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BACKGROUND, AIM OF THE WORK AND MAIJOR FINDINGS

Nanomedicine is a flourishing field where the nanotechnology, pharmaceutical and
biomedical science converge to develop of nanoformulations, defined by the Food and
Drug Administration (FDA) as the product associated with nanoparticles ranging from 1-
100 nm that show size-dependent properties[1-3]. The size reduction down to the
nanoscale hugely benefits the loaded pharmaceutical active, regarding high bioavailability,
enhanced delivery ability and improved pharmacokinetics[2, 4]. These objects are designed
as real nanovehicles using different materials and characteristics that offer unique
properties for cancer treatment due to the possibility of regulating the release kinetics of
the active cargo in adjustable manner and exploiting the passive targeting through the EPR
(Enhanced Permeability Retention) effect and active targeting by specific functionalization
of the NPs[5-7]. Indeed, increasing of local dose in the disease site reduces systemic toxicity
for cancer therapy and improves the sensitivity in the detection of cancer lesions with
respect to healthy tissue for diagnosis[2, 8, 9].

Among different categories of NPs, polymeric NPs have demonstrated high
structural integrity, controlled release behaviour and stability during storage [2]. Compared
to polymeric material, the lipids, being basically analogues of biological membranes, made
the liposomes as almost ideal drug delivery vehicles to overcome the limitation of polymer
nanoparticles because of their superior biocompatibility[6, 10, 11].

Indeed, around 16 nanopharmaceuticals for cancer therapeutics are currently on the
market and the majority of them are liposome-based formulations; notably, the lipid-based
formulations have entered in the clinical use against coronavirus disease 2019 (COVID-
19)[6, 12, 13].

Liposomes are composed of single or mixtures of lipids, that naturally self-assemble in
bilayer aggregates when placed in polar environments due to their amphiphilic nature [14,
15]. Liposomes are nano-sized vesicles made up of one bilayer or multiple layers enclosing
an aqueous core, and this dual nature allows the loading of hydrophobic compounds in the
lipid layer while hydrophilic ones in the core[16]. The optimization of liposome-based
formulation took more than two decades of fundamental research in the scientific
community, from their first discovery of liposome by Alec Bangham[17, 18]. Only back in
1995, there was the first approval by the Food and drug administration of a nano-drug with
Doxil, a liposome-based product containing Doxorubicin. Compared to free Doxorubicin,
the liposome formulation modified the drug's pharmacokinetics, prolonging the circulation
time and increasing the targeting ability and efficacy of the treatment. Moreover, they
lessened the side effects of Doxorubicin, reducing chronic cardiomyopathy and congestive
heart failure[1, 19]. Since then, a variety of cytotoxic agent-loaded liposomes have been
approved for clinical uses or are under clinical trials, such as DaunoXome®, Margibo®,
Depocyt®, MM-398%, Onivyde™, Myocet®[16, 20]. Also noteworthy is the use of the lipid-
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based NPs as vehicles to deliver the antigen mRNA in two authorized vaccines against
COVID-19, mRNA-1273[21] and BNT162b[13, 22]. The lipid components confer to the
carrier unique features for nano-pharmaceutical applications, spanning from high
biocompatibility, low immunogenicity, prolonged blood circulation, improved fluidity and
deformability[1, 6, 13].

These multifaceted and flexible properties have put lipid-based carriers at the
forefront of nanomedicines for cancer treatment. However, low chemical and colloidal
stability, high drug release, high instability in biological fluids and rapid degradation by the
reticuloendothelial system have been conferred upon liposomes, consequently reducing
their therapeutic efficacy[23, 24]. Up to now, the big challenges to face in order to improve
the carriers' limited therapeutic are the stability issues, including physico-chemical and
biological ones[25-27]. Indeed, liposomes are prone to fusion, aggregation and leakage of
compounds loaded. Their nature makes them sensitive to damage due to lipids' oxidative
degradation or hydrolysis. In this regard, in 2018, the FDA published a guideline addressed
to industries that clarified the need for stress test studies on liposome formulations to
assess their structural integrity in different microenvironmental conditions[28]. One critical
parameter for the stability of lipid-based carriers is the temperature which forces their
storage at 4°C due to their loss of integrity at room temperature. These degradation
pathways not only limit the stability of liposomes in the shelf-life and storage but also have
been shown to affect their performance in a biological context[29]. The transition
temperature of lipids makes a considerable difference in liposome stability in media and
affects the drug release profiles. Any variations of in vitro stability, such as alteration of
drug release kinetics and colloidal stability, aggregation and fusion, have an impact on in
vivo applications[29, 30].

Generally, the physicochemical properties of carriers, named synthetic identities,
dictate their biological identities, a contextual property corresponding to ‘what is seen’ by
the cell during nano-cellular process of recognition that, in turn, guides their interaction
with tissue, organs, and cells. Consequently, any changes in shape, size and charge due to
stability issues directly affect the nano-bio interactions of the carrier and their therapeutic
outcomes [31, 32]. Indeed, upon intravenous administration, the framework of sequential
biological barriers encountered by NPs hinders efficacious, site-specific delivery to
tumours. Firstly, protein will absorb on NPs creating a protein corona that will begin the
new interface for the NPs with cells/tissue, consequently dictating the NPs uptake,
biodistribution and immune response[31, 33-35]. Moreover, the protein corona helped the
macrophage uptake and systemic clearance by Mononuclear Phagocyte System (MPS)[36].
To reach the tumour site, NPs should exit the vasculature, avoiding the filtration by the
kidney[31, 37] and the clearance by the reticuloendothelial system of liver and spleen[31,
37]. Once inside the target tissue, they have to travel in the stroma and avoid degradation
or sequestration in the extracellular matrix (ECM) and off-target cells[38, 39]. Finally, inside
the cells, they should escape the endosome and reach the target site, cytoplasm[31, 40].



In particular, once injected into the body, these lipid-based structures, according
to their charge, interact with proteins and blood cells with a higher binding for positive
liposomes than negative ones[25]. Possible effects of these interactions could be shrinkage
of liposomes, lipid bilayer disruption, and protein-mediated aggregation[36]. Following the
pioneering clinical results on Doxil and Genexol, PEGylation has been considered a possible
solution to increase the liposomes half-live, but its employment is debated[36, 41, 42].
Emerging studies emphasize a shift in composition of the protein corona between
Pegylated and no- Pegylated liposomes, reporting a higher affinity of the former to serum
proteins[36, 43]. Moreover, the steric hindrance of PEG coatings has been known to alter
the cellular uptake and intracellular fate of liposome, so losing the peculiar cellular affinity
with the cells[16].

Despite the instability issues, the rigidity and fluidity of lipid-based carriers
emerged as novel concepts to refine the nano-bio interactions. The ability to alter the
liposome membrane rigidity has been proven to enhance the interactions with proteins,
cells and tissue[44-47].

In this sense, reduced adsorption of serum proteins with liposomes was reported
upon the incorporation of cholesterol in the liposomal formulation[25, 48, 49]. Indeed, the
cholesterol, through hydrogen binding to fatty acids, alters the fluidity of the lipid bilayer,
increasing its cohesiveness and mechanical strength, reducing lipid leakage and increasing
liposome integrity[50-52].

This capability of modulating the liposome elasticity have been investigated to face the
rate-limiting step in cancer treatment, the tumour penetration[53, 54]. Indeed, once
reached the tumour periphery, the liposomes should penetrate into the core portion of
tumour tissues overcoming the larger diffusion hindrance in the tumour matrix[16]. To face
this challenge, the soft colloidal nature of liposomes, that allows to infiltrate in tumour by
particle diffusion through the intercellular space and cellular uptake[55-57], has been
modified with surface functionalization or improved with environmentally sensitive
components[58, 59], reporting antitumoral results. However, recent studies showed an
enhanced penetration in 3D tumour spheroids of liposomes, without any specific
modifications, only modulating the rigidity of liposomes for cholesterol addition[44]. Wu
et al.[44] reported that liposomes with moderate membrane rigidity, diffuse higher in
fibrotic structure and penetrate deeply into spheroids. Differently, liposome with lower or
higher rigidity might be trapped in the surface of the tumour spheroids. Furthermore,
Takechi-Haraya et al.[45] reported a higher diffusion efficiency in the intercellular space of
tumour spheroids liposomes with larger bending moduli (Kc) due to their ability of being
less deformable to the shear force effects of collagen and hyaluronic acid in the
extracellular matrix. Therefore, the ability of modulating the liposomes fluidity becomes a
tool for achieving superiority therapeutic efficacy in tumours with dense stroma,
representing an alternative to PEGylation and liposome functionalization.

At cellular level, Bompard et al.[47] reported that the liposome fluidity determines
liposome—cell interaction specificity and subsequent their fusion with cellular membrane.
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Liposomes offer high cellular affinity and can be internalized in multiple ways, including
fusion, micropinocytosis, clathrin-mediated and caveolae-mediated endocytosis[13].
Furthermore, liposomes can mix, exchange and merge phospholipids with the cytoplasmic
membrane, releasing their content intact within the cytoplasm of the cell[60, 61],
overcoming the issue of endosomal and lysosomal degradation of cargo.

Recently, hybrid carriers that combine the lipid components with not-lipid
materials have been proposed with to overcome the limitations mentioned above the
liposomes while preserving their advantageous features, such as deformability, fluidity,
endosomal escape and cytosolic penetration[24, 62]. Among several materials, natural and
synthetic polymers offer several advantages due to their versatile loading capability,
controllable release kinetics, enhanced biological stability, due to the electrochemical
interaction of the individual lipid-polymer components, and tunable mechanical
properties[11, 63, 64]. Their mechanical properties can be tuned by varying the extent of
crosslinking of the polymer core or the amount of water between the lipid shell and
polymer core[65]. This adjustable elasticity improves their nano-bio interactions at
multiple levels, spanning blood circulation performances, macrophage sequestration,
squeezing through pores[66, 67], tumour tissue penetration[68] and NP-cell
interaction[69].

These sophisticated nanoparticles require high control of process conditions to
obtain NPs with well-defined synthetic identities. Two main categories of approaches have
been developed for the production of lipid-polymer NPs, the two-step method that consists
of the complexation of pre-formed liposomes and polymer NPs, and one step method
where the polymer nanoprecipitation is combined to the self-assembly of lipids[11]. The
latter was explored through microfluidics in terms of two-stage devices, micromixers and
multi-inlet vortex microreactors. The microfluidics ability to deal with fluids in the
macroscale domain enables higher control of microreactor conditions and, consequently,
of NPs formation[70, 71]. Several microfluidic strategies were exploited to produce lipid-
polymer NPs. Hong et al. [72] combined the on-chip formation with off-chip UV-
polymerization to form a hydrogel core within the liposomes, and in the same year Valencia
et al.[73] placed a Tesla micromixer in series with a Hydrodynamic Flow Focusing (HFF)
junction to increase the mixing among species. Kim et al. [74] proposed a 3D pattern-
tunable microvortex platform for synthesising lipid-polymer nanoparticles with high
reproducibility. At the same time, Sun et al. [46] promoted the HFF in a two-stage
microfluidic device to accurately assembly monolayer or bilayer of lipid onto polymeric
core. Different microfluidic flow patterns have been investigated for lipid-polymer NPs
production. Great efforts are being made to study material interaction’s role on biological
entities, from cells to tissue. Nevertheless, their comprehension still needs to be elucidated
entirely.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6561124/

This thesis aims to understand how the complexation of material, lipid and polymer
influences the stability of the carrier, impacting on its performance at multiple levels. The
interaction of these materials has been investigated in their processing, employing one
step microfluidic process that enables control in a predictable manner the fluid interfaces
to guide the formation and stabilize the hybrid lipid-polymer nanoparticle (LiPoNs). To gain
further insight into the solvent interdiffusion and their spatial distribution along the device,
a Comsol simulation of the convective-diffusive mixing taking place in the cHFF was
computed. In a preliminary model, we have rationalized the effect of fluid confinement on
nanoparticle formation, surpassing the concept of pure diffusion of solvents in describing
their formation. The structural integrity of the final carrier and its cargo in different
biological environments was investigated. We studied the role of material in mediating
cellular interactions and the effective delivery of a stable cargo to the cells, going beyond
the chemotherapeutic agents to more sensible molecules such as microRNAs.
Furthermore, we investigated the impact of the NPs-cell interface on enabling or limiting
the cell machinery at the single cell level.

Recently, we have presented “coupled Hydrodynamic Flow Focusing (cHFF) to
Engineer Lipid—Polymer Nanoparticles (LiPoNs) for Multimodal Imaging and Theranostic
Applications”, to obtain a hybrid vector, where a bilayer shell made of phosphatidylcholine
and cholesterol is electrostatically anchored to a polymeric chitosan core, to integrate the
advantages of individual material components[75]. Innovations with respect to the
traditional microfluidic process are introduced by reverse way to obtain lipid-based NPs
(lipids are injected in the side channels and antisolvent in the middle channel) to guide the
mutual coupling of two thermodynamics occurring in HFF, the nanoprecipitation of
polymer and the self-assembly of lipids. Indeed, both the mainstream and the lateral
stream are involved in their thermodynamic process and mutually influence each other. In
the coupled Hydrodynamic Flow Focusing, the influence of process parameters such as flow
rates, solvent-nonsolvent ratio, and solute concentration was investigated to govern the
competition mechanisms of precipitation and extraction, thus, identifying the microfluidic
conditions that allow obtaining stable lipid-polymer complex. The LiPoNs, with an average
size of about 100 nm and a slightly negative surface charge, show excellent physical stability
in different environmental conditions due to the architectural advantage of polymer core
loading. The ability of polymer-lipid NPs (LiPoNs) to stabilize the compounds’ loading was
tested with multiple active agents for both Multimodal Imaging (Gd-DTPA and Atto 633)
and therapy (lrinotecan hydrochloride). Then, the capability of delivering stable
compounds was proved by internalization studies as well as the cytotoxic effects on U87
MG glioma cell line upon treatments with theranostics LiPoNs.

To further elucidate the role of materials and their complexation on the stability of
the cargo, we selected microRNAs, very challenging and potential biologics characterized
by low intrinsic stability. microRNAs are defined as master gene regulators, and their
dysregulations in cancer have proven their strong involvement in cancer progression[76-
79]. The emerging number of nucleic acid strategies used to treat diseases by targeting
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cells' genetic blueprints have demonstrated their therapeutics effects via gene inhibition
or replacement[80, 81]. However, several challenges limit and reduce their therapeutic
potentials, such as rapid degradation in blood, low cellular and intracellular delivery,
undesired on and off-target effects, immune system activation[77, 81]. Various materials
have been employed to improve nucleic acid delivery, to overcome the concept of simple
mix and use, widely applied for nucleic acid transfection, with a more accurate design of
the nanocarrier[81]. However, the delivery technologies capable of improving their
stability, increasing cellular internalization and targeting affinity are still restrained and
limit their clinical translation[82]. Furthermore, the conventional techniques for
nanoparticle production limit their loading without comprising their functional
integrity[83]. In this framework, the possibility of the microfluidic cHFF approach to guide
the lipid-polymer complexation in one step was exploited and optimized for nucleic acid
therapeutics. The idea is that the protonated amine groups of the chitosan that strongly
interact with negatively charged nucleic acids could form a stable polyelectrolyte
complex[84]. At the same time the lipid bilayer covering the polymer core could potentially
improve the vehicle's delivery properties by enhancing the half-life, biocompatibility and
bioavailability[11, 13]. Among microRNAs, miR-21 is significantly dysregulated in several
cancers and is associated with processes essential to disease progressions, such as cell
proliferation, cell death, metastasis and chemoresistance[85, 86]. Therefore, we entrapped
antisense oligonucleotide, AntimiR-21, in LiPoNs to inhibit miR-21 downstream pathways
and repristinates the expression of the tumour suppressor genes[77, 87]. Firstly, we
analysed the impact of different processing parameters on AntimiR-21 and lipid properties,
and optimized the microfluid conditions to produce nucleic acids loaded nanoparticles in
which an MRI- Contrast Agent (CA) is co-entrapped. We validated the efficacy of these
theranostic nanostructures on the gene regulation and cell migration of MDA-MB-231
human breast cancer cells. Considering the limited cellular uptake of negative charge
microRNAs, the well-orchestrated expression of all genes of interest upon the treatment
with nucleic acids-LiPoNs, highlights the crucial role of lipid components in the design of
nano-architectures to assist the delivery of chitosan-nucleic acids complex to the target
cells and improving their interaction with biological systems, nano-bio interactions.

Starting from these considerations, to gain more insight into the role of
nanomaterial in guiding cellular internalization pathways, we interrogate single cells upon
contact with LiPoNs with an innovative live imaging instrument. We analysed live cells'
dynamics and monitored cell behaviour at single cell level for 48 hours. We reported the
cellular response upon LiPoNs treatment regarding shape, proliferation, mitosis and
motility. We initially observed cell state and functioning alterations due to LiPoNs
nanoparticles. We hypothesized that this cellular alteration could be an attempt of the cell
to face external stress, and this physical change could impact cell biology, maybe cellular
metabolism. This interference of cellular physiology due to materials interactions shows
the nanoparticles as active players in cellular interactions. We reported a lack of biological
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knowledge that could lead to implications in drug delivery and material science, opening
opportunities for cancer treatment.

Following this acquired knowledge on the synergic effects of materials on nucleic
acids delivery and the microfluidics approach for their engineering, we applied it to one of
the most aggressive breast cancer, Triple Negative Breast Cancer[88, 89]. Triple negative
breast cancer (TNBC) is very aggressive disease with a poor prognosis due to the limited
treatment options, mainly chemotherapy[90]. Following the evidence on miR-622
downregulation in breast cancer, we engineered miR-622 loaded LiPoNs to efficiently
deliver miR-622 in cancer cells and restore its function in altered tumour molecular
pathways[91]. Furthermore, to face the need for a more accurate diagnosis of TNBC in the
early stage, we co-load with gadolinium diethylenetriamine penta-acetic acid (Gd-DTPA)
contrast agent for multimodal imaging. We studied the cell behaviour upon the treatment
with miR-622-Gd-DTPA-LiPoNs. We preliminary validate the capability of LiPoNs to reach
the tumour environment in a preclinical model.

In this work, microfluidics plays an essential role in stabilizing the active cargo and
the nanoparticles. Therefore, the microfluidics ability of guide nanoparticle formation was
further analysed from the perspectives of fluid interfaces and convective-diffusive mixing
in the coupled HFF process with a Comsol simulation. Indeed, the role of fluid interfaces,
through the mixing of species and solvent exchange, in guiding simultaneous the
nanoprecipitation of polymer and the self-assembly of lipids were not fully exploited. This
study aims to quantify the solvents' interdiffusion and their spatial distribution along the
device. We numerically study the effects on the components mixing of both the
microfluidic geometry and the thinning of the diffusion mixing path, which could be
adjusted by changing the volumetric flow rate ratio between the side- and the middle-
phase. Thus, we identified the flow focusing confinement, represented as the confinement
exerted by flow rates and the device geometry in the flow focusing region, as the crucial
parameter in guiding the growth of nanoparticles. In this regard, we analysed the state of
art and organized the data on nanoparticles synthesis in HFF for lipid-based and polymer-
based material. Interestingly, we reported a correlation between NPs size and thinning of
the flow focusing in the HFF. We discussed the critical parameter that guide the
nanoparticle formation in a preliminary model to predict the NPs size.

We believe these findings could inspire new engineering strategies to take advantage of
fluid interfaces to guide hybrid nanocarriers, exploiting both the nanoprecipitation and the
self-assembly. Moreover, we reveal the need for a better understanding of the coupling
between fluid dynamics and mechanism of nanoparticles formation in microfluidics devices
to obtain stable complexes. Indeed, the current methods describing nucleation and growth
of nanoparticles in solution, should be elucidated for confined microreactors, where more
phenomena occur simultaneously. Furthermore, these process conditions directly
influence on material properties and consequently mediate different biological responses.
We reveal a correlation between lipid-polymer materials and cell physiological response,
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which, could be used for therapeutics and science application if comprehended. As
prospective, the acquired data on the effects of nanomaterials complexation in
microfluidics for nucleic acids delivery could be used to increase the efficacy in designing
new generation treatments and tools for their production, paying the way to nucleic acids
to Clinics. Indeed, the microfluidics technology, through modular and continuous
production set-up, allows the preservation of process control and parameters predictability
even for large-scale production.
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Graphical Abstract I. coupled Hydrodynamic Flow Focusing (cHFF) to Engineer Lipid—
Polymer Nanoparticles (LiPoNs) for Multimodal Imaging and Theranostic Applications.

Abstract

Despite the potential offered by liposomes in the drug delivery field, several challenges
mainly related to stability issues, limit their therapeutic efficacy. To overcome these
drawbacks, we rationally designed lipid-polymer NPs, where a chitosan core is enveloped
in a lipid bilayer, taking advantage of integrating both materials. To guide the formation of
Lipid—Polymer NPs (LiPoNs), we developed a process named coupled Hydrodynamic Flow
Focusing (cHFF) that controlled the time scales of solvent exchange and coupled the
polymer nanoprecipitation with the lipid self-assembly simultaneously. We produced
hybrid NPs with an average size of 100 nm with preserved structural integrity in different
environmental conditions. The features of the hybrid NPs were exploited for the loading of
contrast agents (Gd-DTPA), a fluorescent probe (Atto633) and chemotherapeutic drug
(Irinotecan hydrochloride) for optical and theranostics purposes. Moreover, their toxicity
and therapeutic efficacy were tested on U-87 MG cancer cells.
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|.1 BACKGROUND

[.1.1 Introduction

Nanoparticles are promising vehicles for delivering of therapeutic and diagnostic probes to
the disease site[1]. Two major classes of organic NPs, have been exploited for the drug
delivery, polymer-based and lipid-based carriers[2, 3]. Polymeric nanoparticles have been
widely used as they display high structural integrity, stability during storage, and controlled
release behaviour[4]. In addition, they are also easy to prepare and functionalize for active
targeted delivery[1]. Among them, nanogels are nano-sized three-dimensional cross-linked
networks that offer high water content and excellent retention of compounds[5].
Liposomes with respect to polymer NPs, show superior biocompatibility, excellent
biodegradability, low immunogenicity and non-toxic nature [5]. They are composed of one
or multiple lipid bilayers enclosing an aqueous core, leading to the possibility of loading
both hydrophilic and hydrophobic drugs[1]. Despite the advantages shown by liposomes
formulation compare to free drugs, such as enhanced specific delivery, reduced off-target
toxicity and improved therapeutic efficacy, they still suffer from limited circulation lifetime
and poor tumour site targeting[5]. Liposomes on their own lack of structural integrity
resulting in content leakage, large vesicles and altered morphologies, during storage and in
biological context[6, 7].

Despite the huge effort made in manipulating the NPs properties to reach the tumour site,
the majority of them still accumulate in off-target sites, with only 0.7 % of administered
dose in tumour tissue[8, 9]. This unbalance is due to the interaction of NPs with tissue and
organs, that filtered and sequestered them, during their in vivo journey[10].

These unsuccessful data reported for current NPs, stand out the need for developing of
optimal design carriers. To address the limitations of the standalone carriers, hybrid NPs
emerged as next generation vehicles offering unique properties from the integration of
materials[4, 11]. Among these hybrid vectors, lipid-polymer NPs (LPNs), made up of a
polymer core enveloped by the lipid component, offered multifaced properties such as
boosted structural stability, high cargo loading, improved deformability, prolonged blood
circulation and enhanced cell/tissue interaction[4, 5, 9, 11-13]. In detail, the polymer core
allows the encapsulation and high-retention of therapeutic substances, while the lipid layer
enveloping the polymer core minimizes the leakage of the cargo and confers
biocompatibility to the polymer core[4, 12, 14].

These LPNs were conventionally produced by the two- or one-step method, with the latter
being the more efficient technique[14]. Indeed, in two step-methods, the polymeric
nanoparticles are mixed with preformed lipid vesicles and these vesicles are adsorbed on
the polymeric NPs by electrostatic interactions. The polymeric NPs, typically produced by
emulsification—solvent—evaporation [35], nanoprecipitation [39], or high-pressure
homogenization[15], are added to a dried thin lipid film or alternatively added to
preformed lipid vesicles prepared by thin film hydration technique. Afterwards, the LPNs
are separated from the non-adsorbed lipid by centrifugation and are subjected to
homogenization or extrusion steps to obtain monodisperse LPNs size[14]. In these
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methods, the end-carrier features are dictated by several process parameters, such as the
lipid-polymer ratio, the size and polydispersity of pre-formed NPs, the surface potential of
the lipid shell and the ionic strength of the solution[16, 17]. In addition to these
conventional methods, soft lithography and spray drying have been employed, with the
latter technique that produce NPs with a size above 900 nm[18]. The cost, time and energy
consumption of these two-step methods associated with low encapsulation and the
request for post processing steps have led to the employment of other techniques[4, 19,
20].

Differently, in one-step method, either nanoprecipitation or emulsification— solvent—
evaporation, the rapid mixing of polymer and lipid solutions direct the self-assembly to
form lipid-polymer NPs. In the single or double emulsion technique, the polymer dissolved
in oil-phase is added to a water lipid phase under sonication and stirring. Following solvent
evaporation, the polymer precipitate and the lipid assemble[21, 22]. For the
nanoprecipitation, the polymer and the active cargo are dissolved in a water-miscible
organic solvent that is added dropwise to the aqueous lipid dispersion, prepared at a
temperature beyond its gel-to-liquid transition temperature, under continuous stirring.
Therefore, the polymer material precipitate in a coil and simultaneously the lipids, self-
assemble, covering the polymer owing the hydrophobic interactions. Then, the LPNs are
collected by centrifugation[14]. Several studies reported the lipid/polymer (L/P) ratio is the
most influent parameter in the formation of stable LPNs in one-step-method. It influences
the extent of lipid coating of polymeric NPs; thus it affects the LPNs morphology,
encapsulation efficacy, loading capability and release kinetics. Briefly, higher L/P ratios
result in the formation of liposomes in addition to the LPNs due to the excessive amount
of lipids, whereas lower L/P ratios lead to LPNs aggregation due to the incomplete lipid
coating[23-25].

Despite significant advancements in the batch field achieved so far, challenges remain in
production LPNs, mainly related to the process efficacy in low control of NPs size, shape
and encapsulation efficacy (EE%). Moreover, the inability to achieve reproducible and on-
demanding properties of NPs strongly limits their performance in clinical translation[26].
To date, the main hurdles related to the clinical development of NPs are correlated to their
optimal design to overcome biological barriers and the large-scale traditional
manufacturing of complex synthesis procedures(9, 27].

On the contrary, the microfluidics, through the miniaturisation[28] and the
parallelisation[29] of batch systems down to a few centimetre squares, allows a
homogeneous reaction environment obtaining a fine-tuning of the process parameters to
obtain NPs with well-defined properties[30-32]. The microfluidic ability to promote the
ordered interaction among lipid and polymer materials was exploited to produce hybrid
architectures[32, 33].

The complexity of guiding two mechanisms of NPs formation in microfluidics drove the
development of several strategies for the synthesis of hybrid NPs. First, the on-chip
production of liposomes was combined with off-chip polymerization of the interiors of lipid
vesicles to obtain a hydrogel core[34]. Then, the hydrodynamic flow focusing in

22



combination with passive Tesla micromixer[35] was exploited for the production of PLGA
NPs covered by lipid shell. A solution of lipid and lipid-PEG is dissolved in water and fed into
side streams while the middle phase is a PLGA dissolved in acetonitrile. They studied the
effect of PLGA: lipid ratio on final nanoparticle size, lipid coverage and stability of the
carrier. They identified an optimal lipid-polymer ratio of 1:10 for the production of
homogenous hybrid NPs, with uniform and complete coverage of lipids, resulting
prolonged serum stability. Moreover, they implemented the same technology to
synthesize NPs for imaging applications by entrapping quantum dots in lipid—PLGA NPs.
Indeed, the microfluidic features and their operation conditions were exploited to enhance
the controllability and homogeneity of active agent distribution with the NPs[32]. Sun et
al.[36] developed a two-stage microfluidic chip for the synthesising mono-disperse lipid-
poly (lactic-co-glycolic acid) NPs. The first stage of the device is a hydrodynamic flow
focusing, while the second stage contains a central inlet and a spiral mixing channel.
Changing the order of injection of lipid and polymer precursor inside the microfluidic
device, it is possible to obtain two different lipid coverages with the same chemicals. For
the lipid monolayer, a PLGA solution is injected in the first stage and a lipid-PEG solution in
the second stage. On the contrary, if the lipid-PEG solution is fed in the first stage, an
intermediate liposome structure is obtained that re-assembles on polymer precipitate
injected in the second stage. They analysed the impact exerted by the lipid coverage in a
monolayer or bilayer extent on the amount of water between polymeric core and the lipid
shell on the rigidity of the NPs.

To improve the throughput of microfluidics, Kim et[37] al developed a pattern-tunable
microvortex platform and they obtained small NPs (30-170 nm) at high productivity (~3
g/hour) varying the flowrate ratio and consequently the Reynold number. Later, the same
microvortex microfluidic platform was used to produce theranostic hybrid polymer-lipid
NPs that load diagnostic nanocrystals and cytotoxic drug doxorubicin (DOX) in the PLGA
core, while an anti-angiogenic drug Sorafenib (SRF) is placed in the lipidic layer[38].

1.1.2 Aim of chapter 1

Even though nanoparticles are designed with an optimal size, shape and surface charge to
overcome the biological barriers encountered in the delivery to a solid tumour, less than
1% of NPs injected accumulate in the target site. Among nanocarriers, lipid-based NPs
stand out for their low immunogenicity, improved fluidity and deformability[39, 40].
However, their therapeutic efficacy is still limited due to stability issues. To improve the
carries stability and consequently refine their nano-bio interactions, we integrated a
polymer component to a lipid one in the form of Lipid-Polymer NPs (LiPoNs). Through
coupled Hydrodynamic Flow Focusing, we exploited the microfluidics to govern the solvent
exchange and guide the production of hybrid Lipid-Polymer NPs (LiPoNs) with well-defined
properties[41]. We studied the impact exerted by solvent-nonsolvent ratio, solute
concentration, flow rate ratio and collection volume on the formation mechanism of hybrid
NPs. The dual material nanostructure, where a lipid bilayer covers a chitosan core, was
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exploited to co-entrap different cargos. Then, we assessed the capability of these hybrid
vehicles to effectively deliver the cargo to cancer cells and induce a biological response.

.2 CASE STUDY

1.2.1 Experimental section

1.2.1.1 Materials

L-a-Phosphatidylcholine from soybean 2>99% (SPC; lyophilised powder; storage
temperature -20 °C; approximately Mw = 776 g/mol) and Cholesterol 299% (Chol; powder;
storage temperature -20 °C; Empirical Formula C7H460; Mw = 386.65 g/mol) have been
purchased from Sigma-Aldrich (St. Louis, MO, USA). Chitosan (CH; powder; Low Mw =
50,000—-190,000 Da; soluble in dilute aqueous acid); Diethylenetriaminepentaacetic acid
gadolinium (Il1) dihydrogen salt hydrate (Gd-DTPA; Mw = 547.57 g/mol), Atto 633 (Aex/em
= 633/657 nm, Mw = 652 g/mol) and Atto 488 (Aex/em = 480-515 nm, Mw = 804 g/mol)
have been purchased from Sigma-Aldrich (St. Louis, MO, USA). Irinotecan HCl Trihydrate
(IR, Mw = 667.18 mg/mL, Aabs = 368 nm) was purchased by Selleckchem Chemicals
(Huston, USA,). As solvents, we used Acetic acid glacial (AcOH, 299.8%; Empirical formula
CH3COOH; Mw = 60.052 g/mol, ROMIL pure chemistry, Cambridge, UK), Ethanol (etOH,
puriss. p.a., absolute, 299.8%GC; Empirical formula C;HsOH; MW: 46.07 g/mol; Carlo Erba
Reagents, ltaly) and filtered MilliQ water (Milli-Q Plus, Q-POD°®, Merck KGaA, Darmstadt,
Germany) for all the experiments. The phosphate-buffered saline (PBS, tablet) for dialysis,
cell-culture and in vitro studies was purchased by Sigma-Aldrich (St. Louis, MO, USA). The
Plasma Sigma-Aldrich (St. Louis, MO, USA). CellMask Orange Plasma membrane Stain
(Aex/em = 554/567 nm) was purchased from Thermofisher Scientific (Altrincham, UK). The
human glioblastoma cell line U87 MG (passage 30-40) was purchased from ATCC
(Manassas, VA, USA). For cell culture and in vitro studies, we have used Dulbecco Modified
Eagle medium-high glucose (DMEM), foetal bovine serum (FBS), Dimethyl sulfoxide for
molecular biology (DMSO), Thiazolyl Blue Tetrazolium Bromide soybean 297.5% (MTT) and
Trypan Blue purchased from Sigma-Aldrich Co. (St. Louis, MO, USA), Antibiotic Solution
100x liquid purchased and L-glutamine (200 mM) from Himedia (Einhausen, Germany).

.2.1.2 Microfluidic Set-up for coupled Flow Focusing Approach

A quartz microfluidic device (22.5 mm long x 15 mm wide x 4 mm thick) with 5 parallel
inputs and one output purchased from Dolomite Centre Ltd. (Royston, UK) was used to
perform all the experiments (Figure |-1a). The device consists of 5 parallel inlets converging
and intersecting the corresponding end of the central channel at an angle of 45°at the
junction, followed by a straight output channel. All channels have the same approximately
circular cross-section of 160 um x 150 um. Only three of five inlets of the device are used
for LiPoNs production. The chip is compatible with the H interface 7-way (Dolomite
microfluidics, Royston, UK) for tubing connections (Figure I-1b). The device is connected to
a glass middle syringe of 2.5 mL and glass side syringes of 5/10 mL (CETONI GmbH,
Germany) with two FEP tubing segments (Outside diameter ODx Inside diameter ID-
1/16”mm x 0.25 mm—0.8 mmx 0.25 mm) controlled by a low-pressure syringe pump (Low-

24



Pressure Syringe Pump neMESYS 290 N, CETONI GmbH, Germany, Figure I-1c-d). Two-way
in line ETFE valves, connecting syringes with the microfluidic device, make the automatic
fill-in of the syringes feasible, thus allowing a continuous dispensing of reagents. A FEP
outlet tube (OD x ID-0.8 mm x 0.25 mm), which starts from the output of the device, was
employed to collect fluid in a glass vial containing water. The flow focusing behaviour on
the microchannel was observed using an Optical Fluorescence Microscope (Olympus IX71)
with a 4x scanning objective.

Figure I-1. Microfluidic experimental set-up. a) 5 inputs chip A 160 um x 150 um for
Hydrodynamic flow focusing regime; b) 5 inputs chip A compatible with the H interface 7-
way for fluidic connections under the transmission optical microscopy; c) Microfluidic
components and d) microfluidic set-up for the implementation of coupled Hydrodynamic
Flow Focusing.

1.2.1.3 One step HFF for Lipid Polymer Nanoparticles (LiPoNs) Production

A microfluidic process was used to produce a complex nanostructure named LiPoNs. The
first step consisted of preparing the etOH/Water solution containing Lipids in mass ratio
8:1- SPC:Chol. It was kept under continuous stirring overnight and then injected through
the side channels. In the feasibility study, the concentrations of reagents and solvents were
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varied in order to understand their effect on LiPoNs morphologies. Firstly, the
concentration of the lipid was varied from 0.016 to 0.0072 % w/v for a fixed etOH/Water
solution (65/35% v/v) with pure water injected in the middle channel. By fixing the lipid
concentration at 0.0072 % w/v, the effect of two etOH-Water mixture, (65/35% v/v-
80/20% v/v) was observed. Keeping constant the concentration of lipids (0.0072 % w/v)
dissolved in a fixed etOH-Water mixture (65/35% v/v), the effect of a mixture of AcOH-
Water (1 % v/v and 10 % v/v of AcOH) injected in the middle channel was observed. Then,
the water phase, injected in the middle channel, was made of an aqueous solution of
0.01%-0.03% w/v of CH and 1% v/v of AcOH. The volume of the collection was varied from
2 to 8 ml (2,3.5,8 ml). Finally, the flow rates of the middle and side streams were varied, as
reported in Table I-1. These operative conditions are reported in Appendix VI.

Following this study, the conditions for producing LiPoNs were fixed as follows. The first
step involved preparing the etOH/Water solution (65/35% v/v) containing 0.0072% w/v of
Lipids (mass ratio 8:1- SPC:Chol). It was kept under continuous stirring overnight and then
injected through the side channels. The water phase is aqueous solution of 0.01% w/v of
CH and 1% v/v of AcOH. It was kept under continuous stirring for at least 1 h and then
injected through the middle channel. To prepare Gd-DTPA-loaded LiPoNs, the contrast
agent at a concentration of 0.4 % w/v was added to the acid solution containing chitosan
(0.01% w/v). Atto 633, Atto 488 and Irinotecan co-encapsulation was achieved by dissolving
the active agents in the acetic acid solution containing AcOH-CH-Gd-DTA (1% v/v—0.01%
w/v—0.4% w/v). The Atto 633, Atto 488 and Irinotecan concentrations were 24 ug/mL, 32.2
pg/mL and 145 pg/mL, respectively. A Flow Rate Ratio FR? (0.073), defined as the ratio of
the Volume Flow Rate of the middle channel (3 uL/min) and the Volume Flow Rate of the
side channel (41 pL/min), was determined for all formulations. The microfluidic process
was carried out for 40 min or its multiples, and the nanoparticles were collected in a vial
glass containing 3.5 mL of water or its multiples. For large production of LiPoNs, the
proportion was maintained by performing the process for 80 min in a collection of 7 ml of
water. The suspension was stirred for 40 min at room temperature.

.2.1.4 Purification and Concentration of NPs

Purification was performed by mild solvent gradient dialysis in PBS diluted in water (1:1). A
sample volume of 5 ml was loaded in Spectra-Por Float-A-Lyzer G2, red (Molecular Weight
Cut Off, MWCO = 20,000-50,000 Da, Sigma-Aldrich, St. Louis, MO, USA) or Spectra/Por™ 6
Dialysis Membrane Pre-wetted RC Tubing (Molecular Weight Cut Off, MWCO = 25,000—
50,000 Da, Thermofisher, Altrincham, UK) with an external phase of ~ 16 ml. It was kept
under continuous stirring at room temperature for at least one hour. LiPoNs were
concentrated by Rotary Evaporator (BUCHI lItalia s.r.l, Italy) at a vacuum pressure of 20
mbar at 25 °C until the desired concentration was achieved. In the case of the cell viability
assay where a high concentration of material is required (Lipids concentration =~ 1 mg/mL),
additional dialysis by rotary evaporator, at the above-mentioned conditions, was
performed to remove any residual solvent.
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1.2.1.5 Characterisation of LiPoNs Nanoparticles
[.2.1.5.1 Physicochemical Characterisation

Dynamic light scattering (DLS) was used to determine nanoparticle size (Zeta sizer, Malvern
Panalytical, UK). DLS measures the light scattered from a laser that passes through a
colloidal solution, where the nanoparticles in the solution move under Brownian motion.
Analysing the modulation of the scattered light intensity as a function of time, the
hydrodynamic size of particles and particle agglomerates can be determined. The analysis
of the intensity of fluctuations provides information on the diffusion coefficient of the
particles. The diffusion coefficient D is then related to the radius R of the particles by
means of the Stokes-Einstein Equation. The scattering angle used is 173°. The volume of
the sample suitable for DLS analysis is 1 mL in a polystyrene cuvette (Optical Cuvette,
Sarstedt, Italy). The measurement was performed after the stirring, and the appropriate
solvent dispersant (etOH-26 % weight) was selected as the setting for the measurement. In
DLS analysis, the z-Average value and the polydispersity index of the average of three
measurements were collected. The DLS analyses were performed at 25 °C or 37 °C
according to the aim of the analysis. Zeta potential measurements were also performed at
25 °C on a Zetasizer Nano ZS (Malvern Panalytical, UK), loading the high-concentration
surface zeta potential cell (Malvern Panalytical, UK) with 1 mL of the NP suspension. Zeta
potential measurements were performed at 25 °C by a Zetasizer Nano ZS (Malvern
Panalytical, UK), loading Folded Capillary Zeta Cell (Malvern Panalytical, UK) with 1 mL of
NPs suspension. The LiPoNs size was acquired with the DLS upon about 1 h of interaction
with the plasma from humans (1:1) on stirring and diluted in milliQ water (1:9).

The hydrodynamic diameters and particle concentration were measured with a NanoSight
NS300 (NTA version 3.4, Malvern Instruments Ltd, Camera sCMOS, Laser Blue488) at room
temperature. The Nanotracking analysis (NTA) measures with a high resolution the particle
size, and it provides count-based concentration and aggregation measurements. The
scattered light by the particles, loaded into a sample chamber under a laser beam, is
collected by the 20x microscope objective and captured by a camera. The motion of each
particle is acquired and analysed to obtain the particle size. The camera allows the real-
time monitoring of the sample. A manual shutter and gain adjustment are required for the
measurement. The samples were diluted in water (dilution ranging from 10 to 200) in order
to obtain better settings for the analysis. Particle size distribution and concentration were
expressed as the average and standard error of the mean of three measurements.

1.2.1.5.2. LiPoNs Imaging

A Field Emission Scanning Electron Microscope (FE-SEM, Ultraplus Field Emission, Carl
Zeiss, Oberkochen, Germany), Transmission Electron Microscope (TEM, FEl, Hillsboro, OR,
USA) and confocal microscope (Leica Microsystems, Wetzlar, Germany) were used to
characterize the morphology of nanosystem. The SEM observations were conducted by
dropping 20 pL of the nanoparticle suspension on circular coverslips (22 mm), which were
then air-dried overnight. To eliminate charging and improve contrast, nanoparticles are
coated with 5 nm Au prior to the observation with 208HR High Resolution Sputter Coated
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(Cressington). For the TEM analyses, the samples were prepared using Formvar/Carbon
200-mesh Cu Agar Scientific Ltd. (Stansted, UK) using 8 pL (two drops of 4 pL) of the
suspended nanoparticles with and without staining. Negative staining is performed using a
phosphotungstic acid solution (2% w/v) directly on the deposit for 45 s or using osmium
tetroxide smoke (1% w/w) overnight. Then, the air-dried samples (overnight) were directly
examined under the TEM. The nanoparticles were stained with CellMask Orange Plasma
membrane Stain (dilution 1:10%) for a few minutes, and then 10 pL of that solution was
dropped on 25 mm FluorDish. The stained and not-stained NPs were observed using a TCS
SP5 Confocal Laser Microscope with a 60 x Oil objective. Lasers with different wavelengths
were used for CellMask Orange Plasma membrane Stain, Atto 633 and Atto 488 dyes at 543
nm, 633 nm and 488 nm for the excitation and 610 nm, 657 nm and 515 nm for the
emission, respectively.

1.2.1.5.3 In Vitro MRI

The relaxometric properties of blank nanoparticles (LiPoNs) and nanoparticles containing
Gd-DTPA (Gd-DTPA LiPoNs, Atto 633-loaded LiPoNs (Atto633 LiPoNs), Atto 633 co-loaded
Gd-DTPA LiPoNs (Atto633-Gd-DTPA LiPoNs), Irinotecan-Gd-DTPA co-loaded LiPoNs (IRI-Gd-
DTPA LiPoNs)) were tested by in vitro MRI. The data were compared with Gd-DTPA
calibration curves dispersed in water (Appendix, Figure VI-8a) ranging from 0 to 100 uM. A
total of 300 L of NPs and diluted NP suspension in water (1:1) were dropped in an NMR
tube, and the changes in relaxation time (T1) were evaluated at 1.5 Tesla by a Minispec
Bench Top Relaxometer (Bruker Corporation) at 37 °C. The Free Induction Decay sequence
(FID) was used to evaluate the best value of the gain to control the saturation of the signal.
Longitudinal relaxation times, T1, were determined by saturation and inversion recovery
pulse sequence. The relaxation time distribution was obtained by CONTIN Algorithm.

1.2.1.5.4 Evaluation of Co-Encapsulation Efficiency

The Multiplate Reader Photometer Enspire Perkin-Elmer Inc (Waltham, MA, USA) was used
to quantify the encapsulation efficiency (EE %) of Atto 633, Atto 488 and Irinotecan. The
absorbance (Aabs = 368 nm) of the IRI-Gd-DTPA LiPoNs was correlated to the IRI calibration
curve at concentrations ranging from 0.5 to 100 uM (Appendix VI, Figure VI-8a). The
fluorescence of Atto 633 (Aex/em = 630/651 nm) from 25 ng/mL to 4 ug/mL for Atto 633
(Appendix VI-Figure VI-8b). Triplicates of each measurement were performed. The
encapsulation efficiency of Gd-DTPA, the co-encapsulation of the fluorophores and
Irinotecan (EE%) was calculated as:

EE%= - x 100 (1)
Cr

where Cy; is the measured concentration of suspension, and Cp is the theoretical
concentration used in the microfluidic process.
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1.2.1.6 Cell Viability by MTT assay

Human brain glioblastoma astrocytoma cells, U87 MG, were cultured in Dulbecco’s
modified Eagle’s medium (DMEM), containing FBS (10% v/v), L-glutamine (1% v/v) and
penicillin-streptomycin (1% v/v), at 37 °C in water-saturated air supplemented with 5%
CO2. For the cytotoxicity measurements, 2 x 10* U87 MG cells/well were plated in 96-well
plates (Corning, Costar, Merck) for 24 h before the addition of the LiPoNs. Fresh medium,
containing an increasing concentration of nanoparticles, was added to each well, and the
cells were incubated for 24 h or 48 h according to the study. For the evaluation of LipoNs’
biocompatibility, an increasing concentration of LiPoNs, Gd-DTPA LiPoNs and Atto633-Gd-
DTPA LiPoNs (Lipid concentration: 2—42 ug/mL; chitosan concentration: 0.07-2.1 pg/mL;
Gd-DTPA concentration: 3—105 puM; Atto 633 concentration: 0.01-0.3 pug/mL) was tested
for 24 h. Conversely, for the evaluation of IRI-Gd-DTPA-loaded LiPoNs’ effect on cell viability
with respect to free drugs, 7.7 uM of Irinotecan in LipoNs (Lipid concentration: 0.4 mg/mlL,
Gd-DTPA concentration: 1.25 mM) and free IRl were tested for 24 h and 48 h on 1.5 x 10*
U87 MG cells/well. To exclude any additional cytotoxic effects with respect to Irinotecan,
the blank formulations in the same conditions (LipoNs-Lipid concentration: 0.4 mg/mL)
were tested. At the end of the incubation time, the media were then removed, the cells
were washed with PBS and a fresh medium containing MTT at a final concentration of 0.5
mg/mL was added to the cells. After 3 h of incubation, the medium was removed, and the
insoluble formazan crystals synthesised by the live cells were dissolved in 200 pL of DMSO.
After 30 min of incubation, the absorbance (Aabs = 556 nm) of the solution was then
recorded in triplicate using a Multiplate Reader Photometer Enspire from Perkin-Elmer Inc.
(Waltham, MA, USA). The viability percentage of nanoparticle-treated cells was evaluated,
with the cells not treated with nanoparticles or active agent considered as the control.

AU of Cells tested with NPs
AU of Untreated Control Cells

Cell viability % = x 100 (2)

where the AU is the measured Absorbance in triplicate.

1.2.1.7 Flow Cytometry Analysis

Prior to the addition of NPs, 5 x 10* U87 MG cells/well are seeded in a 48-well plate
(Corning, Costar, Merck) and incubated for 24 h. Afterwards, cells were incubated with a
culture medium containing an increasing concentration of Atto633-Gd-DTPA LiPoNs (Lipid
concentration: 30-60-90 pg/mL, Gd-DTPA concentration: 75-150-225 uM, Atto 633
concentration: 0.2-0.4-0.6 pg/mL) for different time intervals according to the uptake
study. The time intervals for the cellular uptake study with a Lipid concentration of 90
ug/mL in LiPoNs were set to 2 h, 4 h, 6 h, 8 h and 24 h, while for a comparative study of
LiPoNs’ uptake at different concentrations (30-60-90 pg/mL Lipid concentrations), the
time intervals were 4 h, 8 h and 24 h. Negative controls were the complete medium
condition without NPs. Then, the medium was removed, and the samples were washed
three times with PBS (1x) to ensure particle removal from the outer cell membrane. Cells
were then trypsinised for 5 min at 37 °C and transferred from the cell culture medium
(without phenol red) to polystyrene round-bottomed tubes (Falcon round-bottom,
Thermofisher, Altrincham, UK) on ice. The samples were analysed by flow cytometry using
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a BD FACSCelesta Cell Analyzer (BD Biosciences, New Jersey, USA). A total of 10.000 events
were recorded for each sample in triplicate, and the cells were gated using Forward
Scattering Area (FSC) and Side Scattering Area (SSC). For the FI distribution, the cells were
excited at 561 nm, and the fluorescence emitted by Atto 633 (PE_Cy5_A, Filter 688/33) was
collected in the PE_CY5_A channel. The autofluorescence of the cell line was determined
by untreated cells, which were used as a control. The data obtained by BD FACSCelesta Cell
Analyzer were analysed with CytoFlow software (v1.1.1, Massachusetts Institute of
Technology 2015-2018, Cambridge, MA, USA). The results are reported in Figures S8—S10
as the geometric mean of Fluorescence Intensity (Fl), Side Scattering (SSC) and Forward
Scattering (FSC), and the error bars are the standard deviations between the replicates.
The raw flow cytometry data of U87 MG cells positive (orange) or not (blue) to a threshold
gate for PE_ Cy5_A channel are reported in Appendix VI- Figure VI-12-14.

1.2.1.8 Cell Uptake Study by Confocal Imaging

The Atto633-Gd-DTPA LiPoNs cellular uptake was studied by confocal imaging. First, 5 x 10*
U87 MG cells/well were seeded in p-Slide 8-Well (Ibidi, Bayern, Germany) and cultured for
24 h. The medium was removed, and a fresh medium with Atto633-Gd-DTPA LiPoNs
(Lipids:90 pg/mL, Gd-DTPA:225 uM, Atto 633:0.6 pg/mL) was added and incubated for 24
h. For the cell membrane staining, CellMask Orange Plasma membrane Stain (dilution
1:10°) was added to the cells for =15 min and then replaced with PBS for live acquisition.
Live cells were observed with a Leica Microsystems TCS SP5 Laser Scanning Confocal
Microscope (Wetzlar, Germany) with a 60xQil objective. Atto633-Gd-DTPA-loaded LiPoNs
were excited with the HeNe 633 nm laser, and a bight field was used to assess cell
morphology. The Z-Stack videos were recorded by acquiring one image every 15 s for up to
~8 min for cells exposed to Atto633-Gd-DTPA co-loaded LiPoNs.

|.2.2 Results and discussion

.2.2.1 Rational design to address stability across biological barriers

The biological barriers play an important role in the therapeutic efficacy of NPs, as
demonstrated by the poor clinical outcome of contemporary NPs[9]. Thus, a
comprehensive understanding of the interactions between these barriers and
nanoparticles is crucial for engineering advanced nanoparticles based platforms for cancer
treatment[10]. Analysing these nano-bio interactions, general trends emerged in terms of
the percentage of injected dose (ID) of NPs that reached the tumour site. Firstly, NPs
characterized by a hydrodynamic diameter smaller than 100 nm show a higher delivery
efficiency with an ID of 0.7 % with respect to larger particles (0.6%ID). Neutral charged NPs
(0.7 % ID) with a zeta potential between -10 to +10 mV, tend to have a higher delivery
efficacy, with respect to positive (>10mV, 0.6 % ID) or negative nanoparticles (<-10 mV, 0.5
% ID). Regarding the shape, rod-like nanostructure (1.1 % ID) reported a higher delivery
efficacy with respect to spherical (0.7 % ID) and plate nanoparticles (0.6 % ID)[8]. Regarding
the elasticity of NPs, no general conclusions can be stated due to the low and contradictory
amount of data[11, 13, 36]. Given this fact, soft NPs or with moderate elasticity display
longer circulation time and high tumour accumulation due to the reduction in macrophage
uptake[42], high tumour penetration and cell interaction[11, 13].
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Following these considerations, about the impact exerted by the size, shape, charge and
elasticity on the in vivo performance of the carriers, among the vectors capable of acquiring
controllable mechanical properties, we selected hybrid lipid-polymer nanoparticles[11,
36]. These carriers combined a lipid mixture with a polymer core to face the stability issues
associated with lipid-based carriers[4, 14]. These structures, thanks to the combination of
both materials, demonstrate high structural integrity, stability during storage, controlled
release and improved nano-bio interactions[43, 44]. In our case, the Lipid-Polymer NPs
(LiPoNs) are made of a core-shell structure, where a lipid bilayer surrounds the chitosan
core. We selected as lipids a mixture of phosphatidylcholine (PC) and cholesterol to confer
to nanoparticles improved stability, cellular delivery efficacy, prolonged blood circulation
and fluidity[40]. The cholesterol addition had the aim of enhancing particle stability by
modulating membrane integrity and rigidity[45-47]. The lipid layer masked the positive
charge of chitosan and conferred a slightly negative charge to the vehicle reducing the
elimination through MPS[10]. At a cellular level, the biomimetic nature of lipids improved
the presentation of chitosan and the cargo to the cell membrane[48], while the sponge
effect of positive charge chitosan pushed the delivery of the cargo in the cytoplasm,
avoiding its degradation in late endosomes or lysosomes[49, 50]. In our case, we selected
not to crosslink the core of the lipid-polymer to achieve a moderate elasticity to the carrier
and improve its cellular interaction. Indeed, Guo et al.[13] reported improved cellular
uptake of nanogels with a lower extent of the crosslinking core.

.2.2.2 Coupled Hydrodynamic flow focusing to produce Lipid-Polymer NPs

A well-established technique for liposome production is thin-film hydration, which consists
of swelling dry phospholipid films in excess water under vigorous shaking, inducing
spontaneous vesicle self-assembly[51]. However, this spontaneous bulk process is unable
to control the physical properties of the final products[30]. Recently, microfluidic systems,
outdoing the mentioned limitation, offer control over the confinement microenvironment
with a dimension of the nanoparticle itself[52]. In these systems, the formation of specific
nanostructures is achieved by the Hydrodynamic Flow Focusing (HFF), where the
nonsolvent phase, flowing through two side channels, focuses the solvent phase in the
middle channel[53].
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Figure I-2. Schematic illustration of nanoprecipitation and self-assembly processes
implemented in microfluidics. a) Sketch of coupled Hydrodynamic Flow Focusing (cHFF),
implemented by injecting Lipids dissolved in Ethanol/Water (etOH/Water, yellow stream)
in the side channels and chitosan in Acetic Acid/Water (AcOH/Water, red stream) in middle
one, for Lipid—Polymer Nanoparticles’ (LiPoNs) production (blue stream). b) Schematic
diagram of LiPoNs forming process in the cHFF: (I) Chitosan and Lipids dissolved in solvent
mixture injected into the microfluidic channels; (II) Chitosan supersaturation and Lipid
monomers formation; (lll) Chitosan Nuclei and Lipid micellization; (IV) Chitosan
intermediate and bilayer fragments formation; (V) Lipid—chitosan nanocomplex
production.

Here, coupled Hydrodynamic Flow Focusing (cHFF), as schematised in Figure 1-2, is
proposed for the first time to produce a complex lipid—polymer nanosystem named LiPoNs.
The ability to manage two thermodynamic processes is obtained simultaneously by
controlling the time scales of solvent exchange[30, 54], to induce the polymer precipitation
and the self-assembly of bilayer fragments that coat the NPs’ surface. The peculiarity of the
proposed approach for the synthesis of LiPoNs (Figure 1-2a,b, region I) relies on the
injection of two lateral lipid streams, dissolved in a variable ethanol-water (etOH/Water)
ratio, that squeeze the chitosan (CH), dissolved in an acetic acid (AcOH) solution, injected
into the middle channel. On the contrary, in the literature, the formation of liposomes is
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typically performed by injecting the lipid solution into the main channel [8,37,38]. The cHFF
features govern the competition of two solvent extractions and therefore coordinate the
relative kinetics of nuclei and the growth of two phenomena: nanoprecipitation and self-
assembly. The steps of cHFF involve a rapid nucleation rate of chitosan, self-assembly of
lipids in bilayer fragments and, finally, the coupling of chitosan with the bent bilayer
fragments. Consequently, the rapid chitosan precipitation mediates the bilayer fragments’
enclosure. Indeed, the designed cHFF leverages rapid acetic acid (AcOH) extraction that
promotes fast nucleation, leading to almost monodisperse chitosan nanoprecipitate
(Figure 1-2a,b, region 1l). Simultaneously, once the lateral solution comes in contact with
the middle flow, the lipids are no longer solubilised and begin to assemble in bilayer
fragments due to the organic solvent extraction (Figure 1-2a,b, region IlI-IV). Then, the
already formed bilayer fragments (slightly negatively charged) diffuse to the polymer nuclei
nanoparticles (positively charged), covering their surface and inhibiting the further growth
of chitosan nuclei, finally stabilising the LiPoNs complex. (Figure 1-2a,b, region V).

.2.2.3 Successful conditions to produce LiPoNs in coupled Hydrodynamic Flow

focusing
We investigated the process parameters in terms of fine-tuning the flow rates, solvent—
nonsolvent ratio, solute concentration and FR?, which govern the coupling time of
thermodynamic phenomena: nucleation of chitosan particles, self-assembly of lipid
fragments and final interaction of these intermediate structures. In this work, FR? is defined
as follows:
RZ_Volume Flow Rate of AcOH/Water solution (Middle phase)

(3)

Volume Flow Rate of etOH/ Water solution(Side phase)

A preliminary study was performed (Table I-1) evaluating the effect of solvent-non solvent
ratio (etOH/Water: 80/20%v/v and 65/35% v/v; AcOH/Water: 1/99% v/v and 10/90% v/v)
and the concentration of the reagents (Lipids: 0.016% w/v and 0.0072% w/v; chitosan:
0.01% w/v and 0.0375% w/v) for a proper interaction of both Lipids and chitosan
components. Then, the effect of the FR? on the morphology of LiPoNs was assessed. A
feasibility study was conducted by ranging FR? from 0.024 to 0.68, which was obtained by
keeping the lateral flow rate at 41puL/min and increasing the middle one from 1 to 28
puL/min. Finally, the effect of the collection volume was also analysed by considering a
collection volume of 2, 3.5 and 8 mL. Detailed results of the entire experimental campaign
analysed by TEM and DLS are reported in Table I-1 and Appendix-Figure IV-1-5.

Table I-1. Range of process parameters performed in the preliminary experimental study
in terms of average size and polydispersity index (PDI).
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> etOH/Water | AcOH/Water Collection fiddis
SPC:Chol Lipids ) ) CH Flow: Average
A ratio ratio Volume FR? 2 . PDI
Mass ratio (% w/v) (% w/v) Side Flow | Size (nm)
(% v/v) (%v/v) (mL) <
(pL/min)
0.016 64/36 / / 4 / /
80/20 / / 177.2 0.503
/ / 126.9 0.401
10/90 / 0.51 21:41 204.3 0.283
/ 225 0.394
0.0375 242.8 0.569
2 131 0.554
0.68 28:41 186.7 0.534
8:1 0.0072 0.34 14:41 199.7 0.367
: 65/35 0.17 7:41 134.1 0.491
1/99 0.073 3:41 66.79 0.269
0.01 0.024 1:41 100.2 0.349
0.17 7:41 87.14 0.150
35 0.12 5:41 88.22 0.148
0.073 3:41 77.45 0.218
0.024 1:41 110.5 0.157
8 0.073 31 308.7 0.337

Notes: Ethanol (etOH), Acetic Acid (AcOH), Soybean Phosphatidylcholine (SPC), Cholesterol
(Chol), Lipids (mass ratio 8:1 SPC:Chol), chitosan (CH), FR? (Flow rate ratio).

The stability of the microfluidic process and the absence of massive precipitation combined
with the evaluation of the morphologies guided the identification of the main operative
conditions to obtain stable structures. As a result of optimisation studies for LiPoNs’
synthesis, the value of FR2 equal to 0.073 (obtained at a middle flow rate of 3 uL/min, a
side flow rate of 41 ulL/min), a chitosan concentration of 0.01% w/v (dissolved in acetic
solution 1 % v/v- middle phase) and a Lipid concentration of 0.0072 % w/v (dissolved in
etOH/Water 65/35 % v/v- side phase), were proven to be the optimal conditions and were
further used for all the experiments. The LiPoNs nanoparticles obtained directly from the
device were measured by Dynamic Light Scattering instrument (DLS). The size distribution
reported a peak at 94 nm with an average size of 77.4 nm. The NTA analysis for LiPoNs post
dialysis procedure showed an average size of 119 nm with a mode of 73.3 nm. The lower
size of LiPoNs measured by DLS could be linked to the ethanol residue that could have
induced a shrinkage of the liposomes due to membrane undulation[55]. The TEM image of
LiPoNS stained with osmium smoke and the SEM confirm the monodisperse population of
LiPoNs (Figure I-3b). The staining with osmium smoke enhances contrast of lipid material
making it darker. A TEM image without any staining of LiPoNs is reported to show the core-
shell structures of NPs.

34



FR% 0.073)

9
2 \
21 |
[ —4
g| | \
= |

[\

[

N

J

1 1 ik 1 1
0 200 400 600 800

Size (nm)

100_nm

31200 nm

Figure 1-3. LiPoNs size distribution and morphological characterisation. a) Particle size
distribution, b)TEM image (stained with osmium smoke), ¢) TEM image and d) SEM image
of LiPoNs performed at optimal conditions, with a Lipids concentration of 0.0072% w/v
(mass ratio 8:1 SPC:Chol) dissolved in etOH/Water (65/35 % v/v ) and a CH concentration
of 0.01% w/v dissolved in acid solution (AcOH-1 % v/v) at FR? of 0.073.

Confocal images are also performed to support the morphological characterisation
provided by TEM images. To confirm the presence of a lipid shell, we performed a staining
of LiPoNs with CellMask Orange Plasma, which are amphipathic molecules mainly used for
staining cell membrane. Red fluorescent spots are detected in AppendixVI-Figure VI-6. The
Lipid-Polymer nanoparticles displayed a slightly negative charge -17.4 mV which may be
attributed to the replacement of a phospholipid by cholesterol (mass ratio 8:1 of SPC:Chol).
The slightly negative charge of LiPoNs combined with an average size lower around 100 nm
strongly improve the nano-bio interactions these carriers will encounter during their
transport across multiple barriers. Yamamoto et al.[56] reported a long circulation time
and lower accumulation in the spleen and liver for neutral and anionic NPs, mainly due to
lower absorption of serum proteins. Regarding the size, spherical nanoparticles with a size
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smaller than 100 nm have higher delivery efficacy in tumour due to their long half-live
which increased their probability to extravasate the fenestrations (380-700 nm) in the leaky
vasculature[57]. Indeed, NPs with an average size of 100 nm may avoid renal clearance
(<5nm) and accumulation in liver due to its vascular fenestrations (>150 nm)[57].
Moreover, the sizes of interendothelial cell slits are round 200-500 nm, leading to the
retention of NPs > 200 nm, while particles larger than 2-5 um accumulate within the
capillaries of the lungs[10].

.2.2.4 Stability Study of LiPoNs
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Figure I-4. Physical Stability Study of LiPoNs. a) particle size distribution is expressed as
the average and standard error of the mean LiPoNs’ concentration (particles/mL) evaluated
in PBS (diluted 1:200) for five measurements. b) LiPoNs’ average size and standard
deviation observed at 37 °C for several time points (up to 13 h). c) LiPoNs’ average size and
standard deviation observed at 37 °C (diluted 1:9) for several time points (up to 11 h). d)
TEM image of LiPoNs following the contact with the plasma.
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Nanoparticle Tracking Analysis (NTA) measurement was performed to assess aggregation
phenomena and stability of LiPoNs. It allowed a dynamic observation, counting and sizing
of LiPoNs and a high-resolution of their distribution[58]. The NTA results of LiPoNs diluted
in PBS 1:200 are shown in Figure I-4. The mean size and the mode of nanoparticle size are
94.7 nm and 79.7 nm, respectively, with 90% of the nanoparticles being <137.2+ 6.1 nm
(Appendix-Figure VI-7). The real-time visualisation (Appendix-Figure VI-7) of LiPoNs as
individual particles confirmed their stability in PBS. The nanoparticle concentration is
around 0.5-1 x e particles/mL.

When injected into the body, the rapid temperature increase at 37 °C could lead to some
destabilization phenomena that alter the NPs features and consequently their performance
in vivo[7]. Stress tests studies, on lipid-based NPs were highly encouraged by the FDA as
reported in their guideline for liposome drug products addressed to the industry in
2008[59, 60]. Indeed, liposomes are prone to degradation due to the hydrolysis of
saturated and unsaturated lipids. We evaluated their size distribution over time (up to 13
h) at 37 °C by DLS, and no significant increase in their average size and St.Dev was observed
(Figure 1-4b ). Similar formulations to LiPoNs reported a decrease in plasma concentration
within 11 post-injection (with a Ty ,a of 28.08 min and T; /, 8 of 297.05 min)[61]. In our
case, the LiPoNs preserve the size over time, maybe due to electrostatic interaction
between the chitosan entrapment and lipid bilayer that could reduce the phosphate
group’s motional freedom, increasing the stability[62].

The first biological barrier encountered by the NPs is the blood, where they interact with
plasma proteins and blood cells[9]. The circulation time of NPs is affected by the
composition and structure of protein corona[63]. The knowledge of how protein corona
affects the biological performance of liposomes is not fully elucidated. Indeed, any changes
in surface charge, size and lipid composition (including acyl chain length and saturation) of
lipid-based carriers affect the protein bindings to the lipid-based NPs[64]. Therefore, to
assess the LiPoNs stability in a more complex environments, such as plasma from the
human. We reported an increase in the average size of LiPoNs in the first 2 h, from 126 nm
to 146 nm, without any further significant variations (Figure I-4c). Even though the addition
of proteins on LiPoNs may have increased the hydrodynamic diameter of NPs around 50
nm, no huge differences have been detected in size and aggregation phenomena. This
limited increase in the binding of proteins could be related to the small size of the NPs that
consequently display a low surface area and curvature available for absorption[65]. In
addition, the slightly negative charge (-17.4 mV) and the cholesterol addition of LiPoNs
could reduce interaction with the proteins[6, 56]. However, the TEM image reported a
partial aggregation of NPs with the fusion of lipid bilayers, maybe due to some bilayer
destabilizations or absorption of protein[66, 67]. Therefore, further investigations of
phenomena involved in more realistic models where the contact with plasma proteins is
evaluated in-flow, under shear stress conditions, are required[68-70].
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.2.2.5 Co-Encapsulation Efficacy of Multifunctional LiPoNs

The core-shell nanostructure of lipid-polymer NPs, made up of two different materials, is
suitable for compound loading. The payload agents, Gd-DTPA, Atto633 and Irinotecan, are
dissolved in chitosan solution and then injected into the middle channel, forcing their
loading into the core of the LiPoNs’ complex. The addition of Gd-DTPA to the polymer
solution (mass ratio 1:40 of CH:Gd-DTPA ) did not produce any instabilities at the flow
focusing interface, however, higher precipitation along the device is observed. The loading
of Gd-DTPA slightly increases the LiPoNs size to 95 nm (Table I-2). The morphology of
LiPoNs slightly changed due to the entrapment of the compound, leading to a less stained
core. The diagnostic properties of the carriers were measured at 37 °Cand 1.5 T, reporting
an in vitro longitudinal relaxation time T; of 1691 ms. The Encapsulation efficacy for the
Gd-DTPA was around 78%, quantified from a calibration curve (Appendix- Figure IV-8) with
the Minispec Bench Top Relaxometer (Bruker Corporation). A reduction of the negative
charge to -11 mV was shown for Gd-DTPA LiPoNs.

=— Water

* LiPoNs

+— Gd-DTPA LiPoNs
Atto633 LiPoNs

v Atto633-Gd-DTPA LiPoNs
IRI-Gd-DTPA LiPoNs

S
2
E7]
[ =4
2 .
*x
{: |
Y
i
P
E i ..v,._v._v:v‘:..ghr\n,\,.,.
1 1 1 1 1
0 2000 4000 6000 8000
Time (ms)

38



Figure 1-5. Multimodal imaging properties of LiPoNs. a) TEM image of Gd-DTPA-loaded
LiPoNs stained with osmium smoke; b) in vitro MRI. Comparison of longitudinal relaxation
time distributions of water, LiPoNs, Gd-DTPA-loaded LiPoNs, Atto633-loaded LiPoNs,
Atto633-Gd-DTPA co-loaded LiPoNs, IRI-Gd-DTPA co-loaded LiPoNs, ¢) optical imaging of
Atto 488-loaded LiPoNs by confocal microscopy; d) merge fluorescent image of Atto 488
(green) and CellMask (red) of Atto 488-Gd-DTPA co-loaded LiPoNs stained with CellMask™
Orange Plasma membrane stain (dilution 1:10%).

We next examined the optical and theranostic properties of LiPoNs by simultaneous
encapsulation of Gd-DTPA and active agents (Atto 633/Irinotecan) alternatively. In vitro
longitudinal relaxation time T1 of different formulations of LiPoNs and water are shown in
Figure I-5b. No changes in the longitudinal relaxation time were observed due to co-loading
of Atto633/ Irinotecan. Indeed, the LiPoNs preserved the EE % around 67%. The amount of
co-loaded Atto 633 and Irinotecan has been quantified through measurements with the
Multiplate Reader Photometer starting from a calibration curve (Appendix-Figure VI-8). The
co-EE% of Irinotecan was 36%, while the co-EE % of Atto 633 was 55%. The co-loading of
Gd-DTPA did not affected the Atto633 loading. A further increase in the size of Gd-DTPA
LiPoNs was observed for the loading of Irinotecan to 112.8 nm (Table I-2).

Table 1-2. Table summary of average size, polydispersity index (PDI) and zeta potential for
different LiPoNs formulations.

FR2 Average size (nm) PDI Zeta Potential

(mv)

LiPoNs 77.4 0.22 -17.4

Gd-DTPA-LiPoNs 95.3 0.3 -11

Atto633- LiPoNs / / -3.7

0.073

Atto633-Gd-DTPA- / / -10.9

LiPoNs

IRI-Gd-DTPA- LiPoNs 112.8 0.28 -14.2

The confocal observations confirmed the optical properties of LiPoNs, as shown in Figure I-
5c and Appendix- Figure IV-9. To gain more insight into the structural properties of LiPoNs,
we compared the loading of the fluorescent agent within the chitosan core and the
CellMask Orange Plasma membrane staining of the lipid components using a confocal
microscope. The overlapping of the CellMask Orange Plasma membrane stain and
fluorescent spherical spots of Atto 488 and Atto 633, are shown in Figure I-d and Appendix-
Figure VI-9, respectively.
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.2.2.6 In Vitro Cytotoxicity Study

Lipid-based NPs are usually considered pharmacologically inactive compounds as well as
chitosan NPs [71]. As a reference, good biocompatibility of liposomes composed of Soy
Lecithin and cholesterol with concentrations ranging from 0 to 500 ug/mL has already been
reported[72]. Chitosan is a natural and biocompatible polymer, and it exhibits cytotoxicity
at concentrations higher than 0.741 mg/ml[73]. However, any changes in materials
compositions, surface charge, time and dose of exposure can lead to cytotoxic effects.
Therefore, we tested LiPoNs formulation at increasing concentrations (lipids concentration
2-42 pg/mL; chitosan concentration 0.07-2.1 ug/mL) for 24 hours through MTT assay
(Figure 1-6). The MTT assay quantified the alteration of cell metabolism by the detecting of
dehydrogenase activity in viable cells. No significant reduction in cell viability % for all
tested formulations was detected.
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Figure I-6. In vitro citotoxicity. Cell viability % of U87 MG cells exposed to an increasing
concentration of LiPoNs, Gd-DTPA-loaded LiPoNs and Atto 633-Gd-DTPA co-loaded LiPoNs
(Lipid conc.: 2-42 pg/mL, chitosan conc.: 0.07-2.1 pug/mL, Gd-DTPA conc.: 3—105 pM, Atto
633 conc.: 0.01-0.3 pg/mL) for 24 h.
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1.2.2.7 Evaluation of cellular uptake of multimodal imaging LiPoNs

A preliminary study of the cellular uptake kinetics of LiPoNs is performed by fluorescence-
activated cell sorting (FACS) and confocal microscope imaging. U87 MG cells, upon
incubation with Atto633-Gd-DTPA LiPoNs, at a lipid concentration of 90 pg/mL, were
investigated individually for up to 24 h (Figure I-7a—c).
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Figure I-7. Quantitative uptake of multimodal imaging LiPoNs by U87 MG cells. a)
Fluorescent Intensity (Fl); b) Side Scattering Area (SSC); c) Forward Scattering Area (FSC) of
U87 MG cells exposed to Atto633-Gd-DTPA co-loaded LiPoNs (Lipids conc.: 90 pg/mL, Atto
633 conc.: 0.6 pg/mL, Gd-DTPA conc.: 225 uM) for different time points: 2 h,4 h,6 h, 8 h
and 24 h. d) Merge image of the transmission and fluorescence (Atto633) images obtained
by confocal microscopy of U887 MG cells treated for 24 h with the 90 pg/mL of Atto633-Gd-
DTPA LipoNs.

The fluorescence intensity of cells (Figure 1-7a) rises quickly (2 h) and pursues linearly over
time (24 h). FACS was used for the analyses of the samples with the same concentration in
terms of Forward Scattering (FSC) and Side Scattering (SSC) intensity after incubation of
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Atto633-Gd-DTPA-loaded LiPoNs (Figure I-7b,c). The SSC signal is known to be related to
the inner complexity or granulometry of the cells and the internalisation of NPs inside the
cells[74]. Our data show an increase of SSC signal with longer times of incubation (Figure I-
7b). The FSC is related to cell size and the cell death process[74]. In this case, no changes
in FSC signal were reported, reiterating the high biocompatibility of LiPoNs nanosystems
(Figure I-7c). These results match the Fl signal already described (Figure I-7a) and confirm
the LiPoNs uptake kinetics.

Analysing the fluorescence signal of the cells treated with an increasing concentration of
LiPoNs (30—90 pg/mL) provides additional insights regarding their uptake kinetics (Figure
VI-10). Further tests to evaluate the effect of the LiPoNs concentration, ranging from 30 to
90 pg/mL, on cell uptake are reported in Appendix-FigureVI-10. The results show a rise in
the fluorescence signal in correlation with the increasing concentration of LiPoNs tested,
but a more marked dose-dependent effect is observed over longer times. In the case of a
lower LiPoNs concentration, the cell fluorescence increases within 4 h, and remains almost
unchanged until 24 h. The results are coherent also with SSC and FSC acquisitions
(Appendix-Figure VI-10).

Regarding uptake kinetics, all tested concentrations (Figures I-7a—c and VI-10) show a high
uptake rate in the first 4 h of incubation, so we assume that LiPoNs uptake occurs mainly
in the first 4 h. This linear increase in the mean fluorescence without any saturation
phenomena at shorter periods was previously reported as energy-dependent uptake[75].
The raw flow cytometry data of U87 MG cells exposed to increasing concentrations of Atto
-Gd-DTPA-loaded LiPoNs (Lipids conc.: 30-60-90 pg/mL) at different time points (4 h; 8 h;
24 h) are reported in Figure VI12-14.

We also establish the localisation of LiPoNs within the cells by imaging U87 MG cells treated
with Atto633-Gd-DTPA LiPoNs, at a lipid concentration of 90 pg/mL, for 24 h with a confocal
microscope (Figure I-7d and Figure VI-11). The Merge Z-stack video of the transmission and
fluorescence (Atto 633) of the cell treated with LiPoNs shows the internalisation of NPs
within the cells.

We can hypothesize that the increase in the mean fluorescence intensity at 24 h for a higher
LiPoNs concentration is mainly due to the large number of NPs still available in the
extracellular medium; therefore, their uptake is continuous over time. This latter
statement is confirmed quantitatively by confocal Z-stack images where LiPoNs were
localised near to cytoplasmic membrane of the minority of the cells even after 24 h.

This finding, in accordance with Daphne Montizaan et al.[76] which reported that the
uptake of zwitterionic and negatively charged liposomes, is typical of an energy-dependent
mechanism, particularly clathrin-mediated endocytosis. However, the liposome-cell
interaction can also occur through three other mechanisms (adsorption, lipid exchange and
fusion)[77, 78]. Therefore, the lipophilic interaction of LiPoNs with the cell membrane could
induce a direct uptake by passive diffusion[79] in parallel to an energy-dependent
mechanism. Indeed, Guo et al.[13] reported that the cell internalisation pathway shifts
from fusion to endocytosis by altering the elasticity of particle nanolipogels, changing the
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extent of crosslinking of the core material encapsulated in the liposome. In our case, the
un-crosslinked core in LiPoNs could confer a moderate elasticity to nanoparticles mediating
the cellular uptake of both: fusion and endocytosis pathways.

These behaviours required further investigation because differences in the nanoparticle
formulation (head group of lipids, cholesterol addition, size, protein corona absorption),
cell type and nanostructure elasticity, which can be controlled by microfluidics, strongly
affect the NPs uptake behaviour[77, 78, 80].

.2.2.8 In Vitro Assessment of Cytotoxicity Activity of Theranostic IRI Gd-DTPA-
loaded LiPoNs

Irinotecan hydrochloride (IRI) is a semisynthetic of camptothecin used to inhibit
topoisomerase-l (Topo 1), producing DNA strand breaks and inducing cell death[81].
Indeed, in Phase I/l trials, Irinotecan has shown encouraging results for treating malignant
glioma alone or in combination with other cytotoxic drugs[82]. To test the biological activity
of theranostic Irinotecan Gd-DTPA co-loaded LiPoNs (IRI-Gd-DTPA LiPoNs) on human
glioblastoma cells (U87 MG), a quantification of their cell cytotoxicity was performed.
Therefore, the MTT assay on U87 MG glioblastoma cells was used to assess the improved
efficacy of the IRI-Gd-DTPA LiPoNs formulation in comparison with free drug (Figure I-8) on
cell survival and growth.
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Figure 1-8. Viability of U87 MG cells treated with theranostic LiPoNs. Comparison of cell
viability % of U87 MG cells treated for 24 h and 48 h with 7.7 uM of free Irinotecan and in
IRI-Gd-DTPA co-loaded LiPoNs formulation (lipid conc.: 0.4 mg/mL, Gd-DTPA conc.: 1.25
mM). The cell viability % of U87 MG cells in the presence of blank LiPoNs at the same tested
conditions of IRI-Gd-DTPA LipoNs is reported.

U87-MG cells were treated with 7.7uM of free Irinotecan alone and loaded in LiPoNs (IRI-
Gd-DTPA LiPoNs) for different time intervals (24 h and 48 h) (Figure 1-8). Blank LiPoNs were
tested in the same conditions as a control.
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At 24 h, in the case of IRI-Gd-DTPA-loaded LiPoNs, a reduction in cell viability down to 78.5%
*+ 5 was detected. Moreover, the results at 48 h show a cell survival decreased from 100 to
61.7% 12 and 79.9% +4 when the cells were incubated with IRI-Gd-DTPA LiPoNs and free
IRI, respectively. The most pronounced difference between the LiPoNs’ formulation and
free drug on the cell viability reduction was observed and highlighted at a longer incubation
time of 48 h.This effect is in line with the pharmacodynamics of Irinotecan, which is a
topoisomerase inhibitor, acting on cell division mainly completed up to 48 h[83].

These findings are in agreement with Casado et al.[84], who reported a different uptake
mechanism for Irinotecan-loaded liposomes (mainly endocytic process) and free drugs
(passive diffusion). Moreover, they highlighted the increase in the therapeutic index of
Irinotecan using a liposomal formulation.

Comparing the data shown in Figure 8 with the bibliographic reference[81], LiPoNs seem
to act as efficient theranostic carriers (=61% U87 MG cells) for a lower dose (7.7 uM) at
equal exposure time (48 h). It was also reported that the entrapment of Irinotecan within
a liposome core at a low pH improves the stability of the lactone, the active form of the
drug, avoiding its hydrolysis at a physiological pH[84, 85]. The acid chitosan core loads and
preserves the IRl in lactone form, while the lipid counterpart mediates its cellular delivery,
improving its efficacy. Finally, we also proved that the designed one-step cHFF enables a
higher IRl encapsulation thanks to a microfluidic environment condition that locks the IRI
in its active form within the architecture of LiPoNs.

|.3 CONCLUSIONS

Effective targeting and biological outcome of newly synthesized nanovectors are mainly
determined by the dynamic and complex interplay between the heterogeneous biological
microenvironment and the nanocarrier itself, defined as nano-bio interactions. We
rationally selected materials of hybrid Lipid-Polymer NPs (LiPoNs) to improve the structural
integrity of liposomes and consequently address the stability across the biological barriers.
Lipid—Polymer Nanoparticles (LiPoNs) combined a chitosan core to a lipid bilayer, to acquire
new functionalities and performances at nano—bio interactions. We designed an innovative
one-step process that coupled thermodynamics, lipid self-assembly and polymer
nanoprecipitation to produce LiPoNs. We studied the influence of solvent-nonsolvent ratio,
concentration and flow rate ratio on the coupling kinetics. We identified the process
conditions to produce lipid-polymer NPs with an average size of 100 nm and a slightly
negative charge. These multifunctional nanostructures have shown structural stability in
different environmental conditions, the ability to entrap multiple cargos and the capability
to deliver them to the cells. Indeed, the chitosan core of LiPoNs, acting as a reservaoir,
enabled the high co-loading of the Gd-DTPA and Atto 633 for multimodal imaging
applications. The LiPoNs showed a higher cell internalization in the first 4 hours. The
theranostic effects of Irinotecan and Gd-DTPA co-loaded LiPoNs were validated on U87 MG
cells upon 48 h of treatment, showing competition between the free IRI and the delivered
one, speeding up the uptake and enhancing cytotoxicity at a reduced concentration. The
high cellular uptake and the biological response of active agents co-loaded LiPoNs can be
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connected to the peculiar elasticity and fluidity that characterised these hybrid systems.
We proved that through the microfluidic approach cHFF, it is possible to achieve further
control of the selected composition, triggering cell internalisation pathways, and
subsequently to enhanced NPs—tissue interactions.
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Adapted with the permission from F. Roffo, A.M. Ponsiglione, P.A. Netti, E. Torino, coupled
Hydrodynamic Flow Focusing (cHFF) to Engineer Lipid—Polymer Nanoparticles (LiPoNs) for
Multimodal Imaging and Theranostic Applications %M doi:10.3390/biomedicines10020438
%U https://www.mdpi.com/2227-9059/10/2/438, Biomedicines %@ 2227-9059 10(2)
(2022) 438.
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Graphical Abstract Il. Lipid-Polymer Nanoparticles (LiPoNs) mediated Codelivery of
AntimiR-21 and Gadolinium Chelate in Triple Negative Breast Cancer Theranostics.

Abstract

MicroRNAs have emerged as novel therapeutics regulating the expression of various genes
involved in cellular functions. However, the low stability in blood circulation, limited
transmembrane transport and degradation in endosomal/lysosomal vesicles of microRNAs
limit their employment as therapeutics in cancer. Here, Lipid-Polymer Nanoparticles
(LiPoNs) are proposed as theranostic vehicles for cancer treatment. The production of
AntimiR-21-Gd-DTPA-LiPoNs is obtained in a one-step microfluidic process based on
coupled Hydrodynamic Flow Focusing (cHFF), overcoming the drawbacks of simple mix and
use, widely applied for microRNAs transfection. As a result, we obtained theranostic
LiPoNs, co-loaded with gadolinium diethylenetriamine penta-acetic acid (Gd-DTPA)
contrast agent, and validated the efficacy of microRNAs in acting on target genes in MDA-
MB-231 cells by reporting a correlation between the induced miR-21 inhibition and a
reduction of the cell migration ability.
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1.1 BACKGROUND

I1.1.1 miRNAs from master gene regulators to therapeutics in cancer

DNA is the genetic store of the cell, and it is transcribed into messenger RNA (mRNA). This
mRNA is translated into a corresponding protein in the cytoplasm. The miRNAs are
noncoding and non-messenger parts of RNA molecules [1]. These miRNAs are endogenous
RNAs composed of short nucleotide sequences, 20-24 nucleotides, capable of binding
mRNA without a perfect base pairing. They negatively regulate their targets through mRNA
cleavage or translational regression[2]. A single miRNA can simultaneously regulate several
genes, and several miRNAs can control a single miRNA target[3]. Therefore, they can act as
master gene regulators manipulating several oncogenic pathways, such as cell cycle
regulation (miR-15a/16 cluster, miR17/20 cluster, let-7 and miR-34), metabolism (miR-133,
miR-33a/b, miR-29b), cell death (miRNA-221/222 cluster, miRNA-128) and metastasis (miR-
200 family and miR-29 b) [1, 4]. In fact, their misexpression or dysfunction has been
associated with tumour progression in two categories: oncogenic miRNAs and tumour
suppressor miRNAs[5]. Oncogenic miRNAs are overexpressed in cancer and negatively
regulate the tumor suppressor genes, consequently promoting cancer development. In
contrast, tumour suppressor miRNAs are underexpressed in cancer and function by
regulating oncogenes, consequently inhibiting cancer development[5]. According to the
target miRNA expression, exogenous nucleic acids in forms of antisense oligonucleotides
(AntimiR) and microRNAs (miRNAs) have been designed to inhibit and interfere with the
mMRNA[3]. In the former approach, miRNA antagonist-single strand oligonucleotides with
RNA sequence complementary to mature miRNA, interrupt the miRNA processing and
result in increased expression of the tumour suppressor genes. In the latter, the miRNA
mimics in the form of replacement therapy have an identical sequence to exogenous
mature miRNA restoring tumour suppressors miRNAs([3, 4]. For example, extensive studies
reported the involvement of miR-21 in pathogenesis and all stages of carcinogenesis[6],
especially in Triple Negative Breast Cancer (TNBC), where a reduction of the overall survival
ratio of patients[7] has been associated with overexpression of miR-21. It was reported an
increase in miR-21 expression due to TGFB stimulation, which consequently leads to
Epithelial-to-Mesenchymal Transition (EMT) process[7, 8]. In this context, antagonists—
single-stranded oligonucleotides with miRNA complementary sequences (AntimiR-21)
were exploited to interrupt the miRNAs processing and restabilise the expression of
tumour suppressor genes. Through AKT and MAPK pathways, the miR-21 reversed the EMT
phenotype and blocked angiogenesis in breast cancer[4]. Moreover, the same technology
was exploited to target TNBC stem cells[9] and TNBC cells[10]. In both cases, the increased
PTEN and PDCD4 suppressor gene expression inhibited tumour growth.
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[1.1.2 Stability challenges in miRNA delivery

Several concerns are related to the use of miRNA in therapy[11]. Firstly, they have low
stability and integrity in blood circulation. They are rapidly cleared via renal excretion and
degraded by the serum RNase A-type nucleases in the blood. Furthermore, poor blood
perfusion, the high interstitial fluid pressure and the complex extracellular matrix of
tumour tissue hindered their penetration[12]. Once reach the cancer cells, naked miRNAs
are poorly taken up due to their negative charge and are prone to degradation in
endosomal/lysosomal vesicles[3]. Moreover, their action in cells should be prolonged to
ensure effective gene silencing through miRNAs. In addition, in some cancer cells, an
insufficient or saturated miRNA processing enzyme (RISC complex) was observed making
the therapeutic miRNAs ineffective [13, 14]. Due to their capability of targeting multiple
pathways via imperfect matching, they may cause unwanted off-target and on-target
effects [15]. Some undesired toxicity and immune system activation were reported upon
the systemic miRNA delivery [16, 17]. They triggered the secretion of inflammatory
cytokines and type | interferons (IFNs) through Toll-like receptors (TLRs). Through these
TLRs, some miRNAs can induce neurotoxicity and neurodegeneration[4, 18, 19].

I.1.3 Strategies to improve the delivery of miRNA in cancer

Several strategies arise to solve the challenges linked to the systemic delivery of miRNAs,
such as chemical modifications and viral and non-viral delivery. The chemical modifications
performed on nucleic acids aim to increase their resistance to nuclease degradation. The
modification of 2’-OH in the ribose ring, which is easily attacked by nuclease action, with
an 2'-0-methyl (2’-OMe), 2'-O-methoxyethyl or 2'-fluoro oliglonucleotides has improved
the stability, binding affinity and gene silencing of the microRNAs[20]. Promising results
have also been reported for Locked nucleic acid (LNA) modifications. It consists in RNA
analogues that introduce a 2,4’ methylene bridge in the ribose to form a bicyclic nucleotide
that strongly increases the affinity for complementary RNA[21, 22]. For mimics miRNA,
modifications on the passenger stand such as nucleotide analogues, backbone
modifications and terminal modifications (addition of inverted bases and biotin, alkyl
groups) were performed[23, 24]. They enhance stability and reduce immunotoxicity of
nucleic acids without acting on the guide strand[4].

Viral-based strategies employ lentiviruses, adenoviruses and adeno-associated viruses
(AAVs) by substituting a part of viral genome with a therapeutic gene, in order to deliver
vectors encoding the miRNAs[25-27]. Among them, the adenoviruses and AAVs, keeping
their own genome in episomal form, are considered the safer strategies[28]. Recently,
Pegtel et al.[29] have employed exosomes produced and released by virus-infected cells
for encapsulating and delivering RNA therapeutics into the target cells. Even though viral
vectors effectively deliver miRNAs in cells, their mutagenicity, immunogenicity, activation
of oncogenic pathways and possibility of producing replicant component have limited their
use in therapy[26, 27]. In addition, they are characterized by a challenging scale-up of
manufacturing processes, which is an essential step for clinical translation[4].
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With respect to viral-based strategies, non-viral approaches are characterized by a lower
transfection efficacy and short duration of gene expression. However, the rational design
of materials to guide miRNAs delivery has shown a relevant clinical impact.

As regards inorganic NPs, the iron oxide, silica and gold NPs are the widely employed. Shade
et al.[30] developed streptavidin-coated magnetite (Fe304)-based NPs modified with
biotin-bound miR-335/PEl complexes to knockdown the target gene in human
mesenchymal stem cells (hMSCs)[3]. Moreover, the silica NPs, encapsulating miR-34a,
conjugated with disialoganglioside GD2 antibodies have shown a delay of tumour growth,
combined with an increase in the apoptosis and a reduction of vascularization of the
tumour tissues [31]. Sukumar et al. reported the theranostic effects of polyfunctional gold-
iron oxide nanoparticles (polyGIONs) surface loaded with miR-100 and antimiR-21 to treat
the Glioblastoma in mice via intranasal administration[32]. Despite the possibility of using
the inorganic NPs for theranostics purposes, major concerns in their use are related to their
nanotoxicity, low loading capability, lack of cargo protection and inefficient endosomal
escape.

As far as organic NPs for microRNAs delivery is concerned, they can be classified into two
main classes the lipid-based and polymer-based NPs. Lipid-based NPs, thanks to their
nature, easily interact with the cell membranes and promote the cellular uptake of their
cargo[33]. Especially, cationic lipids having a head group with permanent positive charges,
interact with both the negatively charged nucleic acids and cell membrane, improving the
cellular delivery of nucleic acids [33-35]. However, some adverse effects have been
associated to these positively charged lipids such as type | and type Il interferon induction
and liver toxicity[24, 36]. Furthermore, they can disrupt the cell membranes, induce
vacuolization, reduce cell activity and interact with serum proteins, with the consequential
elimination by the liver and spleen[4]. Even though neutral lipids have shown a lower
loading ability and transfection efficacy than positive ones, they were used to replace the
cationic ones to avoid these toxicity issues. Indeed, neutral lipid-based vehicles loaded with
miR-34a effectively deliver miRNA in the tumour tissue and downregulate the target genes,
without affecting the levels of cytokines and liver enzymes in the blood circulation[4, 37].
To reduce their positive charge, another strategy employed was the combination of neutral
lipids, such as cholesterol (Chol), dioleoylphosphatidyl ethanolamine (DOPE) and
phosphatidylcholine (PC), with the cation ones [3, 38]. Following the success of ionizable
lipids for mRNA delivery, these lipids, capable of change their charge according to the
buffer pH, have been used for microRNA delivery. They are protonated at low pH displaying
a positive charge, while they are neutral charged at neutral pH. Therefore, they have shown
high biocompatibility in vivo, reducing the interactions with anionic membrane of blood
cells, and enhanced intracellular delivery, promoting the endosomal escape for the
membrane destabilization at acid pH[33]. Gokita et al.[39] developed lipid nanoparticle
(LNP), made up of ionizable lipids, to deliver miR-634 in cancer, that downregulate the
target protein and reduce the tumour growth.
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Synthetic polymer-based NPs, mainly in the form of polyplexes and polylactic-co-glycolic
acid (PLGA) NPs, have been widely studied for miRNAs delivery due to their efficient cargo
release in cytoplasm, undemanding functionalization with targeting moieties and easy
manufacturing(3].

Poly(ethylene imine)s (PEls) in a positively charged polymer allows strong electrostatic
interactions with nucleic acids. It reduces the nuclease activity and protects miRNAs from
endosome degradation due to its proton acceptor behaviour. In the endosomes, the
acceptor nature of the PEIl causes an influx of protons and water, that lead to the lysosomal
lysis and sequential miRNAs release in the cytoplasm[3, 40]. In spite of their successful
delivery of nucleic acids in different cancer models[41], the high positive charge and the
low degradability strongly limit employment of PEI without any surface modification or
blending with Polyethylene glycol (PEG) or Polyurethane (PU). For the delivery of miR-145,
Zhang et al.[42] used branched PEI-PEG to treat prostate cancer, while Chiou et al.[43]
developed PU short branch PEI nanocomplexes to inhibit stem cell niches in brain tumour.
Both reported a successful transfection, knockdown and reduction of tumour growth.

The high colloidal stability, quick cellular uptake, low toxicity and controlled cargo release
have made the Polycaprolactone (PCL) a promising polymer for nucleic acid delivery. Lin et
al[44] achieved about 85% transfection efficiency in vitro with PEG-peptide-PCL[3].

Alternatively, the PLGA based NPs offer safety, biocompatibility, biodegradability and
stable mechanical properties[45]. Devulapally et al.[10] loaded antisense-miR-21 and
antisense-miR-10b in PLGA-b-PEG polymer NPs and evaluated the synchronous blocking of
endogenous miR-21 and miR-10b function in TNBC cells in culture, and tumour xenografts
in living animals. The NPs represented an efficient strategy for targeting metastasis and
antiapoptosis in the treatment of metastatic cancer, showing substantial reduction in
tumour growth at very low dose of microRNAs. To increase the microRNAs loading within
the PLGA-NPs, the addition of polycationic polymer to the formulation is typically
performed[46, 47].

Regarding natural polymers, chitosan represents an ideal material for the loading nucleic
acids due to its protonated amino groups that rapidly interacts with opposite-charged
molecules at acid pH. Gaur et al.[48] developed miR-34a loaded chitosan nanoparticle for
metastatic prostate cancer, reporting a reduction of tumour growth in the bone, preserving
its integrity. However, the strong interaction of chitosan with the nucleic acids may limit
their intracellular release due to lack of unpacking of the complex in the cytoplasm[49]. For
this reason, several materials, including lipid chains, bile acids or negatively charged
polymers, have been integrated to chitosan to improve its release properties[50-52]. The
chitosan polymer has shown enhanced retention of nucleic acids in PLGA NPs[47]. Sun et
al[9] developed vesicular structures made from the self-assembly of amphiphilic grafted
chitosan derivatives named chitosomes, to increase cellular transfection and stability
against degradation by nuclease in serum. In the context of integration of materials to
improve the delivering efficacy of nucleic acids, hyaluronic acid polymer has been widely
used. It was added to cation polymer and lipids to mask their positive charge, reducing the
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uptake by the MPS and increasing the NPs’ circulation time[3, 4]. Deng et al.[53] co-loaded
miR-34a and doxorubicin into hyaluronic acid (HA)-chitosan (CS) nanoparticles (NPs) for
improving the effect of the drug on the breast cancer cells.

In this context, hybrid NPs, where the microRNA are complexed with a polymer and
covered by a lipid bilayer, represent a promising strategy. Huang el al. presented miR-
loaded transferrin-conjugated nanoparticles, where the miR-29b was loaded in the PEI
polymer core, coated with DOPE/linoleic acid/DMG-PEG, for acute myeloid leukemia (AML)
cells. They reported the downregulation of target gene and antileukemic activity[54].

11.1.4 From conventional methods to microfluidics for nucleic acids
loaded NPs

The material and the nanoparticles' characteristics dictate the selection of the most
appropriate preparation method[3]. Before the advent of microfluidics, the polymer NPs
were mostly prepared via nanoprecipitation and emulsion techniques, while liposomes
were through the thin film hydration technique.

The nanoprecipitation consists of the addition of polymer solution in nonsolvent phase,
and as soon as the polymer-containing solvent has diffused into the dispersing medium
(rapid desolvation of the polymer), the polymer precipitates forming nanoparticles[55].

In the single emulsion technique, for instance, oil-in-water emulsion, a polymer solution
dissolved in an oil-phased is added into an external water phase containing surfactants.
The mixture is processed using a high-speed homogenization or ultrasonication. The
double-emulsion technique, typically used to encapsulate hydrophilic payloads, employs
two emulsification steps to obtain water-in-oil-in-water (w/o/w) or oil-in water- in-oil
(o/w/0) emulsions[3, 10, 56]. Historically, liposomes were mainly produced through a thin
film hydration technique, that involved the addition of a dispersion medium to a thin film
of lipid, that was pre-formed by the organic solvent removal. Spontaneously, multilamellar
vesicles were formed. These heterogenous liposomes were sonicated or extruded to obtain
the vesicles of desired size[57].

Even though some of these methods are still used for microRNA-loaded NPs, such as
nanoprecipitation[47] and emulsion techniques[10], they are not recommended. Indeed,
they are characterized by a low encapsulation efficacy and difficulty in scaling up the
processes. In addition, the extrusion step requires large volumes of expensive material, like
miRNAs, even at lab scale. Moreover, the sonication and the emulsion technique require
post processing steps to remove lipids aggregate or free nucleic acids, such as
centrifugation and filtration through a Sepharose gel column, which increase the change of
degradation of miRNAs and sample contamination[58, 59].

With the advent of cation lipids, the stable nucleic acid lipid particle (SNALP) method was
presented for producing the lipid-based NPs entrapping nucleic acids [60]. The stable
nucleic acid lipid particle (SNALP) method, also known as ethanol dilution technique, was a
prototype of a microfluidic device[61, 62]. The mixing of lipids stream dissolved in ethanol
with a nucleic acid dissolved in buffer was performed in T-shaped mixer. Due to ethanol's
rapid dilution, lipids assembly entrapped the nucleic acids. However, these lipid-based NPs
do not have an aqueous core like liposomes, and they are a complexation of nucleic acids

57



and lipids[60]. This technique was used for the development of the first commercialized
siRNA loaded LNPs, Onpattro[63]. Even though the T-Mixer devices were the first employed
for the production of LNPs containing nucleic acids, they consume large volume of
materials and have poor control over NPs features. Then, microfluidics was employed to
overcome the several drawbacks of conventional production methods. For the
development phase, the microfluidic devices consume small amount of raw materials and
preserve the activity of nucleic acids. Moreover, device parallelisation allows achieving
mass production without compromising the nanocarriers physiochemical properties. Thus,
it fulfills the FDA requirements for drug approvals by offering precise control over particle
size. Indeed, by controlling chip design, materials and solvents composition and liquid flow
rate, a narrower particle size distribution could be achieved[64, 65].

The microfluidics for nucleic acids loaded lipid NPs mainly consists of fluxing two separate
solutions, one containing the lipid mixture dissolved in organic solvent and the other
nucleic acids dissolved in water, in a separate microchannels. At the intersection of these
microchannels, due to the components' rapid mixing, the organic phase's polarity
increases, which promotes the assembly of lipid-based NPs entrapping nucleic acids[66].
According to the flow patterns, the microfluidic device can be divided into single-phase
continuous flow and multiphase segmented flow devices[67]. The single-phase continuous
flow devices include the T-shaped and Hydrodynamic flow focusing devices (HFF). In HFF
devices, the species are mixed via diffusion in laminar flow streams due to their low
Reynolds number (<10). Krzyszton et al. produced small (~38 nm) monomolecular nucleic
acid/lipid particles (mNALPs) in HFF device increasing the encapsulation efficacy, particle
distribution and stability respect to bulk mixing. Taking advantage of the Hydrodynamic
Flow Focusing geometry, NPs with size from 30-250 nm and with a high encapsulation
efficacy are produced, however they are characterized by a high polydispersity[56, 68]. The
same technology was exploited in the form of 3D HFF devices, in order to solve the problem
of polydispersity and increase the throughput[69]. Nevertheless, large quantities of
materials and post- processing steps are required to obtain the proper concentration for in
vivo experiments[66].

To improve the mixing of species, the chaotic mixing was introduced to induce stretching
or folding in the flow pathway, so reaching intermediate Reynold number (2-500). This class
of devices includes Chaotic Mixers, Bifurcating mixer and Baffler mixer[70, 71]. Among
Chaotic Mixer, the Staggered Herringbone micromixers (SHMs) stand out due to their
ability to use low amount of materials and producing small NPs with low polydispersity and
high encapsulation efficacy [72]. Chen et al.[73] for the first time employed the SHM device
for the development of siRNA containing LNPs, producing small and homogenous NPs,
saving reagents and allowing a more efficient screening of lipid structures. In the same year,
Belliveau produced siRNA loaded LNPs with the size down to 20 nm and an encapsulation
efficacy up to 95 %, reporting equal or superior efficacy of current gold standards cationic
LNPs[66, 74].

However, in multiphase segmented flow devices with the high recirculation lead to the
formation of small-sized droplets (segments) and channel clogging, that affect the process
conditions and consequently increase the heterogeneity of NPs[67]. Morever, some
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solvent incompatibilities may arise due to the materials that made up mixers,
poly(dimethylsiloxane) or cyclic olefin copolymer[59].

I1.1.4 Aim of chapter 2

microRNAs have gained ground as novel therapeutics capable of acting in the form of
replacement or inhibition to restore the altered cellular pathways. However, microRNAs’
low stability in blood circulation, limited transmembrane transport and degradation in
endosomal/lysosomal vesicles limit their employment as therapeutics. Significant efforts
have been made to stabilize the microRNAs using several strategies such as chemical
modifications, viral-based and non-viral strategies. Nevertheless, the major obstacle in
nucleic acid delivery is still to present a stable cargo in the cell cytoplasm. The role of
material complexation on the performance of nucleic acids at nano-bio interactions has not
been fully elucidated. This chapter aims to gain an understanding of how the design of
materials impacts nucleic acids’ stability and delivery at cellular and intracellular levels. To
ascertain this influence, we rationally designed a hybrid nanostructure that integrated the
properties of two materials, lipid and polymer. In these hybrid NPs, we entrapped an
antisense oligonucleotide, AntimiR-21, to block the miR-21 processing. Indeed, the miR-21
is highly dysregulated in several cancers and acts as oncogenic microRNAs downregulating
the tumour suppressor gene. A key role in material design was exerted by the microfluidics,
which guided components interaction and preserved the activity of microRNAs. We
validated the efficacy of lipid-polymer NPs in mediating the delivery of intact microRNAs to
MDA-MB-231 human breast cancer cell line by evaluating the regulation of the target genes
with respect to a common transfecting agent, Lipofectamine, and microRNA alone.

1.2 CASE STUDY

11.2.1 Experimental section
[1.2.1.1 Materials

Materials used for the production of LiPoNs and Gd-DTPA LiPoNs were the same presented
in Chapter 1. Sodium hydroxide (NaOH; pellets, ACS reagent, 97.0%, Mw = 40.00 g/mol)
has been purchased from Sigma-Aldrich (St. Louis, MO, USA). Antisense miR-21 (AntimiR-
21, sequence 5’-UCAACAUCAGUCUGAUAAGCUA-3’, purification DESALT) was purchased by
Merck (St. Louis, MO, USA). The human epithelial breast cancer cell line, MDA-MB-231, was
obtained by Leibniz-Institute DSMZ-Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (Braunschweig, Germany) and was cultured with Dulbecco Modified
Eagle medium high glucose (DMEM, Sigma-Aldrich., St. Louis, MO, USA) supplemented with
4.5 g/ml of glucose, 10-20 % v/v fetal bovine serum (FBS, Sigma Aldrich, St. Louis, MO, USA),
2 mM L-glutamine and 1 % v/v Antibiotic Solution liquid (Thermo Fisher Scientific,
Waltham, USA). The cells were incubated at 37° C with 5 % CO2 and harvested using
Trypsin-EDTA. Dimethyl sulfoxide (DMSO) for molecular biology was purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Thiazolyl Blue Tetrazolium Bromide soybean 98 %
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(MTT) and Lipofectamine 3000 (Lipo, Cat. Number L3000008) were purchased from Thermo
Fisher Scientific, USA.

1.2.1.2 AntimiR-21 behaviour in CH-AcOH -Water ternary system

The stability of AntimiR-21 over time in different environmental conditions was evaluated
experimentally. Firstly, a water solution of AntimiR-21 (26 pg/mL) was used as control and
compared with a buffer solution containing AntimiR-21 (26 pg/mL) at room temperature
and at 4 °C. The same experiment was performed at different pH (2.6-4.3). The buffer pH
values =~ 2.6 and 4.3 were obtained by adding 0.5 % v/v of acetic acid (AcOH) in a water
solution, with and without 25 mM of NaOH, respectively. Different aliquots of AntimiR-21,
one for each condition tested, were prepared and the degradation of microRNA in time
(from 1 to 4 h) was detected by Multiskan SkyHigh Microplate Spectrophotometer (Thermo
Fisher, Scientific, Massachusetts, USA). uDrop Plate was used to quantify the RNA
concentration (Aabs= 260 nm) in different solutions. Then, the same experiments on
AntimiR-21 stability were performed by putting in contact the microRNA with the solutions
to be injected the middle channel into the microfluidic device. Indeed, 54 pg/mL of
AntimiR-21 was dispersed in a solution of chitosan dissolved in acetic acid (CH, 0.01 % w/v,
AcOH 1 % v/v) with and without the addition of Gd-DTPA (0.4 % w/v). For both of them,
the pH was adjusted to around 4 with the addition of 50 mM of NaOH. The RNA stability
was expressed as a percentage of RNA concentration detected upon the treatment over
the RNA concentration of un-treated and initial AntimiR-21 solution used as control.

11.2.1.3 Formulations of AntimiR-21 loaded LiPoNs

The microfluidic set-up presented in chapter 1.2.1.2 was used to produce Lipid-Polymer
nanoparticles (LiPoNs), LiPoNs encapsulating AntimiR-21 (AntimiR-21- LipoNs) without and
with Gd-DTPA (AntimiR-21- Gd-DTPA- LiPoNs). The first step consisted of preparing
ethanol-water solution (65% v/v- 35 % v/v) containing 0.0072 % w/v of lipids (mass ratio
8:1- SPC/Chol), kept under continuous stirring overnight and then injecting through the
side channels. The water phase was made of an aqueous solution of 0.01% w/v of CH and
1% v/v of AcOH and kept under continuous stirring for at least 1 h. Then NaOH was added
to the solution at final concentration of 50 mM to regulate the pH value ~4.1. To prepare
AntimiR-21 loaded LiPoNs, AntimiR-21 was added to the polymer solution at final
concentration of 11 uM and the solution was kept under stirring for ten minutes before
injecting a solution in the middle channel. The GD-DTPA (0.4 % w/v) was added to the over-
mentioned solution for AntimiR-21- Gd-DTPA- LiPoNs. The microfluidic process was
performed at a Flow Rate Ratio FR2 of 0.073, defined as the volume flow rate ratio of the
middle channel (3uL/min) and Volume Flow Rate of the side channel (41pL/min) for 80 min.
LiPoNs were collected in a vial glass containing 7 mL of pure water. The suspension was
stirred for 40 min at 25 °C. The purification was described as reported in chapter 1.2.1.4.
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1.2.1.4 Synthetic |dentity of AntimiR-21- Gd-DTPA- LiPoNs

The hydrodynamic diameters and particle concentration were measured with a NanoSight
NS300 (NTA version 3.4, Malvern Instruments Ltd, Camera sCMOS, Laser Blue488) at room
temperature, with a dilution factor from 10 to 20. Zeta potential measurements in the
monomodal analysis were performed at 25 °C by a Zetasizer Nano ZS (Malvern
Panalytical,UK), loading Folded Capillary Zeta Cell (Malvern Panalytical,UK) with 1 mL of
NPs suspension. A Field Emission Scanning Electron Microscope (FE-SEM, Ultraplus Field
Emission, Carl Zeiss, Oberkochen, Germany), Transmission Electron Microscope (TEM,
FEI,Hillsboro, OR, USA) were used to characterize the nanosystem morphologically as in
chapter 1.2.1.5.2. For further analysis, the grids already observed by TEM were detected
with FE-SEM, and nanoparticles were coated with 5 nm Au before the observation. To
quantify the EE % of Gd-DTPA, the NPs were compared with Gd-DTPA calibration curves
dispersed in water ranging from 0 to 100 uM as reported in chapter 1.2.1.5.4. Multiskan
SkyHigh Microplate Spectrophotometer was used to quantify the encapsulation efficacy
(EE %) of AntimiR-21 loaded LipoNs. The absorbance of bare LipoNs was used as a value for
the quantification.

11.2.1.5 RNA extraction and g-RT-PCR

Purification of total RNA from MDA-MB-231 cells was obtained using TRIzol reagent
(Thermo Fisher Scientific, Cat. Number 15596026) after 72 h of transfection.
Measurements of RNA extracted were obtained using a Qubit 4 Fluorometer (Thermo
Fisher Scientific).

For miR-21 detection, starting from 100 ng of total RNA, cDNA synthesis was obtained by
miRCURY LNA RT Kit (Cat. Number: ID: 339340). Next, SYBR® Green-based detection (Cat.
Number: 339371) was performed using miRCURY LNA miRNA Probe Assay specific for miR-
21 (Cat. Number 339350/ GeneGlobe Id - ZP00000445). Normalization of miR-21 real-time
PCR data was done using the Ct of the endogenous small nuclear RNA molecule (U6
snRNA/GeneGlobe Id - ZP00030496). All these reagents were purchased from Qiagen
(Hilden, Germany).

For miR-21 target detections (PTEN and PDCD4), 1 pg of total RNA was reverted using
SuperScriptTM Il First—Strand Synthesis SuperMix kit (Cat. Number: 18080400; Thermo
Fisher Scientific) according to the manufacturer’s instructions, while g-RT-PCR was
performed using iQ SYBR Green Supermix (Cat. Number: 1708882) purchased from Bio—
Rad (Hercules, California, USA). Thermal cycling protocol on the C1000 Touch Thermal
Cycler (Bio—Rad) instrument was inserted according to the protocol instruction. The data
were analyzed using Bio-Rad CFX Maestro version 1.0 (Bio—Rad). The gene expression levels
were calculated using the formula 2—(sample 1 ACt - control ACt) where the Ct values of
each gene were normalized to the housekeeping mRNA B-ACTIN. Three independent
experiments were performed in triplicate.

Oligonucleotides used for RT-qPCR were:

PTEN: fw 5’ -ggggaagtaaggaccagagac-3’; rev 5’ -tccagatgattctttaacaggtagc- 3';

PDCD4: fw 5'- tggaaagcgtaaagatagtgtgtg- 3'; rev 5’ -ttctttcagcagcatatcaatctc- 3;

ACTIN: fw 5’- ccaaccgcgagaagatga-3’; rev 5’ - ccagaggcgtacagggatag- 3.
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11.2.1.6 Wound closure

To analyze the migration ability of breast cancer cells silenced for miR-21 expression,
wound healing was performed. Briefly, 1x105 MBA-MB-231 cells were seeded in a 12-well
plate and, the day after, cells were treated with AntimiR-21- LiPoNs, LiPoNs or transfected
using AntimiR-21 in combination with Lipofectamine 3000. 48 hours post-transfection, a
scraped was introduced on the monolayer of cells with a tip, and cell migration was tracked
and photographed (at 100 X magnification) using the automated time-lapse video
microscopy (Celldiscoverer 7, Zeiss, Munich, Germany) enclosed in the incubator. In detail,
three independent fields of each well were acquired every two hours and the Region Area
expressed in pixel2 was obtained using the software ZEN 3.0 version (Zeiss). The migration
ability was expressed as a percentage of wound closure.

11.2.1.7 Cell viability

For the cytotoxicity measurements, 1 X 10* MDA-MB-231 cells/well (passage =~ 20-40)
were plated in 96-well plates for 24 h before adding the formulations. Fresh medium,
containing AntimiR-21 alone and using Lipofectamine 3000, AntimiR-21- LipoNs or AntimiR-
21- Gd-DTPA- LiPoNs (AntimiR-21conc. 33 nM, Lipids conc. 12 ug/ml and Gd-DTPA conc.:28
M) was added to each well and the cells were incubated for 24 h and 48 h. Moreover, the
LiPoNs and Gd-DTPA- LiPoNs were added in equal concentrations. At the end of the
incubation time, the MTT assay was performed as reported in chapter 1.2.1.6.

11.2.1.8 Statistical analysis

Results were analyzed by performing the Student’s Unpaired t-test (two-tailed) using
GraphPad Prism 9 software (La Jolla, CA, USA) and are shown as the mean + standard error
of the mean (SEM). Differences were considered significant when p < 0.05.

I1.2.2 Results and discussion
1.2.2.1 Lipid-Polymer Nanoparticles for nucleic acids delivery

Here the rationale for materials selection to improve the delivery of microRNAs is reported.
Cationic polymers have shown high transfection efficacy on different cancer cells.
However, their application was strongly limited by their undesired toxicity and low
degradation ability[3, 4]. Among natural polymers, chitosan stands out for its low
immunogenicity, excellent biocompatibility, and high positive charge[49]. At acid pH, the
amine groups of the chitosan are protonated and become cationic, making easy the
complexation with genetic material[49]. The negatively charged nucleic acids establish
strong electrostatic interactions with chitosan, producing a stable complex against
nuclease degradation[75]. Different uptake mechanics characterized the chitosan NPs, but
the most interesting feature of these carriers is their intracellular behaviour. Indeed in the
acidified endosomes, where the NPs are mainly located upon internalization, the amine
groups of the chitosan become protonated, leading to an influx of water and chloride ions
to neutralize these charges[76]. All mentioned leads to an extensive osmotic swelling and,
consequently a rapture of endosomes that release the cargo[40]. Thus, the role of chitosan
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is to protect the nucleic acids from both extracellular and intracellular degradation.
However, its positive charge causes several problems for NPs in the biological environment
since the high interaction with blood proteins, albumin, glycosaminoglycans alters the
blood circulation of the NPs[49]. Moreover, the proteins can compete with nucleic acids
and promote their premature release[77, 78]. Following these considerations on the
chitosan as a delivery vehicle, we decided to cover it with a lipid bilayer, made up of
phosphatidylcholine and cholesterol, which provide a slightly negative charge to the NPs,
and increase the NPs stability in a biological environment. Indeed, these lipids increase
particle stability, delivery efficacy, tolerability and biodistribution[3, 38]. Moreover, due to
its biomimetic nature, this lipidic bilayer enhances the cellular penetration of the chitosan
complex. Another way of internalizing of the hybrid vector could be the release of the
chitosan complex directly in the cytoplasm due to the lipid-based NPs’ capability of merging
with the cell membrane. Therefore, the lipid-polymer NPS (LiPoNs) were designed to form
stable complexes with microRNAs, protect them from nuclease degradation, and promote
cellular delivery and release in the cytoplasm.

11.2.2.2 Optimization of coupled Hydrodynamic Flow Focusing (cHFF) to

produce AntimiR-21 Gd-DTPA Lipid-Polymer NPs

Starting from the results obtained in chapter | on the cHFF[79], with the aim of not
compromising the activity of microRNAs, we adjusted the microfluidic process conditions
to load them in the Hybrid Lipid-Polymer Nanoparticles (LiPoNs). We performed a
preliminary bulk study to assess the chemical stability of microRNAs in the form of
degradation. In particular, we evaluated in bulk the effect of the exogenous parameters
[80], such as changes in temperature, pH, and polymer components, on AntimiR-21. These
parameters were set according to the conditions performed in the microfluidic process.

Since our microfluidic process is conducted at room temperature, we first analysed
temperature's impact on AntimiR-21. In detail, we studied the stability in a buffer of
AntimiR-21 at 4 °C and room temperature [81]. No effects on AntimiR-21 stability were
detected, even though after 4 h a slight decrease of about 11% and 19% for 25 °C and 4°C,
was observed, respectively (Figure ll-1a). This evidence was relevant to optimize the cHFF
for the microRNA loading. Indeed, a change in process parameters, such as the
temperature, could affect the solvent extraction during the cHFF and the relatively
constant membrane elasticity modulus of the lipid bilayer self-assembly, both needed for
LiPoNs formation[82]. Therefore, considering the short processing time of the experiments
for the LiPoNs production, we selected 25°C as the constant temperature for AntimiR-21
LiPoNs production, reducing any dependence of these parameters on the output LiPoNs
carrier and miRNA chemical stability.
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Figure II-1. Evaluation of AntimiR-21 stability up to 4 h: a) at room temperature (25°C) and
4°C and b) at pH of 4.3 and 2.6 by keeping constant the temperature at 25 °C. AntimiR-21
stability in the mixture CH-AcOH-Water at microfluidic process conditions: pH ~4 and at
room temperature without c) and with the addition of Gd-DTPA d) up to 4 hr.

Successively, the impact of different pH conditions at room temperature was assessed.
Indeed, for the loading of AntimiR-21 in LiPoNs, the active agent was dissolved in a chitosan
solution, where acetic acid was added to solubilize the polymer.

For this reason, AntimiR-21 degradation for two different pH, 4.3 and 2.6, obtained for a
water solution with 0.5 % of AcOH adjusted and not with 25 mM NaOH, respectively, was
investigated at room temperature. Results showed a reduction of 12 % and 23 % of the
signal of AntimiR-21 upon 4 h of contact with pH of 4.3 and 2.6, respectively (Figure 1I-1b).
This instability was expected since naked miRNAs are made up of RNA molecules that are
highly susceptible to degradation by hydrolysis at alkaline and extreme acid pH conditions
[83, 84]. Furthermore, the selection of a mildly acid pH for the production process
correlates with the consolidated manufacturing protocols for the siRNA-lipid nanoparticles
reported by Wash [85].
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Finally, the effect of the chitosan polymer dissolved in an acid solution on AntimiR-21 was
evaluated. To the best of our knowledge, in literature, no data regarding the interaction
and handling of AntimiR-21 in the quaternary system Chitosan-Acetic Acid-Water /Ch-
AcOH-Water) overtime was reported. We studied the effect that a complex system (Ch-
AcOH-Water) at pH around 4 has in time (from 1 to 4 h) on AntimiR-21 chemical stability.
Results show no reduction of the AntimiR-21 signal in the first hour, but it decreases by 20
% in 4 h (Figure ll-1c). The same preliminary study was performed by adding of Gd-DTPA to
the over-mentioned system (Figure II-1d).

Following the studies reported on AntimiR-21 chemical stability in terms of degradation, all
the experiments for the obtaining of the AntimiR-21- LiPoNs were conducted by dissolving
for 10 min the AntimiR-21 in the polymer solution at pH ~4 prior to being injected in the
microfluidic device, where the cHFF process was carried on at room temperature.

In the cHFF, a chitosan (0.01 % w/v) in acid solution (AcOH-NaOH/1% v/v-50 mM)
containing microRNAs is injected in the middle channel, and it is sheeted by two side
solution of lipids (0.0072 % w/v, 8:1 mass ratio SPC:Chol) dissolved in a mixture of etOH-
Water (65%-35% v/v) (Figure 11-2). For the production of theranostics microRNAs-Gd-DTPA
LiPoNs, the Gd-DTPA (0.4 % w/v) is added to the central solution. The cHFF process is
conducted at FR? of 0.073, by setting the side flow rate at 41 uL/min and the middle at 3
puL/min.
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Figure lI-2. Coupled Hydrodynamic Flow Focusing (cHFF) to produce AntimiR-21- Gd-DTPA-
Lipid-polymer Nanoparticles (LiPoNs). a) Schematic representation of cHFF strategy and the
LiPoNs structure. b) Schematic illustration of nanoprecipitation and self-assembly
processes implemented in microfluidics for LiPoNs production. Some graphic elements of
nanostructures in Figure II- 2, were created with BioRender.com, accessed on December
9th, 2022.
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The nanoparticles were analyzed in terms of the mean and mode of NPs size, Standard
Deviation (St.Dev) value and Zeta potential obtained by NanoSight NTA and Zetasizer Nano
(Figure 11-3, Table II-1).

Table IlI-1.
Table summary of nanoparticles mean size, mode, standard deviation (SD), zeta potential
and concentration of different LiPoNs formulations.

Mean size Mode sD Zeta . .
Potential Concentration
+ St. Error +St.Error + St. Error X
(nm) (nm) (nm) + St. Error (particles/mL)
(mV)
LiPoNs 155.8+0.8 140.8+4.9 84.8+1.5 -13.3+ 1.0 1.17*e10
Gd-DTPA- LiPoNs 149.9+2.6 107.616.1 81.043.7 -9.2+1.1 5.92*e?
AntimiR-21- LiPoNs 134.7+2.1 87.9+2.8 68.7+1.3 -8.710.5 7.91*%e°
AntimiR-21- Gd-DTPA- | 124.7+3.2 88.5+3.7 62.416.1 -13.3+0.5 5.09*e?
LiPoNs

The direct and real-time visualization of AntimiR-21- LiPoNs by NTA (Figure 1I-3) showed a
monodisperse population of NPs, confirming the high-resolution particle distribution
(Figure 11-3a) showing a peak at 134.7+2.1 nm with 90% of the particles being 200.6+6 nm.
The mean size value of AntimiR-21- LipoNs (7.91*e9 particles/mL) correlated with the
scanning and transmission electron images reported in Figure llI-3b-c. A recognizable dark
core within a lipid bilayer vesicle is shown in TEM image Figure 1l-3b. The clear resolution
of the lipid bilayer can be associated with the enhanced electron contrast due to the
ntimiR-21 located in the chitosan core of LiPoNs (EE~50 %).
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Figure II-3. LiPoNs morphological characterization and in vitro MRI. a) Size distribution of
AntimiR-21- LiPoNs (black) and AntimiR-21- Gd-DTPA- LiPoNs (Blue) as a function of the
mean nanoparticle concentration from the three measurements. b) TEM and c) SEM of
AntimiR-21- LiPoNs. d) In vitro MRI comparison of longitudinal relaxation time distributions
of water, LiPoNs, Gd-DTPA- LiPoNs, AntimiR-21-LiPoNs and AntimiR-21- Gd-DTPA- LiPoNs.

The longitudinal relaxation time distribution of AntimiR-21- Gd-DTPA- LiPoNs (T1=1830 ms)
in Figure II-3d confirmed the loading of Gd-DTPA Contrast Agent (EE-62 %) within the
LiPoNs nanostructures, that did not affect nanoparticles size of LiPoNs, as shown in Figure
II- 3a and Table 1. Furthermore, the zeta potential data showed a slight increase of the
negative charge from -8.7 to -13.3 mV for AntimiR-21 and AntimiR-21- Gd-DTPA- LiPoNs,
respectively.
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I1.2.2.3 miR-21 silencing by AntimiR-21 loaded LiPoNs

As reported by The Cancer Genome Atlas (TCGA) Breast cancer (BRCA) database, the miR-
21 high expression is correlated to a reduction of the overall survival ratio of patients under
study [86, 87], and extensive studies show its involvement in tumour pathogenesis. MDA-
MB-231, a human epithelial triple negative breast cancer cell line, expressed significant
miR-21 levels with respect to other breast cancer cell lines (MCF-7 and SKBR3 cells) [87].
Therefore, the inhibition of miR-21, achieved with antisense miRNA, consisting of a single-
stranded oligonucleotide with a complementary sequence to mature miRNA [10], could
inhibit its role in carcinogenesis. To test the effects of AntimiR-21- LiPoNs in MDA-MB-231
cells, we analyzed the resulting expression of miR-21, its targets and, the underlying
biological effects. The MDA-MB-231 cells were treated with AntimiR-21- LiPoNs, free
AntimiR-21 and LiPoNs, for 72 h; the total RNA was extracted from the cells, and the miR-
21 expression level was quantified by g-RT-PCR. The cells treated with LiPoNs were used as
control (equal to 1). A reduction of miR-21 expression from 1 to 0.08 is reported for the
cells treated with 33 nM of AntimiR-21- LiPoNs (Figure ll-4a). This reduction in miR-21
expression using NPs formulation follows the previously reported cellular uptake of NPs
encapsulated miRNAs due to the shielding of miRNA charge groups [3, 10]. In parallel, to
compare commercially available transfection agents, the Lipofectamine 3000 (Lipo), and
the newly designed hybrid vector, LiPoNs, the same experiment was performed at 72 h.
Upon 72 h of treatment with AntimiR-21 Lipofectamine-mediate transfection (Lipo +
AntimiR-21), the cells showed a miR-21 downregulation from 1 to 0.26 (Figure II- 4b).

This enhanced capability of AntimiR-21 to bind the miR-21 effectively and induce its
silencing provides evidence of the stable and safe delivery to the cells by LiPoNs. Indeed,
the chitosan-miRNA complex enveloped in a lipid shell provides higher protection for
microRNA molecules to RNA nuclease in a medium containing 10 % of serum.
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Figure 11-4. The efficiency of miR-21 silencing by AntimiR-21- LiPoNs in MDA-MB-231 cells.
a) MDA-MB-231 cells were treated with, LiPoNs (used as control), AntimiR-21- LiPoNs and
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AntimiR-21. b) MDA-MB-231 cells were transfected with the only Lipofectamine 3000
reagent (Lipo, used as a control), AntimiR-21 together with Lipofectamine 3000 (Lipo +
AntimiR-21) or Untransfected. After 72 h, total RNA was extracted and the expression level
of miR-21 was evaluated by g-RT-PCR. The fold change of miR-21 was calculated by
normalizing the absolute levels of miR-21 to those of internal control (U6 snRNA), and
setting the value of LiPoNs (a) and of Lipo (b) equal to 1. The transfections were performed
three times. Bar represents the mean + SEM of three independent experiments (*p < 0.05;
**%*p <0.001).

11.2.2.4 Downstream regulation of miR-21 target genes

The miR-21 targets many gene transcripts, such as Phosphatase and TENsin homolog
deleted on chromosome 10 (PTEN) and Programmed cell death 4 (PDCDA4), resulting in
increased cancer cell transformation, invasion, and metastasis [88, 89]. In order to verify
the bioactivity of AntimiR-21 on the expression level of downstream genes, the mRNA
levels of target miR-21 genes were analyzed in MDA-MB-231 cells treated for 72 h with 33
nM of AntimiR-21 in the LiPoNs and Lipofectamine 3000 mediated transfection (Lipo +
AntimiR-21). PTEN and PDCD4 gene levels were quantified by g-RT PCR and normalized to
the housekeeping mRNA B-ACTIN. The results showed an upregulation of 4.77 of PTEN
expression for the treatment with AntimiR-21- LiPoNs (Figure 1l-5a), while PDCD4 showed
an up-regulation of 7.3 times with respect to the control LipoNs treated cells (Figure II- 5¢).
As outlined above, the AntimiR-21 delivered in combination with Lipofectamine 3000
confirmed the effect obtained for the AntimiR-21 entrapped in LiPoNs after 72 h of
treatment (Figure 1I-5b-d).

No increase of both target genes is reported for free AntimiR-21, underlying the inefficient
delivery of naked antisense miRNA.

The effective transfection of AntmiR-21 by LiPoNs guaranteed that, upon internalization,
the chitosan-AntimiR-21 complex reduced the degradation of the cargo at low pH in the
endosomal environment, releasing the intact AntimiR-21 in the cytoplasm. This effect was
not usually reported with only lipid-based particles [38]. Indeed, we supposed that the
acidified endosomal environment protonates the amine groups of chitosan progressively,
increasing the amount and acidification of the positive charges, inducing a membrane
instability [9, 90] or osmotic lysis of endosome through a pH-buffering effect [40]. Indeed,
chitosomes' more substantial endosomal escape efficacy was already reported up to 8 h,
with respect to free AntimiR-21 [9].
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Figure 1I-5. The efficiency of AntimiR-21- LiPoNs in downregulating the miR-21 targets
genes in MDA-MB-231 cells. a) Expression level of PTEN mRNA was analyzed, by g-RT-PCR,
in MDA-MB-231 cells treated for 72 h with LiPoNs, AntimiR-21- LiPoNs or treated only with
the AntimiR-21. b) Expression level of PTEN mRNA was analyzed by g-RT-PCR in MDA-MB-
231 cells transfected for 72 h with AntimiR-21 using Lipofectamine 3000 (Lipo + AntimiR-
21) or transfected only with Lipofectamine 3000 (Lipo, used as a control) or Untransfected.
c) Expression level of PDCD4 in the cells transfected with LiPoNs, AntimiR-21- LiPoNs or
treated only with the AntimiR-21. d) Expression level of PDCD4 mRNA in MDA-MB-231 cell
line untransfected or transfected, for 72 h, with Lipofectamine 3000 reagent alone (Lipo)
or in combination with the AntimiR-21 (Lipo + AntimiR-21). The fold change was calculated
by normalizing the Ct of PTEN (a-b) and of PDCD4 (c-d) to the Ct of B-ACTIN used as an
internal control. The value of PTEN and PDCD4 in LiPoNs (a and c) and Lipo (b and d) was
set equal to 1. The transfections were performed three times, and the g-RT-PCR was
performed in triplicate. Bars represent the mean + SEM of three independent experiments
(*p <0.05).

I1.2.2.5 Biological effect on MDA-MB-231 cells mediated by AntimiR-21-
LiPoNs

miR-21 is associated with an increased migratory behaviour of human breast cancer cells
[10, 87]. Indeed, its target genes, the PTEN and PDCD4, are related to several pathways
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that lead to the acquisition of invasive abilities of the cells [88, 89]. Therefore, we studied
the biological activity of AntimiR-21- LiPoNs, achieved through the inhibition of miR-21 with
the AntimiR-21, on migration properties of MDA-MB-231 cells (Figure II- 6).
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Figure I1-6. Effects of the AntimiR-21 delivered by LiPoNs on migration ability of MDA-MD-
231 cells. a) Cells were treated with AntimiR-21- LiPoNs, or LiPoNs. b) Cells were
transfected with the AntimiR-21 using Lipofectamine 3000 (Lipo + AntimiR-21), while cells
with Lipofectamine 3000 alone (Lipo) were used as control. (a-b). After 48 from
transfection, a scraped wound was introduced and cell migration into the wound was
recorded for 24 h using time-lapse microscopy. Wound closure was measured every two
hours by calculating pixel densities in the wound area and expressed as a percentage of
wound closure of triplicate areas + SEM. *, p < 0.05; **, p < 0.01 ***, p < 0.001, Unpaired
T- test.

Thus, we silenced miR-21 in the triple-negative breast cancer MDA-MB-231 cells using the
AntimiR-21- LiPoNs (Figure 1l-6a) or combined with Lipofectamine 3000 (Lipo + AntimiR-21)
at 33 nM (Figure 1I-6b).

In parallel, the cells were also treated with LiPoNs or Lipofectamine 3000 (Lipo) alone as
controls as the previous cell treatments.

After 48 h from transfection, a scraped wound was introduced on the confluent
monolayers. Then the migration ability was monitored by time-lapse microscopy for 24 h
and expressed as a percentage of wound closure. Quantitative measures of the wound
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closure at different time points showed that the silencing of miR-21 impaired cell migration
of MDA-MB-231 cells using both the LiPoNs as vehicle and Lipofectamine 3000 reagent.
Indeed, after 12 h, cells treated with LiPoNs presented a closure of 100%, while cells treated
with AntimiR-21- LiPoNs presented a closure of 47% (Figure 1l-6a).

Simultaneously, as reported in Figure 11-6b, a closure of 51.9 % and of 91% was observed in
cells transfected with AntimiR-21 using Lipofectamine and in cells transfected with
Lipofectamine alone, respectively.

The reductions of cell migration obtained by AntimiR-21- LipoNs and Lipo+ Anti miR-21
were observed at all the time points studied for up to 24 hours (Figure 1I-6 a-b).

The good correlation between the data obtained with LiPoNs nanoparticles and the
standard protocol, Lipofectamine transfection reagent, confirmed the effectiveness of
AntimiR-21- LiPoNs treatment in reducing the migratory properties of human breast cancer
cells.

To test the cell viability of on MDA-MB-231 cells treated with different AntimiR-21
formulations, the MTT assay was performed at 24 h and 48 h (Figure 1I-7). The treatment
with AntimiR-21 alone, in both LiPoNs formulations and mediated with Lipofectamine
produced no significant reductions in cell viability compared to control groups. These data
were consistent with the cytotoxicity test results reported by Devulapally et al. [10], even
at higher AntimiR-21 concentrations.
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Figure 11-7. Cell viability % of MDA-MB-231 cells transfected with the AntimiR-21 alone and
together with Lipofectamine 3000 reagent (AntimiR-21 conc. 33 nM), with AntimiR-21
LiPoNs and AntimiR21- Gd-DTPA LiPoNs, and LiPoNs and Gd-DTPA LiPoNs (AntimiR-21conc.
33 nM, Lipids conc. 12 pg/ml and Gd-DTPA conc.:28 uM) for a) 24 h and b) 48 h.
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1.3 CONCLUSIONS

The integrity and stability of microRNAs in blood circulation is the major obstacle to their
employment as a drug in cancer therapy. In this regard, several strategies, including
chemical modifications of microRNA, have been exploited. Moreover, microRNA's size and
negative charge also limit their transmembrane transport.

In this study, we used Lipid-polymer hybrid nanoparticles LiPoNs to enhance the stability
of AntimiR-21, to increase its cellular uptake and improve its endosomal escape. In
particular, we exploited the coupled Hydrodynamic Flow Focusing (cHFF) by sheeting a
middle chitosan solution containing the microRNAs with two lipids streams injected from
the side channel, forcing the entrapment of the microRNAs in the hybrid Lipid-Polymer NPs.
This hybrid architecture of a polymer core entrapped in a lipid-cholesterol bilayer also
offers many advantages to respect the traditional LNPs, by integrating the advantage of
different materials in the same structure to improve the miRNA delivery.

These theranostic LiPoNs, co-loaded with Gd-DTPA, were validated as an effective shuttle
for AntimiR-21 to MDA-MB-231 cells by comparing the bioactivity of the cargo with respect
to its naked version and its delivery mediated by a common transfection agent.

The enhanced blockage of miR-21, promoted by the AntimiR-21- LiPoNs, prevented its
binding to target mRNA and consequently induced the upregulation of its targeted genes,
PTEN and PDCDA4. As a result, the MDA-MB-231 cells transfected with the AntimiR-21-
LiPoNs reduced their motility and invasion ability. Considering the limited cellular uptake
of negative charge microRNAs, the well-orchestrated expression of all genes of interest
upon the treatment with microRNAs loaded LiPoNs, highlights the crucial role of lipid
components in the design of nano-architectures to assist the delivery of chitosan-
microRNAs complex to the target cells.
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Graphical Abstract lll. Cellular alterations upon interaction with Lipid-Polymer NPs.

Abstract

The study of nano-bio interactions is an emerging topic that aims to identify the interaction
between nanomaterials and biological systems. However, the scientific community has
been mainly focused on identifying the potential toxicological response of cells to these
nano-bio interactions, while their biological effects on cell functioning have been less
investigated. Overcoming the cytotoxicity concept, the cell mechanobiological response,
the inflammatory reaction and the biological alterations upon NPs interaction and uptake,
could open new possibilities for cancer treatment. In this context, the increase or the
reduction of the operational level of the cellular machinery induced by the NPs, is leveraged
as a tool to enable new cellular functions instead of disrupting them. In this perspective,
the results of morphological and behavioural modifications of cells following exposure to
LiPoNs, are reported. The cellular morphological alterations, the slowdown of cellular
proliferation and the increase in cell motility become favourable conditions for designing
new therapeutic strategies for drug delivery.
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1.1 BACKGROUND

[11.1.1 Introduction

The cell membrane (CM), made up of a bilayer assembly of phospholipids, not only protects
intracellular components from the surrounding environment but guarantees the cell
homeostasis and ion concentration gradients. Moreover, it provides structural support and
controls the exchange of molecules and nutrients[1, 2]. The cell employs two mechanisms
for the exchange of substances. The first transport is along the concentration gradient and
it is in the absence of energy, while the second is against the concentration gradient with
energy consumption (active transport), called endocytosis[3].

In the endocytosis process, the substances from extracellular space are internalized in the
cells with a cellular membrane invagination and buds off, leading to membrane-bounded
vesicles known as endosomes. According to the size of this endocytotic vesicle, it is possible
to classify the endocytosis as phagocytosis, where the vesicles is around 250 nm, and the
pinocytosis, which involves the internalization of fluids with small material in the range of
few to hundreds of nanometer. The latter can be further categorized as clathrin-mediated
endocytosis, caveoleae-mediated endocytosis, clathrin- and caveoleae-indipendent
endocytosis and macropinocytosis[2].

The chemical and physical properties of the nanomaterials, including size, shape, charge,
texture, and elasticity, are of the foremost importance in cellular interactions[4].

Chitosan NPs as charged biomolecules mainly enter the cells via endocytosis[5], but lipid-
based nanoparticles due to their strong affinity and similarity with the CM can also undergo
a non-energy dependent mechanism, known as cell fusion[6, 7]. It is worth mentioning that
any change in the liposomal composition, such as head group of the lipids, cholesterol
addition, the degree of lipid chain saturation and their length, affects the cellular fate of
the lipid-based carrier[8, 9]. Abumanhal-Masarweh et al.[9] made extensive studies on how
the lipid tails affected the magnitude of cellular uptake, reporting that longer acyl chains
improved the liposomal cellular uptake compared to shorter tails, while keeping the same
lipid tail length, unsaturated lipids offered higher internalization than saturated one.

Following the observations on the intracellular pathways and dimensions of their vesicles,
the size of NPs emerges as determining factor in guiding the endocytic mechanisms. Large
NPs (200-1500 nm) mainly enter through phagocytosis, while small NPs (<100 nm) adhere
to clathrin or caveoleae proteins and get in through pinocytosis[2]. Several studies reported
the improved ability of NPs to enter in the cell by reducing their size, with the identification
of 50 nm as the optimal size. Undeniably, smaller particles (15-30 nm) and large particles
(70-240 nm) show a reduced binding tendency to cell receptors and a subsequently limited
receptor-mediated endocytosis[10-12]. As regards the chitosan NPs, the effect of the size
on their uptake varying according to the cell lines and experimental conditions[5]. Tahara
et al.[13] reported a higher cellular uptake for PLGA NPs coated with chitosan with a size
up to 200 nm, rather than 1000 nm, in A549 cells, suggesting as uptake mechanism an
energy-dependent clathrin-mediated endocytic process. Tammam et al.[14] reported that
small chitosan NPs in the 25 nm range could enter into L929 fibroblast cells by passive
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diffusion, whereas the uptake of larger NPs of up to 150 nm was more energy-dependent
mechanism.

The impact of the electrostatic interactions occurring at the interface of NPs and CM has
to be considered in the cellular fate of NPs[10]. Indeed, Jiang et al[15] reported that the
uptake of gold NPs was both size- and charge- dependent. They observed that the cellular
uptake of anionic particles decreased by increasing the size. On contrary it increased for
cationic ones. Due to the negative charge carried by the CM, positive NPs have better
thermodynamical interaction with the CM, that consequently enhances the membrane
engulfing process[16-18]. These NPs are mainly internalized via macropinocytosis.
Inversely, the production of a local disorder in contact with the CM upon interaction with
the negatively charged NPs reduces their uptake that preferentially enters by caveolin and
or/clathrin-mediated endocytosis[19]. In accordance, Yue et al.[20] studied the impact of
the surface charge of chitosan NPs on cellular uptake on eight cell lines. They observed a
higher and faster internalization for positive chitosan NPs (39.25 mV) compared to neutral
and negative ones.

As regards to liposomes, Kang et al.[21] investigated the effect of surface charge of
liposome with a similar size (around 115 nm) by live cell imaging. They reported a difference
in cellular uptake mechanism between glioblastoma U87MG cells and fibroblast NIH/3T3
cells. In the former, the cationic and anionic liposomes were mainly taken up via
macropinocytosis, while the neutral liposomes mainly via caveolae-mediated endocytosis.
In the latter, all the formulations entered via clathrin mediated endocytosis. Then,
Montizaan et al.[8] compared the cellular uptake of zwitterionic and negatively charged
liposomes of comparable size by Hela cells, reporting a strongly decrease in the uptake of
negatively charged liposome (-41 mV) by blocking clathrin-mediated endocytosis and actin
polymerization. This reduction was not observed for zwitterionic liposomes (-6 mV).
Moreover, the authors underlined that a key role in the different uptake behaviours could
be determined by the nature and amounts of the proteins adsorbed on liposome surface
according to their different charge. Indeed, both formulations converged to the same value
of surface charge in presence of serum.

Upon contact with biological fluids, the surface of NPs becomes dramatically modified by
the adsorption of biomolecules, including proteins. Therefore, the cells are not seeing the
pristine surfaces of the particles but the corona-coated surfaces, and this makes these
nano-bio interactions more complex and dynamic[2]. Apart from nanoparticles
physiochemical characteristics, the cell-nano bio interactions depend on several factors
such as cell lines, cell size, incubation time, NPs concentration and protein absorption,
making their understanding more complex[10].

The area of contact between the NPs and CM acts on cell internalization as shown by the
different uptake mechanisms that mediate differently shaped nanomaterial[22, 23].
Despite the contradictory results on how differently shaped nanomaterials interact with
cells[24, 25], it is briefly reported that sphere-shape material shows an uptake 3 to 5 times
more than nanorods on human breast cancer cells, mainly due to the longer time needed
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for nanorods for cell membrane wrapping[26]. However, the reduction in the aspect to the
ratio of material drastically improves the uptake of nanorods.

NPs elasticity or rigidity has recently been identified as significant factor in the entry
pathways. The difference in the rigidity of NPs has been correlated to different uptake
mechanisms[27]. Indeed. Guo et al.[28] reported that soft liposomes (~160 nm, 45 kPa)
were internalized in MDA-MB-231, and MCF-7 cancer cells via both endocytosis (inferior)
and membrane fusion(predominant), whereas the uptake of stiff hydrogel lipid NPs (~160
nm, 19 MPa) occurred through endocytosis. Lately, many studies underlined the higher
internalization of soft nanoparticles by cancer cells, as observed by Sun et al.[29] on Hela
cells, who reported a higher specific uptake by soft (0.76 GPa) PEGylated polymer-lipid NPs
(~40 nm) compared to stiff ones ( 1.2 GPa). However, Anselmo et al.[30] al reported no
difference in the uptake of stiff and soft NPs at short time points (<4 h), while the stiff NPs
were only bound to cells or internalized by 4T1 cells greater than their soft counterparts at
8 and 12 h[30]. These findings were supported by MD simulations that revealed that soft
NPs were less internalized due to their easy deformation during internalization, which
raised the energy level for complete their cell membrane wrapping[29].

Although mechanical properties of NPs have a crucial role in modulating cancer cell uptake,
it remains challenging to clarify and rationalize the role of elasticity of NPs in their
interactions with cells[27].

The phenomena occurring at the nanomaterial-cell interface mainly modulate cell
structure and fate, induce mutations and initiate cell-cell communication[2]. A review by
Panariti in 2012 provided a detailed overview of cell mechanisms and functioning that may
be perturbed by cell-NP interaction[6]. The inflammatory reaction is one of the first cellular
responses induced by the NPs uptake and it is highly interconnected with the cell
mechanics[31, 32]. Indeed, the increase in the ROS production and the cell apoptosis
sensitivity were related to the cytoskeleton dysfunction or decrease of actin dynamics [33].
On the other hand, the reduction in mitochondrial activity, as a consequence ATP
reduction, could lead to a reduction in cell motility and intracellular trafficking[6].

The cytoskeleton guides many cellular functions, such as maintenance of the cell structure,
movement, division, cells communication, connection with the microenvironment and
anchoring of organelles. Thus, its reorganization alters the cytoskeleton-associated
proteins and induces multiple cellular dysfunctions[10, 34]. Among them, the impairment
of the cell proliferation, the detachment, the induction of cell rounding and the deposit of
massive dense filaments close to nucleus, can be mentioned[35-38]. Regarding intracellular
trafficking, NPs move within the cells for diffusive motion guided by thermal motion or
active movement of the microtubules [39]. Indeed, the localization of the NPs mainly in
the perinuclear region of the cell[40, 41], against the diffusion gradient, could be due to
local energy consumption generated by the cytoskeleton[6, 42]. In this sense, evidences of
the interaction of NPs and the cytoskeleton proteins even within vesicles, endosomes or
lysosomes, were found[10, 38, 43, 44]. Up to now, the interplay between the cytoskeleton
and the intracellular trafficking of NPs is still not completely clarified. Indeed, upon NPs
internalization, several morphologic alterations in cell actin networks were reported for
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inorganic NPs[45, 46]. As regards organic NPs, less studies on the changes in the
cytoskeleton following their uptake are published[47]. Ruenraroengsak et al.[48] reported
the interaction of sixth-generation cationic dendrimer with actin filament of acelluar
systems in vitro. Moreover, they observed a retarding or acceleration of actin
polymerization for a high or lower NPs concentration, respectively.

Incubation with cation NPs, zinc oxide, and cerium, has been reported to compromise the
homeostatic mechanism that guarantees low calcium levels within the cell, leading to its
abnormalincrease[49-51]. The free Ca?* alters intracellular signalling of the cells trough the
activation of protein kinase C and promotes physiological defence mechanisms known as
autophagy and mitophagy[52, 53].

Another aspect to accounting for is the influence of tangential forces on the plasma
membrane that act directly to the cell cytoskeleton, which can potentially act on ion
channels[6, 54]. The impact of polystyrene NPs on ionic current across the cell was reported
by McCarthy et al.[55]. They demonstrated that polystyrene NPs direct activation of CFTR
channels in a monolayer of Calu-3, a human airway submucosal cell line, acting as
modulators of ion-channel function in human airway epithelial cells.

Interestingly, an alteration of cell proliferation upon liposome uptake depending on length
of carbon chain was outlined[9]. Following the treatment with phospholipids (5 mM) having
18 or 16-carbon-long tails (HSPC and DPPC, respectively), it was observed an increase in
cell proliferation. Differently, cells treated with 14- or 12- carbon-long lipids (DMPC and
DLPC) have decreased the proliferation maybe due to a membrane destabilization.
Furthermore, the addition of cholesterol to the formulation with DMPC cancelled this
effect on cell membrane.

I11.1.2 Aim of chapter 3

Tremendous improvements in characterizing the cytotoxicity of NPs have been made.
However, less effort has been made to clarify the changes in cell physiology upon
nanoparticle interactions. The aim of this chapter is to gain an understanding of
the morphological and biological response of cells following the interaction with LiPoNs.
Taking advantage of a new generation of live imaging instruments that acquire a unique
phenotypic fingerprint for each cell without altering their behaviour with the examination,
we monitored individual cells every 18 min for 48 hours upon interaction with LiPoNs. We
guantified their behavioural characteristics, and gained information on their morphology,
proliferation, mitosis and random motility. The results showthat Lipid-Polymer
Nanoparticles are not passive shuttles of compounds, but they have an active role in the
cell biology. Indeed, they seem to alter the cell functioning inducing a transient cellular
state for several hours that has a impact on cell machinery in terms of cell proliferation,
mitosis and motility. To elucidate the role of nanomaterial features in guiding cellular
pathways, we conducted a preliminary comparative study on cellular response upon the
interactions with LiPoNs and Polystyrene NPs.
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111.2 CASE STUDY

[11.2.1 Experimental section

11.2.1.1 Materials
Materials used to produce the LiPoNs formulations were the same presented in Chapter II.

111.2.1.2 Cell culture

The MDA-MB-231 were cultured, as reported in Chapter Il. 2X10® MDA-MB-231 cells/well
were plated in 96-well plates for 24 h before adding the formulations. Fresh medium
containing LiPoNs formulations was added to each well prior to quantification. For AntimiR-
21 formulations, AntimiR-21 alone and using Lipofectamine 3000, AntimiR-21- LiPoNs or
AntimiR-21- Gd-DTPA- LiPoNs (AntimiR-21conc. 33 nM, Lipids conc. 12 pg/ml and Gd-DTPA
conc.:28 uM) were added in triplicate. Moreover, LiPoNs, Gd-DTPA-LiPoNs and
Lipofectamine alone at the same concentration were tested in triplicate.

[1.2.1.3 Livecyte cell imaging

The Livecyte of Phasefocus (Alfatest, Milan, Italy) exploits Ptychography, a form of
Quantitative Phase Imaging (QPI) — imaging technique that retrieves phase-delay of light
passing through a cell. This technique generates high-contrast images of cells that appear
as bright objects on a dark background. The sample is illuminated with low power (<1 mW)
650 nm laser allowing the prolonged observation of cells without perturbation. The
detector collects a series of diffraction patterns.

High-contrast quantitative phase images were automatically captured using the Livecyte
Kinetic Cytometer. Cells were imaged with an Olympus PLN 10X objective and 750um x
750um field of view (FOV) per well for 48 hours at 18-minute intervals. Cells were
maintained inside an environmental chamber at 37°C with 5% CO2 and 95% humidity.

[1.2.1.4 Analysis

The Livecyte instrument contains automated tracking software that monitors single cells.
Following image processing, automated cell segmentation and tracking, a plethora of
phenotypic metrics are produced. They provide information on both the morphological
parameters and the kinetic behaviour of the cells. Single-cell metrics were extracted, and
Livecyte automatically produced interactive Cell Dashboards sorted into Morphology,
Proliferation, Mitosis and Random Motility.

From the Morphology Dashboards, the data about the median cell sphericity, median cell
area, median cell thickness, median length-to-width ratio and median cell dry mass were
extracted for each well, and then the average of the three wells was evaluated. The outputs
were formatted using a smooth signal processing known as savitzky—Golay filter using
Origin8.5. This method performs a local polynomial regression around each point and
creates a new, smoothed value for each data point. To increase the smoothness of the
result, the number of data points used in each local regression was 10 with a polynomial of
the second order.
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From the Proliferation Dashboards, the data about cell count normalised, total dry mass
normalised and doubling time were extracted for each well, and then the average of the
three wells was performed. For the cell count and total dry mass, the values were
normalized with respect to the value obtained in the first acquisition. For the outputs of
cell count normalised and total dry mass normalised, the signal processing was performed
with the same method reported for data on the cell morphology.

From the Mitosis Dashboard, the mitotic index was ordered by treatment group and
extracted. The mitotic index was processed with a savitzky-Golay filter.

From Random motility Dashboard, the data across multiple wells are ordered by treatment
group, and cell migration metrics are generated in the form of average cell speed, average
instantaneous and mean velocity, confinement ratio and displacement.
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Figure llI-1. Graphical explanation of the analysis of random mobility data: a)Track Speed,
b)Average instantaneous velocity, c)mean velocity and d)confinement ratio.

The Track speed of the cells is reported as a distribution plot where the speed is calculated
by dividing the total distance travelled by the lifetime of the track:

Track speed = %(1)

Where p is the pathlength travelled by the cell and t is the lifetime of a track (Figure lll-1a).
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The average instantaneous velocity of cells is reported as a distribution plot and shows the
velocity of a cell from one frame to the next for a population of cells. By taking into
consideration only one cell A (Figure lll-1b), its instantaneous velocity is computed as:

Va1+Va2+Va2+Van (

Cell A instantaneous velocity = 2)

n

Where v,, is the velocity of cell A in the transition of each frame and n is the number of
transitions between frames (Figure IlI-1b). Differently, the mean velocity is plotted as a line
graph of the mean of the instantaneous velocities of all cells in a frame. In each frame, the
velocity is computed as:

Va1+Vp1+Vaz+t Vi1 (

k 3)

Where v is the velocity of the cell and K is the number of cells (Figure lll-1c). Due to the
calculation method, the first frame has a velocity of 0. The extracted data were processed
using a Savitzky-Golay filter.

The Confinement Ratio is reported as a distribution plot of the track averaged confinement
ratio of each track and is defined as:

) . d
Confinement ratio = - XVt (4)

Where d is displacement between the initial and final point (Figure 1lI-1d).

The displacement is reported as a spider graph of up to the first 50 tracks of a data series,
where the position is plotted on the X-Y Axis. The first track is defined as the track whose
first feature is the earliest in the experiment.

111.2.2 Results and discussion

The cell physiologically adapts to changes in the microenvironment, mainly by varying its
shape. The shape of the cells is usually a measure of their state in terms of cell growth,
cycle and metabolism[56]. To gain insight into the cellular interactions of Lipid-Polymer
NPs, we interrogated cell population and single cell for 48 h in contact with LiPoNs
formulations with the live imaging instrument.
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Figure IlI-2. Analysis of the morphology of MDA-MB-231 cells for 48 h. The MDA-MB-231
cells were treated with different LiPoNs (lipids conc. 12ug/mL), AntimiR-21, Lipofectamine
(Lipo), AntimiR-21 mediated transfection with Lipofectamine (Lipo+AntimiR-21). The image
of (a) untrasfected and (b) treated cells with AntimiR-21-LiPoNs at initial timepoint. The
cells were imaged every 18 min in Quantitative Phase Imaging (QPI) and segmented
automatically to quantify the median cell sphericity (c), median cell area (d), median cell
thickness (e) and median length-to-width ratio (f).

Figure 1lI-2 displays extracted segmented images of untransfected cells(Figure 1ll-2a) and
cells treated with AntimiR-21-LiPoNs formulation (Figure IlI-2b) from the Quantitative
Phase Imaging modality. There is visual evidence of morphological changes in treated cells
with respect to control cells (untransfected) upon interaction with AntimiR-21-LiPoNs (t=0).
This rounding was mainly observed in the first hours of treatment and it was quantified in
terms of median cell sphericity in Figure IlI-2c. This cell sphericity was almost doubled for
treated cells compared to the control at intial time (t=0), and it progressively disappeared
in 6 hours (Figure IlI-2c). This change in cell morphology was detected for all the LiPoNs
formulations. Differently, the AntimiR-21 alone and transfected with the Lipofectamine
((Lipo+AntimiR-21) did not induce any alterations in cell shape. In this transitory phase (first
few hours) for LiPoNs formulations, the area of treated cells is lower than untransfected
cells, whiletheir thickness is greater as reported in figure Ill-2d,e. The rise in cell thickness
could be linked to the detachment of cell protrusions. Upon changes in the
microenvironment for the LiPoNs treatment, the cytoskeleton could be fluidized to reduce
the stiffness of cells. Indeed, a cell's deformability and integrity are mainly controlled by
the actin filaments of the cytoskeleton, which could be interested at several levels [38, 44].
Evidences of NPs interaction with structural components of cells were already reported,
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but it is still unclear how role the intracellular trafficking of the NPs plays within this
interaction [2], especially for organic NPs[10]. Despite the NPs' transport from the
microenvironment to the cellular compartment, being encapsulated inside endosomes and
lysosomes, there is evidence of their interaction with cytoskeletal protein[10]. Qin et al.[46]
reported a reduction in the number and length of filipodia of breast cancer cells upon the
interaction with fullerenol NPs. In accordance, Subbiah et al.[45] observed a morphological
change in cell morphology, becoming more rounded, upon the interaction of PVA-coated
hybrid NPs. Furthermore, Devendran et al.[57] reported an alteration of cell morphology
upon treatment with acoustic fields that was likely linked to metabolic alteration. They
hypothesized that cells actively exerted resistance by increasing structural stiffness,
consequently increasing their metabolic activity. Recently, the effects of DMPC(1,2-
dimyristoyl-sn-glycero-3-phosphocholine) liposomes on the destabilization of cell
membrane were reported[9], demostring the impact of tunning of lipid composition on
cellular interface.

Interestingly, the cells treated with LiPoNs formulations appeared to acquire a more
elongated shape in time as reported by the length-to-width ratio graph (Figure Ill-2f) and
this phenomenon was mostly evident after 1 day of contact with NPs. Maybe this cell
behaviour could be linked to the dynamic nature of the cells, which convert an external
stimuli, like microenvironmental changes, into biological response[10] such as the
reduction of cell divisions leading to a sustained cellular spreading over time.
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Figure llI-3. Analysis of the proliferation of MDA-MB-231 cells. The MDA-MB-231 cells were
treated with different LiPoNs (lipids conc. 12ug/mL), AntimiR-21, Lipofectamine, AntimiR-
21 mediated transfection with Lipofectamine (Lipo+AntimiR-21). The cells were imaged
every 18 min in Quantitative Phase Imaging (QPI) and segmented automatically to quantify
cell count normalised (a) and the cell doubling time (b).
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Considering the direct interplay that occurs between cellular structures and their biological
function, the proliferation of cells upon NPs treatment was investigated in terms of
normalised cell count, cell doubling, mitotic index and mitotic time (Figure Il1-3-4). Figure
[lI-3a,b shows that the LiPoNs treatment had reduced the cell proliferation rate and
increased the cell doubling time. In contrast to the linear increase over time of the
normalised cell count for untransfected cells, the cells treated with LiPoNs formulations
reported a discontinuous increase in the cell count showing a burst increase between 18 h
and 24 h, followed by a more plateau-like profile (figure IlI-3a). It increased again almost
after 48 h. In fact, by analysing the time needed to double the cell population, and cell
doubling time, the untransfected cells needed 35 + 2 h, while cells treated with LiPoNs
required 53 + 28 h. The cells treated with AntimiR-21-LiPoNs and AntimiR-Gd-DTPA-LiPoNs
reported a doubling time of 42 h+ 5 h and 67+ 19 h, respectively. These results confirmed
the hypothesis of a reduction in cell proliferation for cells treated with LiPoNs.

However, the mitotic index, that records the percentage of cells within the population
undergoing mitosis, and the mitotic time, remained almost constant for a treat and
untreated cells (Figure lll-4a,b). For the mitotic time, a little increase is reported for the
cells treated with Lipofectamine, AntimiR-21 transfection mediated with Lipofectamine
and AntimiR-21-Gd-DTPA-LiPoNs. The maximum value for the mitotic index for cells treated
with LiPoNs was reported at t=0, because the instrument identified as a mitotic event the
rounding up of cells in the first few hours. To sum up, the LiPoNs interaction with cells
seemed to slow down the cell functions but did not affect the cell capability of undergoing
a mitotic event.
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Figure lll-4. Analysis of the mitosis of MDA-MB-231 cells treated with LiPoNs. The MDA-
MB-231 cells were treated with different LiPoNs (lipids conc. 12ug/mL), AntimiR-21,
Lipofectamine, AntimiR-21 mediated transfection with Lipofectamine (Lipo+AntimiR-21).
The cells were imaged every 18 min in Quantitative Phase Imaging (QPI) and segmented
automatically to quantify the mitotic index(a), mitotic time(b), total dry mass normalised
(c) and median cell dry mass (d).

Different from cell proliferation, that is the increase in the number of cells over time due
to cell division, cell growth is the process by which cells accumulate mass[58]. The cellular
dry mas is a metric unique to QPI and represents the total mass of all cellular components,
including proteins, lipids, carbohydrates and DNA, but excluding water[59]. The cell dry-
mass changes could be described as the sum of biosynthesis, degradation, uptake or
secretion of components[56, 60]. The interactions between cell proliferation and cell
growth pathways are complex, but these processes can operate independently under
certain conditions. Indeed, abnormal accumulation of cell dry mass has been associated to
the development of diseases [61] while hyperproliferation has a role on progression of
cancers[62]. In the case of muscle cell hypertrophy, the cells grow without dividing,
differently during an embryo cleavage, the cells can proliferate without growing. The total
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dry mass of all cells in a field of view is the sum of the effects of individual cell growth,
divisions and proliferation of the entire population of cells (Figure Ill-4 c).

In order to quantify the rate of cell death or proliferation, the normalized dry mass
(normalised to total dry mass at first acquisition) of the population was calculated at each
time point (Figure lll-4c). Treating the cells with LiPoNs resulted in an increase in relative
normalised dry mass of 1.2 at 24 hours and 1.8 at 48 hours, whereas in the untreated cells
anincrease is observed of 1.6 at 24 h and 2.5 at 48 h. Noteworthy, the normalised dry mass
doubled following the overmentioned doubling time for untransfected and treated cells,
reporting a delay in cells upon LiPoNs treatment. The cells treated with AntimiR-21 alone
or mediated-transfection did not display any difference in cell normalised dry mass (Figure
Il-4c).

Generally, during a cell cycle, the dry mass of single cell increases in time during cell growth
and suddenly decreases upon the mitosis event, where a single cell becomes two daughter
cells. Conversely, during cell death, the dry mass does not increase, but once the
membrane is compromised, the cell loses mass. This dry mass evolution linked to cell entry
in mitosis explains the rapid exchange in median cell dry mass evolution for both treated
and untreated cells (Figure llI-4c). Recently, Miettinen et al[60]. monitored the dry mass
of L1210 cells throughout multiple cell cycle and reported a cellular loss of dry mass
following the entry in mitotic entry. This loss in dry mass of cells, ranging from 4%-8%, is a
transitory phase in early mitosis, followed by a rapid recovery. It is partially dependent on
exocytosis of lysosomes and acts as a restartfor daughter cells having less useless
contents[60]. Even if no relevant changes in the cell dry mass for both treated and
untreated cells were detached, a zoom on median cell dry mass evolution in time showed
two distinctive profiles for control and treated cells. In detail, the untransfected cells
showed a decrease in mdian the cells’ dry mass after 10 hours (Figure Ill-4d). Differently,
the cells treated with LiPoNs formulations showed the minimum with different intensities
after 18 hours. This delay could be linked to the transitory phase affecting the cells in the
first hours(Figure 1lI-4d). However, this detectable difference in the profile minimum of
treated cells with respect to the untrasfected cells could be explained as an overall cell
divisions process that the cells were undergoing. The hypothesis that the reduction of the
cells’ dry mass is due to a collective cell division is supported by the comparison between
the data of the reduction of cell area, the increase of cell count and the maximum for the
mitotic index, for cells treated with LiPoNs formulations,in period of interest (18-24 h). In
accordance, the data with the total dry mass of the cell population over time, (Figure Ill-
4d) reported an overall decrease of total cell dry mass normalized between 12-18 h,
followed by an almost linear increase in the next hours. Moreover, a significant degree of
non-genetic cell-to-cell variability in cell regulation of mitotic cell mass, that is not related
to unsuccessful cell division, was already reported by Miettinen et al.[60]. Also the cells
treated with lipofectamine, AntimiR-21 alone and with the lipofectamine reported this
decrease in the cell dry mass. Therefore, the change in the cells' dry mass could not be
directly linked to NPs uptake but to cell synchronization.
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Figure llI-5. Analysis of the motility of MDA-MB-231 cells treated with LiPoNs. The MDA-
MB-231 cells were treated with different LiPoNs (lipids conc. 12ug/mL), AntimiR-21,
Lipofectamine, AntimiR-21 mediated transfection with Lipofectamine (Lipo+AntimiR-21).
The cells were imaged every 18 min in Quantitative Phase Imaging (QPI) and segmented
automatically to quantify the track speed(a), velocity (b), instantaneous velocity (e) and
confinement ratio(d).

In cells the cytoskeleton, particularly microtubules and microfilaments have dual functions,
dynamically maintaining cell shape and enabling cell motility. We analysed the possible
random cell motility in terms of average velocity, instantaneous velocity, track speed and
confinement ratio following the observation of rounding of cells upon NPs treatment
(Figure 111-5). Figure llI-5a shows the velocity of a cell from one frame to the next for a
population of cells in a distribution plot. In detail, the velocity for each cell is computed as
the sum of velocity from one frame to the other (18 min) over n, that is the number of
transitions between frames in the cell timeline. No evident difference between
untransfected and treated cells was observed. A slight increase in the cell speed was
observed, as reported in the distribution plot Figure lll- 5b, where the track speed is
calculated by dividing the total distance travelled by the lifetime of the track. By computing
the line graph of the mean of the instantaneous velocities of all cells in a frame, we
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observed that the velocity in the first hours was almost zero due to the transitory phase
affecting the cells, followed by a rapid increase in cell velocity at 24 hours for cells treated
with LiPoNs formulations with respect to untransfected ones or the ones treated with
AntimiR-21 alone and in combination with Lipofectamine. Interestingly, in the same time
frame, the length-to-width ratio increased upon the treatment with LiPoNs formulations
(Figure 111-3f). This behaviour could be linked to delay in the cell divisions, as confirmed by
the plateau in the cell count normalised and median cell dry mass, so leading the cells to
the possibility to endure as single cells, preserve the cell shape and not reduce their velocity
for the cellular division. In accordance with this velocity increase, the cells appeared slightly
less confined as indicated by the distribution plot of the confinement ratio (Figure IlI- 5d).
The cell’s confinement represents the distance of a cell migration with respect to its point
of origin, while the displacement graph considers the degree to which a cell meanders from
its starting and end point. The spider graph reports up to the first 50 tracks of a data series
on the position on the X-Y Axis of the cell, showing no directionality in displacement for
both untransfected and treated cells (Figure Ill- 6). The cytoskeleton, the changes in cell
adhesion and the expression of cell-migration-related proteins mainly control the motility
of cells. Several studies reported a reduction in cell motility and invasion after the exposure
to NPs[63, 64]. On the contrary, few studies[65] showed the opposite effect of gold NPs on
cell invasion, mainly linked to an increase in the metalloproteinase9 upon NPs cell
interaction. In any case, alteration to cell motility could be linked to a change in cell
stiffness[10], but it is not clear why the cells treated with LiPoNs increased their average
velocity.
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Figure llI-6. Analysis of the displacement of MDA-MB-231 cells treated with LiPoNs. The
MDA-MB-231 cells were treated with (a) Untrasfected cells and cells treated with AntimiR-
21 (b), AntimiR-21 transfection mediated with Lipofectamine(c) and AntimiR-21-Gd-DTPa-
LiPoNs (d).

The AntimiR-21 loaded LiPoNs reported a different cell behaviour with respect to
untransfected cells and cells transfected with Lipofectamine. Nevertheless, it was
impossible to distinguish the effect of LiPoNs-mediated delivery of AnitimiR-21 with
respect to the blank LiPoNs. We observed a similar cellular behaviour, in terms of cell
morphology, proliferation and motility, among all the LiPoNs formulations, with no changes
reported for the AntimiR-21-LiPoNs. However, the cells were observed for 48 h, differently,
the data on gene relations upon microRNA treatments were performed after 72 h of
contact (Chapter Il). Maybe the difference could be observed for a longer time. No changes
in cell proliferation were reported by MTT assay in previous chapters, confirming the lack
of cytotoxicity of LiPoNs. Recently, a similar effect on the cell behaviour of MSCs, MG63,
and HaCaT cells, was reported by Devendran and co-workers[57]. Upon acoustic exposure,
they observed that the cells prevented cell adhesion and changed their morphology with
no differences in live/dead assays. They linked these changes to increased cell resistance
to the external stimuli, maybe correlated to cell metabolism. In our case, the cells may alter
their stiffness upon interactions with LiPoNs leading to an alteration of cellular biological
response. However, Devendran et al. reported a huge variability in this correlation between
cell lines and exposure conditions. Therefore, further investigations are required to
understand the cell-LiPoNs interaction and the reason for this cellular response.
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Figure IlI-7. Analysis of the morphology of MDA-MB-231 cells for 14 h. The MDA-MB-231
cells were treated with different LiPoNs formulations (lipids conc. 12ug/mL) and three
different polystyrene NPs concentration. The cells were imaged in Quantitative Phase
Imaging (QPI) and segmented automatically to quantify the median cell sphericity (a),
median cell area (b), median cell thickness (c) and instantaneous velocity (d).

We reported how any changes in cell morphology, proliferation and motility could be
induced by the nano-bio interactions of LiPoNs. To verify the active role of LiPoNs in
mediating these cellular alterations, we performed a comparative study with commercially
available NPs, like polystyrene. Indeed, polystyrene NPs are commercial NPs widely used
as model NPs to study the NP-cell interactions. We tested three different concentrations
of polystyrene NPs of 100 nm around at 1 *107 (low), 2*107 (high) and 3*10” NPs/mL (high)
compared to LiPoNs (around 3*108 NPs/mL). We studied the cell median sphericity, area,
thickness and instantaneous velocity for 14 h (Figure IlI-7). The results confirmed the
abovementioned findings about the cells' morphological changes upon LiPoNs interactions.
Differently, the cells treated with Polystyrene NPs did not report any alteration in median
cell sphericity, area or thickness, confirming the role of materials in altering the cell
response (Figure IlI-7a-c). We observed an increase in the instantaneous velocity around
14 h for the LiPoNs and for a high concentration of polystyrene NPs (Figure IlI-7d). However,
the limited observation window (14 h) did not allow to follow a complete increase in the
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instantaneous velocity of the cells. Indeed, in Figure llI-5¢c, the cells displayed an average
velocity of around 5*103 um/s upon 20 hours of incubations with LiPoNs. Therefore, the
14 h of observations were insufficient to observe the cell behaviour regarding motility for
both the LiPoNs and Polystyrene NPsWe reported how any changes of cell morphology,
proliferation and motility could be induced by the nano-bio interactions of LiPoNs.

1.3 CONCLUSIONS

Massive efforts have been made to find a relationship between NPs’ synthetic properties,
including size, charge, shape, rigidity and surface coating, and cell internalization
pathways[2, 9, 10]. Many researchers have limited their attention to evaluating of these
internalization mechanisms on cell biological response, mainly as cytotoxicity. However,
the capability of these NP-cell interactions to impact and alter cell physiology emerged in
several studies [4]. In the same direction, the results on alteration of cell morphology,
motility and proliferation upon interaction with LiPoNs, display the nanomaterials impact
on cell machinery. To summarize, it was observed that LiPoNs induced a spherical
morphology in cells at t=0 that progressively disappeared in time. Cell rounding was
associated with increased cell thickness, maybe due to cell detachment. Downstream to
this transitory phase, the cells had a similar morphology to the untransfected cells, except
for the width-to-length ratio. As a consequence of this transitory phase, the cells reduced
the rates of growth and proliferation, as shown by the increase in doubling time, reduction
in cell count and slow increase in the total dry mass. However, they did not lose the
capability of undergoing mitotic events. Indeed, a huge difference in mitotic index between
the treated and untreated cells is not reported. Interestingly, the cells increased random
motility in terms of average instantaneous velocity over a longer time. Finally, the cells
treated with LiPoNs changed their morphology and seemed to slow down their functions,
but the negative or positive effect of this alteration in the treatment of the cells is not clear.
Interestingly, these cellular alterations were not detected for standard NPs, like
polystyrene NPs, confirming that were specific cellular pathways induced by the materials
in the form of LiPoNs.

This void of knowledge could have unexplored beneficial effects. A transient condition of
cells could be exploited to design and open new possibilities in drug delivery, improving
cargo internalization. He et al.[66] reported an increase in cellular uptake of EGFP-R8 and
dextran following disruption of actin organisation in skin epithelial cells.
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IV.  CHAPTER IV—PRELIMINARY RESULTS OF IN VIVO
DELIVERY OF LiPoNs LOADING miRNA

Preclinical validation of
miR-622-Gd-DTPA-LiPoNs
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Graphical Abstract IV. In vivo validation of miR-622-Gd-DTPA-LiPoNs for Multimodal
Imaging and Theranostic Applications

Abstract

The delivery of the therapeutic or diagnostic agents to the tumour site is a fundamental
and crucial aspect of asses in new nanoformulations for cancer treatment. Indeed, upon
intravenous administration, the sequential biological barriers encountered by NPs hinder a
site-specific delivery of the cargo, limiting the therapeutic potential of the vectors. Here,
we developed miR-622-Gd-DTPA-LiPoNs through the coupled Hydrodynamic flow focusing
on treating and diagnosing Triple Negative Breast Cancer. We preliminary evaluated the
ability of LiPoNs to target the tumour site and we estimated their antitumoral efficacy.
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IV.1 BACKGROUND
IV.1.1 Introduction

Breast cancer is a malignant tumour that occurs due to abnormal proliferation of cells or
tissue in or around the breast tissue, mainly in the mammary ducts and glands[1].
According to the Global Cancer Project 2018 (GLOBOCAN 2018), female breast cancer
ranked as the second most commonly diagnosed cancer and the second leading cause of
cancer-related death among woman (American society of cancer) [2].

The breast cancer is characterized by a high intertumoral and intratumoural heterogeneity.
Currently, it is classified by six intrinsic molecular subtypes: luminal A, luminal B, normal-
like, tumour enriched with human epidermal growth factor receptor 2 (Her2), basal-like
and claudin-low subtype[3-5].

The luminal A is the most common subtype (50-60 % of total breast cancer type)
characterized by the expression of estrogen receptor (ER), progesterone receptor (PR), Bcl-
2 and absence of Her2[5, 6]. The above mentioned receptors (ER, PR and absence of Her2)
characterize also the luminal B subtype, that can be distinguished from the luminal A
subtype based on high Ki67 staining[7]. The treatments for both luminal A and luminal B
subtypes target the ER signalling and consist in adjuvant endocrine therapy (tamoxifen and
aromatase inhibitors). A similar clinical outcome to basal like and luminal A subtype
characterizes the Normal-like subtype (only 5-10% of all breast carcinomas), which
expresses ER, Her2 and PR receptors. The expression of Her2 gene distinguished the Her2
positive subtype (15-20% of all breast cancer). This breast cancer subtype is treated with
trastuzumab and an antibody against Her2. However, a poor overall prognosis
characterizes them. Basal-like breast cancer (10-20% of all breast carcinoma) does not
express any of the three markers (ER, PR and Her) while Claudin-low breast cancer subtype
(12—14 % of breast carciroma) shows low expression of claudin- 3, 4, 7, occluodin and E-
cadherin with cancer stem like features|3, 8]. Both of them show a poor diagnosis and form
the majority of triple-negative breast cancers (TNBCs)[9].

The TNBC accounts for 15 % of all breast tumours[10] and it is often distinguished by high
histologic grade with central necrotic zones, pushing borders and fibrous cellular
proliferation[11, 12]. Moreover, it is marked by blood vessels with variable size, perilobular
lymphocytic infiltrate close to tumour tissue and lymphocytic inflammatory infiltrate in the
tissue [13].

A breast cancer diagnosis is based on a triple test comprising the needle biopsy and clinical
examination, usually mammography and/or ultrasonography and under specific conditions
Magnetic Resonance Imaging- MRI is added[14]. In the initial mammography the TNBC is
not detected in 18 % of cases despite its large size. On mammography, the TNBC is generally
presented as circumscribed area without calcifications. To support the screening of
patients at high risk, the ultrasonography imaging modality, characterized by an high
sensitivity for TNBC (around 92-100 %) is combined to the mammography imaging[15]. At
ultrasonography, the lesions appeared as mass with distinct margins and posterior acoustic
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enhancement. MRl imaging is used when conventional imaging tests have been equivocal,
for high risk patients and for treatments follow-up. On MRl imaging, the rim enhancement
characterizes the TNBC lesions in the majority of cases (76%). The combination of the three
techniques increases the sensitivity in detecting breast cancers, however there are still
false-positive findings. [16]. Indeed most of TNBC are still detected for the pain of patients
or as palpable masses and not detected early via imaging [17].

Patients with TNBC do not benefit from therapies that are designed to target the hormone
receptors and HER-2 receptor-positive cancers, such as the estrogen receptor antagonist
(Tamoxifen) and anti-HER-2 antibodies (Trastuzumab and Pertuzumab). Indeed, the TNBC
is characterized by the exclusion of the expression and/or amplification of three biomarkers
(estrogen receptor [ER], progesterone receptor [PR], and human epidermal growth factor
receptor 2 [HER2], that make hormone therapy and HER2 drugs do not work.

The chemotherapy represents the standard of care for the treatment of TNBC with the
selection of the therapeutic regimen according to the patient and disease related
factors[18]. Currently, taxane, anthracycline, cyclophosphamide, cisplatin and fluorouracil-
based combination chemotherapies are recommended for treating TNBC patients[19]. In
early breast cancer, the chemotherapy is preferred in neoadjuvant setting, followed by
surgery. If a complete pathological response (pCR) is not achieved, systemic therapy can be
escalated by using adjuvant capecitabine. In advance cancer, for BRCA- associated TNBC,
PARP inhibitor (olaparib or talazoparib) compared with monochemotherapy has reported
promising results in terms of quality of life of patients. Differently, if the BRCA mutations
are not present, the chemotherapy is still the suggested treatment[19]. Both in early and
advanced stage of TNBC, the platinum drugs could be added to chemotherapy
treatments[14, 20]. Moreover, these conventional treatments can be combined with
capecitabine chemotherapy, bevacizumab and anti-VEGF monoclonal antibody
bevacizumab[14, 21]. Among the promising strategies developed, poly-ADP ribose
polymerase-1 inhibitors and immune checkpoints inhibitors can be mentioned[22, 23].
However, the intratumoral heterogeneity and histologic heterogeneity within an individual
tumour pose a diagnostic dilemma and a therapeutic challenge when evaluating metastatic
lesions[20, 23]. Therefore, the limited and unspecific treatments options for TNBC
demonstrate an urgent clinical need to develop more personalized medicine.

A crucial role in tumour initiation and progression is exerted by the tumour
microenvironment (TME), where abnormal vessels in structure and functions lead to hypo-
perfusion conditions that ultimately create hypoxia. The hypoxia mediates the cancer
metastasis, immune suppression and drug resistance. In the TME, to meet the oxygen and
nutrients requests [24], there is the sprouting of new blood vessels (angiogenesis)
combined with the growth of cancer cells around pre-existing vessels (co-option). The
former vessels are characterized by high irregular architecture, not heterogenous spatial
distribution (dilated and tortuous)[25], avascular spaces and large intracellular and
intercellular openings (2 um)[26]. This disorganized and tortuous vasculature network
results in a plasma leakage into the interstitial space, increasing the viscous resistance to
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blood flow. This effect combined with the geometrical resistance exerted by the abnormal
vasculature, reduces the blood velocity of one order of magnitude in microvessels respect
to ones in the normal tissue. In addition, the proliferating cells compress the blood and
lymphatic vessels, that leads to an abnormal extracellular matrix (ECM) production[27, 28].
Typical elastic modulus of human breast cancer lesions is one order of magnitude higher
than the one of normal breast (3.25 kPa/24.37 mmHg), measured in the range of 10.0-42.0
kPa (75.0-315.0 mmHg)[25, 29]. The dysfunctional lymphatic system, the plasma leakage,
and the dense ECM cause the percolation of the plasma in the surrounding tissue and as a
consequence there is the increase of the extravascular hydrostatic pressure in the tumour.
Unlike normal breast, where the interstitial fluid pressure (IFP) is close to zero the IFP in
breast carcinoma rise to 10-20 mmHg in breast cancer[30].These abnormalities, in the flow
patterns and blood pressure, drive the development of hypo-perfusion, hypoxia and low
extracellular pH in the tumour microenvironment[25, 31]. Hypoxia is known to be a key
trigger in tumour progression and metastasis by inducing genetic instability and microRNA
alterations. The cells adapt to this hypoxia condition through a specific heterodimeric
protein that consists of two proteins, hypoxia-induced factor (HIF)-1a and HIF-1, which
together constitute HIF-1[32]. The upregulation of hypoxia-inducible factors has been
associated to the Epithelial to mesenchymal transitions (EMT) via overexpression of ZEB1/2
and protection of SNAIL from degradation [33, 34].

Among the significantly dysregulated microRNAs in breast cancer, several have been
associated with processes essential to disease progression, such as EMT and acquisition of
stem-like properties by cancer cells (CSCs)[3, 35]. During the EMT, epithelial cells lose
contact with the basement membrane and neighbouring cells acquire mesenchymal traits
(expression of N-cadherin and Vimentin) increased motility, and resistance to induction of
apoptotic cell death[1]. The epithelial-mesenchymal switch involves changes in several
pathways, including TGF-B, WNT, HIF1/2, NOTCH, NF-kB and RAS-ERK1/2. In the case of
TNBC, miR-21, miR-200 and miR-221 are highly dysregulated and correlated to low patient
survival. The miR-200 family has been identified as hypoxia microRNAs and its
overexpression is associated to HIF-1[32], which acts as suppressor of EMT, especially
targeting ZEB1/2[35]. In accordance, the upregulation miR-21 was related to the Hypoxia-
inducible factors and to the acquisition of breast cancer stem cells (BCSCs) phenotype[35].
The cancer progression is associated to the formation of self-renewing cancer stem cells
(CSCs), that make it more resistant to chemo- and radiotherapy. The let-7, miR-16, miR-107
e miR-128 have been recognized as miRNAs downregulated in BCSC-enriched population
[3]. Both the EMT and CSCs are prerequisites for metastasis[35] and development of
chemoresistance. In this sense, several microRNAs have been identified as modulators of
critical genes involved in breast cancer therapy resistance[3]. The action of miR-451 and
miR-298 on MDR1 genes has been associated to developing resistance to doxorubicin in
MCF-7 and MDA-MB-231 cells[36, 37]. Moreover, the overexpression of MRP-1 has been
correlated to VP-16 resistant MCF-7 cell line. By restoring the miR-326 overexpression, the
VP-16 resistant MCF-7 cell lines have become again sensitive to VP-16 and doxorubicin
treatment, confirming the miRNA involvement in therapy resistance[38]. Recently,
Orlandella et al.[39] provided evidences that miR-622 is downregulated in the plasma and
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tissue samples of breast cancer patients. Moreover, they showed its action as a tumour
suppressor by targeting the NUAK1 kinase. NUAK1 is a serine/threonine kinase involved in
cell adhesion, polarity and in epithelial-mesenchymal transition. NUAK1 overexpression is
correlated with poor clinical outcome in various types of cancers.

IV.1.2 Aim of chapter 4

We have proved the ability of both the coupled Hydrodynamic flow focusing and LiPoNs
nanostructure in stabilizing biologics, in particular microRNAs. Moreover, the microRNAs
delivered with LiPoNs showed promising cellular results in orchestrating the genes involved
in tumour progression. Going beyond the cellular delivery, several challenges to microRNAs
action arise in the tumour microenvironment, where the high interstitial fluid pressure and
the complex extracellular matrix, hindered their penetration. To understand the role
exerted by the material complexation in preserving stability of both the vector it-self and
the biologics in a more complex biological environment, we studied the behaviour of
LiPoNs in a preclinical model.

We selected one of the most aggressive breast cancer types, triple negative breast cancer
(TNBC), characterized by fewer treatment options, mainly chemotherapy. Therefore, the
TNBC represents the ideal candidate for testing the selectivity and specificity of microRNAs
therapeutics. Taking advantage of the recent evidence on the downregulation of miR-622
in breast cancer, we entrapped a mimics microRNAs, miR-622, in LiPoNs to restore its
tumour suppressor function in the cells. Despite these multiple efforts in clinical
examination to detect TNBC in early stage, the current imaging-based screens are still
partially effective. To address this issue, we co-entrap the Gd-DTPA as Gadolinium-based
Contrast agents (CAs) for MRI imaging. miR-622-Gd-loaded LiPoNs could potentially
provide tissue specificity for delivery of microRNAs to the target cells and for enhancing the
detection of the lesion, at the same time reduce nephrotoxicity, transmetalation and
abnormal brain deposition of free Gd-based contrast agents.

IV.2 CASE STUDY

IV.2.1 Experimental section
Materials used for miR-622 preparation were the same presented in Chapter 11.2.1.1. The
has-miR-622 MISSION microRNA Mimic (mature sequence ACAGUCUGCUGAGGUUGGAGC)
and Atto700 were purchased by Merck (St. Louis, MO, USA). These LiPoNs formulations
were produced in a quartz microfluidic device (22.5mm long x 15mm wide x 4mm thick,
Dolomite Centre Ltd, Royston, UK) through the coupled Hydrodynamic Flow Focusing
(cHFF) process as reported in chapter 1.2.1.2. The same microfluidic process conditions
used in Chapter 11.2.1.3 were exploited to prepare miR-622 loaded LiPoNs formulations. In
the cHFF, two side streams of Lipids (0.0072 % w/v, 8:1 mass ratio SPC:Chol) dissolved in
etOH-Water (65%-35% v/v) mixture sheeted an acid solution (AcOH-NaOH/1% v/v-50 mM)
containing the chitosan (0.01 % w/v) and the miR-622 (2uM). To produce Gd-DTPA LiPoNs
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and miR-622-Gd-DTPA-LiPoNs, the Gd-DTPA compound was added to the middle solution
(0.4 % w/v). The microfluidic cHFF process was conducted by setting the side flow rate at
41 uL/min, while the middle one at 3 uL/min for a flow rate ratio (FR?) of 0.073. The
synthetic identities of miR-622 were computed as described in Chapter 11.2.1.4. The
Atto700 is dissolved in the chitosan solution at 24 ug/ml before being injected into the
device's middle channel.

The live cell imaging experiment was performed as in Chapter Ill. For miR-622 formulations,
mir-622 alone and using Lipofectamine 3000, miR622- LiPoNs or miR622- Gd-DTPA- LiPoNs
(miR-622 conc. 6 nM, Lipids conc. 12 pug/ml and Gd-DTPA conc.:28 uM) were added in
triplicate. Moreover, LiPoNs, Gd-DTPA-LiPoNs and Lipofectamine alone at the same
concentration were tested in triplicate.

IV.2.2 Results and discussion

IV.2.2.1 Synthetic Identity of miR-622- Gd-DTPA- LiPoNs

This study exploited the Hybrid Lipid-Polymer Nanoparticles (LiPoNs) to make the miR-622
more stable in systemic circulation and improve its cellular/tissue uptake. The miR-622 was
entrapped in a chitosan core, aimed to protect and improve the intracellular delivery of the
complex, covered by a lipid shell, made up of phosphatidylcholine and cholesterol, to
enhance the cellular uptake. Once administered into the body, NPs delivery potency will
depend on the interactions between the nanomaterials and biological systems (nano-
biointeractions)[40]. Indeed, the synthetic identities of miR-622- LiPoNs formulations were
analyzed in terms of the mean and mode of the size, Standard Error (St.Error) and Zeta
potential by NanoSight (NTA) and Zetasizer Nano (Figure IV-1a,b). The Nanoparticle
tracking analysis of the miR-622 loaded LiPoNs formulations showed a mode size range
from 105.1 nm to 112.2nm (Figure 1V-1a), with an average size values of 123.7 nm and
135.1 nm for miR-622-LiPoNs and miR-622-Gd-DTPA-LiPoNs, respectively (Figure IV-1a).
The zeta potential was in the range of -6.28 to -15.9 mV, with an increase of the negative
charge for the addition of miR-622 in LiPoNs, from -15.9 to -19.8 mV (Figure IV-1b).
Differently, the Gd-DTPA addition to LiPoNs formulations reduced their negative charge,
making them more neutral from -19.8 mV to - 6.81 mV. The morphology of miR-622-LiPoNs
is observed by TEM (Figure IV-1c). Therefore, the LiPoNs are small enough to avoid massive
accumulation in off-target organs and could prolong their circulation lifetimes on account
of their slightly negative charge [41]. The longitudinal relaxation time distributions of miR-
622-Gd-DTPA-LiPoNs (T1=1690 ms) in Figure IV-1d confirmed the loading of Gd-DTPA
Contrast Agent (EE: 62 %) within the LiPoNs nanostructures.
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Figure IV-1. Morphological characterization and in vitro MRI. (a) Size distributions of miR-
622 LiPoNs (black) and miR-622- Gd-DTPA- LiPoNs (blue) as a function of the mean
nanoparticle concentration; (b) Zeta potential values of LiPoNs, Gd-DTPA LiPoNs, miR-622-
LiPoNs, miR-622-Gd-DTPA- LiPoNs; (c) TEM image of miR-622-LipoNs; (d) In vitro
comparison of longitudinal relaxation time distributions of water, LiPoNs, Gd-DTPA-LiPoNs,
mMiR-622-LiPoNs, miR-622-Gd-DTPA-LiPoNs.

IV.2.2.2 Cellular interaction of miR-622- Gd-DTPA- LiPoNs

Recently, Orlandella et al.[39] have demonstrated the role of the miR-622 in inducing a
reduction of NUAK1 expression in the MDA-MB-231 cells, that through the AHT signalling,
enhances the invasive and metastatic potential of the cells. To restore the miR-622 action
as a tumour suppressor, we provided an additional source of miR-622 to the MDA-MB-231
cells with the LiPoNs mediated delivery.
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Figure IV-2. Analysis of the proliferation of MDA-MB-231 cells. The MDA-MB-231 cells
were treated with different LiPoNs (lipids conc. 12ug/mL), miR-622, Lipofectamine and
miR-622 mediated transfection with Lipofectamine (Lipo+miR-622). The cells were imaged
every 18 min in Quantitative Phase Imaging (QPI) and segmented automatically to quantify
a) median cell sphericity, b) median length-to-width ratio, c) cell count normalised and d)
the cell doubling time.

We tested the miR-622-Gd-DTPA-LiPoNs on MDA-MB-231 cells and we quantified their
effects on the behavioural characteristics of the cells with automated live cell imaging. We
gained information on the cell population's morphology, proliferation, mitosis and random
motility every 18 min for 48 h. The cells were treated with miR-622 alone and in
combinations with the Lipofectamine as a comparison. As controls, blank LiPoNs
formulations and lipofectamine alone were tested. The results on cell morphology, such as
sphericity, area, thickness and length-to-with ratio, confirmed the findings already
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reported in chapter lll. Indeed, a change in the cell morphology was detected upon
incubating with miR-622-LiPoNs that progressively disappeared in 6 hours. After 6 hours,
the cells increased their length-to-with ratio as reported in Figure IV-2. This morphological
change could be linked to a cellular biological response. Indeed, following this transitory
phase, the cells seemed to reduce the proliferation rate, as reported by the plate-like curve
around 24 h-1 day in Figure IV-2c. This reduction in the cell count normalised matched with
the increase in cell doubling time reported for the miR-622-LiPoNs formulations. In
particular, the miR-622- LiPoNs and miR-622-Gd-DTPA-LiPoNs showed an increase of the
doubling time up to 42+ 5 h and 51+ 11h, respectively (Figure 1V-2d).

a b

100 |

Untransfected

Untransfected
——miR-622

Lipa

Lipo+ miR-622

LiPoNs

——miR-622- LiPoNs
——Gd-DTPA- LiPoNs
——miR-622-Gd-DTPA- LiPoNs

——miR-622

Lipo
——Lipo+ miR-622
80 | ——LiPoNs
——miR-622-LiPoNs
——Gd-DTPA- LiPoNs
——miR-622- Gd- DTPA- LiPoNs

60

Mitotic index (%)

40

Total Dry Mass Normalised

20

oI 1 1 1 1 I 1 I 1 | | | | | | | | |
000 006 012 018 100 108 112 118 200
Time (day.h) 0.00 006 012 018 100 106 112 118 200

Time (day.h)
C a0° d
0
0

L\
Al

3N
)

)
=3
%
=)
T

——miR-622-LiPols
——Gd-DTRPA-LiPolis
——miR-622-G4-DTPA- LiPoNs

510° |

Speed (um/s)

4x10° |

Istantaneous Velocity (um/s

3x10° |

P,

e

1 1 Il 1 1 1 1 1 1
000 006 012 018 100 106 112 1.18 200
Time (day.h)

Figure IV-3. Livecyte analysis of the proliferation of MDA-MB-231 cells. The MDA-MB-231
cells were treated with different LiPoNs (lipids conc. 12ug/mL), miR-622, Lipofectamine and
miR-622 mediated transfection with Lipofectamine (Lipo+miR-622). The cells were imaged
every 18 min in Quantitative Phase Imaging (QPI) and segmented automatically to quantify
a) mitoticindex, b) total dry mass normalised, c) instantaneous velocity and d) the cell track
speed.
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As already reported in Chapter lll, the mitotic index did not significantly differ among all
the conditions tested. Therefore, the miR-622-LiPoNs formulations decreased the
proliferation rate of the cells but did not induce their arrest. However, this reduction in the
cell activity reduced the cell duplications and consequently the total cell dry mass (Figure
IV-3d).

The line graph of the mean of the instantaneous velocities of all cells in a frame reported a
rise in the cell random motility after 18 h of contact with LiPoNs formulations (Figure IV-
3c). This behaviour could be linked to the reduction of cell doublings, allowing to the cells
to preserve their cell shape for a longer time, with respect to untransfected cells. In
accordance with the increase of cell instantaneous velocity, a slight increase in the cell
speed is reported (Figure IV-3d). The speed of the cells is evaluated by dividing the total
distance travelled by the lifetime of the track.

A difference between the miR-622 alone and mediated transfection is detected; however,
this change cannot be linked to the delivery of miR-622 mediated by the LiPoNs
formulations but to LiPoNs carriers.
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IV.2.2.3 Preliminary in vivo data of LiPoNs

We preliminary validated the ability of LiPoNs to target the tumour site by exploiting the
passive targeting via the EPR (Enhanced Permeability Retention) effect. The LiPoNs were
loaded with Atto700 (~1200 nM) and Gd-DTPA (~250 uM) to be tracked in vivo. In
collaboration with CEINGE-Biotecnologie avanzate, CNR IBB — Istituto di Biostrutture e
Bioimmagini and University Parthenope, the LiPoNs have been injected in an orthotopic
syngeneic murine model of breast cancer (4t1 cells inoculated into the breast). The LiPoNs
biodistribution was acquired in vivo and ex vivo with the fluorescence-mediated
tomography (FMT). For the ex vivo analysis, the muscle tissue was used to normalize the
fluorescence value. Following the last acquisition at 24 h, the mice have been sacrificed,
the organs have been explanted and acquired in FMT (Figure 1V-4).

Tumour  Muscle

Cc

Figure IV-4. In vivo and ex-vivo fluorescence imaging and organ distribution of the Atto700-
Gd-DTPA-LiPoNs in an orthotopic syngeneic murine model of breast cancer. Representative
fluorescence images for in vivo distribution of Atto700-Gd-DTPA-LiPoNs at (a) 1h and (b)
24 h post i.v. injection; (c) Ex-vivo distribution of Atto700-Gd-DTPA-LiPoNs examined at 24
h post injection.

The LiPoNs did not cause major adverse effects, and no changes in respiratory frequency
or signs of suffering during and upon the injection were detected. The LiPoNs showed an
accumulation in the tumour tissue at 24 h post injection (Figure IV-4). The ex vivo results
reported a moderate accumulation in the liver, possibly due to the hepatobiliary excretion
(Figure IV-4c). On the other hand, the signal at the splenic and renal level was absent, likely
proving the lack of sequestration of the LiPoNs by the reticuloendothelial system and the
preferential excretion by the hepato-biliary route, instead of the renal excretion.
Therefore, the LiPoNs mainly reached the tumour with a moderate off-target
accumulation.
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Following these biodistribution studies, the antitumoral activity of miR-622-Gd-DTPA-
Atto700 loaded LiPoNs was evaluated. We monitored the tumour progression upon
intratumoral administration of miR-622 loaded LiPoNs. Preliminary results have shown an
inhibition of the tumour growth for the delivery of miR-622 mediated by LiPoNs with
respect to the untreated one. We do not have additional available data since the
experiments are in progress.

The dual material nanostructure of Lipid-Polymer NPs seems to take advantage of the EPR
effect to target the tumour site effectively and to exploit the material design to deliver a
stable microRNAs cargo in the TME. However, to confirm these results, further in vivo
studies are required.

IV.3 CONCLUSIONS

We have proven the role of the LiPoNs in effectively delivering stable microRNAs to the
cells, overcoming the low cellular uptake and intracellular release of microRNAs alone.
Nevertheless, the tumour microenvironment poses further challenges to microRNA
delivery in cancer. Indeed, the poor blood perfusion, the high interstitial fluid pressure and
the complex extracellular matrix of the tumour tissue hindered their penetration.

We verified the cellular interactions of miR-622-Gd-DTPA-LiPoNs on MDA-MB-231 cells
with a high throughput cell scanning instrument. Here, the coupled Hydrodynamic flow
focusing is exploited to co-load the miR-622 and the Gd-DTPA agent in LiPoNs. These LiPoNs
showed both therapeutic and diagnostic properties. We preliminary reported the capability
of LiPoNs to target the tumour site. This preferential tumour accumulation indicates a
limited or reduced uptake of LiPoNs by the RES system. Furthermore, the preliminary
results on reducing tumour growth in mice at a low dose of nucleic acid delivery through
LiPoNs, confirm their therapeutic potential.
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V.  CHAPTER V- INSIGHT INTO FLUID INTERFACES FOR
STABILIZING NANOPARTICLES FORMATION
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Graphical Abstract V. Insight on the coupled Hydrodynamic Flow focusing from perspective
of fluid interfaces.

Abstract

The coupled Hydrodynamic flow focusing (cHFF), is analysed in terms of fluid
interfaces and their impact on mechanism of NPs formation. Firstly, the solvent
displacement in the coupled HFF process is studied using computational fluid
dynamics simulation (CFD) and it is compared to experimental results to acquire
knowledge on the coupling between two simultaneously mechanisms of formation:
self-assembly and nanoprecipitation. Then, the impact of the HFF features in
confining the species in a thin reaction zone was investigated and elucidated by
analysing several HFF processes for the synthesis of NPswith different materials. A
preliminary correlation between the confinement exerted in the HFF device and the
size of NPs is reported.
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V.1 BACKGROUND
V.1.1 Introduction

The liposomes formation is described as two-step process[1, 2], while the mechanism of
polymer nanoparticle formation includes several steps, such as nucleation, growth and
aggregation. The polymer nanoparticles distribution depends on each step's rate [3].

The phospholipids, they are amphiphilic molecules made up of a hydrophilic head group
and double long hydrophobic tails, which make them poorly soluble in water unless they
self-assemble into bilayers [4]. The formation of a vesicle can be described as a two-step
self-assembly process: the aggregation of amphiphiles in bilayer fragments and then its
closure into a vesicle [1].

For the aggregation of lipids, Marsh reported that the standard free energy of the lipid
monomer transformation from water into a micelle of size m is given by[5, 6]:

RT, (Xm
GG =1 mH%=RTINX,,- > In (22) €

where X,, and X, are the mole fractions of a lipid (with respect to water) in the monomer
and micellar states, respectively; R is the ideal gas constant; and T is the absolute
temperature. The simplest assumption is to consider the micelles monodisperse with a
unique size m equal to the aggregation number of lipids (n,g4), S0 m = ny4,. For large
micelles or extended bilayers (i.e ng,44—> °°), the standard free energy of the transfer can
be related to the critical micelle concentration, CMC, by:

AGQ=RT InXcyc (2)

where CMC (in mole fraction units) is the critical micelle concentration of the lipid
monomer in mole fraction units with respect to water[5, 7]. AG?r’m is a negative free energy
term (CMC < 1), underlying that micelle formation is a spontaneous process. The CMC is
the concentration above which a further addition of solute molecules results in the
formation of more aggregates while leaving the monomer concentration unchanged[8]. It
is possible to predict this finite shape of amphiphiles’ self-assembly by determining the
molecular packing parameter associated with their structural features. The molecular
packing parameter is defined as:

Vo
CPP=£ (3)

where vy and |y are the volume and length of the amphiphile’s tail and a is the surface area
of the hydrophobic core of the aggregate [9]. Then, these small aggregates’ spontaneous
growth through coalescence in disk-like bilayer structures according to the kinetic model
of a micelle—vesicle transition[1, 10-12]. Generally, as the bilayer structures grow, they
tend to minimize the overall line energy initially by curving themselves into a spherical cup
and then, to reduce the line energy further by closing themselves into a spherical
vesicle[13].
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For many years, the nucleation and growth of polymer nanoparticles have been described
through the LaMer burst nucleation[14]. The nanoprecipitation begins at the onset of
supersaturation, generated by the sudden change in concentration, to reduce the system’s
free energy (AG). The newly formed nuclei grow by aggregation of molecular species until
a critical size (r.), stable upon dissolution, is achieved. The nucleation rate is defined by the
Arrhenius relationship as:

B AGer) _ __lemiv?
B=K;exp ( KT ) =Kyexp ( 3K3T3[In (Sr)]z) @

Here, K, is a constant, K is Boltzmann’s constant, T is the absolute temperature, S, is the
local supersaturation at particle surface and AG. is the critical free energy for
nucleation[15]. Hence, the local supersaturation (S) controls the nucleation kinetics that in
the case of solvent-exchange precipitation or rapid mixing is defined as[15, 16]:

_C
= ©

where C is the real-time concentration and C* represents the saturation solubility[16]. For
the rapid mixing, the solute concentration continues to rise to the saturation concentration
C>C" and reaches the critical nuclei concentration C", where the nanoprecipitation process
is triggered and almost monodisperse polymer nuclei are formed[2, 16]. In this stage the
nuclei are formed by molecules condensation until a stable size against dissolution is
obtained. This nucleation phase proceeds until the solute concentration felt down to
critical nucleation concentration C", where new nuclei cannot be formed. Then, these
existing nuclei grow to add or capture the remaining dissolved solute until the
concentration of still-dissolved material fell to saturation solubility or bulk solubility C". The
relative kinetics of the nucleation and growth dictate the nanoparticle size and
distribution[2, 15, 17].

Lince et al.[3] described the molecular growth of NPs, the attachment of molecules to the
surface of particle, in the case of diffusion-controlled growth rate as:

2k My, C
p

G S—=1) (6)
Where k,, is the mass transfer coefficient, M,, is the molecular weight of the polymer and
p is the density.

The nanoparticles’ sizes are described by a third step, that determines the size distribution
of the final nanoparticles. The aggregation depends on the frequency of collision of NPs
and their stability, consequently, it is proportional to the number density (i.e.,
concentration) and aggregation frequency (aggregation kernel). Then, the aggregation
frequency is dictated by the size of the particles and the mechanism of collision, Brownian
motions (perikinetic aggregation) or fluid motions (orthokinetic aggregation)[3].

A key determinant of nanoparticle size and distribution is the nucleation rate, which is
controlled by the fluid dynamics and mixing rate. Generally, fast mixing results in a high
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nucleation rate and large population of small particles, while poor mixing results low
nucleation rate and, consequently, the formation of larger particles[3].

Microfluidics, with respect to other conventional manufacturing methods for the
production of NPs, offers unique control of fluid dynamics and mixing among species.
Indeed, microfluidics, flowing minute amount (nano-picoliters) in the micrometre scale,
leverages the physical characteristics of mass and fluid transfer. Indeed, in a miniaturized
system, the Reynolds number is lower than 100 due to the predominance role exerted by
viscous forces, resulting in laminar flow. Thus, the mass transfer is governed by passive
molecular diffusion and advection. For small scale, the mixing between species is
enhanced, since the time required for species to diffuse scale quadratically with the
distance covered[2]. Among all continuous flow microfluidic geometries, the hydrodynamic
flow focusing (HFF), where a middle flow is sheathed by two side flows, reduces the inner
sample stream and consequently results in faster mixing. The possibility of fine tuning the
hydrodynamic flow focusing width by varying the volumetric flowrate ratio between the
inner and side flows was exploited to control the displacement and mixing times of solvents
to trigger the nanoprecipitation mechanism. Among all continuous flow microfluidic
geometries, the hydrodynamic flow focusing (HFF) [18, 19].

In the 2004, Jahn and co-workers[20] firstly synthesized liposome in a trapezoidal cross-
section microfluidic device where a lipid stream dissolved in isopropyl alcohol (IPA) was
hydrodynamically sheathed between two buffer streams at an angle of 90 °. The liposomes
formation was controlled by the mass transfer at the fluid interface, where the increase in
aqueous solution triggers the formation of lipid vesicles. The reduction of the radius of the
liposomes, with the increase in the flow rate ratio, was associated with an increase in the
shear stress exerted on liposomes during their self-assembly[20]. Later, they studied the
change in the liposomes size manipulating the flow rate in HFF device characterized by
multiple inlets at 45 ° and with a higher aspect ratio. Differently from previous findings,
they reported that the absolute magnitude of the shear forces between the streams had
limited impact on liposome size [21], at the same time the flow rate ratio guided the
phenomenon of assembly, because it changed the dynamics of mass transfer across the
streams[22]. To deeply investigate the role of the device geometry on liposome formation,
they compared the liposomes formation in two device geometry, characterized by a
different intersection angle and aspect ratio, reporting no differences of device geometry
on liposome mechanism of formation[2, 23].

Back in the 2008, Karnik et al.[24] applied the HFF technology to the production of material
with size ranging in the nanometres scale. In their method, a poly(lactide-co-glycolide)-b-
poly(ethylene glycol) PLGA-PEG block copolymer, dissolved in acetonitrile, was
hydrodynamic focused by two lateral nonsolvent water phases inducing the mutual
diffusion of all solvents and ultimately resulting in precipitate formation. They reported a
decrease in nanoparticle size to 20 nm for lower flow ratio and consequently reduction of
mixing time.
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Afterwards, several microfluidic platforms were fabricated for the synthesis of nanocarriers
based on chitosan[25], hyaluronic acid[26] and PLGA-PEG[27]. In further studies, the
microfluidic ability to promote the ordered interaction among different materials was
exploited to produce hybrid nanoparticles[28-30].

V.1.2 Aim of chapter 5

Working in a micro-confined domain, microfluidics leverages the physical characteristics of
mass and fluid transfer, makes the microfluidic devices not only a miniaturised version of
a micromixers. The hydrodynamic flow focusing devices (HFF), was exploited to guide the
nucleation and growth of lipid-based and polymer-based nanoparticles, separately.
However, the role of the HFF in controlling the formation of coupled phenomena
simultaneously, self-assembly of liposomes and nanoprecipitation of polymer, was not
explored. To study the interplay between the fluid dynamics and mechanism of hybrid
nanoparticles’ formation, we used the coupled Hydrodynamic flow focusing process as
confined microreactors with highly controllable fluid interfaces. The rationale was to create
controllable fluid interfaces where the mixing between components drives the mutual
solvent extraction. For this scope, a Comsol simulation of the convective-diffusive mixing
in the cHFF was computed to quantify the solvent interdiffusion and their spatial
distribution along the device. This, in turn, was aimed at having insight into the kinetics of
the assembly and growth of both the lipids and the polymer precipitate to identify the main
parameters that guide the stabilization of the complex. Then, we analysed the current state
of the art to find a relationship between interfacial phenomena occurring in the HFF and
nanoparticle formation. We preliminary reported a correlation between NPs size and the
flow focusing width in the HFF. We discussed the critical parameters that guide the
nanoparticle formation in a preliminary model that predicts the NPs size.

V.2 CASE STUDY

V.2.1 Experimental section
V.2.1.1 Materials

Materials used for the production were the same as presented in Chapter I.
Sulforhodamine B has been purchased from Sigma-Aldrich (St. Louis, MO, USA).

V.2.1.2 LiPoNs production

The LiPoNs were produced and characterized as reported in Chapter |. Aiming to analyse
different fluid-dynamic regimes, different flow rate ratio (FR?) conditions were tested. The
flow rate ratio FR? was defined in Chapter I. Five selected values for the FR? were 0.02, 0.07,
0.12,0.17, 0.22, obtained by keeping constant the side flow rates at 41 pl/min and letting
vary the middle one among 1, 3, 5, 7, 9 ul/min, respectively. For the fluorescent study, the
Sulforhodamine B at 0.01 % w/v was added to a water solution and injected in the central
channel, while mixtures of etOH/water (65/35 % v/v) were injected in the side ones.
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V.2.1.3 Numerical simulation

The simulations of the process were run in the computational environment that we built
on the xy plane of the working window of COMSOL Multiphysics 5.4 (COMSOL Inc.,
Burlington, MA, USA, Figure V-1). Further details on the designed chip are in Appendix-
Table VI-1
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Figure V-1. a) Bidimensional device geometry built on Comsol Multiphysics 5.4 for
simulating the 2D HFF. b) Schematization of the reference system set for running
simulations.

In figure V-1 the reference system for the simulation study is reported, where the origin of
reference is placed at the end of the junction that connects side and central channels (in

the actual position of x = 6.5 mm) in the downer channel wall ( z1 = 75 um, with the 2D xy
2

plane centered at xr = 0, yr = 0, Figure V-1).

For the side streams, we selected as initial material an ethanol solution with density of
0.88 X 10° kg/m? and a dynamic viscosity of 1.66 X 103 Pa*s to reproduce the ethanol/water
volumetric ratio of 65/35 % v/v[31]. The same solution was set as initial material for the
main channel, downstream the channel junction. For the central stream, an acetic acid
solution with a density of 0.99 X 102 kg/m3 and a dynamic viscosity of 0.89 X 10 Pa*s was
set as initial material to reproduce the acOH/Water volumetric ratio 1/99 % v/v[32], as
reported in the Appendix VI- TableVI-2.
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The Laminar Flow interface was selected to compute the velocity and pressure fields for
the flow of the single-phase fluid in the laminar flow regime and the stationary steady state,
whose governing equations were the Navier-Stokes for conservation of momentum (7) and
the continuity law for conservation of mass (9), namely:

p(u-Nu=v-[-pl+K|+F (7)
K=pWu+@wh (8

PV =0 (9)

where u is the flow velocity, p is the fluid density, p is the pressure, u is the dynamic
viscosity and F represents outer forces. They were coupled with the boundary conditions
of incompressible fluid flow, no slip at walls, fully developed flows and suppressed backflow
at the outlet (pressure equal to 0 Pa).

The driving forces for mass transport were diffusion by Fick's law, driven by concentration
gradients, and convection, also contributing to the flux of chemical species by bulk fluid
motion. The combined effect of them was included in our model through the “Transport of
diluted species”, whose determining equations in the stationary case were:

V-]i+u-|7ci=Ri (10)
Ji=-DiV¢; (11)

where ¢; is the species concentration (mol/m?3), J; is the molar flux (1/m?s?), R; is a net
volumetric source for the species concentration, such that R>0 assumes that a chemical
reaction is creating more of the species, and R<0 that a chemical reaction is destroying the
species. D; is the mutual diffusion coefficient of the species (m?/s). The Multiphysics
coupling of all the physics declared was selected.

Different flow focusing regimes were explored by modulating the flow rate ratio FR? in a
range from 0.02 up to 0.22, by keeping the side flow rate (FR) constant while manipulating
the middle one. These flow rates were set for each channel in the simulation as average
velocity in the fully developed flows (Table V-1).

Table V-1. Table of the average velocity used for the CFD simulation.

FR? Side Stream Middle Stream

0.02 Side Flow rate =41 ul/min Middle Flow rate =1 ul/min
Average velocity = 36.27 mm/s Average velocity = 0.88 mm/s

0.07 Side Flow rate =41 ul/min Middle Flow rate =3 ul/min
Average velocity = 36.27 mm/s Average velocity = 2.65 mm/s

0.12 Side Flow rate =41 ul/min Middle Flow rate =5 ul/min
Average velocity = 36.27 mm/s Average velocity = 4.42 mm/s

0.17 Side Flow rate =41 ul/min Middle Flow rate =7 ul/min
Average velocity = 36.27 mm/s Average velocity = 6.19 mm/s

0.22 Side Flow rate =41 ul/min Middle Flow rate =9 ul/min
Average velocity = 36.27 mm/s Average velocity = 7.96 mm/s
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The mesh was user-controlled mesh, with a high number of nodes located in the Y junction
built. It was built in accordance with the parameters reported by Amrani et al. [33], that
optimized the mesh for a HFF geometry in order to have a correspondence between
calculated and theoretical values of the flow focusing width (converge towards the same
value). The parameters used for the mesh are reported in AppendixVI-TableVI-3

For quantitatively purposes, 2D Cut lines were stated in the Data Sets of the Results Panel
with a line entry method based on the declaration of their coordinates. According to our
reference system, the main channel was investigated by spanning from x, =-200 um,
defined through a vertical cut line with coordinates (x;=6.3 mm, y1=0 mm) and (x,=6.3 mm,
y2=0.16 mm), to x, =15000 pm (x;=21.5 mm, y1=0 mm - x,=21.5 mm, y,=0.16 mm) as
reported in Appendix-IV-Figure VI-15-17. Whereas, for detecting changes along the main
channel width of 160 um, horizontal cutlines were defined along the entire device from y:
=0 um (x1=0 mm, y1=0 mm - x,=22.5 mm, y,=0 mm) to the centre of the channel at y,=80
pum (x2=0 mm, y;=0.08 mm - x,=22.5 mm, y,=0.08 mm) see Appendix VI-Figure VI-18.

V.2.2 Results and Discussion

IV.2.2.1 Rational of numerical simulation

The hydrodynamic flow focusing is typically performed by injecting a nonsolvent phase
from the side channel focusing a solvent phase containing a polymer or lipid solution in the
main channel, promoting the solvent/ nonsolvent extraction and inducing the NPs
precipitation and the formation of polymer NPs or liposomes. The main driver for both
mechanisms of NPs formation is the mutual solvent interdiffusion at fluid interfaces. To
take advantage of this mutual solvent extraction, we designed a coupled Hydrodynamic
Flow Focusing, where two lipids’ streams sheeted a polymer solution in the main channel.
Thus, at the fluid interface, both the mainstream and the side streams are involved in their
thermodynamic process and mutually influence each other. In detail, the Lipids streams
(SPC, 0.0072 % w/v), dissolved in a mixture of ethanol/water (EtOH/Water, 65/35 % v/v)
are injected in the side streams while chitosan (CH, 0.01 % w/v), dissolved in acetic acid
(AcOH) solution (AcOH, 1 % v/v), is injected in the middle one.
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Figure V-2. a) Microfluidic device geometry with the respective 3D dimensions to produce
Lipid-Polymer NPs (LiPoNs); b) Schematic representation of cHFF width and c¢) 2D comsol
simulation.

The HFF feature enables to exert a control on this mutual interface by adjusting the width
of the flow focusing, which can be varied by changing the volumetric flow rate ratio
between the middle and side streams. In our case, we controlled the flow focusing width
by modulating the flow rate ratio FR?, from 0.02 to 0.22. Thus, we fixed the side channels
at a flow rate (FR) equal to 41 uL/min, and changed the middle channel's FR from 1 to 9
pL/min, with a constant step of 2 uL/min.

Based on HFF simulations already reported in literature [33-35], a simulative framework
for numerical studies of the cHFF was realized on COMSOL Multiphysics (5.4 software) to
assess the mixing of solvents and antisolvents that is governed by the Navier-Stokes
equations for incompressible flow plus the convection-diffusion equation.

We are aware that the three-dimensional characteristics of the cylindrical shape device
lead to nonuniform diffusion of the focused stream across the vertical midplane, due to the
no-slip boundary conditions at the top and bottom walls. The bidimensional representation
of the device architecture was realized in the reference system centered at xr =0, yr =0,

that was supposed to lie on the half of z-axis, therefore at z: = 75 um, because the most
2

salient features of the cHFF features in the x-y plane [36] and to have better visualization
of fluid interfaces. Moreover, it required less extensive processing and computing
resources and less time to compute.
With this configuration, a first study was carried out to analyse how the flow focusing
modulates the development of solvent concentration profiles along the channel width at
relevant locations along the main channel length (Figure V-3,4). Then, to investigate the
interference phenomenon happening at the microfluidic junction, a second study was
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carried out by spanning the entire channel length at selected locations along the channel
width, more precisely by moving from the lower wall to the centre of the channel (Figure
V-5,6).

IV.2.2.2 Quantitative study about the FR? impact on mutual solvent

interdiffusion in a cHFF

The use of numerical simulation realized through the interface Transport of Diluted Species
on Comsol Multiphysics, gave us access to the analysis of the development of fluid
interfaces along the length of the device. We were primarily interested in the studying the
impact of flow focusing modulation on the mixing two species, ethanol-water and acetic
acid-water. Indeed, the change in microenvironment polarity, and decrease of ethanol
content induce and mediate the self-assembly of the liposome. Differently, the reduction
of acetic acid leads to the nanoprecipitation of chitosan.

To span the entire microfluidic environment from the start of the junction until the end of
the device, we selected reference positions (xr) equal to -200, -100, 0, 100, 5000, 10000,
15000 um (Appendix VI-Figure VI-16-17). However, we reported relevant positions
identified at xr=-100, 0, 100, um to emphasize the progression of the mixing around the
junction (FigureV-3,4). Then, the position at xr=5000 um (that corresponds to the device
length of 11.5 mm) was chosen to investigate the achievement of the steady state
condition. All the other plots are collected and reported in Appendix VI-Figure VI-16-17.
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Figure V-3: The impact of FR?(0.02-0.22) on the ethanol interdiffusion in terms of
normalized ethanol (etOH) concentration in the main channel width (0-160 um) at different
locations (x,) along the channel length (0-22.5 mm) evaluated with 2D comsol simulation:
a) x,:-100 um, b) x,-: 0 um, ¢) x,-: 100 um, d) x,-: 5000 um

As reasonably expected from the implementation of a reverse HFF set-up, the ethanol
concentration profiles (Appendix VI-Figure VI-16a) display maximum values at the channel
walls from which the component comes and minimum ones in the middle of the
mainstream due to the intercept with the acetic acid solution. With the aid of the
simulations, these values could be measured for each of the reference positions selected,
and an average value in the minimum interval is computed for reference. Starting from
Figure V-3a, it is found a minimum value for the normalized ethanol concentration equal
to 0.68 mol/m? for the flow rate of 1 pl/min, that decrease to 0.22, 0.04, 0.08x10! and
0.01x10* for the middle flow rates of 3, 5, 7 and 9 pl/min, respectively.
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The set of curves pertaining to xr=0 um are of great relevance since they display a linear
convergence towards a minimum point (FigureV-3b) by representing the thinning of the
focusing region due to the gradual extinguishing of the phenomena involved. Minimum
points were measured equal to 0.9-0.28 mol/m3 for the middle FR values from 1 to 9

ul/min.

The same trend can be observed when moving along the channel length (switching to the
next location at xr=100 um), however, an increase of the minimal values to 0.94-0.54
mol/m3, for FR? ranging from 0.2-0.22 is reported. This increase in normalized values is
confirmed by the overall shortening of the curves and widening of the curves.

The steady state condition is achieved at the ethanol concentration value of 0.97 and 0.78
for the lower and higher FR?, respectively. However, a steady state condition is not yet
achieved at the reference position of xr=5000 um (corresponding to 16.5 mm), since small
changes from the flattened curves can still be recognized, as even more evident for the
higher FR? in Figure V-d. Only at the lower FR? tested (0.02) is a steady state already
achieved at xr=5000 um.

We can conclude that the rise of the FR? slows down the achievement of a steady state
condition. The resulting increase of the reaction zone width induces the spatial shifting of
the mixing degree, directly impacting on the process progression and establishing a steady
state condition that happens downstream along the channel.
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Figure V-4. The impact of FR?(0.02-0.22) on the acetic acid interdiffusion in terms of
normalized acetic acid (acOH) concentration in the main channel width (0-160 um) at
different locations (x,) along the channel length (0-22.5 mm) evaluated with 2D comsol
simulation: a) x,-:-100 um, b) x,.: 0 um, ¢) x,-: 100 um, d) x,.: 5000 pum.

Switching from the normalized ethanol concentration profiles to the acetic acid ones
immediately stands out as the perfect mirroring between the plots obtained at all the
examined conditions, demonstrating that a mutual interdiffusion occurs globally (Figure V-
4). Despite the trends of curves appear to overlap, big differences can be recognized from
the normalized values of acetic acid obtained at each location, thus opposite
considerations can be done with respect to the previous case.

From FigureV-4a to figure V-4d, it is possible to recognize the expected concentration
gradient profile from a usual HFF, with the development of gaussian curves converging to
maximum values [37, 38]. Figure V-4a shows the profile established at the centre of the
junction connecting inputs in the reference position of xr=-100 um. The effects of the
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massive invasion of the alcoholic solution from side channels can be recognized in the rapid
reduction of the acOH concentration from the initial nominal value down to values in the
range of 0.30-0.99 mol/m3 according to the FR2. As in the previous case, the global trend of
curves is maintained when switching from x=-100 um to x=0 um (Figure V-4b), however, it
is shown the lowering of the averaged maximum values achieved in the focusing region.
Quantified values go from 0.30-0.99 mol/m3 to 0.09-0.71 mol/m3 for the FR? of 0.02-0.22,
respectively. When the characteristic curves are established at x=100 um, these averaged
maximum values converge to maximum points achieved at normalized concentration
values in the range of 0.05- 0.45 by raising the FR? from 0.02 to 0.22.

Also in this case, the increase in the focusing width is brought about by raising the central
flow rate ratio up to 0.22, with a consequent slower and more gradual concentration
gradient established, that mostly consumes the mixing at the initial section of the flow
focusing. When moving along the channel, the evolution of the mixing process can be
acknowledged in the significant changes in the curve shapes and the lowering of the
maximum values achieved at the centre of the channel. Finally, the system further evolves
achieving a steady state condition. At x=5000 um the steady state is almost ascertained for
lower FR?. A concentration value of 0.02 mol/m3for FR? equal to 0.02 is obtained (Figure V-
4d). For the other conditions, the interdiffusion of components still takes place for longer
distances, with a different magnitude according to the FR? and steady state conditions are
achieved with final values of 0.07-0.21 mol/m3 for FR2=0.07-0.22, respectively.

The comparison of the curves pertaining to each FR? tested, which is evaluated moving
along the channel length from x=-100 um to x=5000 um gives more insight into the impact
of the junction geometry on the gradual evolution of the flow focusing on the mainstream,
that drives the mutual interdiffusion of solvents and antisolvents. By looking at the two
extreme conditions tested of FR? of 0.02 and 0.22, it is possible to detect for the ethanol
concentration a minimum change from 0.68 to 0.97 mol/m? and from 0.01x10? to 0.78
mol/m3® when moving along the channel. Differently, the acetic acid concentration shows a
change of maximum value from 0.3 to 0.02 mol/m3 and from 0.99 to 0.2 mol/m?3for FR? of
0.02 and 0.22, respectively.

By a global comparison of the plots on the variation of fluid interfaces according to the FR?
tested, the absolute minimum or maximum values depending on whether ethanol or acetic
acid is considered, are recorded at the position of xr=-100 um, namely the location in the
middle of the flow focusing junction. Going away, both the reduction of ethanol and acetic
acid concentrations occurs along the fluid interfaces with a concentration gradient
dependent of FR2,

IV.2.2.3 Role of Flow focusing junction on modulation of the fluid interfaces

To gain insight into the impact of the expansion of flow focusing region on the modulation
of fluid interfaces and the increase of surface area for their mixing, we investigated it along
the length of the device for different flow rate ratios.

Due to the symmetry between the two halves of the geometry, just one of them was
considered. In particular, we were interested in investigating changes in the normalised
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concentration profiles of ethanol (Figure V-5) and acetic acid (Figure V-6) that develop in
the entire geometry length (0- 22.5 mm) at different channel widths, starting from the
lower wall at yr=0 um up to the centre at yr=80 um. To display the development of the
normalized concentration profiles along the entire device length, four locations out of the
five identified by moving from the lower wall to the centre with a step of 20 um, were
selected in Figure V-5 and Figure V-6.

The effect of the mixing on the normalized ethanol concentration at the selected reference
positions yr=20 um, yr=40 um, yr=60 um, yr=80um, is reported in Figure V-5.
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Figure V-5. Impact of FR?(0.02-0.22) on the development of ethanol normalized
concentration profile across the whole channel at different positions along the channel
width (y,) evaluated with 2D comsol simulation: a) y,: 20 um, b) y_: 40 um, c) y,: 60 um, d)
y,: 80 um.

133



At yr=20 um and 40 um close to channel walls (Figure V-5a) the system is so far from the
area of components exchange that is only partially affected by the mixing and almost all
the device length is required to observed minimal changes. The position yr=60 um from the
walls is interested in components exchange with an amplitude that increases when the
central FR rises, as observed from the enlargement of the curves (Figure V-5 c). Moreover,
a spatial shift of the mixing along the channel length (x direction) is observed in Figure V-
5c. At the centre of the mainstream (yr=80 um) , it is observed the establishment of an
increase of ethanol component as a function of FR? ( Figure V-5d). The gradual increase in
the presence of ethanol at yr=80 um confirms that the process happens at the interface
between the fluids (yr=80-60 um) and gradually expands to the central stream.
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The same trend, although opposite, is obtained for the acOH, as shown in Figure V-6. A
similar trend can be recognized for the normalised function representing the development
of the acOH concentration profile along the entire channel length. However, while the
etOH move from null to maximum values since it comes from side channels, the acOH
normalised values move from the unit to the minimal ones. From the zoom figures, for both
solvents, the wider focusing width caused by the rise of the FR? results in a delay in the
process extinction that induces the spatial and temporal shifting of the steady state
condition.

The channel width interested by the mixing phenomena with a different amplitude
according to FR? is around 40 um, as reported in Figure V-6. Consequently, a confinement
microenvironment for the solvent mixing is established in the device, due to the
geometrical choice that puts side channels at 45° with respect to the middle one. With this
configuration, side inputs first leverage the solvent extractions and then sheet and
envelope the middle stream by driving the solvent extraction and mixing components
within a confined stream. Indeed, as already demonstrated by Kunstmann-Olsen et al.[36],
the junction's local geometry can modulate the hydrodynamic focusing and, consequently,
the long-range divergence of the sample stream.

IV.2.2.4 Role of flow focusing confinement on LiPoNs formation

Figure V-7 shows the comparison of numerical simulations, optical microscopy images and
fluorescence images for different FR?, from 0.02 to 0.22, confirming the results obtained
with the simulation regarding the mixing of species. Lower FR? resulted in a fluidic
configuration in which the middle stream is more squeezed by the side streams, and the
area for components exchange was mthinner, so that vanished before the end of the device
for the fast mixing among species. Alternatively, by raising the FR?, the focusing width
increased, and a sustained flow focusing profile carried on along the all-channel length.

Following all these comparative studies, we can ascertain that the geometrical design and
the flow rate ratio have a significant impact on the gradual progression of the mixing
process. Both features can be incorporated in one parameter (f), which is the ratio between
the flow focusing width (wy) and the width of the main channel (w). It gave a measure of
the confinement exerted by both the device geometry and flow rate ratio on the mixing of
species. As reported by Kunstmann-Olsen[36], who applied a theoretical model of Lee et
al.[39] there is a relationship between the device geometry in terms of the sheath angle
(8) and this parameter f, defined as

_Wr _ / 2
f_ w Al 143 72+2 r25inh2 (13)

where r is the ratio between the one volumetric side flowrate and the middle one.

This model was built considering the change in momentum undergone by the sheath fluid
as it turns the corner into the exit channel. It is considered valid under these assumptions:
a) Fluids are Newtonian, b) they have equal density and viscosity, c) all the channels of the
device have the same cross-sections and d) it is verified under laminar flow conditions. Even
though this model was built for square cross-section and neglects 3D effects and velocity
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profiles across the flows, we applied this model to our system since almost all the
conditions are verified. In our case, the ethanol and water are Newtonian fluids with similar
density (water-997 kg/m3and ethanol-789 kg/m3) and viscosity (~1 mPas). We are working

under laminar flow conditions as confirmed by the low Reynolds number, around 6.78.

vw  880%0.08%160%107°
Re =2 = - = 6.78 (14)
1.66%10~3

u

To compute the Reynolds number the density and the viscosity for the ethanol-water
mixture (65-35 % v/v) were set to 880 kg/m?> and 1.66 X 103 Pa*s, respectively. The mean
velocity in the main channel is 0.08 m/s and the width of the devices is 160 um.

We computed the value f in our experimental conditions with the angle of 45 ° between
the channels as reported in table V-2.

Table V-2. Table shows the obtained values for the parameter f and the width of the
focused stream W;: with the corresponding Flow rate (ul/min), FR? and parameter r.

Middle Flow Side Flow rate FR? r f Wi
rate (ul/min) (ul/min) (um)
1 41
0.02 41.00 0.01 1.95
3 41 0.07 13.67 0.04 5.85
5 41 0.12 8.20 0.06 9.74
7 41 0.17 5.86 0.09 13.61
9 41 0.22 4.56 0.11 17.46

The values of the flow focusing widths obtained with the model mentioned above were
confirmed by the comparison with other theoretical models that evaluated the width of
the focused stream([22, 24]. Moving from low to high f parameter, there is an extension of
the arrowhead-shaped focusing region (from 2 to 17 um) which influences the relative
amounts of convective-diffusion mixing[40] and spatially shifts the complete mixing over
the focusing region. This shift impacts the competition between the chitosan precipitation
and liposome self-assembly.

As was first reported by Karnik et al.[24], the formation of polymer NPs is mainly controlled
by the level of supersaturation of the solute that has to be precipitated. The chitosan
nanoprecipitation mainly occurs upon rapid solvent extraction in two stages: the nuclei
formation, consisting of a coil of several polymer chains, and its growth for the addition of
more polymer chains through a diffusion limited process. In the latter phase, solvent mixing
should be complete to avoid further addition of polymer chains. In the cHFF, the chitosan
polymer, already at its solubility limit (1 % v/v-AcOH/water), experiences a rapid reduction
of acetic acid, leading to its nanoprecipitation. The size of this precipitate is controlled by
the growth phase, that in turn is dependent on rate of solvent exchange. From the
normalized AcOH concentration profiles, it is possible to distinguish the role of FR? in the
mixing of components.
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Lower focusing width, resulting from lower FR?, reduces the diffusion length, a higher
diffusive mixing and a steep concentration gradient. For lower f, in the middle of the cHFF
junction, the acetic acid rapidly decreases (see Figure V-4). This fast solvent extraction
provides a high level of supersaturation of the species, leading to nucleation and diffusion-
limited aggregation of precipitates. Moreover, for lower FR?, obtained by reducing the
middle flow rate, the chitosan material processed in the device is lower with respect to
higher FR? (increasing f value), leading to a reduction in chitosan entrapment within the
LiPoNs complex. As a result, we observed a size reduction of the chitosan nuclei formation
inside LiPoNs, as reported in Figure V-8 a,b. This finding was also confirmed by the small
size around 170 nm and the negative zeta potential (around -10 mV) observed for the f
values in the range of 0.01-0.04 (Figure V-8e).

Differently, for high f (higher FR2), a higher amount of chitosan is being processed in the
device, and a more gradual depletion of acetic acid is reported. Consequently, a significant
fraction of chitosan chains remains available to be added to the chitosan precipitate,
leading to a big chitosan precipitate within the LiPoNs core (Figure V-8 c). The LiPoNs size
increased up to 400.7 nm for fvalue equals 0.09. The zeta potential increased up to 6.2 mv
for an fvalue of 0.09 (FR? of 0.17) due to the loading of a large chitosan precipitate.
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Figure V-7.2D simulations, optical Fluorescence Microscopy images of flow focusing pattern and fluorescence images of Sulphorhodamine injected in the middle stream at different FR2.
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On the other hand, the self-assembly of liposomes is controlled by the ethanol
concentration and microenvironment polarity. In cHFF, the lipid molecules are injected in
the side streams encountered the water stream at the junction of the device, where a rapid
change in the microenvironmental polarity leads to the formation of lipid fragments. These
lipid fragments located at the two-phase interface detect a massive reduction of alcoholic
content that induces thermodynamic instabilities at the edge of bilayer fragments,
determining their closure into micellar structures [4, 13, 34].

By increasing the f value corresponding to an increase of f value up to 0.11 (FR? of 0.22),
the central aqueous stream induces a steep growth of surrounding microenvironmental
polarity resulting in a rapid reduction of organic solvent (Figure V-3), which could impact
lipids solubility, compromising a homogenous control of the self-assembly [41]. Therefore,
an excess of lipidic material and the formation of chitosan precipitates as uncontrolled
morphologies were identified in Figure V-8d.

By decreasing the fand consequently the FR?, the ethanol amount that occupied the device
is increasing, however, the microenvironmental polarity at fluid interfaces seems to be
enough to induce the self-assembly process. In accordance, Jahn et al.[42] investigating the
formation of lipid structures in the microfluidic chip with immediate immobilization of the
process, observing that shallow alcohol concentration gradient could promote liposome
formation. Therefore, we concluded that for f value between 0.01-0.09, obtained at a
middle channel flow rate of 1-7 pl/min and side channel flow rate of 41 uL/min, the
extraction time was adequate for lipid fragments to aggregate [42] and cover the polymer
structures. Therefore, we identified an operative window where the coupling between
nanoprecipitation and self-assembly is guaranteed. However, by changing the flow
focusing confinement and the extraction time, the extent of lipid coverage and polymer
precipitate varied, as reported by the TEM images, NTA analysis and zeta potential. In figure
V-8a-d, it is possible to observe a different size of the chitosan core and lipid extent by
varying the f values.

IV.2.2.5 Model to predict the nanoparticle size in HFF

We followed the considerations on the flow focusing confinement and its impact on the
nanoparticle mechanism of formation. In collaboration with Professor Patrick Tabeling of
ESPCI University in Paris, we analysed the literature regarding nanoparticle formation,
aiming to generalize the effect of fluid patterns on the stability of NPs. In particular, we
explored these mechanisms from the perspectives of fluid interfaces and convective-
diffusive mixing in the HFF process. Furthermore, we collected data on device geometry
and implemented flow rates to rationalize the contribution of the flow focusing width on
NPs formation. In particular, we elaborated the data in function of this parameter f,
described above, that incorporates the geometric contribution of the devices and the flow
rate ratio. This parameter allowed the organization of the microfluidic process conditions
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with respect to the interfacial phenomena among all the different device geometries.
Indeed, by considering the ratio of flow focusing on the device’s width, we could compare
different microfluidic processes.

A pioneering study of liposomes formation in HFF was conducted in 2004, with the work of
Jahn et al. [20]. They guided the self-assembly of liposomes through a two-dimensional
flow focusing approach (2D HFF) in a cross-junction device. Lately, they investigated the
formation of liposomes in HFF implemented in two microfluidic devices. They used the
same species, a mixture of DMPC, DCP, and Cholesterol, in two devices, X- and Y- Junction
chips, with different channel dimensions and geometrical scaling[23]. We collected data
about the device geometries, the flow rate ratio tested and the diameter of liposomes
obtained. The data were plotted in the f parameter function and processed with a linear
fitting, as shown in Figure V-9, Table VI-4.

Interestingly, a linear correlation between the liposome size and the f parameter emerged,
underlying the direct relationship between the flow focusing and the mechanism of NPs
formation. This finding was confirmed by the same linear trend observed among different
devices (X-Y-Junctions) that processed the same chemicals. For the X-junction device, the
intercept is 28.2, with a slope of 786 (Figure V-9a). Similarly, for the Y-junction device, an
intercept of 28.1 and a slope of 1273 is reported (Figure V-9b). These trends were both
related to the self-assembly of liposomes. Therefore, the good correlation between the
curves,especially for low f values, has demonstrated the capability of the parameter f to
compare and study the mechanism of formation in different devices.

From this knowledge of lipid self-assembly in microfluidics, we interrogated diverse
materials and, consequently, other mechanisms of nanoparticle formation in HFF. In this
perspective, Karnik et al.[24] in 2008 synthesized PLGA-PEG nanoparticles (NPs) utilizing
the assembly of the amphiphilic block-copolymers during nanoprecipitation. The collected
data were analysed as reported in figure V-9c, Table VI-4. For PLGA-PEG the relationship
reported was almost linear, characterized by a lower slope of 96.8 and an intercept of 17.8
(Figure V-9c).
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Figure V-9. Linear fitting of nanoparticles size as function of parameter f for different
materials in HFF devices. a) Linear fitting of liposomes size in function of the parameter f
from the data of Jahn and co-workers[23] in X-Junction and b) Y-Junction; c) Linear fitting
of polymer nanoparticles (PLGA-PEG) size in function of f parameter from the data of Karnik
et al.[24] and d) Linear fitting of polymer nanoparticles (HA) size in function of f parameter
from the data of Russo et al.[26] .

We collected and fitted data on polymer nanoprecipitation to further elucidate this
relationship. We selected Hyaluronic acids (HA) as the model polymer. Russo et al.[26]
made an extensive study on hyaluronic acid precipitation through HFF in X-junction for the
synthesis of crosslinked Hyaluronic Acid Nanoparticles (cHANPs) (Figure V-9d, Table VI-4).
As previously reported a correlation between the f parameter and NPs size is observed,
with an intercept of -40.8 and slope of 839.5 (Figure V-9d).

Looking to the reported curve (Figure V-9), a linear relation emerged in the form of
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where D represents the nanoparticle diameter and Dy could be the minimum diameter
achieved to have a stable complex. By comparing the linear fitting, for the lipid self-
assembly the D is around 28 nm, while for polymer for PLGA-PEG micellization and HA
precipitation is around 18 nm and 41 nm, respectively. The value of Dy varies in the range
of 20-30 nm, except for HA polymer that reachs the value of 41 nm. The D, could be varied
in agreement with the mechanism of formation of NPs.

Regarding the Dy,Kotoucek et al.[13] compared the published theoretical and experimental
data on the sizes of liposomes composed of EPC, SOPC, and DMPC in different processes.
They reported a diameter in the range of 14 to 22 nm, which is in accordance with our
proposal on the meaning of D,. The lower value for D, around 17 nm,is reported for PLGA-
PEG micellization, where further addition of more unimers to the particles is difficult due
to the formation of a polymer brush layer on surface[24]. For the HA nanoprecipitation,
the minimum obtained value is 41 nm, where the addition of material is only diffusion-
limited, and the polymer chains are more elongated.

Moreover, this increase in the size of HA NPs could be linked to post-processing step rather
than to the microfluidic process conditions. Indeed, the purification procedure of cHANPs
, crosslinked Hyaluronic Acid Nanoparticles, is the solvent gradient dialysis and involves the
use of a large volume of solvent exchange, mainly water. The high affinity of HA polymer
with the water could lead an increase in the NPs size. Indeed, the HA polymer is the only
material with a negative value for the intercept. In this sense, we are performing new
experiments to evaluate the Hyaluronic acid nanoparticle size right after the synthesis in
the microfluidic device.

Above these considerations, we hypothesized that nanoparticles’ growth is controlled by
the addition of other chains to a stable complex Dy in a linear form. This growth will be
dependent on parameter A and the portion of the channel occupied by the flow focusing
width (f). A reduction in particle size is obtained for the low values of f parameter.
Different from the previous model, which relates the nanoparticle size to the mixing of
species, where the complete exchange of solvent stabilizes the NPs for further addition[24],
here this parameter f is linked to the velocity of species moving in the device and the
confinement of molecules.

For laminar flow and fully developed flow, the velocity distribution in the main channel is
parabolic, as reported according to Poiseuille flow. The speed gradient, close to the

: . o U U .
symmetry axis, at a distance ws from it, is on the order ofmwf = ;f. Due to the parabolic

velocity profile, the f parameter represents the locations in the main channel where the
velocity displays higher values, close to the centerline. Considering this aspect, NPs size
could depend on velocity streamlines where species are located. The growth of
nanoparticles is described by a diffusion limited process, so the location and velocity of
species within the devices guide their addition on the surface of NPs. We assume that
polymer chains are added to stable ones by a kinematical process, where the flux of species
added is linked to the difference in velocity between the two complexes. In this theory, the
residence time of NPs within the device becomes relevant because it represents the time
available for adding material.
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Following these considerations, a key role is exerted by the amount of material available
to the growth (number density) and the distance between this material and the stable
complex (path length, I). This path length could represent the distance the molecules travel
to join the stable complex, which will depend on the number density of material (related
to the concentration of species injected in the device, C) and the material properties
(polymer or lipid density, p).

In this sense, a big difference in nanoparticle growth arises from the conformation and
affinity between the solvent and polymer available for the addition, represented in a
parameter &. As previously introduced[43], the interaction between the material to be
precipitated and the solvent/nonsolvent composition affects the composition phase and
impacts on the properties of the final NPs. In this sense, few studies investigated the impact
of polymer/solvent/nonsolvent on the nanoprecipitation process of NPs[44, 45]. Costa
Souza Bicudo et al.[46] reported this interaction in continuous processes for the production
of Hyaluronic acid NPs. In particular, the lower affinity between the solvent and nonsolvent
phase led to a longer molecule persistence at their interfaces, consequently slowing down
the supersaturation. As a result, larger particles were obtained. On the contrary, a higher
affinity promoted the formation of small NPs.

Therefore, we hypothesized that parameter A could incorporate several process conditions
such as the chip length, where the formation is occurring, the path length that the
molecules have to travel and the material-solvent affinity. The path length should be
associated with the concentration of material available for the growth and the material
properties, such as density and molecular weight.

D =Dy+ A[LIC,p)el*f

Following all these comparative studies, we can confirm a correlation between NPs size
and the confinement of solvents within the device, in the form of hydrodynamic flow
focusing. We identified a linear relationship that describes the formation of the
nanoparticles within the device. We also assumed that the parameters of this relationship
are dependent on the material properties and the process conditions spanning to residence
time, distance between species, confinement of material and their conformation.
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V.3 SECOND CASE STUDY
Exosomes produced by engineered MDA-MB-231 cells

V.3.1 Introduction

To improve the tumour targeting of lipid-based formulations, the nanomedicine
community conducts fundamental and technical research investigating their behaviour in
living organisms. To gain insight into the role of lipid material in complex biological
environments such as preclinical models, | have been hosted as visiting PhD student in the
Genetic Engineering for Multimodality Imaging laboratory at Erasmus University Medical
Center (The Netherlands), where | did experimental work on labeled lipid-based
nanoparticle for Optical and Nuclear Imaging applications.

The acquired knowledge of lipid-based materials in microfluidics has been applied to the
engineering nanosized lipid bilayer vesicles released by the cells, known as extracellular
vesicles (EVs). Exosomes are phospholipid-based particles with a size ranging in the
nanometer scale, and they represent a homogenous population of vesicles released from
cells[47]. They showed significant therapeutic effects in several disease models due to their
enhanced stability, low immunogenicity and dosage flexibility. However, several studies
reported their off-target distribution in organs rich in blood vessels or associated with the
reticuloendothelial system[48]. The complex composition and short half-life of EVs make
them challenging to study and evaluate their in vivo distribution [49]. To understand the
lipid part's contribution in guiding the carriers' fate in the preclinical model, the exosomes
have been engineered to be tracked in living organisms. We exploited the bioluminescence
of EVs using Nanoluc technology, where the combination of a reporter probe with a
reporter protein induces the accumulation of specific signals that can be detected in living
subjects[50, 51].

In the case of exosomes, the loading of reporter proteins on exosomes allows tracking the
EVs in vivo without losing information of unlabelled dye or cargo leakage. Several
technologies have been exploited to follow EVs in vivo such as labelling with lipophilic
fluorescent dyes[52, 53], radioisotopes[54, 55] and MRI contrast agents[56, 57].

Among them, bioluminescent strategies for EV Ilabelling have gained increased
attention[50] due to the high sensitivity of the bioluminescence imaging (BLI) in the
preclinical model. Indeed, it is an imaging modality in preclinical research used for small
animals that surpass all the others in terms of sensitivity for the absence of background
signal. BLI relays on converting chemical energy into light by using enzymes known as
luciferases or photoproteins and combining them with luciferins, the substrates[58].
Therefore, the BLI imaging modality requires the genetic engineering of a luciferase gene-
based reporter construct, the administration of a luciferin substrate and a detection system
for the emitted light[59].

Firstly, Takahashi et al.[60] isolated exosomes from the B16-BL6 murine melanoma cells
transfected with a plasmid expressing fusion protein, consisting of Gaussia luciferase and a
truncated lactadherin, gLuc-lactadherin. The exosomes were administered to BALB/c mice
via intravenous injection. In another study, Gaussia luciferase and metabolic biotinylation
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were combined to create a sensitive EV reporter for in vivo and ex vivo[61]. Recently, Gupta
et al.[50] made quantification of extracellular vesicles in vitro and in vivo using sensitive
bioluminescence imaging. In this context, bioluminescence emerges as an effective tool to
interrogate mechanisms, verify therapeutic interventions and accelerate the clinical
translation of lipid-based carriers[62].

Among several luciferase enzymes, NanoLuc luciferase (NLuc) stands out due to its
enhanced stability, small size, 150-fold increase in luminescence and lower background
activity[63]. NLuc is a 19.1 kDa luciferase enzyme that relies on the substrate furimazine to
produce high intensity, glow-type luminescence. Moreover, it is ATP independent
bioluminescent enzyme. Dixon and colleagues engineered a novel binary technology
(NanoBIT) that consists of two subunits, high affinity NanoBit (Hi-Bit) and large NanoBit
(LgBit). These subunits do not possess enzymatic activity alone, but when combined, they
restore their NanoLuc enzymatic activity[64]. This technology was applied to recombinant
viruses genetically engineered to express a luciferase produces light from infected cells
after substrate (luciferin) administration[65]. Professor Laura Mezzanotte of the Erasmus
Medical Center in Rotterdam (Netherlands) developed an innovative system for reporter
gene imaging. This technology relays on the LgBit subunit, expressed on the cellular
membrane of the infected cells that, upon interaction with the very small HiBiT tag (33 base
pairs/11 amino acids), reconstituting the entire Nluc complex, emits light upon the addition
of the substrate. Moreover, the infected cells expressed the Green fluorescent proteins.
The idea was to take advantage of exosomes’ capability of inhering the mother cells'
proteins to obtain exosomes with reporter protein that enables their monitoring in vivo
imaging. In detail, these exosomes isolated from engineered cells display the Lg-Bit units
on their external surface and the GFP in their core. Upon interaction with the HiBit units,
these EVs restore the Nluc complex, that exhibits a strong bioluminescent signal in the
presence of fluorofurimazine substrate. Moreover, the HiBit unit was labelled to
radioactive probes, and Indium-DOTA complexes to nuclear medicine.

The idea was to process these engineered cells through an innovative high Throughput
Approach Based on a Dynamic High Pressure or microfluidic process for higher scale
production of exosomes and for the encapsulation of active agents, such as chemotherapy,
for therapeutic applications. Thus, the exosomes would be characterized by the Lg-Bit
protein, enabling light emission, and by a therapeutic cargo.

However, to date, we effectively engineered the cells and proved that the exosomes
isolated from the cells expose the LgBit unit, which interacts with HiBit tag and successfully
emits light. Due to time constraints, we did not process the cells in a microfluidics reactor,
nor evaluate the behaviour of produced exosomes in vivo. These last steps are currently
under investigation.

V.3.2 Result and discussion

Here we reported the development and validation of engineered vesicles by MBA-MB-231
cells for multimodal imaging modalities. The nanosystems are isolated by lentiviral
transduction of the human breast cancer cell line MDA-MB-231 with a bioluminescent
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reporter, Lg-Bit. Lentivirus technology is an effective tool to transfer heritable genetic
material into the genome of any cancer cells. The lentivirus pCDHLgbitTM-EIGFP was
produced by the transfection of HEK293T packaging cells with three packaging plasmids
pCMV-VSVG, pMDLg-RRE, pRSV-REV and transfer vector plasmid with the Jet-PEl
transfection. After 24 -48 h, the medium of the cells containing the lentivirus was collected,
centrifuged and filtered (0.45 um). 70x10% MDA-MB-231 cells were seeded in 24 well plates
and transduced with the lentivirus plus polybrene (8 ug/ml). This resulted in the production
MDA-MB-231 cells with the expression of the LgBit and green fluorescent proteins as
reported in image Figure V-10. The stable clones were selected via the limited dilution
method for their GFP expression and Luminescence. The GFP expression was checked by
the Echo microscope as shown in figure V-10.

a b

Figure V-10. The expression of GFP of MDA-MB-231 cells for the selected clone after the
infection with the lentivirus. Microscope image of MDA-MB-231 cells in a) transmission, b)
fluorescence and c) their overlapping.

In order to quantify the expression of Lg-Bit for the infected cells, we seeded the selected
clone of MDA-MB-231 cells in a 96-black well plate at a different cellular density ranging
from 3.125 to 50.000 cells. The small high-affinity peptide tag was added to the cells at a
concentration of 1nM. Then, the bioluminescence signal from wells was measured with
IVIS spectrum system (PerkinElmer, Whaltam, MA, USA) at several time points (1, 5, 10, 15,
20, 25 min) post the addition of fluorofurimazine substrate at a concentration of 5 uM. The
measurements were run in triplicates. As controls, the luminescence of the untreated cells
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and the cells upon the addition of the substrate without the HiBit peptide were evaluated.
Data were analysed using Living Image 4.3 software (Perkin Elmer) by drawing the
appropriate ROI. As reported in Figure V-11a, the luminescence signal was visible to 25 min.
We quantified the luminescence emitted by the cells according to their density in time, as
reported in Figure V-11b. A correlation between the signal acquired, and the cellular
density is observed above 12500 cells. We observed similar linear kinetics of
bioluminescence of MDA-MB-231 cells with a maximum after 25 min of addition of the
substrate. This linear increase could be due to the time required by the two subunits to
interact and emit light. We effectively produced a viral vector to induce the expression of
LgBit and GFP proteins in infected MDA-MB-231 cells. In detail, the LgBit linked to the
protein preserved the expression for 25 minutes, confirming the stability of NanolLuc
complex. We quantified the fluorofurimazine sensitivity of the engineered cell line at 25
min after the addition of the substrate (Figure V-11c). The signal raised according to the
increase of cell number with a high correlation (correlation coefficient 0.99). The
nanoluc/fluorofurimazine pair has already demonstrated the highest bioluminescence
intensity, even post-intravenous administration[66]. Therefore, a stable cell line expressing
both Lg-Bit unit and GFP was produced.
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Figure V-11. Correlation between bioluminescence signal and cell number. The MDA-MB-
231 cells expressing LgBiT were plated in a 96 black well plates at different cellular densities
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from 3125 to 50000. The cells were imaged after the addition of the HiBit peptide (1 nM)
and fluorofurimazine (5 uM).a) cells imaged after 25 min of addition, first row control cells,
second row cells upon the addition of the substrate and third-row cells upon the addition
of both the substrate and the peptide, b)The cell signal was quantified up to 25 min with
an interval of 5 min. c) The correlation between the cell number and bioluminescent signal
for the timepoint at 25 min.

These MDA-MB-231 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM),
containing FBS (10% v/v), L-glutamine (1% v/v) and penicillin-streptomycin (1% v/v), at 37
°C in water-saturated air supplemented with 5% CO2. To display the Lg-Bit protein on the
EVs surface, we took advantage of the ability of EVs to inherit the proteins, lipids and RNA
from the mother cells. This way, a part of proteins linked to LgBit subunit on the cellular
membrane of MDA-MB-231 cells were transferred on EV carriers. To isolate exosomes from
infected cells, we used the total Exosome Isolation Kit (Invitrogen, life technologies). The
cells were seeded in T-75 flask. Two days before collecting the exosomes, the culture
medium was replaced with 14 ml of medium without FBS. Then, the collected medium was
centrifuged at 2000xg for 30 minutes to remove cell and debris. Next, the total Exosomes
isolation reagent was added to the medium in a ratio (1:2) and incubated at 4 °C overnight.
After, the sample was centrifuge 10000xg for 1 hour at 4 ° C, the supernatant was removed
and the pellet was resuspended in 1 ml of 1X PBS. The sample was diluted in water (1:100)
and analysed at NanoSight NS300(NTA) to acquired information on the size and
concentration of exosomes produced (Figure VI-7a).
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Figure V-12. Exosomes size distribution and their bioluminescent signal. a) particle size
distribution is expressed as the average and standard error of the mean exosomes
(particles/mL) evaluated in water (diluted 1:100) for three measurements; b) In vitro
bioluminescence imaging following the addition of Hibit peptide (1 nM) and
fluorofurimazine (10 uM) substrate to exosomes quantified in time up to 25 min. c) The
image plate with all conditions tested first row exosomes following the addition of
fluorofurimazine, second row exosomes following the addition of peptide and furimazine
alone and third row exosomes alone.
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The NTA results reported that the mean and the mode of exosomes are 161.4 nm and 110.5
nm, respectively, with 50% of the exosomes being <141.3 nm (Figure V-12a). The exosome
concentration was around 1.44xel0 particles/ml. To ensure that the isolated exosomes
effectively reported on their membrane, the LgBit, we performed a bioluminescence
analysis to quantify the light emitted. 50 ul of exosomes were added to a 96-black well
plate with and without adding HiBit peptide (1nM) (Figure V-12b,c). The signals were
guantified with the IVIS instrument after adding fluorofurimazine substrate at 10 uM. The
graph in the figure reported the luminescence signal emitted by the exosomes upon the
interaction with the substrate over time from 0 to 25 min (Figure V-12b).These preliminary
results prove that the exosomes extracted by the engineered MDA-MB-231 cells expose on
their surface the Lg-Bit that successfully bound the HiBit tag, producing light in presence of
fluorofurimazine substrate.

We have demonstrated that this approach can be used to insert exosomes as a target unit
for an imaging application. Indeed, these EVs enable valuable data on fate in vivo without
acquiring information from unlabeled compounds. Bioluminescence represents an ideal
imaging modality to follow EVs within the preclinical model. Therefore, this approach that
makes the EVs capable of being tracked in the complex biological environment could be
used to better understand their in vivo fate, making them a detection tool to comprehend
the influence exerted by the lipid on nano-bio interactions. To address this point, we plan
to inject the produced EVs into a preclinical model in near future. Moreover, the next step
will be the production of exosomes by the engineered cells with an innovative approach
based on a High Throughput Approach Based on Dynamic High Pressure to improve the
physicochemical properties of the EVs and allow their loading with therapeutic
compounds[67]. The tissue and tumour targeting ability[68]of exosomes, combined with
the possibility to emit light acquired from the engineering cells, make the EVs ideal carriers
for theranostic applications.
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V.4 CONCLUSIONS

Differently from conventional HFF processes, in coupled HFF, both the middle and side
streams are involved in their thermodynamic process and mutually influence the other.
This complex interplay between solvent-nonsolvent phases was investigated using a
Comsol simulation. Computational fluid dynamics (CFD) provided temporal-spatial
distribution of fluid patterns in the microreactor. We studied the effect of the flow rate
ratio in modulating the solvent mixing along the device. We related the flow rate ratio to
the confinement exerted on the material in the flow focusing, with a parameter f. We
studied the effect of the f parameter, which considers both the FR? and the device
geometry, on both the nanoprecipitation and the kinetics of vesiculation and,
consequently, their effect on the nanocarrier morphology. We identified an operative
window where the coupling between the nanoprecipitation and the self-assembly is
guaranteed. Once the role of the flow focusing width emerged, we interrogated different
HFF processes where single materials (lipid or polymer) were processed to better
understand its role in guiding NPs formation. We rationalized the data presented in the
literature for the HFF processes to understand the critical parameters in dictating the
production of NPs. Interestingly, the correlation between the flow focusing confinement
and the resulting NPs size was observed for different HFF processes. Different from the
previous model that related the nanoparticle size to the mixing of species, this parameter
fis associated with the confinement exerted on the molecules and their distribution in the
device. Thus, we identified the main players of this linear relationship between the flow
focusing confinement to NPs size.
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DISCUSSION AND CONCLUSIONS

Stability is defined as the extent to which a product preserves the properties and
characteristics acquired at the time of manufacturing[1]. Stability is a transversal concept
that runs through manufacturing, storage, in vitro/in vivo applications, and finally, shipping.
Generally, it is classified in chemical, physical, microbiological, therapeutic, and
toxicological terms[1]. It is of paramount importance in the pharmaceutical industry
because it directly impacts the safety and efficacy of drug products[2]. This challenging
issue has gathered the regulatory authorities of Europe, Japan and the USA, and experts
from the pharmaceutical industry to discuss scientific and technical aspects of drug-
product registration at the International Conference on Harmonisation of Technical
Requirements for Registration of Pharmaceuticals for Human Use (ICH). The defined
guidelines and recommendations outlined in the ICH guidelines Q1A(R2), Q1C, and Q5C
have become the standards for stability in the pharmaceutical industry[2-4].

The concept of stability also affects basic research because it alters the NPs physiochemical
properties (size, shape and charge), directly influencing the in vitro behaviour
(morphological evaluation, imaging, cell uptake, cytotoxicity, dose calculation) and in vivo
outcome (pharmacokinetics, biodistribution, toxicity) of NPs[5]. All mentioned makes it
difficult to assess and rationalize the nanoparticles’ biological and therapeutic
contributions, in vitro and in vivo, among nanoformulations.

To date, many efforts have been made to overcome instability. However, the efficacy of
several nanoformulations still needs to be improved due to their poor physiochemical and
biological stability. In this framework, liposomes have been widely investigated as a drug
carrier for cancer treatment showing promising results [4], even though stability issue
arises from their constitutive component, the lipids, that can undergo chemical
degradation reactions such as hydrolysis of the ester bonds linking the fatty acids to the
glycerol backbone and peroxidation of unsaturated acyl chains[4, 6, 7].

Then, the fusion, aggregation and coalescence alter the liposome formulation's physical
stability, resulting in the formation of large vesicles or altered morphologies, compromising
the cargo loading[8]. These instabilities pathways not only alter the liposomes in self-
storage or shipping but also in biological contexts characterized by harsh temperatures and
environmental conditions[8]. All these instabilities directly alter their biological activity
with safety concerns. Indeed, the larger particles (>5 um) could lead to capillary blockade
and embolism after intravenous administration[9]. Moreover, the uncontrolled release or
leakage of the encapsulated core may lead to off-target accumulation of undesired and
toxic material[8].
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Furthermore, the absence of control of size, shape and charge due to physiochemical
instabilities leads to a loss of predictability of liposome formulation upon systemic
administration. The physicochemical properties of liposomes dictate the adsorption of
biomolecules on their surface, which becomes the new interface seen during the nano-
cellular interactions across the multiple barriers during their in vivo journey[10-12].
Therefore, the stability issue arises in a dynamic interplay between synthetic identity,
biological identity, and their in vivo fate, making this biological framework even more
complex for liposomes.

Despite these instability issues, lipid-based formulations present several advantages, such
as high biocompatibility, low immunogenicity and improved deformability[13, 14]. Due to
their soft colloidal nature, lipid composition and tunable fluidity, the liposomes stand out
in the cell/ tissue interactions[15-17]. They easily penetrate the tumour by particle
diffusion through the intercellular space[18-20]. The lipid-based carriers are internalized in
the cells through many endocytic routes, adding the fusion with the plasma membrane
[14].

The rapid elimination from the blood, the low stability of liposomes and consequently, the
low tumour accumulations have led to the development of several strategies for improving
their efficacy. Among them, surface modification of liposomes with PEG-ylation[21], ligand
molecules, such as aptamer[22] and peptides/proteins[23] can be mentioned. Moreover,
other radical strategies employment of stimulus-responsive features[24] on the surface of
the liposome or to the constituent building blocks have been employed[25]. However, any
modifications, especially on the liposomes’ surface, can alter and limit the biomimetic
nature of lipid components, so losing their peculiar affinity with cells, as already reported
for PEGylated liposomes[25, 26].

Compared to these complex modifications, we firstly demonstrated that it is possible to
preserve the advantageous features of the lipids assembly, such as the "deformability" and
cellular uptake behaviour, but in concert, improve their loading ability, stability to the
hemodynamics and tissue penetration, integrating a polymer component to the
nanoformulation[27, 28]. We produced hybrid lipid-polymer nanoparticles (LiPoNs) made
up of a chitosan core covered by a lipid bilayer that not only took advantage of the inherent
properties of each bulk material but their combination provided new functionality to the
carrier. We have rationally programmed the material configuration/assembly in lipid-
polymer NPs, where each building block addressed stability upon nano-bio interactions.
Indeed, the lipid bilayer, composed of a mixture of phosphatidylcholine (PC) and
cholesterol aimed to confer fluidity, cohesiveness and biomimetic nature to the carriers,
reducing the destabilization upon protein interactions [29-31]. On the other hand, the
chitosan matrix provided mechanical strength and acted as a reservoir for multiple
compounds loading. At the cellular level, the lipophilic surface enhanced the intracellular
delivery of complex as demonstrated by the high cell internalization in the first 4 hours of
LiPoNs. We assumed that the un-crosslinked core in LiPoNs could confer a moderate
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elasticity to nanoparticles, mediating both fusion and endocytosis internalization
pathways, and enhancing the delivery of compounds to the cells[32]. In this sense, the
LiPoNs mediated-delivery speeded up the chemotherapy uptake and increased the
cytotoxicity at a reduced concentration on U-87 MG cells.

The results prove that there is no need to create or synthesize new materials with unknown
biological properties to improve the efficacy of nanoparticles but exploiting the available
ones in a different manner creates new nano-bio interfaces. The stability aspect has to be
considered from the development phase through the lifecycle of the drug product in order
to ensure a safe and effective formulation [4]. In this context, the proper design of the
materials was combined with a manufacturing procedure that guaranteed a homogeneous
reaction environment to obtain the hybrid LiPoNs, in a predictable and reproducible
manner, like microfluidics.

Microfluidics is a key player in programming each building block's assembly, which
guides the lipid and polymer coupling spatially and temporally. A considerable effort has
been made to study the synthesis in microfluidics of lipid-based and polymer-based NPs,
separately[33]. Generally, in the hydrodynamic flow focusing process, the nanoparticles
are produced by injecting the lipid or polymer material in the main stream dissolved in a
solvent phase that is focused by a nonsolvent phase flowing through side streams[34-36].
For the production of hybrid NPs, the hydrodynamic flow focusing has been linked or
modified with other flow patterns to face the complexity of guiding both mechanisms of
formation[37-39], lipid self-assembly and polymer nanoprecipitation in one device. Here is
presented an innovative hydrodynamic flow focusing approach for producing hybrid lipid-
polymer NPs (LiPoNs). The coupled hydrodynamic flow focusing (cHFF) is implemented by
injecting the chitosan dissolved in an acid solution in the middle stream while the lipids
dissolved in an ethanol/water solution are injected from the side streams[40]. In this way,
each material is involved in its own thermodynamic process and mutually influences the
other one. The cHFF features govern the competition of two solvent extractions and
consequently coordinate the relative kinetics of nuclei and the growth of two phenomena,
self-assembly and nanoprecipitation. In the focusing region, there is the rapid extraction of
acetic acid that leads to the formation of chitosan nuclei. Simultaneously, the increase in
the microenvironmental polarity due to ethanol extraction induces the formation of lipid
bilayer fragments. Then, these bilayer fragments cover the polymer precipitate stabilizing
the whole LiPoNs complex.

The assembly of the building blocks, polymer and lipids into higher-order nanostructures is
highly susceptible to the microenvironmental conditions, the degree of solvent exchange
and the ratio of component concentrations. In this context, the cHFF does not represent a
simple shrinking of a batch process, but the mass transfer phenomena and hydrodynamics
have a fundamental role in the coupling phenomenon. The cHFF, working in laminar flow
conditions, offers well-defined and predictable interfacial regions to manipulate solvent
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transversal diffusion and mediate colloid assembly into an ordered structure via forced
interaction of intermediate precipitate. By governing the mixing rate across the exchange
areas and the fluid dynamics, it is possible to control the relative kinetics of both
mechanisms of formations to obtain NPs with different material extent and, consequently,
morphologies. These results open new possibilities to guide and couple separately
thermodynamics mechanisms in one step process to produce a library of NPs with different
materials, physiochemical and mechanical properties[41].

These results support the concept that the microfluidics governing the material
conformation, the component concentrations, solvent displacement, and the amount of
water entrapped between the polymer and lipid shell could provide hybrid NPs with well-
defined properties to fill the gap of knowledge on the role exerted by the rigidity of NPs on
biological barriers. It is worth mentioning that by changing the extent of crosslinking of the
polymer core and the extent of water between the lipid shell and polymer core[42] is
possible to tune the mechanical properties of lipid-polymer NPs. Any changes in these
sophisticated nanoparticles guide different nano-bio interactions, as demonstrated by Sun
et al.[39], who observed that the rigidity, induced by the different lipid coverage, changed
the cell-particle interaction.

Subsequently, to further elucidate the role of materials and their complexation in
presenting a stable cargo to the cells, we selected very challenging biologics characterized
by low intrinsic stability, like microRNAs.

We identified two highly dysregulated microRNAs in breast cancer, miR-21
(upregulated)[43, 44] and miR-622 (downregulated)[45]. Therefore, we entrapped in
LiPoNs and delivered to the cells an antisense oligonucleotide, AntimiR-21, to block the
miR-21 processing and miR-622 to restore its tumour suppressor function separately.

The microRNAs have been defined as master regulators in cancer due to their involvement
in several oncogenic pathways, spanning from cell cycle regulation, metabolism, cell death
and metastasis[46]. The high selectivity and specificity of nucleic acids at the molecular
level have made them a promising tool for cancer treatments. However, no miRNAs-based
drugs have entered Phase lll clinical trials, and only ten have reached the clinical trials, with
half halted [47]. Several concerns are related to their clinical use, such as low stability and
integrity in blood circulation, low cellular uptake and intracellular release[48]. Moreover,
they showed undesired toxicity and activation of the immune system upon intravenous
administration[46]. Thus, many strategies to face their big challenge, stability, have been
investigated, from chemical modifications to viral-based and non-viral-based approaches.
The former modified the structure chemically to reduce the nuclease degradation[49, 50],
however, this approach does not promote their tissue penetration and intracellular
delivery. Differently, the viral based strategies showed the highest and longest transfection
efficacy with respect to the other methods[51, 52], but their use is limited due to safety
concerns[53]. In this scenario, materials science, through the rational design of a
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component, represents the most promising approach for microRNAs, as already proved by
the success of lipid nanoparticles for mRNA vaccines[14, 54]. Among the lipid-based
carriers, the cationic lipids have shown promising results due to their high interaction with
the cell membrane[55]. However, they induce vacuolization, reduce cell activity, cause liver
toxicity and induce immune response through type | and type Il interferon[25, 46, 56].
Nevertheless, these findings on cationic lipid-based NPs have demonstrated the effective
contribution of both the lipid matrix and the positive charge in improving cellular
interactions, leading to the development of programmable lipid-based carriers such as
liposomes with ionizable lipids[14].

In this scenario, the idea was to take advantage of the LiPoNs to stabilize the nucleic acids
at nano-bio interactions without chemically modifying or physically altering the microRNAs’
structure to preserve their functioning. Among natural polymers, chitosan stands out for
its low immunogenicity, excellent biocompatibility, and high positive charge. At acid pH,
the amine groups of the chitosan are protonated and become cationic, making the
complexation with negatively charged nucleic acid easy, establishing a strong electrostatic
interaction and producing a stable complex against nuclease degradation[48, 57]. This
positive nanocomplex has a favourable electrostatic interaction with the negatively
charged cell membrane, increasing the possibility of its cellular uptake. Upon
internalization, the acid pH of the endosomes protonates the amine groups of the chitosan
leading to an influx of water and chloride ions to neutralize these charges, which may lead
to a rapture of endosomes and the final release of the microRNAs[58-60]. Simultaneously,
the lipid coverage can present the chitosan-microRNA complex directly to the cell
cytoplasm through the fusion with the cell membrane[59, 60]. Thus, the role of chitosan is
to protect the nucleic acids from both extracellular and intracellular degradation, as proved
by the enhanced capability of AntimiR-21 loaded LiPoNs to bind the miR-21 effectively and
induce its silencing respect to naked miR-21 and Lipofectamine mediated delivery. A
reduction of miR-21 expression from 1 to 0.08 is reported for the cells treated with
AntimiR-21- LiPoNs compared to 0.26 of Lipofectamine-mediated delivery. The enhanced
blockage of miR-21, promoted by the AntimiR-21- LiPoNs, prevented its binding to target
mRNA and consequently induced the upregulation of its targeted genes, PTEN and PDCD4.
Moreover, the release AntmiR-21 properly functioned by upregulating the PTEN expression
up to 4.77, while PDCD4 to 7.3 times concerning the control LiPoNs treated cells. No
increase of both target genes is reported for free AntimiR-21, underlying the inefficient
internalization of naked antisense miRNA. As a result, the MDA-MB-231 cells transfected
with the AntimiR-21- LiPoNs reduce their motility and invasion ability.

Going beyond cellular delivery, further challenges to delivery of microRNAs are the
targeting and the penetration in the tumour site. We preliminary study the biodistribution
of LiPoNs in the orthotopic syngeneic murine model of breast cancer. From ex vivo analysis,
LiPoNs seem effectively exploit the EPR effect to accumulate in the tumour tissue, with a
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moderate location in the liver. Then, the antitumoral effect of miR-622-Gd-DTPA loaded
LiPoNs was evaluated, reporting an inhibition of tumour growth.

The delivery of stable and functional microRNAs is evidence that the chitosan-miRNA
complex enveloped in a lipid shell provides higher protection for microRNA molecules to
RNA nuclease in a medium containing 10 % of serum and in a complex biological
environment. The lipid cover represents a beneficial strategy to limit the blood proteins
that can compete with nucleic acids and promote their premature release[61, 62].
Moreover, this lipid bilayer enhances the cellular penetration of the chitosan complexes
due to their biomimetic nature. Thus, the chitosan can gain entry without compromising
its integrity and avoiding the unfavourable cytotoxic effects reported by the interaction of
positive NPs with the cellular membrane.

The ability of LiPoNs to present the microRNA in the cytoplasm without losing material in
and out of the cells could allow for keeping the dose as low as possible, facing the lack of
knowledge on the off-target and on-target toxicity of microRNAs. One of the major
obstacles in microRNA use in vivo is identifying the proper dosage that is beyond the
physiological range but does not induce any unpredictable off-target effects[46-48, 63].
Indeed, one single microRNA can regulate several genes inducing several off-target
toxicities[48]. Moreover, an excessive amount of exogenous microRNAs can lead to
competition for the RISC complex that can oust other endogenous miRNAs from it[63],
altering the physiology of the cells. Therefore, the LiPoNs targeting the cancer cells could
reduce the off-target effect on healthy cells and the use of excessive exogenous
microRNAs.

From a technological perspective, we designed an innovative microfluidics process that
sheeting a chitosan solution containing the microRNAs with two lipids streams forces the
entrapment of the microRNAs in the hybrid Lipid-Polymer NPs, stabilizing the whole
complex. The microfluidics potential has already been exploited to entrap large
biomolecules such as siRNA, mRNA and DNA [64-67]. However, to the best of our
knowledge, fewer efforts have been made to use it to produce microRNAs loaded
nanoparticles. Microfluidics, with respect to the available approaches, provides fine control
over process parameters reducing the potential risk for miRNA degradation and obtaining
particles with tunable features, controlled size distribution, high-loading ability and
programmable release rate [68, 69]. Indeed, the employment of lipid-polymer NPs in
miRNA delivery is still limited by the extreme processing conditions, such as harsh
temperatures, pH, potentially toxic solvents, and post-production steps, that pose a
challenge for the entrapping of miRNAs [48, 69]. Moreover, the miniaturisation [70] and
eventually the parallelisation [65]of batch systems down to a few centimetre squares
through a microfluidic device lead to a homogeneous reaction environment obtaining a
fine-tuning of the process parameters even at large-scale production, paving the way for a
clinical translation[71]. Indeed, one of the obstacles faced by the pharmaceutical
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companies for the production of the mRNA vaccines was the industrial scale-up of
conventional batch methods for massive production of LNPs[69].

After, the role of nanomaterials in mediating cell-nano-bio interactions was investigated
with a high throughput cell scanning instrument. During the contact with LiPoNs, the
dynamic of live cells was analysed for 48 hours in terms of morphology, proliferation and
motility.

Massive efforts have been made to find a relationship between NPs’ synthetic properties,
including size, shape, charge and surface coating, and cell internalization pathways[72-74].
Despite NP's capability to impact and alter cellular physiology at function levels, there still
needs to be a greater understanding of these interactions. Indeed, several studies have
focused on evaluating these internalization mechanisms on cell biological response, mainly
cytotoxicity [72-74]. Among these changes, abnormal mitochondrial activity, ROS
production, cytoskeletal alteration, intracellular calcium accumulation and membrane
currents alteration were reported by Panariti et.[17].

The increased generation of reactive oxygen species (ROS) following the exposure of NPs,
a symptom of an inflammatory reaction, is interconnected with cytoskeleton
reorganization. Indeed, the reduction in mitochondrial activity induces a decrease in ATP
production, which is necessary for cell functioning, such as motility and intracellular
trafficking[75]. Furthermore, any alterations to cell mechanics directly affect movement,
division, healing and endocytosis of the cells[72, 76]. The latter aspect is of particular
interest for NPs since, upon their internalization are accumulated and moved in the
perinuclear region against diffusion gradient, probably due to local energy generated by
the cytoskeleton[77-80]. From an energetical point of view, this active transport of NPs
leads to energy consumption for the cells that have to be accounted for and summed up
to regular cell requests, maybe saturating the pre-existing routes[79]. Furthermore, as
previously reported, an increased concentration of Ca?* upon contact with cation NPs/zinc
oxide/cerium directly impacts intracellular signalling pathways due to the activation of
protein kinase C[81-84]. Finally, the impact of tangential forces on the CM is directly
transfected to the cytoskeleton or activated channels that increase the cell curvature and
alter the ion-channel activity[85, 86].

From these considerations, the NPs stand out not only as passive carriers but as active
players in cell molecular processes[17]. In the same direction, we reported an alteration of
cell morphology, motility and proliferation upon interaction with LiPoNs. We observed a
change in cell morphology upon the LiPoNs contact that progressively disappeared in time.
Following this transitory phase, the cells seemed to reduce their proliferation and growth
rate, as confirmed by the rise in doubling time, reduction in cell count and slow increase in
the total dry mass. We hypothesized a slowdown of the cell function but not their arrest
since the cells do not lose the capability of undergoing mitotic events. Interestingly, the
cells increased their instantaneous velocity over a longer time, maybe due to the reduction
of cell duplications that led them to preserve their shape and path.
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These results demonstrate the impact of LiPoNs on cell machinery. This physical
manipulation of cells, as inhibition of cell attachment and reduced cell spreading, was
observed under exposure to acoustic fields and fluid flows[87]. Devendran et al.[87]
reported that this altered state could be due to an increase in cellular metabolic activity
without any impact on viability rates. Therefore, we hypothesized that the cells, following
mechanical resistance exerted by LiPoNs, modified their shape, and slow down their
biological functions without altering their viability rate, as confirmed by the MTT assay.
Therefore, there could be a change in the cell metabolic activity. However, this behaviour
required further investigation. The data collected on cell alterations upon the treatments
with microRNA loaded NPs show a distinguished behaviour of cells with respect to control
cells and cells transfected with common available transfecting agents. However, no
differences with the treatment of LiPoNs alone were reported. It might need a longer time
of observation to complete the cell cycle.

These results demonstrated a scientific knowledge gap on the nano-cell interface that
should be filled to develop a safer and more effective therapy. Indeed, when the NPs are
exploited for therapy, it becomes crucial to understand the detrimental and beneficial
effects of NPs[17]. It becomes even more relevant for biologics delivery, especially
microRNAs, where the cargo acts on molecular pathways. In this case, understanding which
pathways of the cells are activated or inhibited by the NPs makes the difference on the
outcome of the therapy.

Moreover, this lack of knowledge could have unexplored beneficial effects both in drug
delivery field and science applications not yet investigated. A transient condition of cells
could be exploited to design and open new possibilities in drug delivery. He et al.[88]
highlighted the possibility of exploiting actin organisation to drive the internalisation of
drug delivery vectors carrying macromolecular therapeutics. They observed that disruption
of actin in some cell types promoted cell uptake of specific molecules.

In the last part of the thesis, the validation of the proposed fluid dynamic process for
ensuring stable nanoparticles is presented. Starting from the operative conditions and
system parameters such as device geometry, solvents processed, and flow rate tested, we
built a fluid dynamic simulation in Comsol to analyse the mixing dynamics and solvent
interdiffusion along the microfluidic device. The goal was to learn how mutual solvent
interdiffusion guides the coupled nanoprecipitation and self-assembly and their effect on
LiPoNs morphologies. The effect exerted by the flow rate ratio and the device geometry on
the thinning of the diffusion mixing path was studied and integrated into a parameter f,
already presented by Kunstmann-Olsen[89]. Analysing other HFF processes for the
production of NPs, we found a correlation between the flow focusing confinement and the
final NPs size. We preliminary analysed the main contributions of this relationship.

Despite the wide use of microfluidics reactors for nanoparticle production, there is still a
lack of fundamental understanding of the mechanisms of nanoparticle formation[33]. Up
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to now, the evaluation of mixing time, as the flow focusing width square over the diffusion
coefficient of solvent, has been used to control the nanoparticle characteristic[36].
However, this simplified model only considers part of the microfluidic process and all the
parameters involved in nanoparticle synthesis. In particular, in microreactors, such as the
HFF, the influence of process conditions such as flow rate ratio, geometry and species
residence time has been proven to influence the formation mechanism immensely[33].
Capretto et al. [90] reported that device geometry, fluid physical properties and the flow
rate act in concert to govern the dimensional properties of polymeric micelles[33].
Different from previous models that relate the nanoparticle size to the mixing of species,
where the complete exchange of solvent stabilizes the NPs for further addition, here the
nanoparticle formation is correlated to the location and the confinement of molecules
within the flow focusing region. Indeed, nanoparticle growth is described as the addition
of molecules to a stable complex in a confinement zone dependent on both flow rate and
device geometry. This addition is guided by number density (concentration), the fluid
motion, the material properties, and their affinity with the solvent. We proved the crucial
impact of the flow focusing confinement in mediating the nanoparticles’ growth. This
model deeps the knowledge, still poor, on the solvent-nonsolvent-material interrelation in
confined reactors to advance in the mechanism of formation for organic nanoparticles[91,
92]. Therefore, this analysis of the key determinants for nanoparticle synthesis refines the
role of microfluidics regarding the batch process. This prediction model, supported by
further investigations, could save time and effort for scientists or companies interested in
developing or optimising devices for nanoparticle synthesis.

In conclusion, this works highlights that stability can be addressed only through a more
rational approach, where all its governing phenomena should be considered. Indeed,
stability emerged as a complex and transversal concept that crosses engineering, biologics,
physics and also material science. We faced the stability from different perspectives and
application fields, providing a framework for studying and realizing new material
combinations, processing strategies and delivery approaches for the development of safe,
stable and effective nanovector for diagnosis, therapy and science applications.
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VI APPENDIX

VI.1 Study of the concentration of the reagents and of solvent—
nonsolvent ratio for the production of LiPoNs

A preliminary study was performed (Tablel-1) evaluating the concentration of the reagents
(lipid concentration: 0.016 and 0.0072% w/v and chitosan concentration: 0.01% w/v and
0.0375% w/v) and the effect of solvent—nonsolvent ratio (EtOH/Water: 80/20% v/v and
65/35% v/v and AcOH/Water: 10/90% v/v and 1/99 % v/v) on the morphology of LiPoNs
and their physiochemical properties at fixed FR? of 0.51 (obtained at 21 pL/min in the
middle phase and 41 pL/min in the side phase) and water collection volume of 2mL.

(b)

—— etOH-Water: 65%-35 % v/v
- - - - etOH-Water: 80%-20% v/v

Intensity (%)

L 1 1 L L L I
0 200 400 600 800 1000 1200

Size (nm)
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Figure VI-1. Effect of lipids concentration and EtOH/Water ratio on liposomes morphology
evaluated by TEM. Hydrodynamic Flow Focusing at FR2 equal to 0.51 performed by injecting
in the side channels different Lipids concentration for a fixed mass ratio (8:1- SPC:Chol). (a)
0.016% w/Vv of Lipids dissolved in etOH/Water (64/36% v/v); (b) 0.0072% w/v of Lipids
dissolved in etOH/Water (65/35% v/v) and (c) 0.0072% w/v of Lipids dissolved in
etOH/Water (80/20 % v/v) ; (d) Size distribution of NPs obtained for 0.0072 % w/V of lipids
dissolved in etOH/Water (80/20 % v/v) and etOH/Water (65/35 % v/v).

Firstly, the lipids, at fixed composition (mass ratio 8:1- SPC:Chol), were dissolved in
etOH/Water (65-64/35-36% v/Vv) at two different concentrations (0.016 and 0.0072% w/v)
and were injected from the side channels sheeting the middle water stream (at FR? equal
to 0.51). As shown in Figure VI-1a for lipids concentration of 0.016% w/v an uncontrolled
precipitation was observed, while the formation of liposomes structure was obtained for a
Lipids concentration of 0.0072% w/v (Figure VI-1b). To evaluate the effect of etOH/Water
percentage on the production of liposomes, the Lipids at 0.0072% w/v were dissolved in a
different etOH/Water ratio (80/20% v/v) and injected into the microfluidic device (Figure
VI -1c). Smaller liposomes, as observed in Figure VI-1b and reported in DLS distribution
(Figure VI-1d), were obtained for the lower ethanol fraction (etOH/Water -65/35% v/v) due
to enhanced ethanol extraction at microfluidics focusing. Therefore, the etOH/Water
mixture at 65/35% v/v was selected for subsequent studies.

Then, still at constant FR? of 0.51, the effect of the acetic acid (1% v/v and 10% v/v) and the
chitosan addition at different concentration (0.01% w/v and 0.0375% w/V) on the liposome
structure was evaluated in Figure VI-2-3. The absence of massive precipitation, combined
with the evaluation of the morphologies obtained by TEM images (Figure VI-2a,b- VI-3a-c)
and DLS data (Figure VI-2c- VI-3d), were used to identify the reagent concentrations
(0.0072% w/v of Lipids - 0.01% w/v of chitosan) and the solvent-non solvent ratios
(etOH/Water 65 /35% v/v, AcOH/Water 1/99% v/v) for successive studies.
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Figure VI-2. Effect of AcOH volume percentage on liposomes morphology evaluated by
TEM. Hydrodynamic Flow Focusing performed by injecting in the side channels Lipids
(0.0072% w/v) dissolved in etOH/Water (65/35% v/v) with different percentage of Acetic
Acid (AcOH) in the middle channel: (a) 1 % v/v and (b) 10 % v/v. (c) The effect of AcOH ( 1%
v/v- 10% v/v) on NPs’ size distribution.
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Figure VI-3. Effect of chitosan concentration on Lipid-Polymer NPs’ morphology. coupled
Hydrodynamic Flow Focusing performed injecting 0.0072% w/v of Lipids in the side
channels dissolved in etOH/Water (65 /35% v/v),while in the middle channel different
concentrations of chitosan are dissolved in a mixture of AcOH/Water at 1% v/V) : (a) 0%
w/v, (b) 0.01% w/v and (c) 0.0375% w/v. (d) The effect of chitosan concentration (0.01%
w/v and 0.0375% w/v) dissolved in a mixture of AcoH/Water (1/99 % v/v) on NPs’ size

distribution.

V1.2 The effect of FR2 on the morphology of LiPoNs

The effect of FR? is studied by keeping constant the reagent concentration (0.0072% w/v
of Lipids and 0.01% w/v of chitosan) and the solvent-non solvent ratios (etOH/Water:
65/35% v/v and AcOH/Water: 1/99 % v/v), optimised in previous paragraphs. The role FR?
on the morphology of LiPoNs nanostructure were observed by varying the FR?, obtained at
constant side flow rate of 41 uL/min and changing the middle flowrate alternatively (1-3-
7-14-21-28 uL/min), always keeping constant the collection volume equal to 2 mL of water.
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The DLS distributions in Figure VI-4 show a monodisperse population of nanoparticle for
lower FR? of 0.024 and 0.073, while a bimodal distribution is reported for higher FR? from
0.17 to 0.68.

—— FR: 0.68
FR% 0.51
——FR%0.34
—— FR% 0.17
—— FR%0.073
FR*0.024

Intensity (%)

0 200 400 600 800 1000 1200 1400
Size (nm)

Figure VI-4. Effect of FR? on Lipid-Polymer NPs morphology. Lipids (0.0072 % w/v) are
injected into the side channels dissolved in etOH/Water (65 /35% v/v), while the chitosan
(0.01% w/v) in acid solution (1% v/v) is injected into the middle one. (a) Size distribution of
LiPoNs for different volumetric flow rate ratios (FR?).

The previous experimental campaign allows the definition of a reduced operative window
for the FR? ranging from 0.024 to 0.17. A further study was conducted in this window to
analyse the role of solvent displacement and residence time distribution on the
morphology of nanoparticles (Chapter V).

V1.3 The effect of the collection volume on the morphology of LiPoNs

In the following steps, we investigated the influence of the collection volume on liposome
morphology at fixed FR? of 0.073 and optimal conditions. DLS measurement and TEM
images show an enlargement of LiPoNs’ size as the collection volume increases up to 8 mL
(2, 3.5 and 8 mL) (Figure VI-5a). In this step, the collection volume was firstly set at 3.5 mL
instead of 2 mL to reduce the residual ethanol in the final formulation and prevent re-
solubilisation of formed lipid—polymer structures since no effect on the final LiPoN size was
observed due to this variation (Figure VI-5a). However, an increase in the collection volume
to 8mL produces an increase in size. Indeed, the rapid change in pH around the liposome,
as they are produced, could lead to a diffusion of water inside the liposome to balance the
pH difference created between the newly formed chitosan core and neutral pH of the
collection volume [1-3]. Moreover, at the lower collection volume of 3.5 mL, the high
residual ethanol amount could decrease the water permeability by replacing the water in
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the hydration shells of the head groups and accumulating itself in transient defects in the
hydrophobic part of the bilayer [4]. The assumption perfectly matches the irregular and
swelled shape of the LiPoNs observed in the TEM images (Figure VI-5b—c) obtained at 3.5
and 8 mL.

(a) (b)

—— Collection- 2ml
— Collection - 3.5 ml
~~~~~~ Collection - 8 ml

Intensity (%)

1 1 1 1 1 1 1

0 200 400 600 800 1000 1200
Size (nm)

(0

Figure VI-5. Effect of collection volume on LiPoNs morphology. (a) Nanoparticle size
distribution of LiPoNs produced by injecting Lipids in the side channels dissolved in
etOH/Water (65%35 % v/v), while the chitosan (0.01 % w/v) in acid solution (1% v/v) is
injected into the middle one Lipids (0.0072 % w/V) at FR? of 0.073 for different volumes of
water collection: 2ml, 3.5 mL and 8 mL. Morphological characterisation by TEM of LiPoNs
stained with osmium smoke at different water collection volumes: (b) 3.5 mL and (c) 8 mL
of water.

These results highlight the importance, as reported in recent studies [5-7], of considering
the effect of the whole microfluidic channel path on NPs’ morphologies and not only at the
microfluidic junction. Indeed, the length of the microfluidic chip should be suitable for
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completing the mixing among solvents to avoid incomplete or disassemble processes in
nanoparticle formation.

Figure VI-6. Confocal image of LiPoNs stained with CellMask™ Orange Plasma membrane
stain (dilution 1:10*) performed at optimal conditions FR? of 0.073.
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Figure VI-7. Structure investigation of LiPoNs: (a) Frame of NTA video of LiPoNs performed
at optimal conditions diluted 1:200 in PBS; (b) Different colours represent measures of
LiPoNs’ size distribution in function of the mean nanoparticle concentration from five
independent experiments; (c) Quantitative evaluation of LiPoNs’ size distribution; (d)
Different colours and sizes of markers represent measures of particle size and scattered
light intensity of single particle from the five independent experiments.
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Figure VI-8. Calibration curves of Gd-DTPA, Atto 633, Irinotecan: (a) Gd-DTPA calibration
curve (dispersed in water) for ir sequence (1/T1) and LiPoNs, Gd-DTPA-loaded LiPoNs,
Atto633-loaded LiPoNs, Atto633-Gd-DTPA co-loaded LiPoNs, IRI-Gd-DTPA co-loaded
LiPoNs localisation within the curve. (b) Atto 633 calibration curve and LiPoNs, Gd-DTPA
LiPoNs, Atto 633 LiPoNs, Atto633-Gd-DTPA LiPoNs and their localisation within the curve.
The Atto633 calibration curve reported in the figure VI 8b is a part of the complete
calibration curve 25 ng/ml-4 ug/ml to graphically localize the NPs within the curve. (c)
Irinotecan calibration curve and LiPoNs, Gd-DTPA LiPoNs and IRI-Gd-DTPA LiPoNs
localisation within the curve. The Irinotecan calibration curve is reported in the figure VI -
8c is a part of the complete calibration curve 0.5-100 uM to graphically localize the NPs
within the curve.
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(a) (b)

(c)

Figure VI-9. (a) Optical imaging of Atto633-Gd-DTPA co-loaded LiPoNs by confocal
microscopy; (b) Optical imaging of Atto633-Gd-DTPA LiPoNs stained with CellMask™
Orange Plasma membrane stain (dilution 1:10%) by confocal microscopy; (c) Merge
fluorescent image of Atto633 (green) and CellMask (red) of Atto633- Gd-DTPA-loaded
LiPoNs stained with CellMask™ Orange Plasma membrane stain (dilution 1:10%).
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Figure VI-10. Quantitative uptake of multimodal imaging LiPoNs by U-87 MG cells. (a)
Fluorescent Intensity (Fl), (b) Forward Scattering Area (FSC) and (c) Side scattering Area
(SSC) of U-87 MG cells exposed to an increasing concentration of Atto633- Gd-DTPA co-
loaded LiPoNs Lipids(Lipid conc: 30, 60 and 90 pg/ml, Atto 633 conc.: 0.2, 0.4 and 0.6 ug/ml,
Gd-DTPA conc.: 75-150-225 uM) for different time points: : 4h,8h, 24 h.
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(b)

Figure VI-11. Confocal image of U-87 MG cells exposed to Atto633-Gd-DTPA co-loaded
LiPoNs Lipids(lipid conc.: 90 pg/ml, Atto 633 conc.: 0.6 pg/ml, Gd-DTPA conc.: 225 uM) for
24 hours in (a) transmission and (b) fluorescence (Atto 633).
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Figure V-12. Raw flow cytometry data. Identification of PE_CY5_A fluorescence of the U-
87 MG cell population: (a) unexposed and (b—f) exposed to Atto633-Gd-DTPA LiPoNs (
Lipids conc.: 90 pug/ml) for different time points: (b) 2h, (c) 4h, (d) 6h, (e) 8h and (f) 24 h.
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Figure V-13. Raw flow cytometry data. Identification of PE_CY5_A fluorescence of the U-
87 MG cell population: (a) unexposed and (b—d) exposed to Atto633-Gd-DTPA LiPoNs
(Lipids conc.: 60 ug/ml) for different time points: (b) 4h, (c) 8h and (d) 24h.

185



(a ) Negative Control ( b) Atto633-Gd-DTPA LiPoNs-30 ug/ml- 4h

PE_Cy5_A PE_Cy5_A

False False
True True
O O
17}
@ ?

> #

" Fsc ' “ Fsc
(c) Atto633-Gd-DTPA LiPoNs-30 ug/ml- 8h (d ) Atto633-Gd-DTPA LiPoNs-30 ug/ml-24 h
PE_Cy5_A PE_Cy5_A
False False
True w's True
(6]
3 7

" FsC —
Figure VI-14. Raw flow cytometry data. Identification of PE_CY5_A fluorescence of the U-
87 MG cell population: (a) unexposed and (b—d) exposed to Atto633-Gd-DTPA LiPoNs (
Lipids conc.: 30 ug/ml) for different time points: (b) 4h, (c) 8h and (d) 24h.

Reproduced with the permission from F. Roffo, A.M. Ponsiglione, P.A. Netti, E. Torino,
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Table VI-1. Geometrical details of the device architecture.

Parameter Value
AC segment [mm] 6.5
BC segment [mm] 7.19
CD segment [mm)] 16
AD segment [mm] 22.5
a angle (°) 45

Table VI-1. Material properties of the mixtures used for numerical simulations, obtained
by combining two components in proper amounts: x; (water molar fraction) and x»
(cosolvent molar fraction) that was chosen to be acetic acid (acOH) or ethanol (etOH)
according to the solution to be prepared.

Solvent ratio % v/v | X;(Water molar X2 (cosolvent 103 p [kg'm3] 103 p [Pas] Reference
fraction) molar fraction)

Water/etOH=35/65 0.598 etOH =0.401 0.879 1.66 [8]

Water/acOH =99/1 0.997 acOH =0.003 0.997 0.890 [9]

Table VI-3. Computational Parameters used for Mesh Modelling and their Values from

Amrani et. al.[10]

Parameters Value
Maximum element size 0.0025 m
Minimum Element Size 2.32X10*m

Maximum Element Growth rate 1.08
Curvature Factor 0.25
Resolution of Narrow regions 1
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Figure VI-15. Representation of selected 2D Cutlines positions along the device selected for
the quantitative studies on solvent interdiffusion. The main channel was investigated by
spanning from xr =-200 um, defined through a vertical cut line with coordinates (x1=6.3
mm, y1=0 mm) and (x2=6.3 mm, y2=0.16 mm), to xr =15000 pm (x1=21.5 mm, y1=0 mm -
x2=21.5 mm, y2=0.16 mm).
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Figure VI-16. The impact of FR?(0.02-0.22) on the ethanol interdiffusion in terms of
normalized ethanol (etOH) concentration in the main channel width (1-160 um) at different
locations (x,) along the channel length (1-16 mm) evaluated with 2D comsol simulation :
(@) x,:-200 um, (b) x,-: 10000 um, (c) x,: 15000 um.
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Figure VI-17. Impact of FR?(0.02-0.22) on the acetic acid interdiffusion in terms of
normalized acetic Acid (acOH) concentration in the main channel width (1-160 um) at
different locations (x,) along the channel length (16 mm) evaluated with 2D comsol
simulation : a) x,.:-200 um, (b) x,-: 10000 um, (c) x,-: 15000 um.
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Figure VI-18. Impact of FR?(0.02-0.22) on the development of normalized concentration
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width, evaluated with 2D comsol simulation for: (a) ethanol etOH, (b) acetic acid acOH.
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Table VI-4. Value used for the linear fitting in chapter V.

Geometry Material Qm/(2Qs) r f NPs diameter Reference
(nm)
X-Junction Total Lipids 0.03 18 0.02 | 54 [11]
Width (10 um) Conc.:5mmol/L 0.04 12 0.04 | 62
Depth (36 um) 0.08 6 0.07 | 80
0.11 4.5 0.1 90
0.16 3 0.15 | 156
Y-Junction Total Lipids 0.02 24 0.02 | 60 [11]
Width (65 um) Conc.:5mmol/L 0.03 18 0.03 | 64
Depth (120 um) 0.04 13 0.04 | 76
0.06 8.5 0.06 | 90
0.08 6 0.08 | 142
X-Junction Poly(lactic-co- 0.03 16.67 0.03 | 19 [12]
Width (20 pm) | glycolic acid) 15kDa- | 0.04 12.5 0.04 | 22
Depth (60 pm) | PEG 3.4 KDa 0.05 10 0.04 | 22.2
Conc.: 20 mg/mL 0.06 8.33 0.05 | 24
0.07 7.14 0.06 | 245
0.08 6.25 0.07 | 24.8
0.09 5.55 0.08 | 25
0.1 5 0.09 | 26
X-Junction Sodium 0.1 5 0.09 | 40 [13]
Width (390 um) | Hyaluronate-42 kDa | 0.13 4 0.11 | 53
Depth (190 um) | Conc.:0.5 mg/mL 0.17 3 0.15 | 58
0.20 2.5 0.18 | 128.9
0.33 1.5 0.29 | 197.7

Notes:

Qm represents the volumetric flow rate of the middle stream. while Qs presents the volumetric flow rate of
the side stream. r is the ratio between the one volumetric side flowrate and the middle one.

The lipids composition is Dimyristoylphosphatidylcholine (DMPC). cholesterol and dihexadecyl phosphate
(DCP) in a molar ratio of 5:4:1.
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International Conference — ANNIC 2021, Virtual Edition, 24-26 March 2021.
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- Roffo F., Orlandella F.M., Luciano N., Salvatore G., Netti P. & Torino E. “Lipid-
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- Roffo F., Silvestri S. & Torino E. “Insight into the mutual solvent extraction in
coupled Hydrodynamic Flow Focusing to produce Lipid-Polymer NPs”-under
preparation

- Lipid-Polymer Nanoparticles (LiPoNs) Mediated Codelivery of miR-622 for
Achieving Triple Negative Breast Cancer Theranostics - under preparation

- Cellular detechnment upon nanomaterials interactions: lipid vs polymer dynamics
— under preparation

- Nanoparticle production in Hydrodynamic Flow Focusing : a general interpretation
and universal model proposal — under preparation
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Staying at international research institutions
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Department Radiology & Nuclear Medicine- in the Genetic Engineering for
Multimodality Imaging laboratory- led by Prof. Laura Mezzanotte from June 26th to
October 24th 2022. The project involved the development of labelled lipid-based
nanoparticle for Optical and Nuclear Imaging applications.
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- Expert on the field of Bioengineering in the disciplinary area of ING/ND-34 — Master
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- Tutoring activity of type B to the teaching of Mathematical analysis |, University of
Naples Federico Il, from 26-11-2020 to 29-07-2021

- Tutoring of the master student, Simona Silvestri, “Engineering of lipid polymer
nanoparticles for theranostic application in triple negative breast cancer (TNBC)”,
Supervisor:Prof. Enza Torino, from February 2020 -May 2021.

- Tutoring of master student, Claudia Latte Bovio, “Droplet Generation by a pilot
microfluidics system for application in ocular drug delivery”, Supervisor:Prof. Enza
Torino, Co-supervisor: Ing. Alessio Smeraldo, Dr. Maurizio Mangiulli, from
September 2020- May 2021.

196



Participation in national or international projects funded by
government institutions or private companies

- EIT Slim Project: 4-month course. 29/07/2020- 13/11/2020

Topic: this project seeks to support healthcare start-ups in their professional development
using on-site Bootcamp training in two InnoStars regions combined with remote training
and coaching. It gives further support to the start-ups by linking them with appropriate
living labs and tracking their progress with a special monitoring tool. It is organized by EIT
Health and Department of Economics, Management, Institutions (DEMI) of University of
Naples “Federico Il “ with the partnership of Delft University of Technology (Netherland),
University of Evora (Portugal), The Success Detectives (dutch training company) and in
collaboration with Universidad Politécnica de Madrid (Spain).

- Freeze Drying - LYO Master Academy BUCHI, 23/04/2020-21/10/2020
Topic: BUCHI e-Learning training path to deepen and develop your knowledge and skills of
the Lyophilization process and all its phases. The training cycle consists of 5 webinars.
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Collaborations

- CEINGE - Biotecnologie Avanzate S.c.a.r.l., Gaetano Salvatore 486, 80131 Naples,
Italy

In vitro analysis of the microRNAs and their target detection were performed in the istitute,
CEINGE, that is a specialized group in molecular cell biology.

- Institute of Biostructures and Bioimaging, Via Tommaso De Amicis, 95, 80145
Naplesm, Italy

In vivo MRI analysis were performed in the Istitute of Biostructures and Bioimaging, that is
a group of specialist clinics in the diagnostic laboratory and imaging.

- The model to predict the NPs size in HFF has been developeed in collaboration with
Prof. Patrick Tabeling. The Prof. Tabeling is a French physicist researcher at the
Ecole supérieure de physique et de chimie industrielles de la ville de Paris (ESPCI
ParisTech). He is a microfluidics pioneer and he has been the director of the Pierre
Gilles de Gennes Institute for Microfluidics (IPGG).
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