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“We dance for laughter
We dance for tears
We dance for madness
We dance for fears
We dance for hopes
We dance for screams
We are the dancers

We create the dreams”

Albert Einstein
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Food spoilage has become in the last decades one of the biggest challenges faced by
the food industry. Contamination by micro-organisms resulting in products unacceptable
for human consumption is listed as one of the major causes of food spoilage and can be at
a large extent prevented by preservation methods among which application of
antimicrobial compounds is quite popular. In the past years, a growing demand of
customers for more natural antimicrobials and reduced processing treatments, coupled
with high research costs and numerous regulatory hurdles set by health authorities while
considering development of new preservative molecules, has led the food antimicrobial
suppliers to preferentially focus on the reformulation and improvement of already
approved ingredients, aiming at maximizing their antimicrobial efficiency and adapting
their functionality to new food applications. Natamycin, a naturally-occurring
preservative produced by DSM Food Specialties, is one of the most widely used
antifungal molecules for the protection of food surfaces. This compound presents several
appealing properties linked to its natural origin, long history of safe use, efficiency at low
concentrations and limited impact on organoleptic properties of food products. Current
existing formulations based on crystalline natamycin particles face however several
challenges to provide appropriate antimicrobial activity. Low aqueous solubility which
limits significantly the availability of natamycin in dissolved state, necessary for
antifungal activity and diffusion towards the sites of action, is the first hurdle
encountered. High sensitivity and undesired degradation of the preservative while
exposed to environmental conditions such as extreme pHs, UV light or oxidation, is also a
significant issue. Finally, current formulations offer limited specificity, tunability and

possibilities of controlled release.

In this PhD thesis, incorporation of natamycin within nano-encapsulation systems was
explored to evaluate if these new formulations could bring effective answers to the issues
of availability, early-stage degradation and limited tunability identified for the native
crystalline preservative. A product development approach was implemented with Part |
focusing on the development and characterization of nano-carriers presenting suitable
properties for the encapsulation, delivery and protection of the preservative, while Part 11
describes further treatment of the obtained nano-suspensions and transformation into

purified, concentrated or dried products that could possibly be commercialized.
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In Part 1, nano-encapsulation systems based on biodegradable polymeric nanospheres
(Chapter 2) and liposomes (Chapter 3) were evaluated as model nano-carriers for
natamycin and compared in terms of relative benefits and limitations for the
encapsulation, delivery, antifungal performance towards the model yeast Saccharomyces
cerevisiae and stability of the preservative upon storage. Polymeric nanospheres and
liposomes were respectively prepared by nanoprecipitation and solvent injection. Both
methods are compatible with the restricted solubility properties of natamycin and are
based on the preparation and single-step injection of an organic phase — containing the
preservative, the carrier material (in our case poly-lactide-co-glycolide PLGA and
soybean lecithins) and a solvent fully miscible with water — into an aqueous phase.

Nanoprecipitation of low molecular weight PLGA dissolved in an acetone/methanol
2:1 mixture allowed reproducible formation of nano-sized spherical particles (60-120 nm)
with a narrow polydispersity (0.15-0.2). Formation of an electrostatic complex with
PLGA and presence of natamycin in a non-crystalline state were evidenced.
Encapsulation levels were however limited (maximum 1.4% of loading efficiency), with a
large amount of preservative remaining in the aqueous phase or adsorbed at the surface of
the particles. Although this translated interestingly into higher availability, fast release
Kinetics rates and enhanced antifungal activity over the first two days of application, the
preservative stability upon storage could not be ensured successfully.

Nano-liposomal suspensions prepared from deoiled food-grade soybean lecithins
dissolved in methanol were the second option studied and led to the formation of small
unilamellar vesicles (< 130 nm) with less controlled polydispersities (0.21-0.26) than
PLGA nanospheres. Encapsulation of natamycin was however possible at much larger
extents with a particular affinity highlighted for charged phospholipid heads. Addition of
sterols (cholesterol, ergosterol) in the lipid mixture was found essential for the
maximization of the entrapment levels (up to 5.6-5.8% loading efficiency) and for the
reduction of chemical instability of the preservative via specific complexation and
improvements of the mechanical stability of the membrane, avoiding extensive leakage of
natamycin towards the external medium. By modulating the membrane permeability,
incorporation of sterols allowed additionally fine-tuning of the release rates and durations
of the antifungal activity.

In relationship with the challenges identified for crystalline natamycin, Part | gave the
proof of principle that nano-encapsulation can bring an answer to the desired higher

availability of preservative molecules for enhanced antifungal activity. Possible tunability
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and controlled release were also highlighted for liposomes. However, nano-encapsulation
systems did not bring an effective answer to the chemical instability of the preservative,
with losses of natamycin remaining at levels too high to be acceptable for customers even

for the best liposomal formulations prepared.

In Part 11, possibly scalable post-treatments were applied to both PLGA nanospheres
and liposomes with the aim of simultaneously developing commercially suitable
formulations and tackling remaining stability issues. Tangential Flow Filtration (TFF)
was applied in Chapter 4 to obtain either concentrated suspensions or suspensions
purified from non-encapsulated preservative and unassociated carrier material. In Chapter
5, lyophilization was investigated as an approach to transform liquid suspensions into
redispersible dry powders, easier to store, transport and handle by customers. Focus was
put on the evaluation and comparison of both techniques in terms of conservation of the
nanoparticle integrity and original size characteristics, undesired premature release of the
encapsulated preservative and benefits for the physical stability of the nanoparticles and
chemical stability of natamycin upon storage.

TFF implemented at lab scale with polysulfone hollow fibers membrane was found
acceptable for the preparation of concentrated PLGA nano-suspensions, leading to a
beneficial increase in solid content and reduced losses of natamycin upon storage.
Membrane fouling and long processing times remained however non-negligible and could
become a hurdle at larger scale. Benefits of concentration and purification processes were
not evidenced in the case of liposomal suspensions due to premature leakage of
natamycin and low resistance of the lipid bilayers — even when sterol-enriched — to
mechanical stresses occurring during the process, leading upon storage to higher losses of
preservative than in the original suspension.

Preparation of dry powders by lyophilization in presence of protective excipients
turned out more valuable than TFF for the physical and chemical stability of both
natamycin and nano-carriers. Particularly, incorporation of trehalose in the nano-
suspension allowed formation of easily redispersible amorphous cakes with conservation
of PLGA nanospheres and liposomes size characteristics not only after lyophilization but
also upon storage. Shelf-life of natamycin in the dried products was undoubtedly
enhanced compared to corresponding aqueous suspensions and concentrates obtained by
TFF, making lyophilization a very promising technique to consider for development of

commercial formulations of the nano-suspensions.
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In de laatste decennia is voedselvergiftiging een van de grootste uitdagingen
geworden voor de voedingsmiddelenindustrie. Microbiéle groei wordt genoemd als een
van de belangrijkste oorzaken van voedselbederf. Besmetting door micro-organismen kan
grotendeels worden voorkomen door beschermingsmethoden, waaronder het gebruik van
antimicrobiéle verbindingen een populaire methode is. In de afgelopen jaren werd er een
groeiende vraag van klanten naar meer natuurlijke conserveringsmiddelen of verminderd
gebruik van deze middelen waargenomen. De ontwikkeling van nieuwe antimicrobiéle
moleculen wordt echter bemoeilijkt door hoge onderzoekskosten en talrijke wettelijke
obstakels gesteld door de gezondheidsautoriteiten. Daarom hebben leveranciers de
voorkeur gegeven aan herformulering en verbetering van al goedgekeurde ingrediénten,
met focus op het maximaliseren van hun antimicrobiéle efficiéntie en aanpassing van hun
functionaliteit voor specifieke levensmiddelen toepassingen. Natamycine, een
conserveermiddel geproduceerd door DSM Food Specialties, is een van de meest
gebruikte antischimmelmiddelen in voedsel beschermlaag. Dit molecuul heeft een aantal
gunstige eigenschappen, zoals een natuurlijke oorsprong, lange geschiedenis van veilige
menselijke consumptie, efficiéntie bij lage concentraties en geen merkbare invlioed op de
organoleptische  eigenschappen  van  voedingsmiddelen.  Huidige natamycine
formuleringen zijn er alleen op basis van Kkristallijne deeltjes, wat verschillende
uitdagingen geeft in de toepassing. De eerste hindernis is de slechte oplosbaarheid in
water, wat de beschikbaarheid van moleculaire natamycine, noodzakelijk voor de
antischimmelactiviteit, aanzienlijk begrenst. Een ander belangrijk probleem is de hoge
gevoeligheid en ongewenste degradatie van het conserveermiddel bij blootstelling aan
omgevingsomstandigheden, zoals extreme pHs, UV licht of oxidatie. Tenslotte is het niet
mogelijk om specificiteit, maatwerk en gecontroleerde afgifte te bieden met de huidige
formuleringen.

Het onderzoek beschreven in dit proefschrift heeft betrekking op de incorporatie van
natamycine in nano-encapsulatie systemen om te evalueren of deze nieuwe formuleringen
doeltreffende oplossingen kunnen bieden voor de problemen die geidentificeerd zijn voor
kristallijne natamycine, waaronder beschikbaarheid, vroegtijdige degradatie en beperkte
mogelijkheden voor maatwerk. Deel I van dit proefschrift is gericht op de ontwikkeling
en karakterisering van twee nanocarriers met geschikte eigenschappen voor het
inkapselen, afgifte en bescherming van het conserveermiddel. Deel Il beschrijft de
nabewerking van de geproduceerde nanosuspensies en hun transformatie naar gezuiverde,

geconcentreerde of gedroogde producten die geschikt zijn voor commercialisering.
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In Deel 1, zijn nanosferen gemaakt van biodegradeerbare polymeren (Hoofdstuk 2) en
liposomen (Hoofdstuk 3) geévalueerd als potentiéle nanocarriers voor natamycine. Beide
systemen werden vergeleken op hun relatieve voordelen en beperkingen wat betreft
inkapseling, afgifte, antifungale activiteit tegen het modelgist Saccharomyces cerevisiae
en stabiliteit na opslag. Polymere nanodeeltjes en liposomen werden respectievelijk
bereid door nanoprecipitatie en “oplosmiddel injectie”. Beide methoden zijn compatibel
met de slechte oplosbaarheid van natamycine en bestaan in de bereiding en snelle injectie
in een waterige fase van een organische fase, wat bestaat uit het antischimmelmiddel, het
materiaal voor de nanocarriers (in ons geval poly(lactide-co-glycolide) PLGA en
sojalecithine) en een oplosmiddel dat volledig mengbaar is met water.

PLGA met een laag molecuulgewicht werd geselecteerd en opgelost in een mengsel
aceton /methanol 2:1 v/v om de nanoprecipitatie uit te voeren. Sferische nanodeeltjes met
smalle polydispersiteiten werden met goede reproduceerbaarheid verkregen. De vorming
van een elektrostatisch complex met PLGA en de aanwezigheid van natamycine in een
niet-kristallijne toestand werden aangetoond. Inkapseling werd echter beperkt en een
groot deel van natamycine bleef in de waterige fase of werd geadsorbeerd op het
oppervlak van de deeltjes. Dit resulteerde in opvallende hogere beschikbaarheid van
moleculaire natamycine, snelle afgifte en verbeterde antifungale activiteit tijdens de eerste
twee dagen. Helaas kon er niet voldoende stabiliteit worden bereikt tijdens opslag.

Nanoliposomale suspensies gemaakt uit ontoliede food-grade sojalecithine, opgelost
in methanol, werden als tweede mogelijkheid onderzocht. Door oplosmiddel injectie
werden kleine unilamellaire vesicles geproduceerd, echter met minder gecontroleerde
polydispersiteiten en reproduceerbaarheid dan de PLGA nanosferen. Inkapseling van
natamycine was echter mogelijk op een hoger niveau en werd vergemakkelijkt door de
aanwezigheid van geladen fosfolipiden. Het toevoegen van sterolen (cholesterol,
ergosterol) in het lipiden mengsel werd essentieel bevonden voor het bereiken van
maximale efficiéntie van de inkapseling en voldoende chemische instabiliteit, via
specifieke complexvorming van natamycine met de sterolen en verbetering van de
mechanische stabiliteit van het lipiden membraan. Door incorporatie van sterolen werden
ook modulatie van de membraanpermeabiliteit en het afstellen van de afgiftesnelheden en
antifungale activiteit mogelijk gemaakt.

Met betrekking tot uitdagingen van het kristallijne conserveermiddel gaf Deel | het
bewijs dat nano-inkapseling een oplossing kan bieden voor de gewenste hogere

beschikbaarheid van moleculaire natamycine voor verbeterde antischimmelactiviteit.
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Interessante opties voor product-specifieke afstemming en gecontroleerde afgifte werden
ook voor liposomen aangetoond. Beide nano-systemen boden helaas geen doeltreffende

oplossing voor de stabiliteit, zelfs bij de meest optimale liposomale formuleringen.

In Deel Il werden potentiéle opschaalbare nabewerkingsmethoden op PLGA
nanosferen en liposomen toegepast om tegelijk commerciéle formuleringen te
ontwikkelen en de stabiliteitsproblemen verder aan te pakken. In Hoofdstuk 4 werd
Tangentiéle flowfiltratie (TFF) bestudeerd met als doel om suspensies te zuiveren van
losse natamycine of polymeren en fosfolipiden, en om geconcentreerde suspensies te
verkrijgen. In Hoofdstuk 5 werden vloeibare suspensies bij lyofilisatie in
herdispergeerbaare droge poeders getransformeerd. Hel doel was hier de evaluatie en
vergelijking van beide technieken met bettrekking tot de instandhouding van de integriteit
en de grootte van de nanodeeltjes, tot ongewenste vroegtijdige afgifte van de inkapselde
natamycine en tot voordelen voor de fysische stabiliteit van de nanodeeltjes en de
chemische stabiliteit van het antischimmelmiddel.

TFF werd met holle vezel polysulfon membranen op laboratoriumschaal geprobeerd
en werd voor de bereiding van geconcentreerde PLGA nanosuspensies aanvaardbaar
gevonden door een verhoging van deeltjesconcentratie en een verminderde degradatie van
natamycine. Membraanvervuiling en lange doorlooptijden bleven echter niet
verwaarloosbaar en zou een hindernis op industriéle schaal worden. Voordelen van
concentratie en zuivering werden niet voor liposomale suspensies aangetoond ten gevolge
van de slechte weerstand van lipide bilagen — zelfs indien verrijkt met sterolen — tegen
mechanische belastingen tijdens het TFF proces en de vroegtijdige lekkage van
natamycine, die tot hogere degradatie dan in de originele suspensie na opslag leidde.

De productie van droge poeders door lyofilisatie in aanwezigheid van beschermende
hulpstoffen leek waardevoller dan TFF voor de fysische en chemische stabiliteit van
natamycine en nanodeeltjes. Vooral, de incorporatie van de suiker trehalose in de
nanosuspensies maakte de vorming van gemakkelijk herdispergeerbaare amorfe poeders
mogelijk, waarin de instandhouding van de eigenschappen van zowel PLGA nanosferen
en liposomen niet alleen net na het vriesdrogen maar ook na opslag wordt bereikt. The
houdbaarheid van natamycine in de gedroogde producten werd ook aanmerkelijk
verbeterd in vergelijking met waterige or geconcentreerde suspensies, waardoor
lyofilisatie een veelbelovende techniek voor de ontwikkeling van commerciéle

formuleringen uit nanosuspensies lijkt.
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Chapter 1

General introduction

The opposite for courage is not cowardice, it infoomity.
Even a dead fish can go with the flow.
Jim Hightower



Chapter 1 — General Introduction

1.1. Food spoilage, a worldwide challenge

Food spoilage has in the last decades become ameu®s problem throughout the
world with a significant amount of raw materialeoél, feed and agricultural products
thrown away every day by food companies, retait@rsonsumers. Precise numbers are
difficult to obtain but rough estimations of the BAndicate that approximately one-third
of the food produced for human consumption is whgtebally each year [1]. Economic
losses and environmental impact related to thislagge are of course considerable with
not only a waste of resources like raw materiakstew fertilizers and energy but also the
emission of greenhouse gases during productiomspiat and waste treatment. An
ethical aspect is also present with food losseatiog a lack of security and higher price
volatility that quite often impacts populations fime developing countries. Facing the
limited resources available on the planet and tioavigng world population, reduction of
food spoilage throughout the whole supply chain basome one of the biggest
challenges faced by the food industry [2-5].

Spoilage occurs when food products become unaddepfiar human consumption,
either due to modifications in sensorial charastms such as texture, taste, smell or
appearance that are rejected by the consumersjeotodthe formation of pathogens or
toxins harmful for humans [5]. Environmental fastaguch as temperature, humidity,
oxygen and light can trigger several reaction meigmas leading to food degradation and
changes in organoleptic properties. The major cafideod spoilage remains however
the contamination by micro-organisms such as bact@gtseudomonas, Salmonella,
Escherichia Coli)and fungi (yeast¢Saccharomyces, Candiday molds (Penicillium,
Aspergillus). Microbial contamination appears as a constahkt ailong the whole supply
chain and is estimated to cause about a quartéreofvorld’s food supply loss [2]. This
represents for instance an economic loss of or®rbiper year in the USA and ten
millions in Australia. In countries with tropicallimates, fungal spoilage alone is
responsible for an estimated 5-10% of total fom$és.

Food spoilage is preventable to a large degree tuyyngber of preservation methods
that can reduce, slow down or eradicate the riskiefobial contamination and extend
the product shelf-life. Preservation techniquesdusethe food industry [4-5] can be
classified in two categories (physical and chempraltection) and are nowadays quite
often used in combination to set-up multiple basriagainst micro-organisms. Physical

preservation relates to the application of meassues as heat treatment (sterilization,
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pasteurization), refrigeration (cooling, freezinglghydration (drying) and irradiation,
mainly aiming at suppressing essential microbiawgh conditions. Chemical methods
are characterized by the addition of preservativeleoules [6-8] acting either on
environment (pH stabilizer, antioxidant), in ther&apurpose than physical methods, or
on the micro-organisms themselves via killing ohilmtion action (antimicrobial
compounds). Traditional preservatives englobe sngaid compounds and their salts
(benzoate, acetate, nitrate, sorbate, propiong@jabens, sulfites, as well as more
complex naturally-occurring compounds such as faoto, peptides (lysozyme, nisin)
and natamycin. More recently, antimicrobial compagirhave been developed from
natural sources including for instance essentlaland spices [9-10].

Recent trends on the market indicate a growing denaad preference of customers
for reduced processing treatments of food prodastsvell as limited use of chemical
compounds [9-10]. Shifting towards new natural raigrobials is one possibility
explored by food manufacturers but is not favorgdigh research costs and regulatory
hurdles set by health authorities that make thercuap procedure very tedious.
Improving the functionality of already approved liedients, mainly by working on their
reformulation, is nowadays the preferred approathood preservative suppliers to
maximize antimicrobial efficiency and reduce thegities involved in food protection
treatments. The need for enhanced functionality eff@tiency of the preservative
molecule natamycin supplied by DSM Food Specialiegldressed in this PhD thesis.

1.2. Natamycin, usage and properties

Natamycin (Figure 1.1) [11], also known as pimamjcis a naturally-occurring
polyene antifungal compound, discovered in 1958 soil sample from the province of
Natal, South Africa, and introduced to the markell®67. Produced by fermentation of
the bacteriaStreptomyces natalensisiatamycin is commercialized by DSM Food
Specialties under the Delvo&idamily brand and is approved worldwide as food
preservative by food safety authorities [6-7], wiith adverse effects on human health
reported. Main applications of this antimicrobiangpound in the past decades focused
on the long-term protection of food surfaces ofedeeand fermented meat (sausages for
instance), by applying coatings containing natamyaiystalline particles that dissolve

slowly to provide the antifungal activity. More meatly, applications by direct
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incorporation of natamycin in food products suclyaghurts, beverages, wines or baked

goods have emerged in some countries.

Figure 1.1: Chemical structure of natamycin

Natamycin provides antimicrobial action selectivébyvards fungi without activity
against bacteria, preventing interference with fpodcessing. Compared to other food
preservatives, natamycin possesses a broad adpaistrum and is efficient at low doses
with minimum concentration necessary to inhibit mi@al growth (MIC) below 3-10
ppm for most know food microbes [12-14]. Natamypiesents the added advantage of
not triggering development of resistance mechanisynfungi as could be the case for
other antibiotics compounds. Finally, when incogted or applied on food products,
natamycin has not been reported to affect the épadity or organoleptic properties.

The mechanism of action of the polyene has beamtlgcexplained by the diffusion
and strong binding of natamycin molecules to thgosterol present in biological
membranes [15]. Ergosterol is a building block acfast and molds membranes,
responsible mainly for intracellular nutrient trpngt, protein function and vacuole fusion.
The complex natamycin-ergosterol limits the mopibf the latter in the membrane and
prevents it to play its active role in the survighlthe fungi. Absence of ergosterol in the
membrane of bacteria explains the absence of atihal activity of natamycin.

Regarding its chemical properties, natamycin digpthe classical structure observed
for other polyene macrolide antifungals [13-14]s&s the well-known amphotericin B
(AmB) and nystatin. These compounds are charaetbriby the presence of a
macrocyclic ring closed by lactonization, with oside containing conjugated tetraene
double bonds while the opposite side features uarimxygen functions. An additional
sugar moiety, called mycosamine, is also presedtliaked to the ring by a glycosidic

bond. The presence of a carboxylic group on thg and an amino group on the sugar
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moiety confers an amphoteric character to natamwdtim an isoelectric point around pH
6.5 (pKs 4-4.5, pk 8.6) [11]. Natamycin also presents an amphiplaipect explained
by a very polar end (carboxylic group and mycosanand a macrocyclic ring in which
the two sides themselves have different propeftigedity and hydrophobicity for the
tetraene structure, flexibility and hydrophiliciiyr the opposite side). Though it has been
proven that natamycin does not form self-assocaiadtouctures in water [16], in opposite
to polyene antibiotics with larger molecular weighich as amphotericin and nystatin,
this feature leads however to an intermediate debhaand rigid conformation that must
be considered in formulations. Particularly, thmils considerably the solubilization of
natamycin in water or solvents (Table 1.1). Highsslubilization levels have been
reported for polar solvents among which methanahethylsulfoxide, glycerol and
propylene glycol [11,13]. The presence of hydrosyld zwitterionic groups makes
natamycin insoluble or very sparingly soluble iry ather solvents like higher alcohols,
ethers, esters, aromatic or aliphatic hydrocarlmnsetones. Solubility in water is very
poor (20-50 ppm), mainly due to the tetraene gtmegtand can be enhanced by
dissolution in acidic or alkaline solutions withtaycin still being active against fungi
on the pH range 4-9. Natamycin suspensions withirpithe range 5-9 are stable for
several years while stored in the dark, almosttalsles as the native powder (trihydrate
crystalline form). However, stability can be trerdeusly reduced by the use of extreme
pH (hydrolysis of the glycosidic link, saponificati of the lactone), exposure to heat,
oxidation or UV light (fast cleaving of the tetraehonds) and presence of heavy metals
(catalysts for the cleaving). All mechanisms quittken happen simultaneously and
deactivate natamycin rapidly, creating non-toxict lunfortunately non antifungal

decomposition products [11,13].

Table 1.1: Solubility of natamycin in various solvents, adapted from [11]

Solvent Solubility (mg/mL)
Water 0.020-0.050
Methanol 3.3
Ethanol 0.04
Acetone <0.01
Ethylacetate <0.01
Glycerol 15
Propylene glycol / ethylene glycol > 20
Dimethylsulfoxide 15
Glacial acetic acid 250
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1.3. Nano-encapsulation, a valuable option for natamycin

Thanks to its natural origin, long history of safge, efficiency at low concentrations
and limited modification of food products, natamycemains particularly appealing for
food preservation but could undoubtedly benefit nfrofurther enhancement of
functionality and efficiency.

Main challenges faced while using natamycin arateel to the solubility and stability
properties mentioned previously. The poor aqueahsbsity of natamycin indeed not
only limits its availability in molecular state foantimicrobial activity but also its
diffusion rate to the site for antifungal actionhig is particularly relevant for food
coating applications where limited diffusion rasnaesult in heterogeneous protection of
the surface and difficulty to maintain on the Idegm a concentration superior to the
MIC required against micro-organisms. On the ottend, stability issues, particularly
exposure to extreme pH and oxidation phenomena @mfor food products, result in a
premature decrease in the antimicrobial activity. bloth cases, higher quantities of
preservative have to be incorporated in the fortradao compensate the loss and ensure
protection during the desired period. Another int@otr aspect is the limited specificity
and tunability of current natamycin formulationgsbd mainly on the dissolution of
crystalline particles that offer little possibiég of targeted action or controlled/triggered
release rate.

Answers to availability and degradation issues & was tunability could all be

provided by performing encapsulation of nhatamyaoto inano-carriers.

Technologies to encapsulate molecules of interestié nano-carriers have emerged
in the last decades making use of the specificipbghemical properties of nanoparticles,
namely their large surface-to volume ratio thaultssin high reactivity and confers to
them properties substantially different from miadgles. Pharmaceutical and medical
applications are predominant in the literature IB]-acknowledging many advantages of
nano-encapsulated drugs over the native drug, asgbrolonged life-time and stability,
improved solubility, release at a sustained androted rate, delivery to targeted tissues
or cells, reduced toxicity of the drug or enhanbeshvailability. Nano-encapsulation is
also under development in the food industry thopgbducts on the market are still
limited [19-23]. Main applications so far relateftmctional ingredients such as vitamins,

antioxidants, coloring or flavoring agents, antirolwals, enzymes, etc... Stated benefits



Chapter 1 — General introduction

of nano-encapsulation are in these cases highdabiity of food bioactive component
ingredients, selective delivery to specific locatia the food product (for instance, lipid
domains), reduction of incompatibility with otheood components and stability
improvements, avoiding unnecessary overdosingettimpound of interest.

A wide range of nano-carriers including mainly digdased nano-systems (nano-
emulsions, solid lipid nanoparticles, microemulsiorliposomes) or biodegradable
polymer-based nano-carriers (polymeric nanosph@agmeric micelles, nanocapsules,
polyelectrolytes complexes) has been investigatedidod or drug nanodelivery with
their own specific advantages and disadvantagesnicaipsulation, protection, and release
of functional ingredients, as well as for produstiocosts, regulatory status,

biodegradability and biocompatibility [19,22].

The main hurdle to take into account in the caseatdmycin is its specific structure
and solubility properties. Most encapsulation systeare indeed described for either
hydrophilic or lipophilic compounds but limited kwtedge has been established for
small amphoteric and amphiphilic molecules. It @vever legitimate to assume that,
based on its chemical structure, natamycin wikiact preferentially with carrier material
having the ability to create electrostatic/hydrogdionding or presenting a
polar/amphiphilic character. A limited number ofeatpts have been reported so far with
such nano-carriers for the encapsulation of natamaied were all focused on application
for ocular antifungal treatment. Bhatta et al. [24}cribed for instance the inclusion of
natamycin in charged chitosan/lecithins mucoadleesianoparticles, characterized by
high levels of encapsulation and a slow releastepathat demonstrated a clear benefit
for prolonged ocular delivery. Similar increase pérformance, improvement of
bioavailability and prolonged release were obsend Phan et al. [25] while
encapsulating the preservative in polar ppli£lactide)-dextran copolymer micelles and
incorporating them in contact lenses. These prakmy results confirm that interesting
properties can be generated via the encapsulatioatamycin inside nano-carriers.

While looking broader at the encapsulation of amiobial compounds in
nanoparticular systems [26-28], either for pharmé#cal or food purposes, for polyene
antimicrobials or other antibiotics with a chemicstructure similar to natamycin,
liposomes and biodegradable polymeric nanosphenesge as the two most promising

formulations that could be evaluated.
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1.4. Liposomes

Liposomes are commonly defined as closed sphesitabed vesicles consisting of an
internal aqueous core surrounded by one or moic bijayers, in a structure very similar
to biological membranes (Figure 1.2) [29-30]. Theidl bilayer contains polar
amphiphilic molecules such as phospholipids [31-3@ftracted from natural oils
(sunflower lecithin, soya lecithin) or egg yolk. d&pholipids possess a hydrophobic
double fatty acid tail, with variable compositiomdalength related to their original source,
as well as a hydrophilic head, made of a phospipatep connected to a small molecule,
conferring a charge or neutral/zwitterionic aspéat the molecule. The classical
phospholipids structure is illustrated in Figur8al.Sterols are also commonly added to
the lipid mixture and known to modify the fluidignd stability of the bilayer (Figure 1.3b)
[33-34].

Lipid bilayer

Aqueous core

Figure 1.2: Structure of liposome assemblies

Formation of liposomes is based on the non-spooteanassembly of phospholipids
related to unfavorable interactions occurring betwé¢hese amphiphilic molecules and
water [35-36]. Under the right conditions, hydroplwotails are forced to face each other
creating the bilayer, while polar heads are oriérttevards the external inner or outer
aqueous medium. Depending on the manufacturingepspdiposomes can range from
tens of nanometers to a few micrometers and showvareety of structures such as
unilamellar (single bilayer), multilamellar (multg bilayer membranes arranged in a
concentric structure) or multivesicular (when lippges contains other random-sized
vesicles [29]). Nano-liposomes are known as smailamellar vesicles (SUVs) with
diameters ranging from 20-100 nm. These nano-dipedomes can be obtained by two
main techniques [29-30,37]. The first type involre® steps: the formation of large or
multilamellar vesicles with further post-treatmesither by sonication or extrusion
through filters of well-defined pore size [37-38]simple one-step method called solvent
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injection [29,39-40] is also available and involthae dissolution of the phospholipids in
a solvent miscible in water in all proportions. Tingection of this lipid solution in an
aqueous phase and the rapid diffusion of the solrgyger the sudden desolvatation of
phospholipids and their assembly into bilayers.
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Figure 1.3: Phospholipids composition (a) and sterols structure (b)

Liposomes are highly attractive for pharmaceutioalfood applications [41-43]
owing to their natural origin, biodegradabilitypbompatibility and inherent non-toxicity.
Liposomes are moreover recognized as universakcathat can entrap a wide variety of
water-soluble, lipid-soluble or amphiphilic matésiaHydrophilic molecules are generally
encapsulated within the aqueous core, protectad frtbanges in the external aqueous
phase or from interaction for other components.oplplic molecules are on the other
hand entrapped in the core of the bilayer, whileplayhiles preferentially position
themselves between the phospholipids moleculeg ¢tothe water interface. Eventually,
highly versatile physicochemical properties can di#ained from the liposomes by
playing for instance with the phospholipid compiosit the addition of additives such as

sterols, the size or the number of bilayers, etamabéng the development of fine-tuned
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formulations to achieve the desired encapsulationl aelivery properties. Main
limitations of liposomal formulations [29,44] ara Bome cases the poor mechanical
integrity of the bilayer and low resistance to sheecurring during pumping or mixing
that limits the possibility of post-treatment andyht trigger early release while use in the
final application. Physical instability (fusion, amangement) or chemical instability
(hydrolysis, oxidation) [45] and rapid leakage otapsulated compound outside of the
vesicles is also a frequent issue encountered. Bathlems can be solved or reduced by
choosing appropriate bilayer composition or by modg the surface of the liposomes
for instance by deposition of an oppositely-chargelymer [46-47], providing a coating

layer that can stabilize the formulation and cdritne release.

Advantages of liposomal formulations have beenrbjeastablished in the field of
antibiotics [26-27, 48] and recognized as optimusnmiulation to decrease toxicity,
improve bioavailability and shelf-life, as well ashance activity against targeted cells to
overcome for instance microbial resistance or tiuce dosages employed.

Liposomes have been in particular extensively stidind characterized for polyene
antimycotics [28], among which amphotericin B ig tmost famous example [49-51] as
well as the first liposomal formulation ever appedv by the Food and Drug
Administration (FDA). Commercialized under the nafmBisomé (Vestar Inc.), this
product consists of SUVs, made of hydrogenated emybPC, cholesterol and
distearoylPC, that presents a diameter of aboutrB@nd a very rigid bilayer, in which
up to 10% mol of amphotericin B is incorporatedn{pared to the native antibiotic and
its conventional formulation (Fungizohemixed micelles with sodium deoxycholate), the
liposomal formulation demonstrated similar antifahgctivity but significantly reduced
toxicity, allowing higher doses to be used witheattated side-effects and reduction of
the frequency of injections. Further studies penked with Candida yeasts showed a
greater specificity of action towards fungal infens, with liposomes absorbing and
merging with fungi membrane thanks to their resem&d to natural bilayer of the
microbes and delivering locally the amphotericin Buccess of new liposomal
formulations of amphotericin B stimulated also thierest for parent compounds such as
nystatin. Liposomal nystatin, based on multilamelizesicles, (Nyotrah, Aronex
Pharmaceuticals, dimyristoylPC and dimyristoylPGairy:3 ratio), is in late phase Il

clinical trials for topical antifungal treatmentZp In vitro tests demonstrated, as for

10



Chapter 1 — General introduction

amphotericin B, a similar activity compared to th&tive nystatin but a more targeted
delivery. Liposomal entrapment has also proven @¢obkneficial for other macrolide
antibacterials, with for instance in the case drithromycin a 30-fold increase of
concentration reachable via incorporation in matiellar 200 nm-liposomes compared

to the aqueous solubility of this compound [53].

In the field of food antimicrobials, liposomal foutations are mainly described for
antimicrobial peptides (nisin, lysozyme) [54], edsaly aiming at preventing early stage
degradation or undesirable interactions with offeed components. Benech et al. [55]
demonstrated that nisin can be encapsulated witydnogenated PC liposomes and used
for protection against microbial growth during cbeeipening. Liposomes enabled at the
same time higher resistance of nisin to heat treatmhappening during the
manufacturing process and sustained activity ohragainst the bacterlasteria innocua
over a period of 6 months. Further microscopic issigherformed by Colas et al. [56]
proved that interaction between nisin-loaded n@pasbmes and the bacteria happened
by membrane fusion, enabling a close contact ahdedg of the preservative. For cheese
manufacturing, it was also shown that liposomes @mncobes end up in similar lipid
phases during the food processing allowing closgtamd and thus enhanced activity.
Besides, Zou and al. [57] demonstrated that therparation of nisin in hydrogenated
PC-cholesterol nano-liposomes enhanced the antbialr activity againstListeria
monocytogeneandStaphylococcus aureusicro-organisms compared to free nisin, with
reduced MIC and prolonged release and inhibitioargimicrobial growth. Encapsulation
of nisin and lysozyme was also achieved in PC/P&#ésterol nano-liposomes and
showed enhanced antimicrobial activity and growthhibition against Listeria
monocytogenesThis improved activity was confirmed while incorpting the liposomal

formulations in milk [58].

1.5. Biodegradable polymeric nanospheres

Nanospheres can be defined as matrix-type collgdgicles, i.e. spherical particles,
whose entire mass is solid, characterized by ausmally ranging between several tenths
to a few hundreds nanometers. The compound ofesiteran be dissolved, entrapped,
chemically bound or adsorbed at the surface veraations with the polymer forming the

nanoparticles [59-61].
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Polymeric nanospheres can be obtained from syntbematural preformed polymers
by one-step or two-steps solvatation/desolvatatiwacesses [59, 62-63]. One-step
techniques, namely nanoprecipitation [64-66] orlydia [62, 67-68], involve the
solubilization of the polymer and compound to erscdgte in a solvent fully miscible
with water. The sudden diffusion of the solvent i@hhis organic phase is put in contact
with an aqueous phase triggers the precipitationthef macromolecules and their
assembly in nanospheres. Two-step techniques [BEpB8ist in an emulsification phase,
in which the polymer and compound are dissolvedroplets of a solvent immiscible in
water, followed by a step of solvent removal (evagion, sudden dilution, salting-out)
that trigger the precipitation of the polymer.

The most commonly used biodegradable polymers Qelom the family of
hydrophobic polyesters [70-71] (Figure 1.4) suclpaly-lactic acid (PLA), poly-glycolic
acid (PGA), polyD,L-lactic-co-glycolic) acid (PLGA) and-polycaprolactonegfPCL).
Particular features of these polymers are their meroial availability with versatile
molecular weights and compositions, their good daopatibility and minimal toxicity,
the wide range of degradation behaviors thus tenaddease rates that they offer and their
approval by the FDA. Their hydrophobic polar stuwmet added to the presence of
hydroxyl and carboxylic groups enables encapsuiatiolipophilic molecules as well as

hydrophilic ones, though at a lower extent.
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Figure 1.4: Chemical structure of classical biodegradable polyesters

Due to their solid matrix structure, polymeric napberes are mechanically stable
and can be processed without disruption or incateorin application without collapsing.
They are however likely to aggregate. The surfdade nanopatrticles can be treated by
surfactants or polymer deposition to limit aggregatand improve stability of the
formulations. This also gives a possibility for @tieonalization or tunable controlled

release of the compound encapsulated.
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Numerous authors already implemented the use ofynpmic nanospheres for
entrapments of antimicrobials and antibiotics couomus, demonstrating improved
delivery and efficacy [60-61,72].

Van de Ven et al. [73] investigated the incorparatof amphotericin B in PLGA
50:50 polymeric nanospheres and reported encajsulvels of up to 60% allowing
drug dose reduction and limited side-effects of pbgene. Compared to the liposomal
commercial form AmBisome, 10-fold higher in vitrotdungal activities againsEandida
albicans and Aspergillus fumigatusvere highlighted. The authors also indicated that,
usedin vivo, polymeric nanospheres interacted better withténgeted organisms and
were taken up at a higher degree, enabling locdbpged delivery and superior efficacy.
Italia et al. [74] gave evidence that these narapes are suitable for oral delivery
applications and displayed lower toxicity levels fmman, sustained release and superior
bioavaibility related probably to the protection aphotericin B from enzymatic and
chemical degradation. On the other hand, Espuélas. §75] attempted to incorporate
AmB in &-PCL nanospheres but low affinity for the polymerdaself-aggregation
properties of AmB limited its incorporation to anglle adsorption at the surface of the
nanoparticles. Successful PLGA formulations aredlesd for the encapsulation of other
macrolide antibacterials such as clarithromycin] [@6d azithromycin [77] with 8-fold
lower MICs observed in vitro against respectivBtgphylococcus aure@ndSalmonella
typhi. The hypothesis made by the authors to explais tigher efficacy relates to a
change of crystallinity of the drugs while incorated in the nanoparticles and the
formation of an amorphous state that enables hilglvets of bioavailability.Esmaieli et
al. [78] showed successful encapsulation of rifammpin PLGA nanoparticles and a
considerable increase in vitro antibacterial activity, related to better penébratof the
nanoparticles in the bacteria cell as previousjyeeienced for amphotericin B.

Regarding the encapsulation of food antimicrobip¢édymeric nanospheres have been
explored mainly for essential oils and antimicroblpaptides [79]. Gomes et al. [80]
optimized for instance the encapsulation of twourat essential oils, eugenol and
cinnamaldehyde, within PLGA nanoparticles. Highellsvof encapsulation (> 92%) were
achieved and led to sustained release coupledenitianced efficacy againSalmonella
and Listeria. Incorporation of nisin in PLA nanoparticles wdsdsed by Salmaso et al.
[81]. Nanospheres in the range 200-400 nm wereesstully obtained and showed

sustained release of the antimicrobial peptideh wériation under different salts and pH
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conditions. Antibacterial activity in vitro againgie bacterid_actobacillus delbrueckeii

showed a sustained release of nisin in its activa fover 45 days.

1.6. Post-processing of nano-carriers, a prerequisite for industrial use

While development of nano-encapsulation systems wsll described and
characterized for a large variety of moleculesjtkoh research integrates simultaneously
the preparation of the nanoparticles and post#treats necessary for their use in real
applications. Such post-preparation treatmentsidecfor instance the purification from
large aggregates, non-encapsulated materials aduegssolvents involved in the
formulation process in order to comply with regalgtrequirements. Another relevant
aspect is the concentration of hano-suspensionsathaobtained in certain cases at low
solid content, hampering their use in commercigliaptions and leading to high costs of
transport and storage. Finally, storage as a sg&penr concentrate might be detrimental
for the long-term shelf-life of the nano-carrierstioe compound of interest with a risk of
chemical degradation or physical instability of thespensions (aggregation, fusion,
sedimentation). Transforming nano-suspensions nettispersible dry powders is a
convenient way to increase shelf-life of the prdadas well as easiness of handling for
customers and reduced costs of storage and tran¥pbatever post-treatment needs to
be applied, it is essential that the technique egymu allows a conservation of
nanoparticle integrity and limits premature releas¢he encapsulated molecule. In the
case of dried forms, it is also necessary to enaarappropriate redispersibility of the
powder into native nanoparticles with similar pleggihemical properties and release

behavior.

1.6.1. Purification and concentration

Various techniques have been proposed in the tlibera[59,82] to tackle
simultaneously purification and concentration isswaporation under reduced pressure,

dialysis, ultracentrifugation and filtration.

Evaporation under reduced pressure is an easyfacerg way to remove volatile
organic solvents involved in the preparation meghoflboth polymeric nanospheres and
liposomes. Water can also be removed by this psoaesome extent but it becomes an

expensive and tedious process while consideringhgeap [82-83].
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Dialysis is a relatively common technique impleneghfor purification [82, 84-85].
By equilibration of the nano-suspension towardsHraqueous mediums and choice of an
appropriate molecular weight cut-off of the diabysnembrane, residual solvent and non-
encapsulated compound can be efficiently removedceéntration can also be performed
via dialysis by applying osmotic stress in the dewndialysis medium. This technique,
implemented for instance for polymeric nanosphdrgs/authier et al. [82], enables a
control of the final concentration of particles time nano-suspension and can also be
scaled-up. Dialysis is particularly relevant wheanstive molecules or fragile nano-
carriers are considered as it does not involveyapgplforces altering the nanoparticles or
form aggregates. This method requires however larglemes of counter-dialysis
medium as well as long purification times to enseffécient removal. Coupled to the
existence of a concentration gradient during tleeess, these long periods of time quite
often trigger premature release of the active campowhich is detrimental to the

encapsulation.

Ultracentrifugation is the classical method perfedat lab scale for both purification
and concentration of polymeric nanospheres [86]ghHispeeds involved in the
centrifugation enable nanoparticles to sedimerd mtpellet. Alternate cycles of pellet
resuspension in fresh medium and ultracentrifugaéice a convenient method to flush
away solvent and non-encapsulated materials. Pdrifiellet can then eventually be
resuspended in the desired quantity of aqueous umedio obtain the desired
concentration for further use. The main limitatiohthis method is the formation of
aggregates and/or compact pellets due to the stimmegactions occurring between
nanoparticles. In this latter case, redispersiarery difficult, preventing at the same time
efficient washing steps during purification and aestitution of the native nano-
suspension properties. Additional steps of vortgxor ultrasonication are usually
implemented but can be detrimental for the physimadl chemical stability of the
nanospheres as well as for the compound of intedstaicentrifugation is also reported
for liposomes [87-88] treatment but is barely apgihle for SUVs owing to their small
size and low density. Fragility of the vesiclesoatgeeds to be taken into account while
applying strong centrifugation forces, as disruptidusion or rearrangement of the

liposomes could be engendered and could trigg&atgaof the encapsulated molecule.
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Tangential Flow Filtration (TFF), also known as ssdlow filtration, is the most
recently studied technique and so far the most @iom approach to purify and
concentrate nanoparticles without significant micdifon of their properties or
detrimental loss of loaded compound [89-91]. Thehhique involves the filtration with a
feed flow tangential to the membrane instead oteg@ndicular flow used in classical
filtration, limiting the formation of cake and bkiag of the membrane by constant flush
away of absorbed particles. Besides the concemtrati nano-suspensions, TFF can also
be combined with one or more additional steps afilthation, i.e. a filtration where the
agueous phase is progressively replaced by a fagsieous medium, allowing for
instance reduction of residual solvent to acceptéblels. In both cases, infrastructures
and processes to use TFF at large scale already axil require fast treatment times
compared for instance to dialysis, making the pEaBpe of scale-up realistic. While
establishing the optimal process parameters fofiltingtion, attention has however to be
paid to the possible loss of nanoparticles by gusmr on the membrane that can still
happen and decrease the process efficiency draiatica cake is formed [92-93]. If
appropriate parameters are chosen, it has beemrmptbat TFF does not alter either the
size of the particles or the encapsulation efficjeof the nano-carriers [90]. Same
considerations apply to liposomes filtration [94]ttwthe additional fragility of the
structure to take into account to avoid unwantettusion process of the liposomes
through the membrane pores and significant lodgpiof materials through the discarded

filtrate.

1.6.2. Preparation of dried products

Transforming nanoparticles into redispersible drgalvders has been addressed
mainly by two approaches used commonly in the fmogharmaceutical industry: spray-

drying and freeze-drying.

Spray-drying enables the formation of micron-sizedrriers containing the
nanoparticles dispersed in an inert matrix, pratgcthe nano-carriers upon storage and
enabling short redispersion time. The process stssi adding to the nano-suspensions a
drying auxiliary chosen among hydrophilic materigsgars (mannitol, lactose), starches,
dextrans, chitosan, maltodextrins, etc...). Thisitigphase is then atomized in micro-
droplets and dried in hot air to form the micropdes. Spray-drying is a rapid and low-
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cost process available at larger scale and offdditianally the possibility to further
modify the properties of the microparticles to prod powders with the desired
behaviour. Spray-drying has been reported sucdbs$tu polymeric particles [95-98]
with a clear influence of process parameters (teatpees, atomizing rate, nozzle
characteristics, etc...) and compatibility betweendhying auxiliary and the nano-carrier
material. Spray-drying has also been describedestser extent for liposomes, essentially
for pulmonary delivery purposes [99-101], but swscevas limited to lipophilic
entrapped-compounds while important leakage of dpfitic compounds was observed

during the process.

Lyophilization, also known as freeze-drying, is #eeond option available to remove
water from the nano-suspensions. This well-estabtianethod consists in three steps: 1)
freezing of the nano-suspensions, 2) primary drying sublimation) and 3) secondary
drying (removal of unfrozen water). Though thishieique involves relatively mild
conditions, various stresses can be induced duhege three steps. Formation of ice
crystals can for instance exert mechanical stresthe particles which can be critical if
they are deformable or fragile like liposomes [10Rfogressive concentration of the
nanoparticles during the process of water remoaal also lead to the formation of
aggregates. Lyoprotective or cryoprotective agestsh as sugars (glucose, lactose,
sucrose, trehalose) or polyalcohols (mannitol, gigt polyvinylalcohol, etc...) are
commonly incorporated to prevent the formationcef crystals, to improve the resistance
of the nanopatrticles by forming a protective lagetheir surface, to limit the leakage of
the encapsulated compound and to help the redispeos the powder. A substantial
number of parameters were shown to impact the finatphology and redispersion
properties of the freeze-dried powder, among whbcess parameters (freezing
temperature, rate of water removal during dryingpst etc...) and concentration of
protectant involved in the formulation. Lyophilizat has been reported successfully for
both polymeric nanospheres [103-104] and liposofit®5] with applications for both
hydrophilic and lipophilic entrapped compounds.
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1.7. Aimsand scope of thethesis

Liposomes and polymeric nanospheres could be agamieapproach to tackle the
challenges faced by current formulations of natamyand have demonstrated clear
benefits for other polyene antibiotics or food amdrobials. Both nano-carriers present
properties expected to ensure efficient encapsulaif the antifungal such as polarity,
amphiphilicity and possibility to create electrasténydrogen bonding. Methods such as
solvent injection for liposomes and nanoprecipiatifor polymeric nanospheres,
involving solvents fully miscible with water in w¢hh natamycin could be dissolved at
acceptable levels, are possible options to nanap=utate the preservativieart | of this
thesis presents the proof of principle of the gmbsi to encapsulate the antifungal within
these types of nano-carriers and assesses benafitdimitations for encapsulation,
delivery and performance in antimicrobial protegtio

Chapter 2 focuses on the optimization process of biodegradatolymeric
nanoparticles obtained from polyesters by the neroppitation method.Chapter 3
focuses on the development of SUV liposomal formmohes of natamycin based on food-
grade soybean lecithins by the solvent injectionh@@& and highlights the advantages of
incorporating sterols in the bilayer. Both chapiadude a description of the preparation
method selected, a systematic screening of formoulgtarameters for the preparation of
unloaded nano-carriers and finally the effect afangycin incorporation on the process
and physicochemical characteristics of the nanmbest (size, polydispersity, surface
charge, morphology, thermal and crystalline praps)t Affinity of natamycin for the
nano-carriers, encapsulation/loading efficiencybsgity, in vitro release performances
under various conditions and antimicrobial testgirg} the model yeaSaccharomyces

cerevisiaeare also reported.

The development of commercially suitable formulasioby post-treatment of the
nanosuspensions is addressedPant |1 of this thesis. More particularly, attention is
focused on Tangential Flow Filtration and lyophalibn, which appear to be the most
convenient and reliable approaches for the conagotr and drying of both types of
nano-carriers in the presence of natamycin.

Chapter 4 reports investigations related to the purificatésmd concentration of nano-
suspensions using the TFF method. Various procesameters (filtration pressure,

membrane properties) and their effect on the fpralperties of the nano-suspensions
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(evolution of size characteristics, losses of ng@m or carrier material during the
process, encapsulation efficiency, morphology aadilty upon storage in terms of size
and natamycin content) are evaluated in a comparatiay for both types of nano-
carriers.

Chapter 5 focuses on the transformation of liposomes angrpefic nanospheres into
powders as an alternative for concentrated suspessin presence of various types and
concentrations of protective excipients. Effecteesn of each protectant is assessed
during the different steps of the lyophilizationopess to establish conditions and
compositions maintaining the integrity of the naaigles and allowing obtention of
easily redispersible powders able to protect effily both natamycin and nano-carriers

towards degradation over time.

Finally, Chapter 6 summarizes advantages and limitations of each-fanaulations
as well as their potential for development of coniced or dried formulations, followed

by recommendations for further exploration of theaeo-systems.
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Chapter 2

Natamycin-loaded biodegradable polymeric
nanospheres prepared by nanoprecipitation

Biodegradable poly(lactide-co-glycolide) (PLGA) nanospheres are prepared by the
nanoprecipitation technique and evaluated as potential nano-delivery system for
natamycin. Preservative-loaded PLGA nanoparticles are successfully obtained using a
solvent phase containing low molecular weight PLGA (L:G 75:25 ratio),
acetone/methanol 2:1 v/v mixture and natamycin. Injection of this organic phase in water
at 4% v/v leads to nanoparticles (60-120 nm) with a narrow size distribution and a smooth
spherical morphology. Active participation of natamycin to the nanoprecipitation process
by complexation with PLGA is indicated by mean diameters reduced by 10-30 nm.
Limited encapsulation is evidenced with a maximum of 1.4% loading efficiency, in
accordance with the intermediate hydrophilic-hydrophobic behavior of natamycin, while
zeta-potential variations confirm partial adsorption at the surface of the nanoparticles.
Physical state analyses highlight the presence of natamycin in an amorphous or
molecularly-dispersed state within the polymeric matrix and possible preservative-PLGA
electrostatic interactions. Limited levels of entrapment and presence of non-crystalline
natamycin translate into higher availability of free preservative molecules, reflected in
faster release rates compared to crystalline native natamycin (80% released over the first
48h compared to 29%) and enhanced antifungal performance against Saccharomyces
cerevisiae on the same period of time. This higher availability is however resulting in a
relative fast degradation of the preservative upon storage that remains to be addressed.

Part of this chapter has been patented (W0O/2015/044465 Submicron natamycin particles) and submitted as:
C. Bouaoud, S. Xu, E. Mendes, J.G.J.L. Lebouille, H.E.A. De Braal, G.M.H. Meesters, Development of
biodegradable polymeric nanoparticles for encapsulation, delivery and improved antifungal performance of
natamycin, Journal of Applied Polymer Science, 2016, 133, 43736.
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2.1. Introduction

Biodegradable polymeric nanospheres have been extensively described and
characterized for encapsulation and delivery applications in the pharmaceutical field in
the past decades [1-2]. Nanospheres can be defined as matrix-type colloidal particles, i.e.
spherical particles whose entire mass is solid, characterized by a size usually ranging
between several tenths of nanometers to a few hundreds. The active ingredient can be
dissolved, entrapped, chemically bound or adsorbed at the surface via interactions with
the polymer forming the nanospheres.

Formation of nanospheres from preformed polymers is the preferred approach in
many cases to prevent the presence of residual monomers or toxicity risks coming from
in-situ polymerization. Hydrophobic polyesters such as poly(D,L-lactic-co-glycolic)acid
(PLGA) are among the most commonly used biodegradable polymers [3-4] owing to their
good biocompatibility and minimal toxicity as well as their commercial availability.
PLGA polymers in particular are available with versatile molecular weights and lactide-
to-glycolide L:G ratios, enabling preparation of nanoparticles with tuned sizes,
hydrophobicity, crystallinity, release behavior and degradation rates (a couple of months
to several years [3]).

Various methods of producing polymeric nanospheres from preformed polymers such
as PLGA have been reported in the literature [5-7]. Due to the incompatibility of
natamycin with water-insoluble solvents and its solubilization, at acceptable levels for
encapsulation, in polar solvents miscible with water in all proportions (e.g. methanol), the
nanoprecipitation technique, also known as solvent displacement, was selected for the
preparation of natamycin-loaded nanoparticles. This method [8-9] consists in the
preparation of a water-miscible organic solution (“solvent phase”) containing the polymer
and the active ingredient, followed by the injection of this solvent phase into an aqueous
solution (“non-solvent phase™) as illustrated in Figure 2.1. The sudden solvent diffusion
upon injection in the aqueous phase triggers the assembly of the macromolecules into
nanospheres. Formation of nanospheres via the solvent displacement process is
controversially explained by two different mechanisms:

v" Mechanical forces based on significant interfacial turbulences occurring during
solvent diffusion (Gibbs-Marangoni effect [10-11]), resulting in continuous
break-up of organic solvent droplets until formation of submicron droplets where

the polymer eventually precipitates.
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v" Formation of polymeric nuclei (Ouzo effect), due to supersaturation [12]
occurring locally upon solvent diffusion, followed by growth and aggregation

over time.

All formulation parameters possibly influencing to some extent the solvent diffusion,
interfacial turbulences and rates of nucleation/growth processes (to name a few, polymer
composition and concentration, solvent composition, solvent/non-solvent S/NS ratio,
stirring rate, aqueous phase composition, etc...) are known to have an effect on the
formation of nanospheres [13]. Common agreement is that low concentration of polymer
and low S/NS ratio make the nucleation-growth process more likely to happen, while at
higher concentration and S/NS ratio, the Gibbs-Marangoni effect is the preferred
explanation. In a general way, both factors need to remain under a certain limit (“Ouzo”
region) [14] to allow efficient formation of nanoparticles while avoiding formation of

large aggregates of polymer.

Solvent phase
Water-miscible solvent
Polymer
Ingredient to encapsulate

o
(554N
<7/
.

~—~
o

o -
~A

v Solvent diffusion v

Non-solvent phase
Aqueous medium

Polymeric nanospheres

Figure 2.1: Schematic representation of the formation of polymeric nanospheres by nanoprecipitation
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While considering the encapsulation and delivery of natamycin, the nanoprecipitation
method presents the major advantage of allowing the production of nanospheres in a
controlled way [5] and of generating narrow unimodal distribution, which is an important
feature to ensure homogeneity and reproducible behavior for instance while incorporating
natamycin-loaded nanoparticles in food coatings. Other interesting features are the
easiness and potential scalability of this one-step procedure and the opportunity to prepare
nanoparticles without the necessity to use surfactants or stabilizers. However, it has to be
mentioned that nanoprecipitation is known to result in limited encapsulation levels while
working with rather hydrophilic compounds [15-16], which could also be the case for

molecules with intermediate behavior such as natamycin.

The primary objective of this chapter is to assess if natamycin can be efficiently
encapsulated in polymeric nanospheres prepared by the nanoprecipitation method and if
these formulations bring an improvement to the delivery and antifungal performance of
the molecule.

First part of this chapter focuses on the preparation of unloaded polymeric PLGA
nanospheres in a solvent mixture appropriate for further incorporation of natamycin.
Influence of several factors such as polymer composition (molecular weight, L:G ratio),
concentration in the solvent phase, S/NS ratio and stirring rate are investigated. Selection
of most promising formulations, i.e. nanospheres with low polydispersity, small sizes and
limited formation of aggregates during the process, is described.

In a second step, incorporation of natamycin is performed and effects on
physicochemical properties of the nanoparticles studied to confirm incorporation of
natamycin and evaluate optimum conditions to ensure maximal loading of the
nanoparticles and high encapsulation efficiency. Further investigations were performed
on the physical state and crystallinity character of natamycin in the nanoparticles. Finally,
stability tests and performance tests, namely release kinetics out of the nanoparticles and
antifungal activity against the model yeast Saccharomyces cerevisiae were carried out.
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2.2. Materials and methods

2.2.1. Materials

Natamycin (90.6% purity, trinydrate crystalline form, MW 665.7 g/mol) was kindly
supplied by DSM Food Specialties (Delft, The Netherlands). Poly(D,L-lactic-co-glycolic
acid) polymers Resomer® RG752H (L:G ratio 75:25, MW 4-15 kDa) and Resomer®
RG502H (L:G ratio 50:50, MW 7-17 kDa) were purchased from Sigma-Aldrich.
Methanol EMSURE® ACS and dried acetone Seccosolv® were purchased from Merck
and used for the preparation of the nanoparticles. Potassium dihydrogen phosphate,
methanol and acetonitrile Lichrosolv® were obtained from Merck and used for HPLC
analyses. High quality water purified in a Milli-Q system was used in all experiments.

2.2.2. Preparation of polymeric nanospheres

PLGA nanoparticles were prepared by the nanoprecipitation technique. Briefly, the
PLGA polymer was dissolved at room temperature in dried acetone at the desired
concentration while natamycin was dissolved in methanol (0.5-2.5 mg/mL). Both
solutions were mixed at a ratio acetone/methanol 2:1 v/v. After homogenization, 0.4 mL
of this organic phase was injected by one-shot addition under moderate magnetic stirring
into 10 mL of MilliQ water. The resulting nanosuspension was kept under slow stirring
overnight for complete evaporation of organic solvent. For some analyses, suspensions
were freeze-dried for 48 hours using a commercial lyophilizer (Advantage 2.0 Bench Top
Model XL, VirTis Advantage, SP Scientific, USA) and lyophilized nanopowders were
stored at 4 °C until further use.

2.2.3. Physicochemical characterization

2.2.3.1 Particle size and zeta-potential

The mean particle diameter and polydispersity index (Pdl) of the nanospheres were
determined by Dynamic Light Scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments
Ltd., UK). Three consecutive measurements were performed on each nanosuspension at
25 °C at a scattering angle of 173 °, after an equilibration time of 180 seconds. The
electrical charge of the nanoparticles (zeta-potential ), was assessed on undiluted nano-
suspensions with the same equipment. Zeta-potential was obtained by three consecutive
measurements of 200 sub-runs at 25 °C after an equilibration time of 180 seconds. All
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measurements were performed in triplicate and results are presented as mean * standard
deviation (SD).

2.2.3.2 Morphology
Morphology of PLGA nanoparticles was investigated using transmission electron
microscopy (TEM) (Tecnai G, FEI, Hillshoro, USA) with an acceleration voltage of 200
kV. Prior to examination, samples were submitted to negative staining by mixing 20 uL
of solvent-free nanosuspension with 20 uL of a 2% w/v neutralized phosphotungstic acid
solution. 10 pL of the mixture were placed on a Formvar-coated grid (Copper with
Formvar 0.5%, 200 mesh) and allow to adsorb for 90 s. After blotting off excess solution,

the grid was left to dry at room temperature overnight before analysis.

2.2.3.3 Encapsulation (EE) and loading (LE) efficiencies

Content of natamycin in the nanospheres was determined by reverse-phase high-
performance liquid chromatography (HPLC). A high pressure liquid chromatograph
Ultimate 3000 Dionex equipped with a variable wavelength detector was used. Separation
was achieved by injecting 20 pL of sample on a reverse phase column Licrospher® RP18
(Merck, 125 nm x 4 mm, pore size 100 A) with a mobile phase consisting of 35:65 v/v
acetonitrile: potassium dihydrogenphosphate buffer (pH 3.05) at a flow rate of 1.0
mL/min. Natamycin was detected by UV at 303 nm and quantified using a calibration
curve designed over the range 0.05-50 ppm (R? = 0.9996). All HPLC samples were
analyzed in triplicate. Total amount of natamycin was obtained by dilution of an aliquot
of the nano-suspension in acetonitrile/methanol 50/50 v/v. Amount of free natamycin in
solution was obtained by subjecting the nano-suspensions to ultracentrifugation
(Beckman Coulter L8-70M, rotor 50, 50000 rpm, 1h, 10 °C). An aliquot of the
supernatant was withdrawn and diluted with the same mixture acetonitrile/methanol. EE
and LE were calculated according to Equations (1) and (2). Determination of EE and LE
was performed on three samples for each composition. Results are presented as mean +

standard deviation.
Total amount of natamycin — Amount of natamycin in the supernatant

EE (%) = 100 (Eq.1
(%) Total amount of natamycin * (Ea- 1)

LE (%) Total amount of natamycin — Amount of natamycin in the supernatant 100 (Ea.2
= % )
’ Amount of nanospheres (Eq.2)
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2.2.3.4 Differential scanning calorimetry (DSC)
Thermograms of natamycin, PLGA, unloaded and loaded lyophilized nanoparticles
as well as corresponding physical mixtures PLGA-natamycin were recorded on a
differential scanning calorimeter DSC7 (Software Pyris Series, Perkin-Elmer, USA).
Accurately weighed samples (2-10 mg) were analyzed at a scan rate of 10 °C/min
covering the temperature range 25-270 °C.

2.2.3.5 X-Ray diffraction (XRD)

Crystalline properties of natamycin, PLGA, unloaded and loaded lyophilized
nanoparticles as well as corresponding physical mixtures PLGA-natamycin were
determined by X-ray powder diffraction (XRD). XRD patterns were recorded on a Briker
D8 Discover diffractometer using a Co Ka. radiation (A= 1.788 A). Data were collected
over an angular range comprised between 5 and 50° (20) with a step size of 0.02° (0.5

second per step).

2.2.3.6 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR spectra of natamycin, PLGA, physical mixture, unloaded and loaded
lyophilized nanoparticles were recorded on a spectrophotometer Briker Tensor 27
(Bruker Corporation, Billerica, USA) equipped with an attenuated total reflectance
module (ATR). Spectra were collected on the range 400-4000 cm™ (64 scans per

spectrum) with a resolution of 4 cm™.

2.2.4. Performance tests

2.2.4.1 Invitro release kinetics

In vitro release studies were carried out using the dialysis bag technique [17] for the
prepared nanoparticles, pure natamycin and PLGA as well as the physical mixture.
Powders or lyophilized nanopowders were suspended in MilliQ water to reach an initial
natamycin concentration of 100 ppm. 1 mL of these suspensions was placed in a dialysis
bag (Float-A-Lyzer® G2, Biotech Grade Cellulose Ester, MWCO 8-10 kDa,
Spectrumlabs, USA) and incubated in 35 mL of MilliQ water at 25 °C under moderate
stirring. Total volume was collected at predetermined intervals and replaced with equal
volume of fresh release medium to maintain sink conditions. Amount of natamycin in the
aliquots were assayed by the HPLC, as described in 2.2.3.3. The cumulative percentage of

natamycin released was calculated for triplicates and plotted versus time.
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To further characterize the rate and mechanism of release of natamycin out of the
liposomes, the release data were fitted to classical mathematical models [18] including

first-order kinetics (Eq.3), Higuchi kinetics (Eg.4) and Korsmeyer-Peppas model (Eq.5).

M;/M, = 1—e7kt (Eq.3)
M,/My, = k.t'/? (Eq.4)
M;/M,, = k.t" (Eq.5)

Where M{/M,, represents the cumulative fraction of natamycin released at the time t over
the total amount released, k is the release rate constant and n is the diffusion exponent
indicative of the mechanism of release. Fittings were obtained by plotting respectively log
(100-%released) vs time (first-order) and %released vs square root of time (Higuchi). The
initial 60% of preservative released were fitted in the Korsmeyer-Peppas model by
plotting of log (%released) vs log (time) and the value of “n” determined from the slope.
For swellable nanocarriers [19-20], n = 0.43 represents a release mechanism based only
on Fickian diffusion while n = 0.85 corresponds to a case-1l transport based on
relaxation/swelling of the nano-carriers. Intermediate values indicate an anomalous

transport and combination of both diffusion and relaxation phenomenon.

2.2.4.2 Invitro antifungal activity

Antifungal activity of natamycin-loaded nanoparticles, physical mixtures and pure
natamycin against Saccharomyces cerevisiae (ATCC 9763) was assessed by agar disk
diffusion assay. Briefly, a layer of nutrient OGYE agar inoculated with Saccharomyces
cerevisiae was allowed to solidify in a Petri dish. Sterile blank disks were placed in a
stainless steel cylinder and impregnated with 50 pL of nano-suspension (nanopowders
resuspended in 1 mL MilliQ water with an equivalent concentration of natamycin of 100
ppm). A similar procedure was applied to standard solutions of natamycin to establish a
calibration curve on the range 30-300 ppm. The disks impregnated with standards or
nano-suspensions were placed on the solidified agar layer and Petri dishes were kept at
4 °C overnight to allow the diffusion of natamycin. After removal of the disks, plates
were incubated at 30 °C for 24 h. The diameter of the zone of inhibition was measured
and compared to a calibration curve established with the standard samples to determine
the quantity of natamycin released. Disks impregnated with the nanosuspensions were
transferred to a fresh Petri dish and the procedure was repeated over 5 days to follow the

release of natamycin. Results are presented as cumulative activity (ug of natamycin

36



Chapter 2 — Biodegradable polymeric nanospheres

released per day/ total pg of natamycin released over 5 days) calculated from triplicate

measurements.

2.2.5. Stability tests

Stability tests were performed over 1, 2, 5 and 10 weeks for nano-suspensions or
natamycin dispersions stored at 4 °C, room temperature (23 £ 2 °C) or room temperature
coupled with light exposure. Evolution of the samples was followed by size analysis as
described in 2.2.3.1 and determination of natamycin content evolution by the HPLC
method described in 2.2.3.3.

2.3. Formulation of unloaded polymeric nanospheres

2.3.1. Solvent and polymer selection

PLGA nanospheres are classically prepared by nanoprecipitation using acetone as a
solvent for the polymer [13]. As natamycin is not soluble in acetone, a binary mixture
acetone/methanol was selected to ensure satisfying solubilization of both PLGA and
natamycin in the organic phase. A preliminary study performed with various ratios
acetone/methanol showed that addition of methanol results in desolvation of the polymer
from the solvent phase. To ensure simultaneously solubilization of the polymer and
incorporation of a content of natamycin in the formulation acceptable for antimicrobial
applications, a ratio acetone/methanol 2:1 v/v was found to be the best option.

The selected solvent mixture limits however significantly the variety of PLGA
polymers suitable for the nanoprecipitation process, with considerable desolvation
observed for polymers with high molecular weight (> 24 kDa). An option to overcome
the effect of high MW would be to reduce the concentration of PLGA in acetone, which
would further reduce the quantity of nanospheres formed. As the nanoprecipitation
method inherently requires already diluted solvent phase, this would lead to an extremely
low solid content suspension and limit the encapsulation of natamycin. For this study, it
was thus decided to work with two low molecular weight PLGA commercially available:
Resomer® RG752H (L:G ratio 75:25, MW 4-15 kDa) and Resomer® RG502H (L:G ratio
50:50, MW 7-17 kDa).
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2.3.2. Influence of polymer concentration and composition

The two selected polymers were dissolved in the mixture acetone/methanol 2:1 v/v at
concentrations ranging from 5 to 25 mg/mL. Organic phases (0.4 mL) were injected in 10
mL of MilliQ water with a stirring rate of 500 rpm. Weakly opalescent suspensions were
obtained with a bluish-reddish aspect related to the Tyndall effect commonly encountered
for nanosuspensions. For both polymers, large aggregates of polymers were formed
together with nanospheres for concentrations superior to 10 mg/mL.

Figure 2.2 presents the mean diameters and polydispersity indexes obtained by
nanoprecipitation of PLGA 75:25 and PLGA 50:50 at different concentrations. The
nanoparticle sizes were found to be directly dependent on the polymer concentration, with
a significant increase in size while using larger amounts of polymer accompanied by
visual formation of aggregates. This phenomena can be explained by two facts [13,21]: (1)
a larger number of polymer chains by unit volume of solvent, meaning more polymer
chains available to create the nuclei and so larger final size of the nanoparticles; (2)
higher viscosity of the solvent phase, causing a higher mass transfer resistance to the
solvent diffusion and thus formation of larger particles or even aggregates if the solvent

diffusion is significantly hindered.
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Figure 2.2: Influence of polymer composition and concentration
on the size and polydispersity of PLGA nanospheres
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While comparing both polymers, slightly higher sizes were observed for the L:G ratio
50:50 which might come from the slight difference in molecular weight (7-17 kDa
compared to 4-15 kDa). Polydispersity is however distinctly lower for the L:G ratio 75:25
(0.1-0.2), which is likely to be related to the presence of a higher number of lactide
monomer units, naturally more hydrophobic than the glycolide unit. Higher hydrophilicity
in the case of PLGA 50:50 reduces the tendency of the polymer to aggregate upon contact
with water and could lead to less homogeneous nanoprecipitation [11,13]. To meet our
criteria of small sizes, homogeneous distribution and limited aggregates formation, PLGA

75:25 was kept for further formulations.

2.3.3. Influence of S/NS ratio

Nanospheres were prepared using extreme concentrations of PLGA 75:25 (5 mg/mL
and 25 mg/mL) by injection, under 500 rpm stirring, of variable volumes of organic phase
in 10 mL MilliQ water to obtain S/NS ratio ranging from 1 to 10% v/v. Figure 2.3

represents the diameter and Pdl of the obtained nano-suspensions.
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Figure 2.3: Influence of S/NS ratio on the size and polydispersity of PLGA 75:25 nanospheres
(grey area: significant formation of aggregates observed)
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Effect of the S/NS ratio was found to be independent of the concentration of polymer
involved in the formulation. In both cases, polydispersities remained low while a
minimum diameter was observed around 5-6% v/v. Predominant and significant
formation of aggregates was however visible in the sample at and above this S/NS ratio.
As mentioned earlier, a dilute state needs to exist to allow efficient formation of
nanospheres by the nanoprecipitation process [14]. The S/NS ratio 6% v/v seems to be the
boundary for the system PLGA 75:25/acetone/methanol/water. On the range 1-6% v/v,
the increase in size can be explained by a very fast diffusion of the solvent and nearly
immediate precipitation of the polymer. To obtain simultaneously acceptable sizes and
polydispersities as well as acceptable solid content in the formulation with limited loss via

aggregation, the ratio 4% v/v was found optimum.

2.3.4. Influence of stirring rate

Nanospheres were prepared using extreme concentrations of PLGA 75:25 (5 mg/mL
and 25 mg/mL) by injection of 0.4 mL of organic phase in 10 mL MilliQ water under
magnetic stirring rate ranging from 100 to 1100 rpm.

As displayed in Figure 2.4, low-intermediate stirring rates up to 700 rpm have limited
effect on the size and polydispersity of the nanosuspensions as well as on the visual
aggregates formed, independently from the polymer concentration involved. Higher
stirring rates enhance the solvent diffusion as well as micro-mixing and turbulences in the
suspension, leading to faster but less controlled precipitation [13]. Moderate stirring rate
(500 rpm) was kept for further experiments to simultaneously enable good mixing and

diffusion of the solvent while avoiding the increase in size previously mentioned.

2.3.5. Selected formulations

Unloaded PLGA nanospheres meeting the requirements of small diameters, low
polydispersity and limited formation of aggregates have been successfully obtained from
PLGA 75:25 (MW 4-15 kDa) using the acetone/methanol 2:1 v/v mixture. Sizes and
polydispersities were found to be mainly related to the concentration of polymer involved.
Optimum S/NS ratio and stirring speed were respectively set at 4%v/v and 500 rpm. 10
mg/mL and 25 mg/mL PLGA concentrations were kept for further study of incorporation

of natamycin.
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Figure 2.4: Influence of the stirring rate on the size and polydispersity of PLGA 75:25 nanospheres

2.4. Incorporation of natamycin in the nanospheres

2.4.1. Effect on size and polydispersity

Mean particle diameters and polydispersities of natamycin-loaded PLGA nanospheres
are presented in Figure 2.5. Similarly to unloaded formulations, nanoparticles were found
monodisperse with narrow distributions and sizes ranging between 60 and 120 nm.
Incorporation of natamycin led to a significant decrease in size (10-30 nm) as well as to a
visual reduction of aggregates formation in the sample. The effect was observed only up
to a limit concentration of preservative above which the diameters leveled. Polydispersity
indexes slightly increased while remaining below 0.2, indicating conserved
monodispersity of the particles.

Modification of PLGA nanospheres diameter while incorporating the preservative
indicates encapsulation and participation of natamycin to the process of nanoparticles
formation by nanoprecipitation. An increase in size is however more commonly observed
while loading nanospheres with an active ingredient. Several hypotheses can be made to

explain this phenomenon.
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Figure 2.5: Evolution of mean diameter and polydispersity of nanospheres obtained at variable
concentrations of natamycin for two different concentrations of PLGA 75:25

The first possibility is a stabilizing effect related to the amphiphilic nature of
natamycin that could play a role in the kinetics of solvent diffusion as well as interfacial
turbulences happening during the nanoparticle formation. To confirm this hypothesis,
nanoprecipitation of unloaded PLGA nanospheres was performed in an aqueous phase
containing dissolved natamycin at three different concentrations, mimicking
concentrations that could be reached by incorporating natamycin at 0.5, 1 and 1.5 mg/mL
in methanol. Table 2.1 presents the comparison between nanoparticles prepared by both
methods. Presence of natamycin in the aqueous phase does not modify size and
polydispersity as significantly as natamycin incorporated in the organic phase, meaning
that stabilizing effect is not occurring.

A second option is the presence of water in the organic phase linked to the fact that
natamycin is in a trihydrate crystalline form before being dissolved in methanol. Presence
of water in the organic phase could have a significant impact on the solvent displacement

process by reducing in situ affinity of the polymer for the solvent phase and making the
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diffusion faster. Nanoprecipitation of unloaded PLGA nanospheres (25 mg/mL) was
performed by adding 2 and 10 pL MilliQ water per mL of methanol in the organic phase
(incorporating natamycin at its maximum concentration in methanol would lead to an
equivalent of 2.7 uL MQ water/ mL of methanol). Diameters obtained were respectively
116.4 + 0.1 and 118.1 £ 0.5 nm, indicating no clear influence of water content in the

organic phase.

Last hypothesis relates to significant interactions occurring between the antifungal
and the polymer in the organic phase, counteracting polymer-polymer, polymer-solvent or
polymer-non-solvent interactions. Beck-Broichsitter et al. [22] reported an effect of drug
loading in the solvent phase on the QOuzo region, i.e. the region where polymer
concentration and S-NS ratio allow formation of nanoparticle suspensions. More
specifically, they proved that the incorporation of a small hydrophilic drug allowed a shift
of the Ouzo region to higher polymer concentrations due to the formation of a less
hydrophobic complex polymer-drug. Supersaturation was as a consequence not reached
as fast as in the case of unloaded solvent phase. The authors also highlighted the fact that,
to reach size characteristics similar to the unloaded nanoparticles, higher concentrations
of polymer must be used. A similar observation can be made with the formulations
PLGA/natamycin. For instance, comparison of unloaded PLGA nanoparticles prepared
with 10 mg/mL (80.1 nm) were found to have similar diameters than nanosuspensions
prepared with 15 mg/mL PLGA and 0.5 mg/mL natamycin (81.3 nm) or with 20 mg/mL
PLGA and 1 mg/mL natamycin (80.3 nm). Shift in the Ouzo region to higher polymer
concentration via incorporation of natamycin also explains that aggregates are not formed
anymore at 25 mg/mL PLGA. This corroborates the idea that natamycin interacts with

PLGA within the organic phase and actively participates to the nanoprecipitation process.

Table 2.1: Effect of presence of natamycin in the organic phase or in the aqueous phase during
nanoprecipitation (PLGA 25 mg/mL)

Natamycin in organic phase Natamycin in aqueous phase
[Natamycin]yeon Mean diameter (nm) PdI Mean diameter (nm) PdI
(mg/mL)
0 1174+ 4.4 0.105+0.012 1174+ 4.4 0.105 + 0.012
0.5 101.5+5.0 0.115 + 0.007 120.7 £ 0.6 0.112 £ 0.015
1 96.0+4.0 0.119 + 0.005 117315 0.096 + 0.007
15 90.3+4.2 0.131 +0.007 119.1+0.2 0.112 +0.010
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2.4.2. Encapsulation and loading efficiencies

Encapsulation and loading efficiencies for natamycin-loaded PLGA nanoparticles are
reported in Table 2.2. Variations of encapsulation efficiencies are in accordance with the
modifications of size and polydispersities previously described. Higher entrapment levels
are observed for low content of natamycin with stabilization above 1.5 mg/mL. Sustained
increase of loading efficiency while incorporating higher contents of natamycin confirms
the idea of active participation of natamycin to the process of nanoparticle formation.

Table 2.2: Effect of composition on encapsulation and loading efficiencies of
natamycin-loaded PLGA nanospheres

[PLGA]organic phase (MY/mML)  [Natamycin]yeon (Mg/mL) EE (%) LE (%)

0.5 33.3+15 050+0.01

1 294+17 0.90+0.05

10 15 254+17 122+0.08
2 18.0+1.8 1.15+0.11

25 184+15 142+0.11

0.5 36.3+£12 0.22+0.01

1 202+14 0.23+£0.02

25 15 216+02 0.37+£0.01
2 248+06 0.60+0.02

25 254+06 0.71+£0.02

For both polymer concentrations, encapsulation efficiencies remain in an intermediate
limited range, in accordance with previous studies based on the encapsulation of
hydrophilic drugs [15-16] that reported a rapid migration and diffusion of this type of
molecule together with the solvent during the nanoprecipitation process. Common
approaches implemented to improve entrapment of hydrophilic molecules focused on
modification of the aqueous phase composition in order to decrease the solubility of the
compound to entrap or increase its affinity towards the polymer [23]. Further
improvements of the encapsulation of natamycin in the PLGA nano-carriers were
attempted by studying the effect of pH modification (MilliQ water replaced by buffers at
pH 4 and 9) or addition of NaCl (0.05%-0.1% wi/v). Table 2.3 summarizes EE, LE,
diameter and Pdl obtained for these formulations.
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Table 2.3: Effect of aqueous phase composition on size, polydispersity, EE and LE of natamycin-
loaded PLGA nanospheres

Aqueous phase Mean diameter (nm) Pdl EE (%) LE (%)
MilliQ water 89.3+54 0.136 + 0.009 254+0.6 0.71+£0.02
Buffer pH 4 158.3+1.6 0.101 + 0.029 16.4+ 0.6 0.28+£0.01
Buffer pH 9 842+04 0.179 £ 0.010 222+08 0.38+0.01

NaCl 0.05% w/v 108.4+£0.3 0.097 + 0.007 30.7+£4.0 0.52 £0.07

NaCl 0.1% wi/v 126.6 £ 0.7 0.108 + 0.014 249+22 0.42 £0.04

The pH modification led to significant increase in size or Pdl of the nanoparticles,
with decrease in the entrapment levels. Change of ionization degree of natamycin via the
use of extreme pH could have improved interactions with the polymer. It is however also
contributing to higher levels of dissolution in water, which explains that EE% and LE%
are not enhanced by the pH modification. Addition of salt in the aqueous phase also had
significant effect on the diameter of the nanospheres as well as on the quantities of
aggregates visually formed. NaCl has been reported to have a salting-out effect,
promoting the fast precipitation of the polymer, and to increase the viscosity of the
aqueous phase, reducing the solvent diffusion rate thus being unfavorable to nanoparticle
formation [13]. Though a positive effect on natamycin entrapment can be observed for
NaCl 0.05% wi/v, the reduction of nanoparticle yield is too consequent. Using MilliQ

water seems to remain the most favorable option for encapsulation of natamycin.

2.4.3. Zeta-potential

Presence of ionized carboxyl PLGA end-groups at the surface of the nanospheres led
to negatively charged nanoparticles. Zeta-potential values (Table 2.4) were below -56 mV
for all compositions indicating very good stability of the nanosuspensions. Slight
variations are observed while incorporating natamycin in the formulation and might be
attributed to adsorption of natamycin molecules on the nanospheres via electrostatic
interactions between the carboxylic groups of PLGA and the amino group of natamycin.
As natamycin is in a slightly positively charged zwitterionic state in MQ water
(isoelectric point at pH 6.5 [24]), the resulting partial hiding of the surface charge is
compensated by the presence of another carboxylic group on natamycin itself, explaining

the limited variation observed.
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Table 2.4: Effect of the presence of natamycin on the zeta-potential of PLGA nanospheres

[PLGA]organic phase (Mg/mL)  [Natamycin]meon (Mg/ML)  Zeta-potential (&) (mV)

0 -596+1.4

0.5 -60.2+1.4
10

15 -60.3+4.5

2.5 -61.4 £0.7

0 -63.7 £ 6.7

0.5 -62.8 +4.0
25

1.5 -57.5+£6.2

25 -56.3+3.0

2.4.4. Morphology
Nanometric sizes and polydispersity were confirmed by TEM (Figure 2.6) by analysis
of the formulation PLGA 25 mg/mL — Natamycin 2.5 mg/mL. Spherical shapes and

smooth surface were observed without detection of natamycin crystals.

Figure 2.6: TEM micrographs of natamycin-loaded nanoparticles (scale bar 0.2 um)

2.4.5. Physical state of natamycin
Information on the physical state of natamycin molecules encapsulated in the
nanospheres and interactions between the antifungal and polymer within the polymeric
matrix of the nanoparticles were determined by differential scanning calorimetry, X-ray
diffraction and infrared spectroscopy based on the reference formulation PLGA 25
mg/mL - Natamycin 2.5 mg/mL.
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DSC thermograms of natamycin, PLGA polymer, loaded/unloaded lyophilized
nanoparticles and corresponding physical mixture PLGA-natamycin are shown in Figure
2.7. Natamycin was characterized by three consecutive endothermic transitions around
73°C, 97°C and 134°C, matching the disappearance of the three molecules of water
present in the trihydrate crystalline form. The sharp exotherm observed at 227°C is
related to its thermal decomposition [24]. The pure PLGA 75:25 exhibits an endothermic
event around 54°C, referring to the relaxation peak following the glass transition.
Thermal degradation of PLGA starts around 230°C, with an exothermic event at 367°C
(not displayed here). No melting point is observed as PLGA is by nature an amorphous
copolymer [25]. The physical mixture shows the same endothermic peak related to PLGA
glass transition around 54°C. Two of the peaks related to dehydration and the exothermic
event for natamycin degradation were also visible but shifted to lower temperatures.
These modifications suggest solubilization of natamycin and/or interactions between the
preservative and the polymer.

The endothermic event corresponding to the glass transition of PLGA remained
visible for both unloaded and loaded nanoparticles but was shifted to lower temperatures
with an intensified effect in presence of natamycin, corroborating the idea of interactions
occurring between PLGA and the preservative as previously observed by size
measurements. No thermal transition related to natamycin was besides observed for
loaded nanoparticles indicating that the compound might be amorphous or dispersed in a

non-crystalline state in the polymeric matrix.

The physical state of natamycin was further confirmed by the analysis of XRD
patterns (Figure 2.8). Pure natamycin powder presents a crystalline pattern comparable to
those previously reported for the trihydrate crystalline form [24]. The amorphous nature
of PLGA was confirmed by XRD. The physical mixture pattern consists in a simple
superposition of both natamycin and PLGA pattern, with the presence of an amorphous
zone and several diffraction peaks attributable to the preservative. XRD spectra for both
nanoparticles samples were similar to pure PLGA. The complete absence of diffraction
peaks corresponding to natamycin reinforces the idea that the compound exists in an

amorphous or molecularly-dispersed state within the polymeric matrix.
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Figure 2.7: DSC thermograms of natamycin (a), PLGA (b), physical mixture PLGA/natamycin (c),
unloaded (d) and natamycin-loaded PLGA nanospheres (e)
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Figure 2.8: X-Ray diffractograms of natamycin (a), PLGA (b), physical mixture PLGA/natamycin (c),
unloaded (d) and natamycin-loaded PLGA nanospheres (e)
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Figure 2.9: FT-IR spectra of natamycin (a), PLGA (b), physical mixture PLGA/natamycin (c),
unloaded (d) and natamycin-loaded PLGA nanospheres (e)

FT-IR spectra of natamycin, PLGA, physical mixture, unloaded and loaded
nanoparticles are displayed in Figure 2.9. PLGA showed characteristic bands of -C-O
stretching (1050-1275 cm™), -C=0 stretching (1749 cm™) and -CH,-CH,,-CHjs stretching
(2850-3000 cm™). For pure natamycin, main peaks contributing from the functional
groups of the molecule such as -C-O, -C-N stretching (1000-1270 cm™), -CH=CH- stretch
(conjugated dienes at 1570 cm™ and a,(-unsaturated lactone at 1640 cm™), carbonyl -
C=0 stretching (1713 cm™), O-H/N-H stretching (2500-3700 cm™) and -NH3" stretching
at 3281 cm™ were present. Natamycin was still detected in the physical mixture at very
low intensities on the range 900-1000 cm™ and 1500-1600 cm™ as well as by its C=0
stretching, partially superposed with the PLGA carbonyl band. FT-IR recorded at higher
ratios natamycin-PLGA (data not shown) indicated a simple superposition of both
polymer and antifungal agent spectra. The FT-IR spectra for loaded and unloaded
nanoparticles were similar to pure PLGA. Natamycin was not detected in the loaded-
nanoparticles which might indicate its dissolution in the polymer matrix and levels too
low to be detected by the FT-IR. No significant difference in positions of the absorption
peaks of PLGA were observed indicating that the polymer was not involved in significant

intermolecular interactions with natamycin in the solid formulations. This is in
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accordance with the zeta-potential measurements which suggested rather electrostatic

interactions between natamycin and PLGA nanoparticles in suspension.

2.5. Performance tests

2.5.1. In vitro release kinetics

In vitro release kinetics profiles of natamycin, physical mixture PLGA-natamycin and
loaded nanoparticles (PLGA 25 mg/mL — Natamycin 2.5 mg/mL) are displayed in Figure
2.10.

Pure natamycin showed a slow release pattern with continuous delivery over more
than 14 days, in accordance with the progressive dissolution of its crystalline form. A
noteworthy difference between pure preservative and physical mixture was observed with
a clear acceleration of the release in presence of polymer and a plateau reached after 10
days. This finding could be related either to electrostatic complexation with PLGA or to
possible PLGA hydrolysis which could have created a slightly more acidic medium in the
dialysis bag, helping in both cases the dissolution of natamycin crystals.

Natamycin-loaded PLGA nanoparticles exhibited a faster release pattern consisting in
two phases: an initial burst release of 80% over the first two days, followed by a
continuous release at very slow rates up to 7 days. The first phase is attributable to the
release of non-encapsulated natamycin either present in solution or adsorbed at the
surface of the nanospheres, as evidenced previously by low encapsulation efficiencies and
zeta-potential measurements. Higher availability of natamycin in soluble state in the case
of nanoparticles is also in accordance with the amorphous state of the compound
highlighted by DSC and XRD. The slow following phase is on the other hand related to
the progressive release and permeation towards the agqueous medium of natamycin

encapsulated within the polymeric matrix [26].

The release data were further fitted with first-order Kkinetics, Higuchi Kinetics and
Korsmeyer-Peppas models classically applied to nano-carriers [18-20]. Correlation
coefficients R? and release rate constants are summarized in Table 2.5. A molecular
suspension of natamycin was analysed as a control to determine the effect of the dialysis
method itself. Release from this molecular suspension was found to obey a first-order
kinetics (R? = 0.974) with a very fast delivery rate (100% released reached after 2 days),

in accordance with the progressive transport of molecular natamycin from the dialysis bag
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membrane towards the external medium induced by the sink conditions. Pure natamycin
crystals presented a better fitting with the Higuchi model, which is representative from
the drug dissolution and diffusion out of a crystalline matrix. Release from the physical
mixture was also compatible with the Higuchi model with, as expected, a release rate
constant higher than for natamycin alone. In the case of natamycin-loaded nanospheres,
the best fitting model and higher correlation coefficient values were found for the first-
order kinetics similarly to molecular natamycin, in accordance with the presence of non-
encapsulated preservative previously highlighted.

Application of the Korsmeyer-Peppas model gave very good correlations for both
natamycin crystals and PLGA nanospheres. Values of n comprised between 0.43 and 0.85
highlighted an anomalous non-Fickian diffusion mechanism for all samples. High value
of n for polymeric nanospheres indicated a large contribution of swelling/relaxation of the
nanoparticles for the release of natamycin rather than a simple Fickian diffusion, in
accordance with the complexation PLGA-natamycin identified earlier which is highly

likely to slow down the release process.
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Figure 2.10: In vitro release profiles of natamycin (a), physical mixture PLGA/natamycin (b) and
natamycin-loaded PLGA nanospheres (c)
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Table 2.5: Correlation of release kinetics data using 1* order, Higuchi and Korsmeyer-Peppas kinetic
models for crystalline natamycin, physical mixture and natamycin-loaded PLGA nanospheres

Model First-order Higuchi Korsmeyer-Peppas
Sample R? k (102h™) R? k R? n
Natamycin crystals 0.940 0.48 0.988 4.23 0.975 0.708
Physical mixture
PLGA-natamycin 0.902 0.71 0.974 5.32 0.983 0.763
PLGA nanospheres 0.975 3.1 0.963 10.92 0.981 0.824

2.5.2. Antifungal activity against Saccharomyces cerevisiae

Figure 2.11 displays the cumulative antifungal activity against Saccharomyces
cerevisiae observed over 5 days for pure natamycin, physical mixture polymer-
preservative and PLGA nanospheres loaded with various amounts of preservative.

Natamycin presented a regular pattern with a similar antifungal activity provided
every day over a long period of time (>5 days), in accordance with the slow release
kinetics from crystals evidenced via the dialysis bag method and thus sustained release of
molecular natamycin available for antifungal activity. As expected from in vitro release
Kinetics results, introduction of PLGA in the physical mixture slightly enhanced the
antifungal activity, particularly during the first day, though the sustained pattern over 5
days remain comparable with pure natamycin.

Unloaded nanoparticles did not show activity against the yeast indicating no
antifungal effect of PLGA itself. Antimicrobial performance of natamycin-loaded
nanospheres differed clearly from the pure preservative, with the major part of the activity
occurring during the first 24 h at 2.4 to 3-fold higher levels compared to crystalline
natamycin. Absolute cumulative release from formulations containing 0.5, 1.5 and 2.5
mg/mL of natamycin in methanol were respectively 50%, 67% and 77% of the initial
content of natamycin, with an absence of antifungal activity detected after 2-3 days.
These findings corroborates the biphasic release profile described in 2.5.1, with a clear
burst release of preservative molecules over the first two days followed by release at
much slowlier rates, with quantities released too low to be detected by the disk-diffusion

assay.
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Figure 2.11: Cumulative antifungal activity observed against Saccharomyces cerevisiae for native
natamycin, physical mixture PLGA-natamycin and loaded nanoparticles

2.6. Stability tests

Stability tests were performed on unloaded PLGA nanospheres (25 mg/mL),
nanospheres containing 2.5 mg/mL of natamycin (around 33 ppm in water) and
corresponding suspension of pure natamycin in water (around 35 ppm) under the
conditions described in section 2.2.5.

Unloaded nanoparticles did not display significant change in Pdl over 10 weeks of
storage in the three conditions tested with only slight reduction in size (2-5 nm in average)
due to slow erosion and degradation of the polyester. A similar observation was made for
natamycin-loaded nanoparticles.

The content of preservative lost upon storage was analyzed by HPLC (Figure 2.12).
Natamycin was easily degraded in nano-suspensions stored at room temperature, with a
slightly enhanced effect under light exposure in accordance with the known sensitivity of
the molecule towards UV. Storage at 4°C enabled to slow down the degradation but loss

remained significant compared to the corresponding suspension of pure natamycin in
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water where only 19.3% were lost after 10 weeks. Measurement of pH of the nano-
suspensions upon storage highlighted an evolution towards a more acidic medium (pH 4.8
initially vs 4.2 after 5 weeks) that would tend to indicate the presence of degradation

products of PLGA, likely to catalyze the degradation of natamycin itself.
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Figure 2.12: Relative loss of natamycin (%) in PLGA nanospheres prepared by nanoprecipitation
under different storage conditions

2.7. Conclusions

Biodegradable  polymeric  nanospheres  were  prepared successfully by
nanoprecipitation using low molecular weight PLGA (75:25 L:G ratio) dissolved in the
mixture acetone/methanol 2:1. A solvent/non-solvent ratio of 4% v/v and an intermediate
stirring speed (500 rpm) enabled the formation of monodisperse nanospheres (60-120 nm)
with limited formation of large aggregates of polymer. Concentration of PLGA dissolved
in the solvent phase was shown to be the most determinant factor to control the size of the
nanoparticles.

Incorporation of natamycin, via dissolution in the methanol present in the organic
phase, still enabled the formation of nanospheres with limited effect on the polydispersity
but clear participation of the preservative compound to the nanoprecipitation process as

highlighted by a size reduction of 10-30 nm. In-depth study showed that size reduction is
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related to the formation of a PLGA-natamycin complex in the solvent phase that induces
a shift in Ouzo region and allows formation of smaller particles. Determination of
entrapment levels indicated that up to 25% of the maximum amount of natamycin soluble
in methanol could be encapsulated in the selected nanospheres, with the remaining
preservative being dissolved in water or adsorbed at the surface of the nanoparticles.
Modification of the pH or ionic strength of the aqueous phase did not enhance the
encapsulation or led to larger particles or polydisperse nano-suspensions. Analysis of the
physical state of natamycin indicated a non-crystalline state and weak interactions,
probably electrostatic, towards PLGA. In vitro release profiles and antifungal activity
assays confirmed that the low encapsulation levels and the modified physical state of
natamycin promotes a higher availability of free preservative molecules compared to its
classical crystalline form, which could represent a huge advantage for the treatment of
food products requiring a high level of antifungal protection at early stages of their
preparation.

Stability tests of natamycin polymeric nano-suspensions indicated however a
relatively fast degradation of the preservative upon storage, likely to be due to hydrolysis
or degradation of the polymer itself. Low levels of encapsulation and inherent low solid
content of nano-suspensions prepared by nanoprecipitation also limit the potential use of
the developed formulations in real food applications. Both issues should be solved by the
preparation of concentrated or dried forms as will be addressed in Chapters 4 and 5 of this

thesis.
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Chapter 3

Liposomal formulations of natamycin:
the benefits of sterol enrichment

Food-grade soybean liposomal suspensions are predar the solvent injection
method and evaluated as potential nano-delivertesys for natamycin. Unloaded and
natamycin-loaded formulations are successfully iobth using methanol as a solvent
phase and Epikuron 145V or 200 soybean lecithinsaaser material. Small unilamellar
vesicles (< 130 nm) are formed with polydispersiiie the range 0.22-0.25 and are able
to encapsulate natamycin without significant madifion of their size characteristics.
Presence of charged phospholipids and reduced rtootephosphatidylcholine in the
lecithin mixture are found to be beneficial for aratcin encapsulation, indicating
electrostatic interactions of the preservative it polar head of the phospholipids. The
chemical instability of natamycin upon storage imege formulations is however
significant and proves that uncontrolled leakagedfuhe liposomes occurs. Performing
the solvent injection in acidic aqueous medium &@®bo enhance the encapsulation of
the preservative and reduces the chemical instakali some extent. More efficient
prevention of natamycin degradation is obtainednoprporation of sterols (cholesterol,
ergosterol) in the lipid mixture and is linked ta@lmer entrapment levels and reduced
permeability of the phospholipid membrane providsdthe ordering effect of sterols.
Comparable action of ergosterol is observed at eatnations 2.5-fold lower than
cholesterol and attributed to a preferential inteom natamycin-ergosterol as well as a
higher control of membrane permeability. Fine-tgniof sterol concentration allows
preparation of liposomal suspensions presentinguhatetlin vitro release kinetics rates
and enhanced antifungal activity against the mgdastSaccharomyces cerevisiae.

Part of this chapter has been submitted as : Ca&ad} J.G.J.L. Lebouille, H.E.A. De Braal, E. Meside
G.M.H. Meesters, Formulation and antifungal perfance of natamycin-loaded liposomal suspensions: the
benefits of sterol-enrichmenipurnal of Liposome Research, 2016 26 (2), 103-112
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3.1. Introduction

Liposomal formulations have been extensively dguetbover the last fifty years for
encapsulation and delivery of food active ingretdiear drugs [1-3]. Liposomes are
commonly defined as closed spherical-shaped vesadasisting of an internal aqueous
core surrounded by one or more lipid bilayers, irsteucture similar to biological
membranes [4-5]. The lipid bilayer contains polanpaiphilic molecules such as
phospholipids [6-7], which possess a hydrophobiabti fatty acid tail (acyl chains),
with variable composition and length related toirthariginal source, as well as a
hydrophilic head, made of a phosphate group coeddat a small molecule, conferring a
charge or neutral/zwitterionic aspect to the mdkecClassical phospholipids structures
are represented in Figure 3.1. For food-grade egpdns, phospholipids are generally
extracted from egg yolk or natural oils (sunfloweqya) in complex mixtures of

phospholipids, called lecithins.

X= —H
0X
O:[:,_O- Phosphatidic acid (PA)
0]
_\_ iﬁ_

Polar head |
0]

O Phosphatidylcholine (PC)
O _\_ +
NH;

Phosphatidylethanolamine (PE)

.
}N“‘

(e(e]0]
Phosphatidylserine (PS)

Fatty acid tails /\/\ou

OH
Phosphatidylglycerol (PG)

OH oy
HO OH

OH

Phosphatidylinositol (PI)

Figure 3.1: Chemical structure of phospholipids

Formation of liposomes is based on the non-spootanassembly of phospholipids
related to unfavorable interactions occurring betwéhese amphiphilic molecules and
water [4,8-9]. Under the right conditions, hydroplwtails are forced to face each other,

creating the bilayer, while polar heads are oriérttavards the external inner or outer
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agueous medium. During the process, hydrophilicecues can be encapsulated in the
agueous core and lipophilic molecules in the cdrthe lipid bilayer while amphiphilic
compounds would position themselves preferentidiigtween the phospholipids
molecules closed to the inner or outer aqueouseptiaspending on the manufacturing
process, liposomes can range from tens of nanosnietea few micrometers and show a
variety of structures such as unilamellar (singlayler), multilamellar (multiple bilayer
membranes arranged in a concentric structure) dirv@asicular when liposomes contains
other random-sized vesicles [4]. Nano-liposomesamvn as small unilamellar vesicles
(SUVs) with diameters ranging from 20-100 nm. SWWdés be obtained by a simple one-
step method, called solvent injection [4,10-11]ttlcould promisingly be applied for
natamycin.

The solvent injection technique involves the prapan of a “solvent phase” (hamely
phospholipids and active ingredient dissolved in axganic solvent miscible in all
proportions with water and allowing acceptable alistson of both components),
followed by a fast injection into an aqueous solti(“non-solvent phase”). The
commonly accepted mechanism explaining the formatibliposomes through solvent
injection is the two-steps non-equilibrium modebleskicles formation proposed by Lasic
[9] and illustrated in Figure 3.2. In brief, phostipid molecules, initially well dissolved
in the solvent phase, are exposed to an incregspuyhr environment due to the solvent
diffusion in water. This gradual exposure to momap medium decreases the lipid
solvation and triggers precipitation at the inteefasolvent/water with formation of
bilayered phospholipids fragments (BPFs). The meagliate structures present open
edges that induce thermodynamic instabilities doethe exposure of phospholipid
hydrophobic tails to the aqueous environment. Asrsequence, BPFs grow (fusion by
coalescence/aggregation or integration of soluddlizpid molecules) and bend to reduce
exposure. Upon growth and bending, intermediateictires finally close upon
themselves, creating the liposomes. Final sizehefliposomes can be related to the
balance of bending energy and opposite curvatucesanvolved.

All parameters acting on the microfluidic environthéi.e. the polarity change) and
the BPF growth can influence the size and polyd&peof the liposomal suspension
[11-12]. Parameters influencing the microfluidioseanment are for instance the solvent
type, the solvent/non-solvent S/NS ratio, the istiyrrate or the temperature. Parameters
influencing the growth are for instance the lecitkbmposition and concentration, the

composition of aqueous phase (pH, ionic strengtsgnce of additives).
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Solvent phase
Water-miscible solvent
Phospholipids
Ingredient to encapsulate
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Aqueous medium (-») [~ ] ]

Liposomes
Formation of BPFs

Figure 3.2: Schematic representation of liposomesimation by the solvent injection method

Liposomes are recognized as highly versatile aatrighich composition can be
fine-tuned to obtain formulations with desired gmadation and delivery properties. It
must however be highlighted that liposomal formolas are frequently encountered to
suffer major limitations such as physical instdpi(fusion, rearrangement) and chemical
instability (hydrolysis, oxidation) [13], leadin@ tdegradation and/or rapid uncontrolled
leakage of the encapsulated compound outside ofetsieles.

Incorporation of sterols in the phospholipid mixtus one of the approaches widely
use to counteract these limitations and particylanhcontrolled leakage, mainly by
influencing the membrane organization. The lipithyer can exist in different physical
states [14-15] depending on the lateral organimatiophospholipids, their mobility and
the molecular order. Two phases are commonly eriecesh the gel (solid-ordered)
phase and the fluid (liquid-disordered) phase hbkndel phase, phospholipids are packed
in a compact way due to maximum elongation of tbg@ ahains and strong attractive
Van der Waals forces. Increase of temperature @limit phase transition temperature
(Tr) leads to more loosely associated phospholipidslaeral expansion of acyl chains.

This results in more fluid and permeable membrangk superior mobility of the
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phospholipid molecules. Incorporation of sterolstsas cholesterol or ergosterol (Figure
3.3) enables the formation of an intermediate plkassav as liquid-ordered phase [14,16-
17], which presents characteristics of both gel find state. Incorporation of sterol in
the gel state disturbs the forces between acyhshand loosens the packing, leading to
more fluid and permeable arrangement. In the fitigde, the rigid hydrophobic moiety of
the cholesterol intercalates between mobile acginshand modifies their movement,
leading to more ordered and less permeable arraenReduced leakage of
encapsulated materials, longer term protectiondmtalyed releases have been classically
reported as a result of reduced bilayer permewbitiked to the presence of sterols [18-
20]. In addition, presence of sterols and partitylargosterol could be a huge advantage
to the encapsulation and controlled release ofnmatan. Antimycotics are indeed known
to interact with sterols present in fungi membrasepart of their antimicrobial action
mechanism [21]. Natamycin activity was for instamqm®ven to be linked to strong
binding with ergosterol and disturbance of its fimal properties in the fungi membrane
[22].

Figure 3.3: Chemical structure of cholesterol (leftand ergosterol (right)

The primary objective of this chapter is to assészgmatamycin can be efficiently
encapsulated in food-grade liposomal formulatiomspared by the solvent-injection
method and to determine if incorporation of sterbténgs an interesting benefit to
stability, encapsulation and delivery of the compahuFirst part of this chapter focuses on
the preparation of unloaded and natamycin-loadetblstree liposomes obtained from
two different soybean lecithins. Formulation partere influencing the formation of
liposomes are investigated in order to form stadmhel low polydisperse nano-sized
unilamellar liposomes. Encapsulation and stabibfy natamycin in these liposomal
formulations are evaluated. Second step describesmnrichment of the phospholipid
mixtures with cholesterol and ergosterol and thituémce on size, encapsulation and
stability of natamycin. Selected formulations wenally submitted to performance tests,
namely release kinetics tests and antifungal dgtivagainst the model yeast

Saccharomyces cerevisiae.
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3.2. Materials and methods

3.2.1.Materials

Natamycin (90.6% purity, trinydrate crystalline for 665.7 g/mol) was kindly
supplied by DSM Food Specialties (Delft, The Neldreis) and used without further
purification. Deoiled phosphatidylcholine-enrichedybean lecithins Epikuron 145V
(50.5% PC, 14.3% PE, < 3% PA, < 1% PL) and Epik@0 (93.5% PC) were supplied
by Cargill (Hamburg, Germany). Cholesterol (CHOL.99%) and ergosterol (ERG,
95%) were purchased from Sigma-Aldrich. MethanolBMRE® ACS from Merck was
used for the liposome preparation. Potassium ddgein phosphate, methanol and
acetonitrile Lichrosolv® were obtained from Merckdaused for HPLC analyses. High

quality water purified in a MilliQ system was usedll experiments.

3.2.2.Preparation of liposomes

Liposomal formulations were prepared using the esaivnjection technique. Briefly,
Epikuron 145V or Epikuron 200 were dissolved atnndemperature in methanol together
with natamycin (0.5-2.75 mg/mL) and, when requiretth cholesterol (1-5 mg/mL) or
ergosterol (0.5-1.5 mg/mL). This organic phase imgected by one-shot addition under
moderate stirring (200 rpm) into MilliQ water atratio of 4% v/v. The resulting
suspension was kept under slow stirring overnightcbmplete evaporation of organic
solvent, before analysis. Formulations are furtdescribed in this chapter by the
natamycin-to-lecithin (N/L) and sterol-to-lecith8iL (CHOL/L or ERG/L) weight ratios.

3.2.3.Physicochemical characterization of liposomal suspsions
3.2.3.1. Particle size and zeta-potential

The mean particle diameter and polydispersity in¢ledl) of the liposomes were
determined by Dynamic Light Scattering (DLS) (Zetas Nano ZS, Malvern
Instruments Ltd., UK). Three consecutive measurésnemere performed on each
suspension at 25 °C at a scattering angle of 178tér an equilibration time of 180
seconds. The zeta-potential of the nanopartidl@¢swas assessed on undiluted nano-
suspensions with the same equipment by three cotiseeneasurements of 50 runs at
25 °C after an equilibration time of 180 secondB.measurements were performed in

triplicate and results are presented as mean #flatdmeviation (SD).
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3.2.3.2. Morphology

Morphology of liposomes was investigated using gemc transmission electron
microscopy (cryo-TEM). Vitrification of aqueous tipomal suspensions was carried out
in an automated vitrification robot (FEI VitrobotMark 111). A 3 uL drop was applied to
a R2/2 Quantifoil Jena grid (Quantifoil Micro Tool&mbH, Germany) in the
environmental chamber of the Vitrobot (25 °C, 99&midity) and the grid was blotted
with two filter papers to remove the excess liqugdibsequently, the grid was plunged
into liquid ethane which was maintained at appratety —183 °C. CryoTEM samples
were imaged with the TU/e CryoTitan (FEI, FEG, 30Q Gatan Energy Filter, 2k x 2k
Gatan CCD camera). Images were acquired using tse& dode, with an exposure time

of 1 s at a dose rate of 70 e-/A2 per second.

3.2.3.3. Encapsulation (EE) and loading (LE) efficiencies

5 mL of liposomal suspension were transferred iniceam Ultra-15 centrifugal filter
units (10 kDa, Millipore, USA) and centrifuged f80 min at 4500 rpm (Eppendorf
centrifuge 5804C, 20 °C). Filtrate and original géenwere collected and diluted in
methanol before analysis by HPLC. Natamycin contead determined by reverse-phase
high-performance liquid chromatography (HPLC). Athpressure liquid chromatograph
Ultimate 3000 Dionex equipped with a variable waweith detector was used. Separation
was achieved by injecting 20 of sample on a reverse phase column LicrospheP®&R
(Merck, 125 nm x 4 mm, pore size 100 A) with a nelghase consisting of 35:65 v/v
acetonitrile: potassium dihydrogenphosphate buffegd 3.05) at a flow rate of 1.0
mL/min. Natamycin was detected by UV at 303 nm guodntified using a calibration
curve designed over the range 0.05-50 pprh £R0.9996). All HPLC samples were
analyzed in triplicate. EE and LE were calculatetoading to Equations 1 and 2.
Determination of EE and LE was performed on thrames for each composition.
Results are presented as mean * SD.

EE (%) Total amount of natamycin — amount of natamycin in the filtrate
0 =

Total amount of natamycin *100  (Eq.1)

LE (%) Total amount of natamycin — amount of natamycin in the filtrate 100 (Ea.2
= * ]
’ Amount of phospholipids + sterols (Eq.2)
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3.2.4. Stability
Stability tests were performed after 1, 2, 5 and wi€eks by determining size

evolution by DLS and natamycin content evolutiontbg HPLC method for liposomal
formulations stored at 4 °C and room temperature(Z8T+ 2 °C) under light protection

or light exposure.

3.2.5.Performance tests
3.25.1. Invitroreeasekinetics

In vitro release studies were carried out usingdiaéysis bag technique. Liposomal
suspensions were used as such, after solvent exmpor A reference sample was
prepared by dispersing natamycin powder in MilliQater to reach an initial
concentration similar to the liposomal formulatioris mL of these suspensions was
placed in a dialysis bag (Float-A-Lyzer® G2, BidtgBrade Cellulose Ester, MWCO 8-
10 kDa, Spectrumlabs) and incubated in 35 mL ofi@iwater at 25 °C in a shaking bath.
Total volume was collected at predetermined interaad replaced with equal volume of
fresh release medium to maintain sink conditionsoAnt of natamycin in the aliquots
was assayed by HPLC. The cumulative percentagataimycin released was calculated
for triplicates and plotted versus time.

To further characterize the rate and mechanisnelefase of natamycin out of the
liposomes, the release data were fitted to classie@hematical models [23] including

first-order kinetics (Eq.3), Higuchi kinetics (Ejj@nd Korsmeyer-Peppas model (Eq.5).

M;/M,, = 1—e Kt (Eq.3)
M,/My, = k.t'/? (Eq.4)
M,/My = k.t" (Eq.5)

Where M/M., represents the cumulative fraction of drug reldastethe time t over the
total amount released is the release rate constant amds the diffusion exponent
indicative of the mechanism of drug release. Kjginwere obtained by plotting
respectively log (100-%released) vs time (firstesjdand %released vs square root of
time (Higuchi). The initial 60% of preservative eaked were fitted in the Korsmeyer-
Peppas model by plot of log (%released) vs logd}iend the value of® determined
from the slope. For swellable nanocarriers [24-2b]= 0.43 represents a release
mechanism based only on Fickian diffusion while= 0.85 corresponds to a case-ll
transport based on relaxation/swelling of the neawiers. Intermediate values indicate

an anomalous transport and combination of botlusiibin and relaxation phenomenon.
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3.2.5.2. Invitro antifungal activity

Antifungal activity of natamycin and liposomal sesgions against the model yeast
Saccharomyces cerevisiae (ATCC 9763) was assessed by agar disk diffusisayas
Briefly, a layer of nutrient OGYE agar inoculatedttwSaccharomyces cerevisiae was
allowed to solidify in a Petri dish. Sterile blanlksks were placed in a stainless steel
cylinder and impregnated with 50 pL of nano-susmensA similar procedure was
applied to standard solutions of natamycin to éstala calibration curve on the range
30-300 ppm. The disks impregnated with standardsnp-suspensions were then placed
on the solidified agar layer and Petri dishes werpt at 4 °C overnight to allow the
diffusion of natamycin. After removal of the diskdates were incubated at 30 °C for 24h.
The diameter of the zone of inhibition was measuaedl compared to a calibration curve
established with the standard samples to deterthi@eguantity of natamycin released.
Disks impregnated with the suspensions were tramsfeo a fresh Petri dish and the
procedure was repeated over 5 days to follow thease of natamycin. Results are
presented as cumulative activity (ug of natamyeleased per day/ total pg of natamycin

released over 5 days) calculated from triplicatasueements.

3.3. Formulation of sterol-free soybean liposomes

3.3.1.Preparation of unloaded liposomal formulations

Unloaded liposomal formulations were prepared usimwg deoiled food-grade
soybean lecithins, Epikuron 145V and Epikuron 2@, study the effect of lipid
composition on formation of liposomes by the sotvierection technique. Epikuron 200
possesses the highest level of neutral PC conthilé \Epikuron 145V presents lower
levels of purity and contains also charged phospius. Methanol was selected to
prepare the organic phase as it enables both neiaigsolution at acceptable levels (up
to 2.75 mg/mL experimentally) [26] and solubilizatiof the lecithins.

Preliminary work on the formation of unloaded lipos®es made of both lecithins
(data not shown) indicated that the S/NS ratio nhestfixed at 4% v/v for optimal
formation of liposomes. This ratio allows an acebpt amount of liposomes in
suspension and good reproducibility of the procétigher content of solvent phase
injected either limits the solvent diffusion, cliegt precipitates and heterogeneous
suspensions [11], or leads to a mixture solven8waufficient to solubilize all the

phospholipids. Regarding stirring rate, it was dateed that, for the specific low S/NS
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ratio used in this study and the concentration ladgpholipids involved, no clear effect
was observed on the range 100-600 rpm, while higbeeds leading to fast micromixing
and formation of large BPFs thus larger liposon2&g. [Stirring rate was fixed at 200 rpm

for further experiments.

Figure 3.4 represents the evolution of size and digtribution of liposomes obtained
for both lecithins using the conditions describ&d\ee. It was evidenced that SUVs can
be obtained with a monomodal distribution and thmwvedst polydispersity for
concentrations of Epikuron 145V ranging betweer® 2hd 67.5 mg/mL. On this range,
size of the liposomes varies nearly linearly betwé@ and 130 nm with a polydispersity
stable around 0.22-0.25. A similar behavior waseole=d for Epikuron 200 on the
concentration range 5.0-32.5 mg/mL with diameter8@130 nm and polydispersity
averaging 0.15-0.20. Linear variation as a functéripid concentration in the organic
phase is in accordance with observations of prevauthors [11-12, 27-28] and has been
explained by the predominant effect of lipid cortcation on the formation, growth and
closure of intermediate BPFs involved in the salviefection mechanism. Out of these
ranges, tremendous increases in polydispersity @iatheters were observed. Low
concentrations of phospholipids, particularly ie ttase of Epikuron 145V, are believed
to simply cause the dissolution of the moleculesvater helped by the presence of
solvent or to cause mixed creation of small miceliend liposomes. At higher
concentrations, formation of phospholipid aggregaie clusters of small liposomes is
promoted [11,27] as well as closure of BPFs indagtyuctures such as multilamellar or
multivesicular structures, leading to huge sizecréisancies. Epikuron 200, due to its
higher purity and easier packing of the phosphatiph the BPFs and bilayer, leads to the

formation of more monodisperse SUVs at lower cotregions than Epikuron 145V.

3.3.2.Incorporation of natamycin in sterol-free liposomes

Natamycin-loaded SUVs were prepared using lecitlioncentration ranges
determined in 3.3.1 and characterized in termsizd, olydispersity and entrapment
efficiencies. Table 3.1 displays results obtaingdelither varying the concentration of
natamycin at fixed concentration of lecithin or yiag the concentration of lecithin
(Epikuron 145V) at the maximum concentration ofsereative soluble in methanol.
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Figure 3.4: Influence of lecithin composition on tle size and polydispersity of liposomes obtained

by the solvent injection method (top: Epikuron 200Q' bottom: Epikuron 145V)
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Table 3.1: Size, Pdl, EE and LE as a function of tithin composition, concentration and N/L ratio

Lecithin [Lecithin]pemanor  Ratio  Diameter (nm) Pdl EE (%) LE (%)
(mg/mL) N/L +SD +SD +SD +SD
375 1:15 86.9+1.1 0.246 £0.013 62.7+1.2 43+0.1
45 1:18 93.6 £ 0.6 0.238 + 0.005 67.8+09 38=+0.1
50 1:20 1152 +1.0 0.217 +0.008 721+1.2 34+0.1
62.5 1:25 122.3+1.9 0.213 +0.011 77308 3.2+0.1
Epliuron 1118  93.6%0.6  0.238+0005 67.8+0.9 38201
1:23 945+0.7 0.246 £ 0.006 70.7+1.4 33=+0.1
45 1:30 93.8+1.0 0.232 + 0.006 81.3+20 3.1+01
1:45 92.8+0.9 0.240 = 0.003 89.2+33 22+0.1
1:90 94.2+0.7 0.241 +0.011 98.6+05 1.1+0.1
1:12 107.5+0.4 0.264 + 0.008 52.1+29 44+0.2
Epikuron 1:16 1055+1.2 0.221 +0.010 49.0+16 3.0+0.1

30
200 1:23 1109+0.7  0.259+0.009 70.7+0.8 2.9+0.1

1:50 106.0+£0.8 0.195 +0.012 79.4+44 16+0.1

Incorporation of natamycin did not significantlystlirb the process of liposomes
formation via the solvent injection method whateMéL ratio was used, with sizes and
polydispersity staying in the same range at fixedcentration of lecithin. While varying
the concentration of Epikuron 145V, linear variatiof size and stable polydispersity
were obtained and comparable to unloaded liposomeégating no significant effect of
the preservative on the liposome formation.

For a fixed concentration of Epikuron 145V (45 mgjmencapsulation efficiencies
reached a maximum for high ratio N/L. Increasing ttoncentration of natamycin
reduces this level with a plateau reached arouaddtio 1:23. Corresponding increased
values of loading efficiencies indicate that furtimecorporation in the membrane occurs
but does not compensate for the larger amounteef iatamycin molecules, which could
lead to the formation of crystals and is not a mekieature. Increase of phospholipid
content enables to circumvent this phenomenonfbuthe maximum concentration of
natamycin achievable in methanol, only up to 77 &36apsulation efficiency could be
obtained on the concentration range enabling faomaif SUVs in a controlled way. An
analogous saturation phenomenon was observed fakudep 200 liposomes.
Comparison of both lecithins for similar N/L ratieghlights better affinity of natamycin
for Epikuron 145V, i.e. for lower amounts of phoapdylcholine and higher content of

charged phospholipids. This observation is consistéth the slightly positively charged
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zwitterionic nature of natamycin at the pH of Mjliwater (5.5-6) and possibly
electrostatic interactions with charged phosphdlifieads. This also corroborates
observations of previous authors regarding the namyed affinity of the preservative for

pure phosphatidylcholine bilayers such as Epik@0d [22,29].

Zeta-potential measurements confirmed incorporadifomatamycin in the liposomes
as displayed in Figure 3.5. Presence of chargedpttadipids in Epikuron 145V confers
to the liposomes a negatively-charged surface 4-#V) whereas Epikuron 200
liposomes were closer from neutral zeta-poten(idl4.3 mV). Incorporation of partially
positively charged zwitterionic natamycin in Epi&or145V SUVs slightly reduced the
zeta-potential up to 73.1 mV until reaching theordt/L 1:30 where the effect stabilized.
This confirms the idea of an incorporation of nagaim by interactions with the polar
heads of the phospholipids, either by insertiorthe outer part of the bilayer or by
complexation at the surface, up to a certain saturdevel. This however does not
significantly affect the physical stability of trseispensions, contrarily to Epikuron 200
formulations where surface charge reduction reach@®@ mV for the highest

concentration of natamycin.
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Figure 3.5: Influence of natamycin incorporation onthe zeta-potential of Epikuron 145V (45 mg/mL
— red triangles) and Epikuron 200 (30 mg/mL — blueliamonds) liposomes

71



Chapter 3 - Liposomal formulations of natamycin

Further improvements of encapsulation in Epikurdb\l liposomes were attempted
by modification of the pH of the agueous phase [@&b2). Variations of size and PdI
can be attributed to the phospholipids themsehses@ difference was observed for
unloaded liposomes prepared under the same camglifdata not shown). Maximum
diameter and polydispersity were observed at pkhefMilliQ water and correspond to
the pks of the main components of Epikuron 145V RC = 5.69, pK PE (5.98)) [30-
31]. More extreme pHs enhance electrostatic repusdsibetween polar heads of the
phospholipids and lead to smaller and less pack&fsBand liposomes [22].
Determination of encapsulation efficiencies shovigite influence on the range 5-7
which can be related to the solubility of natamyeomits own. pH 9 clearly enhances the
solubility of natamycin but not its entrapment. Bpsulation at low pH enables higher
content of natamycin to be encapsulated due tdahence of natamycin positive charge
increase and the still negatively charged liposo(p&sa for PC and PE average pH 2.5
[30-31]), that counteract the increase of solupilpH 4 could thus be an option to
increase natamycin entrapment. It is however nacgss determine if natamycin is still

protected from degradation under these conditions.

Table 3.2: Size, Pdl, EE and LE as a function of pHor Epikuron 145V liposomes
(45 mg/mL — ratio N/L 1:18)

pH  Diameter (nm) + SD Pdl + SD EE (%) +SD  LE (%¥b

4 63.2+0.3 0.200 + 0.008 958+04 53zx0.1
5 74.7+0.7 0.260 + 0.006 71.2+19 4.0+0.1
6 93.6+0.6 0.238 + 0.005 67809 3.8+0.1
7 84.0+0.8 0.230 + 0.008 67327 3.8+02
9 64.9+0.5 0.218 +0.012 59.2+16 3.3zx0.1

3.3.3.Morphology of the liposomes

Nano-liposomes made of Epikuron 145V (45 mg/mL L N/18) were kept as the
reference formulation and their morphology furtlebaracterized. Cryo-TEM analysis
(Figure 3.6) confirmed that solvent injection ledthe predominant formation of small
unilamellar vesicles. The polydispersity observed LS is reflected here by the
occasional presence of multilamellar nano-vesidlesugh all liposomes remain in the
nano-size range. No natamycin crystals were obdemethe sample, confirming its

encapsulation within the vesicles.

72



Chapter 3 - Liposomal formulations of natamycin

Figure 3.6: Cryo-TEM micrographs of natamycin-loadal Epikuron 145V liposomes
obtained by solvent injection (scale bar 50 nm)

3.3.4.Stability of sterol-free liposomal formulations

Stability of Epikuron 145V liposomes (45 mg/mL —LN1:18) prepared in MilliQ
water or modified pH aqueous phase was studiedU$y &hd natamycin content analysis.
Under all storage conditions, no significant vaoas of size and Pdl could be noticed
(95-105% of original values). As shown in Table,38ybean liposomes however did not
enable the efficient protection of natamycin overage at room temperature with fast
degradation of the preservative after 10 weeksra§at 4 °C slowed significantly the
process but the amount of preservative lost remaigsificant. Such instability is
believed to be linked to the limited encapsulatdmatamycin and to the degradation of
the phospholipids themselves that might locallyateepH changes or trigger oxidation
towards which natamycin is sensitive. Epikuron 14iValso a complex mixture of
soybean phospholipids, the major part of them digpy phase transition below 0°C
(soybean PC: -25 °C / soybean PE: -11 °C) [26-Zhpugh DSC analysis (data not
shown) on the range -70 to 0 °C did not allow d#tecof a clear transition, it is highly
likely that the bilayer membranes in this study present in the liquid disordered state,
prone to allow consequent leakage of the presee/ati the outer aqueous medium and
further exposure to degradation at the storage eemyres studied. Acidic pH reduced

slightly the degradation, particularly at room tesrgiure, which can be related to higher
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levels of encapsulated natamycin and to the higherking of the phospholipids
mentioned previously.

Stability of Epikuron 200 (30 mg/mL — N/L 1:12) tpomes was also investigated but
precipitation occurred after one week at room temtpee, as expected from the zeta-

potential values close to zero.

Table 3.3: Relative loss of natamycin (%) in loadetiposomal formulations
under different storage conditions

Aqueous phase  Storage conditions  After 1 week  Afterékeie After 5 weeks  After 10 weeks

4°C 23+0.2% 6.3+0.2% 21.2+0.1% 31.8+®m1
MQ water RT 21.2+14% 321+0.1% 55.320.4 % 99.9+%
RT + light 19.6+0.1% 36.6+2.7% 66.3+£0.1% 001+0.1%
4°C 1.8+0.3 % 47+0.1% 18.3+0.1% 20.4 +®1
pH 4 RT 6.8+0.2% 13.1+0.2% 445+0.1% 82.1+®m1
RT + light 7.2+x01% 14.9+0.1% 56.0£0.1% 0180.1 %

3.4. Sterol-enriched liposomal formulations

3.4.1.Effect on size and encapsulation efficiencies

To further improve entrapment of natamycin in teérence formulation Epikuron
145V (45 mg/mL — N/L 1:18) previously prepared, lgsterol and ergosterol were
incorporated in the organic phase, respectivelteabl-to-lipid ratios ranging from 1:9 to
1:45 and 1:30 to 1:90. Analysis of the sizes anchpsulation efficiencies for sterol-
enriched formulations are reported in Table 3.4.

Limited influence on diameter and polydispersityswabserved while incorporating
sterol in the lipid bilayer, as previously reporfed lecithin-based liposomes prepared by
solvent injection containing amounts of sterol keR0% w/w compared to the amount of
phospholipids [11], which is also the case in 8tigdy (maximum 11.1 and 3.3% wi/w of
cholesterol and ergosterol respectively).

An apparent enhancement of encapsulation effi@sraccompanied by an increase
in the loading efficiencies confirmed further inporation of natamycin within the
liposomes and can be explained by a higher partitgpof natamycin in the membrane as
a result of complexation with the sterols. Compgrivoth additives, a predominant
affinity for ergosterol was noticed, with for instae 15% more encapsulated for the same
S/L ratio 1:45. These results confirm observatiorele by Te Welscher et al. [22] who
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showed by binding studies and ITC measurement3 o higher affinity of natamycin
for ergosterol-enriched DOPC large unilamellar elesi compared to cholesterol-
enriched DOPC vesicles prepared at the same rétioCdnversion of mass ratio of
natamycin, ergosterol and cholesterol into molaramjiies for the maximum
encapsulation observed here showed that natamgtanacts with ergosterol to a ratio
close to 1:1 and 1:3.5 in the case of cholestarohfirming lower affinity for this
compound. As ergosterol is present in both inner @uter part of the lipid bilayer, the
ratio 1:1 indicates that natamycin is also intergctvith ergosterol located in the inner
leaflet of the bilayer and confirms the encapsafatwithin the aqueous core of the

liposomes.

Table 3.4: Effect of the presence of sterol on theze, Pdl, encapsulation and loading efficienciex
natamycin in Epikuron 145V liposomes (ratio N/L 1:B)

Sterol Ratio S/[L  Diameter (nm) = SD Pdl + SD EE @8D LE (%) +SD
None - 93.6+0.6 0.238 + 0.005 67.8+0.9 3.8=x0.1
1:45 92.2+0.7 0.241 + 0.006 67.2+0.2 4.1+0.1
Cholesterol 1:18 95.6+0.3 0.243 £ 0.007 839+09 49+01
1:9 94.1+£0.7 0.252 £ 0.007 96.2+0.7 58=+0.1
1:90 93.0+£0.8 0.250 + 0.008 73.4+16 4.4+0.1
Ergosterol 1:45 93.3+0.6 0.237 £ 0.005 825+11 51+01
1:30 96.3+0.6 0.240 £ 0.006 90.1+11 56+0.1

Another explanation for the enhanced encapsulatiomd also be linked to the
intrinsic ordering effect of sterols and reductairthe membrane fluidity during liposome
preparation. Fan et al. [34] reported for instasceéncrease in encapsulation efficiency of
the hydrophilic molecule salidroside within egg R&ho-liposomes prepared by solvent
injection while incorporating cholesterol up to 258 w. The authors explained this
variation by an increase in liposome size, allowarger amounts of drug to be entrapped
within the aqueous core, and the formation of & leermeable liposomal membrane
allowing increased amount of salidroside to remantapsulated after closure of the
bilayers. Ramana et al. [35] described a simildrabveur for nevirapine-loaded egg yolk
liposomes while incorporation cholesterol at aoa®:1 (11.1% w/w). Though no
significant effect on size characteristics is Msibn our case, formation of a less
permeable membrane and retention of natamycin prasé¢he core could explain higher

encapsulation levels. As mentioned previously,dgoes formed in this study are indeed
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presenting bilayer membranes in the liquid dis@destate and incorporation of sterols
would logically result in condensing effect and ®&wfluidity. Due to structural
differences resulting in a higher molecular rigrdiérgosterol has been reported to have a
greater effect on membrane ordering than choldsf#6036-37], which implies a more
efficient reduction of membrane permeability at émvgterol concentration. Additionally,
binding of natamycin with ergosterol in DOPC modembranes has been shown to not
induce disturbance of the ergosterol effect noraase permeability [22]. In the case of
cholesterol on the other hand, Arima et al. [29ndastrated that the incorporation of
natamycin in cholesterol/dipalmitoylPC membranestutbs the organization of
cholesterol molecules and reduces its condensifegtefLower intrinsic condensing
effect of cholesterol and disturbance if natamysnpresent could explain a higher
permeability and reduced entrapment within the cofreghe liposomes compared to

ergosterol.

3.4.2.Stability of sterol-enriched liposomal formulations

Stability of natamycin in sterol-enriched liposonfatmulations (CHOL/L 1:18 and
ERG/L 1:45, similar EE% levels as shown in Tabl8)3vas studied under different
storage conditions over a period of 10 weeks amdpemed to sterol-free Epikuron 145V
liposomes (Figure 3.7). Incorporation of sterols tle bilayer undoubtedly helps
maintaining higher levels of intact natamycin upstorage, at a higher extent than
modification to acidic pH. A superior effect is @again observed for ergosterol over
cholesterol, whatever temperature or light condgiwere used.

As both formulations present similar encapsulagfficiency, relative improvements
of stability can be directly linked to the highexduction of membrane permeability
mentioned previously in the case of ergosterol; Wauld promote a limited leakage of
preservative out of the liposomes and consequentfyroved stability of natamycin
entrapped in the aqueous core. Specific complaxatith sterol is also believed to

confer higher protection towards degradation faamgcin incorporated in the bilayer.

3.5. Performance tests

3.5.1.In vitro release kinetics

In vitro release kinetics were studied to compare the hemawof the pure
preservative, Epikuron 145V liposomes and cholester ergosterol-enriched liposomes
(Figures 3.8 a and b).
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Pure natamycin showed a slow release pattern waithircmious delivery over more
than 10 days, in accordance with the progressissotlition of its crystalline form. Much
faster delivery was obtained while incorporatinganaycin into sterol-free liposomes
with an initial burst release of 50% over the fBéthours, followed by a slower sustained
release phase up to 8 days. The initial burst mayattributed to the presence of
natamycin molecules non-encapsulated, present @notlier leaflet of the bilayer or
adsorbed at their surface, readily available todbeased during the initial stages of the
assay. The slow following phase is on the othedhahated to progressive release of
natamycin encapsulated within the core of the pass or in the inner leaflet of the
bilayer, which would slowly permeate to the extémadium.

Incorporation of cholesterol and ergosterol in thkayer led to biphasic release
profiles similar to sterol-free liposomes but olwaty depicting, in a concentration-
dependent way, a significant delay and higher ewélretention. These variations are in
accordance with the limited availability of freeepervative molecules in suspension
linked to higher initial encapsulation efficienciasd correspond also to the reduced
permeability of the membrane in presence of stehaswill consequently slow down the
diffusion of entrapped natamycin towards the extkemmedium. It has to be noticed
though that maximum cumulative release of natamigialso related to the quantity of
sterol incorporated with for instance up to 30%natamycin retained for the highest
concentration of ergosterol used. This seems taatel that the interaction with the
sterols might be irreversible binding at some extessulting in decreased number of

natamycin molecules free in water and detectechdulie release.

To further understand the release profiles anduatalthe effect of sterols, three
majors mathematical models (first-order kineticagudhi kinetics and Korsmeyer-
Peppas model) classically employed for nano-carriare fitted with the release kinetics
data [23]. Correlation coefficient’Rand release rate constants for liposomal suspensio
and pure natamycin are reported in Table 3.4. Aemdér suspension of natamycin was
analysed as a control to determine the effect efdialysis method itself. Release from
this molecular suspension was found to obey a-dirser kinetics (R = 0.974) with a
very fast delivery rate (100% released reached &ftelays), in accordance with the
progressive transport of molecular natamycin fréma dialysis bag membrane towards
the external medium induced by the sink conditidhgrle natamycin crystals presented a

better fitting with the Higuchi model, which is megentative from the drug dissolution
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and diffusion out of a crystalline matrix. In thase of liposomal suspensions, the best
fitting model and higher correlation coefficientlwas were found for the first-order
kinetics similarly to molecular natamycin. Comparis of release rate constants
corroborates the significant slowing down of theogass while incorporating high
concentrations of sterol as well as the superidecefof ergosterol. Interestingly,
formulations with similar encapsulation levels (CHD 1:18 and ERG/L 1:45) display
also similar release rates, confirming that iniialount of free natamycin molecules and
progressive permeation through the membrane arelitméng factors for release.
Application of the Korsmeyer-Peppas model gave vgopd correlations for both
natamycin crystals and liposomal suspensions ahtkesafn comprised between 0.43
and 0.85 highlighted an anomalous non-Fickian difn mechanism. Release out of the
crystalline form was found to be rather based aki&n diffusion while the relatively
high value of n in the case of sterol-free liposenmicated a release mechanism based
on swelling/relaxation in accordance to the highrmmsability and fluidity of the
membrane. Increasing concentration of sterols mdluthe diffusion exponent,
highlighting a higher contribution of Fickian difiion to the overall release mechanism.
This confirms that the passage of natamycin moésctbdwards the external medium is

hindered by the formation of a more rigid bilayeattacts as an efficient barrier against
leakage.

Table 3.4: Correlation of release kinetics data afiatamycin from different liposomes using first-
order, Higuchi and Korsmeyer-Peppas kinetic models

Model First-order Higuchi Korsmeyer-Peppas
Sample R k (102h™) R? k R? n
Natamycin crystals 0.940 0.48 0.988 4.23 0.975 &.70

Sterol free liposomes 0.996 1.91 0.970 8.28 0.975 .824
CHOL/L 1:45 0.984 1.68 0.977 8.07 0.998 0.849
CHOL/L 1:18 0.991 1.10 0.955 6.43 0.992 0.720

ERG/L 1:90 0.991 1.36 0.959 7.14 0.992 0.855
ERG/L 1:45 0.995 1.08 0.942 6.17 0.998 0.800
ERG/L 1:30 0.989 0.94 0.953 5.80 0.998 0.745
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3.5.2.Antifungal performance of sterol-enriched loaded Iposomes

Figure 3.9 displays the cumulative antifungal attivagainst Saccharomyces
cerevisiae observed over 5 days for native natamycin, stieed-and sterol-enriched
loaded liposomes. Unloaded liposomes did not pteaag activity against the yeast

indicating no antifungal effect of soybean leciththemselves.
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Figure 3.9: Cumulative antifungal activity observedagainstSaccharomyces cerevisiae for native
natamycin, sterol-free and sterol-enriched loadedposomes.

Natamycin displayed a regular pattern with a simdatifungal activity provided
every day over a long period of time (> 5 days)isTis in accordance with the slow
release kinetics from crystals evidenced in 3.5 austained release of molecular
natamycin available to bind to the ergosterol prege the micro-organisms and thus to
participate to the antimicrobial action.

Natamycin-loaded liposomes, with or without stezakichment, were characterized
by an antimicrobial performance over 3 to 5 daythwhe major part of the activity
occurring in the first 24 hours and a clear enharezg compared to crystalline natamycin.
In accordance withn vitro release kinetics, concentration and nature of stegol
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incorporated in the bilayers had an effect on thefumgal activity, with the highest
sustainability obtained for the highest concerntratof sterol. As mentioned already,
ratios CHOL/L 1:18 and ERG/L 1:45, which shows $anirelease rates, display also
similar antifungal activity confirming a direct krwith the availability of free natamycin
molecules in suspension. It has to be mentiondd dlsdor the release kinetics, the initial
content of natamycin is not fully detected duerteviersible binding to the sterol. In the
case of ergosterol-enriched liposomes for instamaeéip 1:90, 1:45 and 1:30 led
respectively to the detection of only 69%, 54% &% of the initial content of

natamycin.

3.6. Conclusions

Liposomal formulations were successfully preparedmf Epikuron 145V and
Epikuron 200 deoiled food-grade soybean lecithienosized liposomes were formed by
the solvent injection method using methanol as laesb and S/NS ratio of 4% v/v.
Phospholipid composition and concentration in tblvent phase were found to be the
most determinant parameters controlling the sizd aolydispersity of liposomal
suspensions. SUVs were obtained with a monomodatrilgition and lowest
polydispersity for Epikuron 145V concentrations3®.0-67.5 mg/mL with sizes ranging
from 60 to 130 nm. Higher purity of Epikuron 20@ le&o 30-130 nm liposomes on the
range 5.0-32.5 mg/mL. Natamycin was successfultyapped in both lecithins liposomal
formulations, without significant modification ofzes and polydispersity. Presence of
charged phospholipids and reduced content of plabsiyficholine in Epikuron 145V
enabled the highest encapsulation levels of natamnywehile zeta-potential analysis
showed electrostatic interactions of natamycin Witk polar heads of the phospholipid
indicating partial incorporation in the outer ledflof the bilayer or adsorption at the
surface of the liposomes. Maximum encapsulation veagever limited and stability tests
highlighted a fast degradation of the preservativer 5 weeks linked to uncontrolled
leakage out of the liposomes. Modification of ti@@ous phase pH showed possibility of
entrapment maximization for acidic pH and slighpmewvement of the chemical stability
due to higher packing and reduced permeabilithefrhembrane.

Incorporation of sterols in the phospholipid miduproved to be a valuable
alternative to pH modification to maximize the apment of natamycin within the
liposomes, with a comparable action of ergostetideoved at concentrations 2.5-fold
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lower than cholesterol indicating a superior affirbwards the preservative. Presence of
sterols was found beneficial for the long-term Bitgbof natamycin in the liposomal
formulations due to reduced permeability of theyelr and protective complexation with
the antifungal. Release of natamycin out of thedgmes was found to follow first-order
kinetics with a significant impact of the concetiba and type of sterol involved, in
direct relationship with changes in membrane pehitiga Higher availability of free
natamycin molecules within liposomal formulationsmpared to its crystalline form
allowed enhanced antifungal activity towards thedelg/eastSaccharomyces cerevisiae,
with once again dependence towards the concentratid type of sterol involved.

Modulated release rates and enhanced antifungaltagirovided by sterol-enriched
liposomal formulations provide an interesting ag@toto overcome challenges linked to
the low availability of natamycin and needs of toifiey. Stability of the preservative
remains however unsatisfying for long-term storagel will be further addressed in
Chapters 4 and 5 of this thesis.
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Chapter 4

Purification and concentration of nano-
suspensions by tangential flow filtration

In this chapter, Tangential Flow Filtration based on polysulfone hollow-fiber membranes is
evaluated in concentration or diafiltration modes as a post-processing method to increase the solid
particle content, to remove non-encapsulated natamycin and to improve the overall stability of the
preservative upon storage in the nano-suspensions.

Application of concentration mode to PLGA nanospheres allows overcoming the low solid
content obtained via the nanoprecipitation method with limited modification of size characteristics
and good physical stability of the nanoparticles. Increase in solid content and reduction of
aqueous volume proved to be beneficial for the chemical stability of the preservative upon storage,
with losses 1.6 to 3.7-fold lower than for the original suspension. Use of continuous diafiltration
mode is found efficient for removal of unentrapped natamycin and unassociated polymer but
results in consequent loss of polymeric nanoparticles and extremely low content of preservative
left in the nano-carriers, unlikely to provide sufficient antifungal activity.

Application of concentration mode to liposomal formulations offers easier process control and
reduced membrane fouling compared to PLGA nanospheres. Limited variations of size are
detected but formation of multivesicular structures and rearrangements due to exposure of
liposomes to shear stresses are evidenced. Removal of non-encapsulated natamycin does not
translate into a better chemical stability of the preservative upon storage, with even 1.3 to 2.8-fold
higher levels of loss compared to the original liposomal suspension. Incorporation of sterols
allows only minor improvements of mechanical stability of the bilayer and chemical stability of
the preservative. Continuous diafiltration is found successful for the removal of free preservative
with reduced levels of mechanical stresses applied to the liposomes compared to the concentration
mode. Benefits on chemical stability of the preservative or integrity of the liposomes themselves,
with or without incorporation of sterol, are however still not clearly evidenced.
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4.1. Introduction

While development of nano-encapsulation systems is well described and
characterized for a large variety of molecules, limited research integrates simultaneously
the preparation of the nanoparticles and post-treatments necessary for their use in real
consumer applications. Such post-preparation treatments include for instance the
purification from large aggregates, unassociated carrier material, non-encapsulated active
ingredient or residual solvents involved in the formulation process in order to comply
with regulatory requirements or to simply improve the stability of the formulation upon
storage. Another relevant aspect is the concentration of nano-suspensions that are
obtained in certain cases at low solid content, hampering their use in commercial
applications and leading to high costs of transport and storage.

More specifically, main challenges highlighted for natamycin-loaded nano-
suspensions prepared in Chapters 2 and 3 relate to a limited chemical stability of the
preservative in both PLGA and liposomal suspensions, believed to be due to the presence
of unentrapped natamycin or unassociated carrier material (PLGA oligomers or single
phospholipids molecules). Low solid content, particularly in the case of PLGA
nanoparticles prepared by nanoprecipitation, is also considered as a significant drawback
and factor of chemical instability.

Various methods were proposed in the literature [1-2] to tackle simultaneously
concentration and purification issues regarding nano-suspensions, such as evaporation
under reduced pressure [2-3], dialysis [1,4-5], ultracentrifugation [6-7] and tangential
flow filtration [8-10]. The first three options are widely used at laboratory scale and
provide acceptable answers for the removal of solvent and unentrapped molecules. These
techniques however are known to trigger premature release of the encapsulated active
ingredient or to modify nanoparticles properties (irreversible aggregation, disruption of
fragile structures such as liposomes, etc...) and cannot be economically viable at larger
scale.

Tangential Flow Filtration (TFF), also known as cross-flow filtration [11-13], is the
most recently studied scalable technique and, in our opinion, the most promising
approach to purify and concentrate both PLGA nanospheres and liposomes without loss
of nanoparticle integrity or premature release of the encapsulated preservative. As
illustrated in Figure 4.1, TFF is a pressure-driven filtration process consisting in

circulation of a feed suspension tangentially to the surface of a porous membrane and
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permeation of liquid in the transversal direction. As for classical filtration (i.e. where the
feed flow is perpendicular to the membrane), deposition of particles at the surface of the
filter medium or in the pores and formation of a cake layer occur and slow the filtration
process via membrane fouling. Application of the cross-flow however allows a constant
flush away of adsorbed particles and drastically reduce the membrane fouling phenomena
which can be prohibitive while working with nanoparticles (long processing times,
pressure build-up, necessity to use filtration aids, high cleaning costs, etc...). As a
consequence, steady-state equilibrium is progressively reached between the forces
creating deposition of solids on the membrane surface and hydrodynamic forces allowing
resuspension of the solids, creating eventually a cake with a defined thickness and defined
resistance to filtration. Further theoretical considerations for TFF, mechanisms of fouling

and cake properties are given in section 2 of this chapter.
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Figure 4.1: Schematic representation of tangential flow filtration for colloidal suspensions

TFF is commonly used in two modes: concentration and diafiltration [12-13]. In
concentration mode (Figure 4.2a), the feed/retentate is circulated over the membrane until
a certain volume of permeate has been removed and the desired concentration factor is
reached. This mode allows the increase of solid content and removal of part of the
unassociated compounds. In diafiltration mode (Figure 4.2b), the volume of permeate
recovered is replaced by an equivalent volume of diafiltration medium (water in most
cases). This mode allows the reduction of residual solvent content to acceptable levels as
well as the removal of non-entrapped compounds or carrier material. Addition of fresh

water can be performed in two modes: continuous diafiltration, where the diafiltration
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medium is added in the feed reservoir at the same rate as the permeate to keep the feed

volume constant over the whole filtration process; or discontinuous diafiltration where the

sample is first diluted with the diafiltration medium and then concentrated back to the

initial volume, similarly to the concentration mode. Continuous mode requires lower

volumes of diafiltration medium to achieve the same level of purification. Another

possibility to further reduce the diafiltration volume needed is to perform a concentration

step beforehand to reduce the initial feed volume, followed by one or several diafiltration
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for tangential flow filtration




Chapter 4 — Tangential Flow Filtration applied to nano-suspensions

Applied to colloidal suspensions and more particularly biodegradable polymeric
nanoparticles [1,8-9,14], tangential flow filtration has already proven to be an efficient
tool for the removal of surfactants (classically polyvinyl alcohol) and solvents (acetone,
THF, ethylacetate) with the aim to meet regulatory demands for pharmaceutical
applications. Insignificant effects on size characteristics and loading efficiency of active
ingredient in the nanoparticles are usually reported but influence of process parameters
and cake formation is, as a general feature, not studied. Limited literature is available for
TFF applied to liposomal formulations. Wagner et al. [15] reported for instance the
preparation by ethanol injection of dipalmitoylPC/cholesterol liposomes entrapping
proteins and the removal of unentrapped protein by TFF using a 100 kDa polysulfone
membrane. Authors highlighted a limited change of size and size distribution of the
liposomes over the filtration (285 to 290 nm) with appropriate removal of the protein but
influence of process parameters was not described. A more in-depth study of lecithin-
based liposomes concentration by cross-flow microfiltration was reported by Hwang et al.
[10], with the objective of separating liposomes (around 400 nm) from unassociated
phospholipids molecules. Authors reported there the influence of filtration pressure and
cross-flow rate on the efficiency of the separation as well as the formation of cake layer.
One specific element to keep in mind for the liposome filtration is their mechanical
fragility [16] and the possibility, while applying excessive filtration pressures, of the
liposomes being extruded through the membrane pores causing a significant loss of lipid

materials in the permeate.

In this chapter, polysulfone hollow fibers [11-12,17-18] have been chosen as the
model filtration membrane due to their extensive use in industrial processes and their
established use for nanoparticle processing and diafiltration. Hollow fibers consist in a
bundle of membrane fibers, allowing a large filtration area and limited shear stress
generation linked to feed flow, which could be beneficial in the case of liposomes.

The objective is here to evaluate the possibility of purification and concentration of
the reference natamycin-loaded PLGA nanospheres and liposomal suspensions developed
in Chapters 2 and 3. More particularly, an assessment of benefits in terms of natamycin
stability, solid content increase and purification as well as possible limitations for scaling-

up will be performed.

93



Chapter 4 — Tangential Flow Filtration applied to nano-suspensions

Effect of various process parameters (filtration pressure, pore size (described as
molecular weight cut-off MWCQO), mode, continuous/discontinuous) on the final
properties of the nano-suspensions (nanoparticle loss, natamycin loss, evolution of size
characteristics, encapsulation efficiency, morphology and stability upon storage in terms
of size and natamycin content) will be evaluated. Preliminary interpretation in terms of

cake properties will also be provided.

4.2. Basic principles of Tangential Flow Filtration

Tangential Flow Filtration consists in the application of a feed flow parallel to a
porous membrane (“cross-flow”) and permeation of liquid in the transversal direction.
Particles in suspension are submitted to various external forces (Figure 4.3) that influence
their deposition on the surface of the membrane (drag forces due to the tangential and
permeate flows, gravity) and forces that influence their resuspension (Brownian motion,
hydrodynamic lift, adhesion on the membrane, interparticular forces) [13,19-21]. Over a
certain period of time, forces reach steady-state equilibrium, resulting in a stationary
membrane fouling level. Equilibration of the system is reflected by a typical flux decline

over time, showing a transient state followed by a plateau.
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Figure 4.3: Forces and flux decline in Tangential Flow Filtration
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Transient state relates directly to the membrane fouling [12,19-22] and is commonly
acknowledged to occur in several steps. At the very early stages of the filtration,
deposition of solutes by adsorption on the membrane is classically detected. As
suspended particles approach the membrane surface and permeate starts flowing through,
pore blocking and concentration polarization occur. Pore blocking can happen at
complete, intermediate or standard levels depending on the size of the particles. When the
particle size is larger than the membrane pore, complete blocking of the pore entrance is
observed. For similar ranges of particle and pore size, intermediate blocking happens due
to a mixture of complete blocking of the entrance or deposition inside the pore channels.
When particle are smaller than the pores, a standard blocking occurs with a combination
of deposition inside the pore channels or at the surface of the membrane, while some
particles go through the permeate. Concentration polarization corresponds to the
formation of a concentrated layer of particles in the vicinity of the membrane, leading to
local high particle concentration compared to the bulk. As filtration proceeds further and
concentration of particle is sufficiently high to allow bridging over the pores, formation of
the cake layer takes place. Over time, the cake becomes multilayered and denser by
further deposition and sweeping away until reaching the steady-state.

Rapidity and extent of membrane fouling depends on several parameters [20,23-24]
linked to the particles (size, polydispersity, shape/deformability, concentration in
suspension, affinity for the membrane), to the solutes present (concentration, molecular
weight, affinity for the membrane), to the filtration parameters (filtration pressure, flow
rate) and to the membrane itself (material, pore size and geometry, MWCO). In the case
of ultrafiltration, membranes are characterized not by their pore size but by their MWCO,
i.e. the molecular weight of a globular-shape protein that is at 90% retained by the
membrane. It is common practice to select a MWCO 3-6 times smaller than the

compound/particles to be retained.

Tangential Flow Filtration processes are mathematically described in terms of
transmembrane pressure (TMP or AP), flux decline and resistance to filtration [19-20].
TMP describes the average pressure applied over the membrane during the filtration and
is calculated as the difference of pressure measured at the feed, retentate or permeate end
of the membrane (Eg.4.1). Pressure is usually not applied at the permeate end.

Experimentally, the TMP is preferentially kept constant during the whole process.
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1
AP = 2 (Pfeed + Pretentate) — Ppermeate (4.1)

Flux decline is described by the classical filtration rate equation in presence of cake
(Eq.4.2) developed from the Darcy’s law [13,19,22,24]. The permeate flux Q, is linked to
the filtration pressure AP by considering the resistance to fluid flow through a porous
medium (membrane and/or cake layer). V, represents the permeate volume, t the filtration
time, A the filtration area, p the viscosity of the fluid and R; the overall filtration

resistance opposed to the fluid.

1Vp(® _ Ap

Qp(t) =3 s (42)

At ﬂRt

Rt is represented by a resistance-in-series model [12,20,22] (Eq.4.3) summing the
contribution of filtration resistance due to the membrane itself (Ry,), the cake formation
(R¢) and the pore blocking (Rp).

R, =Ry, +R.+R, (4.3)

R corresponds to the intrinsic resistance of the membrane [25-26] and is usually
determined prior to filtration (Eq.4.4) by the measurement of steady-state clean water flux

Quw at the desired filtration pressure.

AP

Quw =%~ (4.4)

R, corresponds to the contribution of the pore blocking and is usually neglected or
integrated as part of the cake resistance, as it happens during the transient stage of the
filtration process. Experimentally, R, can be determined after filtration by circulating
fresh water until the whole cake is swept away and measuring again the steady-state clean
water flux. Difference between the initial R, measured before filtration and the one
obtained afterwards gives directly the value of R,

R. can be linked to specific properties of both cake and particles and is described by
the equation 4.5 where o represents the specific filtration resistance of the cake, m. the
cake mass, p, the particle density, € the porosity of the cake and h. the cake layer

thickness.

C

Rc = a, mj = acpp (L —¢) he (4.5)
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The Kozeny-Carman equation [19,27] (Eq.4.6) is the most popular model used to
describe o, as a function of particle diameter d, and cake porosity &, provided that the
particles are spherical, monodisperse and non-deformable/compressible.

180 (1—-¢)

pp dZ 23 (4.6)

c =

Table 4.1 summarizes the influence of some parameters related to the filtration and
the particle properties on the cake resistance and flux decline. Parameters are usually not
independent from each other and final flux decline and cake resistance depend as
mentioned earlier on the equilibrium achieved.

Table 4.1: Effect of filtration parameters and particle characteristics
on the flux decline and cake resistance

Parameter Influence on flux decline and cake resistance if the parameter is increased

Faster initial flux decline due to higher deposition rate of particles
Cross-flow velocity Higher cross-flow drag forces
[23-24] Higher cake porosity due to faster deposition

Higher shear rate (important in the case of shear-sensitive particles)

Higher permeate drag flow forces
TMP Faster initial flux decline due to higher deposition rate of particles
[23-24,28] Higher compression of the cake

Increase or decrease in porosity dependent on the particle deformability

Higher deposition rate, linked usually to an increase in porosity
Particle concentration Faster initial flux decline
[23-24] Higher shear rate

Increased cake mass

Diminution in cake resistance / final flux decline
Possible increase in resistance due to complete pore blocking
Faster deposition rate on the membrane and reduced sensitivity to resuspension

Mean diameter
[23-24,27-28]

Reduction of specific filtration resistance

Polydispersity Porosity increased by the presence of larger particles

[27-28] Porosity decreased by the presence of smaller particles which can deposit in the
depth of the cake

Shape /deformability Increase in cake resistance if deviation from spherical shape

[27] Reduction of porosity

Strong interparticular affinity
o If aggregation before deposition, faster initial flux decline and increased
porosity
o Stronger resistance to cross-flow drag forces (consequently increased cake
Interactions mass)

[20-21, 24, 29-30] « Porosity reduction
o Higher cake resistance

Strong affinity for the membrane
o Faster flux decline
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4.3. Materials and methods
4.3.1. Materials

Natamycin (90.6% purity, trihydrate crystalline form) was kindly supplied by DSM
Food Specialties (Delft, The Netherlands) and used without further purification. Deoiled
phosphatidylcholine-enriched soybean lecithin Epikuron 145V was supplied by Cargill
(Hamburg, Germany). Cholesterol (CHOL, > 99%)), ergosterol (ERG, > 95%) and PLGA
polymer Resomer® RG752H (L:G ratio 75:25, MW 4-15 kDa) were purchased from
Sigma-Aldrich. Methanol EMSURE®ACS and dried acetone Seccosolv® were purchased
from Merck and used for the preparation of the nanosuspensions or cleaning of
membranes. Potassium dihydrogen phosphate, methanol and acetonitrile Lichrosolv®
were obtained from Merck and used for HPLC analyses. High quality water purified in a

MilliQ system was used in all experiments.

4.3.2. Preparation of nano-suspensions

PLGA nanospheres were prepared by the nanoprecipitation technique described in
Chapter 2, for a concentration of PLGA of 37.5 mg/mL in acetone, 2.5 mg/mL of
natamycin in methanol and a ratio acetone/methanol 2:1 v/v. 100 mL batches of nano-
suspensions were obtained by 10 successive one-shot injections of 0.4 mL of organic
phase in MilliQ water under moderate magnetic stirring. The resulting nanosuspension
was kept overnight under slow stirring for complete evaporation of organic solvent.

Liposomal suspensions were prepared using the solvent injection technique as
described in Chapter 3, for a concentration of Epikuron 145V and natamycin of
respectively 45 mg/mL and 2.5 mg/mL in methanol. If necessary, cholesterol and
ergosterol were also added to the organic phase at respectively 1-2.5 mg/mL (ratios
CHOL/L 1:45 and 1:18) and 0.5-1 mg/mL (ratios ERG/L 1:90 and 1:45). Batches of 110
mL of liposomes were obtained by 11 successive one-shot injections of 0.4 mL of organic
phase in MilliQ water under moderate magnetic stirring. The resulting suspension was

kept under slow stirring overnight for complete evaporation of the methanol.

4.3.3. Experimental set-up

A TFF system (Figure 4.4) was set-up manually using a 500-mL Pellicon XL
Labscale reservoir (Merck Millipore, Germany) equipped with a stirbase, a valve to adjust
the retentate flow and two pressure gauges to measure feed and retentate pressure. A
diaphragm pump Liquiport® 1300 KT.18 RC (KNF Neuberger, Germany) was used for
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the circulation of the suspension. A peristaltic pump P-1 equipped with a 1 mm diameter
silicone tubing (GE Healthcare Life Sciences, UK) was used for the addition of pure
water in the case of diafiltration.

Single-use MicroKros® polysulfone hollow fiber membranes (Spectrum Laboratories
Inc., USA) were used for the filtration and available in two MWCO (10 kDa (~1-2.5 nm
pore size) and 50 kDa (~ 4-5 nm pore size)) for an effective filtration area of 11 cm?.
Before use, membranes were flushed manually with successively 30 mL of methanol and
60 mL of MilliQ water to remove any remaining traces of glycerol use for their dry
storage. They were then mounted in the TFF device and flushed with 1L of pure water
before starting any experiments. Membranes are incompatible with acetone and have a
limited resistance to exposure to high contents of methanol.

Filtrations were performed at room temperature under a stirring speed of 100 rpm to
ensure homogeneity of the feed. Time, volume of feed (V), volume of permeate (Vp),
volume of diafiltrate (\V4) and volumes sampled from the feed for analysis were recorded
by weight measurement. Filtrations were performed at constant TMP by adjusting the
retentate valve and the pump speed. TMP were fixed at 5, 7.5 and 12.5 psi (corresponding
respectively to pressures of 10 /10 /15 psi on the inlet gauge (Pseq) and 0/5/10 psi on the
outlet gauge (Pretentate)- All cross-flow were laminar under the chosen conditions. Before
filtration of the nano-suspension, transmembrane pressures were adjusted by recirculation
of MilliQ water and measurement of clean water flux Q,, was performed to further

calculate the filtration resistance of the membrane Ry,.

4.3.4. Concentration step

The concentration process was performed with 100-mL feed volume of nano-
suspensions. The retentate was directed back to the feed reservoir while 4-mL permeate
fractions were collected in pre-weighed containers. Collection times were recorded to
monitor the permeate flux Q,. 2mL-aliquots were taken out of the feed reservoir after
collection of 4 permeate fractions. Concentration was performed until the retentate
volume approached the hold-up volume of the system (approximately 20-25 mL), which
corresponds to a concentration factor of 1/4-1/5. Analyses performed on permeate and

retentate fractions are described in part 4.3.6.
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Figure 4.4: TFF experimental set-up

4.3.5. Diafiltration step

Discontinuous diafiltration was performed by addition of a 100-mL diafiltration
volume of pure water to the feed followed by concentration of this mixture using the
conditions described in 4.3.4. Permeate fractions of 14 mL were in this case collected and
aliquots of 2 mL of retentate taken simultaneously. Continuous diafiltration was
performed by addition of pure water at the same rate as the permeate removal, while
keeping the recirculation of retentate back to the reservoir. Permeate fractions of 14 mL
were in this case collected and aliquots of 2 mL of feed sample taken at the same time.
Volumes of diafiltrate added were continuously recorded and adjusted to ensure balance
with the permeate flow. Analyses performed on permeate and retentate fractions are
described in part 4.3.6.

4.3.6. Fraction analyses
4.3.6.1. Particle size characteristics

The mean particle diameter and size distribution width of the nanoparticles before and
after filtration were determined by Dynamic Light Scattering (DLS) (Zetasizer Nano ZS,
Malvern Instruments Ltd.,UK). Three consecutive measurements were performed on each
suspension at 25 °C at a scattering angle of 173 °, after an equilibration time of 180
seconds. All measurements were performed in triplicate and results are presented as mean
particle diameter £ mean distribution width. Variation of size between native suspension

and final retentates are presented as A mean diameter / A distribution width.
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4.3.6.2. Natamycin content

Natamycin content in native suspension, permeate and retentate fractions was
determined by reverse-phase high-performance liquid chromatography (HPLC), after
dilution in methanol for liposomes or acetonitrile/methanol 50:50 for PLGA nanospheres
to allow disruption of the nano-carriers. A high pressure liquid chromatograph Ultimate
3000 Dionex equipped with a variable wavelength detector was used. Separation was
achieved by injecting 20 pL of sample on a reverse phase column Licrospher® RP18
(Merck, 125 nm x 4 mm, pore size 100 A) with a mobile phase consisting of 35:65 v/v
acetonitrile: potassium dihydrogenphosphate buffer (pH 3.05) at a flow rate of 1.0
mL/min. Natamycin was detected by UV at 303 nm and quantified using a calibration
curve designed over the range 0.05-50 ppm (R? = 0.9996). All HPLC samples were
analyzed in triplicate. Final concentration factor (CF) of natamycin is calculated as the

ratio of natamycin concentration in the final retentate over the initial concentration.

4.3.6.3. Nanoparticle content

Nanoparticle content in retentate fractions was determined by count rate analysis
measurement by DLS. For this purpose, retentate fractions were first diluted back
approximately to the initial solid content. Three DLS consecutive measurements were
performed as described in 4.3.6.1 with an attenuation factor set at 5. Determination of
relative concentration of particles left in the retentate was performed by comparison to
count rates measured with a calibration curve previously established with dilutions of the
native suspension (0.05-0.9 mg/mL for both types of nano-suspensions). The final
concentration factor of nanoparticles is calculated as the ratio of nanoparticle
concentration in the final retentate over the initial concentration.

To determine loss of polymer or lipid materials in the permeate, a filtration was
performed under the same membrane/pressure conditions with an unloaded nano-
suspension and permeate fractions were analyzed by UV-Vis spectrophotometry
(UNICAM UV300, ThermoSpectronic, UK) on the range 200-600 nm (bandwidth 2 nm,
scan speed Intelliscan) using a 1-cm quartz cuvette. Similarly to count rate analysis, a
calibration curve was pre-established based on dilutions of the native suspension (0.05-

0.9 mg/mL) and absorbance at 375 nm for PLGA nanoparticles and 275 nm for liposomes.
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4.3.6.4. Viscosity

Viscosities of native suspension or retentate fractions were determined at room
temperature using a viscometer Brookfield DVII+Pro Extra (Brookfield Engineering
Laboratories Inc., USA) equipped with a ULA spindle. Analysis was performed at a

spinning rate of 100 rpm with measurement of 15 consecutive points.

4.3.6.5. Liposome morphology
Morphology of liposomes was investigated using cryogenic transmission electron
microscopy (cryo-TEM). Vitrification of aqueous liposomal suspensions was carried out
in an automated vitrification robot (FEI Vitrobot™ Mark III). A 3 uL drop was applied to
a R2/2 Quantifoil Jena grid (Quantifoil Micro Tools GmbH, Germany) in the
environmental chamber of the Vitrobot (25 °C, 99% humidity) and the grid was blotted
with two filter papers to remove the excess liquid. Subsequently, the grid was plunged
into liquid ethane which was maintained at approximately —183 °C. Cryo-TEM samples
were imaged with the TU/e CryoTitan (FEI, FEG, 300 kV, Gatan Energy Filter, 2k x 2k
Gatan CCD camera). Images were acquired using low dose mode, with an exposure time

of 1s at a dose rate of 70 e-/A2 per second.

4.3.6.6. Encapsulation efficiency in liposomes

Encapsulation efficiency (EE) of natamycin within liposomes was evaluated on the
native suspension and final retentate obtained at the end of the filtration. 5 mL of
liposomal suspension were transferred in Amicon Ultra-15 centrifugal filter units (10 kDa,
Millipore, USA) and centrifuged for 50 min at 4500 rpm (Eppendorf centrifuge 5804C,
20 °C). Filtrate obtained by centrifugation and initial sample were collected and diluted in
methanol before analysis by HPLC, as described in 4.3.6.2. EE were calculated according
to Equation 4.7. EE determination was performed in duplicate and results are presented as
mean = standard deviation.

Total amount of natamycin— amount of natamycin in the filtrate

EE (%) = «100  (4.7)

Total amount of natamycin

4.3.6.7. Stability
Stability tests were performed over 1, 5 and 10 weeks for native and concentrated
formulations stored at 4 °C (no light) and room temperature RT (23 + 2 °C) under light
exposure. Evolution of the samples was followed by size analysis as described in 4.3.6.1
and determination of natamycin content evolution by the HPLC method described in
4.3.6.2.
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4.4. Tangential Flow Filtration applied to PLGA nanospheres
4.4.1. Concentration of PLGA nanospheres

Concentration of PLGA nanospheres was performed as described in section 4.3.4 with
the evaluation of the 50 kDa MWCO membrane under three different transmembrane
pressures (5, 7.5 and 12.5 psi). Experimental observations showed that concentration
could be successfully achieved in all cases though filtration pressure required significant
manual adjustments over the process to be maintained constant, particularly for the
highest TMP. Rinsing the membrane with water after filtration of PLGA nanoparticles
flushed out aggregates of polymer, confirming that formation of a cake occurred. Final
retentates showed an intensified bluish color, indicating that increase in solid content was
achieved, without the formation of aggregates or natamycin crystals visible in suspension.
Viscosities were not significantly modified during the process.

4.4.1.1. Fouling and flux decline

Figure 4.5 presents the evolution of relative permeate flux over time and variation of
the relative contribution of the cake to the overall resistance as a function of permeate
volume.

Flux decline is observed under all conditions with an intensified effect compared to
pure water for lower filtration pressures. For the two lowest filtration pressures, flux
decline stabilized over time, indicating that the fouling and cake formation approached
the pseudo-steady state. Flux decline keeps however occurring for the highest filtration
pressure, in accordance with the pressure build-up and need for readjustment observed
experimentally. These findings are in agreement with the theory of cake formation
described in section 4.2, considering that for a high TMP, a fast deposition of particles
and cake building is expected but is counteracted by a fast sweeping-away of the particles
by the cross-flow. As a result, equilibration to steady-state can require longer filtration

times.

Analysis of the relative cake contribution to the overall filtration resistance confirms
an influence of the transmembrane pressure in accordance with the flux decline. Higher
contributions are observed for 5 psi with around 69% of the total filtration resistance due
to the fouling of PLGA nanoparticles on the membrane, while 62% are reached for 7.5 psi.
Absence of steady-state for 12.5 psi is confirmed by the constant increase of resistance
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over time, with a contribution inferior to 7.5 psi. According to Equation 4.5, decrease in
filtration resistance can hypothetically be linked to a decrease in cake thickness or
specific cake resistance, itself linked to an increase in porosity. Deposition of PLGA
nanoparticles on the membrane was confirmed by determination of particle concentration
in the feed via count rate measurement (Figure 4.6). A final relative loss of polymeric
material of approximately respectively 18.6%, 37.0% and 22.2% was observed for
filtration pressures of 5, 7.5 and 12.5 psi. The limited loss of polymer for the lowest TMP
pressure, combined with the relatively high contribution of the cake to the filtration
resistance, indicates that, rather than a thicker layer deposited, the cake is more compact
and less porous than for 7.5 psi. The limited loss for 12.5 psi is in accordance with the
idea that the cake formation is disturbed by the cross-flow forces and that particles get
resuspended continuously. In this case, cake thickness is thus reduced. Porosity is also
expected to be higher due to higher deposition rates that do not let time to the particles to
arrange themselves in preferential positions. Calculation of concentration factors reveals
respectively 2.84, 2.52 and 2.60-fold higher nanoparticle concentration for the filtration
pressures of 5, 7.5 and 12.5 psi, indicating that under any conditions an increase in solid

content in suspension can be achieved.
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Figure 4.5: Relative permeate flux decline (left) and cake resistance variation (right) during
concentration of PLGA nanospheres by TFF under various transmembrane pressures
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Figure 4.6: Relative concentration of PLGA nanoparticles in the feed as a function of permeate
volume during concentration by TFF under various transmembrane pressures

DLS analyses did not allow the detection of nanoparticles in permeate fractions, either
due to their absence in the permeate or from their low concentration in suspension,
making them undetectable by dynamic light scattering. The same observation can be
made for UV scans of the permeate fractions that did not allow detection of PLGA in the
calibration range pre-established, indicating negligible amounts lost in permeate.

Analyses of retentate fractions showed limited variations of mean diameter and
distribution width over the filtration process (Table 4.2). The slight increase in mean
diameter for 5 and 12.5 psi indicates a preferential loss of the smallest nanoparticles
during the filtration, either by loss to the permeate or by stronger adsorption on the
membrane/cake. The slight increase in size distribution for 12.5 psi highlights the
presence of aggregates that might be formed during the process of constant
fouling/defouling mentioned. Upon storage, mean diameter and size distribution returned
to their original value indicating separation of the aggregates formed during the fouling.
No significant destabilization of the nano-suspensions was overall visible compared to the

native suspensions.
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Table 4.2: Evolution of mean diameter (nm) and size distribution width (nm) of PLGA nanoparticles
upon concentration by TFF and storage at 4°C (14 days)

Concentration step Upon storage
TMP (psi) Native suspension Final retentate Native suspension Final retentate
5 81.7+31.0 84.0+31.6 79.7+29.1 79.8 +29.6
7.5 81.1+2838 79.5+29.0 76.6 £ 27.3 78.0 +28.6
12.5 80.2 +£30.6 83.6 +£37.0 77.0+31.2 78.7+28.9

4.4.1.2. Removal and stability of natamycin

Figure 4.7 presents the relative variation of concentration of natamycin in permeate
and retentate fractions as a function of filtration time. The decline of natamycin content
during the filtration as calculated from permeate analysis presents a linear variation
proportionally to the permeate volume, which is consistent with mass balance predictions
(Appendix A). The decline of natamycin content as calculated from retentate fractions
analysis showed a large deviation from linear behavior due to additional loss of
natamycin via either adsorption on the membrane and deposition of nanoparticles
encapsulating a part of the preservative, as described in Equation 4.14 (Appendix A). The
deviation is particularly intense at the early stages with around 10-12% removed before
sampling of the first retentate fraction. The final deviations indicate respectively 1, 5.2
and 3.5% of additional loss due to absorption of nanoparticles and/or natamycin on the
membrane for 5, 7.5 and 12.5 psi. These results are in accordance with the relative loss of
polymeric materials mentioned previously. The absorption of free natamycin could also
have an influence as the recirculation of a natamycin-saturated solution performed for 7.5
psi showed for instance an average loss of 11% after 1 hour. This contribution is however
likely to be limited compared to cake formation.

Calculation of concentration factors for natamycin gave for 5, 7.5 and 12.5 psi
respectively 1.06, 0.99 and 1.22. This indicates that the enrichment of natamycin via the
concentration process is rather limited, as expected from limited initial encapsulation
efficiency of natamycin and loss of nanoparticles in cake.

Comparison of stability between the native suspension and the three final retentates
obtained at different TMP (Figure 4.8) showed however a clear benefit of filtration upon
storage at 4°C. Enhancement of stability is remarkably improved for 5 psi with a 3.7-fold
loss reduction after 10 weeks, which could be linked to the limited loss of polymeric

nanoparticles and gentler processing mentioned earlier.
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4.4.2. Diafiltration of PLGA nanospheres

Further removal of non-entrapped natamycin was attempted using discontinuous and
continuous diafiltration modes as described in section 4.3.5. In both cases, two
diafiltration steps were performed (100 mL diafiltrate volumes) followed by
concentration. Steps are represented by dashed lines in the following graphs. TMP was
fixed at 7.5 psi to allow processing of the various steps on the same day.

Figure 4.9 displays the evolution of relative permeate fluxes over time and relative

resistance due to the cake during the diafiltration in discontinuous and continuous mode.
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Figure 4.9: Relative permeate flux and cake resistance variations during diafiltration of PLGA
nanoparticles in discontinuous (red triangles) and continuous (blue dots) modes

Both modes presented similar resistance and flux decline during the first step,
indicating fouling of the membrane and cake formation as previously observed. For
further steps however, flux kept declining in the case of discontinuous mode without
reaching a steady-state, even after the final concentration step. The slow fouling is likely
to be related to the very low initial solid content in the feed (half of the initial
concentration due to the addition of 100-mL diafiltrate volume) and consequently to a
low deposition rate of particles at the surface of the membrane. On the contrary,
continuous diafiltration allowed stabilization and steady-state, with a final 45% of cake
contribution to filtration resistance.

Fouling evolution was confirmed by the variation of PLGA concentration evaluated
by count rate analysis as illustrated in Figure 4.10. Discontinuous mode showed a limited
loss of polymer during the diafiltration steps (respectively 8.3% and 18.0% of cumulative

loss at the end of each step) confirming slow cake formation. Fouling was more intense
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during the concentration step with a final loss of 32.8%. Comparatively, loss of polymeric
material was significant for the first continuous diafiltration step (around 22.8%) in
accordance with the rapid flux decline and cake formation. Achievement of steady-state
led to limited additional loss during the two latter steps of the process (respectively 34.5%
and 45.7% cumulative loss). Opposite variation of cake resistance and relative loss of
nanoparticles during the first step of diafiltration clearly indicates a much reduced
porosity in the case of discontinuous mode. This is consistent with the slower cake
formation and larger amount of time available for a specific arrangement of the particles

towards each other in a more compact layer.
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Figure 4.10: Relative concentration of PLGA nanoparticles and natamycin in the feed during
diafiltration as determined by permeate and retentate analyses
in discontinuous (left) and continuous (right) mode
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Figure 4.10 also highlighted an overall faster loss of natamycin in permeate in the
case of continuous diafiltration mode with an approximate additional 12% removed at
each step of the process compared to discontinuous mode. Variation for each mode is in
accordance with the mass balance described in Appendix B that predicts a linear decline
in the case of discontinuous mode, while continuous mode leads to an exponential
decrease. The evolution of natamycin concentrations measured in retentate and permeate
fractions exhibited, as previously observed for the concentration step, a deviation between
the two values due to absorption of natamycin and PLGA nanoparticles. The deviation
was clearly higher for the discontinuous mode with respectively 7.6, 12.2 and 16.0%
adsorbed for each step, compared to 5.0, 8.4 and 9.3% for the continuous mode. The main
explanation for this higher absorption level and the fact that the absorption keeps
increasing significantly during the process can once again be linked with the flux decline
observation and the limited cake formation during the first steps of discontinuous
filtration that allowed higher absorption of free natamycin molecules compared to a

surface already pre-covered with nanoparticles.

Table 4.3: Overall performance of TFF diafiltration modes applied to PLGA nanospheres
and effect on stability

Discontinuous mode Continuous mode

Processing time (h) 6.8 6.1

Total loss of PLGA (%)

Mean diameter * distribution width (nm)

Mean diameter * distribution width (nm) after
14 days storage at 4°C

32.8+0.1

81.1 +29.9 (native)
75.5 +28.9 (final)

77.7 £26.8 (native)
75.5+27.3 (final)

457+0.1

79.4 £29.5 (native)
73.3£30.2 (final)

76.5 £ 27.3 (native)
72.0 £ 25.8 (final)

Total loss of natamycin (%)

Total loss of natamycin on the membrane (%)

87.7+0.1
16.0+0.1

91.1+0.1
93+0.1

Concentration factor 0.25 0.24

72.7£0.2 (1 week)
78.1£0.1 (5 weeks)

68.0 £ 0.2 (1 week)

Relative loss upon storage at 4°C (%) 775+0.1 (5 weeks)

The overall performance of both diafiltration modes is summarized in Table 4.3.
Additionally to previous considerations regarding relative loss and absorption of both
PLGA and natamycin, it is worth mentioning that both modes led to a reduction of mean
diameter, though size distribution remained in the same range. Final retentate particles

were however remarkably more stable in size upon storage than what was observed in the
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concentration step, which goes in the sense of a removal of unassociated oligomers that
could catalyze the degradation. In both cases however, stability of the remaining
natamycin was not improved and even further degraded. Concentration factors far below
1 indicated consequent removal of natamycin via the diafiltration process which led to

concentrations below the solubility limits and subsequently to enhanced degradation.

4.4.3. Conclusions for PLGA nano-suspensions

Tangential Flow Filtration and hollow fibers can be used to concentrate natamycin-
PLGA nano-suspensions at lab scale. Low filtration rates induced by low transmembrane
pressure offer the best possibility for stable cake formation and reduced losses of
polymeric nanoparticles by fouling. This however also implies longer filtration times that
might not necessarily be relevant for large scale applications. As desired, increase in solid
content in suspensions is achieved with limited modification of size characteristics and
stability of the nanospheres. Though obtained nanosuspensions are not significantly
enriched in natamycin, reduced levels of chemical instability upon storage are observed
and bring a benefit to the formulation.

Evaluation of continuous and discontinuous diafiltration for further removal of
unentrapped natamycin demonstrated a superiority of continuous mode in terms of
processing times and controlled fluxes that could facilitate implementation at large scale.
Fouling and loss of polymeric material are however consequent in both cases for the
hollow-fibers membranes studied here, though a clear benefit for nanoparticle stability is
observed due to reduction in unassociated polymer left in suspension. Removal of
unentrapped natamycin is also achieved via diafiltration leading to extremely low
concentrations of preservative in the formulation and consequently to enhanced

degradation upon storage, which is not beneficial for the formulation.
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4.5. Tangential Flow Filtration applied to liposomal suspensions
4.5.1. Concentration of liposomes
4.5.1.1. Influence of TMP and MWCO

Concentration of sterol-free natamycin-loaded liposomal suspensions was performed
as described in section 3.4 with the evaluation of two MWCO (10 and 50 kDa) combined
with three transmembrane pressures (5, 7.5 and 12.5 psi). Experimental observations
showed that concentration could be successfully achieved in all cases. Final retentates
presented an intensified yellowish aspect compared to the native suspension and
formation of natamycin crystals was not visible though final concentration in suspension
(140-180 ppm) is far above the solubility limit (20-50 ppm). In terms of processing, sharp
declines in permeate flux were observed in the first few minutes of the filtration, after
which TMP and permeate flux stayed stable without necessity of pressure adjustment.

Figure 4.11 presents the time courses of relative permeate flux as a function of
various MWCO and TMP combinations as well as corresponding variation of cake
resistance in relationship with the permeate volume. Filtration pressure did not have a
significant impact for the 10 kDa membrane, which shows similar time to steady-state
and only slight modification of cake resistance (respectively 59.3% and 60.5% for 7.5 and
12.5 psi). Comparison between various TMP for the 50 kDa membrane on the other hand
highlighted a clear effect of the filtration pressure on the time required to reach steady-
state and on the cake resistance (respectively 53.4%, 49.2% and 45.9% for 5, 7.5 and 12.5
psi). As a general feature, longer processing times seem to lead to higher cake resistance
which might be explained by either a higher mass of cake or the formation of a more
compact cake due to slower deposition rates. As displayed in Table 4.4, lipid losses
calculated from count rate analyses of the feed indicate higher levels of phospholipid
removal with higher TMP and intensified or similar effect while considering the same
TMP for higher MWCO. Direct relationship between the lipid loss, the TMP and the cake
resistance obtained in Figure 4.11 is however not straightforward. Comparing for instance
10 and 50 kDa at 12.5 psi for which similar lipid losses are observed but cake resistance
is clearly different, possible hypotheses could be: 1) a loss of phospholipids preferentially
from the feed to the permeate instead of deposition on the cake which would lead to
reduced cake resistance for the same total lipid loss; or 2) a higher cake mass deposited
coupled with higher levels of porosity while working with the higher MWCO which
would also lead to reduced cake resistance.
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Figure 4.11: Relative permeate flux decline and cake contribution to overall filtration resistance
during sterol-free liposomes filtration as a function of MWCO and TMP

Table 4.4: Influence of TMP and MWCO parameters on lipid and natamycin losses, size
characteristics and encapsulation in sterol-free loaded-liposomes

Natamycin  Natamycin
A mean loss loss
MWCO TMP  Lipid loss diameter / CFratamycin A EE
. N (permeate  (retentate nawamy
0, -
(kDa) (psi) (%) Adistribution S o Ge”  analysis) ) (%)
(nm) (%) (%)
7.5 249+0.2 29/21 289+0.1 327x15 1.74+£0.02 14007
10
125 33.2+0.8 1.8/0.3 304+0.1 427x08 163+0.06 13.2+14
5 26.7+0.8 26/1.1 31.0+04 319+x08 1.73+0.04 128+1.8
50 75 346%12 3.7/15 30.,7+0.1 386+20 1.79+0.09 15.0%08
125 33.3x0.8 43129 305+01 419x07 165+001 16416
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To validate the first hypothesis, unloaded liposomal suspensions were processed
under the same TMP/MWCO conditions as natamycin-loaded liposomes and permeate
fractions were analyzed by UV to determine amounts of phospholipid lost. Variation of
free phospholipid concentration in the permeate fractions showed a linear increase as a
function of permeate volume collected, indicating that, after steady-state is achieved,
phospholipid removal keeps occurring by direct transfer of monomers to the permeate.
Rate of lipid removal was found dependent on the TMP/MWCO, with final cumulative

loss in permeate as disclosed below:

v' 10 kDa: 5.4% for 7.5 psi; 8.0% for 12.5 psi
v 50 kDa: 5.5% for 5 psi; 3.1% for 7.5 psi; 3.7% for 12.5 psi

Lipid losses in permeate were less important for the 50 kDa membrane comparatively to
10 kDa for the same filtration pressure. Combined with the higher or similar total lipid
losses for the highest MWCO, these results tend to indicate that 50 kDa lead to higher
cake masses deposited, which would go rather in the direction of the second hypothesis.
Higher mass of cake deposited in the case of 50 kDa can explain the higher retention of
phospholipid monomers as free phospholipids are likely to remain trapped in the cake or
to be flushed away back to the feed instead of being transported to the permeate [10].
Comparing the various TMP for 50 kDa and taking into account the relative losses to
permeate, it is possible to conclude that a higher mass of cake is deposited onto the
membrane with a higher porosity while raising the filtration pressure. Similarly, for 10
kDa, increase of TMP leads to higher mass of cake but similar resistance which
corroborates again the idea of higher porosity for 12.5 psi.

Mean diameter and size distribution of the liposomes rose during the filtration process
with a pronounced effect for the 50 kDa membrane and higher TMP. Observation of size
characteristics during the filtration indicated an initial shrinkage of mean diameter that
slowly re-equilibrated to values larger than the initial size after collection of the second
retentate fraction. The preservation of liposomal morphology was confirmed by cryo-
TEM analysis of the final retentate fraction (Figure 4.12) for the MWCO 50 kDa and
TMP 7.5 psi. Compared to the native suspension, presence of larger vesicles and
multilamellar arrangement is however visible, pointing out that some rearrangements and
fusion of liposomes occurred during the TFF process as a result of shear stresses and loss
of phospholipids molecules.
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Figure 4.12: Cryo-TEM micrograph of the native liposomal suspension (left) and final retentate
(right) obtained after concentration by TFF (scale bar - 50 nm)

Final losses of natamycin in permeate (Table 4.4) were found to be comparable for all
MWCO/TMP conditions and rate of removal showed the expected linear dependence to
the permeate volume collected (Appendix A), suggesting that rearrangement of the
liposomes and loss of phospholipid monomers did not lead to a more important leakage of
natamycin. Comparison of permeate and retentate fractions indicated increased removal
of natamycin by adsorption on the membrane while increasing the TMP for both MWCO
membranes. This deviation is consistent with the deposition of loaded liposomes in the
cake layer, which as previously mentioned also increased with higher transmembrane
pressure. Variations of encapsulation levels averaging 13-16% and concentration factors
superior to 1 confirmed preferential removal of non-entrapped natamycin and efficiency
of the TFF process to reach higher concentrations of preservative in suspension.

Stability of natamycin in the liposomal suspension was nonetheless negatively and
considerably impacted by the concentration process for both storage at 4 °C without light
and room temperature upon light exposure (Figure 4.13). A direct effect of both MWCO
and filtration pressure was visible, with a significant benefit for the combination 50
kDa/12.5 psi. Preferred explanation for this phenomena is the lowest processing time
required for the concentration that avoided extensive recirculation of the permeate and
longer exposure times to shear forces, detrimental to the fragility and permeability of the
lipid bilayer. Lowest relative variation of size and size distribution for 50 kDa/12.5 psi
compared to other combinations after 5 weeks storage at 4 °C corroborated this idea of
reduced impact on the liposomes while limiting processing times.
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Figure 4.13: Relative loss of natamycin upon storage for sterol-free liposomal suspensions
concentrated by TFF under various MWCO and TMP conditions and effect on size characteristics

4.5.1.2. Influence of sterol incorporation

Influence of cholesterol and ergosterol incorporation on the filtration process was
studied at 7.5 psi for the 50 kDa membrane to determine if mechanical strength brought
by these compounds [31] could help overcome the instability previously evidenced.
Reference formulations developed in Chapter 3 are used here based on CHOL/L ratios
1:45 and 1:18 and ERG/L ratios 1:90 and 1:45. As previously observed for sterol-free
formulations, samples could be processed with stabilization of the flux decline and
conservation of liposomes in suspension (yellow-bluish translucent aspect). No crystals or
visible precipitation of natamycin and/or sterol occurred during the process. Table 4.5
summarizes results regarding losses of liposomes and natamycin, final encapsulation
efficiency and effect on size characteristics for various sterol contents. Figure 4.14
represents the corresponding evolution of cake contribution to the overall filtration
resistance as a function of permeate volume.

Final flux declines obtained at steady state were in a comparable range (around 50%)
for sterol-free and cholesterol-enriched liposomes. Contribution of the cake to the overall
resistance was also similar (around 49%) and stabilized after collection of 15 mL of
permeate. Count rate analysis however indicated a benefit of incorporating cholesterol in

low amounts for a slight reduction in total lipid losses. Unloaded sterol-free and
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cholesterol enriched formulations were submitted to TFF concentration and UV analyses
performed to determine the fraction of phospholipid monomers lost in the permeate.
While the sterol-free sample was characterized by a linear progressive loss up to a final
3.1%, CHOL/L 1:145 and CHOL/L 1:18 samples showed the highest loss of phospholipid
in the first permeate fraction followed by stabilization over time up to respectively 5.3
and 5.6%. This behaviour tends to indicate a destabilization of cholesterol-enriched
samples at the beginning of the concentration process and could explain the slightly
higher variation of size and size distribution observed by DLS for these samples.

Presence of ergosterol remarkably delayed the flux stabilization phase with
respectively 21 and 32 mL of permeate volume required to reach steady-state for ratios
ERG/L 1:90 and 1:45. Final cake resistance was also reduced respectively to 45% and
44%, which cannot be directly related to the loss of lipid measured in the retentate (Table
4.5). Determination of phospholipid losses in permeate for the corresponding unloaded
ergosterol-enriched suspensions showed a linear pattern similar to the sterol-free sample
and lower amounts of lipid material removed with respectively 2.0 and 1.6% losses
achieved for ERG/L1:90 and ERG/L 1:45. This behaviour, combined with a limited
variation in size characteristics, indicates that ergosterol-enriched samples were less
disturbed by the TFF process than cholesterol-enriched formulations, which could be
linked to the higher mechanical stability of lipid bilayers in presence of ergosterol
previously mentioned in Chapter 3 [31-33]. Presence of ergosterol improving packing and
interactions between phospholipids might also have for consequence a reduced initial
amount of unassociated lipid monomers compared to sterol-free and cholesterol-enriched
formulations, which could explain the reduced losses detected in the permeate. Delayed
flux declines in the case of ergosterol suggested in any case that the mechanism of fouling
occured first via deposition of unassociated phospholipid molecules. Steady-state lower
cake resistance for ergosterol compared to cholesterol at the same ratio S/L 1:45, though
the estimated deposited mass is higher, highlighted a lower specific filtration resistance of
the cake probably linked to a larger porosity. Preferred explanations for this latter are the
superior rigidity of ergosterol-enriched liposomes, bringing lower deformability and
reducing the packing of the liposomes, as well as the previously mentioned reduced
amount of unassociated lipid monomers, which could have deposited during circulation in

the cake and locally decreased the porosity.
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Figure 4.14: Cake contribution to overall filtration resistance during sterol-enriched liposomes

concentration by TFF as a function of MWCO and TMP parameters

Table 4.5: Influence of sterol type and concentration on lipid and natamycin losses, size

characteristics and encapsulation in sterol-enriched liposomes

A mean diameter Natamycin Natamycin loss

Ciﬁ[r;]lt Llp(lg ;oss / Adistribution  loss (permeate (retentate CFratamyein A((E;E

° (nm) analysis) (%) analysis) (%) o
Nosterol  34.6 +1.2 37/15 307401 38.6+ 2.0 179+001 150+0.8
CHla;/ L 302407 51/3.9 26.8 0.1 307+13 1.80£002 13019
Cng'é/ L 37.7+03 29/2.3 19.9+0.1 21.9+0.8 220£001 57+16
Ef_gé" 28.8%0.4 2.9/-0.7 255+0.1 329+16 1.81+002 11.6+28
E?_fs"- 36.6 £ 0.2 2.0/0.8 19.4+0.1 21.9+0.6 243+£001 47+14
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Determination of natamycin content confirmed, as previously observed for sterol-free
liposomes, that unentrapped natamycin was mainly removed during the process, allowing
the obtention of concentration factors superior to 1 with a clear superiority while using
ergosterol and increased amount of sterol involved in the formulation. Improvement of
entrapment levels was also visible for all samples with limited variation for the most
sterol-enriched compositions due to initial higher levels of entrapment as described in
Chapter 3. Initial lower levels of non-encapsulated natamycin in suspension also
explained the variation of relative preservative loss in permeate fraction. Smaller
deviation between natamycin losses in permeate and retentate for highest content of
sterols involved, though liposome deposition on the membrane as well as the loading of
natamycin in these formulations are more important than sterol-free, goes in the sense of

a large removal of free natamycin molecules by adsorption on the membrane.

Relative loss of natamycin (%)

4°C - week 1 m 4°C - week 5
RT + light - week 1 ®m RT + light - week 5
100%
80% I
Sterol A mean diameter /
A distribution (nm)
content After 5 weeks at 4°C
60% | No sterol 46/38
CHOL/L
1:25 56/-0.8
CHOL/L 9.6/7.0
1:18
We r—— R R | ERGL 21/33
1:90 ) )
ERG/L
1:45 54/4.8
20% 8 B8 B
0% =

Sterol-free CHOL/L 1:45 CHOL/L 1:18 ERG/L 1:90 ERG/L 1:45

Figure 4.15: Relative loss of natamycin upon storage for concentrated sterol-enriched liposomal
suspensions and effect on size characteristics
Stability of natamycin in the formulation was slightly enhanced over 5 weeks at 4°C
for all compositions and at room temperature with light exposure for the lowest amount of
sterols (Figure 4.15). The benefit of sterol incorporation was however not significant
contrary to what was demonstrated in Chapter 3 for native suspensions. This means that

the presence of sterol does not allow maintaining acceptable integrity and physical
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stability of the liposomes by counteracting shear stresses and rearrangements due to the

increase of solid content during the concentration step.

4.5.2. Diafiltration of liposomes

Removal of unentrapped natamycin was efficiently achieved using the TFF
concentration mode. Negative consequences on the preservative chemical stability upon
storage are however observed, linked either to the high final content of phospholipid in
the suspension, in favor of enhanced hydrolysis, and/or to the reduced physical integrity
of the liposome bilayer due to the TFF process. In this purpose, diafiltration was
attempted to determine if removal of free natamycin without modification of lipid solid
content in suspension could bring further benefits to the preservative stability. Continuous
mode was here preferred as extreme dilutions while adding a whole diafiltrate volume
and repetition of concentration steps happening in the discontinuous mode were expected
to be detrimental to the physical integrity of the liposomes.

Continuous diafiltration was performed as described in section 4.3.5 using 4
diafiltrate volumes (75 mL) for the 50 kDa membrane at 12.5 psi. Both sterol-free and
cholesterol-enriched (CHOL 1:18) natamycin-loaded formulations were studied to
determine if the presence of sterol could be advantageous for the stability. Table 4.6
summarizes the parameters and characteristics of the liposomal suspensions before and
after diafiltration as well as the effect on stability upon storage. Flux stabilized very
quickly and remained stable over the whole filtration, without influence of the presence of
cholesterol. Relative contribution of cake to the overall filtration resistance was found to
be lower than for concentration mode (around 40% compared to 45% for the same
combination MWCO/TMP) due to the unvariable solid content in the feed and to the
negligible loss of lipid material determined by count rate analysis which indicates very
limited cake formation. While calculating lipid losses over the process, it can be seen that
in the case of the sterol-free formulation, up to 5.2% of phospholipids were removed from
the feed before recovery of the first permeate fraction due to absorption on the membrane.
Cross-flow drag forces however allowed resuspension to the feed over time which
explains the limited total lipid loss observed. In the case of the sterol-enriched
formulation, loss remained below 1% along the whole filtration.

Observations of mean diameter and size distribution indicated minor reduction of both

parameters compared to the native suspension, contrary to what was observed in
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concentration mode, which can be linked to the slight losses of phospholipids monomers.
Improvement of encapsulation efficiency was expectedly less significant for the
cholesterol-enriched formulations due to initial lower content of free natamycin. Both
formulations however reached a final encapsulation efficiency of 99.4% indicating that
removal of non-entrapped natamycin occurred as desired. Limited loss of natamycin via
adsorption on the membrane can be directly linked to the limited deposition of loaded
liposomes on the membrane surface.

Table 4.6: Comparison of sterol-free and cholesterol-enriched liposomal suspensions
processed by continuous diafiltration

Sterol-free CHOL 1:18
RJ/R; (%) 40.5+0.7 40.2+0.7
Total lipid loss (%) 05+0.8 08+1.0
. S . 98.7 £ 46.7 (native) 106.9 £ 50.7 (native)
Mean diameter + distribution width (nm) 96,1+ 45.4 (final) 102.1+49.4 (final)
Mean diameter + distribution width (nm) after 5 99.8 £48.1 (native) 108.0 £ 51.1 (native)
weeks storage at 4°C 94.8 £46.1 (final) 96.7 £ 47.1 (final)
Total loss of natamycin (%) 64.9+0.1 43.8+0.1
Total loss of natamycin on the membrane (%) 10.7+0.1 3.3+0.1
Concentration factor 0.36 0.59
A EE (%) 31.9+0.6 9.1+05
4°C - week 1 m 4°C - week 5

RT +light - week 1 ~ ® RT + light - week 5

100%

80% |--—————-——————

60% -4

40% (-

Relative loss of natamycin (%)

20% |

Unprocessed Diafiltered Unprocessed Diafiltered

Sterol-free CHOL/L 1:18
Figure 4.16: Relative loss of natamycin upon storage for unprocessed or diafiltered liposomal suspensions
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No clear benefit could however be highlighted for the preservative stability compared
to unprocessed suspensions (Figure 4.16), whether or not sterol was incorporated.
Reduced amount of natamycin left in suspension and further decrease in size and size
distribution of the liposomes, proving rearrangement over time and consequently leakage
of natamycin out of the nano-carriers, are the most likely hypotheses for the absence of

improvement of stability via diafiltration.

4.5.3. Conclusions for liposomal suspensions

Use of Tangential Flow Filtration for the concentration of liposomal suspensions
proved to be efficient for the improvement of natamycin encapsulation efficiency by
removal of non-entrapped preservative and increase in solid content. Flux decline and
cake resistance were found to be dependent on both transmembrane pressure and
molecular weight cut-off, with variable effects on lipid removal by adsorption on the
membrane or by loss of phospholipids monomers in the permeate. Limited variation of
size characteristics were observed but cryo-TEM highlighted the formation of
multivesicular structures and the existence of some rearrangements during the filtration
process. Though concentration of liposomes was in all cases increased and the content of
free natamycin reduced, stability of the preservative upon storage was not improved and
even negatively impacted, with even 1.3 to 2.8-fold higher levels of loss compared to the
original suspension. Best process conditions to ensure the long-term stability were
obtained for 50 kDa and 12.5 psi, probably linked to the shorter processing time and thus
reduced exposure of the liposomes to shear stresses and contact with the membrane.
Incorporation of sterols, known to improve the initial encapsulation of natamycin inside
the liposomes as well as the mechanical stability of the liposomes, allowed only minor
improvement of natamycin stability upon storage and no clear improvement of the
resistance of liposomes to the filtration process. High content of phospholipids in
suspension at the end of the filtration, likely to catalyze hydrolysis and oxidation, and
disturbance/rearrangements of the bilayer, which would have triggered release during the
process, could be the reasons for the enhanced degradation of natamycin.

Continuous diafiltration attempts performed to reduce the content of unentrapped
natamycin without the disadvantage of higher phospholipid content, proved to be
achievable without significant loss of phospholipids. Upon storage, enhanced variation in

size characteristics and absence of improvement of the preservative stability were
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however obtained even while incorporating sterol in the formulation, confirming that the
enhanced mechanical fragility of liposomes after the filtration process is the key to the

instability.

4.6. Conclusions

In this chapter, Tangential Flow Filtration based on polysulfone hollow-fiber
membranes was evaluated for the concentration and purification of natamycin-loaded
PLGA and liposomal nano-suspensions with main focus on increasing the solid particle
content, removing unentrapped natamycin and improving the preservative stability upon
storage.

The concentration step was successful for both types of nanoparticles with loss of
natamycin and nano-carriers dependent on the filtration pressure and MWCO membrane
chosen. PLGA nanoparticles were found to be relatively sensitive to fouling and pressure
build-up, with reduced losses of both nano-carrier and preservative materials obtained for
the lowest filtration rates. Though the concentration step allowed increase in solid content
as desired, enrichment of natamycin was not significant but removal of part of the free
natamycin proved to be beneficial for storage stability, with losses 1.6 to 3.7-fold lower
than for the original suspension. Concentration of liposomal suspensions on the other
hand allowed easier process control and more stable fluxes over time. Removal of
unentrapped natamycin was confirmed by improvement in the encapsulation efficiencies
and concentration factors. Increase in relative phospholipid concentration, exposure of
liposomes to shear stresses and rearrangement into multivesicular structures during the
process proved however to have a detrimental effect on the chemical stability of the
preservative upon storage. Concentration of sterol-enriched liposomes did not allow
significant reduction of natamycin degradation upon storage or further protection of the
integrity of the phospholipid bilayer during the TFF process, compared to the benefits
highlighted in Chapter 3.

Application of diafiltration steps proved to be efficient for more intense removal of
unentrapped natamycin in suspension for both types of nano-carriers. Continuous
diafiltration appeared to be the most processable method for the handling of PLGA
nanospheres compared to discontinuous diafiltration, though losses of polymeric material
remained significant in both cases (32-45%). Very low initial encapsulation efficiency of

natamycin and removal of non-encapsulated natamycin led however to extremely low
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concentrations of preservative and to a disadvantageous decrease in chemical stability
with 78% of loss observed after only 5 weeks. Application of continuous diafiltration to
liposomal suspension was performed successfully for sterol-free or sterol-enriched
formulations with negligible cake formation and loss of phospholipids during the process.
Once again, increase in encapsulation efficiency of natamycin within the nano-carriers
and presence of sterol did not translate into an improvement upon storage of the chemical
stability of the preservative or integrity of the liposomes themselves.

In a nutshell, Tangential Flow Filtration based on polysulfone hollow fiber
membranes and the lab scale system implemented in this study is slightly beneficial in the
case of PLGA nanospheres for the enhancement of natamycin stability upon storage,
providing that the nano-suspensions are processed under low filtration pressures to avoid
excessive fouling of the membrane. Further studies of the effect of membrane
characteristics (pore size, material, configuration) and in-depth understanding of the cake
formation would be profitable for further reduction of the fouling and the development of
a scalable process with hollow-fibers. Other methods such as freeze-drying should also be
considered (see Chapter 5) and could provide higher advantages for the formulations
without causing the extensive losses of polymeric material observed here. Regarding
liposomal suspensions, performing TFF in both concentration and continuous diafiltration
modes with our lab scale system did not bring an obvious advantage compared to
formulations developed in Chapter 3. Further work on both concentration and diafiltration
processes for natamycin-loaded liposomal suspensions would require a more in-depth
understanding of the physical stability of the liposome bilayer. Particularly, effect of the
shear stress forces involved in the filtration, effect of sterol incorporation on the bilayer
integrity and compressibility and mechanism of deposition/disruption of the liposomes on
the membrane surface would be elements to consider. Use of hydrophilic or lipophilic
markers loaded in the liposomes could for instance help following the evolution of bilayer
permeability during the filtration and upon storage. Atomic Force Microscopy is another
interesting option to test the integrity of the bilayer before and after filtration and to
obtain direct information on the sterol influence [34]. The lab-scale system implemented
in this study should also be reconsidered to offer a better monitoring of the process,
particularly in terms of temperature control, likely to have a strong influence on the

rearrangement of the bilayers too.
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4.7. Nomenclature

Filtration area (m?)

Concentration of natamycin in feed (ug/mL)
Initial concentration of natamycin (pug/mL)
Concentration of natamycin in permeate (ug/mL)
Concentration factor (%)

Mean particle diameter

Cake thickness (m)

Cake mass (kg)

Mass of natamycin in feed (uQ)

Initial mass of natamycin (ug)

Mass of natamycin adsorbed on the membrane (ug)
Mass of natamycin lost via nanoparticle loss (ug)
Mass of natamycin in permeate (1)

Mass of nanoparticles in feed (mg)

Permeate flux (m*.m?.s™)

Clean water permeate flux (m®.m™.s™)

Filtration resistance due to the cake (m™)
Filtration resistance due to the membrane (m™)
Filtration resistance due to pore blocking (m™)
Overall filtration resistance (m™)

Filtration time (min)

Transmembrane pressure /pressure drop (psi)
Feed volume (mL)

Diafiltration volume (mL)

Initial feed volume (mL)

Permeate volume (mL)

Average specific filtration resistance of cake (m.kg™)
Cake porosity (-)

Fluid viscosity (kg.m™.s™)

Particle density (kg.m™)

Fraction of encapsulated natamycin

4.8. Appendices

The simplified following models predict the variation of amount of natamycin

eliminated from the feed during either concentration or diafiltration step. It is important to

highlight here that a fraction of the compound is in a “solute” state (in solution or

deposited at the nanoparticle surface) while the rest is encapsulated within the

nanoparticles. Oge Symbolizes the fraction of encapsulated natamycin and can be

calculated directly from encapsulation efficiency measurements.
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4.8.1. Appendix A: Mass balance for concentration step

The amount of natamycin left in the feed reservoir is equal to the initial mass minus
the mass of solute eliminated in the permeate fractions or adsorbed on the membrane and
the mass of encapsulated natamycin lost via adsorption of nanoparticles, as summarized

in Equation 4.8.

m(t) =mg — my (t) — Mgas(t) — Mypss(t) (4.8)
Where my = CoVy (4.9
And my,(t) = Cp(t) V,(8) (4.10)

Assuming negligible adsorption of the solute on the membrane during filtration (mgugs(t) ~
0), concentration of dissolved material on both permeate and feed sides of the membrane
is deemed to be equal and to represent the concentration of non-encapsulated solute in the
nano-suspension, assuming that the filtration does not trigger leakage from the nano-

carrier. This can be represented by the relation 4.11:

C,(t) = constant = Cy (1 — Ogg) (411)
Leading to my,(t) = (1 —0gg) Co V() (4.12)

Loss of encapsulated natamycin linked to the loss of nanoparticles can on the other hand

be directly related to the mass of nanoparticles lost during the filtration by the following

expression:
Myp (1)
Migss(t) = Ogg Mo 5 ——— (4.13)
NP (t=0)
Equation 4.8 can then be transformed into:
m(t) V, () Myp(t)
=1-—(1—-0p)—>—Opp ——— 4.14
mg FE2 8 Myp (e=0) (14)

NB: As Myp is related to the mass of cake, the contribution of natamycin loss through
adsorption of nanoparticles at the membrane surface is expected to become constant as

steady-state is reached, leading to a simple linear dependence of m(t) to V(t).

4.8.2. Appendix B: Mass balance for diafiltration step

Discontinuous diafiltration

Discontinuous diafiltration can be considered as a concentration step for which V, has to

be replaced by Vo+Vy in equation 4.14, leading to:
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V, () B Myp(t)
Vo+Va % Myp=o

)~ (1)

- (4.15)

Continuous diafiltration

Considering at a first glance the absence of loss through direct natamycin or nanoparticles
absorption, loss of solute in the feed during continuous diafiltration can be described by
the simple mass balance:

dm()  di()
dc  dt

Cp(t) (4.16)

Assuming that the volume of feed is kept constant by the addition of diafiltrate medium
(dVv(t)/dt =0) and that both concentrations of solute in feed and permeate are equal on
both sides of the membrane, equation 4.16 can be transformed into:

dm() dC@)  dV(t)
m@ @l  V(@®

(1—6gk) (4.17)

Further integration of equation 4.17 and incorporation of the term described by the
equation 4.13 to take into account loss due to the adsorption of nanoparticles, the
following relationship is obtained to describe the continuous diafiltration.

m(t)

1, () ) B Myp (1) (4.18)

=exp|— (1 —0gg)
p( EET Vo = () + V() 5 Myp (t=0)

my
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Chapter 5

Lyophilization of polymeric and
liposomal nano-suspensions

In this chapter, natamycin-loaded PLGA nanosphanekliposomal suspensions are
submitted to lyophilization to establish if this thed can bring substantial enhancement
to their physical and chemical stability compared @queous suspensions and/or
concentrates obtained by Tangential Flow Filtratibhe influence of various protective
excipients (glucose, sucrose, trehalose, lactosannitol and sorbitol) at different
concentrations is investigated in each step of Iylephilization process to establish
conditions maintaining the integrity of the nandmdes and resulting in easily
redispersible powders able to protect efficientlgthb natamycin and nano-carriers
towards degradation over time.

Trehalose above 2.5%w/v turns out to be the mgstogpiate protectant at every step
of the lyophilization process for both PLGA nanosgs and liposomal suspensions with
or without sterol enrichment. Easily redispersiéheorphous cakes are formed and allow
conservation of integrity and size characterisbice nano-carriers just after preparation
and upon a 10-week storage period. Natamycin gtalslclearly enhanced compared to
agueous suspensions and concentrates obtainedFofpiTBoth nano-carrier systems.

The other saccharides glucose, sucrose and laates®und inferior to trehalose in
terms of cryoprotection, lyoprotection or efficiestiabilization upon storage linked to
various reasons such as collapsed structures,staliization, high residual moisture
content and chemical reactivity towards natamycin.

Mannitol and sorbitol are identified as efficiertailslizers and protectants against
degradation and leakage of natamycin from PLGA parteles, but do not allow on
their own the formation of acceptable cakes orgutdn of the nanoparticle integrity.
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5.1. Introduction

Agueous nano-suspensions of polymeric nanopartiated liposomes prepared in
Chapters 2 and 3 were both found unsuitable fog-tenm storage due to chemical
instability of natamycin. In the case of PLGA naplosres, low solid content intrinsic to
the nanoprecipitation method and limited initiakcepsulation efficiency of natamycin
within the particles result in a large exposuraligbolved natamycin to agueous medium
and thus to degradation. The polymeric nano-carrieemselves are known to endure
autocatalytic hydrolysis while stored in liquid morfor an extensive period [1-2], which is
likely to trigger further release of the preservatbut also to increase the acidity of the
medium and cause further degradation of natamyimilarly, in the case of liposomal
suspensions, hydrolysis and oxidation of phospludipre classically happening [3] and
could catalyze chemical reactions with the antibinReorganization of liposomes over
time by aggregation or fusion [4-5] and permeapitif the bilayer are also factors that
result in leakage of entrapped material in the agsenedium and are detrimental for the
stability.

Improvement of physical and chemical stability loé formulation could be achieved
by transforming the nano-suspensions into dry posvite reduce exposure to water and
degradation phenomena such as hydrolysis and axidain addition to the possible
benefits for the shelf-life of the product, powdarg also easier to handle by customers
and require reduced costs of storage and trangponpared to aqueous suspensions
and/or concentrates. Lyophilization, also known feseze-drying, is one of the
approaches commonly used at industrial scale far pgneparation of food or
pharmaceutical powders [6-8] and has also beenrtexpuitable for the drying of

polymeric nanospheres [9] and liposomes [10].

Lyophilization is a well-established dehydrationtheoel consisting in freezing the
sample and removing water by sublimation to formsilgaredispersible porous cakes.
Freezing is the first step of the process and campdrformed experimentally by fast
cooling (liquid nitrogen, dry ice bath) or sloweoating by using temperature ramps.
Freezing of the sample allows the progressive ftioneof ice crystals while gradually
leading to an increase in concentration of pasideother solutes present in the medium.
Concentration and ice crystal formation continugs ta a certain point where the
viscosity of the medium becomes too high. At th@np the sample contains the

maximum amount of ice crystals, the minimum of omén water and the
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solutes/particles. This so-called maximally freerpecentrated suspension is
characterized by a defined glass transition tentpexal 4 [7-9]. Freezing temperature is

usually set-up at least 10°C below thg ¥0 ensure complete formation of ice crystals
and facilitate further steps of the process.

Once the sample is frozen, a primary drying stepmglemented and consists in
transferring some heat to the system under redpoessure to allow sublimation of ice
crystals into vapor. This step is usually the I@tgehase of the freeze-drying process and
has to be carried out 5 to 10°C below the collafsaperature J of the freeze-
concentrated suspension [9-10] (1-2°C higher thanTiy classically), which corresponds
to the temperature where the material softens dipet@oint of not being able to maintain
its own structure, resulting in collapsed and uguagh water-containing cakes.

A shorter second drying step is finally performeddemove unfrozen water that could
not be sublimated during the primary drying. Redug@essure and much higher
temperatures than for primary drying are involvdgpi€ally 20-50°C) to ensure
maximized removal of water molecules and limit pnesence of residual moisture in the
final cake [9-10] that could be highly detrimentmir the stability upon storage.
Temperature at this stage must be kept below thef The anhydrous dry product to

maintain the powder in an amorphous state.

Though this technique involves relatively mild carmhs, various stresses can be
induced at each phase of the process and can hadetranental effect on the
nanoparticles. Freezing is usually considered as ribst aggressive step due to
mechanical stresses linked to the formation ofcigestals [11] that can be critical while
considering fragile and deformable particles suchpppsomes [12]. Progressive increase
in particle concentration during ice formation athdis closer contact can also induce
destabilization by aggregation of PLGA nanoparficler fusion of liposomal
arrangements. For this latter, the cooling procedaso reduces interaction with water
molecules, which is detrimental for the conservatb the bilayer structure, and can also
trigger transition from fluid to gel phase if thkgse transition temperaturg, 1 reached,
which has consequences on the permeability of thmlmnane as described in Chapter 3.
During the drying steps, physical destabilizatiorkéd to a more concentrate state of
particles is also likely to occur leading to funtteggregation or fusion. In the case of
liposomes, dehydration and removal of water faearrangement of the phospholipids in

a tighter conformation, leading to a much highgrahd dry phospholipids in a gel state
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at temperatures where fully-hydrated liposomes still be in fluid state [10,13], which
has consequences on the permeability and the r#cbins into vesicles after drying.
Additionally, if liposomes are prepared with a nuibet of phospholipids with different,,I

or in presence of other components such as stqroése separation and rearrangement
can occur and have significant consequences oimtegrity of the vesicular structures
and retention of encapsulated compounds.

Loss of integrity of the nanoparticles due to theiaus stresses induced by the
lyophilization can be overcome by addition of exents aiming at cryo-/lyoprotection
respectively during the freezing step and the dyrysteps. Sugars are commonly
employed for this purpose in food or pharmaceutagplications [7-10] due to their
innocuous nature and their ability to act as buwkegents, stabilizers and tonicity
adjusters. The protective action of these compousdsectly linked to their vitrification
during freezing that result in the formation oflasgy sugar matrix where the density and
ordering of ice crystals is reduced [9,14]. As asemjuence, mechanical stresses as well
as possible contact between nanoparticles are teddeThis physical barrier is
maintained during the drying step and restricts ifitgplof the nanoparticles, avoiding
further aggregation as well as diffusion or leakafjthe encapsulated compounds. In the
case of liposomes, sugars have also proven to leevabhydrogen bonding to replace
efficiently water molecules interacting with the gsipholipid heads [10,14-15]. This
“water replacement” allows maintaining the bilayem “hydrated” state and contributes
to the conservation of ,Jin dry state close or inferior to the ones of yithlydrated
liposomes, reducing chances of disruption and lgakRelative protective effectiveness
of cryo-/lyo-protectants depends on their spegiiteractions with the nanoparticles, on
the relative ratio protectant/nanoparticles invdlaad the process parameters chosen.

The objective of this chapter is to evaluate thespmlity of lyophilization of the
reference natamycin-loaded PLGA nanospheres awddipal suspensions obtained in
Chapters 2 and 3, aiming at developing formulatiwitk the following desired properties:

v' Sustained initial characteristics of the nanopksiq(size, polydispersity, zeta-

potential) upon reconstitution just after lyophaliton and after storage.

v' Acceptable aspect of the lyophilizates (non-cokapscake, limited residual

moisture, easy and fast reconstitution in water).

v' Enhanced chemical stability of natamycin upon gfera
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To this purpose, several classical cryoprotectantapatible with food applications
(saccharides (glucose, sucrose, lactose and tsshaémd polyols (mannitol, sorbitol))
and their optimal concentration to maintain thegnity of the nanoparticles in each step
of the freeze-drying process were investigatedofith nano-systems. The effectiveness
of each protective excipient for the stabilizatioh natamycin and nano-carriers upon
storage was characterized under different tempeston a 10-week period. In the case
of liposomes, effect of the bilayer composition andorporation of sterol, which has
already proven to be determinant for the stabihtpqueous suspensions, have also been

studied to establish if they could bring benefitsthe dry-state storage.

5.2. Materials and methods

5.2.1. Materials

Natamycin (90.6% purity, trinydrate crystalline oy was kindly supplied by DSM
Food Specialties (Delft, The Netherlands) and usigdout further purification. Deoiled
phosphatidylcholine-enriched soybean lecithin Empkul45V was supplied by Cargill
(Hamburg, Germany). Cholesterol (CHOL99%), ergosterol (ERG; 95%) and PLGA
polymer Resomé& RG752H (L:G ratio 75:25, MW 4-15 kDa) were pursha from
Sigma-Aldrich. Methanol EMSURFACS and dried acetone Secco$olvere purchased
from Merck and used for the preparation of the raumgpensions. Potassium dihydrogen
phosphate, methanol and acetonitrile Lichrosolv®engbtained from Merck and used
for HPLC analyses. High quality water purified inMilliQ system was used in all
experiments.

Cryo-/lyo-protectants were chosen among monosacthdglucose), disaccharides
(sucrose, trehalose, lactose) and polyols (manrstwbitol). D-(+)-glucose (BioXtrax>
99.5%, 180.2 g/mol), anhydrofidactose ¥ 99%, 342.3 g/mol) anD-sorbitol (BioUltra,
> 99.5%, 180.2 g/mol) were purchased from SigmaiétdD-(+)-trehalose dihydrate>(
99%, 378.3 g/mol) was obtained from VWR abd(+)-sucrose (342.3 g/mol) from
Merck. Mannitol (Pearlitol® 200SD, 180.2 g/mol) wapsovided by Roquette Pharma.
Glucose and lactose are both reducing sugars. Chestructure and typical range of
glass transitions for freeze concentrateg)Tdnd anhydrous dry forms ()T of these
excipients [10,16-19] are presented in Figure 5.1.
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Figure 5.1: Chemical structure and glass transitioa of sugar excipients for lyophilization

5.2.2. Preparation of nano-suspensions

PLGA nanospheres were prepared by the nanopre@piteechnique described in
Chapter 2, for a concentration of PLGA of 37.5 mig/in acetone, 2.5 mg/mL of
natamycin in methanol and a ratio acetone/metharifol/v. 100 mL batches of nano-
suspensions were obtained by 10 successive onerghotions of 0.4 mL of organic
phase in MilliQ water under moderate magneticistirr The resulting nano-suspensions
were kept under slow stirring overnight for completvaporation of organic solvent.
Final samples contain nanoparticles at a solidesdraf 1 mg/mL (0.1% wi/v).

Liposomal suspensions were prepared using the rgailmection technique described
in Chapter 3, for a concentration of Epikuron 148w natamycin of respectively 45
mg/mL and 2.5 mg/mL in methanol. If necessary, ebi@rol and ergosterol were also
added to the organic phase at respectively 1-2 fningratios CHOL/L 1:45 and 1:18)
and 0.5-1 mg/mL (ratios ERG/L 1:90 and 1:45). Ba&lof 100 mL of liposomes were
obtained by 10 successive one-shot injectionsdhil. of organic phase in MilliQ water
under moderate magnetic stirring. The resultingpensions were kept under slow stirring
overnight for complete evaporation of the methaRkaolal samples contain liposomes at a
solid content of 1.8 mg/mL (0.18% w/v).
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5.2.3. Lyophilization

The protective agents were added as powder toahe-suspensions at 1, 2.5 and 5%
w/v. Mixtures were submitted to moderate magnetiisg for 15 min to allow full
dissolution of the sugars. 2mL-aliquots of the falations obtained were dispensed in
glass cryo-vials. 2 mL of protectant-free samplesemused as a control. Mean patrticle
diameter, polydispersity and zeta-potential of esample were assessed by DLS before
and after addition of the protective agent as desdrin section 5.2.5.1.

Lyophilization was performed with an industrial Aghtage 2.0 Bench Top freeze-
dryer Model XL (VirTis, SP Scientific, New York, U§ equipped with a temperature-
controlled shelf and coupled with a XDS-10 dry-vaicupump (BOC Edwards, Crawley,
UK). The freeze-drying cycle was performed in thseeps: 1) ramp freezing from room
temperature to -60°C (rate 1.5°C/min) with an daddal 180 min hold at -60°C; 2)
primary drying at a shelf temperature of -50°C arpgtessure of 60 pbar for 2000 min; 3)
secondary drying at a shelf temperature of 20°Capdessure of 50 pbar for 480 min.
After reestablishment of ambient pressure, crydsweere sealed and stored at 4°C until
further use. Freeze-drying was performed in dupi@nd the cake aspect at the end of
the lyophilization recorded.

To assess the integrity of the nanoparticles afi@philization, cakes were
reconstituted to the initial volume of suspensigrstow injection of 2 mL MilliQ water
along the wall of the vial to avoid foaming. Sangplgere allowed to sit for 15 min to
ensure proper cake wetting. Mean particle diamewkand zeta-potential of each sample
were measure by DLS as described in section 5.2.5.1

5.2.4. Freeze-thawing

In order to evaluate the resistance of the nanigtestduring the freezing step, a
freeze-thawing cycle [20] was performed with a 2aliquot of the protectant-enriched
formulations described in section 5.2.3. Sampleevpdaced in the freeze-dryer, cooled
from room temperature (23 + 2°C) to -60°C with @long rate of 1.5°C/min and held at
this temperature for an additional 180 min holdteAfthis period, the freeze-dryer was
stopped and thawing was performed by letting tmepsas go back to room temperature.
Mean particle diameter and Pdl of each sample werasure by DLS before and after

freeze-thawing as described in section 5.2.5.1.
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5.2.5. Physicochemical characterization
5.2.5.1. Particle size and zeta-potential

The mean particle diameter (d) and polydispersigex (Pdl) of the nanospheres
were determined by Dynamic Light Scattering (DLZet@sizer Nano ZS, Malvern
Instruments Ltd, UK). Three consecutive measurememre performed on each nano-
suspension at 25°C at a scattering angle of 1788r an equilibration time of 180
seconds. The zeta-potential of the nanopartidi@swas assessed on undiluted nano-
suspensions with the same equipment by three commseeeasurements of 200 sub-runs
at 25°C after an equilibration time of 180 secorfts. both size and zeta-potential, the
concentration of protective excipient present inevavas used in the Zetasizer software
to take into account induced modifications of vEtp and refractive index. All
measurements were performed in triplicate. Infleeotcthe different steps of the process
(1: addition of protective excipient; 2: freezesthag; 3: freeze-drying; 4: storage) were
evaluated by calculation of the ratio of mean $tdéf obtained at each step on the initial
characteristics of the suspension (ratio expressedyd;, Pd¥Pdi and {i/). It is
important to highlight here that, for steps 2-4tiah characteristics correspond to values

obtained for the protectant-enriched suspensidep (.

5.2.5.2. Natamycin content

Natamycin content in native suspensions and freleieel cakes was determined by
reverse-phase high-performance liquid chromatogragpHPLC) after dilution or
resuspension in methanol. A high pressure liquisbrtiatograph Ultimate 3000 Dionex
equipped with a variable wavelength detector wasdusSeparation was achieved by
injecting 20pL of sample on a reverse phase column LicrospRet18 (Merck, 125 nm
X 4 mm, pore size 100 A) with a mobile phase caimgjsof 35:65 v/v acetonitrile:
potassium dihydrogenphosphate buffer (pH 3.05) afloa rate of 1.0 mL/min.
Natamycin was detected by UV at 303 nm and quaditifising a calibration curve
designed over the range 0.05-50 ppr £/0.9996). All HPLC samples were analyzed in

triplicate.

5.2.5.3. Differential scanning calorimetry (DSC)

Thermograms of pure and lyophilized excipients asdl \&s freeze-dried samples

containing nanoparticles were recorded on a diffigie scanning calorimeter DSC7
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(Software Pyris Series, Perkin-Elmer, USA). Accehatweighed samples (2-10 mg)

were analyzed at a scan rate of 10°C/min covehirgemperature range 25-275°C.

5.2.5.4. Determination of residual moisture content

Residual moisture content in the freeze-dried fdatmns was determined by Karl-
Fisher titration using a Methrohnm 736GP Titrino (Mer-Toledo, Switzerland).
Lyophilized samples were analyzed after preparamhupon 10 weeks of storage, using

methanol as solvent for dissolution of the powders.

5.2.6. Stability tests

To evaluate the stability of the lyophilized systemryo-vials sealed directly at the
end of the freeze-drying procedure were store@@ftCG, 4°C and room temperature (23 *
2°C) under light protection and ambient relativenimlity. After 10 weeks, natamycin
content left in the samples was analyzed by HPL@esxribed in section 5.2.5.2, and
resuspension was also performed to evaluate changesan diameter, Pdl or zeta-

potential as described in section 5.2.5.1.

5.3. Lyophilization of PLGA nanospheres

Cryo-/lyo-protectants were chosen among monosacthdglucose), disaccharides
(sucrose, trehalose, lactose) and polyols (manrstobitol). Powders of these excipients
were directly added in the nano-suspensions aterdrations ranging from 1 to 5% w/v
(ratios PLGA/protectant 1:10 to 1:50). The freergrdy was pre-optimized (data not
shown) to select parameters that would allow swsfakdyophilization for all sugars
involved. Freezing temperature was fixed at -603@nsure a temperature below thg T’
of all protective excipients studied (see Figur&)&and consequently maximized ice
crystal formation. Protectant-enriched suspensivase submitted to a freeze-thawing
cycle [20] at this temperature to get a preliminadga of the effect of the cooling
procedure on the integrity of the nanospheres. &yrdrying was performed at -50°C to
be at least 5°C below the collapse temperaturdugibge and sorbitol, which present the
lowest Ty used in this study. Secondary drying was perforate®0°C to remain below

the transition temperatureg, ©f the anhydrous sugars.
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5.3.1. Addition of cryoprotectants and freeze-thawing

As illustrated in Table 5.1, addition of cryoprdteds in the formulations did not
significantly disturb size characteristics of theGA nanospheres. Slight reduction of
mean diameters occurred and progressively increagdthe concentration of sugar
involved, which is attributed to the osmotic pressinduced by the excipients and
possible efflux towards the outer medium of residuater entrapped within the PLGA
nanoparticles during the nanoprecipitation procéssiore pronounced shrinkage effect
was observed for lactose, mannitol and sorbitolraight be linked to higher interactions
with the particle surface due to a relative plastancture in the case of lactose compared
to other disaccharides and to the flexible lineanfarmation of polyols [21]. Limited
variations while introducing higher contents ofgbehree protectants suggest a saturation
effect and already significant coverage of the axefat 1% w/v. Polydispersity values
were overall slightly reduced compared to the matsuspension. For saccharides,
polydispersity was found the closest to the origimalues while using the highest
concentration of excipient. The opposite variatieas observed for mannitol and sorbitol
and pointed out that the osmotic dehydration indumgthe polyols is accompanied by a
homogenization of particle size.

Observation of zeta-potentials indicated a rel&fivechanged surface charge while
using glucose, sucrose and trehalose. A more pra@oueffect and less negative zeta-
potential was noticed while incorporating lactosennitol and sorbitol, which indicates
partial hiding of the charge and confirms highdeiractions of cryoprotectant molecules
with the particle surface previously highlighted digmeter changes. A slightly enhanced
effect is visible for sorbitol compared to its issmmannitol. This can be explained by the
difference in molecular conformation of both compds in water which has been
reported to be a rigid planar zig-zag conformatmmmannitol while sorbitol was able to
bend and create more hydrogen bondings [22], wivgchld favor interactions with the
particle surface.

Freeze-thawing in absence of cryoprotectant did affect significantly the nano-
suspension, with mean diameters and polydispessigenaining close to their original
values. Tyndall effect and bluish aspect of thepsensions were also conserved without
formation of macroscopic aggregates visible. Absesicphysical destabilization during
the freezing step can be explained by the low sobidtent of the suspension and thus

reduced probability of contact between the nanapest
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Table 5.1: Evolution of size characteristics of PL@ nanospheres upon addition of cryoprotectants
and after freeze-thawing

Concentration After addition of cryoprotectant After freeze-thiag
Cryoprotectant o
(%owiv) d/d  PdPdl  ZE, di/d Pdi/Pdi

None - - - - 1.012 0.956
1 1.002 0.932 0.953 1.001 1.092

Glucose 25 0.982 0.978 1.034 1.001 0.835
5 0.952 1.024 1.034 0.987 0.942

1 0.997 0.960 1.050 1.001 0.864

Sucrose 25 0.984 0.992 1.003 0.990 0.974
5 0.957 0.995 1.023 1.003 0.852

1 0.996 0.951 1.057 1.006 1.016

Trehalose 25 0.969 0.981 0.965 0.994 0.946
5 0.941 0.981 1.002 1.003 0.977

1 0.966 0.943 0.983 1.394 1.624

Lactose 25 0.959 0.982 0.900 0.990 1.081
5 0.946 1.011 0.878 1.007 1.062

1 0.979 0.957 0.952 1.482 2.187

Mannitol 25 0.982 0.953 0.988 2.168 3.285
5 0.972 0.938 0.963 3.829 3.852

1 0.984 0.981 0.988 0.981 0.989

Sorbitol 25 0.973 0.965 0.923 0.981 0.864
5 0.968 0.933 0.915 0.984 0.934

Glucose, sucrose and trehalose were found effefdivéhe cryoprotection of PLGA
nanospheres, whatever concentration involved, diogved conservation of the bluish
translucent aspect of the suspensions. Limited gdsnn mean diameters occurred
compared to the original cryoprotectant-enrichedpsusion. Chemical nature of the
saccharides did not seem to have a significanienite on the cryoprotection intensity as
previously observed in the literature for otherypaoéric nano-systems [18,23-24], which
might also be linked to the fact that the nativaaauspension was itself resistant to the
freeze-thawing. In the case of lactose howeveriranmum of 2.5% w/v was necessary to
maintain the integrity of the nanoparticles upagefzing without significant modification
of mean diameter and polydispersity. A less efiecttryo-protection towards PLGA
nanoparticles while employing lactose comparedth@rosaccharides was also observed
by Saez et al. [18].

Nano-suspensions containing mannitol were cleaéstabilized during the freeze-
thawing process and showed large modificationsath Isize and polydispersity for all
concentrations used. Analysis of the DLS profilghighted the appearance of a large
population around 900-1000 nm, attributed to thespnce of mannitol crystals. This
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polyol is known to recrystallize in suspensionat temperature (-15°C to -25°C) during
the thawing part of the cycle [25-26]. Such cry&tation has been reported at several
occasions to compromise the integrity of nanopasgi¢18,23,27] by exerting further

mechanical stresses or by inducing phase separatidnaggregation of the particles.
Though the lyophilization process does not invodveeal thawing stage in aqueous
suspension and thus mannitol could still be ablenovide efficient protection, it is

however very likely that a similar recrystallizatiphenomenon will also take place
during the primary drying stage. Sorbitol, on titeen hand, did not disturb the nano-
suspension significantly and displayed further dase in the mean diameter in
relationship with further osmotic effect during threezing step. Influence of sorbitol

concentration was negligible in accordance withdhgace saturation existing above 1%

w/v suggested after addition of the cryoprotectant.

5.3.2. Lyophilization and stability of the nano-carriers upon storage

Though the cryoprotectant-free nano-suspension registant to the freeze-thawing
process, macroscopic and irreversible aggregatonreed during freeze-drying leading
to a powder that could not be resuspended apptelyriddramatic changes in size and
polydispersities were observed by DLS analysis watiios d/d; and Pd¥Pd} averaging
respectively 21.8 and 5.2, confirming that protextexcipients must be added to the
formulation. While incorporating lyoprotectantsswal aspect of the lyophilizates and
resuspension properties were found strongly depe#nde the nature of the sugar
involved. Figure 5.2a summarizes the variationmein diameter, Pdl and zeta-potential
variations for resuspended lyoprotected cakesgfist lyophilization, while Figure 5.2b
displays the variation for the same samples afteage of the cakes at 4°C for 10 weeks.
Table 5.2 presents a summary of correspondinguakidoisture content and aggregation
scale observed after resuspension and storage.

Glucose led to the formation of a collapsed ged-lstructure whatever concentration
was used. Though attention was paid to maintairptheary temperature drying below
the collapse temperature of this carbohydrate,vitteous matrix was logically not as
stable as other carbohydrates with highey afid thus more likely to lose its porous
structure by collapsing. Another explanation coogda reduction of the Jlinked to the
incorporation of PLGA nanoparticles in the carbatayed matrix. Absence of such
disturbance has however been reported for simaégmperic nanoparticles [18,23], with

in general even slightly higher T'g observed whishould rather be in favor of
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stabilization of the glassy matrix. Despite thisopocake aspect and stickiness,
resuspension could be achieved very easily and Pp&#cles retained their nanometric
size without significant aggregation. A similar pbenenon was described by Hirsjarvi et
al. [28] and indicates that, though glucose cafmwh appropriate cake structures under
the lyophilization conditions implemented in thimdy, it was still able to provide a

stabilizer effect for the nanoparticles. Resuspensafter 10 weeks of storage was
however not satisfying with clear aggregation fartltoccurring, except for the lowest

concentration of glucose, as a result of the lichltalking effect of the collapsed cakes.

Table 5.2: Residual moisture content and aggregatioscale observed after resuspension of lyophilized
cakes just after freeze-drying and after 10 weekgsarage at 4°C (/) No aggregation / (+) Scarce
aggregation /some large particles detected by DLY++) Significant aggregation/multimodal
population detected by DLS / ND: not determined)

. After freeze-drying After storage (10 weeks, 4°C)
Cryoprotectant Concentration : . i .
(Yow/v) Aggregation Residual Aggregation Residual
scale moisture (%) scale moisture (%)
None - ++ ND ND ND
1 v ND J ND
Glucose 2.5 \ 1.6 ++ 2.1
55 ++ 3.8
34 ++ 0.1
Sucrose 2.5 ++ 0.6 ++ 0.1
++ 0.4 ++ 0.1
+ 3.6 \ 3.1
Trehalose 25 V 3.0 I+ 2.9
V 23 i+ 2.1
+ 4.3 + 2.9
Lactose 2.5 \ 1.9 + 3.2
V 2.3 ++ 1.9
++ 1.6 ++ 1.0
Mannitol 25 ++ 14 ++ 1.2
++ 1.1 ++ 1.0
++ 3.2 ++ 1.0
Sorbitol 2.5 ++ 1.6 ++ 2.2
5 ++ 1.2 ++ 1.3
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(@)

Figure 5.2: Evolution of mean diameter, polydisperisy and zeta-potential of PLGA nanospheres in

lyophilized cakes resuspended just after lyophiliztgon (a) or after 10 weeks storage at 4°C (b)

(ND: not determined)
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Among disaccharides, trehalose and lactose batlwetl formation of white fibrous
cakes with a uniform aspect and a dry volume idahtto the original colloidal
suspension. All cakes were easily reconstitutalille the translucent and bluish aspect of
the original suspensions. Moisture content aver&gé®o for both lyoprotectants and did
not significantly evolve over time. Presence of solarge aggregates and significant
modification of size and polydispersity was detdcter both compounds at 1% wlv,
suggesting that a minimum concentration is requit@densure both cryo and lyo-
protection. Further increase in trehalose conctatraesulted in reduced modifications
of mean diameter and polydispersity and better ewasion of the integrity of the
particles just after lyophilization as well as umiorage. In the case of lactose, 2.5 and 5%
w/v were characterized by acceptable nano-sizagythpolydispersity remains relatively
high compared to trehalose. Variations upon stovege also found more intense, with
appearance of aggregates and visual reductioredidmogeneity of the suspensions.

Sucrose also allowed formation of cakes but a tecyl@o collapse while brought
back to room temperature and heterogeneity betweglicates were observed (sticky
layer at the bottom, dry crust on the top, etctisEnce of large aggregates and turbid
aspect were obtained after reconstitution of thgpensions. Just after lyophilization,
Karl-Fisher analysis showed extremely low residoadisture content except for the
lowest concentration of sucrose. Further reductbmmoisture content occurred upon
storage for all samples with a significant loss I86w/v. The preferred explanation for
this behavior is a partial collapse of the cakaditre due to high residual moisture and
the recrystallization of sucrose. Sucrose dispkyswer glass transition in the dry state
than lactose and trehalose (62-77°C) which couleeHzeen further reduced due to the
plasticizer effect of residual water and would explthe collapse at room temperature. At
temperatures causing the collapse of the cakepsai@rystallization has been evidenced
to occur rapidly [17,29] and to be accompanied bsudden loss of moisture content,
which is consistent with our observations. Low s contents for 2.5 and 5 % w/v
indicate that crystallization has already occurrethough mean diameter and
polydispersity of resuspended nanoparticles rendaimacceptable ranges for 1 and 2.5%
wlv, crystallization visually further occurred dogi the storage period and did not allow
maintaining integrity of the nanoparticles.

For the same concentration, trehalose was ovenatid to provide the highest level of

protection just after freeze-drying and upon 10 kseef storage compared to the other
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saccharides. Superiority of trehalose for lyopridtechas been proven at many occasions
[19,30] and linked to the absence of internal hgeéro bonding that allow a flexible
molecular structure and higher possibility of iatgions with the particle surface during
drying. High transition temperature in the dry stand low hygroscopicity are also
recognized properties [31] that explain the supesiabilization of the nano-carriers upon
storage.

Mannitol- and sorbitol-enriched suspensions redulieacceptable cakes with similar
initial volume and lower residual moisture thanhase and lactose. Cakes were
however non-porous and brittle and led to poortligeersed suspensions with high levels
of aggregation and large modifications in termsiaé and polydispersity. No significant
difference was noticed between both polyols, contta what was observed after the
freeze-thawing. It is also interesting to mentibattno significant modification of size
characteristics occurred upon storage, highlightimat mannitol and sorbitol are still

effective for the stabilization of the nanopartsclgoon storage.

Comparison of zeta-potential values just after Zeedrying for the different
lyoprotectants and concentrations involved in tstigdy confirmed the superiority of
polyols already observed in section 5.3.1. Focathpounds, nanoparticle surfaces were
found more negatively charged than the original anotectant-enriched suspensions
(ratio ¢/¢; >1.1), with negligible evolution upon storage. Assdribed in Chapter 2,
incorporation of natamycin in PLGA formulations lexslightly less negatively charged
nanospheres due to partial absorption of natamytia positively charged state in MilliQ
water. Reduced zeta-potentials indicate in our asorption of natamycin from the
surface of the PLGA nanopatrticles during the lybpaiion process, occurring at a larger
extent when saccharides are used. Polyols on biee band ensured good conservation of
the original surface properties of the particlesalvhs consistent with the higher surface

protection already observed upon addition and &dbawing.

5.3.3. Thermal analysis of lyophilized PLGA cakes

Freeze-dried PLGA cakes prepared from suspensiamsaioing 2.5% w/v of
lyoprotectant were analyzed after lyophilizationr flurther understanding of their
physical state. Figure 5.3 presents thermograneraat for the pure excipient (native or

after lyophilization) and for lyophilized protectaenriched PLGA suspension.
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Analysis of glucose thermograms confirmed the preseof adsorbed water with
broad endotherms corresponding to the loss of watdecules around 80-83°C for both
lyophilized samples. Melting points, observed a8.73C for native glucose [16], were
slightly shifted respectively to 144.5°C and 1589h presence or absence of PLGA
nanoparticles, confirming a plasticizer effect daeresidual moisture. Glass transitions
were not detected in the range 30-37°C in accoearith the already sticky and viscous
aspect of the samples that indicates a glass ti@nbelow room temperature.

Native crystalline sucrose was characterized bjapsendotherm peak at 195.5°C
attributed to melting [16-17]. Freeze-dried sucrpsesented a different pattern with the
presence of an exotherm peak at 76.9°C followea loyoad endotherm, in accordance
with the transition of amorphous to crystalline mse and subsequent loss of water
[17,29]. In presence of PLGA nanoparticles, absesfcerystalline transition and water
removal confirmed the recrystallization of the ca#ted the low moisture content
determined by Karl-Fisher titration. The meltingirdowas in this case shifted to lower
values (192.2°C) which could indicate a slight ptaser effect of the nanoparticles
themselves.

Dihydrate trehalose displayed a complex DSC therarmg[32-33] with a first
endotherm at 103.0°C attributed to the loss of mmdecule of water, followed by an
exotherm at 108.5°C attributed to the partial tfamsation into another crystalline
polymorph and a less defined endotherm at 120.4%Cated to the loss of the second
molecule of water. The two endotherms at 197°C 2015°C correspond to the melting
of both anhydrous crystalline polymorphs formsrehalose. Observations of lyophilized
samples in presence or absence of PLGA nanopartdefirmed the amorphous nature
of cakes with glass transition visible respectivatyl14.7°C and 121.7°C, preceded by
low intensity endotherms relative to loss of residuater centered at 86.4°C and 95.4°C.

DSC profile of anhydroug-lactose presented a glass transition at 118.5i6wed
by a relaxation endotherm and a melting point &.24C [34]. Freeze-dried sample was
characterized by a typical amorphous profile [3%hva glass transition at much lower
temperature (98.7°C). Presence of a melting pdir21Z.5°C and a broad endotherm
between 65-85°C indicates however partial formatadncrystalline monohydrate-
lactose. In presence of PLGA nanospheres, the B&@bgram revealed the presence of
both a—-monohydrate and anhydro(ss polymorph, with for this latter glass transition,

melting point and degradation shifted to lower esluindicating plasticization effect due
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to the nanoparticles themselves. Partial transfoomao a-lactose monohydrate in the
cakes, known to be less soluble in water thanpolymorph and possible further
evolution upon time [36] could explain difficultieg® redisperse lactose samples after

storage and high levels of polydispersities idesdiin section 5.3.2.
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Native mannitol presented a typical anhydrous atlse melting point at 174.0°C.
Mannitol was obtained in crystalline form after dee-drying with a slightly shifted
melting point at 168.7°C, probably due to the pneseof residual moisture. Incorporation
of PLGA nanospheres further decreased the meltioptpto 167.7°C and was
accompanied by other endotherm/exotherm event§40IC and 156.9°C which might
be linked to the transition and degradation of haopolymorphic form [26]. Crystalline
physical state of mannitol after freeze-drying exm the brittle aspect of the cake and
high levels of aggregation observed.

Similarly to mannitol, sorbitol was characterizegl & crystalline profile both in its
native form and after freeze-drying, which explaihs brittle aspect of the cakes. Pure
sorbitol was defined by a melting point at 101.2f€presentative from its anhydroys
polymorph. Freeze-dried samples displayed two dmtots around 57.7°C and 80.4°C
specific from dehydration and melting of the mondiaye a-form of sorbitol [37],

evidencing a change of conformation of sorbitolimigirecrystallization.

5.3.4. Natamycin stability upon storage

Stability of natamycin in lyophilized formulatiorstored at -20°C, 4°C and 25°C in
vials sealed at ambient relative humidity at thel eh the freeze-drying process was
studied over 10 weeks. Results obtained in presehtlee different lyoprotectants and
concentrations are presented in Figure 5.4.

Trehalose was once again found to be the mostiefficsaccharide with losses of
preservative remaining below 8% at both -20°C at@l &torage at 25°C was found a bit
less favorable, which might be due to higher mdecmobility of natamycin within the
cake linked to the temperature approaching thesglassition temperature of the PLGA
nanospheres (before 47.7°C as determined in Chapté&lo significant differences were
observed between the three different concentrapoesent in the sample, though 1% wiv
proved earlier to not be able to maintain nanoplagiintegrity after freeze-drying.

Sucrose gave slightly higher levels of degradatiath again no large difference for
the three concentrations at -20°C and 4°C. Loss#s enhanced at 25°C and far superior
to trehalose due to previously reported recryziaion of sucrose at ambient temperature

and absence of protection towards leakage of tesepvative from the nanopatrticles.
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Lactose on the other hand showed a clear destaimiiz of natamycin compared to
trehalose whatever concentration was used, witlerdranced effect for storage above
4°C. A similar but intensified behavior was visaali for samples containing glucose.
Observations of HPLC profiles indicated a clearrdase of the signal attributed to
natamycin compared to other impurities detecte2Ddtnm (classically around 94-97% of
relative area in native natamycin, while glucosel dactose samples stored at 25°C
reached respectively 70-78% and 86-92%). The aisabyfsthe profiles (Figure 5.5)
highlighted the presence of two impurities for gise- and lactose-containing samples,
identified as molecules similar to natamycin whigre amino group has been replaced by
a hydroxyl group or where the first double bond tlre tetraene evolved from
conformation trans to cis [38]. Glucose and lactase both reducing carbohydrates, i.e.
that they are able to react with amines in preseheeater [39] which could explain the
transformation in hydroxyl group for the first imjiy. Higher residual moisture left in
glucose lyophilized cakes and non-glassy statetoltiee collapsed structure are likely to
enhanced mobility of natamycin and reactions wite sugar, which explains superior
losses observed while using glucose. For this sufp@ determination of natamycin
content just at the end of the lyophilization addmwed the presence of this impurity at
higher level than for other samples (85-91% oftnetaarea), which highlighted already
some degradation in the original suspension omduhe freeze-drying process. Changes
in conformation of the tetraene in the case ofstteond impurity might be explained by a
more favorable interaction with the sugar compdaoetthe native form of natamycin.

Mannitol and sorbitol were both suitable for thadeterm protection of natamycin in
lyophilized samples, though temperature of storsggmed to have a larger importance
than for carbohydrates. Limited losses in theserioest despite a more brittle cake and
limited protection of the nanoparticle size mighe linked to previous observations
regarding low levels of desorption of natamycimirthe surface of the particles noticed
by zeta-potential and better surface coveragelikel provide a much better barrier
towards leakage of natamycin in the outer cakendusiorage. Slightly higher losses for
sorbitol might be linked to a higher hygroscopiafythis molecule compared to mannitol,

as revealed by the presence of a hydrate form i@.DS
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5.3.5. Conclusions for PLGA nanospheres

Glucose, sucrose, trehalose, lactose, mannitosartgtol added at 1, 2.5 and 5% w/v
were evaluated for the cryo/lyo-protection of nayam-loaded PLGA nano-suspensions.
Addition of these protective excipients was fouadhave limited effect on the initial size
characteristics of the suspension with only a slighmotic dehydration observed.
Efficient cryoprotection was observed during fredzawing studies for all samples,
except mannitol which showed crystallization upatheating. The original nano-
suspension without cryoprotectant was however falsnd quite resistant to the freezing
process without noticeable aggregation of the narimtes.

While going to the drying stages however, presevicéo-protectants was found
essential for the preservation of nanoparticlesegnty and good resuspension.
Saccharides offered overall better conservatiohefsize characteristics than polyols.
Among the carbohydrates, trehalose and lactoseeald% w/v displayed the best
lyophilized cake aspect, resuspension propertied eonservation of nanoparticle
integrity. Polymorphic changes of lactose duringefte-drying led however to the
formation of large aggregates and non redisperdifaletions upon storage. Though
glucose was able to sustain the integrity of theoparticles, the samples displayed a
collapsed aspect and a high residual moisture nomtbich did not enable stabilization
on the long-term nor easy processing. Sucrosedadsnot allow formation of cakes with
acceptable properties due to a high sensitivity ctgstallization that limited the
conservation of nanoparticle properties upon swar&yaluation of natamycin stability in
the formulations confirmed the superiority of trifs@ over other saccharides, while the
reducing sugars glucose and lactose were foundiveatmwards natamycin, inducing
structural changes detrimental for the antifungsivdy.

Polyols resulted in the formation of brittle crybte cakes unable to maintain
nanoparticle integrity during the lyophilizationogess. Upon storage however, size
characteristics and zeta-potential did not varynificantly which indicates limited
subsequent aggregation of PLGA nanospheres andceeddesorption/leakage of
natamycin out of the particles compared to sacdkari confirmed by an acceptable
stability of the preservative upon storage.

Overall, best compromise in terms of acceptableecakpect, sustained initial
characteristics and stability upon storage of bo#tamycin and nano-carriers was

obtained for trehalose above 2.5% wi/v.
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5.4. Lyophilization of liposomal suspensions

The preliminary screening of the six protective ipwnts used for PLGA
nanospheres highlighted a clear destabilizatiothefliposomes in presence of sorbitol
and mannitol, which might be linked to their cryitation and the known mechanical
fragility of liposomes. Glucose, sucrose, trehalasd lactose were selected for further
use in this study at concentrations ranging froto 5% w/v (ratios liposome/protectant
1:5.5 to 1:28). Liposomes with or without inclusioh cholesterol and ergosterol were
investigated and the effect of nature and conckatraf sterol on the final lyophilized
powder was assessed. Liposomes were evaluatedaalitiéron of the cryoprotectants,
freeze-thawing, freeze-drying and storage for 1@kseat 4°C, as previously performed

for PLGA nanospheres.

5.4.1. Lyophilization of sterol-free liposomes

5.4.1.1. Addition of cryoprotectants and freeze-thawing

Table 5.3 illustrates the effect of cryoprotectadtition on the size characteristics
and zeta-potential of the liposomal suspensionsreduction of mean diameter of
liposomes in direct relationship with an increasecryoprotectant concentration was
observed for all carbohydrates involved in the folations. For similar concentrations,
higher disturbances were observed in the follovdarder: lactose > sucrose > trehalose >
glucose. Polydispersities were remarkably uncharigedlucose, sucrose and trehalose,
indicating that the change of mean diameters ig lmked to shrinkage of the liposomes
in relationship with the osmotic pressure effecttioé carbohydrates present in the
medium. Reduction of the zeta-potential was ovesbierved for the three saccharides
and confirmed interactions with the phospholipiddie In the case of lactose however,
large variations of size, polydispersity and intigatar zeta-potential were observed.
Such a behavior has been previously reported byskivas et al. [40] and attributed to the
osmotic chock created while adding lactose as adpovin a liposomal suspension
originally prepared in water, which is also the ig@eh chosen in this study. The authors
highlighted a reduction in mean diameter, disapgreae of spherical unilamellar vesicles
and formation of either collapsed or multi-lameli&ructures. Incorporation of lactose
within the bilayer due to destabilization of theusture might explained the zeta-potential

variations.
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Relatively good resistance of the native lipososupension upon application of the
freeze-thawing cycle was observed, with only ahgligduction of mean diameter linked
to the presence of smaller population detected b$ Bround 15 nm. Several authors
reported clear instability of liposomes during feg¢hawing cycles [13,41] while
crossing the gel-liquid transition temperaturg df the bilayer during the cooling and
reheating processes. As mentioned in Chapter &ukgm 145V is a complex mixture of
soybean phospholipids all having individual traiesittemperatures far below 0°C. DSC
analysis of Epikuron 145V liposomes did not enabléetect any transition temperature
on the range -70°C/0°C. It is thus highly likelyathour liposomal suspensions did not
experience transition and rearrangement under¢ezé-thawing conditions studied here,

which explains the physical stability observed.

Table 5.3: Evolution of size characteristics of lipsomes upon addition of cryoprotectants
and freeze-thawing

After addition of cryoprotectant After freeze-thag
Cryoprotectant Corzoc/oevr\‘/}\rf)‘“"” did PdWPdL 77, d/id PdyPdi
None - - - - 0.912 1.085
1 1.017 1.025 0.916 0.860 0.962
Glucose 25 0.982 1.007 0.921 0.867 0.948
5 0.923 1.000 0.937 0.869 0.920
1 0.944 1.012 1.335 0.915 1.003
Sucrose 25 0.868 1.048 0.770 0.914 0.890
5 0.852 1.074 0.911 0.893 0.841
1 0.966 1.022 1.107 0.890 0.974
Trehalose 25 0.918 1.085 0.930 0.905 0.872
5 0.860 1.034 1.014 0.893 0.880
1 0.864 0.974 1.064 0.922 0.819
Lactose 25 0.783 0.898 0.600 0.968 0.797
5 0.752 0.863 0.533 0.961 0.858

Freeze-thawing in presence of carbohydrates resutteurther reduction of mean
diameter and polydispersities compared to the pram¢-enriched suspensions. Relative
effect of saccharides on size reduction was foundenmtense for glucose > trehalose >
sucrose > lactose and is in direct relationshifn whe respective ability of each sugar to
form hydrogen bonding with phospholipid heads anddt as an efficient water replacer.
Monosaccharides like glucose are indeed known terast more tightly with
phospholipids compared to disaccharides due to teduced molecular weight and their
higher molecular flexibility [42], which explaindé superior shrinkage of liposomes
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observed. Within disaccharides, trehalose is gdgemrecognized as the most efficient
cryo-protectant compared to sucrose and lactose tdua higher flexibility of the
glycosidic bond [43] as well as the absence oamtrlecular hydrogen bonding [19,30-
31,42] that favors intermolecular interactions wptmospholipids. Limited modifications
for lactose-containing samples tend to indicate findher collapsing and rearrangement
of the vesicular structures do not occur signiftbaluring the freezing step. Overall
reduced polydispersities for all carbohydrates rafteeeze-thawing suggested
homogenization of the formulations due to furthemotic dehydration and displacement
of water molecules linked to higher levels of iatgrons between sugar and phospholipid

heads.

5.4.1.2. Lyophilization and stability of liposomes uponrate

The native liposomal suspension was as expectedenistant to the drying process
and led to the formation of yellow sticky deposisnilar to raw lecithins on the wall of
the cryo-vials. Resuspension could not be achiemgoropriately and DLS analyses
confirmed the loss of liposomal structure and farareof several populations of particles.
Figure 5.6 presents the evolution of size charesties and zeta-potential after freeze-
drying and after storage at 4°C for 10 weeks ferftur carbohydrates studied.

As previously reported for PLGA nanospheres, precesnditions used in the
primary drying led to the formation of collapsedugbse structures in which yellow
coloration was additionally observed and pointed partial phase separation of the
lecithins. After redispersion, DLS analyses hightag the presence of a small population
(15 nm) and an overall reduction of the mean diamehough polydispersity and zeta-
potential remain very stable compared to the oaigiyoprotectant-enriched suspension.
Stability upon storage was however not conservel aviclear increase in mean diameter
and polydispersity upon storage, which might bé&daoh to further phase separation or
even degradation of the phospholipids themselvegaiigh residual moisture.

Sucrose was also not found satisfying for the lgtgmtion of Epikuron 145V
liposomes. As previously noticed for PLGA nanospBeand also reported in the
literature for other liposomal systems [44], cakeslved rapidly after lyophilization due
to recrystallization of the sucrose close to roemperature. Resuspension was however
possible and allowed conservation of liposomal cstme accompanied with a small
micellar population around 15 nm for all composiso Mean diameters and

polydispersities were reduced compared to the malgisuspension. Upon storage,
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crystallization further occurred for the 5% w/v gden and appearance of a yellow
coloration indicated phase separation of the lewth Destabilization and poor
reconstitutability after storage were reflecte@ ihigh polydispersity and large increase in
mean diameter for this sample. Concentrations cantl 2.5% w/v allowed better
conservation of size characteristics. However, nm@gative zeta-potentials, despite the
surface coverage by sucrose, would tend to indicatieolysis of the phospholipids into
negatively charged phosphatidic acid [3].

Trehalose and lactose gave the best cake aspgmewasusly reported for PLGA
nanospheres. As for cryoprotection, lyoprotectiffeat of trehalose was more intense
than sucrose and lactose and led to further remluaf the size characteristics of the
liposomes though remaining in an acceptable nangesaconfirming the ability of
trehalose to stabilize small unilamellar vesiclesvpusly reported in the literature [45-
47]. Lower modifications were obtained for the hagh concentration of trehalose
involved. Zeta-potential was relatively well consst compared to the native
suspensions, which indicates that strong interastioere already established at the
surface of the liposomes right after the additibrlyoprotectant and that they could be
maintained over the whole freeze-drying processoriJstorage, 5% w/v gave the best
stabilization properties and adequate reconstiutad the nano-liposomes without
significant evolution of size characteristics. Bdirconcentrations, zeta-potential evolved
to slightly less negatively charged surface whiolre&sponds to further interactions with
the trehalose.

Lactose-containing lyophilized samples displayesirtiost limited impact on the size
and polydispersities of liposomes compared to tbeesponding protectant-enriched
suspensions, with ratiog/d close to 1 for concentrations superior to 2.5%. \Wbr these
samples, zeta-potential was however significantigrannegative than before freeze-
drying, which indicates partial desorption of lazoand equilibration of surface charge
towards the values obtained for liposomes alonewater. Upon storage, slight
augmentations of size and polydispersity were igsitwvith 1% w/v giving overall the
best stabilization. Concentrations 2.5 and 5% wd/tb large variations, which might be
attributed by the desorption of lactose previousbntioned, and were also accompanied
by the formation of a fraction not redispersiblewater, believed to be the polymorphic

monohydratex-form observed for PLGA nanospheres.
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Figure 5.6: Evolution of mean diameter, polydisperisy and zeta-potential of liposomes in lyophilized
cakes resuspended just after lyophilization or aftel0 weeks storage at 4°C (ND: not determined)

5.4.2. Lyophilization of sterol-enriched liposomes

5.4.2.1. Addition of cryoprotectants and freeze-thawing

Further studies on sterol-enriched liposomes weréopned with sucrose, trehalose
and lactose to determine if the presence of stéradsan influence on the lyophilization
process, particularly on the effectiveness of traqutive excipient. Table 5.4 illustrates
the effect of cryoprotectant addition (5% w/v) afrdeze-thawing cycle on the size
characteristics and zeta-potential of the lipososnapensions.

Slight modifications of mean diameter and polydisg®s were observed after
addition of cryoprotectants in sterol-enriched fatation compared to the sterol-free
sample. In the case of sucrose and trehalose, dieareters were inferior to the sterol-
free samples though polydispersity remained staRéxuced values ofi/¢; indicated
additionally a higher level of interaction betweée carbohydrate and the bilayer due to
the presence of sterols. While increasing the ivgatoncentration of cholesterol and
ergosterol incorporated in the bilayer, oppositeatens were observed due to possible

competition between the sterol and the sugar. Reesef cholesterol has been reported to
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help interactions of the phospholipid moleculeshwaidrbohydrates by intercalation in the
bilayer and disruption of lipid-lipid intermoleculénteractions [48-49], which explains
reduction of diameters and more positive zeta-gatiwhile increasing the concentration.
Effect of ergosterol was found superior to the ohe&holesterol while considering the
same concentration, though increase in ergostenolent seemed detrimental for the
interaction with the sugar. Known higher orderirfteet of ergosterol in phospholipid
bilayer [50-51] could explain its superiority ovenolesterol at the same concentration in
relationship with more intense disruption of ligidid interactions. Ergosterol brings
however a higher level of rigidity which could - a certain concentration - make
hydrogen bonding more difficult to achieve and doekplain the variation of size and
zeta-potential.

Table 5.4: Evolution of size characteristics of stel-free and sterol-enriched liposomes upon additio
of cryoprotectants (5% wi/v) and freeze-thawing

After addition of cryoprotectant After freeze-thagy
C”(’g(% ‘\’At/f\f)ta”t o r“:‘;g;'tion d/d PdWPdl  Z,Z, d/d PdwPdi
No sterol 0.852 1.074 0.911 0.893 0.841
CHOL/L 1:45 0.833 1.027 0.823 0.899 0.837
Sucrose CHOL/L 1:18 0.825 1.053 0.624 0.939 0.815
ERG 1:90 0.818 1.000 0.597 0.906 0.821
ERG 1:45 0.827 1.015 0.643 0.891 0.851
No sterol 0.860 1.034 1.014 0.893 0.880
CHOL/L 1:45 0.837 1.012 0.884 0.889 0.865
Trehalose CHOL/L 1:18 0.823 1.022 0.651 0.939 0.892
ERG 1:90 0.830 1.013 0.614 0.901 0.891
ERG 1:45 0.824 1.044 0.696 0.896 0.876
No sterol 0.752 0.863 0.533 0.961 0.858
CHOL/L 1:45 0.791 0.939 0.749 1.027 0.917
Lactose CHOL/L 1:18 0.832 0.850 0.390 1.090 0.797
ERG 1:90 0.782 0.913 0.370 1.032 0.883
ERG 1:45 0.817 0.848 0.403 1.041 0.818

A different evolution of mean diameters and polpéisities was obtained in the case
of lactose with higher concentration of sterolsnigefavorable to size conservation and
higher homogeneity. The variations in zeta-poténivare however still significant,
confirming that destabilization due to the osmshock created by the addition of lactose
was not counteracted by the presence of sterolhdncase of ergosterol, smaller and

larger populations even appeared in the DLS proéiled might indicate some
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recrystallization of the poorly water-soluble ergwsl due to its phase separation from
the bilayer.

Upon freeze-thawing, further reduction in size @ollydispersity were observed for
sucrose- and trehalose-containing samples, as qudyi described for sterol-free
liposomes, without possibility to highlight sigriéint benefits of the presence of sterols.
Superiority of lactose during the freeze-thawingswance again observed with very
limited evolution of mean diameters, though polpéisity further decreased compared to
the cryoprotectant-enriched formulations confirmirfgrther osmotic dehydration

particularly for the highest concentration of stero

5.4.2.2. Lyophilization and stability of sterol-enriched digpomes upon storage

Figure 5.7 displays size characteristics and zetarpials obtained after freeze-drying
and storage of the lyophilizates for 10 weeks @t.4°

Crystalline and yellow aspect of lyophilized suea@®ntaining samples previously
reported for sterol-free liposomes was encountergdin while working with sterol-
enriched samples. Resuspension just after fregzeedrstill allowed recovery of
liposomes with a size much closer to the origirmahgle than in the case of sterol-free
liposomes, confirming that the sterol played a maethe mechanical stabilization of the
membrane during drying. Crystallization upon steraigowever led to completely
collapsed liposomes and did not allow efficientbgization whatever sterol and
concentration involved.

Lactose-containing cakes were difficult to redisgerand presence of large
undissolved particles in the suspension was obyidues either to recrystallization of the
sterol or formation of the monohydratelactose. Resuspension after lyophilization
showed a higher increase in size for the cholelstamached samples, while ergosterol-
enriched formulations remained close to the origimalues. Larger disturbances
compared to sterol-free were observed upon 10-wstekage with low contents of
cholesterol and high content of ergosterol clebrdygling to destabilization. This confirms
that relative concentration sterol/lyoprotectarg ha influence on the drying process and
that an optimum has to be found.

Samples containing trehalose gave satisfying stahibn just after freeze-drying and
upon storage. Reduced disturbances of the liposauesg drying compared to sterol-

free suspensions were reflected in ratigs dloser to 1, confirming a benefit of the
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presence of sterol. Limited modifications in siBg]l and zeta-potential after 10-week
storage confirmed good stabilization propertieg@fialose. Absence of significant effect
of content of sterol incorporated in the membrarev@d that the lyoprotection is mainly
provided by the trehalose and that presence oflsdét not disturb interactions between
sugar and phospholipid heads. These results aecordance with previous studies that
reported that trehalose was still efficient everpiasence of high amount of cholesterol
[46,49,52] and that interactions with phospholipisre not competitive, trehalose
binding preferentially to P=0O group of the phosmbids while cholesterol interacts with

C=0 groups at a deeper level in the membrane.
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Figure 5.7: Evolution of mean diameter, polydisperisy and zeta-potential of sterol-enriched
liposomes in lyophilized cakes resuspended just aftlyophilization or after 10 weeks storage at 4°C
(ND: not determined)

5.4.3. Thermal analysis of liposomal lyophilized cakes
Freeze-dried liposomal cakes were analyzed by D& after lyophilization for
further understanding of their physical state. Fégh.8 displays thermograms obtained

for sucrose- and lactose-protected liposomes.
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Figure 5.8: DSC thermograms of sterol-free and sted-enriched liposomes freeze-dried
in presence of sucrose (top) and lactose (bottom)

As mentioned in section 5.3.3, freeze-dried sucwese found in an amorphous state
with the presence of an exotherm correspondingedransition amorphous to crystalline
followed by an endotherm indicating loss of wafBnese two events were detected in
sterol-free and cholesterol-enriched samples, apaared by a melting point shifted to
189.5°C. The intensity of the crystalline transit@nd the loss of water were found lower
than for sucrose alone and more intense in the aasterol-free samples, which indicate
that the presence of phospholipids and cholesfavalrs the recrystallization of sucrose
from amorphous state after lyophilization. No cajlgte transition was observed in the
case of ergosterol-enriched samples, highlightihgt trecrystallization was already

completed while using this sterol.
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DSC thermograms of sterol-free and sterol-enriclipdsomes confirmed the
formation ofa-monohydrate lactose, in accordance with aggregatdsnon-immediate
redispersion experienced after resuspension metioearlier. Appearance of an
exotherm at respectively 172.4, 173.0 and 168.@%Csterol-free, CHOL/L 1:18 and
ERG/L 1:45 highlighted the recrystallization of te®e and confirmed the amorphous
nature of the cake after lyophilization. Shift tower temperatures in the case of
ergosterol corroborated the lower stability obsdrugon storage for ERG/L 1:45
compared to CHOL/L 1:18. No other crystallizatioeags were visualized in the
thermogram which indicate that sterols remainedargstalline.

Trehalose samples presented once again completetrphous profiles for all
liposomal compositions. Glass transition presenitldt 7°C for pure lyophilized trehalose
was shifted respectively to 103.7°C, 100.4°C and. AT for sterol-free, CHOL/L 1:18
and ERG/L 1:45, indicating some plasticization efffigue to the presence of sterols in the

lipid bilayer.

5.4.4. Natamycin stability in sterol-free and sterol-enriced lyophilized

formulations

Figure 5.9 presents the relative losses of natamfai liposomes freeze-dried in
presence of glucose, sucrose, trehalose and lactbs#fferent concentrations. All
formulations were relatively stable at -20°C wittslaght superiority of trehalose and a
limited impact of the concentration of lyoprotedtased.

At 4°C and 25°C, instability was evidenced for gise as expected from the
collapsed cake aspect. Higher concentrations oftogk provided slightly better
protection levels but degradation via reaction witle amino group of natamycin
previously mentioned for PLGA nanospheres was kleasible on the HPLC profiles.
For all concentrations of glucose, the correspandmpurity was present in larger
guantities than observed for polymeric nanosphanesreached intensities comparable to
natamycin (relative area for natamycin signal ragdietween 40-46% compared to 70-
78% in the case of PLGA). Enhanced degradatiornigosomes compared to polymeric
nanoparticles, though initial encapsulation efficies are much higher, corroborates the
idea of phase separation of lecithins and expostiratamycin to residual moisture and
reactions with the sugar. It is also highly likethat amino groups present in

phospholipids, particularly in the case of PE moles, would have reacted with glucose
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too [39] leading to further instability of the bjlar and leakage of the preservative.
Modifications of the HPLC profile were evidencedvesl for lactose, with a relative area

of natamycin signal ranging for 90-92% at 25°C &84 for PLGA nanospheres) and
main presence of the impurity linked to a changearfformation trans — cis (see Figure
5.5). This would tend to indicate rather rearrangemof natamycin rather than

degradation and a more efficient protection thamcgte due to the formation of an
amorphous cake with lower residual moisture cont8atrose-containing samples were
as expected also unstable, particularly at 25°Gs thu recrystallization and phase
separation of phospholipids, leading to furtherasype of natamycin. The highest level
of degradation was observed for 5% w/v in accordamith the highest variation of size

characteristics upon storage described for thispganm section 5.4.1.2. Degradation
levels remain in all cases much lower while usietpalose, confirming good stabilization

of the liposomal structure and formation of anaint barrier towards leakage of the
preservative. Larger variations of size charadiessupon storage evidenced previously
for 1% w/v trehalose were reflected in slightly momportant losses of natamycin and
confirmed that a minimum of 2.5% w/v should be used

Further studies of the stability in presence ohatese and lactose were performed
for sterol-enriched formulations as displayed igufe 5.10. It can be seen that whatever
temperature of storage was used, trehalose-prdtéotmulations kept offering the best
protection. Only minor differences due to the pneseof sterols were detected at 25°C
with reduced losses for larger content of steral arslight superiority of ergosterol for
the same concentration, in accordance with sircbaservation of size characteristics by
trehalose but higher initial encapsulation efficgim the case of ergosterol.

A similar but more tangible effect of sterol natwed content in the bilayer was
observed for lactose-protected samples, thoughadagon levels remain comparable to
sterol-free samples. Comparison of relative arezupied by natamycin signal in the
HPLC spectra (respectively around 91.3% and 93.064CHOL/L 1:45 and 1:18 and
91.5% and 93.5% for ERG/L 1:90 and 1:45 compare@lltd% for sterol-free sample),
indicated a direct relationship between intensftyhe impurities and sterol content, thus
initial encapsulation efficiencies. Huge variatiarfssizes observed during resuspension
after storage did not have direct consequencebestability which corroborates the idea
of recrystallization of lactose itself, evidencegd DSC, rather than crystallization of

sterols or enhanced permeability of the phosphblipiayer.
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5.4.5. Conclusions for liposomal suspensions

Glucose, sucrose, trehalose and lactose adde®& and 5% w/v were evaluated for
the cryo- and lyo-protection of natamycin-loadgabfiomal suspensions in presence or
absence of cholesterol and ergosterol in the bgad/er.

Addition of these protective agents was found teeha larger impact on the initial
size characteristics and zeta-potential than incds® of PLGA nanospheres. Respective
interactions between the liposomes and the sacldsamvere clearly dependent on the
flexibility and ability for each compound to establ hydrogen bonding with the
phospholipid heads. Higher levels of interactiorfteraaddition in the liposomal
suspension were found in the order glucose < toskak sucrose < lactose with lactose-
containing samples showing signs of rearrangemeattd the osmotic shock created by
the addition of sugar. Upon freeze-thawing, thaatmm was opposite with no further
rearrangement for lactose-enriched samples whelgatose and glucose provided tighter
interactions with the phospholipid heads and reduttameters.

Glucose and sucrose were found inappropriate ferftbeze-drying of liposomes
under the process conditions used in this studg.fiFst one led to collapsed cakes, phase
separation over storage, disruption of the liposormed high levels of degradation of
natamycin due to reaction with the amino grouphaf preservative and phospholipids.
Sucrose also led to partially collapsed cakes wiechystallized upon storage and did not
allow conservation of the integrity of the liposameor efficient protection of natamycin.

Trehalose used above 2.5% w/v allowed a good statdn at each stage of the
freeze-drying process and provided appropriateeptimin for both liposomal structure
and natamycin upon storage. Acceptable cakes vispeohtained with lactose but could
not be redispersed fully due to the formation ¢ thonohydratex-lactose polymorph
during the process. Though lactose led to the Biagirbed size characteristics during the
drying stage compared to the initial protectanigrad suspension, large variations in the
zeta-potential were visualized and sizes couldoeomaintained over storage, suggesting
disruption of the bilayer structure. Levels of may@in degradation compared to trehalose
were also clearly more intense.

The incorporation of cholesterol and ergosteraih@ formulations overall enhanced
the cryoprotective effect of sucrose, trehalose lastbse during freeze-thawing cycle.
The impact on drying was less visible, with onlgist improvements of the lyoprotective

properties of trehalose and destabilization indhse of lactose. Benefits for natamycin
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stability were observed, in direct relationshipiwihe nature and concentration of sterol

involved, but were overall negligible comparedtie effect of the protectant itself.
Overall, the best compromise in terms of acceptable aspect, sustained initial

characteristics and stability upon storage of ngtamwas obtained with trehalose above

2.5 %wl/v, in presence or absence of sterols.

5.5. Conclusions

In this chapter, lyophilization of PLGA nanospheegsl liposomal suspensions was
evaluated in presence of monosaccharides (glucdsg¢ccharides (sucrose, trehalose,
lactose) and polyols (mannitol, sorbitol) known floeir cryo-/lyo-protective properties.

Trehalose was overall found superior to other egoig for both PLGA nanospheres
and liposomes with or without sterol. Amorphous aaily redispersible cakes were
obtained in a reproducible way and allowed condmmwaof nanoparticle size
characteristics during freezing, drying and upasragie. Both nano-carriers as well as
natamycin were also favorably physically and chattycstabilized.

Other saccharides were less efficient in termsyd-cor lyo-protection. Glucose and
sucrose for instance, despite their good stabiligeyperties, led to collapsed or
crystallized cakes that did not prevent aggregatibpolymeric nanospheres or resulted
in phase separation of phospholipids upon stofdgeamycin was consequently exposed
to degradation and residual moisture at a largeenéxthan for trehalose and also
interacted negatively with reducing sugars suclglasose. Good bulking properties of
lactose allowed formation of acceptable cakes lautigd formation of a less soluble
crystalline lactose polymorph and strong osmotiackhwhile added in suspension were
not found suitable for maintaining the physicakemyrity of nanospheres and liposomes.
Adding to that the reducing properties of lactosatamycin could not efficiently be
stabilized compared to trehalose.

Polyols turned out to not be compatible with lipmsd formulations but were found
efficient stabilizers and protectants against ddafian and leakage of natamycin from
PLGA nanoparticles. Though interactions with thenaspheres and coverage of the
surface was strong compared to saccharides, méarantb sorbitol were obtained in
crystalline form during lyophilization and could tnprovide an efficient bulking effect

during the drying step leading to high levels ofji@gation.
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Lyophilization appears overall to be a more prongstechnique than Tangential
Flow Filtration for the enhancement of the stapibf natamycin and nano-carriers upon
storage. Combinations of protective excipients tiem@a be evaluated, particularly
trehalose/polyol mixtures, to determine if furthieenefits in terms of stability and
reduced leakage of natamycin could be obtainedbilByaalso needs to be further
investigated on the long term, particularly witfoaus on residual humidity, to determine
the optimum storage conditions. In the case ofslgmoes, cryo-TEM analyses and release
behavior experiments should also be implementedotdirm whether or not structural

modification during lyophilization had consequenoeshe bilayer permeability.
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Chapter 6

General conclusion and outlook

Now this is not the end.
It is not even the beginning of the end.
But it is, perhaps, the end of the beginning.
Winston Churchill
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Food spoilage has become in the last decades otie diggest challenges faced by
the food industry with a significant amount of ravaterials, food, feed and agricultural
products thrown away every day at each level ofdheply chain. Contamination by
micro-organisms resulting in products unacceptédsiehuman consumption is listed as
one of the major causes of food spoilage and camtbe large extent prevented by
preservation methods among which application ofna@otobial compounds is quite
popular. In the past years, a growing demand oftoousrs for more natural
antimicrobials and reduced processing treatmewtspled with high research costs and
numerous regulatory hurdles set by health autlesrithile considering development of
new preservative molecules, has led the food aatohial suppliers to preferentially
focus on the reformulation and improvement of alyeapproved ingredients, aiming at
maximizing their antimicrobial efficiency and adiagt their functionality to new food
applications.

Natamycin, a naturally-occurring preservative pistiby DSM Food Specialties, is
one of the most widely used antifungal moleculedtie protection of food surfaces. This
compound presents several appealing propertiesdimé its natural origin, long history
of safe use, efficiency at relatively low concetitnas and limited impact on organoleptic
properties of food products. Current existing folations based on crystalline natamycin
particles face however several challenges to peoappropriate antimicrobial activity.
Low aqueous solubility, linked to a complex zwiibetic molecular structure, is the first
hurdle encountered and limits significantly theikaklity of natamycin in dissolved state
necessary for antifungal activity and diffusion tods the sites of action, leading in some
cases to heterogeneous protection and difficultyneointain theminimum inhibitory
concentration required towards micro-organisms.aMgcin in a dissolved state is in
addition very sensitive to unfavorable environmewrtanditions such as extreme pHSs,
exposure to UV light or oxidation, which can leadstgnificant levels of undesired early-
stage degradation. Finally, crystalline formulasarf natamyciroffer limited specificity
and tunability, which narrows the possibilities tmmntrolled release and development of
new food applications.

In this PhD thesis, incorporation of natamycin withano-encapsulation systems was
explored to evaluate if these new formulations ddaring effective answers to the issues
of availability, early-stage degradation and lirditeunability identified for the native
crystalline preservative. A product developmentrapph was implemented witPart |

focusing on the development and characterizatiomasfo-carriers presenting suitable

176



Chapter 6 — General conclusion and outlook

properties for the encapsulation, delivery andgmtion of the preservative, whiRart |1
describes further treatment of the obtained namspemsions and transformation into

purified, concentrated or dried products that cdadccommercialized.

6.1. Conclusons and future work regarding the formulation and
characterization of nano-encapsulation systems

In Part | of this thesis, nano-encapsulation systems baséibdegradable polymeric
nanospheres and liposomes were evaluated as madetcarriers for natamycin and
compared in terms of relative benefits and limias for the encapsulation, delivery,
antifungal performance towards a model yeast aaullgy of the preservative. Restricted
solubility properties of natamycin in both aqueoonsdium and organic solvents limited
the possible preparation methods of nanopartidesirigle-step injection of an organic
phase containing the carrier material, the preseevand a solvent (or solvent mixture)

fully miscible with water, into an aqueous phase.

In Chapter 2, biodegradable polymeric nanospheres were suctigssbtained by
nanoprecipitation of an organic phase composedlofvanolecular weight poly(lactide-
co-glycolide) (PLGA) (ratio L:G 75:25) dissolved am acetone/methanol 2:1 v/v mixture
at 10-25 mg/mL. One-shot injection of this orgapi@ase in water led to the formation of
nano-sized spherical particles (60-120 nm) with arow polydispersity (0.15-0.2).
Incorporation of natamycin within the formulatiomigenced an active participation of
the preservative to the nanoprecipitation proce$is mean diameters reduced by 10-30
nm, attributed to the formation of a PLGA-natamyamomplex via electrostatic
interactions, more hydrophilic than PLGA alone. @atination of entrapment levels
showed that only up to 25% of the maximum amourmamycin soluble in methanol
could be encapsulated in the nanoparticles (maxirh® of loading efficiency) while
zeta-potential proved partial adsorption at thdaser via electrostatic interactions with
the PLGA carboxylic groups. Modification of the &gus phase composition by
changing pH or ionic strength did not enhance tieapsulation or even destabilized the
nanoparticles. Physical state analysis highlighteel presence of natamycin in an
amorphous or molecularly-dispersed state within ghlmeric matrix and presence of
weak interactions with the polyester. Limited levelf encapsulation and presence of
non-crystalline natamycin translated into higheraikbility of free preservative
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molecules and into faster release kinetics rat@%o(Bleased over the first 48 h compared
to 29% for crystalline natamycin). This was alsfleced in an enhanced antifungal
activity over the first two days of treatment apglito cultures of the model yeast
Saccharomyces cerevisia8tability tests of natamycin-loaded polymeric prssions
indicated however a relatively fast degradatiomhef preservative upon storage, likely to
be due to the chemical instability of the polymé&self, to the presence of non-
encapsulated natamycin at a too large extent artietanherent low solid content of
nano-suspensions achievable via the nanoprecitégchnique.

In Chapter 3, nano-liposomal suspensions were successfullyapeepby the solvent
injection method using methanol as a solvent forous food-grade soybean lecithins.
Small unilamellar vesicles (< 130 nm) were obtaimeth monomodal distribution but
less controlled polydispersities than PLGA nanosgh€0.21-0.26), and were able to
encapsulate natamycin without significant modifmat of their size characteristics.
Presence of charged phospholipids and reduced rtootephosphatidylcholine in the
lecithin mixture were found to be beneficial fortamaycin encapsulation, indicating
electrostatic interactions of the preservative wité polar head of the phospholipids and
partial incorporation within the bilayer. The cheali instability of natamycin upon
storage in these formulations was however sigmfiead suggested uncontrolled leakage
out of the liposomes. Performing the solvent ing@ctin acidic aqueous medium enabled
to improve the encapsulation of the preservative rduced the chemical instability at
some extent, due to enhanced electrostatic intersctwith the phospholipids. More
efficient prevention of natamycin degradation wasamed by incorporation of sterols
(cholesterol, ergosterol) in the lipid mixture,Ked to higher entrapment levels (up to 90-
96% of the maximum amount of natamycin soluble &thmanol, corresponding to 5.6-5.8%
of loading efficiency) and reduced fluidity of th@hospholipid membrane due to the
ordering effect of sterols. Comparable action gosterol was observed at concentrations
2.5-fold lower than cholesterol and attributed tpraferential interaction of natamycin—
ergosterol as well as a higher control of membnageneability. Sterol-free liposomes
were characterized by a much faster release rate dfystalline natamycin with a burst
release of 50% over the first 36 h (23.5% for ponagamycin), corresponding to an
enhanced antifungal activity. Addition of steratsthe bilayer allowed fine-tuning of the
permeability of the bilayer, resulting in modulateelease rates and durations of

antifungal activity against the model ye8siccharomyces cerevisiae
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Liposomal formulations, particularly when enrichgith sterols, offer overall several
advantages over PLGA nanospheres such as the usetb&nol as single solvent that
allows incorporation of higher levels of natamycihe obtention of more concentrated
systems in terms of solid content; higher levels eotrapment of natamycin and
possibilities of tunable controlled release by pigywith the composition of the lipid
membrane. It is however worth mentioning that largariability between batches is
observed for liposomal suspensions, with randonsgeree of much larger vesicular
structures that can be detrimental for reproducdmdd homogeneous behaviors once
applied on a food product. Incorporation of steratg&l complexation with natamycin,
though useful for the encapsulation and stabilitthe preservative, do not allow full
availability of the initial amount of antimicrobiaholecules due to irreversible retention
within the lipid bilayer. Both carriers gave in aogse the proof of principle that nano-
encapsulation of natamycin can bring an answehéo desired higher availability of
preservative molecules in a molecular state, adee¢ied by enhanced antifungal activity
towards the model yeast. Possible tunability of fdvenulations was also identified for
liposomes but remains to be further optimized fothbnano-systems, aiming at more
controlled release and at efficient protection lo@ lbnger term. Formulations obtained in
this study indeed all present significant initialrét release and total delivery achieved
over maximum 8 days, which could be interestingydol food products where a high
level of protection is required at early stagestlsd preparation, such as cheese for
instance in which a large amount of moisture fableao microbial growth is present at
the beginning and reduces upon storage and dryfirtheoproduct. More importantly,
nano-encapsulation systems did not bring an adskepénswer to chemical instability of
the preservative, with losses of natamycin remairdtlevels too high to be acceptable

for commercialization even for the best formulasiadentified.

Choice of the carrier material and further tunirfgttee composition of the nano-
systems should be the first elements to reconstdaraximize encapsulation efficiencies
and to reduce exposure of natamycin to the extenealium due to uncontrolled leakage,
which should bring benefits for the stability. ars PLGA polyesters with different
ratios L:G and molecular weights as well as polyokttone (not reported) were
evaluated in Chapter 2 and selected based exclysie reproducibility of the
nanoprecipitation process and acceptable sizes a@otidispersities. Further
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understanding of the interactions polymer-presérgaiccurring within the organic phase
or in the agueous medium could be beneficial tageen other polymers and to enhance
encapsulation efficiencies. Other biodegradableymels such as polysaccharide
derivatives (chitosan, starch), suitable for nagomitation and showing enough
polar/ionic properties to be compatible with natamy remain to be assessed.
Compatibility with the solvent mixture required faolubilization of natamycin at
acceptable levels should however be verified béfamd, as the presence of methanol can
significantly disturb the solubilization of the paier itself and prevent formation of
nanoparticles. In the case of liposomes, the ehaigs made to focus on the preparation
of vesicles based on soybean lecithins which caoallistically be considered while
scaling-up and commercializing the liposomal foratiwins, due to their food-grade
nature and availability in large quantities at Ignces. These lecithins are however
complex mixtures of phospholipids, making it ditfitto understand the behaviour of the
lipid bilayer and the mechanism of interaction withtamycin. Lecithins also contain
residual fatty acids known to accelerate degradat®actions among phospholipids,
leading to higher permeability of the membrane k@attage of encapsulated compounds.
It would be interesting to study more in depth #ffenity of natamycin with simplified
systems based on purified phospholipids with wefirged acyl chains and polar heads, in
order to confirm the preferential affinity of natgom for charged compounds compared
to phosphatidylcholine, as suggested in Chaptan@,to help refining the composition of
the lecithin mixture to use to maximize encapsafatievels. A similar simplification
approach should be applied to build knowledge @nrdfative effect of cholesterol and
ergosterol on the membrane permeability as weflassible contribution or disturbance
due to the formation of complexes with natamyciartieularly, it would be highly
relevant to determine the effect of sterols andgmeative on phase transition temperature
of the bilayer that could not be detected for tbeithins used in this study, but could
bring relevant insights on the mechanical resigtaiche liposomes for a better choice of
storage conditions and development of post-proegsseatments.

Surface modification of the nanoparticles by dejpasi of a protective layer
(oppositely charged polymer or surfactant) durimgatier preparation should also be
included in future work. This could not only progidadditional benefits for the
encapsulation and prevention of leakage of natamj@ithe outer medium but also

improve the physical stability of the nano-carridtging storage and/or post-processing.
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Coating with polyethylene glycol PEG and poly(vinglcohol) PVA is the most
commonly reported method to provide steric stasilan of both polymeric nanoparticles
and liposomes. Positively-charged food-grade pebteblytes have also been efficient
for surface coverage of polymeric and lipid nantiples. Chitosan and poly-lysine for
instance could be interesting polyelectrolytesytal@ate as they are also known to have
antimicrobial properties towards bacteria, whichuldoprovide versatile formulations
combining antifungal and antibacterial propertiesecessary. Fine-tuning to answer
needs for a specific food application could be mietéh easily by adapting the thickness of
the coating layer to reach the desired releass @ty selecting a coating degrading
upon certain conditions (for instance pH or tempees to provide triggered release

when necessary.

Addition of stabilizers would also be a conveniapproach to overcome inherent
hydrolysis and oxidation phenomenon occurring witthhe samples. Particularly, pH
control agents should be introduced to preventeexdr variations linked for instance to
the increased presence of lactic and glycolic otiges in the medium due to autocatalytic
degradation of PLGA, likely to catalyze hydrolysisnatamycin itself. Incorporation of
antioxidants and/or UV absorbers should also bsidered in both the aqueous phase, to
protect natamycin initially not entrapped or rekzhsby leakage overtime, and the
nanoparticles themselves, especially in the cas&poSomal suspensions to prevent
oxidative mechanisms within the bilayer and provitlether protection of the
encapsulated material. In-depth analysis of degi@dgroducts obtained after storage
for both carrier and preservative materials shdwdlp identifying the major degradative

reactions and refining the exact type of stabilizeeded.

Finally, other types of nano-carriers could also domsidered such as polymeric
micelles and polyelectrolyte-based nanoparticlesyrReric micelles [1] can be prepared
by the same nanoprecipitation technique than palignmanospheres, based on the use of
block copolymers containing hydrophilic and hydropit units (classically PEG and
PLGA) that lead to a core-shell type of arrangem&hobugh the disappearance of PLGA
charges due to binding with PEG might be detrimeiatainteractions with natamycin,
presence of a shell at the exterior of the pagicleuld provide higher levels of retention
and protection of natamycin towards leakage. Thesipdity to enrich the core of the
micelles with pure PLGA has also been reportedessfal [2] and could provide further

electrostatic interactions with the preservativelyBlectrolyte-based nano-carriers [3],
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prepared by ionic gelation in presence of saltdyrcomplexation of two oppositely-
charged polymers, could also be an interestingoopty explore. Possible advantages of
these formulations are the large versatility ounatfood-grade polyelectrolytes available,
their polar and charged nature that ensure gocgfaction with natamycin and the
absence of solvent required for the preparatiothefnanoparticles which would be a

huge advantage compared to other nano-systemgdthelie.

6.2. Conclusons and future work regarding the post-processing of
nano-encapsulation systems

In Part Il of this thesis, post-treatments of the nano-suspaa obtained in Part |
were applied to simultaneously develop commercialijtable formulations and tackle
stability issues of both nano-carrier and presargatidentified previously. The
purification from non-encapsulated preservative anadssociated carrier material as well
as the preparation of concentrated nanoparticlpesissons have been addressed by
Tangential Flow Filtration. Transformation of ligususpensions into redispersible dry
powders - easier to store, transport and handlidyustomers - has been explored by
lyophilization. Both techniques have been commanhplemented at large scale for
industrial purposes and could be considered fdmggap at a later stage of the research.
Focus here was put on the evaluation and compaa$dmoth methods in terms of
conservation of the nanoparticle integrity and ioad) size characteristics, undesired
premature release of the encapsulated presenativdenefits for the physical stability

of the nanoparticles and chemical stability of natein upon storage.

In Chapter 4, Tangential Flow Filtration, a pressure-drivertréition method already
proven to be successful with nanoparticles, waslempnted at lab scale based on
polysulfone hollow-fiber membranes. TFF was usedcamcentration and continuous
diafiltration modes to evaluate respectively thegoility of increasing the solid content
of particles by reducing the volume of aqueous ehasd to assess if purification by
removal of non-encapsulated natamycin and unagedciearrier material could be
achieved.

Application of concentration mode to PLGA nanospkeallowed overcoming the
low solid content obtained via the nanoprecipitatioethod with limited modification of

size characteristics and good physical stabilityhaf nanoparticles, though the process
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was found relatively sensitive to loss of polymematerial by membrane fouling and
required long filtration times. Increase in soliwhtent and reduction of aqueous volume
proved to be beneficial for the chemical stabibfythe preservative upon storage, with
losses 1.6 to 3.7-fold lower than for the origireispension. Implementation of
continuous diafiltration mode was found efficient femoval of unentrapped natamycin
and unassociated polymer but resulted in consedossitof polymeric nanoparticles and
extremely low content of preservative left in thana-carriers, unlikely to provide
sufficient antifungal activity.

Application of concentration mode to liposomal falations offered easier process
control and reduced membrane fouling compared @Ahanospheres. Removal of free
natamycin and increase in encapsulation efficienaiere observed but did not translate
into a better chemical stability of the preseratiypon storage, with even 1.3 to 2.8-fold
higher levels of loss compared to the original $ipmal suspension. Though limited
variations of size characteristics were detectaanétion of multivesicular structures and
rearrangements due to exposure of liposomes ta stresses were evidenced and could
have led to leakage of the natamycin, which wouplan the reduced stability upon
storage. Incorporation of sterols allowed only mimprovements of chemical stability
of the preservative, at a much lower extent tharefies highlighted in Chapter 3, and did
not contribute efficiently to prevention of rearg@ment of the liposomes during the
filtration process. Continuous diafiltration wasufa successful for the removal of free
preservative with reduced levels of mechanical ssese applied to the liposomes
compared to the concentration mode. Benefits omada stability of the preservative or
integrity of the liposomes themselves, with or with incorporation of sterol, were
however still not clearly evidenced in this case.

In Chapter 5, lyophilization was implemented for the prepanataf dried products
from natamycin-loaded polymeric and liposomal saspms. This well-established
dehydration method consists in the freezing ofstmple followed by removal of water
by sublimation of ice crystals. Cryo-/lyoprotectmrdre usually added to preserve the
products to be dried from mechanical stresses doguduring the process such as ice
crystal formation or increase in product concerdratin this chapter, the influence of
various food-grade protective excipients (glucaagrose, trehalose, lactose, mannitol
and sorbitol) was investigated in each step of Ijlphilization process to establish

conditions and composition maintaining the intggat the nanoparticles and resulting in
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easily redispersible powders able to increase hie#f-fe of both natamycin and nano-
carriers.

Trehalose above 2.5% w/v proved to be the mostiefft protectant at each step of
the lyophilization process for both polymeric ammbsomal suspensions, with negligible
benefit of sterol enrichment. Easily redispersibl@orphous cakes were formed and
allowed maintaining integrity and size charactassstof the nano-carriers just after
preparation and upon storage, though addition enlifrosomal suspensions resulted in
slight modifications due to osmotic effects. Natamystability was clearly enhanced
compared to aqueous suspensions for both nan@icaystems. Glucose and sucrose
proved to be efficient protectants during the freg@stage but did not allow formation of
acceptable dry cakes under the process conditised i this study. Collapsed structure
for glucose and fast recrystallization for sucrdasggered aggregation of PLGA
nanoparticles and phase separation of liposomes), ievpresence of sterols. Insufficient
protection of the nano-carriers, high residual muwes content and reducing properties in
the case of glucose were found detrimental forstiadility of natamycin. Good bulking
properties of lactose allowed formation of accelgtalakes but partial formation of a less
soluble monohydrate crystalline polymorph and sirasmotic shock while added in
suspension were not suitable for maintaining thgsglal integrity of nanospheres or
liposomes. Instability of natamycin due to reducprperties of this sugar was also
observed, though at a lower extent than with glecd4annitol and sorbitol appeared to
be incompatible with liposomal formulations but wefiound efficient stabilizers and
protectants against degradation and leakage ofmyata from PLGA nanoparticles. Due
to crystallization during drying, mannitol and swob could however not provide an
efficient bulking effect leading to undesired aggton and poor redispersibility of the

nanoparticles.

Regarding PLGA nanospheres, lyophilization in pneseof trehalose was found
superior to Tangential Flow Filtration with a bett®onservation of size characteristics,
even upon resuspension and storage, limited agipagand absence of loss due to
fouling on the membrane. In the case of liposomeghanical stresses occurring in both
techniques induced at some extent modificatiorszaf characteristics and rearrangement
of the vesicles. Further analysis of liposomal rhoitpgy, antimicrobial tests and vitro
release kinetics after post-processing treatmerdgsrequired to identify the method

showing fewer consequences on the bilayer integuitg permeability. Nevertheless,
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lyophilization was in any case found much supetmffiltration for the physical and
chemical stability of both natamycin and nano-easiupon storage, indicating that
conservation of the nano-suspensions in a liquichfe@ven purified and/or concentrated,

is not the most promising approach.

Lyophilization remains to be further optimized ierms of cryo-/lyoprotectants
involved to maximize benefits at each stage of phecess. Using for instance the
identified stabilization properties of mannitol asmbitol against leakage of natamycin in
combination with the efficient properties of trebee for the integrity of the nanoparticles
could lead to advantageous dried products. Antiobied tests should also be performed
to determine if the presence of sugars, usuallyd use fungi as a nutrient, are not
detrimental for the antimicrobial activity of natgom. The method of incorporation of
the protective excipients, carried out here by taaldiof the protectant powder into nano-
suspensions prepared originally in water, shoutt &le reconsidered to evaluate if the
osmotic shock, observed especially for liposomapsuasions and lactose, could be
reduced. Incorporation in the aqueous phase befmmeprecipitation or solvent injection
is a possible option, provided that the increasevigtosity is not unfavourable to
diffusion of the solvent in the agueous phase aadndt hinder formation of the
nanoparticles. More importantly, the lyophilizatipgnocess should be performed with
larger volumes to confirm efficient protection dfet nanoparticle integrity and foresee
possible hurdles for scaling-up.

Though lyophilization offers better perspectivegfimite conclusions about the
performances of Tangential Flow Filtration appliednanoparticles cannot be drawn at
this stage of the research. Results observedsrsthdy were indeed highly dependent on
the homemade set-up implemented, which did notr affe possibility to fully monitor
the filtration process (temperature, cross-flowoedly, etc...). Variability between
batches of nanoparticles, single-use membranedvev@and frequent samplings during
the process were also identified as possible seuwténaccuracy and disturbance. The
recommended action would be to perform a similardgtat a much larger scale
(minimum 500 mL) which would not only allow gathagi more reliable processing
parameters for further modelling and understandingembrane fouling, but also reduce
the inaccuracy levels. Employing large-scale egeipimwould also enable an easier
screening of other configuration, material or psige of ultrafiltration membranes, which

might have a totally different behaviour towardsliiog of nanoparticles. This would of
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course require also the development of a standadtdind reproducible method to scale-
up the production of the nano-suspensions. Evalatf industrial systems such as
multi-inlet jet mixers, microfluidics or membraneortactors adaptable to solvent
injection methods [4-7] could bring an interestternative to the manual preparation
implemented so far. These systems could also l#indae with the filtration, allowing

combined preparation and post-treatment of mugeftarolumes than lyophilization.
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