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Abstract

Lipid-based delivery systems are biocompatible, safe and efficacious
carriers, widely used for their capability in encapsulating and
releasing, in a controlled manner, of sensible bioactive compounds for
both pharmaceutical and nutraceutical applications. In particular,
liposomes have attracted a lot of attention for their biodegradability,
elevated drug loading, low intrinsic toxicity and easiness of
preparation. In nutraceutical field, liposomes are used for the delivery
of nutritional compounds with relevant healthy properties, such as
vitamins, mineral salts, antioxidants, probiotics, enzymes and
polyunsaturated fatty acids. Liposomes size and size distribution are
key parameters for the improvement of nutraceuticals solubility,
bioavailability and uptake and to preserve food product sensorial
features (such as taste, aroma, flavor, appearance and consistence).
Nowadays there is a wide set of possibilities to produce lipid-based
drug delivery systems through the use of conventional or more
recently discovered techniques. However, the majority of these
methods are characterized by high energy request, long times of
process together with a low productivity. In particular, the most used
techniques, such as ethanol injection, are bench-scale methods
characterized by bulk and discontinuous processes. Microfluidics is a
relatively new technology used for the production of liposomes. This
technique gives the possibility to produce, in a continuous manner,
unilamellar nanometric liposomes by monitoring the micrometric fluid
fluxes. Tuning the flow rates, thus controlling the lipids
solution/buffer dilution process, liposomes dimension can be
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controlled. Anyway, these methods are characterized by elevated costs
of microfabrication and the low product volumes in output.

The aim of the thesis is to produce iron encapsulating nanoliposomes
for nutraceutical applications. For this purpose, a bench-scale simil-
microfluidic set up has been designed and developed. The apparatus
basically consists in the realization of a contact between two flows,
lipids/ethanol and water solutions, inside a millimetric tubular devices
where interdiffusion phenomena allow the formation of lipid vesicles.
Effects of solutions flow rates and lipids concentrations on size and
size distribution have been investigated. Moreover, ultrasonic energy
was used to enhance the homogenization of the hydroalcoholic final
solutions and to promote the vesicles size reduction. By using the
simil-microfluidic set up, liposomes encapsulating iron were produced
by considering two formulation protocols in order to optimize the
encapsulation efficiency. Then, a comparison in terms of vesicles final
properties (mean diameter size, polidispersity index, zeta potential,
charge and encapsulation efficiency) was realized between liposomes
obtained by using the simil-microfluidic set up and the ones obtained
using the conventional techniques (ethanol injection and thin film
hydration) at the same conditions. Moreover, in order to perform
propaedeutic studies for scaling up the plant, the possibility to produce
liposomal structures using sonication batch with higher volumes (from
few to hundreds of milliliters) was verified.

The most important results obtained from the research activities are
the following. It was observed that by increasing the ratio between
water solution volumetric flow rate and ethanol/lipids solution flow
rate, liposomes size decreased; while, at fixed volumetric flow rates
ratio, by increasing lipid concentration, vesicles size increased. Iron
encapsulating  liposomes are stable with mean diameter
slightly higher than 100 nm; moreover, through the optimized
formulation, an encapsulation efficiency of 97 % was achieved.
Moreover, liposomes obtained by using the simil-microfluidic
apparatus are comparable with the ones obtained with the
conventional bench-scale techniques in terms of final characteristics,
but, using the simil-microfluidic set up, process time reduces and
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process yield increases thus achieving a massive nanoliposomes
production. Then, sonication in duty-cycle, used for enhancing the
homogenization of the hydroalcoholic bulk, was detected to be an
efficacious and scalable technique in order to reduce vesicles size.
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Abstract. In thi= waork a protocol bazed on the microfhidic principles has baen
developed and applied to prodoce namelipozomes. The protocel basically con-
3iats in the realization of a coatact between two flows, lipkds/ethanol and water
soltions, imside a twbular device where interdiffusion phenomena allow the
formation of Lpid vestcles. Effects of solotions Sow rates and lipids concentra-
tion: on size and size distmbution have been investigated. Moreover ulirasomic
emergy was used to enhance homogenization of the hydroalcobolic final solu-
tion: and to promaote the vesicles size reduction. By thiz protocol a massive oat-
put has been achieved, increasing the ratio between the water volumetric flow
rate to the lipids-sthan ol vohmetric fSow rate the liposomes dimension dacreas-
ez at equal flow rates, when the lipids concentration mcreasas also the Hpo-
somzes size has besn observed mereasing.

1 Introduction

Lipid-based drug delivery syvstems are bipcompatible, sefe and efficacious carriers
even more mvestigated by the scientific world for their ability in encapsulzating and
raleazing, in a conolled mammer, degradable active ingredients to ba used for phar-
maceutical and nutraceutical purposes. In particular liposomes have sttracted a lot of
sttemtion for their biodesradability, hizh drog loading, low intrinsic toxicity, acoumuo-
lztion in pathologiczl areas, reduced zize, membrane mimetic behavior, prolonged
half-life in the bloodstream, low cost and easimess of preparation [1]. In particular,
zize and szize distribotion are key parametars determining liposomes performance a3
carrier systems in both biomedical applications (i.e. influencing liposoemes time of
circulation in the blood stream and’or themr penmeability through membrane fenesira-
tion in nomour blood vessals [2]) and nutraceuticz]l applications (ie Dmproving taste,
flawvor, stability, sbsorption and bicavailability of autraceuticals [3-4]). Nowadays
there i= @ wide set of possibilities to produce lipid-based dmg delivery systams
through the nse of conventionzl or more recently discovered techniquoes [5-7]. How-
ever, despite the leaps and hounds made with the novel techmologias in the last few



vears, tha majority of these methods are characterized by hizh ensrgy request, long
times of process together with a low productivity.

To overcome these limitstions, in this study microfluidics based methods, which are
expensive for special devices needed and microfabrication costs, have been trams-
pozed to 3 millimeter scale, drastically reducing the production costs and inceasing
the yvields. With the aim to have a coatrol on flow, typically chaotic in a bulk phaze
which iz instead laminar, snd thus controllable, in a microfluidic system starting from
2 work of Pradhsn znd collaborators [2], in which a syvringe pump driven microfluidic
device was uzed to produce liposornes, the desipn and the developed of 3 new zemmni-
continnons bench scale apparatus for 2 massive namoliposames production, oVercom-
ing the limits imposed by the syringe volumes, has boen done. The preparative proto-
col pointed out basically consists in the realization of a contact between two flows,
lipidz/athanaol and water solutions, mside a tubular device where interdiffuzion phe-
nomena allow the fommation of lipid vesicles. Ultrasonic energy was zlso used as
intensification tool for liposormes production, size reduction snd homogenization [9].
Furthermaore in thiz work, similarly 2= done by Jahn and collaborztors for a microflo-
idic hydrodynamic focusing (WMHF) platform [10], 2 size and size distribution control
of the produced namoliposomes was demonsirated by taning not only the flow rates,
2= done by Jahn research group, but 2lso the lipids concentration.

2 Experimental
11  Materials and Methods

Liposomes were formulated with L-w-Phosphatidylcholine (PC) from sovibean, Tvpe
II-5, 14-23% cholins basiz (CAS n 8002-43-3), purchazed from Sizma Aldrich (M-
lan, Itzly)y and ethanel of anzlytical grade (CAS n. §4-17-3, Sigma Aldrich) was used
to solubilize the PC. Fhodamins B was used for microscope fluorescence observa-
tions of the produced liposomes.

In Figure 1 2 schemsatic representation of the used experimental apparstus is present-
ed. The first part of the bench-scale apparatos consists i two containers, gae filled
with a lipids/ethanol sohrtion (prepared by dizsolving 16.5 mz of PC in 10 ml of atha-
noly, which iz conveyed in a 1.6 mm silicon be, and one filled with the hydration
sohation (distilled water) conveyed in 2 5 mum zilicon tobe through the nse of tao pari-
staltic pumps (Verderflex OEM mod. An EZ). The lipids'ethanol solotion tabe ends
with a nesdle (0.6 nun internal diameter) insetted mto the produoction section tube, 2 3
nun intermzl diameter silicon tube which is an extenzion of the water tabe, This is the
production saction, where a diffusive mechanism of the toro pushed liguids tzkes part
leading to the formation of liposomes during the two phases (water and alcohol) in-
terdiffosion. The hydroalcoholic solition containing liposomes on nanometric scale iz
recovered in 2 contziner and then subjected to a duty cycle sonication process in arder
to homoganize and to further raduce vesicles siza.



Fiz. 1. Schematization of the simil-microfloidic apparans. From the copfamers (1-20 i
pids'ethanal and water zobtion: are pushed throush peristaltic pamps (3-4) to the prodoection
sectipn (3) were vesicles are formed The hydroaloobolic sehution is recoversd in a container
() whare it is stimed The namolipozomes zolation is finally subjacted to duty cycle sonication
and recovarad in a receiving flask (7).

At first, liposomas were preparad by maintaining constant the PC concantration in the
hydroalooheolic solation at 0.15 mz/iml and varving the volumetric flow rates in order
to sdy their influence oa lipozomes size and size distribotion. The volumetric flow
rates ratio, defined a: hypdration sohttion wolumetric flow rate (Vhe) to lipid solution
volumetric flow rate (Vis), was varied (10:1, 13:1, 20:1 and 40:1 VhsVis) maintain-
ing comstant the V1= at 4 ml'min and changing the Vhs (40 mlimin, §0 ml'min; 80
mlmin and 160 mlmin). Subsequantly, the PC concentration in the final hydroaloo-
holic zolation was changad (0015, 1, 4 and 5 meg'ml) by maintainme constant at 10:1
(Vha'V1) the vobumewic flow rate ratio, and the liposomes size end size distrilntion
ware analvzed szain. Part of 2ll the produced samplas was then subjectad to a soni-
cation process previously developed and modelled by Barba and collaborators [9] by
applying 3 duty cycle consisting of 3 ten-zecond irradiztion rounds each followad by 2
20 sacond pause in order to prevent thenmal vesicle dizmuption (VICI[ 130 BE Ultra-
sonic Processars, Sonics & hlaterials Inc, Mewtown, CT, USA). For both the experi-
mental campaizns the volumetric flow rate ratio and PC concentration effects on lipo-
somes size and size distritntion were smdiad with and without the ulrasound contri-
bution.

Maorphological charactarizations of liposomes ware parfonmed using opticzl micros-
copy (Axioplan I- Image Zeiss) for fluorescence imazing, a 100 X oil immersion
afbjective was usad to visualize the vesicles. Dimensionzl characterization of vesicles
was parfonmed by Doynamic Light Scattering analyszis (Zetasizer Mano Z5, Malvem,
TE). The resulting particle size distribution was ploted as munber of liposomes ver-
=g zize The Polydizpersity Index (PDT) was calculated for all the preparations.



3 Results and Discussion
31 [Nanoliposomes production

The developed set np has proven to be an easy and fast method to produce Small
Unilamellar Vesicles (30TVs) directly on a nanemetric scale, without the use of any
toxic solvents and drastic operstive condritions (e high temparature and'or pressure)
achieving a massive gutpat with the miniroum of enersy and costs. In Figure I floo-
rescance microscopy imagss of obtained 3UVs are shown.

Fig. 1. Fluorescence microscopy images of lipid vesicles labelled with Fhodamine B dye and
visualized with a 100 X ohjective.

Fram a phenamenclagical paint of view, liposomes fonmation happens at the interfac-
as between the alcoholic and water phases, when they start to interdiffiize in a direc-
tion nomaal to the liquid flow stream. When lipids, dissolved in the alcobolic phaze,
mest with water, due to their insolubility, they start to assemble together zensrating
pieces of bilayer which close themselves engulfing water and forming spherical vesi-
cles. Even if the liposomes formation is 2 spontaneous process, their dimension and
zize distribution as well z= the productivity of the process (the number of lipozomes
for unit vohone obtzinahle) can be conirolled operating on the volumewic flow rates
ratie of the two liquids, on lipids concentration and using ultrasonic energy as tool for
the process intensification.

3.1 Influence of volumetric flow rate ratio on lipesomes formation

Az reported m Figure 3, increzsing the ratio betaesn the water vohumetic flow rate to
the lipids-ethanol volumetric flow rate the liposomes dimension decreases (Figure 3-
A while the PDI wvalue mcrezsas (Figure 3-B). In particular, starting with a 10:1
WhaV1s ratio, liposomes of 49 nm in size were obtained up to 2 dizmeter of 33 nm for
liposomes achieved with 40:1 VhaVis, the higher volumetric flow rate ratio tested.
Wiceversa opposite trend iz visible for the PDI whosze (.34 value obtzined fom the
10:1 VhaVls becornes 073 when a 40:1 Vha/Vis ratio was used, index, the latter, of
zn hizhly polydispersed sample. Taking into account that the Vhe"V1z ratio was in-
reased by enhancimg the water flow rate and maintziming constant that of the lipids-
ethanol solution, what plays a key role in the liposomes diameter size reduction is the
diffusion rate of the lipids into the hydration sohstion Consideting constant and wai-
fomm the lipids concentration for unit of volume i the zlcobolic solation, when the



water vohumetric flow rate increases the impact between the two liguids increases too
znd lipids spread faster in @ greater water volume. Lipids 30 scattered join together to
form vesicles even more smaller with the increaze of water flow rate. For both size
and zize distribution it can be observed that the ulrasound assisted process spplied
not only redoce the liposomes size for all the volumetric flow rates explored but it
does so0 by maintaining shout the same decreasing trend found for the not-somicated
sample (Figure 3-A4). It was demonstrated that somication can reduce liposomes size
up to 2 maximum of 31% (at 40:1 Vhe'V1s ratio) respect to the not-sonicated lipo-
somes diarneter size. Moreover, the duty cycle sonication has a key role in the lipo-
sames homogenization by reducing the pobydispersity of the sample, optimizing the
size distribution in all the condition tested; for the 40:1 Vha'Vls the PDI iz nearly
halved (Figare 3-B).
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Fig. 3. A) Somicated and not somicated liposome: mean dizmeter size 2t different vohmetric
flow rates ratio. E) Polydispersity Index (POL) of somicated and not somicated liposome: at
differemt vohumetric flow rates ratio. Resolts are expressed as average of three determmations
and reported alongz with the standard deviation.

33  Influence of lipid concentration on liposomes formation

It was obeerved that at egqual flow ratex, when the lipids concentration increases zlso
the lipozomes zize has rizen In Figors 4-A data shovm ilhestrate liposomes diameter
average size obtzimed at different PC concentrations in the bydroalcoholic solution.
Az the PC concentration increases from 0.15 mz'nl to 5 ma/ml the liposcmes size
alzo increazes from approximately 49 nm to 21 mm. It can be explaimed by the fact
that at higher PC concenfrations more phospholipids will impact at ths same alco-
halwater mterface area and will dissolved in the same water volume making them
phyzically closar to each other, thus forming largar vesicles. Far PDI values it seems
that increasing the PC concentration the sample size distribution improves except for
the 0.15 mg/ml concentration (Figure 4-B). The sonication process has confirmed to
e absolutely efficacy for both liposomes size reduction and homogenization as al-
ready sean for liposomes production at different vohwnetric flow rate ratio.
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Fiz. 4. A) Sonicated amd not sowicated Hposomes dizmeter size at different PC concentrations
in the kydroalcobolic :obrtion. B) Polydispersity Index (FDI) of sonicated and not zomicated
liposomes at differemt PC concentrations in the bydroalcohelic sohution Feslts are expressed
as average of three determinations and reported along with the standard deviation.

4 Conclusions

Wanolippzomes have bean achieved by using & protocol baszed on the microfluidic
principles. Effects of solutions flow rates and lipids concentrations on zize and size
distribution have besn investigated. Increasing the ratio betwaen the water volumetric
flow rate to the lipids-ethanaol volumetric flow rate the liposomes: dimension decrazs-
es; at equal flow rates, when the lipids concentration increases also the liposomes size
haz been observed increasing. Ulirazsonic energy was nsed to enhance homogenization
of the hydroalcoholic bulk and, as escpected on the bases of previous studiss, its duty
cycle application efficaciously promaoted vesicles size reduction
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