelivery

Nanomedicine offers a wide range of opportunities that can effectively be exploited to overcome
the issuesaffectingthe nasal deliverpf drugs,described irthe sectionabove.
First,nanoparticlesystemsanbe exploitedto increasethe drugapparentaqueoussolubility®®, thus
improvingthe absorptionat the mucosalevel.Moreover,nano-sizedsystemgepresenta platform

to intranasallyadministerthosemoleculeghat, dueto their features,couldnot be absorbedby the

nasal epithelium as such. This group of drugs comprehends for example peptides]| as
biologicsincludingRNAand DNAderivativesthat canbe efficientlyencapsulatednto nanoparticle
drugdelivery systemandeasily absorbeéP.

Additionally, the fact that higipotency drugs can be encapsulated often with high encapsulation
efficiency, offers the opportunity of dramatically reducing the administered dose when exploiting
nanocarriers for nasal delivery. This aspect is crucial from the point of view of the safety of the
treatment, sincethe reduceddoseis associatedvith areducedriskof sideeffectsincludingmucosal
irritation. In addition, this allows the administration of low volume of product, thus bypassing one
of the most criticalaspectsof the nasaldelivery that isthe extremelylow volumeof dosages.
Noteworthy, nanosized(1-1000 nm) drug delivery systemsguarantee the protection of the
incapsulatedirugsfrom chemicaphysicabr enzymatiadegradatiorto whichtheyareexposednce

in contact with the nasal environmefft This optimizes the efficiency of ttigerapy and allows to
decrease thaloseto reachthe therapeuticeffect.

Referringo a preciseapplicationof nasaldelivery,namelyN2Bdelivery it becomescrucialto adopt
strategiesallowingthe depositionof the drug specificallyin a circumscribecanatomicregionof the
nose,i.e.the olfactoryregion.Despitethe useof a suitable devicesuchas anasalatomizer,ableto
guarantee the deposition of the drug precisely in the upper part of the nose, remains pivotal to
allow the N2B transport, nanotechnologies represent a valid opportunity to reach this*oal
Indeed the nanopatrticlesurfacecanbe modifiedto optimizethe penetrationacrosgshe mucuslayer

thus guaranteeing the mucosal absorption, or to improve the adhesion tartheus layer thus
avoidingmucociliaryclearance®.

The mucus layer (£05 um thick) lining on the surface of nasal epithelium is mainly composed of
water (9095%) and mucins {8 %)%°". These latter glycoproteins provide to the mucus unique
properties in terms of viscosity and elasticiyand contain high levels of sialic acids and sulfate
residues. The overall negative charge provided by acid and sulfate groups is the main cause of the
rigidity of the network®8, having a mesh spacing from 20 to Z80 nm® " Moreover, the net
negative charge allows the interaction between mucins and drugs through disulfide bridges,

electrostaticattractiveforces hydrophobidnteractions hydrogenandVander Waalsbonds™.



Surfacemodified nanoparticles can be used as a suitable tool for enhancing mucoadhesion, for
example exploiting polymeric excipients that, once in contact with mucus, can hydrate and then
diffuse and entangle with mucin fibef& Moreover, the adhesion to the mucus layer can also be
improved by administering nanoparticles characterized by a positive surface ceaggeliitosan
nanoparticles’ to promote electrostatic interactions with the negative residues of mdéudne

other strategy may consisti the coating of the nanosystem witpolymers (e.g., poly(vinyl
alcohol), PVA?®) that allow to improve interaction with mucus probably, as it is reported, by
hydrogenbondingand/or hydrophobicinteractionswith mucuscomponents*,

However, mucus represents a barrier that could hinder the interaction between the administered
drug and the targeted tissue. Actually, the possibility that a particle has to cross the mucus layer
dependson the interaction and size filtering properties of mucus itself . In other words,
mucopenetration can be achieved only if the physical chemical properties of the particle allow to
avoid nonspecific particleucus interactions and at the same time to pass through the spaces
characterizinghe mucusmesh &cordingto their size*®.

Some strategies have been proposed to bypass the issue represented by the filtering properties of
mucus, including the synthesis of nanoparticles characterized by sufficiently small particle size
coatedwith poly(ethylene)glycol(PEGusefulto minimizeinteractionswith mucinsthusleadingto

the direct contactwith the underlyingtissue®.

Additionaladvantageshat nanotechnologyanbringincludethe possibilityto preciselycontrol the
releasekineticsof the encapsulatedirug*® andthe possibilityof modifyingthe surfaceof the nano-
carrierto achievea targeted drug deliveryand limit the drug distribution to non- targeted sites,

thus minimizingsystemicsideeffects*. Theremarkableadvantagesharacterizinghe nasal
administration cited above and the wide range of therapeuticachievementghat canbe safely
reached through this innovative route of administration have represented the basis of this thesis.
The aim of this work consistedof the deep exploration of the nasalroute for drug delivery.
Consideringhe physiologicafactorsthat canpotentiallyrepresentanobstaclefor drugabsorption

at the depositionsite, nanotechnologyvasexploitedas toolto overcometheseissues.

The first chapter of this thesiS y (i A Gykl&poring A micellar nasal spray characterization and
antiviral action against SAR®W2¢ NB I NRa GKS RS@St2LISyd 27
encapsulating cyclosporine A (CSA). The formulation was fully characterized for physical/chemical
features and its mucoadhesive properties have been tested oexarivomodel of nasal mucosa.
Then,the in vivoadministrationof the formulationin the form of a nasalspraywassimulatedusing
ahuman nasatastexploiting different devices. Finally, tirevitroantiviral efficacy ofmicelles was

tested exploiting different treatment protocols to simulate a preventive or hedliegtment.
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therapeutic effects of the developed CSAoading TPGSmicelles against neuroinflammation,
exploiting the Noséo-Brain delivery. For this purpose, micelles were administered td Giale

mice injected with lipopolysaccharide (LPS) to induce neuroinflammation. Then, several selected
behavioratestshavebeenusedto assesshe effectof CSAagainstdepressionmmemoryimpairment
andmusculamweakness.

The third chapter of this thesis, entitled &Application of rabbit nasal mucosa for ex vivo
mucopenetration and mucoadhesion studies O 2 y & A &depth s&udy oflthé nakay mucosa,
realized by immunohistochemistry. The aim of this section was to highlight the main anatomical
differencesbetweenthe respiratoryandthe olfactoryareasof the nasalmucosademonstratingthe
importance of using suitable drug delivery systems and devicssléztively allow the deposition

of the drug on the olfactory region when a Ne®eBrain delivery is desired. Once visualized the
features of the nasal tissue, a chitoshased nanoparticle formulation was used as model to
explore the mucoadhesion and mucopenetration profiles usingxasivonasal mucosa exploiting

the two-photonsmicroscopyto analyzeboth the surface andhe depth of the tissue.

11



REFERENCES

1.

10.

11.

12.

13.

14.

Kublik H, Vidgren MT. Nasal delivery systems and their effect on deposition and
absorption. AdvDrugDelivRev 1998;29(1):157177.d0i:10.1016/S01699X(97)00067
Suman]D.Currentunderstandingf nasalmorphologyandphysiologyasa drugdelivery
target. DrugDelivTransiRes 2013;3(1):415.d0i:10.1007/s1334®12-0121-z
PetrusonB,HanssorH-A, KarlssorG. Structuraland FunctionalAspectsf Cellsin the Nasal
Mucociliary SystemArch Otolaryngol1984;110(9):57681.
doi:10.1001/archotol.1984.00800350018006

Sonvico FColombo G.QuartaE.,Guareschf.,BanellaS.,Buttini F.,Scherlie[R.Nasal
delivery as a strategy for the prevention and treatment of C@\MIEXpert Opin Drug
Deliv 2023;20(8):11158.130.d0i:10.1080/17425247.2023.2263363

AdamsDR Transitionakpithelialzoneof the bovinenasalmucosa Am JAnat
1986;176(2):1594.70.d0i:10.1002/aja.1001760206

BoyserM. Thesurfacestructureof the humannasalmucosaVirchows ArclBs.
1982;40(1):27294.d0oi:10.1007/BF02932871
SchippeNGM,VerhoefJCMerkusFWHM.TheNasaMucociliaryClearanceRelevanceo
NasalDrugDelivery.PharmRes 1991;8(7):807814.d0i:10.1023/A:1015830907632
MorrisonEE CostanzdrM.Morphologyof the humanolfactoryepithelium.JCompNeurol
1990;297(1):113.d0i:10.1002/cne.902970102

HarkemalR CareySA WagnerJG TheNoseRevisitedA BriefReviewof the Comparative
Structure, Function, and Toxicologic Pathology of the Nasal Epithdlmxitol Pathol
2006;34(3):25269.d0i:10.1080/01926230600713475
MorrisonE,MencoB.Morphologyof the MammalianOlfactoryEpithelium:Form,Fine
Structure,Functionand Pathology.2003.d0i:10.1201/9780203911457.ch2

Bourganis VKammona O, Alexopoulos A, Kiparissides C. Recent advances in carrier
mediatednoseto-braindeliveryof pharmaceuticsEurJPharmBiopharm 2018;128:337

362.d0i:10.1016/j.ejpb.2018.05.009

BehICRPimplaskaHK,SilenoAP ,DeMeireles],RomeoVD.Effectsof physicochemical
properties and other factors on systemic nasal drug delividy. Drug Deliv Rev
1998;29(12):89116.d0i:10.1016/S016909X(97)0006X
TouitouE,lllumL.Nasaldrugdelivery.DrugDelivTransiRes2013;3(1):13.
doi:10.1007/s1334®12-0111-1

Ghori,MuhammadU., Mahdi, MohammedH., Smith,AlanM. and ConwayBR NasalDrug
DeliverySystemsAn Overview.AmJ Pharmacdbci 2015;3(5):116119.

12



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ludwig M, Enzenhofdt, Schneider S, et al. Efficacy of a Carrageenan nasal spray in
patientswith commoncold: arandomizedcontrolledtrial. RespilRes2013;14(1):124.
doi:10.1186/14659921-14-124

Ecclefk,Winther B,JohnstonSLRobinsorP, TrampischM, Koelschs.Efficacyand safetyof
iota-carrageenan nasal spray versus placebo in early treatment of the common cold in
adults:the ICICGrial. Respir Re2015;16(1):121d0i:10.1186/s1293115-0281-8
BentleyK,StantonRJHydroxypropymethylcellulosebasednasalsprayseffectivelyinhibit
invitro SARE0V2 infectionandspread.Viruses2021;13(12)doi:10.3390/v13122345
ShirakiK,DaikokuT . Favipiravirananti-influenzadrugagainstife-threateningRNAvirus
infections.PharmacolTher 2020;209:10751210i:10.1016/j.pharmthera.2020.107512
DjekicL.NovelMucoadhesivd?olymerdor NasaDrugDelivery.In: PathakYV, Yadav HKS,
eds.NasalDrugDelivery:FormulationsPevelopmentsChallengesand SolutionsSpringer
InternationalPublishing2023:189234.d0i:10.1007/9783-031-231124 11

TimaniKA LiaoQ, YeL,et al. Nuclear/nucleolatocalizationpropertiesof Gterminal
nucleocapsid protein of SARS coronavikiaus Res2005;114(1):234.
doi:10.1016/j.virusres.2005.05.007

Zaki F.A, Shamardan E.E.S.B., Mohammed H.H., Abeer S.H., Alaa R., Rehab GH.,

Abdelmaksoud A.A. Clinical, Biochemical and Molecular Evaluations of lvermectin

Mucoadhesive Nanosuspension Nasal Spray in Reducing Upper Respiratory Symptoms of

Mild COVIEL9. Int INanomedicing021;16:40634072.d0i:10.2147/IIJN.S313093
WestoverJdB FerrerG,VazqueH, BethencourtMirabal A, GoCCln Vitro VirucidalEffectof
Intranasally Delivered Chlorpheniramine Male@empoundAgainst Severe Acute
Respiratory Syndrome Coronavirus2ireus2020;12(9):e10501.
doi:10.7759/cureus.10501

Xu W, Xia S, Pu J, et al. The antihistamine drugs carbinoxamine maleate and
chlorpheniraminemaleateexhibit potent antiviral activity againsta broadspectrumof
influenzaviruses FrontMicrobiol 2018;9(NOV):A11.3.d0i:10.3389/fmicb.2018.02643
DavisSSNasalaccinesAdvDrugDelivRev2001;51(1):2342.d0i:10.1016/S0169
409X(01)00162

NeutraMR,KozlowskPA Mucosalvaccinesthe promiseandthe challengeNat Rev

Immunol 2006;6(2):148158.d0i:10.1038/nril777

Janeway CA, Travers P, Walport M et al. The mucosal immune system. Immunobiology: the

immune systenin Health anddiseasébth ed.(NY):GarlandScience.

AinaiA, vanRietE,Ito R,et al. Humanimmuneresponse®licitedby anintranasal

13



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

inactivated H5 influenza vaccindicrobiol Immunal 2020;64(4):31325.
doi:10.1111/13480421.12775

CsabaN, GarciaFuenteavl, AlonsoMJ.Nanoparticledor nasalvaccination AdvDrugDeliv
Rev2009;61(2):14a157.doi:10.1016/j.addr.2008.09.005

BelsheRB EdwardkM, VesikariT et al. LiveAttenuatedversusnactivatedinfluenza
Vaccine in Infants and Young ChildrdrEngl J Me®007;356(7):68%596.
doi:10.1056/nejmoa065368

CarterNJ,CurranMP. LiveAttenuatedInfluenzaVaccing FluMist®FluenZ). Drugs
2011;71(12):15911622.d0i:10.2165/1120686400000000600000

XuH, CaiL,HufnagelS,CuiZ.Intranasalvaccinefactorso considerin researchand
developmentInt JPharm 2021;609:121180d0i:10.1016/j.ijpharm.2021.121180

AluA, ChenL,LeiH,WeiY,TianX,WeiX.IntranasalCOVIBL9vaccines: Frorbenchto bed.
eBioMedicine2022;76.d0i:10.1016/j.ebiom2022.103841

Chavda VP, Vora LK, Pandya AK, PatravalatkéBasal vaccines for SARSV2: From
challengego potentialin COVIBEL9 managementDrugDiscovloday 2021;26(11):2619
2636.d0i:10.1016/j.drudis.2021.07.021

WHO. COVH9 vaccindracker and landscape. Available from:

https:// www.who.int/publications/m/item/draft-landscapeof -covid-19-candidate vaccines.
PilapitiyaD, WheatleyAK, TanH-X.Mucosalvaccinedor SARSoV2: triumph of hopeover
experienceeBioMedicine2023;92.doi:10.1016/j.ebiom.2023.104585

RathboneM. J.,Hadgraft,J.,& RobertaMS.Modified-releasedrugdeliverytechnology.
Drugsandthe PharmaceuticaBciences/ol126. 2002.doi:10.1016/j.ejpb.2003.10.011
BegleyDJ.Deliveryof therapeuticagentsto the centralnervoussystem:the problemsand
the possibilitiesPharmacol Ther2004;104(1):2915.
doi:10.1016/j.pharmthera.2004.08.001
ObermeieB,DanemarR,RansohofRM.Developmentmaintenanceanddisruptionof the
blood-brainbarrier.Nat Med. 2013;19(12):1584.596.d0i:10.1038/nm.3407

ZlokovidBB V.TheBloodBrainBarrierin Healthand ChronicdNeurodegenerativ®isorders.
Neuron 2008;57(2):17801.doi:10.1016/j.neuron.2008.01.003

MisraA, KherG.DrugDeliverySystemdgrom Noseto Brain.CurrPharmBiotechnal
2012;13(12):2352379.d0i:10.2174/138920112803341752

ChenY,LiuL.Modernmethods fordeliveryof drugs acrosthe bloodcbrainbarrier. Adv
DrugDelivRev 2012;64(7):646565.d0i:10.1016/j.addr.2011.11.010

PardridgeWM. Theblood-brainbarrier: Bottleneckin braindrugdevelopmentNeuroRx
2005;2(1):314.doi:10.1602/neurorx.2.1.3

14


http://www.who.int/publications/m/item/draft-landscape-of

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

TalegaonkaB,MishraPR Intranasaldelivery:Anapproachto bypasghe bloodbrain
barrier.IndianJ PharmacoR004;36(3).

SamaridolE,AlonsoMJ.Noseto-brain peptidedelivery¢ Thepotentialof nanotechnology.
Bioorganic Med Chern2018;26(10):288&2905.

doi:10.1016/j.bmc.2017.11.001

Pardeshi CV, Belgamwar VS. Direct nose to brain drug delivery via integrated nerve
pathwaysbypassindhe bloodcbrainbarrier: anexcellentplatform for braintargeting.
ExpertOpinDrugDeliv 2013;10(7):95072.d0i:10.1517/17425247.2013.790887
Sonvicdr,ClementinoA, Buttini F,et al. Surfacemodifiednanocarrierdor noseto-brain
delivery: From bioadhesion to targetingharmaceutics2018;10(1):434.
doi:10.3390/pharmaceutics10010034

Djupesland® G MessinalCMahmoudRA.Thenasalapproachto deliveringtreatment for
brain diseases: An anatomic, physiologic, and delivery technology ovefmhewDeliv
2014;5(6):709733.d0i:10.4155/tde.14.41

HongbingVu KH JiangX.Fromnoseto brain: understandingransportcapacityand
transport rate of drugsExpert Opin Drug Deli2008;5(10):1159.168.
doi:10.1517/17425247.5.10.1159

Mistry A, StolnikS,lllum L.Nanoparticledor direct noseto-braindeliveryof drugs.Int J
Pharm 2009;379(1):146.57.d0i:10.1016/j.ijpharm.2009.06.019

Hanson LR, Frey WH. Intranasal delivery bypasses the-btaodbarrier to target
therapeuticagentsto the centralnervoussystemandtreat neurodegenerativalisease.
BMCNeurosci2008;9(3):S5d0i:10.1186/147122029-S3S5
MalerbaF,PaolettiF,CapsonB,CattanecA. Intranasaldeliveryof therapeuticproteinsfor
neurological disease&xpert Opin Drug Deli2011;8(10):127-1296.
doi:10.1517/17425247.2011.588204
Djupesland®G MahmoudRA MessinalC Accessinghe Brain:TheNosemayKnowthe
Way.JCerelBloodFlowMetab. 2013;33(5):7937/94.d0i:10.1038/jcbfm.2013.41

lllum L.Isnoseto-braintransportof drugsin manareality? JPharmPharmacal
2004;56(1):317.d0i:10.1211/0022357022539

DhuriaSV,HansornLR FreyWH2nd. Intranasaldelivery tothe centralnervoussystem:
mechanisms and experimentabnsiderationsJ Pharm Sc2010;99(4):1654.673.
doi:10.1002/jps.21924

SamaridolE,AlonsoMJ.Noseto-brain peptidedelivery¢ Thepotential of nanotechnology.
Bioorganic Med Chen2018;26(10):2882905.

doi:10.1016/j.bmc.2017.11.001

15



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

RuigrokMJR de LangeECM Emergingnsightsfor TranslationaPharmacokinetiand
Pharmacokineti@®harmacodynamic Studies: Towards Prediction of Nodgrain
Transporin Humans AAPSL 2015;17(3):493%505.d0i:10.1208/s12248159724x
CarmichaeST ClugnetM-C,PriceJL Centralolfactoryconnectionsn the macaque
monkey.JCompNeurol 1994;346(3):403134.d0i:10.1002/cne.903460306

CuschierA. Enzyméhistochemistryof the olfactorymucosaandvomeronasabrganin the
mouse.JAnat 1974;118(P8):477489.

Thiebaud\, VelosoDaSilvaS,Jakol, et al. OdorantMetabolismCatalyzedy Olfactory
Mucosal Enzymes Influences Peripheral Olfactory Responses i? RafsOne
2013;8(3):113. doi:10.1371/journal.pone.0059547

HuJ,Shend.,LiL,et al. EssentiaRoleof the CytochromeP450EnzymeCYP2AS5 i@lfactory
Mucosal Toxicity of NaphthalenBrug Metab Dispa2014;42(1):227.
doi:10.1124/dmd.113.054429

DingX, XieF.OlfactoryMucosa:CompositionEnzymatid.ocalizationandMetabolism.
Handbook of Olfaction and Gustatiaiohn Wiley & Sons, Ltd; 201583,
doi:10.1002/9781118971758.ch3

Marttin E,SchippeNGM,CoosVerhoefd,MerkusFWHM.Nasaimucociliaryclearanceasa
factor in nasal drug delivernAdv Drug Deliv Re®998;29(12):13-38. doi:10.1016/S0169
409X(97)00058

Quintana DS, Guastella AJ, Westlye LT, Andreassen OA. The promise and pitfalls of
intranasallyadministeringpsychopharmacologicalgentsfor the treatment of psychiatric
disorders Mol Psychiatry2016;21(1):2988.d0i:10.1038/mp.2015.166

Quintana DS, Westlye LT, Alnaes D, et al. Low dose intranasal oxytocin delivered with
BreathPowereddevicedampensamygdalaesponsdo emotionalstimuli: A peripheral
effect-controlled withinsubjects randomized dosesponse fMRI trial.
Psychoneuroendocrinolog?016;69:186188.d0i:10.1016/j.psyneuen.2016.04.010
WabhlichJ,DesaiA, GrecoF,et al. Nanomedicine$or the deliveryof biologics.
Pharmaceutic2019;11(5):114.doi:10.3390/pharmaceutics11050210
LaiSKWangY-Y,Wirtz D,Hanes].Micro- andmacrorheologyf mucus. AdvDrugDelivRev
2009;61(2):86L00.d0i:10.1016/j.addr.2008.09.012

Xu Q, Ensign LM, Boylan NJ, et al. Impact of Surface Polyethylene Glycol (PEG) Density on

Biodegradable Nanoparticle Transport in Mucus ex Vivo and Distribution inAG®Nano
2015;9(9):92170227.d0i:10.1021/acshano.5b03876

Lai SK, WangY, Hanes J. Mucyeenetrating nanopatrticles for drug and gene delivery to
mucosatissues AdvDrugDelivRev2009;61(2):158.71.doi:10.1016/j.addr.2008.11.002

16



69.

70.

71.

72.

73.

SigurdssomiH,KirchJ,LehrGM. Mucusasabarrierto lipophilicdrugs.int JPharm
2013;453(1):564.d0i:10.1016/j.ijpharm.2013.05.040

ConeRA Barrierpropertiesof mucus.AdvDrugDelivRev 2009;61(2):75.
doi:10.1016/j.addr.2008.09.008

Sosnik A, das Neves J, Sarmento B. Mucoadhesive polymers in the designarfugano
deliverysystemdor administrationby non-parenteralroutes: Areview. ProgPolymSci
2014;39(12):203@2075.doi:10.1016/j.progpolymsci.2014.07.010

ClementincAR PellegriniG,BanellaS, et al. Structureand Fateof Nanoparticleesigned
for the Nasal Delivery of Poorly Soluble Dridsl Pharm 2021;18(8):313:3146.
doi:10.1021/acs.molpharmaceut.1c00366

YangM, LaiSK,)YuT,et al. Nanoparticlepenetrationof humancervicovaginamucus:The
effect of polyvinyl alcoholl Control Releas2014;192:20208.
doi:10.1016/j.jconrel.2014.07.045

17



CHAPTER

CYCLOSPORINMICELLARASALISPRAY
CHARACTERIZATION AND
ANTIVIRAACTIOMGAINS BARSCOW2

18



CyclosporinéA micellarnasalspraycharacterizationand

antiviral actionagainst SARE 02

Fabiola GuareschiElena Del FavetoCaterina RictiLaura Cantf) Martina Brandolirfi, Vittorio
Sambri# SaraNicolt, SilviaPescing Davide5 Q! y'3ArSrieRoss, Francesc®uttini*®, Ruggero

Bettinit6, FabioSonvicé® *

1ADDRe&ab,Departmentof Foodand Drug,Universityof Parma,ParcoAreadelleScienz@7/a, 43124Parma,ltaly

2Department of Medical Biotechnology and Translatidviaedicine, University of Milan, Via Fratelli Cervi 93, 20054

Milan, Italy

3Unit of Microbiology, The Great Romagna Hub Laboratory, Piazza ddliherazione60, 47522 Pievesestinajtaly
4Departmentof ExperimentalPiagnosticand SpecialtyMedicina DIMESAlmaMater Studiorunt Universityof Bologna,
ViaMassarentil, 40138 Bologna, Italy

5Nanopharmi_td, FranklinHouse GrangeRoad CwmbranNP443WY UnitedKingdom

Sinterdepartmental Center for Innovation in Health Products, Biopharmanet_TEC, University of Parma, Parco Area delle
Scienz@7/A, 43124 Parma, Italy

Publishedn DecembeR023,Europeaniournalof PharmaceuticalSciences

19



ABSTRACT

Theupperairwaysrepresentthe point of entrancefrom where SevereAcuteRespiratorySyndrome
Coronavirus 2 (SAR®DVH U AYFSOGA2Y &LINBIFRa (2 -iodedheryt dzy 3a @
polyethyleneglycolsuccinatg TPGSnicellesloadedwith cyclosporineA (CSAyvere developedfor

nasal administration to prevent or treat the viral infection in the very first phases. The behavior of
the micelles in presence of simulated nasal mucus was investigated in terms of stability and
mucopenetration rate, eviderieg longterm stability and fast diffusion across the glycoproteins
matrix. Moreover, the spray characteristics of the micellar formulation and deposition profile in a
silicon nasal model were studied using three nasal spray devices. Results allowed to identify the
nasal spray pump (BiVax, Aptar) able to provide the wider and uniform deposition of the nasal
cavity. ThecyclosporineA micellesantiviralactivity againstSAR$C 0\ 2 wastested on the Omicron

BA.1 variant using Vero E6 cells witlotocols simulating treatment before, during and after the
infection of the upper airways. Complete viral inactivation was observed for the cyclosporine
loaded micelles while a very low activity was evidenced for thefoomulated drug, suggesting a
synergistic activity of the drug and the formulation. In conclusion, this work showed that the
developed cyclosporine-lvaded micellar formulations have the potential to be clinically effective

against a widespectrumof coronavirusvariants.
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1. INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (S2dR&) belongs to the coronavirus genus,
whichcomprehend£6 ! knownspeciedlividedin four genera(Alpha,Beta,GammaandDeltaCoV)

2, However, only Alpha and Beftaoronaviruses can infect humans, leading to mild to severe
respiratory infection€. SARE0V2 is a Betacoronavirus, discovered for the first time in Wuhan,
China,at the endof 2019andit since spreadiramaticallyrapidlyall overthe world *4 Thisledto a
pandemiowhichcauseda significativelyhighernumberof infectedpeopleandlargerdiffusionthan

the previously Severe Acute Respiratory Syndrome (SARE0V) and Middle East Respiratory
Syndrome (MERSo0Vf coronaviruses appeared in 2002 and 2012, respectivdlge infection can
cause the manifestation of various symptoms comprehending fever and cough, but in the most
severe cases, the rapid viral replication can lead to a strong immune response, consisting in a high
NEtSFHasS 2F Oeid21AySad ¢KAa Oed21AyS aadz2Nxe Ol
acuterespiratorydistresssyndromeandrespiratoryfailure >, DespiteSARE 02 caninfect allthe
humanpopulationregardlesof the ageandgender,older menwith coexistinglinessesappearsto

be the fraction most exposed to the risk of developing a severe respiratory disease requiring
hospitalizatiorand often causingdeath”.

Due to its unique virological features, SARS/2 shows a high transmissibility. In particular, the
transmission often occurs early since registered viral load in the upper airways has been found to
be already very high when the first symptoms occur; this correlates with a high risk of
nasopharyngeal virus shedding at the beginning of the infe¢foiThe airborne transmission of

the virus from an infected person occurs through liquid droplets incorporating the virus during
speech.Furthermore, togetherwith the larger droplets,smaller and more numerouaerosol
particlesare produced.Thesdatter canpersistin the air for alongperiodof time andfinallyinhaled

by someone thus leading to a starting infecti8i® Therefore, after the starting infection of the
epithelial cells located in thepper respiratory tract, the virus quickly migrates to the deeper
airwaysandfinally reacheshe alveolar epithelialissuein the lungs®.

Vaccination is certainly one of the most effective tools to control and prevent the spread of viral
pandemicst®3 but the genetic variability of the coronaviruses complicates the development of
effectivevaccinationableto preventthe infectionof all the viral variants. Forthis reason,abroad
spectrum of drugs is currently being studied for their antal properties against coronaviruses.
Cyclosporine A belongs to this group, since already in 2011 it was demonstrated to be effective at
suppressig coronaviruses on a broad spectrifnOne peculiar viral replication feature of SARS
Co\2 is that thevirus exploits the activity of the intracellular cyclophilin A (CypA) when infecting

the host cell. This highly-expressedprotein providesthe cloakingof the viral replication
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intermediates, thus preventing the viral nucleic acid from being detected by the innate immune
cellular sensor$. The mechanism of action of cyclosporine A consists precisely in the inhibition of
CypA,t* therefore hindering the viral cloaking step and leading to a restoration of the normal
innateimmunity processescludingthe expressiomf antiviralgenes thatlockthe viralinfection

15 In additionto this, CSAcanalsobe exploitedto limit the excessiveeleaseof pro-inflammatory
cytokinesin patientsinfected with SARSC0V2 by creatinga complexwith CypAand calcineurin
(CaN).In this complex,the phosphorylationactivity of CaN,normally involvedin the releaseof
several preinflammatory cytokinesis inhibited'®%!8, Results from cell culture experimeritave
demonstratedthat CSAstrongly inhibits the replication of SARE oV, manifestingthe antiviral
activityonly at the earlystageof viral replicationandat arelativelyhigherconcentration(16 uM) if
compared to that required to inhibit the replication of other RNA virusesq@ piM) 41°,

However the peptide nature,the relativelyhighmolecularweight(1202.639a),the low aqueous
solubility (~ 5 pg/mL iphosphate buffered salinéy?*and the high lipophilicity attested by a log P
valueof 3,22 makethe formulation of CSAchallenging.

One strategy to formulate CSAproposedin the past is represented by oil-based surfactant
containingdosageforms 3, However theseformulationswhenappliedon mucosatissuessuchas

the eye for instance, evidenced low tolerability causing local inflammatory responses, as irritation
and hyperemig*?. Furthermore, it is suggested that because of the high affinity of the drug for
the oily phase of pharmaceuticalemulsions,in most casesthese formulations show poor
bioavailability?>. A possible valid alternative to emulsions is represented by micelles, able to
increase the solubility of this hydrophobic peptide drug. Micelles are nanosystems relatively easy
to prepareandcharacterizedy highscalabilitywhichdemonstratedio be ableto improvethe drug
solubility and cellular uptake 252", Despite ocular administration of CSA,also in micellar
formulations,hasbeenextensivelystudied,?’*°to the bestof our knowledge CSAoadedmicelles

have not yet been tested for intranasal administration as antiviral agents againstGARS
However, it is reported in literature that a nasal spray containing nitric oxide has been used to
efficiently reduce the SARS0V2 viral RNA concentration in patients infected with the virus,
confirmingthe efficacyof the intranasal approacto allowthe clearanceof the virus 3132

Therefore, the aim of this study was to formulate and characterize cyclosporine A loaded micelles
produced using a vitamin E derivative,. h -tocopherol polyethylene glycol 1000 succinate (TPGS)
and to evaluate their antiviral activiiy vitro against SARSoV\2, in view of a clinical application

via intranasahdministration.
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2. MATERIALANDMETHODS

2.1 Materials

The vitamin Ederived surfactant " -tocopherol polyethyleneglycolsuccinate(TPGSMW 1513
g/mol)wasakindgift from PMCISOCHENVert-Le-Petit, France)Cyclosporind (CSAMW 1202.61

g/mol) was obtained from Metapharmaceutical (Barcelona, Spain). Deuterium oxidg §Rd

mucin from porcine stomach type Il were from Sigma Aldrich (Saint Louis, USA). Sbidiuge

(NaCl)was obtained from VWR International (Leuveédglgium). Calciunchloride (CaG) was
purchasedfrom FlukaChemika(Buchs,Switzerland).Potassiumchloride (KCl)was provided by

| &/ ®9PC OCA2NByYyl d2fl RQ! NRIFIXZ LGFfeaod | OSG2yAlN]

HPL@rade Ultrapurewaterwaspurified by reverseosmosigMilliQ, Millipore, Molsheim France).

2.2 Methods

2.2.1Preparationof the blankand drug-loadedmicelles

The micelles were prepared following the method described previously by Petah&’. For the
preparation of the blank micelles, TPGS (20 mM, 3% w/v) was solubilized in a NaCl solution (9 g/L).
Thesystemwaskept undermagneticstirringat 300rpm until the completedissolutionof the TPGS.
Importantly, the solution was prepared in a closed amber glass vesgalegerve TPGS from
possiblephotodegradation.

The drugloaded micelles were prepared by adding to the previously prepared blank micelles the
CSAowder,accuratelyweighedon analuminumweighingboat. More preciselydifferentamounts

of CSA (1 mg, 2.5 mg and 5 mg) were used to prepare 10 mL of tHeokdimg (LL, 0.1 mg/mL),
Medium-Loading ML,0.25mg/mL)andHighLoadingHL,0.5mg/mL)micelles.

Then the systemwassubjectedto sonicationin anultrasoundbath (US@GO00-T,VWRInternational,
RadnorPA,USA¥or 2 minutesto favorthe completedetachmentof the powderfrom the weighing

boat. Finally the micelleswere maintainedundermagneticstirringat 300rpm (ARE>6 Digital, VELP
Scientific, Usmate, Italy) overnight. To separate the eventual non-encapsulateddrug, as a
precipitate, the micelles were subjected to centrifugation (NEBR, Remi Elektrotechnik, Vasai,
India)at 9,500rpm for 10 minutesat 25°C Thesupernatantwasfinally collectedandstoredat 25°C

in amber glassessels.

2.2.2 Characterizatiorand stability study

2.2.2.1Particlesize,PDland surfaceZetaPotential

Thepatrticlesizeandthe polydispersityindex(PDI)f both the blankanddrug-loadedmicelleswere
determinedby dynamiclight scattering (DLS)singMalvernZetasizeNanoZS (rang®.3nm ¢ 10
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pm, Malvern Instruments Ltd., Malvern, UK). For each DLS measurement, 1 mL of the formulation
was analyzedwithout dilution using a disposablepolystyrene cuvette. Measurementswere
performed at the temperature of 25°C and at a scattering angle of 173°. The refractive index and
the viscosityof the dispersantwere 1.33and0.8872mPa-srespectively Therefractiveindexof the

material was set at the value of 1.00. Before analysis, the sample was equilibrated for 30 seconds.
Analysesvererepeatedthree timesfor eachsample with 15 subrunsfor measuremento increase

data and correlation and reported as cumulative unimodal/multimodal fitting (sample digreih
andZ-averagamean particlesize.

Thesamplesvere alsoanalyzedor zetapotential usinga patentedlaserinterferometrictechnique

called M3PALS (Phase analysis Light Scattering), with the same instrument (Zetasizer Nano ZS,
Malvern Instruments Ltd., Malvern, UK) and the same parameter set for particle size and PDI
analysis. Analyses were performed using a disposable folded capillary cell, at 25°C, and recorded
three timesfor eachsample with 100runs formeasurement.

The characterization of the produced micelles was done at time zero and after every month for 7
months,keepingthe samples storedt 25°C irclosedamber glass vessels.

DLS was also employed to evaluate any changes in terms of size before and after actuation of the
micellar formulation from the nasal devices tested. To do this, the formulation was sprayed into 2
mLEppendorf@ubes(EppendorfAG,Hamburg Germanyafter beingloadedinto eachnasaldevice

tested. Then,the samplewas collected andnalyzedy DL&sdescribedabove.

2.2.2.2Density

Thedensitiesof TPG$nicellarformulationswere assessedt 22°Cwith a densitymeter (DMA5000,
Anton Paar, Graz, Austria) allowing an accuracy of 7gi@m3. Samples (1.5 mL) were inserted
into the measuringJ-capillarycellby meansof two syringestightly connectedat its ends,andwere

equilibratedfor 15 minutesat each temperature befordata collection.

2.2.2.3Viscosity

Dynamicviscosity, ®wasmeasuredor the blank,HL,MLandLLmicellesby acontrolledshearrate
MCR102 Rheometer and data were analyzed using the Rheocamgafssare version 1.26Anton
PaarGrazAustria).Rotationalmeasurementsvere carriedout without diluting the samplesyhich

were analyzed by a CC27 geometry (27 mm diameter, 1.13gap). Measurements were
performed both at 25°C and at 37°C to simulate the physiological nostril temperature, for a shear

rate rangingfrom 10to 1000 . Allthe analysesvere performed irtriplicate.
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2.2.2.4Cyclosporiné quantification method

The method used to quantify the amount of solubilized drug in the dlmaged micelles was
previously validated for precision and accurdtyBriefly, CSA was quantified using a HBUYC
system consisted of a pump (Model-LCAS, Shimadzu, Japan) and an ultraviolet detector (Model
SPDBL10A, Shimadzu,Japan). The mobile phase was a mixture acetonitrile: water with 0.1%
trifluoroacetic acid in 65:35 (v/v) ratio, pumped at 1.6 mL/min. The column usednalyze
cyclosporine A was a reverphase Nova | O1 / my OF NOUNAR3IS 6mMpnPRodgdp Y
MA, USAEkquippedwith aguardcolumn(4x3.0mm, SecurityGuardt Cartridge PhenomenexiJSA)
thermostatedat 65°C Theinjectionvolumewas100> [  abgoRbancavasmonitoredat 230 nm.
Usingtheseconditions, cyclosporin@retention time was aboué4 minutes. TheCS/Astocksolution
waspreparedby dissolvinga weighedamountof CSAn acetonitrile. Thedilutionsof the stockwere

then prepared irmobile phase.

Several calibration curves were built to cover different concentration range9®ug/mL, used

for the quantification of the drug loaded into the micelles; and 3 pg/mL and X 10 pg/mL,
exploited for theex vivomucoadhesion study. Each stock dilution of these two latter calibration
curveswasthen diluted with water to generatetwo additional calibrationcurvesin the rangesof

0.77- 7.69 pg/mL and 0.08 2.3 pg/mL.These curves were used for the CSA quantification in
samplederivingfrom the mucoadhesiorexperiments whichwere diluted in anaqueousmedium.

The quantification of the solubilized drug was done at time 0 and after every month for 7 months,

keepingthe samples storedt 25°C irclosed amber glass vessels.

2.2.2.5SAX@nd SANSnalysis

Small Angle Xay (SAXS) and Neutron (SANS) scattering measurements were carried at the high
brilliance beamline ID02 of the European Synchrotron Radiation Facility (ESRF, Grenoble, France),
experiment DOI: 10.15151/ESEB653835676 and on Yellow Submarine diffractometer at the
Budapesneutroncenter(Hungary)experimentCERIC_2021712Fhemagnitudeof the scattering
@SOG2NIl] A& RSTAYSR olS& yIg [ K&n "ak0d Wi (BN o/ FayH o/ 34 AS{ |
wavelength. SANS measurements were carried out in thenge between 0.¢4.0 nnf!, with a

FAESR Ol tdzS 2F (KS AYOARSYy(d o1 0S¢t Sytadetectoo < ' nd
distances (1.1 and 5.2 m). The measurements were conducted at room temperature of 20°C.
Samplesvereloadedin quartzcellsof 2 mm thicknesgHellmaanalyticsGmbH& Co.KG Millheim,

Germany).To obtain the intensity of scatteringin absolute units, a standard procedure of

calibration to water was performed after subtracting the background and scattering in the solvent

(D:0)whichwere measuredin separateexperiments. SAX$neasurementsvere performedusing
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polycarbonate capillaries of 2 mm thickness (ENKI, Concesio, Italy) as sample containers. The
measured twedimensional SAXS patterns were corrected for detector artefacts, normalized to
absoluteintensity scaleandazimuthallyaveragedo obtainthe intensity profile I(g) asa function of

g, in the range (0.7 niixkg<6nmi0 @ { LISOG NI} 6SNBE NBO2NRSR G a

(V)]
[N
(V)]

length to test radiation damagethat might be induced by X-ray exposure.For each static
measurementat least5 spectrawere averagedafter excludingany possibleradiationdamage The
averagedackgroundsignalwas subtractedrom eachaveraged samplatensityprofile.

The analysis of the I(q) profiles was performed assuming that for a monodidpamsegeneous
micellar solution as I(q) = K&&” 2P(q)S(q) where N is the number of particles per unit volume V,

3" is the contrast term between the particles and the medium. P(q) is the form factor of the
micelles, giving information on their size and shape, while S(q) is the solution structure factor, that
depends on the spatial distribution of interacting micelles, becoming cons&aqj= 1, for dilute
solutionsof non-interactingmicelles™®.

The mucigmicelle interaction was investigated lmpserving the diffusion of CSdaded micellar
solution(40> [ pat in contactwith mucin(20> [cZ 15%w/V) in the polycarbonatecapillaryplaced

in ahorizontalsampleholder. SAX$tensitiesat different positionsin the capillarywere measured.
Simulated Nasal Electrolyte Solution (SNES, descritsxtiion 2.2.3 was used as buffer for both
micelles and mucin solution. Spectra of the solution in different horizontal positions have been
acquiredovertime, thusmonitoringthe evolutionof the diffusionof the particlesthe first acquirable
measurement, at t=200 seconds, to t=1500 seconds. As a reference, the diffusion of SNES alone in

mucinhas beermeasured.

2.2.3Exvivo mucoadhesiorstudy

The mucoadhesive properties of the micelles subjected to a constant Simulated Nasal Electrolyte
Solution(SNESJow were investigatedexploitingthe rabbit nasalmucosaby meansofanad A y Of A y SR
LIX IyS FLILI NI (Gdzaé ® ¢KS | LI N Gdza O2yaraiSR 2F |-
on which aglass Petri dish was located and used to position the tissue and collect samples. With
thistest, the mucoadhesiv@ropertiesof the HLmicelleswereinvestigatedand comparedto those

of a CSAuspensior{0.5mg/mL).

SNES consisted of an aqueous solution containing calcium, sodium and potassium ions at the same
concentrationgresentin the humannasalfluid 32, It waspreparedby dissolvingsodiumchloride

(8.77 mg/mL), potassium chloride (2.98 mg/mL) and calcium Chloride (0.45 mg/mL) in ultrapure
water 8, After the complete dissolution of the salts, the pH was adjusted to 6.5 with hydrochloric

acid 1M. Thenasalmucousmembraneswere isolatedfrom freshrabbit headskindly providedby
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Bertoni Carni S.r.l. (Busar@eggieEmilia, Italy), stored in ice, and used within four hours from
animal death. The heads were sectioned longitudinally, then the whole mucosa and the respective
portion of supportingcartilagewere takenusinga scalpel Successivelyhe mucosavaspunchedio

obtain 8 mm diameter circular portions of tissue. The tissue was then placed on absorbent paper
soakedin physiologicatolutionin aclosed plasti®etri beforetesting.

The mucosal tissue was fixed with the doubided tape (Tesaftd934, KaiserKraft, Stuttgart,
Germany)within the glassPetridishon a horizontalplaneandtreated with 20 uLof the HLmicellar
formulation or the CSA suspension. After 5 minutes, the Petri dish was positioned on the inclined
planeapparatussothat the SNE$owedoverthe tissuerunningfrom its upperedgeto the bottom

of the Petri dish, where it could be collected for analysis. To do this, the SNES was flowed at 100
pL/min with the aid of a syringe pump (Harvard Apparatus, Holliston, USA) equijirea mlastic
syringe having an internal diameter of 19 mm and a needle of 0.8x40 mm, conditioned for at least
15minutesbeforestartingthe experiments Samplesvere collectedevery5 minutesfor 30 minutes

and mixed with 500 pL of mobile phase. Then, sampleswere centrifuged (NEYAL6R, Remi
ElektrotechnikVasailndia)at 9,500rpm for 10 minutesat 25°Candthe supernatantwasanalyzed

by HPLCAt the endof the thirty minutesexperimentthe drugadheredto the tissuewasextracted

with anextracting fluid consisting of a mixture of acetonitrile and 1% acetic acid at a volume ratio
of 87:13 respectively. The tissue was kept in the extracting fluid (1 mL) overnight at ambient
temperature, then was sonicated and centrifuged (NE8R, Remi Elektrotechnik, Vasai, India) at
12,500 rpm for 15 minutes at 25°C; 500 yL of the supernatant were withdrawn and mixed with
ultrapure water (150 pL) and finally analyzed with HPLC. Moreover, 1 mL of acetonitrile was used
to collect and dissolve the drug thhad eventually adhered to the Petri dish; the samples were
centrifuged at 9,500 rpm for 10 minutes at 25°C and the supernatant was collected and analyzed
by HPLC in triplicate. The percentage of mucoadhesion was calculated considering the theoretical
amount of drug deposited on the nasal mucosa as 100%, from which a cumulative curve was built
by subtractingthe drugamount foundin the withdrawal ateachtime point.

Finally, a mucosal mean residence time (MMRT) was calculated from data ajgujviagon 13,
obtainedfrom aclassianethodfor the calculationof the meanresidenceime in pharmacokinetics

reportedin literature “°,

MMRT = AUMG; o 1 (1)

AUGro n

In Equationl reportedabove AUCsthe areaunderthe curvedescribinghe percentageof residual

CSAadheringto the nasaimucosaovertime, while AUMCisthe areaunderthe first momentcurve.

TheAUCandAUMOwere calculatedby the trapezoidaimethodwith exponentiakextrapolation,and
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thesewere usedto calculatethe mMMRT.

2.2.41nvitro studies
2.2.4.1Cellline and culture conditions

Vero E6 cell cultures (American Type Culture Collection, ATCIG&Rwere grown in Minimum

Essential Medium (MEM) supplemented with L-glutamine (2 mM), penicillin (100 U/mL),

AOGNBLII2YBOAY omnn >3AKY[ U0V 602YLX SGS Odz# F&®B YSRA

(10% v/v), as recommendéd Cells were incubated at 37 °C in a humidified, 5%a@fsphere
enrichedchamberuntil use. Forcompoundtreatment studies,cellswere seededin 96-well plates
and cultured in MEM containing FBS (2% v/v). Cell culture medium and supplewesnatsil
purchased fronEuroClondMilan, Italy).

2.2.5Antiviral Activity Studies

2.2.5.1Viruspropagationandtitration

The inhibitory effect of pure CSA, blank and -@Bded micelles on viral replication was tested
against Omicron subvariant BA.1, technically referred to as lineage B.1.1.529.BA.1. The viral strain
was isolated from a residual clinical specimen conferred to the Unit of Microbiology, Greater
Romagna Area Hub Laboratory (Cesena, ltaly), for routine diagnostic purposes and sequenced as
part of the project for monitoring the prevalence and distribution of SER82 variants in Italy,
promoted by the Italian N#onal Institute of Public Health (ISS, Rome, Italy). Before being used for
this study, the sample underwent an anonymizationprocedure, in order to adhere to the
regulations issued by the local Ethical Board (RPR P09, rev.2; based on Burmedtal.*?). Inbrief,

a specific volume of clinical specimen (500 pL) was used to infect a cell monolageflaéncy.

After a onehour adsorption, the culture was maintained in FBS MEM (2% v/vihandated for 72
hours. Both the original clinical samples and the viral strains were anayzgldyinghe FilmArray
RespiratoryPanelBiomerieuxMarcyf Q 9 iFraricd)t&sBingnegativeforother respiratoryviruses.
After isolationonVeroE6cells the viralstrainwasinturn sequencedisingCleanPle SAREC 0,2 Flex
(ParagorGenomics|nc.,Hayward,CA,USA)nd llluminaMiSeq(llluminalnc.,SanDiego,CAUSA)
(Genomicsn.d.)to reconfirmthe lineageidentificationprovidedor diagnostic purposes. Sequenced
reads were aligned and compared with the reference geneagjoence of SARSV2 WuharHuw-

1 isolate (Access: NC_045512, Version: NC_045512.2) 8§6R¢liA DDM platform software
(SOPHIA Genetics, Lausanne, Switzerland), for determinatithe @fonsensus sequence, variant
calling and lineage assignment. The viral strain was titrated tissngndpointdilution method 3.

In brief, serial10-fold dilutions(from 10 to 10%) in FBMEM (2%v/v) were used to infect confluent

monolayers of cells in a 9@vell plate. After 72 hours cells weieed and stained by means of a
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formaldehyde solution (4% v/v) in crystal violet. Absenceresence of cytopathic effect at each
dilution was assessed by comparison of each well with vaudrol and cell control wells. Viral
titres, expressed a&Cll/mL, were calculated with the Reehd Muenchformula basedn eight

replicated fordilution4.

2.2.5.2Celltreatment and viral replicationinhibition assay

The day prior to treatment and infection, Vero E6 cells were seeded at a density &fc@¥s(er
plate in 96well plates and allowed to attach for 16 to 24 hours at 37 °C, 5% @®Othe day of
infection, each tested compound stock solution was freshly diluted in cell culture medium
containingFBS2%v/v). CSAvastestedat concentrationsangingfrom 2 uM to 64 uM (2,4, 8, 16,

32 and 64 pM3¥*. Each CSkyaded micellar formulation was diluted accordingly, in order to obtain
the same CSAconcentrations.Similarly, the blank micelleswere diluted to obtain the same
concentration of TPGS micelles as the dagged samples. In order to better determine at which
levelthe viralreplicationcyclewasinhibited, cellswere subjectedto different treatment regimens,
which can be distinguishedinto single and multiple-treatment regimens. The first category
includes:pre-treatment 1 hour beforeinfection (protocol A), simultaneoudreatment andinfection
(protocol B, treatment 2 hours posinfection frotocol C2 and treatment 6 hours poshfection
(protocol C&. The second category, on the other hand, includes:tatment 1 hours before
infection followed by treatment 2 hours pestfection treatment protocol D, three treatments
postinfection(protocolE) and pre-treatment 1 hour beforeinfectionfollowed by three treatments
postinfection (protocolF). In any caseeachtreatment lastedone hourandin the multi-treatment
regimens, treatments were repeated one hour apart. Antiviral efficacy was tested against two
different virus concentrations: 0.005 m.oi.e(, multiplicity of infection) and 0.0005 m.o.i. In both
casesjnfectedcultureswereincubatedfor one hour at 37 °Cto allowviraladsorption.Treatedand
infected cultures were incubated at 37 °C, 5% 10072 hours. For each treatment protocol, a cell
culture was infected directly with the virus suspension at the two tested concentrations to assess

viral replicationin the absenceof any potentialinhibition.

2.2.5.3SAR&0oV2 nucleicacidquantification

Viralreplicationin treated and untreatedcell cultureswasevaluatedby gRFPCRyy comparingthe

Ct values of each treated sample and its corresponding untreated control obtained after 72 hours
of incubation.Forthis purpose the AllplexSARSC0\f2 ExtractionFreesystem(Seegendnc.,Seoul,

SouthKorea)wasused(Seegendnc.,n.d.).It consistf areattime gRFPCRnultiplexassaybased
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onthe useof TagManprobes,whichallowsthe simultaneousietectionof four targetgenesnamely
Egene,RdRP/geneandN gene.Samplepreparation,reactionsetupandanalysisvere performed
accordinglyto the manufacturer instructions. Briefly, 15 pL of the sample was diluted 1:4 in 45 pL

of RNAsdree water in a 96vell PCR plate and hence an exact volume of the dilution (5 uL) was
transferred to another plate with 16 uL of PCR master mix, containing the following compounds: 5
X[ 2F aha 6ads5¢ hftAd2 aAEGAINBET 6AGK Rb¢t & 2f A
HoleQuenchelprobes) 5 uLof enzymess uLof RNasdree waterandl pLof anexogenousnternal
controlfor everyreaction.Apositiveandanegativecontrolwereincludedin eachrun. Theassaywas

runon a CFX96ealtime thermalcycler(Bio-Rad FeldkirchenGermany) Theamplificationprocess
includes cDNA denaturation at 95°C for 10 seconds, primers annealing at 60°C for 15 seconds and
elongation at 72°Cfor 10 seconds(44 cycles).Fluorescentsignalswere acquired after every
amplification cycle. Results analysis and targets quantification were performed withrZDd\@

Viewer from Seegeninc. (Seoul, South Korea). By comparing the Ct values referred to the N gene
of each treated sample and its corresponding untreated control, the percentage of infectivity
reduction was calculated as followSduation 3, approximating 100% of infectivity reduction to
treated sample Ct value at time 0 and 0% of infectivity reduction to the Ct value obtained from the

untreatedcontrols:

@01 GO 6 QAL WA GO b QE - ot (2)

2.2.6 Cytotoxicitystudy

Cells treated with the same treatment protocols describe®attion 2.2.%ut not infected were

used to assess cytotoxicity. For this purpose, the blank andldaggdmicellar formulations (HL,

ML, LL; diluted to a CSA concentration in the range@f AM) as well as the pure CSA powder (2

64 uM) weretested.

To quantify cell viability, after the incubation period, the cell monolayers were fixed and stained
usinga 4%formaldehydesolutionin crystatviolet; absorbancevasreadat 595 nm. Foreachtested
compound concentration, the percentage of viable cells for each tested concentration was
calculatedsettingthe meanabsorbanceralueof the cellcontrolwells(neithertreated, nor infected

cells) as 100% viability. The tested formulation and relative dilutions were considered cytotoxic

when leadto a cellviabilitylower than80%.
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2.2.7 Spraycharacterization

Three different nasal devices were provided by Aptar Pharma (Le Vaudreuil, France) and used for
spray characterization and deposition in the nasal cast assessment: an amber glass vial equipped
with CPS preservativieee spray pump, 70 uL/single spray (device A), a Bidose system BDSI V3
device,100pL/singlespray(deviceB)anda BiVaxsystem 250 uL/singlespray(deviceC)assembled
usingastandardkit BDS[reference2457_010et 2457_140)FigureS1,SupplementaryMaterial).

Droplet Size Distribution @D) of the aerosol emitted from treelected devices was carried out
employing Malvern Spraytec (Malvern Panalytical Ltd, Malvern, UK) in open bench configuration.
The nasal spray was actuated at 3 cm and 6 cm with the plume cutting perpendicularly the laser
beam. Data collected were analyzed in terms of transmittance, volume diameter of thec@0

and90" percentileof the distribution andwidth of the dropletsdistributionobtained(span).Three
replicatesper distancefor each devicavere performed.

Theplume of the formulation sprayedfrom the selectedpumpwas characterizedlsoemployinga
pulsedlaser techniquaisingPatternatesoftwareversionl.3.1(OxfordLasersDidcot,UK).

For Spray Pattern (SP) the laser beam was positioned at 3 cm and 6 cm from the pump nozzle. The
laser cut the plume horizontally whilst higipeed images were recorded. SP allowed to collect the

following spray characterizationparameters: minimum diameter (Dmin), maximum diameter
(Dmax), ovality ratio—— and area { x—— x——). Threereplicates per distance for each dewic

were performed.For Plume Geometry (PG) the laser beam was positioned at a distance to allow
for the capture of the whole plume emitted from the device nozzle. The laser beam cut vertically
the plume while higkspeed images were recorded. PG allowed to analyze thewioly
parameters: plume angle (°), plume length (cm) and plume width (cm). The plume width was taken
at a plume length of 6 cm. Three replicates per device were carried out for PG.

The screened nasal devices were automated actuated for spray characterization employing Vereo®
actuator (NSx, Proveris Scientific Corporation, MA, USA). The method for automated actuation
employed was previously developed and validated by Aptar Phafiablg S1, Supplementary

Material).
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2.2.8Depositionstudy on a nasalcast

The deposition profile of the developed micelles was studied using a silicone nasal cavity model by
Koken® (ModdlM-005 Koken Itd., Tokyo, JapaR)jdure S2, Supplementary Mater)alFor these
studies, as for the mucoadhesion studies, the micellar formulation with the highest drug content
(HL micelles) wasselectedsince it was consideredthe best candidate for a possiblein vivo
administration.

For each kind of devic&igure S1, Supplementary Mater)athe experiments were performed in
triplicate. The experiments were performed in absence of any simulated inhalation flow, and each
devicewasactuatedonceinto the left nostrilat a45°angle considerinthe palate as reference.

DeviceA was filled with 5 mL of micellar formulation, primed four times before the analysis, and
inserted12 mminto the nostril. DeviceBwasfilled with 250uLof micellarformulationandinserted

7 mm into the nostril without being primed, according to the manufacturer instructions. Dévice
was filled with 300 pL of micellar formulation, primed once according to the manufacturer and
inserted 7 mm into the nostril. In order to identify the areas in which the micellar formulation was
deposited, we usedof each analysis about 0.6 g of the color finding past Sayegéema, Exton,
PA,U.S.A)whichin contact withthe water present inthe formulationbecomes pink®.

Adigital cameraequippedwith a16-50mm lens(Sony" 5100,Sony,Tokyo,Japan24.3megapixels
APSCsensor)vasusedto capturethe imageskeepingthe nasalcastl5cmapartfrom the camera;

to standardize photographic conditions a photographic set was usetda white background and

the same light condition for all the pictures. To balance the ambient light, the experiments were
performed in a dark room, using a LED light as the only light source, kept at a fixed distance from
the nasalcast.Thepositionsanddistancebetweenthe cameraandthe castwere maintainedfixed.
Thecamerawassetwith anexposuretime of 1/250 s, the ratio of focallengthto effectiveaperture
diameter(f) was4.5,with afocaldistanceof 16 mm andISO250.Foreachanalysis1 minute elapsed
between the actuation of the device and the imaging. Each device was weighed before and after
each actuationn order to knowhow much formulationwasdispensed.

The pictures were elaborated using the ImageJsoftware (U.S. National Institute of Health,
Bethesda, MD, USA) to analyze the deposition area and identify the deposition regions. For this
purpose, the nasal cavity was divided into four regions of interest (ROI): the vestibule, the-middle
upper turbinate, the lowerturbinate and the throat Figure S2, Supplementary materjalThe
imagesacquired one minute after spraying wereconverted to an 8&bit color image and the
conversion of the number of pixels into Mwas realized by using a graduated scale positioned
near the nasal cast during the analysis. The threshold level range was fixed between 0 and 109 for

allthe acquiredimages.
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2.2.9 StatisticalAnalysis

Differences were analyzed usingefid @ ! bh+! | yR ¢dz1Se& 1{5 tz2ai
KaleidaGraphsoftware (ver. 4.5, SynergySoftware, Reading,PA, USA)and were considered
statisticallysignificantwhenp < 0.05.

3. RESULTS

3.1 Characterizatiorof the blankand CSAloaded micelles

As shown inTable 1 all the produced micelles showed a particle size below 15 nmyédues of
polydispersity index (PDI) and an almost neutral surface. The density of the micellar formulation
was in all the cases slightly above the value of 1 &/emith a tendency to slightly increase with
increasing CSA loading. The @&&Aling encapsulation efficiency for ldeading (LL, 0.1 mg/mL),
mediumloading (ML, 0.25 mg/mL) and higading (HL, 0.5 mg/mL) CSA micelles was in all cases
higher than 95% without statistically significant differences. Despite showing the rheological
behavior of a datant fluid (shear thickening), at low shear the viscosity calculated at 25°C was
basically the same for all the developed micelles, turning out to be slightly above 1 mPa-s. No
differences were found between the blank and the three types of-l6&#ed micelles, and the
amountof CSApresentin the formulationsdoesnot seemto haveany impacion the viscosity.The
viscosity of the micelles was also analyzed at 37°C to simulate the nasal environment, but again no
differenceswvereevidencedapartfrom the expectedslightdecreasen viscosityalues.Theviscosity

flow curvesof the micellarformulationat 25°Candat 37°Carereportedin Supplementaryaterial
(FigureS3.

The presence of CSA in the micellar structure appears to slightly but consistently reduce their
averagehydrodynamiaadiusof around10%comparedto the valueof blankmicelles(Tablel). The

results of the characterization made on the micellar formulation over 7 months after the first

characterizatiorare collected inSupplementary MaterialTableS2
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Tablel ¢ Physicechemicakharacterizatiorof blankand 0.1,0.25,0.5mg/mLCSAoadedmicellesat time 0 (n=3)

Sizgnm] PDI Zeta  Density{g/cm3] Encapsulatior  Viscosity

Potential Efficiency (25°C)

[mV] [%6] [mPa-s]

Blank 13.2+3.2 0.08 -2+0 1.0061012 -- 1.24+£0.06
LLmicelles(0.1mg/mL) 11.7+0.5 0.07 2+1 1.0061056  99.49+8.37 1.26+0.07
MLmicelles(0.25mg/mL) 11.4+0.1 0.06 1+1 1.006163¢  98.15+5.60 1.27+0.06
HLmicelles(0.5mg/mL)  11.7+0.2 0.12 1+1 1.006267%  97.40+2.69 1.25+0.07

§the SDof the resultsisbelow0.000005

A structural analysisof micelles was performed by Small Angle Neutron Scattering (SANS)
performingexperimentson both blankand CSAoadedmicellarformulations.Theintensity spectra
measured at room temperature are reported Figure 1 The backgroundubtracted scattered

intensityl(q) can beexpressed akquation3:

©) = 0 @& Y25(n)"YN) 3)

whereNisthe numberof particlesper unit volumeV,3” isthe contrastterm betweenthe particles

and the medium, P(qg) and S(q) are the particle form factor and the structure factor, describing the
size, the shape and interactions between particles, respectivgure 1Areports the intensity
spectraof blankmicellesalonga dilution line (TPG®oncentrationfrom 30 mg/mLto 1.5mg/mL,

i.e.up to 1:20 dilution), to verify the stability of thmicelles and to enucleate information on the
particles' size and shape. The features of SANS curves are similar, although a depression of the
intensity profile in the low-q region is visible in high concentration samples.This trend is
characteristic for interacting particles, experiencing steric repulsions, which vanish at low
concentration. In the nofnteracting regime (concentration below 6 mg/mL) the intensity curves

are superimposable, indicating that micelles are physically stable, with identieasiz shape.

{ G NUzOGdzNI € RSGFAf & 6SNB 2001 AySR FAGGAY3T (GKS
hard-sphere structure factor, as already reported in the literature for TPGS miéeligke fit is
reported for the sample diluted 1:20 (1.5 mg/mL)Figure 1Aand the parameters are reported in

the Supplementary Material Micelles display a hydrophobic core of 7 nm (diameter) surrounded

by a hydrophilic shelith a thicknes®f 2.9 nm. Thecalculatedoverallsizeof the micelles,around

13 nm, is in good agreement with DLS data. The amphiphilic nature of TPGS leads in water to the
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formation of a micellar structure composed of an inner lipophilic core encapsulating the lipophilic
drugandresponsibleor its solubilizationand anouter hydrophilicshellinvolvedin the interaction

with the biologicalsurfacesupon administration?”.

Interestingly, the addition of cyclosporine A results in an increase of-pagicle interaction. In

fact, the intensity profile at low q lowers accordingly to the amount of loaded CSA, as shown in
Figure 1B This increase of steric repulsion between micelles at a constant solution concentration

indicatesthat micellesbecomecloserandmore numerous,i.e.smaller.Asfor blankmicelles, SANS

curves ofCSA 2 RSR YA OStfSa ¢6SNB FTAGGSR (G2 | O2NBbLaA

sphere structure factof® and results are reported iBupplementary Material In agreement with
DLSlata, resultsindicatean overallreductionof the sizeof the CSAoadedmicelles Analysiof the
SANS spectra reveals that the size of the micelle core decreases from 7 to 6.4 nm, while the

hydrophilicshellkeeps a constant thickne$3.9nm).
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Figure 1¢ SANS spectra of micelles at room temperature. A) bisinglles at different dilution, starting from 30 mg/mL
wi/v. The fit of the most diluted system is reported (black solid line). B) micelles (15 mg/mL), at different CSA loading, as
reportedin the legend(CSAoncentrationsn mg/mL).Theintensityisreportedin linearscaleto highlightthe effectof the

structurefactor in the low qegion

3.2 SAXS$nucodiffusionstudy

Thestability of the micellarstructurewhenin contactwith mucusandthe propensityof micellesto
permeateandcrossamucus layewere investigatedoy SAXSybservinghe interactionof micelles

with mucin. Mixed mucinmicelles sampleswere prepared by mixing 40 > [ of HL micelles
F2NXdzE FGA2y o6on YIAKY[UO GAGK wHn >[ 2F | YdzOAy
profiles of the mixed samples, reported Supplementary Material can be reconstructed by the

mere sumof the intensity contribution of micellesandmucin, revealingthat the micellesare stable

in the glycoprotein network and do not interact with mucin. Tpm@pensity of the micelles to

penetrate into a mucus layer after contact was investigated by observing the diffusion process of
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the micelles in a layer of mucin, as sketche#igure 2Gexploiting the shorter acquisition time of
SAXS measurements (1 s) with respect to SANS (2.5 hours). For these diffusion experiments, an
alreadypublishedprotocolwasused?*’: 40> [of HLmicellesformulation (30mg/mL)were carefully

Lidzi Ay O2y Gl Ol 6AGK wn >[ LR2NOAYS YdzOAYy o6 wmp:
placed in a horizontal sample holder. SAXS intensities at different positions in the capillary were
measured at differentime delays (200, 800 and 1500 seconds). Results obtained for Simulated
NasaElectrolyteSolution(SNES)loneand CSAoadedmicellesarereportedin Figure2. Thegraphs

(Figure 2 AC, SNES in mucin aridgure 2 BF, micelles in mucin) represent the evolution of the
systems over time, after 200, 800 and 1500 s. The red curves are acquired in the mucin section of
the capillary, as can be confirmed by the similarities with the pure mucin curve (reported in black
on top) while blue curves represent the spectra acquired in the SNES or micelles section. The
spectrumof pure micelles,is reported for comparison,presentingintensity minima and maxima

(black line on the bottom of the graphis;F). The mixing kinetic of the two samples is appreciable,
from a state in which the two main componeniss. mucins and SNES or micelles, are clearly
separated (Pané, D) to the final state in which components are homogeneously mixed (Ranel

P.

To highlight the effective micelles permeation into the mucus, spectra acquired at a fixed position
(2.4 mm from the samples contact interface) in the mucin section are reportédgime 2Gat
different delays.Thetransitionfrom amucinlike spectrumtoward a mixedmicellemucinspectrum

is clearly visible. This indicates the ability of the micelles to enter easily into mucin (15% wi/v
concentration). A similar behavior has been observed for the diffusion of a sample of SNES alone
into mucin,asreportedin SupplementaryMaterial. Resultandicatethat micellesareableto enter

and percolate together with water into mucin, with a diffusion time of the order of 10 um/s,

comparablewith the one observed usinGNE&lone.
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Figure 2¢ A-C) SNES diffusion in mucin during time. SAXS spectra at different positions in the horizontal capillary at three
delays(fromleft to right: 200,800,1500s).D-F)Micellesdiffusionin mucin.SAXSpectraof micellesat differentpositions

in the horizontal capillary at three delays (from left to right: 200, 800, 1500 s). G) sketch of the experimental set up and
time evolution of the SAXS spectra acquired an# distance from the mucin/micelles contact interface (as indicated

by thedotted square) over time (frot+0 tot=1500 s).

3.3 Exvivo mucoadhesiorstudy

TheHLmicelleswere comparedto a CSAsuspensiorior the tendencyto adhereto the nasaltissue
exploitinganexcised rabbitnucosapositionedon an inclinedplaneapparatus.

The HL micelles resulted significatively less bioadhesive than the water suspension of CSA at the
same concentration, used as control. After 30 minutes indeed, it has been gshawonly 26% of

the CSA belonging to the micellar formulation adhered to the fresh rabbit mucosa. As can be seen
from Figure 3 most of the micellar formulation deposited on the nasal mucosa was removed
already during the first 5 minutes of the experiment, with a dramatic fall in percentage of CSA
adhering to the nasal mucosa. Then, from 5 to 30 minutes, the percentage of CSA adhering to the
mucosadecreased verglowly.

The 0.5 mg/mL CSAsuspensionshowed a different behavior, demonstrating to be more

mucoadhesiveéhan the micellarsuspensionas carnbe seen fromFigure 3 In thiscase 89%of the
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drug initially deposited on the mucosa adhered to the tissue even after 30 minutes. Exploiting the
collected data, the mucosal meaesidence time (MMRT) was calculated for both the micellar
formulation and the drug suspension. The mMRT of the micelles turned out to be significatively
lowerthanthat of the drugsuspensionMore preciselythe micellarmMRTwas42.9+ 8.8 minutes,

while themMRTof the drug suspensionwvas163.8+ 28.6minutes.

=
o O
o O

Mucoadhesion(%)
(o))
o

0

0 5 10 15 20 25 30 35
Time(min)
Figure 3¢ Ex vivo mucoadhesich i dzReé 2y NI o0oAdQa ylalft Ydz02al® /2YLI NRAAZ2Y
exhibited by the micelles loaded with 0.5 mg/mL CSA (black circles) and those exhibited by a 0.5 mg/mL CSA suspension

(grayempty diamondsyisedasreference(n=6).

3.4 Cytotoxicitystudy on VeroE6cells

The cell viability of the Vero E6 cell cultures treated with CSA alone was completely comparable to
that of the untreated ones, so none of the pure CSA concentration tested proved to be cytotoxic
for Vero E6 cells. The LL micelles appeared extremely cytotoxic at the three upper concentrations
tested,i.e. 16 uM, 32 uM and 64 uM containing respectively 3.81 mM, 7.63 mM and 15.25 mM
TPGS. The same cytotoxicity profile was demonstrated for the blank micelles at the corresponding
TPGS$oncentrations.

Similarly, the ML micelles were cytotoxic at the tested CSA concentrations of 32 puM and 64 pM
(TPGS concentration: 3.05 and 6.10 mM respectively). Finally, as regards the HL micelles, only the
CSA concentration of 64 pufd5.25 mM TPGS) provoked cytotoxicity. In all the experiments, the
same cytotoxicity profile was demonstrated when testing the blank micelles at the TPGS
concentrations corresponding to the G®aded formulations, indicating that the surfactant is the

componentresponsible fothe observedoxicity.

3.5 Antiviral activity of the developedmicellesagainstSARSCo\ 2
Theability of the CSAoadedmicellesto preventand/or block SAREC0V2 replicationwastested

in vitro on Vero EG6 cellsand comparedto the antiviral activity of both CSAsolution and blank
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micelles Cytotoxicformulations,i.e.thosethat reducedthe cellviability below80%, were excluded

from the evaluation.Cellswere treated following different protocols,basedon different treatment

timing (pretreatment, treatment contextual to the infection, peseatment 2 hours or 6 hours

after the infection) and treatment repetitions (single or multiple treatments). This approach was
aimed at understanding which stage of viral replication is targeted by CSA and which is the most
advantageousmode of administration of micellesin view of a possiblein vivo intranasal
administration.

As shown irFigure 4 we found that, overall, the C8daded micelles performed significatively
better than both CSA solution and the blank micelles, attaining in most cases a percentage of viral
inhibition higher than 100%.The results obtained by working with two different viral loads, i.e.

0.005 and 0.0005 m.o.(multiplicity of infectionj.e.the ratio of the number of virus particles to

the number of target cells) were in good agreement even if the efficiency of theldaagd
micellesturned out to be higherwhenalower viralamountwasused,asexpected Herebelow,we
present the results obtained working with 0.005 m.o.i. wiSlepplementary Materialcontains a
comment on the results obtained by treating cells with 0.0005 m.Bigure SY. Table 2reports

the concentratiorof TPG$ the micellarsolutionstested.

Table2 ¢ Compositiorof the micellarsolutionsusedfor the determinationof the antiviral activity.

CSAuM) TPGSMM)
HL ML LL
32 1.525 - -
16 0.763 1.525 -
8 0.381 0.763 1.907
4 0.191 0.381 0.953
2 0.095 0.191 0.477

Inthe caseof the pre-treatment protocol (onehourtreatmentbeforethe infection, Figure4A) both

HL and ML micelles showed a maximum antiviral activity of about 70%, significatively better if
compared to both CSA solution and blank micelles. Regarding the micelles with the lowest CSA
loading (LL micelles), in this protocol the results obtained by using the blank and the drug loaded
micelles were similar. In general, the blank micelles, used as reference, showed a variable antiviral
action,with valueshoweversignificantljower than thoseobtainedwith the correspondindoaded
micelles.TheCSAcontrols,in whichthe drugsolutionwasused,turned out to beineffectiveagainst
SAR&0V2 at allthe concentrations tested.

When a treatment contextual to the infection was used (one hour treatment in presence of the

virus),in most caseghe loadedmicellesturned out to perform significativelybetter thanthe CSA
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aloneandthe blankmicellescontrols(Figure4B). Allthe drug-loadedformulationsshoweda similar

trend, consisting in an increasing antiviral activity with increasing CSA concentrations, leading to
valuesabove90%of viralinhibition for HL,ML,andLLat 32,8 and4 uM, respectivelyIn particular,

among all the CSlvaded micelles, the LL formulation showed the highest antiviral activity (107%)
when used at a CSAncentrationof 8 uM.

CSA solution used at concentration between 2 and 16 uM ve@aificantly less effective if
comparedto the loadedmicelles. TheCS/Asolutiononly showedan antiviral activity comparableto

that of the drugloaded micelles when applied at the highest concentration tested which was 32
UM. It must be underlined that this was the only case in which we registered a 100% antiviral
efficiencyfor the non-formulated CSA.

The blank micelles used as reference, although showing an appreciable eff@&%b}7sometimes

even higher than CSA solution, turned out to be in all the cases significantly less effective than the
correspondinglrugloadedmicelles.

When applied posinfection (one hour treatment two hours after the infectioRigure 4¢, all the
drugloaded micelles turned out to be significatively more effective at hindering viral replication if
compared toboth the blank micelles and the CSA solution. HL and ML micelles showed a similar
behavior, turning out to be more effective at the lowest CSA concentration tested, 2 uM. More
precisely, the HL micelles exhibited a 102% viral inhibition, while the ML micelles exhibited a 111%
viralinhibition. TheLLmicelleseffectivenessvasproportionalto the CSAoncentrationwith apeak

in correspondence of the 8 uM drug concentration (101%). When applied two hours after the
infection at the highest concentration tesd (corresponding to 32 uM), the CSA solution inhibited
the SARE0V2 replication up to 45%. A certain antiviral activity was also evidenced at a drug
concentration of 16 uM, at which the viral replication was inhibited by 21%. Under this
concentration, naantiviraleffectwasobserved fotthe raw peptide.

Blank micelles highlighted a certain antiviral activity-6886) significantly lower than the drug
loaded micelles. When a delayed treatment protocol was used (one hour treatment six hours after
the infection, Figure 4D, the lowest percentages of viral inhibition for all the three different
developedmicellarformulationswere obtained(77%at 32 UM, 73%at 16 uM, 73%at 8 uM for HL,

ML and LL micelles, respectively). The-iooinulated CSA demonstrated a 42% viral inhibition at

32 uM, and a 25% viral inhibition at 16 pM. Its effectiveness dramatically decreased with lower
concentrationsbecomingtotally ineffectivefor concentrationdelow8 pM. Neverthelessin all the

cases the drugloaded micelles performed significatively better than the CSA raw material and in
most cases than the blank micelles, with the only exception of CSA concentration of 2 uM, where
blank micelleperformedbetter than HLand ML micelles but with antiviralefficacy belowt0%.

Whentreatment was applied twice pre- and postinfection (one hour treatment before the
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infection and a posttreatment two hours after the infectioRigure 4F, all the developed CSA
loaded micellar formulations showed significatively improved values of viral inhibition if compared
to both the peptide solutionandthe blankmicellesat all the CSAconcentrationgested.

The HL and ML micelles showed a similar trend consisting of a very high antiviral activity, never
goingunder 90%yith highestvaluesat 2 uM (122%for HLand of 135%for ML micelles).

The behavior showed by the LL micelles was slightly differentonsisted in a peak of activity
(116%) at 8 uM but lower values at decreasing CSA concentrations, however never going under
100% inhibition Antiviraleffect of drugloadedmicelleswas consistent.

The CSA showed a maximum of 39% of antiviral activity when tested at the highest concentration
(32 uM), but below 16 uM no antiviral effect was observed. For all the blank formulations higher
antiviral activity was detected comparedto the one obtained by using the peptidesolution;
however,the inhibition neverexceededhe valueof 74%.

Inthe caseof repeatedposttreatments(onehourtreatment repeatedtwo, four andsixhoursafter

the infection, Figure 4k the developed CSldaded micellar formulations provided an overall
performance quite similar to the previous condition. The HL and ML micelles showed high antiviral
activity inall the conditionstested (neverunder70%) with highestvaluesrecordedat 2 uM (109%

for HLand 106%for ML micelles).Theresultsobtainedusingthe LLmicelleswere slightly different,
showing the highest activity (106%) at 8 uM but lower valuedesreasing CSA concentrations,
however never going under 93% inhibition. Again, for CSA solution and blank micelles antiviral
activity (max. 28% for CSA solution and 88% for blank micelles) was invariably lower than the one
obtainedfor the correspondingirug-loaded micellest allthe concentrationgested.

Finally, when a prreatment was associated with repeated pestatments (one hour treatment
beforeinfectionandrepeatedtreatmentstwo, four andsixhoursafter the infection, Figure4G) the

two previous conditions dataF{gure 4Eand 4F) were confirmed. Indeed, all the drdgaded
micelles performed significatively better than the ntormulated drug and the control blank
formulation. Theantiviralactivityobservedrom the HLandML micelleswasagainveryhigh(always
above90%)with the highestvalue(116%for the HLand121%for the MLmicellesyecorded a2 uM

CSA concentration. LL micelles peak of antiviral activity (115%) was observed at the highest CSA
concentration tested (8 pM). CSalution and blank micelles antiviral activity (max. 25% for CSA
solution and 84% for blank micelles controls) was lower than the one obtained for the
corresponding drugoaded micelles at all the concentrations tested. The results of the statistical
analysigerformedon dataobtainedbythe in vitro studiesare collectedin SupplementaryMaterial

(TablesS4S17%.
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Figure 4- Antiviral activity of the Hlmicelles, ML micelles and LL micelles compared to the raw CSA and the blank
formulations. Each graph represents the results obtained by treating the infected cells with one of the seven different
protocols tested: treatment 1h before infection (protocol A), treatment contextual to the infection (protocol B), post
treatment2h after the infection(protocolC),posttreatment 6h after the infection(protocolC6) pre-treatment 1h before

the infectionfollowedby a posttreatment 2h after the infection(protocol D), 3 posttreatmentsspacedlh apart (protocol

E),pre-treatment 1h beforethe infectionfollowed by3 posttreatmentsspaced llapart (protocolF).

3.6 Spraycharacterization

The HL formulation was loaded into three different devices, nameatpraventional multidose
preservativefree spraypump (CPSdeviceA) andinnovativeBidose(deviceB) and BiVax(deviceQ
nasaldeviceso assess th@otential nasal applicatioof the micellessystemdeveloped.

Theintegrity of the micellesdeliveredby the three devicesvasstudiedemployingDLSAsreported

in Table 3 the BiVax device was the one which reported comparable size and PDI with the bulk
formulation, whereas, particularly with the conventional spray pump, a slight increase in size and
PDI was observed, indicating more polydispersity of the sample analyzed with a very moderate
tendencyto aggregationof the sprayed micellesA negligible increasein Zeta Potential was

observedaswell forall sprayedsamplesanalyzedregardlesf the nasaldeviceemployed.

Table3 ¢ Integrity of the HLmicelleformulationdeliveredby the three nasaldevices

Size PDI ZetaPotential

[nm] [mV]
HLmicelles0.5mg/mL(beforefiring) 11.3+0.1 0.08 -1.5+£0.2
HLmicelles0.5mg/mL(fired by BiVax) 11.5+0.1 0.08 -3.7£0.3
HLmicelles0.5mg/mL(fired by Bidose) 11.9+0.1 0.20 -3.5£0.9
HLmicelles0.5mg/mL(fired by CPSpraypump) 12.2+0.4 0.22 -3.8£0.7

The spray emitted from the three deviceswas then characterizedin terms of droplet size
distribution (DSD), sprapattern (SP) anglumegeometry(PG).

DSIOFigure5) analyzedat 3 and6 cmfrom the laserbeamshowedcomparablesizefor the droplets

emitted by the Bidose(B) and BiVaxQ systemsneanvolumediameter(D,sg) of 30.4+ 1.9um and

34.6 £ 1.2 uym, at 3 cm respectively, angoDf 42.8 + 2.0 um and 42.3 £ 4.8 pm, at 6 cm
respectively), whereas the CPS nasal puijpéported larger droplets (lshof 45.6 + 0.6 um at 3

cm and 49.1 + 1.1 yum). Span was also higher for the droplets generated by CPS pump showing a
wider droplet distribution in comparison of the other two nasal devices. This will determine a
tendency of higher deposition in the anterior region of the nose for CPS nasal pump. However, the

percentageof droplets below 10 um was < 3% for all three systemsemployed,ideal to avoid
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deposition into the throat targeting just the nasal cavity, namely the primary entry and infection

site of the virus.
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Figure 5¢ DSD at 3 and 6 cm from the laser beam for the three nasal devices employed (A: CPS spray pump, B: Bidose
SystenBDSI V3 and BiVaxSystem).

11.84 cm
(1.9%)

Figure 6¢ PG of the spray emitted from the three nasal devices employed (A: CPS spray pump, B: Bidose System BDSI V3
andC: BiVaBystem).

Plumegeometry(PG)andspraypattern (SPwere measuredor allthree devicesPGdid not display

any relevant difference between the spray emitted by the systeRigufe §. The main effect
observedonthe shapeof the plumewascorrelatedwith the volumedeliveredby a singleactuation

of the different devices: 70 pL for the conventional spray pump, 100 pL for the Bidose and 250 pL
for BiVax. The latter showed the largest plume minimum and maximum diameter by SP at both
distances evaluatedTéble 4, whereas the spray area increased proportionally to the volume
RSt AGSNBR o0& | &airy3atsS akz2d o.AzlE x .AR24S8S B
volume was predominant for BiVax comparison to CPS nasal pump and Bidose, which behaved

more similarly.
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Table4 ¢ SPat 3and 6 cmfrom the laserbeamfor the threenasaldeviceemployed A: CPSpraypump,B: BidoseSystem
BDSWV3 and CBiVaxSystem).

Device Distance Dmin (cm) Dmex (cm) Ovalityrato  Area(cn¥)
3cm 29+34 45+4.1 1.6x1.0 9.6+6.0
CPSpraypump (A)
6cm 41+1.1 5.6+5.2 1.3x4.4 17.5+3.3
3cm 3.0+£7.8 4.7+2.2 1.6+£9.5 9.5+£11.7
Bidose(B)
6cm 4.4+11.7 6.3+6.4 1.4+7.8 21.6+18.2
3cm 4.0+£12.7 54+4.3 1.4+12.7 16.3+14.5
BiVax(C)
6cm 6.5+£2.2 8.3£3.6 1.3+3.1 44.0+6.8

3.7Formulationdepositionin anasalcast

Thecharacterizatiorstudiesdemonstratedthe highrate of mucopenetrationof micellesdeveloped

in this work as well atheir potential for nasabhpplication.

The three different devices were then used to deliver the HL formulation and thus originate
different deposition profiles within the nasal cavity. The study aimed to select the device most
suitable for intranasal administration of micellesloaded with CSAto counteract SARE 02
infectionin the upperairway.

Thedepositionstudyperformedonthe siliconnasalcasthighlightedthat the three different devices
testedperformedin asignificantlydifferentmanner.Ascanbe seenfrom Figure7, the BiVaxSystem

nasal atomizer (devic€) allowed to reach the highest deposition area (45.52 + 3.0th8b)the
nasalcavity.A statisticallysignificantiower total depositionarea(32.42+ 2.68%and 25.85+ 7.39

%) was obtained by using the Bidose System BDSI V3 (@\doel CPS spray pump (devige
respectively. These results were in line with the spray characterization results collected, which
showeda similarspraypattern for devicesA (CPSiasalpump)andB (BidoseSystem)jn comparison

to the oneof BiVax (devic€).

As illustrated irFigure 7below, when deviceé and B were used, themicellar formulation mainly
deposited in the ventral region of the nose, callesktibulum and to a lower extent but in similar
percentages in the middlapper and lower turbinate. More precisely, the ratio between the
deposition in thevestibulumand that in the middleupper or inferior turbinate was 3:1. On the

other hand,when usingdeviceC(BiVax}he distribution of the administeredmicellarformulation
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appearedmnore homogeneouslylistributedon the nasalcavitysurface Indeed the depositionwas
comparablebetweenthe vestibulum the middle-upperturbinate andthe lower turbinate. In all the
three casesthe depositionat the throat levelwasminimal,asalsoobservedn the DSDresults,and
the statisticalanalysiglid not showanysignificandifferencesetweendevicesA, BandC Aftereach
spray, the behavior of the administered formulation was carefully observed, and no dripping was

evidenced fothe devicegsested.
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Figure 7¢ the different distribution profile of the HL micelles obtained by administering the micellar formulation into a
simulated nasal cavity using the three different nasal devices tested. Above, a visual representation of the nasal areas
reached by the formulation once sprayed into the nostril. Below, a graphical representation of the distribution of the
micellar formulation into the different regions of the nasal cavity that are vestibulum, middle/upper turbinate, lower

turbinateand throat
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4. DISCUSSION

Thedeveloped CShaded micelles turned out to be perfectly in line with those already reported

in literature by Pescinat al. * andGhezzet al. 2’ and proposedfor ocularadministration,showing

a particle size of ~15 nm, null surface charge and low PDI, confirming that the obtained systems
weremonodispersed®. Theencapsulatiorefficiencyof cyclosporineA at the concentrationgested
wasalwaysnearlycomplete(above97%)attestingthat TPG3eadsto a higherimprovementof the
drugencapsulatiorif comparedto other non-ionicamphiphilicpolymers suchasSolutoPHS15%and
poloxamer 407. This aspect was highlighted in recent works attesting that the solubility of
cyclosporine A in 20 mM TPGS isfsia higher than that in 20 mM Solutol® HS3%5and 8fold

higher than that in 20 mM poloxamer 40Y. In this work, the drug was encapsulated into the
micelles at three different concentrations to evaluate whether the encapsulation efficiency could
vary as the drug concentration increased. The choice to remain in the loading range between 0.1
mg/mL (equivalent to 83 uM) and 0.5 mg/mL (equivalent to 416 uM) was due to the high potency
of the drug, which has proven to ldfective in counteracting the replication of coronaviruses at
concentrationsbetween 2uMand 64puM 4,

Howeverwe R A Roperireany decreasdn termsof encapsulatiorefficiencywith increasingirug
concentration. Moreover, the amount of the drug encapsulated did not appear to have an impact
onthe particlesizeandthe polydispersityindexaswell ason the viscosityof the formulationwhich

was around 1 mPais all the formulations at 25°C. Although it was reported in literature that the
ability to encapsulate CSA within micelles of TPGS can be even 10 times that used in this work
the drug content of our formulations was kept low, using 0.5 mg/mL as maximum concentration
(except in SANS studies). This choice was motivated by the known immunosuppressive activity of
CSA!, which is obviously to be avoided when this drug is administered intranasally to have an
antiviralactionagainstSARSCo\f2. Asregardsthe stability, all the micellesshoweda goodstability

profile with steady particle size, PDI and drug content during storage up to 7 months; in particular,
HL micelles showed a slightly better stability if compared to the ML and LL micelles. Con#iékering
factor as well as the fact that HL, by containing the highest drug concentration, would allow to
reducethe volumeto be administeredpotentiallyin vivo, we identified HLasthe bestcandidatefor

the future in vivostudies therefore decidedto testonlythemto evaluatethe mucoadhesiomprofile
andbehaviorwhensprayedwith nasalspray.

Ashighlightedby SAX&nd SANS&nalysisthe presenceof CSAn the micellarcore affectedthe size

and shape of the seliggregating micelles even small amount (few molecules per micelle). The
CSAoaded systems rearrange, as a function of CSA loading, in micelles with a slightly smaller

sphericalhydrophobiccore (sizefrom 7 to 6.4 nm) surroundedby a hydrophilicshellof constant
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thicknesg2.9nm).

Quite interestingly, the CSkhaded micellesformulations weredemonstrated tobe stable in
simulatedmucus suggestinghat they are not inclinedto interactwith mucinglycoproteinseither

by electrostatic interaction nor blrydrogen bonding. This is a feature attributable to the almost
neutral surface of the micelles, allowing to avoid the possible electrostatic interaction of the
micelleswith the negativelychargedsialicacidresiduescharacterizinghe mucins®°. Moreover,we
observed a poor tendency of the micelles to stick to the mucus layer oexhévomodel used,
obtaining highly reproducible results regardless of the variability that naturally characterizes the
biologicaltissues.

The poor tendency of the micelles to stick to the mucus layer could also be attributed to the
PEGylated hydrophilic surface of micelles provided by TPGS. In fact, PEG surface modification has
beendemonstratedio be ableto reduceprotein surfaceadhesionin anumberof nanomaterial$

%5 as wellasto avoidinteractionswith mucinglycoproteins in thenucus layef*.

These structural features suggest a mucopenetration ability of the formulation, that could provide
an escape strategy from the physiological process of nuil@ry clearance, thus increasing the
retention time in the nasal cavity. For this reason, the propensity of the developed micelles to
penetrate mucus was tested and confirmed by diffusion results obtained by SAXS and successively
by ex vivomucoadhesion studies on rabbit nasal mucosa. Results indicate that micelles are able to
enter and permeate togéter with water into a viscous mucin solution (15% w/v), used as mucus
model, with a diffusion speed of the order of 10 um/s, comparable with the one observed using a
simulated nasal fluid alone. This was further explained by the fact that the very small particle size
(about 12 nm) and the almost spherical shape can ensure that the micelles are not retained by the
size filter consisting of the mucin fiber mesh, which porosity has been indicated between 50 and
1800nm %657,

The suitability of the micellar formulation for intranasal application was further confirmed by the
administration of the micellar formulation in a nasal cast using different devices. The good
distribution profile obtainedandthe absenceof drippingregardles®of the kind of deviceconfirmed

that the developed micelles could actually be exploited as an intranasal treatment. In particular,
giving the more homogeneous distribution between the regions of the nose and the greater
coveredsurfaceareaobtainedusingthe BiVaxnasalatomizer(deviceC) aswell asthe beststability

results obtained in terms of micelles size and PDI after administration, we believe that this is the
most suitable device to guarantee greater protection against S2¢&R& infection in the upper
airways. Indeed, it should be considered that the nasal cavity represents a very large surface to
which the virus can adhere after being inhaled giving rise stagting infection. Considering that

the greaterthe coverednasalsurface the higherthe protectiveactivity of the micellarformulation,
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the BiVaxnhasal atomizer was preferred to the other two tested nasal devices, because it has been
shown to be able to distribute the micellar formulation more deeply in the nasal cavity leading to
the greatestsurfacecoveragejustified by the spraycharacterizatiomesultswhich showeda larger
plumediameterandareafor this nasaldevicewhichledto the greaterandmore homogenousover

of the nasalcavity.

Concerning the antiviral effect of the formulations tested, all the daggled micelles showed
significantly higher antiviral efficacy than pure CSA and the blank formulations. The only exception
was represented by the LL micelles used tofpeat infected cells. In this specific case indeed, the
activity of the blank and the drdgaded micelles did not differ, probably due to the very low
concentrationof CSA.

By comparing the results obtained with different treatment protocols, it was found that the best
approaches to hinder the viral replication consist in a gositment 2 hours after infection or
protocolsin whichrepeatedtreatmentsare combinedpre- or postinfection, simulatinga repeated
administration,a quite commonandrealisticsituationfor nasalmedicinalproducts.

Concerning the three different formulations tested, thesults obtained by testing the HL and ML
micelles could be commented parallelly, since showed a similar behavior which was slightly
different from that obtained by testing the LL micelles. In fact, when the ML and HL micelles were
tested at the lowest CSA concentration (2 uM), the inhibition of the SZRA& replication turned

out to bethe mosteffective,resultinggreaterthan 100%in all the casesOnthe contrary,the same
resultsin termsof antiviralefficiencywere obtainedwhenthe LLmicelleswere usedat the highest

CSA concentratiom.e.8 uM. This difference could be attributed to a potential role of TPGS which,
at each CSA concentration tested, was proportionally more abundant in the LL micelles, due to the
lower drug content. This hypothesis is supported by the fact that by testing the blank micelles we
observedanoticeableantiviralactivity,evenif significativelyjower thanthat of the loadedmicelles.

In particular, a linear correlation between the blank micellar concerdratised and the Cycle
Threshold (Ct) value was found, indicating a reduction in the viral activity and replication. Firstly,
given the surfactant properties of the polymer, we can attribute the antiviral activity of the blank
micelles to the ability of TPGS to alter the fluidity of the viral envelop, by interpolation between
phospholipids®®*°. Another possible mechanismhas been reported by researchersfrom the
University of Alabama at Birmingham (Birmingham, AL, USA). Their data, publisheebestgfe
demonstratedthe capacityof water-solubletocopherolderivatives(specificallyTPG&nd,albeitto

a lesser extent, also Vitamin E succinate) to inhibit the transcriptional activity of GARSRNA

dependentRNA polymerase.

However despitethe blankmicelleshadalsoshownthis kind of activity, we excludethat the effect
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belonged only to the presence of TPGS, but hypothesized a synergistic action of TPGS with CSA,
since the percentages of infectivity reduction were significatively higher for almost all the drug
loadedmicellestested thanfor the blankmicelles.

Indeed,whenthe non-formulated CSAvasusedascontrol, its effectivenessvasdramaticallyiower

than that shown when loaded into the micellar structure. In most cases, pure CSA antiviral activity
did not exceeds0%whichhoweverwasregisteredonly workingat the highestdrugconcentration,

i.e.32 uM. Anexceptionoccurredwhen pure CSAvaspresentwith the virusat the momentof the
infection, where an inhibition up to 100% was attained. This is consistent with data reported in
literature 14 attesting that CSA mainly acts on the very first phasesfettion by altering the
organizationof the viral intracellular membranesexploited to generate the viral replication
complex, which normally forms early after the cell penetration. However, this action seemed to
prevailon another CSAantiviral actionreportedin literature, whichconsistan the hinderingof the
NLINE { Bldingaddits subsequent bindingvith the viral genometo assembléhe viral progeny

61

On the contrary, CSAencapsulatedin a micellar formulation based on TPGSunderwent a
significative improvement of its antiviral activity even at the lowest concentration tested, 2 pM.
This is due to the presence of TPGS, that can have a series of actions enabling a more effective
antiviralactivity: 1) improvementof CSAsolubility, makingthe peptidemore availableat molecular
level;2) enhancedCSA cepenetration,an effectrelatedto the surfaceactive propertiesof TPGS;

3) potential hindering of the receptdigand interactions normally exploited by the virusitdect
cells®%*%4 allowing the CSA micellar formulation to be effective at inhibiting SAR& infection

even when used as a pteatment. Furthermore, we can also hypothesize that the watbwn
activityof TPG@sP-glycoprotein(P-gp)effluxinhibitor ¢ couldcontributeto the result, sinceit has

been demonstrated in Ca€d®, that CSA transport is modulated by these systems. Finally, the
antioxidant activity of TPGS could be exploited in the most severe cases of infection, since it
undergoeslegadationleadingto the releaseof vitamin E®” whichcanhelpto avoidthe worsening

of the disease. It is known indeed, that the viral infection causes an alteration of the balance
between the production of oxidants and antioxidants leading taxiadative stress responsible for
seriouscomplications’.

When the ML micelles and HL micelles were applied on cells 6 hours after infection, the antiviral
activity was lower than the cases in which were applied following the other approaches. Our
hypothesis was that after 6 hours from the infection, the replicative cycle of the virus is in an
advancedbhase with the viruscompletelypenetratedthe cellstartingits replication.At that point,

as also reported in literatur¥, neither the peptide drug, nor the TPGS could interfere withvihal

replicationleadng to a completeinhibition of the infection. However,it must be underlined
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that despitethe reducedantiviralactivity demonstratedin this caseby all the drug-loadedmicelles,

the effectiveness of the latter always demonstrated to be greater than that of the blank micelles
andin mostcaseslsoof the non-formulated CSAwith the only exceptionrepresentedby the cases

in which the loaded micelles weriluted so as to work at concentrations of CSA of 2 uM: in these
caseghe levelof efficacyof the drugloadedmicelleswascomparableo that of the blankmicelles.

By making a general overview of the collected data, it can be appreciated that in several cases the
viral inhibition corresponded to or exceeded the 100% value, indicating that viral replication was
completely blocked. Values exceeding 100% were due to the fact that, after the replication of the
virionshadbeenblockedby the treatment, the virionsremainedin solutionandstartedto degrade.

The extent to which the virus degrades and therefore how much the percentage could be higher
than 100 is a totally random factor. However, we noted a direct proportion between the
concentration of the micelles and the percentage of viral inhibition, leading to confirming the
hypothesighat the micelles wereableto degradethe virus in solution.

Concerninghe spraycharacteristicanddepositionin the nasalcavity,anyoneof the three devices

tested did affect the physical properties of the micelles, preserving their size and surface charge.
Spraydlid not appearto differ in a significantmannerin terms of emitted droplet size distribution,

spray angle and spray plume characteristics. However, the device BiVax provided a significantly
better coverageof the nasalcastboth in termsof overallsurfaceareacoveredanddistributionover
different region of interest such as upper and lower turbinates. This was attribute to a higher
surface spray area that was correlated with the larger emitted volume (250 pL against 100 and 70
uL for BiDose and CPS device, respectively). This result is in agreement with the observations of
Kundoor and Dalbf, tK I & dzaAy3 GKS aryS OlFradags F2dzyR GKI
significantly greater nasal deposition area than nasal spray pumps delivering 50 yL. However, the
deposition observed were mainly in the vestibule part of the nasal cavity, demonstrating that the
choice of an optimal combination between device and formulation is required in order to develop

a nasal product truly effective against a viral infection. In fact, the penetration of the formulation
and coverage of nasal anatomical structures such as the turbinates involved in the filtration and
entrapment of the particulate carried by inhaled air appears critical to prevent or treat early SARS

Co\£2 infections.
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5. CONCLUSIONS

All the CSAoaded micellar formulation developed in the present work showed high industrial
scalability due to their simple and fast production method, and to the possibility of an easy
sterilizationby filtration. Atthe sametime, the formulation was stable for atleast7 months at
ambienttemperature.Moreover,the low particlesize the almostneutralsurfaceandthe highrate

of mucopenetration make them ideal for intranasal administration. The high drug encapsulation
efficiency of the TPGS micelleasvalso exploited in our research to increase the low solubility of
cyclosporine A, an immunosuppressant drug tested in this work for its potential as antiviral agent.
The results obtained in am vitro model of infection of SARSo\V2 Omicron variant highlighted

that the drugloaded micelles provided an excellentviral replication inhibition for single and
repeated treatments pre-infection and up to 6 hours postinfection. In addition, CSAoaded
micelles performed better than CSA alone or the blfmknulation at inhibiting the SARSoV2
replication. Particularly, it was evidenced that also the mieftening excipient, the vitamin E
derivative TPGS, plays a critical role in enhancing CSA inhibition of the viral replication, probably
itself having an antiviral action through nonspecific mechanisms. Finallin theoadministration

of the highest drugoaded micellar formulation was simulated using a silicone human nasal cast
after the in vitro characterization of the spray emitted by differentsggms, which allowed to
identify a device able to deposit the micellar formulation homogeneously within the nasal cavity
once intranasally administered, potentially providing a more effective protection againstan

incipientinfection.
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Figure 1- The three devices used for the deposition experiment in a nasal cast: glass vial equipped with CPS spray pump

METHODS

(A), a Bidose system BDSI V3 device (B) and a BiVax system atomized (C) assembled using a standard kit BDSI (references
2457_010et 2457_140).

Tablel ¢ Automatedactuationparametersor DSDSPandPGassessment.

Device
Parameter
CPSpraypump Bidosesystem BiVaxsystem
Strokeforce (kg) 7 8 8
Velocity(mm/s) 70 70 22
Acceleration
3000 5000 5000
(mm/s2)

Holdtime (ms) 300 300 300
SymmetricProfile Yes Yes Yes
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Figure2 - TheKoken®cavity modelof a nose(left) andthe partition of the nasalcavity (right) in vestibule(A), middle-

upperturbinate (B)Jower turbinate (Candthroat (D).

RESULTS

Stability of the blankand CSAloadedmicellesover 7 months

All the developed micelles showed good stability over 7 months at 2%fle( 3. The particle size

of the micelles remained unchanged over time, except for the ML micelles, for which a statistically
significant increase from about 11 nm to about 18 nm was noped 0049, accompanied by a
significant increase in terms of PDI. An increase in the PDI value was still observed for the HL
micelles, but in this case the particle size has not undergone any statistically significant change.
During7 monthsof storageat 25°C poth the zetapotential remainedunchangedvertime andthe
encapsulation efficiency remained stable. The statistical analysis indeed, did not pointadyout
significant alteration in terms of drug loading; however, this could be related to the relatively high

standarddeviationfound for the collected data.
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Table 2- characterization of the blank and Gi&aded micelles at time 0 aradter 3 monthsand 7 months stored at 25°C

(n=3)
Month 3 Month 7
Size PDI Zeta CSA EE% Size PDI Zeta CSA EE%
[nm] potential [nm] potential
[mV] [mV]
Blank 11.61+ 0.11 -1.48+0.27 -- 13.94+1.42 0.28 -0.76+£1.60 --
0.98
LL Micelles 1463+ 0.22 -3.41+218 88.43+ 18.35+5.77 0.33 -4.14+3.99 83.60%
(0.1 mg/mL 5.06 13.58 11.18
CSA)
ML Micelles 11.35+ 0.11 -2.32+191 96.35% 17.64 £3.22* 0.43 -3.00+2.23 89.91+
(0.25 mg/mL 0.35 4.55 8.81
CSA)
HL Micelles 1145+ 0.13 -1.12+0.81 96.72+ 17.27+5.81 0.38 -1.97+294 9597+
(0.5 mg/mL 0.65 4.79 3.28
CSA)

* =valuesignificativelydifferentfor that obtainedat time 0, accordingto ANOV Astatistictest

Dynamicviscositycalculatedat both 25°Cand 37°C

Figure 3A £ £ dzA G NI (G S &

(i K SaldRlated loyrthe Gheathkter Bhzan26°8 and at 37°C

for allthe developedmicelles Theadditionof the drugat increasingconcentrationsR A Rsgemnito

have an impact on the viscosityof the formulation, as confirmed by the statistical analysis.

Moreover, not even the increase in temperature (37°C) led to a significant change in the viscosity

of the formulations, confirming that the nasal environment should not alter the viscosity of the

system.
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Figure3 ¢ Thecomparisorof the dynamicviscosityof the blank,LL MLand HLmicellescalculatedboth at

25°Candat 37°C

Fitting parametersfor SANSJlata

Table3 ¢ fitting parameterfor SANSlata

Coreradius Shellthickness Particleradius sldcore sldshell sldsolvent

[nm] [nm] [nm] [10%A2] [108/A2]  [106/A7
TPGS 3.50 2.9 6.40 0.55 5.68 6.35
TPGS+0.8SA  3.45 2.9 6.35 0.55 5.68 6.35
TPGS+26SA 3.21 29 6.11 0.55 5.68 6.35
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Figure4 ¢ Fitting of SANSpectrafor micellesat 15 mg/mLand 1.5mg/mLwith CSAat 0.5mg/mLand 2.5mg/mL.SANS
data analysisvasperformedusingSasViewb.0.5software. Thescatteringcurvesfrom the micelleswerefitted to a coreg
shell sphere (CSS) model for the Bémbined with a haréphere (HS) structure factor for the S(q). In the data analysis,

the scatteringlengthdensity (sldpf the core andshellwereleft free.Resultsarereported inTable 2.
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Figure 5cleft) SAXS spectra of micelles (30 mg/mith and without CSA 0.5 mg/mL. Right) reconstruction of the

equilibrium mixed muchmicelle spectrum by adding the experimental spectra of mucin and micelles appropriately

weightedaccording tathe concentration ofhe two componentsn the mixedsample.
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Figure 6- Sketch of the experimental set up and time evolution of the SAXS spectra acquired at 2.4 mm distance from the

mucin/SNES8ontactinterface(asindicatedby thedotted square)over time (front=0 tot=1500 s).

Antiviral activity of the developedmicellesagainst SARSCoV,2 testedat 0.0005m.0.i The
resultsobtainedby treatingthe VER@6cellsinfectedwith the viral amount of 0.0005confirmed

the data obtained by using the higher viral amount (0.005 m.o.i). All theldadgdmicelles indeed
turned out to perform significatively better at inhibiting the viral replication thwexth the pure CSA
and the blank micelles. However, as expected, the absolute efficiency dftigdoaded micelles
turned out to be higher when 0.0005 m.o.i was used as viral titeroWéervedhat regardlesof

the viralamount,the behaviorofthe HLandML micellesturned out tobe comparable, while that of
the LL micelles was slightly different. When the infected cells wexé¢reated (one hour treatment
before the infectionFigure 7A using the HL, ML and LL micetles antiviral activity turned out to

be never lower than 70% and was significatively betteoihpared to both CSA alone and blank
micelles. It was observed a certain antiviral action ajgolyingthe blankmicelles provingthat also
blankmicellesvereableto inhibitthe viralreplicatiorby about 5660%, values howevaignificantly
lower than those obtained with the correspondit@pded micelles. The CSA controls, in which the
drug suspension was used, turned out toibeffective against SARR\2 at allthe concentrations
tested.

When a treatment contextual to the infection was used (one hour treatment in presence of the
virus, Figure 7B, in all the cases the loaded micelles turned out to perform significatively better
thanthe CSAaloneandthe blankmicellescontrols.Asalreadyobservedvhenahigherviralamount

was exploited to infect cells, all the dHigaded formulations showed a similar trend, consisting in
an increasing antiviral activity with increasing CSA concentrations, leading to values above 90% of
viral inhibitionfor HL ,ML,andLL startingrom 8,4 and 2 uM, respectively.

CSA solution used at concentration between 2 and 16 uM turned out to be significandfféesive

if comparedto the loadedmicelles.CSAaw material showeda certainantiviral activity
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which increasedlinearly with the concentration, however never exceeding70%. It must be
underlined that this antiviral activity is the highest among all the results obtained applying the
various approaches to treat the infected cells. The blank micelles used as reference, although
showing an appreciable effect (48%), often even higher than CSA raw material, remained in all
cases significantly lesffectivethanthe correspondinglrug-loaded micelles.

When applied posinfection (one hour treatment two hours after the infectioRigure 7¢, all the
drugloaded micelles turned out to be significatively more effective at hindering viral replication if
compared to both the blank micelles and the CSA raw material, as already observed wheareells
treated with a higherwiral amount.

HL and ML micelles showed a similar behavior, demonstrating to be more effective at the lowest
CSA concentration tested, 2 uM. More precisely, the HL micelles exhibited a 113% viral inhibition,
while the ML micelles exhibited a 121% viral inhibition. The LL micelles effectivenesswas
proportional to the CSAconcentration, with a peak in correspondenceof the 8 uM drug
concentration (111%). When applied two hours after the infection, CSA raw material turned out to
be able to inhibit the viral replication of only up to 48% when used at the highest concentration
tested of 32 uM. A certain antiviral activity was also registered at a drug concentration of s UM,
whichthe viral replicationwasinhibited by 25%.Underthis concentration,no antiviral effect was
observedfor the raw peptide.

Blankmicelleshighlighteda certainantiviralactivity (44-88%)significantiower to the drug-loaded
micelles. When a delayed treatment protocol (one hour treatment six hours after the infection,
Figure 7D was used to treat cells infected with 0.0005 m.o.i, the results confirmed those obtained
by working against an higher viral amount. In this case indeed, the lowest percentages of viral
inhibition for allthe three different developedmicellarformulationswere obtained(86%at 32 uM,

81% atl6 pM,76%at 8 uM for HL ML andLLmicelles, respectively).

Thenot-formulated CSAdemonstrateda 37%viral inhibition at 32 uM, anda 30%viral inhibition at

16 pM. lIts effectivenessdramatically decreasedwith lower concentrationsbecoming totally
ineffective for concentrations below 8 pM. Nevertheless, in all the cases theloldgd micelles
performed significatively better than the CSA material. In most casedvitheand LL micelles
performedsignificativelybetter than the blankmicelles while the activity of the HLmicellesturned

out to be in mostcasessuperposabldo that observed foithe blankmicelles.

Whenthe treatmentwasappliedtwice, i.e. pre- and postinfection (one hour treatment beforethe
infectionandonetreatment two hoursafter the infection, Figure7B), allthe developedCSAoaded
micellarformulationsshowedsignificativelyimprovedvaluesof viralinhibition if comparedto both

the raw peptideandthe blankmicellesat allthe CSAoncentrations tested.

TheHLandML micellesshoweda similartrend consistingof very highantiviralactivity, nevergoing
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under 93%. More precisely, the highest values were found at 2 uM, and were 128% for HL and of
135% for ML micelles. As already observed, the behavior showed by the LL micelles was slightly
different, i.e.consisted in a peak of activity (119%) at 8 uM followed by lower values at decreasing
CSA concentrations, however never going under 97% inhibition. The CSA showed a maximum of
43% of antiviral activity when tested at the highest concentration (32 uM) followed by a linear
decreasing activity with decreasirapncentrations. For all the blank formulation controls was
evidenced a higher antiviral activity compared to the one obtained by using the peptide solution,
however, the inhibition never exceeded the value of 89%. In the case of repeatettgatshents
(onehourtreatment repeatedtwo, four and sixhoursafter the infection, Figure7P the developed
CSAoaded micellar formulations provided an overall performance quite similar to the previous
condition.TheHLandML micellesshowedhighantiviralactivityin all conditionstested,nevergoing

below 78%. More precisely, the highest values were recorded at 2 uM, and were 135% for HL and
of 103% for ML micelles. As already observed, the results obtained using the LL micelles were
slightly different, showing the highest activity (110%) at 8 uM but lower values at decreasing CSA
concentrationshowevernevergoingunder101%inhibition.

Again, the antiviral activity of CSA raw material and blank micelles was significatively lower than
that of the drug-loadedformulations.CSAndeeddemonstratedio be ableto inhibit the SARE oV

2 replicationby up to 39%,while theactivity of the blankmicelleshas notexceeded 88%.

Finally, when a préreatment was associated with repeatgasttreatments (one hour treatment
before infection and repeated treatments two, four and six hours after the infectaguyre 7G
confirmed the two previous conditions dat&igure 7Eand 7F), as observed working against a
higher viral amount. Indeed, all the drligaded micelles turned out to perform significativelgtter
than the pure drug and the control blank formulation. The antiviral activity observed tisnigL
and ML micelles was again very high (always above 96%) with the highest valugdqd g#84HL
and 155% for the ML micelles) recorded at 2 uM CSA concentration. LL micelles patiiraf
activity (122%) was observed at the highest CSA concentration tested (8 uM). G8ateaal and
blank micelles antiviral activity (max. 38% for CSA raw material and 90% fonttatlies controls)
was lower than the one obtained for the corresponding dlogded micelles atall the

concentrations tested
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Figure7 - Antiviralactivity of the HLmicellesML micellesand LLmicellescomparedo the raw CSAndthe

blank formulations, against 0.0005 m.a$ viral amount. Each graph represents the results obtained by
treating the infected cells with one of the seven different protocols tested: treatment 1h before infection
(protocol A), treatment contextual to the infection (protocol B), fiosdtment 2h after the infection
(protocol C), postreatment 6h after the infection (protocol C6), greatment 1h before the infection
followed by a postreatment 2h after the infection (protocol D), 3 pdstatments spaced 1lh apart
(protocolE) pre-treatment 1h beforethe infectionfollowedby 3 posttreatmentsspacedlh apart (protocol

F).

p valuesobtained by the statistical analysis

Table4 ¢ p valuesobtained fromthe oneway ANOVAand TukeyHSDPostHoctest for the antiviral activity of the HL,ML
andLLmicellescomparedo the pureCSAandthe blankmicellesResultgeferto the situationin whichthe loadedmicelles,
the blankmicellesand the CS/Asolutionhavebeenusedto pre-treat cells1 hourbeforebeinginfectedwith 0.005m.o.i.as
viralamount. The table only shows the data referring to the concentration at which thelazdgd micelles exhibitettie

highest antivirakfficacy.

Pre- HL- ML- LL Blank  [Blank micellg Blank CSA2 CSAL6 csmBuM
treatment micelles32 | micelles16 | micelles8 micelles |(reference g micelles um um
UM puM UM (referenceof |[ML16 pM) | (referenceof
HL32 uM) LL8uM)
0.005moi
H'—-micsles 32 - 1 1 <0.0001 | <0.0001 1 <0.0001| <0.0001| <0.0001
il
M'—'mm”es 16 1 - 1 <0.0001 | <0.0001 1 <0.0001| <0.0001| <0.0001
LL-mi05|”638 1 1 - <0.0001 | <0.0001 1 <0.0001| <0.0001| <0.0001
il
Blankmicelles | <0.0001| <0.0001| <0.0001 - 1 <0.0001 | <0.0001| <0.0001| <0.0001
(referenceof
HL32pM)
Blankmicelles | <0.0001| <0.0001| <0.0001 1 - <0.0001 | <0.0001| <0.0001| <0.0001
(referenceof
ML 16 M)
Blankmicelles 1 1 1 <0.0001 | <0.0001 - <0.0001| <0.0001| <0.0001
(referenceof LL
8uM)
CsA32uM <0.0001| <0.0001| <0.0001| <0.0001 | <0.0001 | <0.0001 - 1 1
CSAL6uM <0.0001| <0.0001| <0.0001| <0.0001| <0.0001| <0.0001 1 - 1
CsmuM <0.0001| <0.0001| <0.0001| <0.0001 | <0.0001 | <0.0001 1 1 -
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Table5 ¢ p valuesobtained fromthe oneway ANOVAand TukeyHSDPostHoctest for the antiviral activity of the HL,ML
andLLmicellescomparedo the pureCSAandthe blankmicellesResultgeferto the situationin whichthe loadedmicelles,
the blankmicellesandthe CS/Asolutionhavebeenusedto treat cellscontextuallyto the infectionwith 0.005m.o.i.asviral
amount. The table only shows the data referring to temcentration at which the drufpaded micelles exhibited the

highestantiviral efficacy.

Treatment HL ML- LL= Blank Blank Blank CSAm2 CSAL6 csmuM
micelles32 | micelles16 | micelles8 micelles micelles micelles uMm um
co_ntextl_JaIto UM UM UM (referenceof | (referenceof | (referenceof
infection HL32uM) | ML16pM) | LL8uM)
0.005moi
H'—-miC:/'I'ES% - 0.7167 | <0.0001| <0.0001| <0.0001| <0.0001 | <0.0001| <0.0001| <0.0001
ul
M'—-micsl”eSlﬁ 0.7167 - 0.0001 | <0.0001| <0.0001| <0.0001| 0.7382 | <0.0001| <0.0001
ul
Li:micellessuM | <0,0001| 0.0001 - <0.0001 | <0.0001| <0.0001| 0.7773 | <0.0001| <0.0001
Blankmicelles | <0.0001| <0.0001| <0.0001 - 0.9933 | <0.0001 | <0.0001 1 <0.0001
(referenceof HL
32pM)
Blankmicelles | <0.0001| <0.0001| <0.0001| 0.9933 - <0.0001 | <0.0001| 0.9987 | <0.0001
(referenceof ML
16uM)
Blankmicelles | <0.0001| <0.0001| <0.0001| <0.0001| <0.0001 - <0.0001| <0.0001| <0.0001
(referenceof LL
8uM)
CSA32uM <0.0001| 0.7382 | 0.7773 | <0.0001| <0.0001 | <0.0001 - <0.0001| <0.0001
CSAL6UM <0.0001| <0.0001| <0.0001 1 0.9987 | <0.0001 | <0.0001 - <0.0001
CSmpM <0.0001| <0.0001| <0.0001| <0.0001| <0.0001| <0.0001 | <0.0001| <0.0001 -

Table6 ¢ p valuesobtained fromthe oneway ANOVAand TukeyHSDPostHoctest for the antiviral activity of the HL,ML
andLLmicellescomparedo the pureCSAandthe blankmicellesResultgeferto the situationin whichthe loadedmicelles,
the blank micelles and the CSA solution have been used torpastells 2 hours after the infection with 0.005 m.o.i. as
viral amount. The table only shows the data referring to the concentration at which théadrdgd micelles exhibitatie

highest antivirakfficacy.

Post Hl-micelles2 |ML- LLl-micelles8 [Blankmicelles Blank micelles Blank micelles CSAuM CSAuM
treatment 2h um micelles2 pM  |uM (referenceof HL2 |(referenceof ML 2 |(referenceof LL8
after M) HM) uM)

infection

0.005moi
FLmicelles? | 02926 |1 <0.0001 <0.0001 <0.0001 <0.0001 1<0.0001
o
Mimiceles20.2026 |- 0.0534  |<0.0001 <0.0001 <0.0001 <0.0001 |<0.0001
m
LL-micelles8 1 0.0534
UM
Blankmicelles |<0.0001 |<0.0001 |<0.0001 |- <0.0001 <0.0001 <0.0001 <0.0001
(reference of
HL2 pM)

<0.0001 <0.0001 <0.0001 <0.0001 [<0.0001

Blankmicelles |<0.0001 |<0.0001 [<0.0001 [<0.0001 - <0.0001 <0.0001 [<0.0001

(reference of
ML 2 M)

Blankmicelles |<0.0001 |<0.0001 [<0.0001 [<0.0001 <0.0001 - <0.0001 [<0.0001

(reference of
LL8 puM)

CSARUM <0.0001 [<0.0001 [<0.0001 [<0.0001 <0.0001 <0.0001 - 0.9345
CSAUM <0.0001 [<0.0001 [<0.0001 [<0.0001 <0.0001 <0.0001 0.9345 |-
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Table7 ¢ p valuesobtained fromthe oneway ANOVAand TukeyHSDPostHoctest for the antiviral activity of the HL,ML
andLLmicellescomparedo the pureCSAandthe blankmicellesResultgeferto the situationin whichthe loadedmicelles,
the blank micelles and the CSA solution have been used torpasstells 6 hours after the infection with 0.005 m.o.i. as
viral amount. The table only shows the data referring to the concentration at which théadrdgd micelles exhibitatie

highest antivirakfficacy.

Posttreatment 6h [HL: ML- L L Blank Blank Blank CSA2 CSAL6 csmsuM

: : micelles32 |micelles16 |micelles8  micelles micelles micelles uM nM
after infection UM UM UM (referenceof ((referenceof |(referenceof

HL32uM)  [ML16pM)  |LL8 uM)

0.005moi
Hl-micelles32uM - 0.9999 |1 <0.0001 [<0.0001 [<0.0001 [<0.0001 <0.0001 [<0.0001
ML-micelles16puM 0.9999 |- 1 <0.0001 [0.0156 [<0.0001 [<0.0001 [<0.0001 [<0.0001
LL-micelles8 LM 1 1 - <0.0001 [0.0109 [<0.0001 [<0.0001 [<0.0001 [<0.0001
Blank micelles <0.0001 [<0.0001 [<0.0001 | 0.1145 [1 0.0015 [<0.0001 [<0.0001
(referenceof HL 32
HM)
Blank micelles <0.0001 [0.0156 |0.0109 [0.1145 | 0.8902 <0.0001 [<0.0001 [<0.0001
(referenceof ML 16
1M)
Blankmicelles <0.0001 [<0.0001 [<0.0001 |1 0.8902 | <0.0001 [<0.0001 [<0.0001
(referenceof LL 8
1M)
CSA32uM <0.0001 [<0.0001 [<0.0001 [0.0015 [<0.0001 [<0.0001 <0.0001 [<0.0001
CSAL6UM <0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 | <0.0001
CSALUM <0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 |

Table8 ¢ p valuesobtained fromthe oneway ANOVAand TukeyHSDPostHoctest for the antiviral activity of the HL,ML
andLLmicellescomparedo the pureCSAandthe blankmicellesResultgeferto the situationin whichthe loadedmicelles,
the blank micelles and the CSA solution have been used-teeptd1 hour before the infection) and peseat (2 hours
after the infection) cells infected with 0.005 m.o.i. as viral amount. The table only shows the data referring to the

concentrationat whichthe drug-loadedmicellesexhibited thehighestantiviral efficacy.

Pre-treatment [HLmicelles2 ML~ LL-micelles8 [Blank micelles  |Blank micelles Blank micelles  |CSA2uM CSAuM
n UM micelles2 uM (M (reference ofHL |(referenceof ML |(referenceof LL 8
post

2 uM) 2 uM) LM)
treatment 2h
after infection
0.005moi
Hl:micelles2uM | 0.0009 0.9894 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
M’\h’miCEHESZ 0.0009 - <0.0001 [<0.0001 <0.0001 <0.0001 <0.0001 <0.0001
u
LL:micellessuM 10,9894 <0.0001 |- <0.0001 <0.0001 <0.0001 <0.0001 [<0.0001
Blank micelles <0.0001 [<0.0001 [<0.0001 |- 0.2313 <0.0001 <0.0001 [<0.0001
(referenceof HL
2 uM)
Blank micelles <0.0001 [|<0.0001 [<0.0001 1|0.2313 - 0.9156 <0.0001 <0.0001
(referenceof ML
2 uM)
Blank micelles <0.0001 [<0.0001 [<0.0001 [<0.0001 0.9156 - <0.0001 [<0.0001
(referenceof LL 8
HM)
CSA”uM <0.0001 [<0.0001 [<0.0001 [<0.0001 <0.0001 <0.0001 - 1
CSAUM <0.0001 |<0.0001 [<0.0001 [<0.0001 <0.0001 <0.0001 1 -
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Table9 ¢ p valuesobtained fromthe oneway ANOVAand TukeyHSDPostHoctest for the antiviral activity of the HL,ML
andLLmicellescomparedo the pureCSAandthe blankmicellesResultgeferto the situationin whichthe loadedmicelles,
the blank micelles and the CSA solution have been used as repeatébateent on cells infected with 0.005 m.o.i. as
viral amount. The table only shows the data referring to the concentration at which théalrdgd micelles exhibitatie

highest antivirakfficacy.

3 post HL-micelles2 ML- LL-micelles8 [Blank micelles Blank micelles Blankmicelles CSRuM  [CSAuM
treatments UM micelles2 uM (UM (referenceof HL 2 |(referenceof ML 2 ((referenceof LL8

HM) HM) HM)
0.005moi
Hh';mi69||952 - 0.0008 0.1348 <0.0001 <0.0001 <0.0001 <0.0001 [<0.0001
m
t'\l"'\h'mice'bﬂ 0.0008 - 1 <0.0001 <0.0001 <0.0001 <0.0001 [<0.0001
'—k—/lmice”eSB 0.1348 1 - <0.0001 <0.0001 <0.0001 <0.0001 [<0.0001
u
Blankmicelles  |<0.0001 |<0.0001 [<0.0001 | <0.0001 <0.0001 <0.0001 [<0.0001
(referenceof
HL2 pM)
Blankmicelles |<0.0001 [<0.0001 |<0.0001 [<0.0001 - <0.0001 <0.0001 [<0.0001
(referenceof
ML 2 M)
Blankmicelles  |<0.0001 [<0.0001 [<0.0001 [<0.0001 <0.0001 - <0.0001 [<0.0001
(referenceof
LL8 uM)
CSA”Z2uM <0.0001 [<0.0001 [<0.0001 [<0.0001 <0.0001 <0.0001 - 0.0023
CS/AUM <0.0001 [<0.0001 [<0.0001 [<0.0001 <0.0001 <0.0001 0.0023 |-

Table 10¢ p values obtained from the ongay ANOVA andukey HSD Post Hoc test for the antiviral activity of the HL,

ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded
micellesthe blankmicellesandthe CSAsolutionhavebeenusedasa pre-treatment (1 hourbeforeinfection)andrepeated
posttreatment on cells infected with 0.005 m.o.i. as viral amount. The table only shows the data referring to the

concentrationat whichthe drug-loadedmicellesexhibited thehighestantiviral efficacy.

Pre- HL-micelles2 ML~ LLl-micelles8 [Blank micelles Blank micelles Blank micelles CSRuM  [CSAuM
treatment UM micelles2 pM (UM (referenceof HL 2 |(referenceof ML 2 |(referenceof LL8

M M M
+ 3 post ) M) um)

treatments

0.005
moi

H"\—/’ImiCE"ESZ - 0.6669 1 <0.0001 <0.0001 <0.0001 <0.0001 [<0.0001
m

ML-micelles2 0.6669
UM
Lk‘,lmiceuess 1 0.0715 | <0.0001 <0.0001 <0.0001 <0.0001 |<0.0001
m
Blankmicelles  |<0.0001 |<0.0001 |<0.0001 |- 1 <0.0001 <0.0001 <0.0001

(referenceof
HL2 uM)
Blankmicelles  |<0.0001 [<0.0001 [<0.0001 (1 - <0.0001 <0.0001 [<0.0001
(referenceof
ML 2 M)
Blankmicelles  |<0.0001 [<0.0001 [<0.0001 [<0.0001 <0.0001 - <0.0001 [<0.0001
(referenceof
LL8 uM)

CSAZuM <0.0001 [<0.0001 [<0.0001 [<0.0001 <0.0001 <0.0001 - 0.0481
CSAUM <0.0001 [<0.0001 [<0.0001 [<0.0001 <0.0001 <0.0001 0.0481 |-

0.0715  [<0.0001 <0.0001 <0.0001 <0.0001 [<0.0001
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Table 11¢ p values obtained from the ongay ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL,
ML and Llmicelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded
micellesthe blankmicellesandthe CSAolutionhavebeenusedto pre-treat cellsl hourbeforebeinginfectedwith 0.0005

m.o.i. as viral amount. The table only shows the data referring to the concentration at which thioadedg micelles

exhibitedthe highestantiviral efficacy.

Pre- HL: ML- LL-micelles8 [Blankmicelles [Blank micelles [Blankmicelles |CS/A32 ICSAL6 CSAuM
treatment micelles32 |micellesl6 |uM (referenceof HL |(reference of  |(referenceof LL juM UM

ny uM 32uM) ML 16 uM) 8 UM)
0.0005
moi
g'z'-‘lmce"es 0.5237 (1 <0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001
'i"s'-l;“,\jlice"es 0.5237 | 0.0305 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001
'L-l';/lmice”esg 1 0.0305 |- <0.0001 [<0.0001 [0.0002 <0.0001 <0.0001 <0.0001
Blankmicelles |<0,0001 [<0.0001 [<0.0001 | 1 0.7304 <0.0001 <0.0001 <0.0001
(reference of
HL 32uM)
Blankmicelles |<0,0001 [<0.0001 [<0.0001 1 - 0.404 <0.0001 <0.0001 <0.0001
(reference of
ML 16pM)
Blank micelles |<0,0001 [<0.0001 [0.0002 [0.7304 0.404 - <0.0001 <0.0001 <0.0001
(reference of
LL8 uM)
CSA32uM <0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 |- 1 1
CSAL6UM <0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [ - 1
CSAUM <0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [ 1 -

Table 12¢ p values obtained from the ongay ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL,
ML and LL micellesompared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded
micellesthe blankmicellesand the CS/Asolutionhavebeenusedto treat cellscontextuallyto the infectionwith 0.0005

m.o.i. as viral amount. Theable only shows the data referring to the concentration at which the -divaded micelles

exhibitedthe highestantiviral efficacy.

Treatment
contextualto
infection

0.0005
moi

HL-
micelles32
UM

ML-
micelles16
UM

LL
micelles8 uM

Blank micelles
(referenceof
HL32 uM)

Blank micelles
(referenceof
ML 16 pM)

Blank micelles
(referenceof
LL8 M)

CS/2
uM

CSAL6
uM

CS/MBuM

HL-micelles
32uM

1

0.0061

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

ML-micelles
16uM

1

0.1811

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

LL-micelles8
UM

0.0061

0.1811

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Blank micelles
(reference of
HL 32uM)

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

1

<0.0001

<0.0001

Blank micelles
(reference of
ML 16pM)

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.0008

0.0191

<0.0001

Blank micelles
(reference of
LL8 uM)

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

CSA32uM

<0.0001

<0.0001

<0.0001

0.0008

<0.0001

<0.0001

<0.0001
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CSAL6UM <0.0001 [<0.0001 [<0.0001 [<0.0001 |[0.0191 <0.0001 [<0.0001 |- <0.0001
CSAUM <0.0001 [<0.0001 [<0.0001 [<0.0001 |<0.0001 [<0.0001 [<0.0001 |<0.0001 |-

Table 13¢ p values obtained from the ongay ANOVA and Tukey HBBst Hoc test for the antiviral activity of the HL,

ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded
micellesthe blankmicellesandthe CSAsolutionhavebeenusedto posttreat cells2 hoursafter the infectionwith 0.0005

m.o.i. as viral amount. The table only shows the data referring to the concentration at which thioaded micelles

exhibitedthe highestantiviral efficacy.

Post HL-micelles2 |ML- LL-micelles8 [Blank micelles Blank micelles Blank micelles CSARuM CSAuM
treatment 2h UM micelles2 uM  [uM (referenceof HL2 |(referenceof ML 2 |(referenceof LL8
after uM) HM) uM)

infection

0.0005

mol
E,\ijice"esz - 0.2485 1 <0.0001 <0.0001 <0.0001 <0.0001 |<0.0001
h’"ﬁmicabﬂ 0.2485 | 0.0328  [<0.0001 <0.0001 <0.0001 <0.0001 |<0.0001
tk'/lmice”ess 1 0.0328 - <0.0001 <0.0001 <0.0001 <0.0001 |<0.0001

Blankmicelles |<0.0001 [<0.0001 [<0.0001 | <0.0001 <0.0001 <0.0001 |<0.0001

(reference of
HL2 pM)

Blank micelles |<0.0001 <0.0001 |<0.0001 [<0.0001 - <0.0001 <0.0001 [<0.0001

(reference of
ML 2 M)

Blank micelles |<0.0001 <0.0001 |<0.0001 [<0.0001 <0.0001 - <0.0001 |<0.0001

(reference of
LL8 uM)

CS/~2uM <0.0001 [<0.0001 |<0.0001 [<0.0001 <0.0001 <0.0001 - 1
CSAuM <0.0001 [<0.0001 [<0.0001 [<0.0001 <0.0001 <0.0001 1 -

Table 14¢ p values obtained from the ongay ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL,
ML and LL micelles compared to the pure CSA and the miaekes. Results refer to the situation in which the loaded
micellesthe blankmicellesandthe CSAolutionhavebeenusedto posttreat cells6 hoursafter the infectionwith 0.0005

m.o.i. as viral amount. The table only shows the dafarring to the concentration at which the drlgaded micelles

exhibitedthe highestantiviral efficacy.

Post HL- ML- LL Blank micelles [Blank micelles [Blank micelles |CSA32 CSAL6 CSAuUM

treatment micelles32 [micelles16 |micelles8 (referenceof |((referenceof ((referenceof [uM UM

oh aft UM UM UM HL32 pM) ML16pM)  [LL8pM)
arter

infection

0.0005
Moi
Flmiceles | 0.9123 [0.017 [0.1992  [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001
ML-micelles 0.9123
16uM
LL-micelles8  |0.017 0.9998
UM
Blankmicelles |0.1992  [1 1 - <0.0001 [0.0173  [<0.0001 |<0.0001 [<0.0001
(reference of
HL 32uM)

0.9998 [1 <0.0001 |0.0003 <0.0001 [<0.0001 [<0.0001

T
=

<0.0001 [0.2014 <0.0001 [<0.0001 [<0.0001

Blank micelles \<0.0001 [<0.0001 [<0.0001 [<0.0001 | <0.0001 [<0.0001 [<0.0001 [<0.0001

(reference of
ML 16UM)
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Blankmicelles |<0,0001 [0.0003 |0.2014 [0.0173 <0.0001 |- <0.0001 [<0.0001 [<0.0001
(reference of

LL8 uM)

CSA32uM <0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 } 0.8135 [<0.0001
CSAL6UM <0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [0.8135 F <0.0001
CSAUM <0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 |-

Table 15¢ p values obtained from the ongay ANOVA and Tukey HSD Post Hoc test for the anggtiaity of the HL,
ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded
micelles, the blank micelles and the CSA solution have been usedttegprid hour before the infection) and petsteat

(2 hours after the infection) cells infected with 0.0005 m.o.i. as viral amount. The table only shows the data referring to

the concentration awhich thedrug-loaded micelles exhibitatie highestantiviral efficacy.

Pre- treatment +/HL:micelles2  [ML-micelles2 |Ll-micelles8 |Blank micelles |Blank micelles [Blank micelles [CSA2 pM CcSABuM
pum um um (referenceof |(referenceof |(referenceof

post- treatment HL2 uM) ML 2 M) LL8 M)

2h after

infection

0.0005moi

HL-micelles2uM |- 0.5866 0.2504 <0.0001 [<0.0001 |<0.0001 [<0.0001 [<0.0001

ML-micelles2uM 10,5866 - <0.0001 [<0.0001 |<0.0001 [<0.0001 |<0.0001 [<0.0001

Li:micelles8 UM 0.2504 <0.0001 |- <0.0001 |<0.0001 [<0.0001 [<0.0001 [<0.0001

Blankmicelles <0.0001 [<0.0001 [<0.0001 |- <0.0001 |<0.0001 [<0.0001 |[<0.0001

(referenceof HL 2

HM)

Blankmicelles <0.0001 [<0.0001 |<0.0001 |<0.0001 |- <0.0001 |<0.0001 [<0.0001

(referenceof ML

2 uM)

Blankmicelles <0.0001 [<0.0001 [<0.0001 |[<0.0001 [<0.0001 |- <0.0001 [<0.0001

(referenceof LL 8

HM)

CSARuM <0.0001 [<0.0001 [<0.0001 |<0.0001 [<0.0001 |<0.0001 |- <0.0001

CS/AuM <0.0001 [<0.0001 |<0.0001 |<0.0001 |<0.0001 |[<0.0001 ([<0.0001 |-
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Table 16¢ p values obtained from the ongay ANOVA and Tukey HSD Post Hoc test for the anguteity of the HL,

ML and LL micelles compared to the pure CSA and the blank micelles. Results refer to the situation in which the loaded
micellesthe blankmicellesandthe CS/Asolutionhavebeenusedasrepeatedposttreatmenton cellsinfectedwith 0.0005

m.o.i. as viral amount. The table only shows the data referring to the concentration at which thioadeg micelles

exhibitedthe highestantiviral efficacy.

3 post HL-micelles2 [ML-micelles2 |LL-micelles8 |Blank micelles |Blank micelles [Blank micelles [CSA2 uM CSAuM
treatments UM UM UM (referenceof |(referenceof |(referenceof

HL2 pM) ML 2 pM) LL8 M)
0.0005moi
HL-micelles2uM | <0.0001 [<0.0001 [<0.0001 [<0.0001 |<0.0001 |<0.0001 ([<0.0001
ML-micelleszpM ~ |<0.0001 | 0.175 <0.0001 [<0.0001 [<0.0001 |<0.0001 |<0.0001
Li-micelles8 uM <0.0001 [0.175 - <0.0001 [<0.0001 [<0.0001 |<0.0001 |<0.0001
Blankmicelles <0.0001 [<0.0001 [<0.0001 | <0.0001 [<0.0001 [<0.0001 |<0.0001
(referenceof HL 2
HM)
Blankmicelles <0.0001 [<0.0001 [<0.0001 [<0.0001 | <0.0001 [<0.0001 |<0.0001
(referenceof ML
2 uM)
Blankmicelles <0.0001 [<0.0001 [<0.0001 |[<0.0001 [<0.0001 |- <0.0001 [<0.0001
(referenceof LL 8
HM)
CSARuM <0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 | 0.464
CSAM <0.0001 [<0.0001 |<0.0001 [<0.0001 [<0.0001 [<0.0001 [0.464 -

Table 17¢ p values obtained from the ongay ANOVA and Tukey HSD Post Hoc test for the antiviral activity of the HL,
ML and LL micelles compared to the pure CSA and the blank micelles. Results refsituatitwe in which the loaded
micellesthe blankmicellesandthe CSAsolutionhavebeenusedasa pre-treatment (1 hourbeforeinfection)andrepeated
posttreatment on cells infected with 0.0005 m.o.i. as viral amount. The table only shows theefietidng to the

concentratiorat whichthe drug-loadedmicellesexhibited thehighestantiviral efficacy.

Pre treatment +[HLmicelles2 |ML-micelles2 [LL-micelles8 [Blank micelles |Blank micelles [Blank micelles [CSA2 uM CSAuM
3 post UM um UM (referenceof |(referenceof |(referenceof

p HL2 uM) ML 2 M) LL8 M)
treatments
0.0005moi
Hl-micelles2uM | <0.0001 1 <0.0001 [<0.0001 [<0.0001 [<0.0001 |<0.0001
ML-micelles2uM ~ 1<0.0001 |- <0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 |<0.0001
LL-micelles8 UM 1 <0.0001 | <0.0001 [<0.0001 [<0.0001 [<0.0001 |<0.0001
Blankmicelles <0.0001 [<0.0001 [<0.0001 | <0.0001 [<0.0001 [<0.0001 [<0.0001
(referenceof HL 2
HM)
Blankmicelles <0.0001 [<0.0001 [<0.0001 [<0.0001 | 0.0004 <0.0001 [<0.0001
(referenceof ML
2 uM)
Blankmicelles <0.0001 [<0.0001 [<0.0001 [<0.0001 |0.0004 - <0.0001 [<0.0001
(referenceof LL 8
uM)
CSA”2uM <0.0001 |<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 | <0.0001
CSAUM <0.0001 |<0.0001 [<0.0001 [<0.0001 [<0.0001 [<0.0001 |<0.0001 |-
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ABSTRACT

Neuroinflammation is amuindoubtedly hallmark of neurodegenerative diseases characterized by
memory impairment, loss of coordination and muscle strength such as Alzheimer'sdisease,
Parkinson disease and Multiple Sclerosis as well as depressive disorders. Cyclosporine A (CSA) has
already been identified as a promising neuroprotective peptide, due to its well-known anti-
inflammatoryproperties.Herein,CSAvasincapsulatednto h -tocopherylpolyethyleneglycol1000
succinatg TPGSnicellesandintranasallyadministeredat 40 mg/kgdoseto anLPSnducedmouse
modelof neuroinflammation After the treatment, micewere subjectedto behaviorakeststo assess
cognitiveandmotor skills,while the biodistributionof CSAn plasmaandolfactorybulbwasstudied

by a new HPLCmethod validatedfor precisionand accuracy.The results highlighted that in
comparisonto the classicoral CSAsuspension,the intranasal (IN) administration showed
significativelybetter safetyand efficiency profiles.

Noteworthy,INadministrationof CSAnicellesshowedrelevantantidepressiveffectsandacertain
ability to revert LPSnducedmotor impairment.

Thiswork pointedout that the innovativeandnoninvasivdN administrationof TPG$nicellescould
represent a safe and effectivaternative to the classic oral route to deliver CSA at the Central

NervousSystem levelvhereits beneficialactivity against neuroinflammationanbe exploited.
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1. INTRODUCTION

Neuroinflammation has been indicated as a key factonéuronal impairment leading to the
RSOSt2LIYSyild 2F ySdZNBRSISYSNI GADPS RAA2NRSNAE Ay Of
diseased? aswell asof psychiatric diseasesich aglepressivalisorders®*.

As already reported by others, cyclosporine A (CSA) can reduce neuroinflammptitantially
preventing the related disorders. CSAis a lipophilic undecapeptide(logP = 2.92, 1202 kDa)
characterized by immunosuppressive activity, and for this reason this natural compound is mainly
indicated for treatment and/or prevention of organ rejection in transplahtén addition to this,
considering its ability to inhibit cyclaxygenase?2 (COX2) and the release of interleukih (11-1),
interleukin2 (I2), and tumor necrosisfactor-alpha (TNF" Gn neural cells "8, CSA hadeen
suggestedto provide neuroprotective action in neurodegenerativediseases®. However, to
effectivelytargetthe brainandactivelyinhibit neuroinflammationa drugmustbe ableto crossthe
BloodBrainBarrier (BBB) which is a physical and metabolic barrier consisting of cells, capillaries,
pericytes, astrocytes and neurons that prevent the access to the brain to the large majority of
xenobiotics!®. It is known that peptides, such as CSA, have a very low ability to cross the BBB
particularly owing to the expression of efflux transporters such -agy€protein (Ryp) 1. Rgp
mediatesthe activeefflux of CSAasalreadydemonstratedin in vivostudies, thus preventingthe

drug accessinto the target site. In addition to this, the molecular weight of the peptide is
approximately 23 times higher than the size threshold that allows a molecule to cross the BBB as
such 2. Thesefindings highlight that new strategies are needed to avoid the BBBfor the
administration of therapeutic peptides such as GS&everal strategies have already been tested

to reach this objective, including the direct administration of therapeutic agents into the damaged
region of the brain via Extracellular Space (ECS)using a catheter, or the intraventricular
administration using a reservoir implanted into one of the ventricles, and the intrathecal delivery
exploiting external pump¥. However, these approaches are very invasive and risky since require
surgery, ad present a number of side effects and potential clinical complications; moreover, they
bring painto the patient °.

Over the last decades, the intranasal (IN) route of administration has gained value as a potential
noninvasive strategto directlydeliverdrugsinto the brain**>throughthe olfactoryregionof the

nasal mucosa, which represents the unique natural and daeebection between the environment
andthe brain'é. More precisely after beingintranasallyadministered the drugcanbe internalized

into the neurons and transported along axons to the olfactory bulb; transported through
paracellulapathwayexploitingthe spacedetweencellsor acrosghe channelmextto the nerves;

transportedthroughtranscellulapathway acrosghe basal epitheliatells’?2,
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However concerningpeptidessuchasCSAIt isnecessaryo guaranteetheir stabilization,enhance

their residence time on nasal mucosa and improve the penetration across the mucosal’tissue
Nanosizeddrugdeliverysystemsjncludingmicelles hanoparticlesandliposomescanbe exploited
asvehicledo reachtheseobjectivesandeffectivelypromote noseto-braindirectdeliverythrougha
noninvasive route % Our group has previously developed and characterizedh -tocopheryl
polyethyleneglycol1000succinatg TPGSnicellesloadedwith CSAor the localnasaltreatment of

viral infections?® but in this research, we aimed at deliver the peptide into the brain through nasal
instillation. Thesedrugdeliverysystemswere characterizedy a particle sizeof around15 nmwith
morethan 90%drugencapsulatiorefficiencyandtheir ability to penetrateacrosshe nasalmucosa

has already been confirmed vitro and ex vivo?® (shown inSupplementary Materig). Moreover,

in recent years TPGShas been recognized by Food and Drug Administration (FDA) as
pharmaceuticallgafeadjuvant?*, makingthe micellarformulation highly biocompatible.

Thus, the present study was carried out to investigate whether CSA, formulated as intranasally
administeredTPG$nicelles preventsdepressivdike behaviorand cognitiveimpairmentaswell as

to assesshe advantageshat the IN treatment canbringin termsof safetycomparedto the classic

oral route.

For this purpose, CSA loading TPGS micelles were administeredlian@l@ mice previously
injected with lipopolysaccharide (LPS) O55:B5 produceBdaperichia coliThis is a weknown
animalmodelof neuroinflammation** associatedo cognitiveimpairment?>26aswell asbehavioral
alterations such as anxiety, depression and decreased locométiomdeed, LPS is a eelall
compound produced by gramegative bacteria and it actively stimulates the immune system
leading to the activation of inflammatory processésin this work, the potential neuroprotective
effects of CSA loading TPGS micelles were evaluated for the firsntimein a mouse model of
neuroinflammation exploiting several behavioral tests to investigate cognitive and motor skills. In
addition, the distributionprofile of CSA was evaluated in plasma and olfactory bulb, employing a
new validated bioassay for CSA using High Performance Liquid Chromatography (HPLC) with diode
array detection(DAD).
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2. MATERIALANDMETHODS

2.1 Chemicaland Reagents

Cyclosporine A (CSA, MW 1202.61 g/mol) was obtained from Metapharmaceutical (Barcelona,
Spain); celecoxib (CXB, MW 381.37 g/mol), used as internal standard (IS), was obtained from
{KIyR2y3 %BKAAKIY3 [/ KSY [tédpberyl]pdlyettylene 1glicblg” BDOOA dz>  /
succinate (TPGS, MW 1513 g/mol) was from PMC ISOCHEM (Gennevilliers, FranEejolLPS,
055:B5 was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Isoflurane was from
HiFarmaXLisbonPortugal) Diethylether wasfrom Horeywell(MuskegonMI, USA)n-hexanewas

from Fisher Chemical (Loughborough, UK) while trifluoroacetic acid (TFA) was from Merck Life
Science (Algés, Portugal). Gradient grade acetonitrile was acquired from Thermo Fisher Scientific

6[ 2dzZAK02NRdZAKS ! YOI | yR dzZf GNI LIJzZNB 61 GSNIQol t [/

water purificationapparatus Sartoriusarium®ro from SartoriugGoettingenGermany).

2.2 Quantificationof cyclosporineA in plasmaand olfactory bulb

2.2.1 Stocksolutionsand standardpreparation

Thestocksolutionsof CSAand CXBwere preparedboth at aconcentrationof 1 mg/mLby dissolving

the powder in acetonitrile. Each stock solution was vortexed until the complete dissolution of the
compound and stored at 4°C in amber glass flask with screw cap until used. The CSA stock
solutionwasfurther dilutedin acetonitrileto obtaina200pg/mLwork solution,usedto preparesix
calibrationstandardsThecalibrationstandardswvere preparedin acetonitrileat the followingdrug
concentrations: 5, 10, 16, 20, 30 and 50 pg/mL. Four quality control (QC) samples were then
preparedby diluting the CSAwvork solutionin acetonitrile, followingthe international guidelineg®

30, Specifically, the QC sample at the lower limitqofntification (QGo9 had the same CSA
concentration of the lowest calibration standard; the QC sample at low concentration (@€
prepared at the concentration of 14 pg/mL, which is less than three times the concentration of
LLOQ; the QC sample at medium concentration, jQas prepared at the concentration of 25
pug/mL, which is within the 360% of the range of the calibration curve; the QC sample at high
concentrations (Qf had the concentration of 40 pg/mL, which is higher than 75% of the upper
limit of quantification. The work solution of CXB was prepared in acetonitrile at a concentration of

50 ug/mL bydiluting the stocksolution.

2.2.2HPLGpparatus
The quantitative analysis of CSA was performed exploiting a Shimadzu Prominence HPLC system

(ShimadzuCorporation,Kyoto, Japan)consistingof a solventdelivery unit LG20A,a DGU20A5
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degassesystem,a Sll-:20AHTautosamplera CTG10ASVRolumnoven,an SPBM20Adiode-array
detection (DAD) and an RIPAXS fluorescenadetector. The data were acquired and elaborated
using LCsolution software (Shimadzu Corporation, Kyoto, Japan). The stationary phase consisted in
aPhoroshelll20EGC18column(2.7um particlesize 4.6 x 150mm) purchasedrom Agilent(Santa
Clara,CA,USA) Thecolumnwasequippedwith an ECC18guardcolumn(2.7 um particlesize 4.6

x5 mm)from Agilent,SantaClaraUnited States.

The optimized conditions for the detection of CSA and the IS consisted in the use of a mixture of
acetonitrilewith 0.1%trifluoroaceticacid(TFA(mobilephaseA)andultrapurewater with 0.1%TFA
(mobile phase B) exploiting a gradient elution as describéichble 1 The oven temperature was

kept at 60°C, the total flow rate was 1.2 mL/min and the run time was 18 minutes. The injection
volume was 25 pL for the analysis of plasma samples, while 40 pL for the analysis of olfactory bulb
samples. The selected wavelengths for the detection of the compounds were 222 nm and 250 nm
for CSAandCXB, respectively.

Tablel ¢ Highperformancdiquid chromatographygradientprogram

Time(min) Mobile phaseA: Mobile phaseB
0 60:40

3.5 60: 40

7 95:5

12 80: 20

14 60:40

18 60:40

2.2.3Plasmaand olfactory bulb samplepreparation

Blood samples were collected into heparinlithium tubes (Aquisel, Barcelona, Spain) and
centrifugated at 1,250 x g for 10 minutes at 4°C. Plasma was finally collected and frez@fCat
until being used. Immediately before starting the analysis, the samples were thawed at room
temperature.

The olfactory bulb was isolated from the whole brain and placed into a plastic Eppendorf; then,
accordingo the protocolpublishedoy Serralheircet al. %2, the tissuewashomogenizedvith 500uL

of salineregardles®f the weightof the tissue,usinga high-shearmixingUItra-Turrax(Y stralGmbH,
Dottingen, Germany) at 24,000 rpm for 2 minutes. THhe, homogenate was centrifugated at
4,100 x g for 15 minutes at 4°C using an Eppendorf Centrifuge model 5430 R (Eppendorf AG,
Hamburg,Germany) Thesupernatantwascollectedandfrozenat -20°Cuntil beingused.

Topreparethe calibrationcurve,100uLof miceplasmaor olfactorybulbhomogenatesvere spiked
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with 10 uLof eachCSAspikingsolutionand 10 pLof the ISspikingsolution (50 ug/mL)in ice.Diethyl

Ether (1.5 mL) was added, and the mixture was vortexed for 5 minutes; the samples were left to
stand for 1 minute at room temperature and then centrifugated at 12,045 g for 5 minutes at room
temperatureusinga MiniSpincentrifuge(EppendorfAG,Hamburg Germany)Thesupernatantwas
quantitatively transferred to a glass tube and evaporated to dryness under a gentle stream of
nitrogen at 60°C using a Stuart Sample Concentrator SBH130D/3.The dried residue was
reconstituted with 100 pL of a mixture composed of 65% acetonitrile with 0.1% TFA and 35% Milli
Q water with 0.1% TFA. The solution was vortexed for 1 minute, transferred to a plastic Eppendorf
and washed trice using-Hexane. Each washing was performed with 400 pL-ldéxane, then
vortexing for 2 minutes the sample and centrifugating it at 12,045 g for 2 minutes at room
temperature using a MiniSpin centrifuge. The amount ¢iexane used to wash the sample was
removed with a micropipette’> and the washed phase was collected with a micropipette and
injectedinto the HPLC.

2.2.4Method validation

The validation of the method was realized by exploiting five independent calibration curves
preparedin CD1 mice plasmaandthree independentcalibrationcurvespreparedin olfactorybulb.

Each calibration curve was set in a CSA concentration range between the LLOQ and the highest
calibrationstandard(i.e., 0.5¢ 5 pg/mL).

To check the linearity, the ratio between the peak area of CSA and IPletts] versus the
concentration and the correlation coefficient was calculated; several weighting factofs {1y%

MKEZ Mké&X MKKEZ MkK&0 6SNBE O2yaARSNBR Ay 2NRSN
percentageof relative error (RE%33, and 1/x? wasselectedasthe most suitableandappliedduring

allthe validationprocess.

Accuracy and precision were evaluated both within and between days {lafreand interday,
respectively), by preparing and analyzing five (for plasma samples) or three (for olfactory bulb
samples}imesboth the LLOQandallthe QCsn the sameday andover differentdays.

Accuracy indicates the difference between the experimentally determined value and the nominal
oneandit isexpressedsbiaspercentagg Bias¥)asindicatedin Equationl below. It wasobtained

by comparing the experimental values of Qg QG, QGand QGto their nominal concentration.
According to the guideline8*, the accuracy of the experimentally determined values of each QC
should not exceed + 15 % of the nominal value, while for the 43d6e determined values should

be within+ 20%of the nominal value.
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Precision indicates how far the results differ from each other, and it is calculated as coefficient of
variation(CV%asindicatedin Equation2. It wascalculatedby analyzinghe standarddeviationand

the averageof the experimentalvaluesof QGLoqg QG, QGandQG. Accordingo the guidelines®®,

the precision of the experimentally determined values of each QC should not exceed + 15 % of the

nominalvalue,while for the QG octhe valuesshouldbe within £ 20 %.

5 o = Yo bt TN 504§ @
D Qo
The recovery of the extraction method described above was calculated from the comparison
between the results obtained by spiking the biological samplesthen subjectingthem to the
extractionmethod andthe resultsobtainedby analyzinghe non-extractedanalytesolutionsat the
same nominal concentration&Equation 3. The relative recovery was calculated at the following
concentrations1.4ug/mL(QG), 2.5ug/mL(QG) and4 pg/mL(QG).
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2.3 CSAoadingmicellarformulation: adaptation and characterization

Considering the low amount of CSA found in plasma and olfactory bulb during the preliminary
studies performed in mice intranasally administered with a 5 mg/mL-|@8#ng TPGS micellar
formulation as well as the relatively high LLOQof the HPLCanalytical method, the micellar
formulation needed to be adapted to allow the detection of the active compound in biological
samples collected during the pharmacokinetic studies. For this reason, the amount of TPGS was
increasedten times compared to the previously developed and optimized TPGSmicellar
formulation 23 to improve the solubility of the drug. In this condition, 30 mg/mL of CSA could be
solubilizedinto the micellar mixture.

The adapted CSlaading TPGS micellar formulation (30 mg/mL) was prepared by dissolving TPGS
in saline at a concentration of 30% (w/v). The mixture was stirred at room temperature and
protected from light until the complete dissolution of TPGS. Then, CSA powder was weighed and
directly added to the previously prepared blank micellar formulation, in order to reach a drug

concentrationof 30 mg/mL. Theformulationwasstirred initially at 700 rpm (Hot Platestirrer 11-
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300-49SHP, Hampton, New Hampshire, USA) to ensure that the entire amount of powder was
incorporatedinto the liquid, thenit wassonicatedn ice for two minutesto allowthe disintegration

2F GKS LRggRSNDa F3IFE2YSNFXGS yR AYLINRGS (GKS Ayl
of the drug. Theformulationwasthen stirred overnightat room temperatureat 300rpm andfinally

centrifugated at 9,500 x g for 10 minutes at 20°C using an Eppendorf Centrifuge model 5430 R
(Eppendorf AG, Hamburg, Germany). The supernatant was collected and stored at 4°C protected

from light until further wse.

The characterization of the adapted drigpding micelles was realized after equilibrating the
formulationat roomtemperatureuntil the gelwascompletelyliquefied,sinceat 4°Cit becamesolid

dueto the highamountof TPGSTheformulationwascharacterizedor size PDIviscosityanddrug

encapsulatiorefficiency.

2.3.1Particlesize,Polydispersityindexand surfaceZetapotential

Size and Polydispersity Index (PDI) were analyzed by Dynamic Light ScatterirgxgDit®)yy a
Malvern Zetasizer Nano ZS (range 0.3-dfd um, Malvern Instruments Ltd., Malvern, UK) using 1
mL of the formulation without dilution into a disposable polystyrene cuvette. Measurements were
performed at the temperature of 25°C and at a scattering angle of 173°. The refractive index and
the viscosityof the dispersantwvere 1.33and0.8872mPa-srespectivelyTherefractiveindexof the
materialwassetat the valueof 1.00while the absorptionwas0.010.Analysesvere repeatedthree

times foreach sample, with 15 sutuns for measurement to increase data and correlation and
reported as cumulative unimodal/multimodal fitting (sample dependent) aravé&age mean

particle size.

2.3.2Viscosity

The dynamic viscosity of the 30 mg/midSAoading micellar formulation was measured by a
DiscovenfHR20Rheometel(WatersTAinstruments,New Castle USApnddatawere analyzedising
TRIOSTM software version 5.7.0.56. All the measurements were done at 25°C without diluting the
samplewhichwasanalyzedisinga stainlesssteelPeltierparallelplate geometry(diameter40mm,

1 mm gap). The duration of the measurements was 60 seconds, and the shear rate was 1.67 1/s.

Theanalysis was donia triplicate.

2.3.3DruglLoadingEncapsulatiorEfficiency(EE%)
The drug loading encapsulation efficiency (EE%) was determined by HPLC. For this purpose, a CSA

calibration curve was built in the concentrationrange of 100-500 pg/mL by diluting the stock
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solution (1 mg/mL) imcetonitrile. The analytical method condition as well as the instrumentation
used were the same as describedSection 2.2.2 with the only difference represented by the

injectionvolume,that in this casevas10 L.

2.41n vivo studiesin CBD1 mice

2.4.1 Animalsand Ethics

CD1 male mice weighing approximately-36 g were purchased from Charles River Laboratories
(France), and maintained in a 12 h light/dark cycle, at 20 £ 2 °C and a relative humidity of 55 £ 5%,
with ad libitum accesdo astandarddiet (4RF21Mucedola,ltaly) andtap water. Allthe procedures

carried out on the animals and their care were done following the international regulations of the
EuropeanDirective (2010) regarding the protection of laboratory animals used for scientific
purposes (2010/63/EU) (European Parliament, Council of the European Union, 2010) and the

Portuguesdaw on animalwelfare (DecreteLeil13/2013).

2.4.21n vivointranasal repeated dose efficacy study on l-iP8uced neuroinflammation
mousemodel

Toinvestigateif multiple INdosingof CSAnicellescouldhaveany preventiveeffect againstcognitive
functionanddepressivdike behaviorwhile maintainingthe safetyprofile of oralformulations,CD

1 malemicewere dividedinto four groups(n=210):the control groupthat did not receiveLP%r CSA,

and three other groups that were injected with LPS. These 3 groups varied according to their
treatment: one was intranasally administered with the blank 3DP6S micellar formulation ¢IN
bnkmwic), anothergroupreceivedCSAoading30% TPG $nicellarformulationby INroute (30mg/mL,
IN-CSA\e), while the third groupwasadministeredorallywith a15mg/mLCSAsuspensiomprepared

in saline (@CSAusp. The dose of CSA administered was the samen@®g). The administration

was done every 12 hours (at 8 a.m and at 8 p.m) for three consecutive days. Mice intranasally
administered received 25 pL of micellar formulation per nostril. The IN administration was
performed exploiting the Fine Mist Sprayer (Aptar, IL, USA), that was carefully filled with the
formulation to avoid bubbles, then the dead volume was eliminated according to the indications
provided by the supplier. The device was weighed before and after each administration to confirm
the accuratedeliveredvolume.Animalsireated with O-CSAusp received100pLof treatment by oral
gavage. LPS was used to induce depredikigebehavior and compromise memory function as
described irf. It was intraperitoneally administered at the dose of 1 mgtkd, 30 minutes after

the lastadministrationof the treatment. TheLP S$olutionwaspreviouslypreparedby dissolvinghe

weightedpowderin salineto haveastocksolutionat a concentrationof 1 mg/mL,that wasfurther
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diluted to obtain a work solution having a concentration of 0.1 mg/mL. On the day after LPS
injection, the animalswere subjectedto the behavioral testseportedin Section2.4.4. A timeline
showing the management of both the therapy and LPS administration is repoi&gbjpiementary

Material.

2.4.3 CSA concentrations in plasma and olfactory bulb after single intranasal and oral
administration

Thein vivoadministration of the CSA formulated as IN micelles or oral suspension was performed
with the aim of comparing the different distribution profiles of CSA in plasma and olfactory bulb.
The animals were divided in two groups: the first group was intranasally administered with the 30
mg/mL CSAoading 30%IPGS micellar formulation €BSA), while the second group was orally
administered with the 15 mg/mL CSA suspension in saliré38sy. Both groups received the
dose of 40 mg/kg. The IN grnouweceived 25 L of formulation in each nosiviiile the oral group
received 100 pL of formulation. Each group, composed of twelve animals, was randomly divided
into three subgroups(n=4) that were sacrificedat 15 minutes, 30 minutes and1 hour post
administration.Bloodandolfactorybulb were immediatelycollectedand processedasdescribedn
Section2.2.3

2.4.4Behavioraltests

To assess the neuroprotective properties of multiple IN doses of the CSA micellar formulation and
investigate whether the side effects exploiting the IN routeadiministration could be decreased
comparativelyto the classioral route, the animalswere subjectedto NovelObjectRecognitionTest
(NORTandTailSuspensioi est(TST)Thesebehavioratestsallowto assesshe cognitivefunction

and thedepressivdike behavior of the animals, respectively. Coordination was assessed by Wire
Hanginglest(WHT)aswell aslocomotoractivitywasevaluatedby OpenFieldTest(OFT)Moreover,
olfactive function was determined by Buried Food Test (BFigrésee eventual side effects. All
these tests were performed the day after the intraperitoneal administration of LPS at a dose of 1
mg/kg 343, The behavior of mice during OFT and NORT was analyzed using SMART video system
(version3.0;PanlabS.L. Spain) software.

NOVEIOBJECRECOGNITIONRESTNORT)

NORT was performed to investigate the effect that the CSA IN micelles have on the cognitive
function, particularly on the memory process€&sNORT was divided into four sessions, each one
made on a different day. In the first two days animals were subjected to habituation, consisting in

the 5 minuteslasting free exploration of the empty opdield box described below in section
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dOpenFieldTest(OFT§ @nthe third day,the animalswere subjectedto training,consistingn a 10
minuteslastingexplorationof the openfield boxin whichtwo new andidenticalobjectshavebeen
placedin the centerarea.Micethat did not explorethe objectfor at least8 secondsvere excluded
from the test. Onthe lastdayof the test, micewere put againin the openfield boxwith two objects,
of which one was identical to the ones used for training (familiar object), while the other was
different (newobject).Beforetestingeachanimal,the cageandthe objectswere cleanedwith 70%
ethanol to remove any odor belonging to the previously tested animal. Just the situations in which
mice directly touched the object with their nose or when they faced with the object at a distance
not higherthan 2 cmwere considerecasexplorationlike behaviors'. ThePreferencdndex(Pl)was
calculated to express the tendency of the animal to explore more the new object than the familiar
oneandit wascalculatedaccordingo the Equation4, where Thewisthe time spentin the exploration
of the newobjectand To: isthe sumof the time spentin the explorationof the new objectandthe
familiarobject.

Pl= — (4)
In addition, the Discrimination Index (DI) was also calculated as in the foll&girggion 5 where

Tramis the timespentexploringthe familiarobject.

0" "\EM‘Q 0 Yoo & (5)
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Pl and DI were exploited as indicators of the tendency of the animals to explore more the novel
object than the familiar one, assuming that mice with intact cognitive function spend longer time
exploringthe novelobject®¢. Recognitiormemorywasevaluatedconsideringhe time spentby the

animalsin investigatinghe new object ¢,

TAILSUSPENSIONESTTST)

TST is widely used to assess the depressive state of rodents; specifically, it has been used to
demonstratethe depressivelike behavioreffectinducedby LPS’. Thetest isbasedonthe premise

that when the mouse is subjected to the stress of being suspended from the tail without the
possibility of escaping,it developsthe tendency to assumean immobile posture. Thus,if a
therapeutic treatment has any antiepressive effect, the immobility is reversed and the treated
animaldevelops arescapeoriented behavior®.

The test was done by suspending the animal from the tail using tape into a suspension box in a
positionthat doesnot allow the mouseto escapefor exampleby holdingthe surfaceof the box
usedfor the test. Thedurationof the testwas6 minutes,duringwhichthe behaviorof the micewas
recorded, and the time spent by the mice trying to escape reggstered. Only the situation in

whichthe animalvigorouslymovedits bodytryingto reachthe wallsor the barfrom whichit hanged
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wasconsiderecasanescaperelatedbehavior.Onthe other hand,whenthe movementof the body
wasconfinedto the front legsandthe hind oneswere not involvedor whenthe animaljust swung,

it wasnot considered asnescapeoriented behavior.

BURIEDFOODITESTBFT)

BFT was performed to study the impact that the IN administration of the-trading and blank
micellarformulation couldhaveon the olfactoryfunction of mice. Thistest measureshow quicklya
mousekeptwithout food overnightis ableto find a pieceof palatablefood consistingn this casein

a cookie. During the three daysefore the test, the animals were weighed and the food was
restrictedto 90%of the bodyweight,andat the sametime in eachcagemanypiecesof cookiewere

put %, The cage was refilled with cookies every time it was necessary. The day beftest !

the food wasremovedto inducestarvation.At least30 minutesbeforestartingthe test, the animals
were subjected to habituation, consisting in staying in a clean cage filled with 3 cm of bedding
without any food. The test was then performed after burying a piece of cookie under the 3cm
bedding,in a positionthat wasnot visiblefrom the animal.Thetest lasted5 minutes,but the timer

wasstopped ifthe animalcould findandeatthe cookiewithin 5 minutes.

OPENFIELOTESTOFT)

Theanimals were singularly placed in the central area of an open field box, characterized by the
followingdimensions40 cm length x 40 cmwidth x 30 cmheight. Thefloor of the boxwasdivided

into 16 equal squares, of which 4 constitute the central area (20 x 20 cm) while the other 12
constitutethe peripheralregion. Thebehaviorof the miceandtheir movementswere recordedfor

5 minutes at standard roortighting conditions, and before testing each animal the cage was
cleaned with 70% ethanol toemove any odor belonging to the previously tested animal. To
evaluate anxietyrelated behavior and locomotor activity, for each group of animals, the following
parameters were registered and compared: the time spent in the center squares; the number of
entriesin the centralsquaresthe overallvelocity,calculatedasthe ratio betweenthe total squared

crossedandthe time spentin both the peripheralandthe central regiorf%4

WIREHANGING@ESTWHT)

WHTwas exploitedto analyzethe effect that the chronictreatment with CSAcould haveon the
coordinationandmusclecondition.It isbasedonthe fact that healthymiceareableto stayhanging

on a wire until they are exhaustéd The test was performed by handling the animal from the tail
andbringingit nearthe metallicwire positionedat around40 cmfrom the floor on whichsoft cloths

hadbeenplacedto cushionanyfalls. Thenthe mousewaslet graspthe wire justwith the front legs
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43 The test lasted 1 minute, during which the time between the beginning of the experiment and
the first fall was registered as well as the number of falls. Every time that the animal fell, it was
manually brought back to the wire. If the mouse, instead of falling due to lack of grip on the wire,
just slippedon the verticalsupportslateralto the wire itself, this conditionwasnot considerecasa

fall andthe animalwas simplyrepositionedon the wire.

2.5 StatisticalAnalysis

Allthe dataobtainedbythe in vivotest were processedisingGraphPadPrism®.3.0.53(SarDiego,

CA, USA). Ongay analysis of variance (ANOVA) associated with Multiple Comparison Test were
exploited to determine if the differences between experimental data were significant. Differences

were considered statistically different whgn<0.05 (*).
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3. RESULTS

3.1 HPLGnethod validation for the quantification of CSAn biologicalsamples
3.1.1AccuracyPrecisionand Recoveryin olfactory bulb and plasma

Table2 summarizeghe inter- and intra-day accuracyand precisionof the HPLGnethod usedto
quantify CSAn miceplasma andlfactory bulbhomogenate.

In mice plasma,the inter-day accuracyvariedfrom -2.02%to 3.92 % consideringall the quality
control levels, while the overdhtra-day accuracy in plasma was betweéd.79 % and3.69 %.
Regardinghe precision,in plasmasamplesthis parameterturned out to be between8.55 % and

19.42 % considering the intglay data, while it was between 2.24 % and 11.28c¥%sidering the
intra-day ones. Finally, the HPLC technique revealed linearity over a defined concentration range
(0.5¢ 5 pg/mL)attestedby a determinationcoefficient () of 0.9935.

Onthe other hand,in olfactorybulb samplesthe inter-dayaccuracywasbetween-1.99%and6.90
%while the intra-dayaccuracywasbetween-12.84%and5.63%consideringall the quality control

levels. The inteday precision turned out to be in the range of 1.41 % and 12.06 %, while the same
parametercalculatedntra-daywasbetween5.61%and9.45%.In this caselinearitywasconfirmed

aswellin the concentrationrange0.5¢ 5 pg/mL, andhe r’turned outto be 0.9922.

Table2 - Inter-andIntra- dayaccuracyandprecisiordata of cyclosporiné\ (CSApbtainedby applyingthe optimizedHPLC

techniqueto analyzeplasmaandolfactory bulbsamples.

QGLog QG QG QG

Goom (Hg/mL) 0.5 14 25 4
Cexp(Hg/mL) Plasmgn=5 0.515+£0.185 1.372+0.230 2.598+0.333 3.964+0.377
(Mean+SD) B

Olfactorybulb (n=3 0.490+0.062 1.497+0.218 2.496+0.039 3.956+£0.074
Inter-day Plasmgn=5) 2.99 -2.02 3.92 -0.90
Accuracy(Bias%)

Olfactorybulb -1.99 6.90 -0.15 -1.11

(n=3
Intra-day Plasmgn=5) -11.79 -3.69 -4.66 -4.78
Accuracy(Bias%)

Olfactorybulb -12.84 -1.71 -6.31 5.63

(n=3
Inter-day Plasmgn=5) 19.42 12.71 10.96 8.55
PrecisionCV%)

Olfactorybulb 7.72 12.06 1.41 1.74

(n=3
Intra-day Plasmgn=5) 6.20 8.46 11.23 2.24
Precision(CV%)

Olfactorybulb 5.61 9.45 8.52 8.47

(n=3

Gom, Nominalconcentration;Cexp, €Xperimentalconcentrationestimatedemployingthe correspondentmeancalibrationequation;

CV coefficientof variation; QC quality control; SD, StandarBeviation
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Theaveragerecoveryof CSAobtainedby applyingthe extractionproceduredescribedin Section
2.2.3and analyzing the samples by HPLC was 87.8 % * 9.38 in plasma, with a CV% of 10.69 %. In
olfactorybulb samplesthe averagerecoverywas92.5%= 8.68,with a CV%of 9.38%.

3.2 Characterizatiorof the CSAloadingmicellarformulation

The adapted micellar formulation was characterized for particle size, PDI and surface potential by
Dynamic Light Scattering, while viscosity was determined by rheomstasurements. The drug
entrapmentinto the micellar structure wasalculatedoy liquid chromatography.

The average particle size calculated for the €@@&4ing micellar formulation was 82.26 + 2.23 nm,
while the PDIwas0.362.Micellesshowedan overallneutral surface attestedby the Zetapotential

value that was0.552 +0.001mV.

The dynamic viscosity of the micelles at room temperature turned out to be 0.06 + 0.01 Pa-s. The
CSAoadingencapsulatiorefficiency(EE%galculatecoy HPLC wa81.97+12.57%.

3.3 Behavioraltests

NOVEIOBJECRECOGNITIONEST

No differences were observed between the control anebi¥mnic groups regarding the number of
time that the animalsexploredthe new object (FigurelA). However the tendencyto exploremore

the new object than the familiar one (expressed by both Pl and DI parameters) was higher in IN
bnknwicgroup,with statisticallysignificantdifferencesrelativelyto the controlgroup(p<0.05)Figure
1Band1Q. Whenpreviouslyadministeredwith IN CSAnicellesthe animalsexhibitedsimilarvalues

to those observed in the HEnkwicgroup (p>0.05Figure 13, suggesting that the treatment did not
ameliorate or compromise mouse memory. Importantly, the number of times that the animals
explored the new object, the Pl and the DI were statistically higher aft€}SNi.treatment than
O-CSAssptreatment (p<0.05,Figure ) Moreover, the GCSAssppresented a lower number of
explorations than the control group and -kmyic (p<0.05,Figure 14, indicating that the oral

treatmentis not ableto preservethe cognitivefunction of the animals.
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Figure 1- Number of times in which mice explored the novel object (A), Preference Index (B) and Discrimination Index (C),

during the Novel Object Recognition Test. The graphs show the comparison between the control group (blue), the groups

treatedintranasallywith blankmicellarformulation (IN-bnkmic, n=10)or the cyclosporinéA (CSA) micellgormulation (IN-

CSAmiap=10)and thegroup treatedorally withthe CSAuspension (€SAusp N=5).* p <0.05

TAILSUSPENSIONEST

Thedepressivdike behaviorcausedoy the LPSnducedneuroinflammationwvasassessedesorting

to the TST. The control group spent most of timee (209.20 + 52.97 seconds) in escapiented

behaviorwhile IN-bnkyic and O-CS Aispshowedsignificantlylower time valuesthan the controland

IN-CSA.groups(p<0.05 Figure2). More precisely O-CSAuspjust showedescapeoriented behavior
for 111.89+ 22.47secondswhile IN-bnkmnicshowedit for 129.30+ 25.43secondsand IN-CSAic mice

groupfor 181.30+ 49.04secondsMoreover,no statisticaldifferenceswere found betweenthe IN-

CSAicandcontrol groups Figure2).

Time spent in escape-oriented behavior (s)

300

200+

100

0-

4]

h
.60

&

© .
\(.(\\ ?.6‘
& & Ao

R

Figure 2- Time spent by the mice in escapéented behavior during the Tail Suspension Test. The graph shows the

comparison between the control group (blue), the groups treated intranasally with blank micellar formulatim kN

n=10) or the cyclosporine A (CSA) micellar formulatiof€8Nmic, n=10) and the group treated orally with the CSA

suspensiofO-CSAisp N=9).* p <0.05
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of the control animals found and ate the cookie within 5 minutes, only 20% of tibakh. mice

could find and eat the cookie. However, the treatment with CSA,regardlessthe route of
administration,did not revert this effectasnoneof the IN-CSAicor the O-CSAsspanimalscouldfind

andeat thecookie.

OPENFIELOEST

The time spent by the mice in the center squares of the Open Field arena is shéiguiia 3
Accordingly, it is noteworthy that the animals injected with LPS and that did not receive ESA (IN
bnkmwic group)exhibiteda shortertime in the centersquarescomparativelyto the controlgroupthat

did not receive LPS(p<0.05). These findings suggest the anxiogenic effect of acute LPS
administration Additionally,INtreatment with CSAdid not revealstatisticallysignificantdifferences

with IN-bnkmic group, indicating no anxiolytic effect at the dose of 40 mg/kg. However, the same
dose administered by oral gavage revealed that the animals spent the shortest time in the center
squares (6 sersus24 s and 23 s obtained with BISAi.group and INonknicgroup, respectively),

with statistically significant differences in relation to the other three animal groups (p<Rifire

3A). These results suggest that oral CSA treatment increases the alikgetyehavior of the

animals.
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Figure 3- Time spent by mice in the center squares of the Open Field arena (A), number of entries in the center squares of
the Open Field arena (B) and overall velocity calculated for mice in the Open Field arena(C). The graphs show the
comparison between the control group (blue), the groups treated intranasally with blank micellar formulatim kN
n=10) or the cyclosporine A (CSA) micellar formulatiof€8Nmic, n=10) and the group treated orally with the CSA
suspensiofO-CSAisp N=5).* p <0.05
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The aforementioned results were corroborated with those observed by analyzing the number of
entries in the center squares of the Open Field arena. As shofigime 3B LPS injection reduces

the number of entries in central squares, with the three groups presenting statistical differences
comparatively to the control group not injected with LPS (p<0.05). No statistical differences were
observed between INCSAicand INbnknicgroups, suggesting that the IN CSA formulation does not
compromisethe anxietybehaviorof the animals.In opposition,the animalstreated orallywith the

CSA suspension showed a dramatically lower (p<0.05) number of entries in the center squares
compared to all the other groups, indicating that oral CSA may have more adverse effects and
possiblyeven aggravatéhe anxiogenic statef the animals.

The overall velocity of the animalsduring the test is summarizedin Figure 3C and it gives
information regarding the locomotor activity of each animal groéipcordingly, LPS reduced the
locomotorvelocitycomparativelyto control group(p<0.05).Thegrouptreated with INCSAnicelles

did not show statistical differences comparatively to thebitknic group while oral CSA treatment
decreased the locomotor velocity of the animals, highlighting the significant differences between

O-CSAsspandthe other three groups.

WIREHANGING@EST

To investigate if repeated treatments with CSA could impair strength and coordination, mice were
subjectedto the WHT.Thetotal numberof fallswithin oneminute andthe latencytime to the first

fall arerepresentedin Figure4. Accordinglythe numberof fallsof the animalstreated intranasally

with micelles (drug loaded and blank) was comparable to the one of the conWorsover, the
latency time to the first fall was significantly lower intNknwic and GCSAispgroupscompared to

the control, suggesting that oral CSA treatment did not improve the strength and coordination of
the animalsInopposition,no differencesvere observedbetweenthe latencytimes of IN-CSAicand

the control, suggesting IN CSA treatment can reverse the impact of LPS in stngngth and

coordination.
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Figure4 - Numberof timesin whichthe micefell (left) andthe latencyto the first fall (right) duringthe Wire HangingTest.
Thegraphsshowthe comparisorbetweenthe controlgroup (blue),the groupstreatedintranasallywith blank

micellar formulation (INonkmic, N=10) or the cyclosporine A (CSA) micellar formulatie€@Amic, n=10) and the group
treated orally with the CSAuspensioifO-CSAisp N=9).* p <0.05

3.4 CSA concentrations in plasma and olfactory bulb after single intranasal and oral

administration

At the endof the behavioraltests,micewere administeredwith CSAwy INinstillationor oralgavage

and sacrificed at 15, 30 and 60 minutes to determine the concentration of CSA in plasma and
olfactory bulb by HPL-BDAD. The plasma concentratiousrsustime profiles are represented in
Figure5. Accordinglyno statisticaldifferenceswere found betweenIN and oral formulationsat 15
minutes and 30 minutes postadministration. However, 1h postadministration, plasma
concentrationswvere significantly lower aftethe INadministration.

In olfactory bulb, CSA was not detected, or, as happened in several samples but only after nasal

administration,it wasdetectedbut wasbelowthe LLOQf the analytical technique.
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Figure5 - Concentratiortime profile of cyclosporinéd (CSA) miceplasmaafter a singledose(40mg/kg) of CSAloading
micelles administered intranasally (@EAi., n=4 per time point) or CSA suspension administered oraly3®s, n=4

per time point). *<0.05

4. DISCUSSION

Tounderstandif the INadministrationof CSAmnicellesformulation canpreventcognitiveimpairment

and depressivdike behaviors, a suitable animal model of neuroinflammation consisting of LPS
injectedCDB1 mousewasexploited. Thefindingscorroboratepreviousstudies*** showingthat LPS
inducesdepressiorf>#’, anxietyrelated behavior*® and motor impairment*®:>

Indeed, the LP#jected mice that did not receive CSA showed dramatically longer periods of
immobility duringthe TSTcomparedto the controls,suggesting depressivdike behaviorinduced

by LPS. Interestingly, the IN administration of CSA reversed this effect, since@sngroup
exhibited an escaperelated behavior comparableto the one of the controls (Figure 2). The
antidepressive effect of CSA has already been shown in liter&tupeit herein we demonstrated
that it strongly depends on both the drug formulation and the route of administration, since the
antidepressiveeffect wasnot observed fothe CSAuspension administrated lmyral gavage.
Surprisingly, LPi8jection did not decrease the Pl and DI as it has been reported in literature to
other mice strains?, probably owing to the fact that GDmice have been rarely exploited as LPS
induced neuroinflammation modéf. Nevertheless, the Pl and DI values observed here are within
those reported by other research groupslt is important to note that the values of Pl and DI
observedor the IN-CSA. were not different from thosereportedfor IN-bnkmic, suggestinghat the

IN treatment does not compromise theognitive function of the LPS mice. In opposition, oral
administrationof CSAsignificantlyreducedPlandDlin relationto the other animals,ndicatingthat

oraladministrationis notable topreserveanimalmemory.
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Moreover, theresults from the Buried Food Test pointed out that LPS can negatively affect odor
perception. Although the IN, as well as the oral treatment with CSA, were not able to revert this
effect, the animals receiving the treatment intranasally showed a more proactive behavior during
the test comparedto the oral group.

This observation agrees with the findings obtained in the OFT. Indeed, the anxiogenic effect of LPS
washighlightedby the factthat LPSinjectedmicethat did not receiveCS/Aspentsignificativelyless

time in the centralzoneof the OpenFieldarena(Figure3A), showinganoveralllower velocitythan

the controls. However, the animals receiving the CSA treatment by IN administrati@@S)
showedatendencyto explorethe centralareaof the OpenFieldarenathat waslower comparedo

the controlsandsimilarcomparedto IN-bnknic. Anyway both the velocityandthe time spentin the

center area were extremely higher for all the IN groups than for the oral one, demonstrating that
the oral suspensiogannotbe exploitedas atreatmentto preventanxiety.

Complementarily, the negative effect of LPS on motor coordination and muscle strength was
demonstrated in the WHT. CSA micelles intranasally administered prevented this condition, since
the latency to the first fall and the number of falls observed foCI8\ic group were comparable

to the ones of the controlsHigure 4. This probably means that the IN therapy with CSA micelles
could prevent the alteration in strength and coordination induced by LPS, allowing to the LPS
injectedanimalsto maintainthe samemusclestrengthandcoordinationcharacterizinghe control
animals.Onceagain the oral drugsuspensiomwasunableto actasthe INCSAnicellarformulation,
sincethe latencytime to the first fallwassignificantlyshortenedcomparativelyto the controls.

All together, these observations highlight that CSA oral gavage is accompanied by adverse effects
(anxiogenic effects and locomotor, strength and coordination impairment) that were not reported
when the treatment was intranasally administered, highlighting that the IN administration of CSA
micelles formulationés associated to a better safepyofile thanthe oralone.

The confirmation of this aspect was given by the analysisof blood samples collected at
predetermined timepoints, that highlighted a clear higher systemic exposure when CSA was orally
administered in comparison with the IN administration. In addition to this, CSA was detected in a
few cases in olfactory bulb samples collected from the€CBd\c group even if the concentration
wasnot quantifiable,beinglower thanthe LLOQdatanot shown).Probablythe low concentration

of drug found in the olfactory bulb could be explained byirgufficient protective action of the

¢t D{ YAOSttIN aGNHzOGdz2NBE F3FAyald RNHzZZQA Syl eyl
indeed,that TPG$s characterizedy ameltingpoint temperatureof ~37¢41 °C*that isthe same
characterizing the nostril environment. Therefore, once in contact with the nasal mucosa, the
micellar structure may become less rigid, thus exposing the drug to degradation by enzymes such

asesterases, transferases amytochromeP-450 185457,
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Onthe other hand, CSAcould not be detectedat the olfactory bulb levelwhen CSAvas
administeredorally, formulated as a suspensionln this case,the drug was just found in blood
compartments,probably as a consequenceof the fact that TPGSan inhibit P-gp also at the
intestinal level, enhancing the oral bioavailability of CSA as already seen in previous®itidies
Importantly,the overallresultsof the pharmacokinetistudycontributeto demonstratinghat CSA,
formulatedasa micellarformulation andintranasallyadministered canbe absorbedby the
olfactoryepitheliumand deliveredto the brain bypassinghe BBB Thisis possiblesinceTPG3s a
well-known absorptionenhancer,owing to the fact that it is one of the most efficient specific
inhibitors of P-gp expressedat the BBB levet54,
TPG$icellesindeed,havealreadydemonstrateda certainability to interactwith the nasaimucosa
andpenetrateacrosghe mucuslayer??, allowingthe absorptionof CSAy the olfactoryepithelium.
Hence, once reached the central nervous system, the peptide drug can mediate a protective effect
against neuroinflammation induced by LPS, while systemic exposure is reduced in comparison to
oral administration, thus lowering the risk of side effects due to the interaction between the drug
andunspecific targets.

Finally, the results of the behavioral tests highlighted that, interestingly, the blank micelles as well
exhibitedacertaintherapeuticeffect, especiallyagainstmemoryimpairment,anxietyandmuscular
weakness.

Thisactivity couldbe dueto the antioxidantpropertiesof the vitamin E-derivative TPGSpresentat
highconcentrationin the micellarformulation. Thein vivo hydrolysisof this compoundindeed,leads

to the release of vitamin &, that can act as antioxidai#®’ neutralizing the toxic effects of the
reactiveoxygenspeciefROS)argelyproducedasaresultof the neuroinflammationprocess®, that

isknown tocontributeto the progressiorof neurodegenerative diseases.

5. CONCLUSIONS

The 30% w/v TPGSmicellar formulation encapsulatingCSAat a concentration of 30 mg/mL
administered to LPSnjected CD1 mouse model of neuroinflammation showed relevant
antidepressant properties and a better safety profile comparatively to the oral classic treatment.
The therapeutic effects are strongly dependent on the route of administration and the
pharmaceuticalformulation of the drug. Indeed, the effects were just registered when the
treatment was administered intranasally as a micellar formulation. Moreover, the safety profile of

the IN CSAnicelleswas demonstratedo be better than that shown bythe oral suspension.
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SUPPLEMENTARMATERIAL

This Supplementarsection provides additional information about the mucopenetration profile
characterizing the CSaading TPGS micelles exploited in this work and teisted/oto assess
neuroprotection after being intranasally administerétbwever, before proceeding with the
definitivein vivostudy following an optimized protocgdrevious studies have been dote

optimize all the parametersMore precisely, optimadose to be administerewas defined in order
to achieve penetration across the nasalicosa, thus reaching the bramgcordinglythe
concentration of CSA into the micellar formulatias then adjusted. Importantlyhe drug dose
and concentration \ere of paramount importance, sinddey would have affected the ability to
detect the drug by HPLC into the samples withdrawn from the animal at the end of treat®wnt.
the other hand, the dose would not have had an impact on the interaction with the nasal tissue.
For this reasorthe preliminary mucopenetration assessment was done exploiting the 5 mg/mL
CSAoading micellar formulation, considering that the mucoadhesive/mucopenetrating properties
are not influenced by the cargo, thaténcapsulated into the micelle, but depenasly on the

suface properties of the drug delivery system

1. METHODS

1.1 Exvivo evaluationof mucopenetrationprofile of CSAloading TPGS3nicellesacross

NJ 0 coKadt@ynasalmucosa

The permeation profile of CSA across the olfactory nasal mucosa was evaluated exploiting Franz
type vertical diffusion cells consisting in a 4.5 mL acceptor compartment and a diffusional area of
60 mm?,

Thepenetrationof the drug acrosshe tissuewasassessethy comparingthe micellarformulation
encapsulating 5 mg/mL of CSA and a @&#&r suspension having a concentration of 5 mg/mL.

The olfactory region of the NJ 0 onasal @dcosawas exploited for the experiment, and the
underlyingcollagenseptumwasremovedfrom the tissue®. Theex vivo mucopenetrationprofile
wasevaluatedfollowing a protocol alreadydescribed? and slightlymodified. Indeed,the mucosal
layerwasput betweenthe donor andthe acceptorchamberof the verticaldiffusion cell, andthe
acceptorwasfilled with the medium consistingof SimulatedNasalElectrolyteSolution(SNES)H

6.5with 0.2%SDSThen,35 uL of either the CSAnicellarformulation or the suspensiorwere put

in the donor compartment.

Franz cells were kept at 37°C under stirring during the whole experiment. At predetermined
timepoints (5, 15, 30, 60, 90, 120, 180, 240, 300 and 360 minutes) 500 pL of medium were

withdrawn from the acceptor compartment and immediately replaced with fresh medium kept at
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37°C using a water bath. The withdrawn sample was mixed with 200 pL of acetonitrile and then
centrifugatedat 9500rpm at 25°Cfor 10minutesusinga NEY AL6Rcentrifuge(Remielektrotechnik,
Vasailndia). Thesupernatant wagollected andcanalyzed by HPLC.

At the endof the experiment,the olfactorymucosawasimmersedin 1 mLof acetonitrileovernight
andsonicatedor 5 minutesin anultrasoundbath (USGO00-T,VWRInternational,Radnor PA,USA).

Then, the sample was kept under constant agitation at 300 rpm for 1 hour using an orbital shaker
(ShuttlerMTS4, IKAWerkeGmbH& Co.KG Germanypndfinally centrifugatedat 9500rpm at 25°C

for L0 minutes;the supernatant was collecte@hdanalyzedoy HPLC.

To analyze the samples, two different calibration curves were exploited in the ranges @f 1015

pg/mLandl ¢ 50 pg/mL.

1.2 Management of the administration of therapy and LPS in mice
Table 1below shows the timeline followed to manage the administration of the oral or intranasal
therapies and LPS to induce neuroinflammatiag well as all the behavioral tests performed on

mice.

Table 1¢ Experimental procedures for chronic administration of CSA micellar formulation or suspension intranasally

and/or orally.

Day 1 Day 2 [DEVAC] [DEVRA
Weigh mice Buried Food Test
8:00 a.m Administration (oral oiN)  Administration (oral oiN)  Administration (oral otN) Hanging Wire Test
Open Field Open Field Novel Object Recognition traininNovel Object Recognition Tes
Food restriction Food restriction Food restriction Tail Suspension Test
8:00 p.m Administration (oral oiN)  Administration (oral oiN)  Administration (oral oiN)
LPS i.p. administration Weigh mice and food
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2.RESULTS

2.1 Exvivo evaluationof mucopenetrationprofile of CSAloading TPGS3nicellesacross

NJ 0 cofadtd®énasalmucosa

Theex vivopermeationLINE FAf Sa 2F / {! | ONRraa (G(KS NIo6oAlGQa
formulationor the water suspensiorare shownin Figurel. Ascanbe seenthe micellarformulation
significantly improved the permeation of the drug across the tissuenfpared to the drug water
suspension. Indeed, when the micellar formulation was exploited as a vehicle for the drug, almost
the entire amount of CSA put on the mucosa turned out to be able to penetrate across the tissue
alreadyafter 15 minutes,then reachinga plateau.Onthe other hand,only 6%of the drugwasable

to penetrate the tissue in the first 15 minutes when the suspension was used, and the amount of
drug penetrated across the tissue over 6 hours never exceeded 31%. The differences between the
amountof drugpermeatedapplyingthe micellesor the suspensiorn the olfactorymucosaurned

out to be significant atll the timepoints,exceptfor the first one (5 minutes).

120.00
* *
100.00 &— 5 mg/mL
CSA-
80.00 loading
;&‘ micelles
T 60.00
et
©
o
£ 40,00
o - = = —— - -
o - & = CSA
20.00 suspension
5 mg/mL
0.00 &
-20.00
0 50 100 150 200 250 300 350 400

Time (min)

Figurel - Exvivo Cyclosporiné permeationacrossNJ 6 doKaittéhamucosaup to 6 hours at 37°Cusingsimulated
nasal electrolyte solution (SNES) pH 6.5 with 0.2% Sodium Dodecy! Sulfate (SDS) as medium. Cmthpaeisdhe
permeation profile of the drug formulated as 5Smg/mL @&&Aling TPGS micelles (black line) ancctireespondingvater
suspensioifdashedgrayline).(n=4),*p<0.05
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3. DISCUSSION

Theex vivoLISNY S A2y &dddzRe LISNF2NX¥YSR SELX 2AdGAy3I G(GKS

pointed out that the drug was able to penetrate relatively quickly (about 15 minutes) across the
nasalmucosdayerwhenthe TPG$nicellarformulationwasusedasvehicle.Thiswasprobablydue

to the already known ability of the PE@ted structure of TPGS to reduce the adhesion with the
surfaceprotein of the tissue?®, thusfavoringthe permeationacross it.

Thisresultagreeswith what waspreviouslyobservedn the exvivomucoadhesiorstudyperformed

by our group’ in which the micellar formulation turned out to be significatively less mucoadhesive
thanthe suspensiomsedasreference.Thustogetherthe mucoadhesiomndthe mucopenetration
experiments contribute to demonstrate that CSA formulated as TiRiG&les has a low tendency

to be retained on the surface of the mucosa, but it rapidly crosses the surface reaching the depth
of the tissue; on the other hand, the ndarmulated drug exhibits considerable mucoadhesive

propertiesthat hinder thepassagef the peptide acrosshe olfactoryepithelium.

4. CONCLUSIONS

TPGS micellar formulation represents an effective drug delivery system to enhance the intranasal
absorption of CSA across the olfactory nasal mucosa, thus potentially improvingd\Bisen
delivery.

Themucopenetratingoropertiesshownby micellescanbe exploitedto preservethe drugfrom the
mucociliary clearance and any possible physical and chemical degradation to which it can be
exposed on the epithelial surface. Indeed, alreadyniifutes after the application, the drug is
carried across the tissue and so removed from the surface, where both the mucociliary clearance
andthe enzymatiadegradationtake place.Onthe other hand,the non-formulatedCSAR A Rsyicdw (i
mucopenetratingoroperties;indeed,it turned out to be highlymucoadhesiveand,assuch,not able

to penetrateacrosghe tissue.
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CHAPTER

APPLICATION OF RABBIT NASAL MUCOSA FOR E’
VIVOMUCOPENETRATIGNDMUCOADHESION
STUDIES
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ThisChaptemwaspartiallytakenfrom the followingsubmittedPaper:SanchezCastilloLV.,GuareschF., TsekoureE.,
PatterliniV.,DelledonneA., Ferraboschi., SissaC.,Sonvicdr.,NarainR.dFormulationof siRNANanoparticles,
Transfectiormand EnhancedAdhesionPenetrationn NasalMucosalT i s s u e 0

submittedin October2024 Journalof ControlledRelease

1. INTRODUCTION

The nasal mucosa represents a suitable target for therapies intended to botloealty or
systemically!. The absorption of the drug can take place in different ways, depending on the
deposition site into the nasal cavity. Indeed, the drug can be systemically absorbed exploiting the
vesselsnainlycharacterizindghe respiratoryregion?; alternatively the drugcanbe absorbedat the
brainlevelexploitingthe nervespresentin the olfactoryregion?. Athird option consistdn the local

action ofthe drug that in this case exhibits the therapeutic activity just on the surface of the nasal
mucosawhile the absorptionis, at leastpartially, avoided.

Thefate of anadministereddrug after the depositioninto the nasalcavitystronglydependson the
interactionbetweenthe therapeuticagentandthe specificregionof the nasalmucosalndeed.,it is

known that the nasal epithelium can be divided into two areas, namely the respiratory and the
olfactory region, that differ from an anatomical as well as a physiological point of vi€er
instance the respiratoryepitheliumis mainlyinvolvedin the mucociliaryclearanceprocess' owing

to the wide expression of ciliated cells and museserning Goblet celfs For this reason, a drug
deliveredat this levelwith high probabilitywill undergoan earlyremovalby the mucociliarysystem
without being completely absorbed. However, the use of a suitable drug delivery system
characterized by specific physichemical features can prevent the retention of the drug on the
mucuslayer,thusfavoringthe penetrationacrosst, leadingto the direct contactbetweenthe drug
andthe epithelialabsorptionsite °.

Another possible strategy to avoid mucociliary clearance may consist in the delivery of the drug
precisely in the upper posterior part of the nasal epithelium, that is the olfactory region. In this
regionindeed,the ciliaexpressean the surfaceof the cellsare not motile and hencenot involved

in the mucociliaryclearanceactivity ’. Moreover,the dendritic portion of the olfactoryneuronscan

intake the drug promoting its absorption into the olfactory bulb, where the olfactory axons
terminate®,

It is evidentthat the significantanatomicalandfunctionaldifferencesbetweenthe respiratoryand

the olfactoryregionof the nasalmucosacanhavearelevantimpacton the fate of the administered
therapies. For thiseason, a thorough knowledge of the structure of the nasal mucosa is pivotal to
dzy RENEGFYR GKS OSYGNIt NRtS G(KIG 620K GKS T8I

deviceallowingto reach specific depositiosite mayhaveonthe i K S Nbutdén@ A
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Severalstudies %! have already exploited imaging techniquesto highlight the anatomical
characteristicef the nasalmucosaHowever to the bestof our knowledge honeof them exploited

the two-photon microscopeto study the (i A & Astiz8trés. The two-photon excitation is
characterizedy somewell-knownadvantagesomparedto the singlephoton excitation,including
significantly less phototoxicity and photobleaching compared to the sipigidéon excitation?,
Moreover, at the longer infraed wavelengths typically used for the tvpthoton microscopy, the
absorbancef light by heme-containingproteinsisminimalandallowsamuchlower light scattering

13, The consequences of this aspect are that biological samaplesar more optically transparent

to infra-red light and the penetration of the microscope observation into the tissue can be much
deeperthanin the caseof confocal laser scanningicroscope*.

In this work, theex vivorabbit nasal mucosa was fully characterized exploiting the-fi¥voton
microscope to visualize the main anatomical features of both the olfactory and the respiratory
region; then, the tissue was used as model to assess the mucoadhesion and the mucopenetration
profiles of a fluorescentabeled drug delivery system. This latter consisted of trimethyl chitosan
(TMC) nanoparticles (NP) loaded with cyanine3 (@®)ed siRNA, developed by the research
groupof Prof. RavilNarainfrom Universityof Alberta(EdmontonCanada).

The tissue imaging was performed by selectively marking specific structures belonging to the
olfactoryor the respiratoryregionusingprimaryantibodiesto bind specificantigens andsecondary
antibodieslabeled with fluorescent dyes identify the primaryones.

More preciselythe characterizatiorof the olfactoryareawasdoneby markingthe OlfactoryMarker
Protein(OMP)andthe OdorantReceptorfamily 10, subfamilyR,member2 (OR10R2Briefly, OMP

is a protein selectively expressed by the olfact@geptor neurons and it is mainly involved in the
transduction of the odorant signalS. Instead, OR10R2 is an odorant receptor involved in the
processingof the olfactory sensoryinput 6. On the other hand, the characterizationof the
NBALIANI G2NE NBIAZ2Y ¢ |-tdbulin)a bldErachedst Rrotéirtof cvlia, dlikthrag 3 1 |
thoseexpressean the surfaceof the respiratory epitheliatells'’.

Finally the surfaceinteractionbetweenthe nasalimucosaandthe nanoparticledrugdeliverysystem
wasassessetyy analyzinghe mucoadhesiorandthe mucopenetrationprofile. Themucoadhesion
profile was assessed by treating the mucosal tissue with the fluoredabeled nanoparticle
formulation under simulated physiologicalconditions; then, sampleswere quantitatively and
gualitatively analyzed by, respectively, the microplate reader and thepiaton microscope. In
addition to this, the penetration of the labeled siRNA loaded into the nanoparticle drug delivery
systemwasmonitoredovertime exploitingthe two-photon microscopethankto whichthe treated

tissue could be analyzed in its depth to highlight the passage of the drug from the surface to the

bottom of the tissueovertime.
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2. MATERIALANDMETHODS

2.1 Materials

Immunostainingof NI 6 hasélfuEosa

Paraformaldehyde(PFA)powder waspurchasedfrom Fluorochem(Hadfield, UK); phosphate
bufferedsaline(PBS1xwasfrom Gibco(CarlsbadCA USA)bovineserumalbumin(BSAwasfrom
Baxalta(Rome Jtaly); polyethyleneglycoltert-octylphenylether (Triton X-100)waspurchasedrom
SigmaAldrich(SaintLouis,USA)sodiumhydroxide(NaOHWwasfrom MerckLife Sciences.r.l.(Milan,
Italy); hydrochloric acid (HCI) 37% was from VWR International S.r.l. (Milan, Italy); motise ahtit
tubulin monoclonal IgG (catalog #ab11315) was purchased from Abcam, Pfeidotti S.r.l. (Milan,
Italy); rabbit antiOlfactory Receptor, family 10, subfamily R, member 2 (OR10R2) polyclonal IgG
(PA534046) was from ThermoFishere8tific (Waltham, MA, USA); rabbit ai@ifactory Marker
Protein(OMP)monoclonallgG(ab183948wasfrom Abcam Prodotti GianniS.r.I.(Milan, Italy);n -% ¢
diamidino-2-phenylindole(DAPI)AlexaFluor™ Plus647 donkeyanti-rabbit polyclonallgG(A32795)
andAlexaFluor™488donkeyanti-mousepolyclonallgG(A21202)secondaryantibodieswere from
ThermoFishe&cientifiqdMonza, Italy).

Preparationof TMCnanopatrticles

Trimethyl chitosan (TMC) with a degree of quaternizatioamdroximately 5460% and a MW of

50-150 kDa, was kindly provided by Ovensa (Aurora, ON, Canada). Tripolyphosphate (TPP) and
dextran sulfate (DS) having a MW of 500 kDa were from Sigdrich (St Louis, MO, USA);
hyaluronic acid sodium salt (HA) with a MW-53D kDa was from Biosynth International Inc.
(GardnerMA,USA)Silencer@w 3 LabeledNegativecontrol siRNAvaspurchasedrom Invitrogen

(Thermo Fisher Scientifid/altham, MA, USA).

2.2 Methods

2.2.1Immunostainingof olfactory andrespiratoryNJ 6 cnasélrfugosa

Preparationof Paraformaldehyded%w/v solution

Thefixing solutionwaspreparedfollowinga publishedprotocol 8. Briefly,to prepare500mLof the
PFA%w/v solution,20g of PFApowderwere addedto 400mLof PBS xkeptat 60°Qunderstirring

under the extractor hood. NaOH 1N was then added drop by drop until the solution became
completelyclear.Thesolutionwasallowedto equilibrateat roomtemperatureandthe volumewas
adjusted to 500 mL using PBS 1x. Then, thevasiadjusted to 6.9 using HCI water solution 37%

viv. ThePFAsolutionwas finallyaliquoted androzenat -20°Cuntil the use.
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Preparationof antibody and DAPIworking solutions

Theanti L+ (dzodz Ay | yORROBRZ dRttbody woRingiséluBion I(1ypd/l) were
preparedby dilutingthe respectivestocksolutions(1 mg/mL)1000timesusingasolutionof bovine
serumalbumin(BSAp%v/v in Triton X1000.1%vV/v, previously preparedlissolvingTriton X100in

PBS 1x. Thanti-OMP antibody working solution (1 pg/mL) was prepared by diluting the stock
solution(0.5mg/mL) 500 time$n BSA 5%i/v.
AlexaFluor647andAlexaFluor488labeledantibodiesworkingsolutionswere preparedby diluting

the respective stock solutions (2mg/mL) 1000 times in BSA 5% v/v. All the antibodies working
solutionswere stored at4°C andkeptaway fromlight until use.
TheDAPWworkingsolution(0.5ug/mL)waspreparedby dilutingthe DAPktocksolution(0.5mg/mL)
1000timesin ultrapurewater. TheDAPWworkingsolutionwasstoredat 4°Candkept awayfrom light

until use.

Preparationof the tissuefor immunostainingexperiments

Immunostaining experiments were carried out to highlight the anatomical feattinesacterizing

the olfactoryandrespiratoryregionsof the nasaimucosaForthis purpose the rabbit nasaimucosa
wastakenfrom the skullof the rabbit kindly providedby alocalslaughterhouséBertoniCarniS.r.1.,
Busana, ReggiBmilia, Italy), as described by Guaresthil. . Briefly, the fresh skull was cut in 2
halves longitudinally, exposing the nasal cavity. The entire respiratory or olfactory sections of the
nasal mucosa with the underlying collagen from nasal septum were withdrawn using a scalpel and
carefullywashedusing50 mLof PBSLxto eliminatethe exces®f blood. Todo that, the respiratory

and the olfactory regions of the nasal mucosawere identified and separatedbased on the
anatomical referenes given by Pereirat. al.®. Briefly, after dividing the skull longitudinally, the
nasal mucosa was divided in two halves by cutting the tissue immediately anteriorly to the first
upper premolar teeth. The portion of the mucosacloser to the nostril was consideredthe
respiratory regionwhile the other portionof the tissuewasidentified as theolfactoryone.

The tissues were then fixed by immersion in 50 mL of PFA 4% w/v solution and the samples were
storedat 4°Covernightandfinally washedhree timeswith freshPBSLx.

Then,8 mm-diametertissuediscsbelongingto either the olfactoryor respiratoryregionof the nasal
mucosa together with the underlying portion of nasal septum were obtained using a circular metal
die. Successively, to block the nspecific binding sites, the tissue was immersed into 1 mL of
blocking solution, consisting in a BSA 5% v/v solution in Triton X100 0.1% v/v in PBS 1x. The tissue
waskeptinto the blockingsolutionat roomtemperature for3 hours.

Theexces®f blockingsolutionwasremoved,andthe tissuewasimmersedinto 1 mLof the primary
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antibody (i.e., anti-OMP,anti-OR10R2r anti- 1V Tubulin)working solution and incubatedfor 4

hoursat room temperatureandkept awayfrom light.

Theexces®f primaryantibodysolutionwasremoved,andthe tissuewaswashedhree timesusing

approximatelyl5 mLof PBS 1xAfter removingthe exces®f PBSthe tissuewasincubated inl mL

of the secondary antibody.€., Alexa Fluor 488 or Alexa Fluor 647 labelled Abs) for 30 minutes at

roomtemperature,awayfrom anysourceof light.

After being washed three times with approximately 15 mL of PBS 1x, the tissue was incubated in 1

mLof DAPI workingolutionfor 30 minutesat room temperatureandaway fromlight.

The excess of DAPI was washed one time with ultrapure water and the tissue stored in PBS 1x at

roomtemperatureandawayfrom light untilthe analysiswvith the two-photonsmicroscope.

Tohighlightthe anatomicafeaturesbetweenthe respiratoryandthe olfactoryregionof the mucosa

and compare them to show the main structural differences, each part of the nasal mucosa was

treatedwith different primary andsecondaryantibodies, adllustratedin Tablel.

Tablel ¢ Primaryand secondanantibodiesusedin the immunostainingexperimentarriedout to markthe olfactoryand
NBIA2Y -DNP ahdaStORIDRR artiiodies weyelusetl b chiftaet@rzéithed | y (i A

GKS NBaLANI (2NE

olfactoryregion,whileanti- 1V Tubulinantibodywasusedto characterizehe respiratoryone.Moreover both the regions

were treated with either anrtDMP antibody or anti L+

them.

¢dzodzZA Ay (2 KAIKEAIKIG

Regionof the tissue PrimaryAb SecondanAb DAPI
Olfactory Anti-OMP Anti-rabbit AlexaFluor647 Yes
Olfactory Anti-OR10R2 Anti-rabbit AlexaFluor647 Yes
Respiratory Anti§ IV Tubulin Anti-mouseAlexaFluor488 Yes
Olfactory Anti-OMP Anti-rabbit AlexaFluor647 No
Respiratory Anti-OMP Anti-rabbit AlexaFluor647 No
Olfactory Anti§ IV Tubulin Anti-mouseAlexaFluor488 No
Respiratory Anti§ IV Tubulin Anti-mouseAlexaFluor488 No
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2.2.2 Two-photon microscopy

TheNJ 0 (dsdti€saewasanalyzedy a Two-PhotonMicroscopeNikonA1RMP+Upright(Nikon,

Tokio, Japan) equipped with a femtosecond pulsed laser Coherent Chameleon Discovery (~ 100 fs
pulse duration with 80 MHz repetition rate, tunable excitation ranged@@20nm). To focus the
excitation beam and collect the twphoton excited fluorescence (TPEF) and the second harmonic
generation(SHG}¥ignalsa25xwater dippingobjectivecharacterizedy anumericalaperture(NA)

of 1.1 and2-mm workingdistancewasemployed.

A dichroic mirror was used to direct TPEF/SHG signal to a series of thréestanned detectors
(highsensitivityGaAsmhotomultipliertubes)allowingfastimageacquisition.

Optical filters have been put before the three detectors to allow the simultaneous acquisition of
three separated channels: blue channel (4485 nm), green channel (5893 nm) and red
channel (604679 nm). A fourth additional photomultiplier GaAsP detector was connected to the
microscope by an optical fiber and preceded by a dispersive element. GaAsP detector was used to
recordthe spectralprofile of the TPEF/SH&gnal(wavelengthrange430-650nm, bandwidthof 10

nm). Theoverlayof the imagesfrom the three channelsandtheir processingvasperformedby the
operationsoftwareof the microscopgNISelements).

Microscope observations were performed by placing the samples in a dedicated plexiglass holder
andPBSlxwasusedto dip the objectiveandto avoiddehydration.Alaserintensity of 3%wasused

for both the acquisition of the spectra and the -3Bans. Moreover, spectra were also acquired at
5% laser intensity. Dependingon the secondaryantibody used to treat the tissue, different
excitationwavelengthsvere usedMore preciselythe tissuesincubatedwith AlexaFluo647were

excitedat 820 nm,while thosetreated with AlexaFluor 488ere excitedat 1000nm.

2.2.3TMCnanoparticlespreparation

TMC nanoparticles loading Gigbeled SiRNACy3a Awb! 0 ¢gSNB LINBLI NBR o8&
research group from University of Alberta (Edmonton, Canada), and were exploited as model of
drug delivery system to assess the mucoadhesion and mucopenetration profile across the nasal
tissue and compare the results with those obtained by testing the raws@RISA. Briefly, a TMC

stock solution (3 mg/mL) was prepared by dissolving TMC powder in a mixture consisting of 80%
v/v acetate buffer (0.01 M, containing 137 mM NaCl) at pH=5.6 and 20% v/v of bicarlborfizie

(0.1 M, containing 137 mM NaCl) at pH=9.3, to achieve a final pH of 9. This pH value is required to
preventthe precipitationof the geneticmaterial. DS(3mg/mL)and TPR1.5mg/mL)stocksolutions

were prepared in PBS 1x while HA solution (Img/mL) was prepared in UltraPure® water. The

nanoparticleassemblyprocessrequired the preliminary preparationof two solutions:the first
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consisted of a siRNA: TMGIution having a 1:20 w/w ratio, prepared by slowly adding-SSRBA
a2fdziAz2y 6onn y3Ik >[0 G2 ¢a/ &az2fdziAzy 6o YIKY]
minutesat roomtemperature.Thesecondsolutionconsistedf anaqueouganixture of the helpers,

formulatedin aw/w ratio TMC:D®f 6:1.Briefly,helper(DS/TPP/HAgolutionswere carefullymixed
atroomtemperatureto haveafinal DS/TPP/H&v/w ratio of 2:1:0.04 respectivelyFinally the Cy3
siRNA:TMCand helper (DS/TPP/HA)solutions were mixed using NanoAssemblr®ignitex
(NanoAssemblr, Canada) at a flow rate of 20 mL/min, with a v/v ratio between the two solutions
(Cy3siRNA:TM@ndDS/TPP/HA)f 6:1, respectively Additionally the Cy3siRNAandthe resulting

nanoparticlesvere kept protectedfrom light, asCy3siRNAs photosensitive.

2.2.4Mucoadhesionstudy on rabbit nasalmucosa

The mucoadhesiveprofile of the siRNA:TMQNPs (havinga 1:20 siRNA:TMGv/w ratio) was
evaluatedex vivoon rabbit nasal mucosa and compared to the one of the rawsiIRBIA. Fresh
nasalmucosatissuewasisolatedfrom rabbit heads whichwere storedin ice and usedwithin four
hoursfrom animaldeath. Toobtainthe nasamucosatissue the NI 6 GKuliw&s&utin two halves

and the nasal septursupporting the entire nasal mucosa was isolated using a scalpel. Then, nasal
mucosa discs of the desired size (8 mm diameter) were punched from the central region of the
septum.

The tissue was attached on a Petri dish using a desidled tape Tesafix® 4934, KaiserKraft,
Stuttgart, Germanyandtreatedwith 20 pLof the siRNA: TMGIPformulationor the free Cy3siRNA
solution for 5 minutes, keeping the tissue in an horizontal position. Then, the tissue was placed on
a 45° inclined plane apparatus, as proposed by Samdid. ?° allowing the continuous washing of

the mucosa with ultrapure water to simulate physiological nasal conditions. To do this, a syringe
pump (Harvard Apparatus, Holliston, MA, USA) equipped with a plastic syringe having an internal
diameter of 19 mm and a 0.8 x 40 mm needle, was used to flow the ultrapure water on the tissue
at a constantflow of 100uL/min. Thesyringepumpwaspreviouslyconditionedwith ultrapure water

for at least15 minutesbefore startingthe experiments.Thewater flowed on the tissuefor over30
minutes, and eluted samples were collected at 5 minutes intervals. At the end of the experiment,
the remaining siRNA:TMC NPs or free-68if®\A adhered to the mucosa was extracted using a
borosilicate glass PotteéElvehjem homogenizer (FisherbrandFisher Scientific, Pittsburgh, PA,
USAhavinga 1.5cmdiameteranda pestlelengthof 25 cm. Tissueggrindingwasperformedadding

0.5 mL of ultrapure water. All thexperiments were performed in triplicate, and the percentage of
mucoadhesion was calculated by comparing the amount of Cy3 left adhered to the tissue with the
amount initially put on it before starting the experiment. All the samples were quantified using a

microplatereaderSparkLOM (TECANViannendorf,Switzerland) Theexcitationwavelengthwasset
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at 547 nm, while the emission wavelength was set at 590 nm. The plate model was a 96 well flat
bottom cell plate without lid (Costar®, Corning, NY, USA). The gain was set automatically at each
measurementTo quantify Cy3siRNAIn the samplesa calibrationcurvewasbuilt in the rangeof

0.05¢ 1.6ug/mL,usingthe Cy3siRNAsolutionasreference.

In addition to this, at the end of the mucoadhesion experiment, the tissue treated with either the
SiRNA:TMC NP formulation or the free GJBNA was observed by twathoton microscopy to
monitor the fluorescencesignal of the Cy3 signal in the nasal mucosaltissue, at different
penetration depths, applying the same experimentalgptused for the mucopenetration studies,
describedn Section2.2.5

2.2.5Nasalmucosaltissuepenetration studies

The mucopenetration profile of SIRNA:TM@s (having a 1:20 siRNA:TMC w:w ratio) and the free
Cy3siRNA used as control was evaluated treating an 8 mm diameter disc of rabbit nasal mucosa
with 20 pL of each formulation. The tissue was observed over time byph@ton microscopy
(Section 2.2.2 to qualitatively and semmuantitatively determine the distribution of both the
nanoparticles and the neformulated Cy3iRNA within the tissue. The same region of the sample

wasstudiedovertime, monitoringthe penetrationof the formulation.

3. RESULTS

3.1Immunostainingof the olfactory region

3.1.10lfactoryregionmarkedwith anti-Olfactory Marker Protein

The presenceof olfactory neurons in the olfactory section of the rabbit nasal mucosawas
demonstrated by the high concentration of Alexa FI{d847 visualized through the twphoton
microscope on the superficial layer part of the olfactory tissue, as can be sdegure 1 The
presenceof AlexaFluor647andthereforethe olfactoryneuronsis highlightedby the red signaland
isvisiblyhomogeneously distributedn the surfaceof the olfactorytissue.

Moreover,ascanbe seenin the XZ(FigurelA) and 3D (FigurelB) overviewst washighlightedthe
presenceof tubular structures(indicatedby yellow arrows)passinghroughthe entire thicknessof
the tissue and connected to cell nuclei located in the medupper part of the tissue, marked by
DAPI.The tubular structures appearedgreen becauseof the autofluorescenceof the tissue.
Probably thesestructurescanbe identified asfibrousnervebundlescomposinghe laminapropria
of the olfactory epithelium as illustrated in a histological study of the rabbit nasal mucosa done by

Pereiraet al.? (FigurelD).
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Figurel - Olfactoryregionof NI 6 ddsdlnudosamarkedwith anti-OlfactoryMarkerProteinasprimaryantibody,Alexa

FluofM 647 assecondanantibody(red)and DAPI(blue).A) XZoverview.B) 3Doverview.C)XYoverview.

Excitation wavelength: 820 nm. The twhboton microscope analysis showed the presence of nerve bundles (yellow
arrows) characterizingthe lamina propria of the olfactory nasal mucosaand colored in green becauseof the
autofluorescence of the tissue. D) Histological studies from Pereira et al. showing the structure of the olfactory nasal

mucosan whichcanbe clearlyrecognizedhervebundlesconnectinghe surfaceof the tissueto the laminapropria.

Thepresenceof AlexaFluor647,thereforeolfactorynerves onthe surfaceof the tissuewasfurther
unequivocally confirmed by the acquisition of the emission spectiigufe 3 at different depths

in the tissue. Indeed, when the surface of the tissueis not completelyflat, the two-photon
microscopeallowsto analyzesimultaneouslythe different levelsof depthof the samesliceof tissue,

giving information regarding both the surface and thelepth regions. As can be seerFigure 2

the red signal of Alexa Fluor 647 was only detected on the surface of the tissue, while disappeared
moving towards deeper regions that appearedblue because ofthe nucleimarker DAPI.This
probably happens because the primary antibody selected to bind olfactory neurons can just bind
superficial parts of the nerve structure and therefore the entire structure of the nerve bundle

penetratingacrosghe tissuecannot be stained andisualized entirely.

= Region A 1
—&—Region B

Alexab47 il 1

450 500 550 600
Wavelength (nm)

Figure2 - Bidimensionaimageof a non-flat zoneof the olfactorytissue Boththe surface(redregionidentifiedby the blue
circle)andthe inner (blueregionidentifiedby the red circle)layercanbe observedn the sameimage(left). A)innerregion
in whichAlexaFluor647isnot detected.B)surfaceregionin whichthe signalof AlexaFluor647isdetectable Theemission
spectrum of the two regions acquired at 820 nm is also reported (right) and it was exploited to unequivocally identify the

presencef the secondary antibodgnd thereforeolfactoryneurons.
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3.1.2Olfactoryregionmarkedwith anti-OR10R2

The presence of olfactory neurons in the olfactory region of the nasal mucosalseasonfirmed

by treatingthe tissuewith anti-OR10R2ntibody.Alsoin this case aspreviouslyobservedby using

the anti-OMPantibody ,justthe superficialpart of the neuronwastargetedby the primaryantibody
and visualize thank to the redmission of the secondary antibody, while the extension of the
neuron's structure was visible along the entire thickness of the tissue through the XY and 3D
overview(Figure3A and3B, yellow arrows)Asalreadyseen,cellsnucleiturned out to belocalized

in the middleupper part of the mucosa highlighted by DARQ(re 3 in blue). The analysis of an
XYplanaroverview(Figure3Q of the olfactoryregionin whichthe surfaceof the tissuewasnot flat
confirmed the ability of Alexa Fluor 647 to jusnd the superficial part of the neuron. When this
regionwasexcitedat 820nmindeed,the surfaceemitted in the red region,confirmingthe presence

of Alexa Fluor 647, while the deeper part appeared grelere due to just the autofluorescence of

the tissue Figured4).

A B C

Figure3 - Olfactoryregionof NI 6 dasalrugosamarkedwith anti-OR10R2sprimary antibody,AlexaFluorTM647 as

secondary antibody (red) and DAPI (blue). A) XZ overview. B) 3D overview. C) XY. therpi@sence aferve bundles

crossinghe thicknesof the tissuecanbe clearlyidentified (yellowarrows).Excitationwavelength:820. nm.

Alexa647

—a&—Region A
—w— region B

450 500 550 600
Wavelength (nm)

Figure4 - XYoverviewof the olfactoryregionof NI 6 dasdintudosamarkedwith anti-OR10R2ntibody,AlexaFluor647

and DAPI and excited at 820 nm. The i@ region of the tissue allowed to analyze at the same time different layers of
the sametissueand distinguishthe areain whichAlexa Fluo647wasspecificalljpoundto the tissue(left, regionB)from
the one in which it was not bound, corresponding to the deeper part of the tissue (left, region A). The presence of Alexa

Fluor647 wasunequivocallydetermined by thecquisitionof the emission spectrurgright).
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3.2Immunostainingof the Respiratoryregion

3.2.1Respiratoryregion markedwith anti-i 1V Tubulin

The images acquired by microscope confirmed the wide presence of cilia homogeneously
distributedon the surfacelayerof the respiratoryregion(Figure5A), boundby the primaryantibody
andclearlyvisiblethankto the secondanantibodythat, at the wavelengthusedto excitethe tissue,
emitted in the green region. As expected, being superficial structures, cilia disappeared when
deeperlayersof the tissuewere analyzedasshownin Figure5B, wherea non-flat areaof the tissue

wasanalyzedallowingto observeat the sametime differentdepth levelsof the samestructure.

200 um

Figure 55 wSa LA NI G2NE NBIAZ2Y 2F NI 0dALOA ¢\H20 aitiAlexd Fidod'des (oraRie ) SR 6/
green)and DAPI(blue).A) 3Doverview.B) XYoverviewof a non-flat regionallowingto observeat the sametime different

depths of the same slice of tissue. The surface of the tissue is homogeneously covered by ailiayemiting in the

green region due to the secondary antibody, while the nuclei of the underlying cells are in blue because they are marked

with DAPI. Excitatiowavelength:1000 nm.

Thanks to both the 3Bcan and the XY overview acquired by the ptmton microscope, the

typical structure of the respiratory region could be clearly recognized. Indeed, the tissue can be
ideally divided into three different sections. From the tage.(the surface of the tissue directly in

contact with the external environment) to the bottormd.,the part of the tissue anchored to the
nasalseptum)it is possibleto distinguishacompactlayerof ciliatargetedby the primaryantibody

(i.e., anti  Tubulin antibody) the netargeted tissue with cellulanuclei marked by DAPI, and

finally the presence of collagen fibers belonging to the nasal sepfimguie 6A and 6B Collagen

gla Of SINIe& |yR dzySljidAag20rtte ARSYGAFTASR o0& (K
(SHD).
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160 pm

Figure6 - Emissiorspectraacquiredat differentdepthsof the respiratoryregionof the nasalmucosaanalyzingboth a 3D

image (A) and an XY overview in which the surface of the tissue is not completely flat (B). From the top to the bottom of
the tissue, three different sections can be individuated: the superficial ciliated layer (highlighted by the green circle), the
inner part of the tissue (highlighted by the red circle) and the collagen belonging to the underlying nasal septum which

supportsthe tissue (highlightetly the blue circle).

3.3Comparisorbetweenthe olfactory andthe respiratoryregion
3.3.1Nasalmucosamarkedwith anti-OlfactoryMarker Proteinantibody

To highlight the actual anatomical differences between the olfactory andebgiratory region of

the nasal mucosa and confirm a prevalence of olfactory neurons in the olfactory area compared to
the respiratory one, both the respiratory and the olfactory sections were incubated with the anti
OMP,usingAlexa Fluo647as fluorescent dye.

As shown irFigure 7,it is evident that most of the surface of the olfactory region is characterized
by the presence of the Olfactory Marker Protein due to the high expression of olfactory neurons
(Figure7A). Thesurfaceindeed,appearedalmostall coloredin red becauseof the presenceof the
secondanantibody.

On the other hand, in the respiratory region, the presence of neuronal structures was rarely found
(Figure7B). Moreover,comparingthe 3Dimagesacquiredby the two-photonmicroscopeijt seems

that the fluorescentdyewasnot specificallypoundto the surfaceof the respiratoryregiondueto a
specific interaction with the antigen, but probably it had just remained as a residue on the top of

the tissuefollowingincubation.

B

Figure7 - Comparisoetweenthe 3Dacquisitionsf the olfactory (A)andrespiratory(B)regionofthe NI 6 dasal Q &
mucosamnarkedwith the anti-OlfactoryMarkerProteinantibodyusingAlexaFluorM647 (red)assecondanantibody.

Excitationwavelength820nm.
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3.3.2Nasalmucosamarkedwith anti-i 1V Tubulinantibody

Tohighlightthe prevalenceof ciliatedcellsin the respiratoryregionin comparisorwith the olfactory

one, both the sections of th&ld 6 6 A U Q& Yyl &alf GA&adzS4 ¢ SNBSS ¢ Xxz6 Aaizd h
antibody,usingAlexa Fluo#88 as fluorescent dye.

As shown inFigure 8below, the respiratory region is entirely covered by a thick layer of cilia,

homogeneously distributed on all the surface of the tissue that appeared bright gréguré 8B,

while thepresenceof ciliais significantljessin the olfactory region(Figure8A).

Figure8 - Comparisometweenthe 3Dacquisitionsf the olfactory(A)andrespiratory(B)regionofthe NI 6 dvdsdl Q &
mucosa marked withtheanti L = ¢ dzo dzf Ay | y (i W488 (Bright gizen) sisSecontiabymamtibodyt dz2 NJ

Excitatiorwavelength:1000nm.

3.4 Mucoadhesiorstudyon rabbit nasalmucosa

I FTGSNIJ OKIF NI OGSNAT Ay 3 (-phSonhdaging, khé tssue wals éxpldited YodzO 2 & |
mucoadhesive studies. For this purpose, the siRNA:TMC NP was used as nanocarrier model, whose
mucoadhesive profile was tested and compared to the one of the raws{RIBA, exploiting a

central region of the nasal mucosa. To quantify Cy3 used to label siRNA in the samples collected at
predetermined timepoints during the experiment, the calibration curve showRigure 9was

exploited.
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Figure9 ¢ Cy3labeledsiRNAcalibrationcurveusedto quantify samplescollectedduringthe mucoadhesioexperiments.

126



The mucoadhesivestudy pointed out that, over the first 10 minutes of the experiment,the
SiRNA:TMONP formulation turned out to be significantly more mucoadhesivethan the non-
formulated Cy3siRNA Figure 10. More precisely, around 56% of the formulation adhered to the
tissue while only 30% of the free C$IRNA was able to adhere to the mucosa. After 10 minutes,
the raw Cy3siRNAeacheda minimum (15-20%)andthe siRNATMCNPformulationslowlyattained

that minimumover 30 minutes,highlightingthe formulation capacityto stickto the mucosadespite
values were not significantly different mainly as a consequence of the high variability in the values

obtainedfor the naked siRNA.
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Figure10- Mucoadhesiomrofile of SIRNA:TMBIP(1:20siRNA: TM@/w ratio) andfree Cy3siRNAobtainedby applying

the sampleson rabbitnasalmucosaandthenwashingthe tissuewith water exploitingthe inclinedplaneapparatus(n=6).

Tissues treated with the Cy3 labelled NPs or free-<igBIA were washed for 30 minutes and
analyzed with the twegphoton microscope Rigure 11BE) alongsideblank tissuesanalyzed as
reference Figure 11A The surface of blank tissue was characterized by a broad emis&jome

12) that fell mainly in the green channel. When exciting the sample at 1000 nm, the
autofluorescencesignalwasovercomebythe Cy3emissionMoreover,beneaththe surfacein some
regions of the tissue, the presence of collagen was detected thanks to the second harmonic
generation signal generated by it. The results confirmed what was previously observed by the
absorbanceplate reader:after the washingperiod, the signalof Cy3wasstill presentonthe surface

of the tissuedreated with free Cy3siRNAandsiRNA: TM®IPformulation. After the treatment with

siRNA: TM@IPs, several aggregates were visible on the tissue, possibly because of the interaction
between the NPs and the mucins present on the surface of nasal mucosal fgue (11 The
presenceof these aggregatescould be associatedto an increasedadhesionto the mucosa,

consistentwith the resultsobtained by usinghe fluorimeter.
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Figure 11¢ Analysis of the rabbit nasal mucosa surface by-plioton microscopy. Blank mucosa (A); mucosa treated

with free Cy&iRNA at time 0 (B) and after the 30 minutes washing period (D); mucosa treated with SIRNA:TMC NPs at

time 0 (C) and after the 30 minutes washing period (E). All the images reported in the pEneds@been acquired in

the sameexperimentakonditions(laser poweand detectorgain)excitingthe tissuesat 1000nm.

In order to verify the presence of Cy3 and have a sgmntitative confirmation of what was

observed from the images, we recorded emission spectra in correspondence of the focal planes of

Figurellimagesyreportedin Figurel2. Asexpectedthe signalof the non-treated mucosausedas

control was the lowest. As regards the tissues treated with the NPs and the fresiRN3, the

band shape of Cy3 waletected in all the cases, with a higher signal intensity in the former at the

end of the mucoadhesion experiment (t=30 minut€sgure 12B The twephoton microscopy

study confirms that the NPs have better mucoadhesive properties than theararulated Cy3

SiRNA.
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Figurel2- Emissiorspectraobtainedfrom the rabbit nasaltissueassuch(blackcircles)or treated with the raw Cy3siRNA
(blacktriangles)or SIRNA: TMBPg(blacksquaresht the start (t=0 minutes,PanelA) andat the end of the mucoadhesion
experiment (t=30 minutes, Panel B) in correspondence of the focal planes reported in Figure 11. All the emission spectra

havebeenacquiredin the sameexperimentatonditionglaserpoweranddetectorgain)excitingthe sampleat 1000nm.

3.5Mucopenetration study

The mucopenetration study performed on rabbit nasal mucosa demonstrated that the siRNA:TMC
NPformulation (SIRNA:TMQ:20w/w ratio) hada better ability to penetrateacrosshe nasaltissue

than the free CyaiRNA. As for mucoadhesion studies, also in this case a blank tissue was used as
reference. Two nasal tissues have been analyzed byptwadon microscopy acquiring-gtacks at
different time points after the deposition on the mucosal surface of 20 yL of freesiy\pA or
SiRNA:TM®GIPformulation.

The images ifrigure 13show the XZ view of fivestacks acquired at different time points of nasal
tissue with the non-formulated Cy3siRNA.In the Zstacks, two different regions can be
distinguisheda brighter one at the top, correspondingo the Cy3siRNAsolution,andadarkerone

atthe bottom, correspondingo the mucosatissue.Theheightof the Cy3siRNAsolutiondecreases
overtime, while the emissionsignalof the darkeronedoesnot significantlychange suggestinghat

the penetration of siRNAy3 solution is weak or even insignificant within the mucosal tissue. The
decrease of height of the Cy8®83RNA solution is attributed to the formulation spreading on the
surface. Thisorizontal spreadingccurredin approximately45 minutes,after whichthe rawCy3
siRNAseemedo havestabilizedon the surfaceof the tissueandwe no longernoticedanyvariation

in the height of the fluorescent signal repeating the measurement after further 15 minkigsré

13D9E.
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Figure 13¢ XZ views of thel3renderings reconstructed fromsfacks acquired othe nasal tissue treated with the free
Cy3siRNA. The tissue was monitored over tibyetwo-photon microscopy exciting the sample at 1000 nm keeping
the sametissueregionin focusduringthe analysisThepictureswereacquiredat time 0 (A),and after 10 minutes(B),20

minutes(C), 35 minuteg¢D)and45 minutes(E)

Onthe other hand,whenthe nasaltissuewastreatedwith siRNA: TMGIPs(Figurel4), we observed
aprogressivepenetrationof the formulation acrosshe tissueovertwo hours.Interestingly,ascan

be seen from the -Atacks acquired with the twphoton microscope, the penetration of the NPs
across the tissue seemed to take place by exploiting channels formed by the organization of the

cellsconstitutingthe tissue(white arrowsin Figurel4).
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Treated

Figure 14¢ 3D images of the nasal mucosa treated with SIRNA:TMC NPs (siRNA:TMC 1:20 w:w ratio) obtained with the
two-photonsmicroscopeexcitingthe sampleat < I' drpnriTheimageswereacquiredat time 0 without treatment (A)and
immediatelyafter the treatmentwith SiRNA:TMGIPS(B).Successivelimageswereacquiredat 20 minutes(C),40 minutes

(D),60 minutes (ERO minutes (F) ani20 minutes (Gafter the treatment.

After apermeationtime of 60 minutes,we collectedan emissionspectrumat 300 um of depth from

the mucosal surfacd={gure 19, to confirm the presence of Cy3. The emission of Eigife 15,

red arrow) as well as the SHG of collag&ig(re 15, blue arroyvwere both clearly detectable,
confirming that the NPs penetrated into the tissue. As expected, when we acquired the same
emission spectrum from the blank mucosa before the NPs permeation, just the signal of collagen

was detected.
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Figurel5¢ Emissiorspectraacquiredat 300um of depthin the blankmucosabeforetreatment)andafter the permeation
of sSiRNA:TMC NPs (siRNA:TMC 1:20 w:w ratio, 60 minutes of permeation time). The red arrow indicates the peak of Cy3
emission signaht 565 nm recorded after the NPs permeation. BiG signgblue arrow) indicates the presence of

collagen.

Figure 16Ashows the increase of Cy3 signal over time at different depths in the tissue after the
permeation of the siRNA:TMEPs. Cy3 emission resulted more intense at 200 um of depth and
progressively decreased at 400 um and 600 um, proving that the penetration of the formulation
across the tissue was gradual. Comparing the signal variations over time following treatment with
free Cy3siRNA and the NP formulatioRigure 168 the NP formulation exhibited a significantly
stronger increase in Cy3 emission signal. This result clearly supports the enhanced penetration of
the siRNA:TMONPs compared to the non-formulated Cy3siRNA.After only 20 minutes of
permeation, the signal observed from the NPs at a depth of 200 um showed an alrfadt 3
increase when compared to the initial value, while the signal for the frees®ISA remained

practicallyconstant throughout theexperiment.
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Figure 16¢ Trend of the Cy3 signal intensity analyzed at different timepoints after treating the rabbit nasal tissue with
siRNA:TMC NPs (siRNA:TMC 1:20 w:w ratio) or fregiRM2. (A) Cy3 signal monitored at different depths after the
permeationof the NPformulation (sampleexcitedat 2000nm). Thestandarddeviationswere calculatedfrom a replicate

of the measurements. (B) Comparison of Cy3 signal variations after treating the rabbit nasal tissue with sSiRNA:TMC NPs
or free Cya&iRNA, measured at 200nu(sample excited at 950 nm) and 150 um (sample excited at 1000 nm) of depth
fromthe surfacerespectivelyThesignalat eachtimepointhasbeennormalizedwith respecto the signalat the beginning

of the penetration experiment.

4. DISCUSSION

The immunostaining experiments performed by the tplooton microscope used to analyze the
rabbit nasaimucosaconfirmedthat there areanatomicaffeaturesthat significativelydistinguishthe
olfactory region from the respiratory onédiore precisely, these experiments pointed out the
similarities between different species such as humans and other mammals including rabbits.
Indeed, here we demonstrated the existence of neuroepithelium characterizing the olfactory
epithelium, which was &tady identified by thein-depth study of the human nasal mucosa
mentioned in literature®.

To detect the neuronal structure in the olfactory regitwg different olfactory antigenswere
selected as tags: the Olfactory Marker Protein (OMP) and the Olfactory Receptor, family 10,
subfamily R, member 2 (OR10R2). Two different primary antibegkesusedto specificallybind

the selectedags,andthey couldbevisualized thanks the labeling osecondary withAlexa Fluoi™

647, a neaiinfrared-fluorescent dye. This aspectraédevant, since this dye can be excited at 820 nm
originating a typical emission spectrum, whilglz¢ same wavelength the autituorescence signal
typical of the nortargeted area of the tissue &svoided,therefore any interferent signatouldbe
obtained.

OMP is a small cytoplasmatic protein characterizing the nasal mucosa of vertebrates, since it is
expressed in mature olfactory receptor neurons, specialized in the detection of odorant sfimuli

Even if the role of this protein is not yet completely clear, some studies have shown that it is
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activatedin the earlystageof olfactorytransductiort>. Twoimportant featuresof this protein make

it an ideal element tanalyze the characteristics of the nasal mucosa exploiting, as in this case,
immunostaining techniques: the first is its specificity, since it is widely expressedin the
chemosensory systent$?% the second consists in its phylogenetic conservation, meaning that its
expression pattern is similar among the vertebrate speéfesMoreover, even if the olfactory
epitheliumis composedf severaltypesof different cells,noneof them expressOMP whichis just
expressedn mature olfactory neuronst®2%-22

The second specific antigen selected as a tag for the neurons in the olfactory region was OR10R2,
that belonggto the OdorantRecepto(OR)protein family, consistingpf G-protein coupledreceptors

of aconsiderablesizethat are selectivelyexpressedn olfactory sensomeuronsin vertebrates®, It

is located in the superficial part of the olfactory neuroins,, at the level of the cilia exploited by

the neuron to capture the olfactory signalsfrom the external environment 2426, The images
acquired by the twephoton microscope exploiting the two antigens cited above were completely
in line with the descriptionof the olfactory nasalmucosafoundin literature, in whichthe olfactory
neurons are described as bipolar structures having the soma localized in the middle portion of the
nasalepithelium *°. The olfactory region is characterized by the extensive presencewrfons,
whose amount gradually decreasesmoving towards the respiratory region. Our findings
corroborate others reported in literature and performed on human nasal muéysiowing that

the neuronal structures present at the level of the olfactory mucosa extend through the lamina
propria towards the brain.

Moreover, the microscope analysis highlightbdt in the olfactory region it is possible to identify
different types of cells organized in different layers: basal, intermediate and apical, as reported for
humans®%;, however, the distinction between the three layers cannot be considered net as it is in
humans, since it is less evident as reported for other species such as rétents
Therespiratoryregionaswell wascharacterizedy microscopyin this case the selectedtagwasi

IV tubulin and the secondary antibody used to bind the primary antibody against this antigen was
labeledwith AlexaFluor™ 488, a greefluorescentdye.

I IVtubulin is an ubiquitousstructural protein characterizinghe microtubulesandit is presentin
mammalsin all the ciliatedcells,includingthe respiratoryepithelialcellsandthe olfactoryneurons

Y7 It is characterized by amminoacidic sequence thds considered one of the mogtighly
conserved in evolution, since among all the species the sequence is almost thé’stnseaspect
YI1Sa GKS IyiAo2Re dzaSR Ay GKA& @¢2N] aLISOAFAO
RSaAIYSR (2 NBO23yAl S GKS FydAaasdy eadaid Ay Y2dz
tubulin are present in olfactory cilia, while justo (among which the IV isotype) can be found in

the respiratory epithelial cell¥’.
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The images acquired by the twahoton microscope reflected what is described in literature; the
respiratoryregionappearedasa multi-layerof cellsthat expres<iliain their superficialpart, giving

rise to a compact layer of cilia each having an experimental measured dimension of ~ 9 um,
consistentwith the size reportedn literature whichis approximately5-10 um?22,

In this work, it was demonstrated that the number of cilia is significantly higher in the respiratory
region than in the olfactory one. A certamumber of cilia was also detected in the olfactory
epithelium. Indeed, these are the cilia expressed by the mature Olfactory Receptor Neurons (ORN)
which contribute to the transduction of the odor stimulus into a generator potential that travel to
the olfactorybulb*®* andthey arenon-motile, sonot involvedin the muco-ciliaryclearance'.
Themucociliaryclearance consistingin the interaction betweenthe nasalmucusand the ciliary
beating,is potentially responsiblefor the early removalof the administeredcompoundfrom the
absorptionsite %. For this reason,to allow the brain absorptionof the intranasallyadministered
drug, it isimportant to avoidits depositionon the respiratoryregionof the nasalmucosalndeed,

for noseto braindeliverypurposesthe administereddrugshouldbe deliveredto the olfactorypatrt,
giving that the olfactory neurons represent a direct connection betweemtsal mucosa and the
olfactory bulb localizedin the brain *°. In this way, the brain absorption of the administered
formulation as suchor the releaseddrug can be optimized, thus the active compoundcan be
absorbed from the neuron and directtielivered to the brain through the nose to brain pathway.
The ex vivo studiesperformed on a central and therefore transitional region of the rabbit nasal
mucosaby two-photon microscopypointedout that the siRNAloadedNPsvere ableto adhereand
penetrate acrossthe nasalmucosalayer. The siRNATMCNP formulation indeed, showeda well-
defined tendencyto interact with the surfaceof the mucosaas evidencedby the fact that the
formulation formed aggregatepossiblyasa resultof the interactionwith the physiologicahasal
secretionsand mucinsin particular. As expected,the NP formulation turned out to be more
mucoadhesivehan the free Cy3siRNAundera continuousaqueousflow simulatingthe
physiologicainucociliaryclearanceactivity.Indeed the nakedCy3siRNAvaswashedawayafter 10
minutes,while the formulation reachedthe sameminimumvalueafter 30 minutes. Furthermore,

the imagesacquiredwith the two-photon microscopeto visualizethe nasalmucosatreated with
siRNAloaded TMCNPsafter 30 minutesof washingconfirmedthe presenceof Cy3usedto label
siRNA.Theseresults are in agreementwith those already shown in literature 2°, showingthe
remarkablemucoadhesivg@ropertiesof TMC.

TheZscanof the nasaltissueobtainedfrom permeationexperimentsshowedthat SIRNA: TMGIPs
favorthe penetrationof the Cy3fluorescencen the tissuevia preferentialchannelsMoreover,the
penetration in the tissue increased over time, andréihutes after the treatment Cy3 emission

signalwasdetectedat 620um from the surface Thiswasprobablydueto the presenceof TMCthat
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ischaracterizedy well-knownabsorptionenhancingpropertiesattributed to its positivelycharged
quaternary amino group on-£ position that can electrostatically interact with anionic groups
belongingto epithelialO S fsurfac@lycoproteinsandtight junctions3*3% Thus, TMCcanopenthe

tight junctions®2improvingthe passagef the NPsor the cargoassuchacrosshe tissueexploiting

a paracellular transporf. The mechanism behind the TMC ability of opening the tight junchiass
been widely explored and it emerged that several elements are involved in the permeation
enhancing. First, the binding between TMC and the tight junctions consists of an electrostatic
interactionbetweenthe positivelychargedTMCandnegativelychargedsitesonthe tight junctions

3, Then the epithelialpermeabilitycan be enhancetecauseof the interactionbetweenchitosan

and claudird, the principal protein conferring to the tight junctions their characteristic barrier
properties **. This mechanism was demonstrated throughvitro immunofluorescence staining
experiments by Zhanet al. **. Moreover, it has been proposed that TMC could also improve the
permeation of compounds across the epithelial barrier by interacting with the transmembrane
protein occludin and altering its conformation, as reported by van der Mata. >3, The efficacy

of TMCaspenetrationenhancerhasalreadybeenconfirmedin exvivostudiesdone byAmidiet al.

3 that observed the penetration profile of protein2 F RAy 3 ¢a/ Yyl y2LJ NIAOt Sa
mucosa by confocal laser scanning microscopy. Afeating the tissue with either the TMC
nanoparticlesor the raw cargo used as reference, the group confirmed the presence of
nanoparticles inside the cytoplasmatic compartment of cells, while any signal was detected using
the rawprotein.

Similarlyn this study,the nonformulated Cy3siRNAurned out to be lessmucoadhesivehanthe
formulated one. In addition to this, the results from this work allowed us to hypothesize a better
permeation profile across the mucosal tissue when the NP formulation was exploited as drug
deliverysystemcomparedo the rawCy3siRNA.

Finally, it must be underlined that the studies shown in this work aiming at analyzingthe
mucoadhesiomndmucopenetrationprofile of chitosannanoparticlesywere doneon agenericpart

of the nasal mucosa that is likely a transitional region between the olfactory and the respiratory
region. However, consideringthe anatomical and physiologicaldifferences between the two
mentioned areas, further studies are required to assessdifierence in terms of adhesion and

permeationacross bottone andthe other regions.
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5. CONCLUSION

The immunostaining study carried out in this work allowed to in depth understand the anatomical
features distinguishing the olfactory from the respiratory region. The imaging analysis confirmed
the anatomical description of the nasal mucosa reported in literature and allowed to increase the
knowledge about the characteristics of the nasal tissue. Indeed, the characterization of the nasal
mucosa done by the twphoton microscope pointed out that there is not an ideal net separation
betweenthe respiratoryregionto the olfactoryone, but there are structures,suchascilia,common

to both. Therefore the maindifferencesconsistin the concentration organizationrandfunctionthat
thosestructureshavein the different areasof the nasalkepithelium.Thestudiesperformedto assess

the drug adhesion tahe tissue and its penetration across it with and without the wdea

nanocarrier,highlightedthe importanceof intranasallyadministeringdrugs by suitable delivery

systemssuchasnanoparticlesto enhancemucoadhesiorand guaranteethe penetrationacross

the mucus layer anthe absorptionthroughthe tissue.
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GENERACONCLUSION

The research work illustrated in this Doctoral Thesis aimed at exploring and demonstrating the
remarkableversatilityof the intranasalIN)route for the administrationof drugshavingapreventive
or atherapeuticrole againstawide rangeof diseasesMoreover,it wasshownthat INadministration
can be exploited both for topical and systemic treatments, when drug absorption is required. In
addition, even if this aspect was not developed in this work, the nasal route also represents a safe
and efficient choice for the administration of vaccines. In addition to vaccines, that are preventive
therapiespar excellencealsoproductsaimedat actingasbarrier againstinhaledpathogenscanbe
intranasally administered. It is noteworthy that nasal barrier products have become dramatically
important duringthe pandemigeriodto counteractSARSCoVH A Yy F Speddh 2 Y Q &
The advantages of IN administration have been widdigtrated in this thesis, as well as its
limitations. Nanotechnologyvasexploitedin this work to overcomethe mainissuescharacterizing
the nasal delivery, comprehending the early removal from the deposition site cangdtle
mucociliary clearance and the need to bypass the superficial mucus layer to reach the epithelial
absorption site. In addition to this, nargystems were exploited to encapsulate and stabilize
complex drugs antiprovetheir bioavailability.
In particular, abiocompatible nanesized drug delivery system consisting of polyethylene glycol
1000 succinate (TPGS) micelles was developed and optimized to encapsulate the poorly soluble
peptide drug cyclosporine A (CSA)to enhance its efficacy via nasal administration. The
chemical/physical features and the prolonged stability over time make TPGS micelles extremely
suitablefor INadministrationof peptidedrugs.Indeed,it wasdemonstratecthat the extremelylow
particle size combined to the almost neutral PEGylatadiase allowed the micelles to efficiently
deal with the mucus layer overlying the nasal mucosa and rapidly penetrate across it to reach the
epithelium.
ThelNtreatmentwith CSAoadingmicellesturned out to be extremelyversatile sinceit wastested
in two completely different pathological contexts, namely upper airways viral infections and
neurologicainflammatorydisorders.
Indeed, the IN treatment with CSA formulated as micelles was proposed for both counteract early
SARE0V2 infection that mainly affects the upper airways, and as a prevention against
neuroinflammation that is a remarkable key factor in the development of neurodegenerative
diseasesanddepressionTheefficacyagainstviral infection was confirmedn vitroand theresults,
combined with those obtained on aex vivomodel of nasal mucosa to simulate the IN
administration, confirmed the promising antiviral activity of intranasally administered CSA
encapsulatedn micelles.Considering these promising results, the fundings of this work could be
integrated withfurther in vivo safety and efficacy test, which could be also useful to clarify whether
142



the antiviral activity depends on a local effectifot requiresthe absorption of the drug. This detail
indeed, still needs to be clarified since the antiviral efficacy of the treatment was just assessed
vitro.

In addition to this, the neuroprotectivepropertiesof CSAoaded TPG$nicelleswere confirmedin

vivo on an LPS injected mice model of neuroinflammation;in this casemicelles not only
demonstratedto be suitablefor IN administration,but also,turned out to be safeand suitable for
Noseto-Brain delivery of the peptide drug, that was not able to provide rasticeableeffectwhen
administeredorally. However the use of a mouse model as done in this Doctoral Thesis could be
OKIFffSyaay3as asaad®mys ddnativayddiifeSentFronythe human one. More
precisely, since effective Nose-Brain delivery strongly depends on the ability of the drug to be
precisely administered on the olfactory region of the nasal mucosa, the extremely limited area of
themodzd SQ& ylalf YdzOo2al O2dAR KIF@S fAYAGSR GKS I ¢
the brain. Fors this reason, in a future perspective, a most suitable animal model could be exploited
to improve thetranslatabilityof data from the animal to thedman and improve the predictability

of the behavior of thamicellar formulation once administered in human nose. For this purpose, a
suitable candidate could be a rabbit model, since here we have demonstrated a remarkable
AAYATIFINRGE 0S0G6SSYy NIooAGQa FYyR KdzYly yIalf Ydx
Inthe contextof aNoseto-Braindelivery the role of the olfactoryepitheliumappearedo be crucial
andstill poorly understoodfor lackof relevantin vitro and exvivomodels.

The immunohistochemicastudy of rabbit nasalmucosaperformedin the contextof this Doctoral
Thesislemonstrated the possibility to isolate the olfactory region of the animal nasal epithelium
that isanatomically and histologically in close connection with the Central Nervous System (CNS).
Thepresenceof olfactory neuronspotentially ableto intake drugmoleculesanddrive themto the
brainhasbeenconfirmedby the two-photon microscopeanalysif the olfactoryareaof the tissue.
Theseesults open to the possibility of exploiting thég vivomodel to better understand the fate

of molecules, appropriately formulated and delivered with a nasal device allowing for deposition
on the olfactorymucosa.

Thishasbeendemonstratedpreliminary,throughexvivoexperimentswith the rabbit nasaimucosa
performed using a trimethyl chitosan nanoparticle formulation encapsulating siRNA developed by
anotherresearchgroup (Prof.RavinNarain,Universityof Alberta,Edmonton,Canada)Theseesults
confirmed the crucial role that nanotechnology plays in Nms&rain delivery. Indeed, the results
includedin the DoctoralThesiglemonstratedthe chitosanbasedpolyplexessuperioritynot onlyin

terms of interaction with the nasal mucosa but showed a remarkable enhancement penetration
acrosghe nasakepitheliumin comparisorwith the nonformulatednucleic acid.

In conclusion, the administration of dreencapsulating nansized drug delivery systems by IN
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route represents an innovative and extremely versatile way to reach a topical, systemic or brain
delivery of complex and challenging drugs including peptides, unstabfany bioavailable

molecules.
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