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INTRODUCTION: BACKGROUND AND AIM OF THE WORK

Nowadays, an accurate and reliable diagnosis allows to choose the most appropriate therapy for the
patient, in order to address him to the right therapeutic and helpful way. Different imaging
modalities can be used by the clinician to get useful anatomical and functional information
depending on the investigated body district: Computed Tomography (CT), Ultrasound (US),
Magnetic Resonance Imaging (MRI), Positron Emission Tomography (PET), etc [1].

Among the above-mentioned diagnostic techniques, MRI is a regularly applied diagnostic imaging
modality since it provides three-dimensional information with high spatial resolution, in particular
of soft tissues, through the use of not invasive magnetic fields and gradients [2-4]. In fact, the signal
generated by hydrogen protons, that are abundantly present in the human body, particularly
in water and fat, allows to get different contrast in tissues based on their longitudinal (T;) and
transverse (T,) characteristic relaxation times [5]. However, to enhance further the signal intensity
and improve the contrast between distinct tissues, substances called contrast agents (CAs) are
intravenously injected before MRI scans. The extensive use of contrast agents is based on their
property to induce additional contrast to MRI image making visible anatomical details otherwise
not appreciable. At molecular level, this enhancement is explained by the presence of unpaired
electrons nearby water molecule that, having a magnetic moment many times higher than hydrogen
proton, shorten the relaxation times [6,7]. Gadolinium-based contrast agents (Gd-CAs) are the most
widespread used in the clinical practice due to their ability to positively influence relaxation leading
to brighter images. In particular, to indicate the potency of a CA to enhance image contrast, the
concept of relaxivity is introduced [7]. The relaxivity (longitudinal r; ; transverse r, ) is defined as
the change in the relaxation rate (AT) per unit of CA concentration ([M]]) after its introduction in the
body. Water molecules into proximity of the CA are involved in specific chemical interactions, which
play an important role in the transmission of the relaxation effect to the bulk water. In particular,
the physical properties of paramagnetic CAs in the inner sphere, where water-CAs interaction is
stronger, have been well described by the Solomon-Bloembergen-Morgan (SBM) equation that is
used to foresee the relaxation rate [8,9]. To achieve a higher relaxivity some characteristic parameters
can be finely handled: the rotational correlation time of the metal ion — water proton vector 7, the
longitudinal and transverse electron spin relaxation times of the metal ion T}, and T, , and the

lifetime of water molecules in the inner sphere 7,,.



Despite Gd-CAs extensive use, only in the last few years, FDA has highlighted many risks related
to their use such as nephrotoxicity, heavy allergic effects and, recently, about the deposition within
the brain [5,10-18]. These alerts opened a debate about the opportunity to formulate Gd-CAs in a
different way but also to the use of alternative and safer compounds to be administered such as
Manganese (Mn). It represents, potentially, an alternative to Gd, able to overcome some of the
previously described drawbacks [19-22]. In fact, manganese is an element already present in the
human body, involved in many cellular processes and so the presence of an endogenous elimination
pathway might be a great advantage. As in the case of Gd, some side effects are present for Mn too.
An overexposure to free Mn ions could lead to neurodegenerative disorder known as “manganism”
due to the similarity between Mn and Ca and Mg [21,23]. Transport mechanisms for calcium can be
used by Mn ions to enter the nervous system influencing the normal synaptic transmission, in
particular in the brain.

Although MRI has the advantage to avoid the use of ionizing radiations, CT still remains the widest
used imaging technique for its ability to provide anatomic details of hard tissues with high
resolution at low cost [24,25]. CT is based on the interaction of X-rays with the body and in particular
on the attenuation phenomena that take place along their travel as a result of absorption and/or
scattering effects. The ability of matter to attenuate X-rays is measured in Hounsfield units (HU). In
order to distinguish tissues with similar HU numbers, contrast agents are used to highlight the
region of interest increasing the X-rays attenuation in that area. Taking in consideration that the
attenuation is proportional to the third power of the atomic number of the material, the choice is
limited to elements with high atomic number. For this reason, iodine represents a good compromise
between high atomic number (Z=53), biocompatibility and cost compared to metals [24,25]. In fact,
iodine is used by thyroid glands to produce hormones, triiodothyronine (Ts) and thyroxine (Ts),
involved in metabolic, cardiovascular and developmental processes [26,27]. Since a high iodine
concentration is needed for successful imaging, more precisely in the millimolar range, a high ratio
of iodine atoms per molecule is needed. A common strategy is the chemical modification of organic
molecules that leads to different physical properties and influence the ionicity, osmolality and
viscosity of the CA.

However, even in this case, several side effects have been reported. In fact, among different adverse
reactions following iodinated CAs administration such as allergic or cutaneous ones, kidney failure
remains the main side effect that can lead to severe consequences [28-32]. Another organ that can be

affected by the injection of the iodinated CAs is the thyroid where iodine accumulates to produce
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hormones. The overexposure to CA could lead to hyperthyroidism or hypothyroidism due to the
effect of free iodine, released as a result of a photolytic degradation in some cases, in a quantity that
is hundred times higher than the needed daily intake [33,34].

Therefore, the use of contrast agents in the medical imaging is strongly limited by their side effects.
In fact, although different ligands are used to improve their performances and in vivo stability, CAs
can undergo in vivo dissociation and deposition in vital organs such as brain, thyroid, and kidneys.
Moreover, CAs suffer from additional limitations such as absence of specificity toward the target
site and a rapid clearance from the bloodstream that allows short image acquisition times. This
results in an image contrast that is not homogenously localized in the region of interest leading to a
signal that is much lower than the theoretical one. For this reason, a particular attention has been
recently drawn to molecular imaging, interpreted as the characterization of biological and
physiological processes at the cellular and/or molecular level [1,35-38]. In addition to the possibility
to drastically reduce the CA dose, this methodology allows a dynamic and noninvasive monitoring
of various diseases, before their clear macroscopic manifestation, leading to an early diagnosis.
Moreover, this higher selectivity allows the combined use of more CAs heading toward the
increasing use of multimodal imaging modalities such as PET/MRI and PET/CT that are able to
provide anatomical details and functional information simultaneously. To achieve this goal, a
contrast agent with high sensitivity and specificity to target a specific tissue or cell type is required
for successful imaging.

Among all the possible probes, polymer nanoparticles (NPs) have recently proven to be a useful tool
in the biomedicine field for several applications. Thanks to their unique properties, these
nanosystems are suitable for drug delivery, cancer therapy, diagnostics, sensing, optoelectronics,
tissue engineering and molecular biology. For this reason, they can represent an optimal tool to
overcome CAs drawbacks thanks to their small size and functionalizable surface as well as their
biocompatibility [39-44]. In fact, a sufficiently high size prevents glomerular filtration and/or their
diffusion through the vascular endothelium while surface modifications allow to delay the
recognition and the subsequent opsonization leading to long-circulation properties and increase the
specificity of the CAs towards the target site. Another advantage is the ability of nanovectors to
entrap CAs reducing their in vivo interactions and consequently both related side effects and possible
dechelation. Therefore, the encapsulation of CAs in polymer nanostructures, even more than one
simultaneously, without the need of chemical modifications, allows to face the above-mentioned

limitations. Consequently, the design of the nanovector, through a suitable choice of polymers, is
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essential to define the physicochemical properties of the nanostructured CA. Moreover, the
interaction of the contrast agents with the surrounding polymer matrix, whether in nanostructured
form or not, has to be taken in consideration. In fact, the presence of the nanovector could influence
the performance of the CAs acting on the fundamental parameters behind the generation of the
imaging signal [5]. For example, recent works have proved that the characteristic correlation times,
as described by the SBM theory, can be strongly modified when a Gd-CAs is encapsulated inside a
polymer matrix [5,7,45-57]. In particular, hydrogel matrices made up of hydrophilic polymers are
able to accumulate a large amount of water within their network, increasing interactions between
water molecules and gadolinium and, consequently, promoting a relaxivity boosting. The effect has
been very well described by Russo et al. that synthesized crosslinked Hyaluronic Acid NPs
(cHANPs) loaded with Gd-DTPA through a microfluidic flow focusing process, demonstrating the
possibility to improve relaxivity through the tunability of crosslink density, mesh size,
hydrophilicity and loading capability by handling the process parameters [51,54]. Indeed, the proper
control of the structural properties of polymer-based nanohydrogels affects the water molecules'
dynamics resulting, at specific conditions, in a relaxivity boost. This effect, named Hydrodenticity,
arises when a complex equilibrium between elastodymanic forces of the polymer chains, water
osmotic pressure and hydration degree of Gd-CAs is reached acting, consequently, on SBM
correlation times [51,55,57]. In particular, the improved relaxation rate is the result of an increased
residence lifetime of water molecules within the crosslinked polymer matrix, a restricted molecular
tumbling and a resulting faster exchange rate with gadolinium. Therefore, an in-depth study of the
interactions between CAs and polymer matrix could lead to get improved performances of clinically
used imaging agents by simply acting on the physicochemical properties of the nanovectors.

To fine tune nanoparticles features and consequently their imaging ability, conventional batch
process does not represent the best way forward due to the uncontrollable mixing and intrinsic
variability that affect not only nanoparticles size but also their morphology. Microfluidics, instead,
has proved to be suitable to control finely and efficiently the mixing thanks to the accurate control
of process parameters [54,58,59]. In fact, the manipulation of small amounts of fluid reagent,
combined with the laminar flow conditions (Re < 10) within microfluidic channels, ensures a mixing
that is only due to diffusion of molecules across the interface of the two flowing in parallel fluids.
Consequently, microfluidic processes show many advantages in terms of control of nanoparticles
properties such as size and polydispersity. In our recent work recently published on Biomedicines

“Tuning of hydrogel architectures by ionotropic gelation in Microfluidics: beyond batch processing to
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multimodal diagnostics”, we demonstrate the ability of microfluidics to tune the morphology of CS-
HA NPs by controlling the flow rates[60]. Moreover, preliminary results on the co-encapsulation of
a dye for Optical Imaging and a Gd-CAs for MRI demonstrate the dual capability of enhancing
relaxometric properties of gadolinium as explained by the Hydrodenticity concept and of serving as
a promising nanovector for multimodal imaging applications.

Despite the advantage of process parameters control offered by microfluidics, it is often difficult to
achieve a nanoformulation with the desired morphological, structural, and functional characteristics
due to the complex fluid- and thermo-dynamic phenomena involved in the mixing. In recent years,
artificial neural networks (ANNs) have emerged as a powerful tool to model and analyse complex
multivariate processes. The architecture of ANN is based on the linkage structure of biological
neurons to simulate the way in which the human brain processes information [61]. The network is
made up of different layers in which each neuron generates an output based on the weightings of
each input. The last layer gives back the predicted results. In particular, in the supervised learning
approach, the ANN is built and optimized through a trial-and-error approach starting from
experimental data in order to find the more accurate input-output relationship. Therefore, thanks to
the ANN, it is possible to estimate the properties of the final nanovector by simply giving in input a
set of process parameters values in order to understand which of them mostly influence the outcome
[62-66]. In this way, it is possible to directly tune the right variable to obtain the more suitable
morphological, structural, and functional properties of the nanovector avoiding waste of materials
and time expensive experimental campaign.

In conclusion, the goal of this work is to get a clear understanding of the interaction mechanisms
between polymer and clinically used contrast agents in order to improve the performances of these
latter by tuning the physicochemical properties of the surrounding nanovector. In particular, taking
advantage of the tunability of the microfluidic production process and the use of machine learning
methods, we aim to finely handle the imaging properties of the nanovectors increasing their

specificity and sensitivity towards the molecular target.
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CHAPTER I - A MICROFLUIDIC APPROACH TO TUNE
CHITOSAN-HYALURONIC ACID HYDROGEL
ARCHITECTURES FOR MULTIMODAL IMAGING PURPOSES

Abstract
Microfluidics is emerging as a promising tool to handle the physicochemical properties of

nanoparticles. Indeed, microfluidic-based techniques offer more advantages over batch processes,
allowing to finely tune the process parameters. In particular, the use of microfluidics to produce
nanoparticles has led the way into the development of different nanostructures with the aim to
improve the detection and treatment of several diseases. In this case, an ionotropic gelation via
Chitosan - TPP crosslinking followed by Hyaluronic acid - Chitosan complex coacervation has been
carried out in a custom-designed microfluidic chip to produce different nanoarchitectures. Results

show that microfluidics allows to tune the morphological structures of nanoparticles by controlling

10



the flow rates. Besides the nanostructures, the encapsulation of a gadolinium contrast agent for
Magnetic Resonance Imaging and a dye for Optical Imaging within the polymer nanostructure
demonstrates the ability of this latter to enhance the relaxometric properties of gadolinium by
attaining the Hydrodenticity and to be used as a promising nanocarrier for multimodal imaging

applications.

1.1 Introduction
In the last few years, nanostructured materials have attracted considerable interest due to the

opportunity to modulate their multifunctional properties depending on the particular application
[1-4]. Among them, polymer nanoparticles (NPs) have proven to be very promising for improving
imaging techniques and therapeutic treatments [5,6]. General advantages of nanovectors include
specific targeting, controlled release, protection of active molecules, and the ability to carry one or
more therapeutic and/or imaging agents, simultaneously, for theranostic purposes [7]. In addition,
it has been proved that polymer NPs, in particular hydrogels, can be designed to improve the
imaging performances, targeting ability, and potentially reduce the fast clearance of drugs and
diagnostic agents from the bloodstream [8-12].

Natural polymers like polysaccharides (Hyaluronic Acid (HA), Chitosan (CS), Dextran, Alginate)
and proteins (collagen, albumin) as well as synthetic polymers (polylactic acid (PLA), polyglycolic
acid (PGA), polylactide-coglycolide acid (PLGA), polyethylene glycol (PEG)) are widely used due
to their low immunogenicity and cytotoxicity also at high concentration, tunable biodegradation
behaviour and versatile utilization in medical applications [13-17]. Among them, HA and its
derivatives have been extensively studied for the development of several carrier systems for cancer
diagnosis, staging and therapy [18-21]. HA has also been used in combination with several
polymers, such as CS, and the usefulness of these combinations is well documented for different bio-
applications, like drug delivery and diagnostics [19,22,23]. For example, Chen and co-workers [24]
report a yolk-shell structure with a radioluminescent yolk based on Gd203: Eu nanospheres, an up-
conversion luminescent in a silica shell, and a coating constituted by HA/CS combination for pH-
triggered drug release. Particularly, remarkable results have been achieved by Courant et al. [9],
who coprecipitate randomly HA and CS to obtain high-relaxivity gadolinium -based nanoparticles
for Magnetic Resonance Imaging (MRI) applications.

Furthermore, recently, Vecchione et al. [10,25] have produced core-shell biopolymer particles for
multimodal imaging purposes through a complex coacervation process driven by temperature and

high-pressure homogenization. The architecture, shaped in a CS core and a HA shell, is designed to
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co-encapsulate a clinically relevant contrast agent (CA) for MRI and a dye for Optical Imaging.
Successively, the same nanostructure has been decorated with the peptide pA20-36 to selectively
target B-cell lymphoma cells and successfully tested in a murine model for in vivo theranostic
applications [26]. As showed in their previous works [11,27-31], these authors demonstrated that the
relaxometric properties of a gadolinium-based CA entrapped in a polymer network can be
influenced through a proper control of the structural properties of polymer-based nanohydrogel
such as crosslinking density, mesh size and hydrophilicity leading to enhance its relaxivity. Indeed,
as explained by Russo et al., the boosting in the relaxivity is achieved when a complex equilibrium
between the water osmotic pressure, the elastodynamic forces of the polymer chains and the
hydration degree of the CA is reached [11,31]. This equilibrium responsible for the relaxation
enhancement, defined as the novel concept of Hydrodenticity [31], can be obtained, under specific
conditions, by controlling the process parameters used to produce CA-loaded nanostructures.

As described above, the structural properties of the polymer network turn out to be fundamental to
give multiple functionalities to the nanostructures: Hydrodenticity, multistage release, tunable
degradation behaviour, stability to solvents and biological stimuli, stealth properties, etc. In this
regard, the combined use of two or more different polymers allows a further tunable parameter of
the structural properties [32-34]. In particular, it is worth highlighting that CS and HA have widely
proven to have a huge potential in this field [35-39]. However, to combine CS and HA into
multifunctional nanovectors to obtain desired physicochemical and morphological properties, many
methodologies have been proposed such as ionotropic gelation, complex coacervation, self-
assembly and nano- and micro-emulsion techniques [17,40-44]. Among these, the ionotropic gelation
has proven to be a complex but promising way to synthesize CS-HA nanoparticles. It is based on
the interaction of a cation (or an anion) with one or more ionic polymers to form a highly inter or
intra crosslinked structure. Main advantages of the ionotropic gelation lie in the flexibility of the
process due to the numerous parameters that can be modified for the proper success of the reaction
such as pH, temperature, ionic strength, polyacid/polybase ratio, polymer concentration and
molecular weight.

However , it has also been reported that fine control over the final product's features is difficult to
achieve through the traditional batch protocols [45,46] , whose main drawbacks lies in the poor
control of mixing and separation of particles, resulting in polydispersity and batch-to-batch
variations [47]. Consequently, these technical issues are limiting the translation of CS-HA based

architecture in preclinical and clinical practice. In this perspective, a microfluidic design of the
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processes has already proven to be a way to overcome this issue, improving the synthesis of
nanoparticles and accelerate their transition to clinical evaluation [48-54]. Reactions in microfluidic
devices are carried out with a low amount of fluids within small channels [54-57]. It enables fine
control and manipulation of fluids and their interfaces, rapid and uniform heat and mass transfer
thanks to the established laminar flow [58-61].

In particular, microfluidics proved to be a promising and effective tool for the rational design of
polymer NPs as imaging probes and drug delivery systems [62,63]. As showed in recent studies
conducted by Russo et al. [64,65], the microfluidic hydrodynamic flow focusing (HFF) approach
allows fine tuning of the structural characteristics of HA-based nanohydrogels by tuning process
parameters such as flow rate ratio and compounds' concentration. In the presence of an MRI CA,
this accurate control of the process permits the attainment of the above-mentioned Hydrodenticity,

thereby enhancing the relaxometric properties of the CA within the nanostructure.

1.2 Aim of the Chapter I
In this Chapter, we aim to design and produce CS-HA NPs exploiting the ionotropic gelation by

microfluidics. Taking advantage of the acquired expertise in microfluidic synthesis of polymer
nanoparticles by hydrodynamic flow focusing, we intend to demonstrate how the combination of
ionotropic gelation and microfluidics allows to tune the morphology of the complex architectures
through the use of a custom-designed microfluidic chip with a specific geometry tailored to achieve
the desired hydrodynamic flow focusing conditions and coupling of the compounds. Furthermore,
we want to evaluate the Hydrodenticity behaviour and the co-encapsulation ability of the

nanostructures for multimodal imaging applications.

1.3 Materials and Methods

1.3.1 Materials
Hyaluronic acid (HA) (Mw= 50 kDa) has been purchased from CreativePEGWorks (Chapel Hill, NC,

USA). Chitosan (CS) (Mw=50 kDa) and sodium tripolyphosphate (TPP) (Mw= 367.86 Da) have been
purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetone (Sigma-Aldrich, St. Louis, MO, USA)
has been used for samples collection and dialysis, while ethanol (Carlo Erba, Milan, Italy) has been
used in the successive step of dialysis to change sample collection from acetone to water.
Commercially available Gd-DTPA (Mw = 547.57 Da, Sigma-Aldrich, St. Louis, MO, USA), a well-
known low-risk CA for MRI, and ATTO488 (Mw = 804 Da; A =480-515 nm ) have been purchased by
Sigma-Aldrich (St. Louis, MO, USA). Milli-Q water (Milli-Q Plus, Q-POD®, Merck KGaA,

Darmstadt, Germany) has been used to prepare polymer solutions and dialysis.
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1.3.2 Microfluidic platform
The microfluidic platform is composed of a system of three syringes (5 mL PTFE PEEK tubing

connector, GmbH, Ilmenau, Germany) that serve as reservoir for the reagents. Each syringe is
controlled by a low-pressure syringe pump (Low Pressure Syringe Pump neMESYS 290N by
CETONI, Korbufien, Germany) to precisely controls the volume of fluid pushed through the
channels. Flow rates can be tuned using a PC software that acts on the pump motor. Syringes are
connected to the microfluidic chip through PTFE tubing and connectors (Dolomite Microfluidics,
Blacktrace Holdings Ltd., Royston, UK) and are equipped with 2-way in-line valves (Dolomite
Microfluidics, Blacktrace Holdings Ltd., Royston, UK) to manually open and close the line for each
syringe. Reactions take place in the main body of a custom-made quartz glass microfluidic chip,
geometrically designed to obtain a hydrodynamic flow focusing at the channels junction. All
channels of the microfluidic chip have the same cross-section of 160 x 150 um. Fluid from the outlet

is collected, through a PTFE tubing, in a glass Petri prefilled with water or acetone.

1.3.3 Production of CS-HA Nanoparticles

The initial step consists of the preparation of polycationic (CS) and polyanionic solutions (HA and
TPP). Starting from previously prepared stocks at 0.2 % w/v, the first solution is obtained by mixing
CS (concentration range from 0.00625 to 0.2 % w/v) in an acetic acid buffer (1% v/v) while the second
one is obtained dissolving HA (concentration range from 0.002 to 0.008 % w/v) and TPP
(concentration range from 0.003 to 0.012 % w/v) in water , both stirred at 300 rpm for 30 min.
Polycationic solution (CS) is pushed in the middle channel while polyanionic solution (HA and TPP)
in the two side channels as represented in Figure I-1a. Sample is collected in Petri dishes filled with
acetone or water and covered with aluminum foil to limit solvent evaporation. After each usage, the
chip is repeatedly washed with water and 1% v/v acetic acid aqueous solution. Moreover, to remove
possible residuals of the precipitated materials within the channels, the chip is immerged overnight

in a piranha solution composed of % nitric acid and % sulphuric acid.

1.3.4 Nanoparticles morphological characterization

Scanning electron microscope (SEM, Ultraplus Field Emission, Carl Zeiss, Oberkochen, Germany)
has been used to analyze NPs morphological and structural surface features. In particular, samples
are dropped on glass directly from microfluidic platform outlet or filtered, after collection and
dialysis, on membrane of 50 nm pore size. Nanoparticles are coated with 5.5 nm Au prior
observation. Instead, NPs internal features are examined with transmission electron microscope

(TEM, Tecnai FEI®, Hillsboro, OR, USA) by collecting sample on Formvar/Carbon 200 mesh Cu
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Agar® small net from microfluidic platform outlet or dropping off 20-50 uL of solution on it, before

or after dialysis.

1.3.5 Gd-DTPA loading and evaluation of the Encapsulation Efficiency
Induced Coupled Plasma Mass Spectrometry (ICP-MS, NexION 350 Perkin Elmer Inc.,, Waltham,

MA, USA) is used to assess the concentration of Gd-DTPA loaded within the NPs. A suspension of
Gd-loaded CS-HA nanoparticles in deionized water at a concentration of 250,000 particles/mL
without dissolution is injected in the instrument. Syngistix NanoApplication (Module PerkinElmer
Inc., Waltham, MA, USA) software is used to collect and process data. Gd is measured at m/z 157
using a 100 ps dwell time with no settling time. Successively, results are compared to the known

initially added amount of Gd-DPTA to obtain an estimate of the encapsulation efficiency.

1.3.6 In vitro MRI
Longitudinal relaxation time is evaluated by Minispec mq60 BRUKER benchtop relaxometer (Bruker

Corporation,Billerica, MA, USA, magnetic field strength: 1.41 T) . A glass tube is loaded with 300 pL
of the sample and then placed into the NMR probe for about 15 min for thermal equilibration. Firstly,
the Free Induction Decay sequence (FID) is used to evaluate the best value of the Gain to control the
saturation of the signal. Longitudinal relaxation times (T;) are then determined by saturation
recovery and inversion recovery pulse sequences. The relaxation time distribution is obtained by

CONTIN Algorithm [66].

1.3.7 Spectrofluorimetric analysis
Spectrofluorimetric analysis (EnSpire Multimode Plate Reader, PerkinElmer Inc, Waltham, MA,

USA) is performed to detect ATTO488 and provide information regarding its concentration within

nanoparticles in a range of 0-250 pmol/mL.

1.3.8 Preliminary in vitro cell test
Cytotoxicity studies on Human brain Glioblastoma astrocytoma cells (U87-MG) are performed to

preliminary assess NPs biocompatibility. U87 MG cells are seeded in 96-well plates (5 x 104
cells/well) and let adhere for 24h in free medium (DMEM, 1% penicillin/streptomycin and 1% L-
glutamine). Adherent cells are then incubated with medium supplied with NPs (22 ug/mL) or free

medium as negative control. Cells are checked for viability for 8 or 24 hours by means of MTT test.
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1.4 Results

1.4.1 Ionotropic gelation controlled by Hydrodynamic Flow Focusing for production CS-
HA nanostructures
As previously reported [11,67], the hydrodynamic flow focusing (HFF) is obtained when a middle

stream is squeezed between two adjacent streams flowing at a higher flow rate within microfluidic
channels. In particular, the Flow Rate Ratio (FR?), defined as the ratio between the flow rate of the
middle channel (uL/min) and the flow rate of only one of the side channels (uL/min), is calculated

as follows [11]:

2 Flow Ratelmiddle channel

Flow Ratelside channel

HFF has been applied to different processes such as the flow focused nanoprecipitation, where the
lower is the FR? the narrower is the hydrodynamic flow focusing. The width of this latter is strictly
linked to mutual mixing and diffusion phenomena of the flows and responsible for the
thermodynamic process [68]. Indeed, the relationship between FR?and the mixing time is derived

from the equation below:

2
Wf W2 1

tmix ~4p ¥ 9p (1 + 1/FR?)?

where wy is the width of the hydrodynamic flow focusing, wrepresents the channel width and D the
diffusion coefficient of the solvent [55].

Several studies conducted on flow focused nanoprecipitation also demonstrated that the laminar
flow condition is achieved within the microchannels due to the low Reynolds number that ensure a
proper supersaturation condition and homogenous particle formation kinetics [55,69,70].
Therefore, the theoretical knowledge of HFF can be harnessed to induce ionotropic gelation within
the microfluidic channel and tune the process parameters (flow rates, FR?, concentration and ratio
of the reagents) to control the morphology of the nanostructures.

Generally, in ionotropic gelation, TPP binds the charged amino groups of CS leading to the
formation of a three-dimensional network of the ionic crosslinked moiety [10]. Usually, to get the
cation during the ionic gelation process, chitosan is dissolved in an aqueous acidic solution. This
latter is then added drop-wise under continuous stirring based on the capability of polyelectrolytes
to traverse links in the presence of counter ions to form nanoparticles [71-73]. Here, HA and CS are

chosen as oppositely charged polyelectrolytes. In particular, chitosan undergoes ionic gelation and
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precipitates to form spherical particles due to the binding between oppositely charged species,
further stabilized by the presence of TPP.

In our system, a HA and TPP water solution flows through the side channels, while a 1% v/v acetic
acid aqueous solution of CS is pushed in the middle channel of the microfluidic chip. A schematic

representation of the process is shown in Figure I-1.
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Figure I-1. (a) Graphic illustration of the hydrodynamic flow focusing within the microfluidic chip. Middle
and side streams lead to NPs formation through ionotropic gelation via CS-TPP crosslinking followed by HA-
CS complex coacervation; (b,c) Optical Image of the microfluidic device showing the hydrodynamic flow
focusing at (b) Low flow rate regime (middle channel flow rate <1 pL/min) and (c) High flow rate regime (middle
channel flow rate > 1 uL/min). In both images the width of the focusing stream is indicated by white arrows,

while its elongation at the chip junction is represented by the brown line along the middle channel.

In the proposed set-up (Figure I-1a), the kinetic of the gelation is controlled by the hydrodynamic
flow focusing through the lateral injection of HA and TPP at different flow rates. This fine control
of the flow rate ratio tunes the mixing time and dosage among the reagents. NPs formation is
achieved through the partial precipitation of the chitosan in water and ionotropic gelation via CS-
TPP crosslinking followed by HA-CS complex coacervation along the middle stream.

A similar approach that takes advantage of the mutual diffusion and precipitation of the

components has been already published by our group using an emulsion-based batch approach and
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it is proposed here, for the first time, in a continuous mode using microfluidics to avoid
polydispersity and improve purification and control of the structural properties[10,25,26].

In this microfluidic approach, different parameters have been tested with particular attention to the
following: (i) FR? (ranging from 0.05 to 0.5); (ii) flow rates (ranging from 0.2 to 20 pL/min for the
middle channel and from 0.5 to 100 pL/min for side channels); (iii) CS:HA weight ratio calculated at

the chip junction (ranging from 0.0781 to 6.25).

1.4.2 Identification of Operating Regimes and fluidodynamic threshold for the experimental
campaign
Most experiments have been carried out in two different operating flow rate regimes (Figure I-1b

and c) identified as follow : a change in focusing width together with a shift in the position of the
relative focusing has been visually observed, through an optical microscope, when a certain
threshold is overcome. These observations allow us to choose experimentally two conditions: (1) a
Low flow rate regime, i.e. middle channel flow rate <1 pL/min, flow focusing width w below 15 pum
and a mixing time t,,;, below 30 ms (Figure I-1b); (2) a High flow rate regime, i.e. middle channel flow
rate > 1 uL/min, flow focusing width w above 15 um and a mixing time 7,,;, above 30 ms (Figure I-
1c). In both cases, the mixing time range is in the order of tens of milliseconds, which is typically
used for polysaccharides nanoparticles fabrication [74]. The experimentally set threshold allows us
to investigate two processes characterized by longer and shorter mixing times, respectively higher

and lower than the aggregation time reported for CS-based nanoparticles [75,76].

1.4.3 Rational of the experimental campaign on ionotropic gelation in microfluidics
As first step, a detailed analysis of the literature has been performed to explore batch processes

implementing ionotropic gelation and to identify the optimal thermodynamic conditions to
implement in microfluidics.

The study has revealed that the polymer ratio ,usually kept constant at 6.25 (CS:HA = 6.25:1 weight
ratio), is a standard parameter used in the ionotropic gelation as described by Callewaert et al. [23].
The tuning of flow rates and, therefore, of the flow rate ratio allows the translation of the above-
mentioned polymer ratio condition to microfluidics.

In particular, during the experimental campaign, the gap from the saturation concentration of the
compounds has been investigated to understand how it affects both the nanoprecipitation and the
ionotropic gelation, influencing the diffusion and electrostatic coupling of the polymers.

Among the tested conditions and parameters, the experimental work has been focused on those that

experimentally allowed reproducibility of the results, stability of the hydrodynamic flow focusing
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and high throughput. In particular, an FR? of 0.5 has been found out as the most reliable value to
carry out the process. In detail, by keeping constant the FR?, the experiments conducted at the middle
channel flow rate of 0.3 pL/min and side channels of 0.6 uL/min refer to the Low flow rate regime
while those in the High flow rate regime have been performed at middle and side channel flow rate of
3 and 6 pL/min, respectively. The effect of polymer concentrations (ranging from 0.05 to 0.2 % w/v
for CS and from 0.002 to 0.008 % w/v for HA) and polymer ratios (CS:HA ranging from 1.56 to 6.25)
at FR?= 0.5 have been investigated as discussed in the following at High and Low flow rate regimes.
Representative results obtained using other FR? conditions are displayed in the Figure I-S1 of the

Appendix A.

1.4.4 Effect of the concentration of the polymers at FR 2= 0.5 and constant polymer ratio of
6.25
Firstly, by keeping constant the FR? and the polymer weight ratio, the effect of simultaneously

increasing CS and HA concentrations have been explored at Low and High flow rate regime. In
particular, polymer concentrations have been scaled to values feasible in the microfluidic
environment.

Z- Average Size obtained by DLS and SEM images, reported in Figure I-2a, reveals the presence of
coacervates, whose size and polydispersity decrease with the increasing CS concentration. This is an
unexpected phenomenon since the increase in concentration usually brings an increase in the
particles size. Indeed, the viscosity of the organic phase increases with the polymer concentration,
reducing its diffusion rate towards the aqueous phase and subsequently resulting in larger

nanoparticles [77].
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Figure I-2. NPs size and morphology at constant polymer ratio reproducing batch conditions: a) Plot showing
size vs CS and HA concentrations at CS: HA weight ratio equal to 6.25 at Low flow rate regime (MFR=0.3 uL/min
and SFR=0.6 pL/min). The black point indicates a not measurable size due to the only presence of
macroaggregates and unreacted materials (see Figure I- 52 of the Appendix A); (b) CS= 0.05 %w/v; (c) CS =
0.1 %w/v.

The improvement of the stability of the hydrodynamic flow focusing can provide an explanation.
Indeed, even a slight increment of the concentrations of the polymer induces the increase of the
viscosity, the reduction in the fluctuation of the focusing and better control of the nanoprecipitation,
promoting the nucleation to the detriment of the growth [70]. This interpretation is confirmed by the
results at the highest CS concentrations, equal to 0.2% w/v where, indeed, this latter condition
produces a stable focusing but causes a massive precipitation and promotes the formation of big

aggregates instead of NPs [67,78]. At High flow rate regime, a similar behaviour has been observed.

1.4.5 Effect of the polymer ratio at FR?= 0.5
Successively, the effect of polymer concentrations (ranging from 0.05 to 0.2 % w/v for CS and from

0.002 to 0.008 % w/v for HA) and polymer ratios (CS:HA ranging from1.56 to 6.25) at FR>= 0.5 has
been investigated at both High and Low flow rate regimes.

In details, polymer ratios CS:HA equal to 1.56 (CS5=0.0125 %w/v, HA=0.002 %w/v; C5=0.05 %w/v,
HA=0.008 %w/v) and CS:HA equal to 3.12 (CS=0.1 %w/v, HA=0.008 %w/v; CS=0.025 %w/v,
HA=0.002 %w/v) have been analyzed. Regardless of the flow rate regimes, results show that size

grows when polymer ratio increases (Figure I-3 and 4).
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Figure I-3. NPs size and morphology at different polymer ratios at Low flow rate regime and FR?= 0.5 : (a) Plot

of NPs size vs CS: HA weight ratio; (b) representative SEM image at CS: HA weigth ratio equal to 3.12.
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Figure I-4. NPs size and morphology at different polymer ratios at High flow rate regime and FR?=0.5 : (a) Plot

of NDPs size vs CS: HA weight ratio; (b) representative SEM image at CS: HA weigth ratio equal to 1.56. The
black point indicates, at High flow rate regime and CS:HA=6.25, a not measurable size has been identified as

result of macroaggregates and unreacted materials (see Figure I- 53 of the Appendix A).

The explanation can be found in the role played by the nucleation phenomenon. Indeed,as already
reported, the higher is the concentrations of the polymers, the higher is the size of starting nuclei
and the more favourites are the growth phenomena [55]. Moreover, the size of the NPs increases by
shifting from High flow rate regime to Low flow rate regime. In this latter case, the hydrodynamic flow
focusing starts closer to the chip junction, promoting physical aggregation. This means that the
aggregation is promoted more than nucleation due to the longer polymer availability at the channel
crossing, so leading to a higher mean size of the NPs. A similar effect has also been reported

previously by Nemati et al. [79] for the use of microfluidics to tune size and shape of chitosan NPs
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adsorbing Hg from aqueous solutions for environmental applications. This effect can also be
compared with results obtained by other authors in different contexts and proving the fine tunability

of the process parameters in microfluidics [78,80,81].

1.4.6 Interpretation of the Operating Regimes and obtained morphologies
NPs morphologies obtained at FR?=0.5 and two CS:HA ratio at High and Low flow rates regimes have

been compared in Figure I-5.

CS:HA = 1.56  CS:HA=3.12

Figure I-5. NPs morphologies obtained by TEM characterization for two different CS:HA weight ratio at
constant FR?at High and Low flow rate regime. Sizes range from: upper left 38.57 + 14.31 nm; upper right 178.63
£171.47 nm; lower left 471.86+ 67.28 nm; lower right 150.33 + 112.01 nm.

Looking at Figure I- 5, it is worth to notice that the High flow rate regime promotes the transition to
different morphologies like coprecipitate and core-shell NPs thanks to parameters' modulation
while at the Low flow rate regime, NPs with a mainly core-shell morphological structure are obtained.
At Low flow rate regime, the overall size of the core-shell nanostructure as well as the relative
dimensions between the core and shell area can be changed by tuning microfluidic process
conditions. Moreover, the effect of TPP concentration on the final NPs morphology has also been

investigated (Figure I-54 of the Appendix A). In order to get an overview of the obtained
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morphologies, two visual plots at Low and High flow rates regimes with additional TEM images have
been included in the Appendix A (Figure I-S5 and Figure I- 56).

These results highlight microfluidics' ability, determined by the competition between the
fluidodynamic forces and the thermodynamics of ionotropic gelation, to tune the parameters to

obtain a range of nanoarchitectures attractive from both research and industrial viewpoint in the

nanomedicine field [81].

1.4.7 Understanding of the role of fluidodynamic regimes in ionotropic gelation

implemented in microfluidics
Reynolds number (Re) values have been investigated to figure out the effect of the flow rate regimes

on the fluidodynamics [82]. Taking into account the defined 1 uL/min threshold, Re values at FR? =
0.5 have been calculated approximately considering the two reproducible conditions previously
reported: 0.6 - 0.3 and 6 — 3 pL/min for Low and High flow rates regimes, respectively. Reynold

numbers at different CS and HA concentrations, distinguishing between High and Low flow rate

regimes, are shown in the following Figure I-6.

20 @189 ‘ }
181 @ Low flow rate regime ‘I‘
@ 1641 @ High flow rate regime |
| |
|
141 |
|
121 |

@0.91 /

Figure I-6. Characterization of the fluidodynamic regime through Reynolds numbers at different polymer

concentrations at Low (0.6 — 0.3 — 0.6 uL/min) and High ( 6 — 3 — 6 uL/min) flow rate regimes.

Re values confirm that laminar flow within the microfluidic device is always guaranteed. However,
another threshold has been observed, which identifies the transition from the Low to the High flow

rate regime. In the case of High flow rate regime, phenomena are driven by the fluid velocity and,
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therefore, the mixing processes are faster than coacervation also producing coprecipitated
morphologies. Instead, at Low flow rate regime, the viscous forces drive the coacervation phenomena
due to the predominant properties of the materials. The borderline condition reached at Re = 0.91
confirms this explanation. In fact, despite in the High flow rate regime, an equilibrium between the
inertial and viscous forces is obtained leading to the formation of core-shell morphologies, as already

reported in the Figure I-5 (CS:HA=3.12).

1.4.8 Encapsulation Efficiency and multimodal properties of the hydrogel nanostructures

1.4.8.1 In vitro MRI
The reproducibility of the trial, the high throughput and the observed core-shell morphology have

been the leading parameters to identify the best condition for the NPs formation (FR?= 0.5, HA =
0.008 %w/v, CS = 0.1 %w/v, TPP = 0.012 %w/v and CS: HA = 3.12). Starting from these conditions,
gadolinium has been introduced in the microfluidic process by adding it, at a concentration
empirically set equal to that of CS (Gd = 0.1 % w/v), to the polycationic solution.

After dialysis, the presence of Gd slightly affect the size of NPs since it attracts a high amount of
water molecules into the polymer matrix leading to larger NPs. For this reason, the Encapsulation
Efficiency (EE) has been evaluated by measuring the concentration of the Gd-DTPA within the NPs
by ICP-MS and then comparing it to the initial concentration used in the microfluidic process,
according to the following formula [83]:

EE = (%) x 100

where C,, is the Gd-DTPA concentration measured by ICP-MS and (; is the theoretical Gd-DTPA
concentration used in the process.

As proven by ICP-MS values, Gd-DTPA is entrapped within the polymeric matrix resulting in an
estimated EE equal to 11.95%. In addition, the longitudinal relaxation time, Ty, of the Gd-DTPA -
loaded NPs has been measured using a benchtop relaxometer and compared with the T; of both

water and free Gd-DTPA in water (Figure I-7).
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Figure I-7. Relaxation time curves for Gd-DTPA-loaded NPs in water compared to free water and to the

corresponding free Gd-DTPA in water.

The T; distribution comparison between Gd-DTPA-loaded NPs and the corresponding free Gd-
DTPA in water measured by ICP-MS (Gd-DTPA =5 uM), highlights a 3.8-fold higher relaxivity in
the case of loaded NPs, corresponding to a 12.3% enhancement in the longitudinal relaxation rate.
These values arise from the water-mediated interaction between the polymer and the metal chelate
as described by the Hydrodenticity concept. In details, the hydrophilic behaviour of both polymers
attracts a large amount of water inside the polymer structure that affects water molecules dynamics
and increases interactions between water molecules and the metal chelate. This improved hydration
degree of Gd-DTPA results in a relaxivity boosting of the CA leading to an enhancement of the

intensity of the MRI signal and so a better contrast between distinct tissues.

1.4.8.2 In vitro Optical Imaging
To demonstrate the multimodal imaging ability of the NPs, ATTO488 fluorophore has been

simultaneously added to the polyanionic solution (35 pg/mL) in a one-step process. A concentration
of 7 pmol/mL (EE = 16.1 %) of the encapsulated ATTO488 has been estimated through

spectrofluorimetric measurements.

1.4.9 In vitro cytotoxicity
Preliminary viability of U87 cells exposed to CS-HA NPs, obtained at the process conditions of FR?

=0.5, HA =0.008 %w/v, C5=0.1 %w/v, TPP =0.012 %w/v and CS: HA = 3.12, are displayed in Figure
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I-8. Results showed no significant cytotoxicity at different time point up to 24 hours of incubation

for a nanoparticle concentration higher than 20 ugr/mL.
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Figure I-8. In vitro cytotoxicity of CS-HA NPs in contact with U87 MG cells at two different time points. NPs
have been produced using the best conditions found out during the experimental campaign (High flow rate

regime ( 6 — 3 — 6 uL/min), HA = 0.008 %w/v, CS= 0.1 %w/v, TPP =0.012 %w/v).

1.5 Conclusion
Starting with the study of batch process conditions, a one-step hydrodynamic flow-focusing process

to produce CS-HA NPs by ionotropic gelation has been implemented in a custom-designed
microfluidic platform to obtain tailored structures and morphologies by tuning the process
parameters. The control over the gelation reaction, occurring in the microfluidic chip, has been
achieved by changing the flow rates of the inlets, the volumetric flow rate ratio and the ratio of the
different compounds adopted (polymers and crosslinker), producing a variety of nanostructures
with different morphologies.

The advantages of the microfluidic flow focusing approach in the design of HA-CS NPs lie, on the
one hand, in the possibility to overcome the drawbacks of batch processes (time-consuming,
multiple-step processes, higher consumption and waste of unreacted material, poor control
overreaction and overall process performance) offering, on the other hand, the possibility to
customize the nanovectors by tuning the process parameters. In fact, microfluidic parameters can be
handled to control not only the nanoparticles' size but also their morphologies and physicochemical

properties, potentially dictate their biological fate.
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Preliminary data on the simultaneous encapsulation of both a gadolinium-based CA for MRI and a

dye (ATTOA488) for Optical Imaging have been also showed, suggesting the potential use of these

hybrid nanocarriers in the multimodal imaging field.
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CHAPTER II - A HIGH-THROUGHPUT MICROFLUIDIC

APPROACH TO DESIGN IODINE-BASED
NANOPARTICLES FOR CT ANGIOGRAPHY
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Abstract

CT angiography is an imaging technique that returns an excellent visualization of blood vessels for

the detection of vasculature pathologies thanks to the injection of contrast media. In last years,

iodine-based contrast media have been increasingly used since they are a good compromise among

X-ray attenuation performances, biocompatibility and cost. Although their chemical formulations

have been improved for a longer circulation time and a better biocompatibility, iodinated contrast

media still exhibit rapid renal clearance and induce side effects in many patients. Here, Iodixanol, a

clinically approved iodinated contrast medium for angiography, and poly-lactic-co-glycolic acid

(PLGA) have been combined to produce nanocarriers with properties of high biocompatibility and,

potentially, long circulation time. An innovative high-throughput microfluidic platform has been

designed and optimized to obtain a high yield of monodisperse PLGA nanoparticles by exploiting
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the physical principles of nanoprecipitation. The fluorophore ATTO633 has been then utilized to
preliminarily evaluate the potential encapsulation efficiency of nanocarriers, even in combination
with Gd-DTPA, an MRI contrast agent, to prove the multimodal imaging ability of the nanovector.
Finally, a clinically relevant amount of Iodixanol has been encapsulated within nanoparticles and a
comparison with the free contrast agent has been provided by the CT attenuation and cytotoxicity

point of view in order to highlight the impact of the polymer matrix.

2.1 Introduction
Nowadays, Computed Tomography (CT) is the widest used imaging technique for its ability to

provide anatomic details with high resolution at low cost. It is commonly used to visualize vessels,
tissues e organs providing information of diagnostic relevance. Thanks to its high temporal
resolution, it is also able to quickly catch the cardiac motion. Moreover, the ongoing development
of novel hybrid imaging modalities such as PET/CT and SPECT/CT, able to combine anatomical and
functional information, is another plus point.

Among several CT applications, CT angiography (CTA) is widely used as an effective and non-
invasive technique that enable the anatomic visualization of vessels status. In particular, it can
provide essential information to diagnose pulmonary embolism or atherosclerotic stenosis in
coronary arteries [1-3]. In this latter case, it has the advantage to allow the study of the morphology,
composition and degree of inflammation of coronary atherosclerotic plaques in order to provide
clinical indications and identify the risk for the patient [4-6]. Therefore, this is a dynamic process
where the injection of a contrast medium (CM) is needed to opacify the bloodstream and evaluate
possible deviations or temporal alteration during its passage. In addition to patient related
components such as body weight and cardiac output, key factors to determine the CM
pharmacokinetics and the consequent enhancement are volume, concentration, injection duration
and rate [7-9]. However, while these parameters can be tuned to define the proper protocol, the
physicochemical properties of the CM are not arbitrary and so the choice of the optimal one is
fundamental. For this reason, it is important to understand how CM works, its properties and its
related side effects.

Since the CT is based on the interaction of X-rays with matter and the conversion of detected
attenuation coefficients in Hounsfield units (HU), it is difficult to distinguish tissues with similar
HU numbers, in particular soft ones [10,11]. For this reason, contrast agents are used to highlight the

region of interest increasing the X-rays attenuation in that area. Because the attenuation is
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proportional to the third power of the atomic number of the material, the choice is limited to
elements with high atomic number [11]. Iodine represents a good compromise between high atomic
number (Z=53), biocompatibility and cost compared to metals [10]. In fact, thyroid glands absorb
nearly all of the iodine in the body to produce hormones, triiodothyronine (Ts) and thyroxine (T4) ,
involved in metabolic, cardiovascular and developmental processes [12,13]. Since a high iodine
concentration is needed for successful imaging, more precisely in the millimolar range, a high ratio
of iodine atoms per CM molecule is needed. For this reason, iodinated contrast media are usually
chemical modifications of a triiodinated benzene ring, with iodine atoms in position 2, 4 and 6 [11,14].
Functional groups such as carboxylic acids and amines are linked to the iodinated aromatic ring to
increase biocompatibility and water solubility [11]. Based on the modifications of the organic
molecules, different physical properties can be obtained influencing the ionicity, osmolality and
viscosity of the CM [15]. Two main distinctions are made to classify CM: ionic or non-ionic and
monomer or dimer [11,14-16]. In the first case, non-ionic CM are preferred since the in vivo interaction
of ionic compounds with anionic and cationic molecules can lead to break up the CM, increasing
osmolality. On other side, dimeric CM are able to deliver a higher amount of iodine atoms per
molecule. Therefore, non-ionic dimers are the ideal contrast media as they deliver a great amount of
iodine with the smaller effect on osmolality [16]. Another classification is made comparing the
osmolality of the CM with the plasma one: high-osmolar (HOCM, higher than 1200mOsm/kg), low-
osmolar (LOCM, 600 to 800mOsm/kg), and iso-osmolar (IOCM, 290mOsm/kg that is plasma
osmolality) contrast medium [16,17]. They are almost eliminated through kidneys where the CM
concentration grows leading to its possible dysfunction. In fact, among different adverse reactions
following iodinated CM administration such as allergic or cutaneous ones, kidney failure remains
the main side effect that can lead to severe consequences [14]. In particular, Contrast-Induced
Nephropathy (CIN) or Contrast-Induced Acute Kidney Injury (CIAKI) is defined as an acute renal
failure occurring within 24-72 hours after the injection of iodinated radiographic contrast media,
whether intravenous or intra-arterial injected , that cannot be attributed to other causes [14,16,18,19].
The risk of CIAKI surely depends on the volume of injected CM, the number and rate of injections
and the route of administration. For example, the incidence of CIAKI is higher when the CM is given
intraarterially (IA) compared to intravenously (IV) due to the higher dose typically used and the
proximity to renal arteries [15]. Indeed, patients undergone coronary angiography have the highest
probability to develop AKI as they usually show one or more comorbidities [15,16]. Other factors

that can increase the possibility of CIAKI are diabetes, pre-existing renal dysfunction, hypertension,
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the use of anti-inflammatory and/or nephrotoxic drugs and dehydration [14,16,17,19]. In order to
fully understand pathophysiological mechanisms behind CIAKI development, animal and in vitro
studies can help to highlight factors that influence renal hemodynamics and possible tissue damages
[15,19]. After the injection of the CM in the bloodstream, whether IA or IV, it is considerably diluted
before reaching the kidney and, consequently, its osmolality and viscosity is reduced [19]. CM
molecules are able to easily overcome the glomerular filter so that their concentration in primary
urine is equal to blood plasma one [16,19]. However, along renal tubules, most of the water, driven
by osmotic gradients, is reabsorbed causing a considerable increase in CM concentration [18,19].
Consequently, the tubular fluid osmolality and viscosity grows disproportionately (the relationship
between concentration and viscosity is exponential) [16,18]. According to the Poiseuille law, since
the resistance increases proportionally to fluid viscosity, the fluid flow rate decreases for a given
pressure gradient [18,19]. Considering the length and narrow diameter of renal tubules, the high
tubular fluid viscosity increases intratubular pressure reducing glomerular filtration rate and leads
to extrarenal vessels vasoconstriction [16,19]. The main consequence is renal medulla hypoxia and
hypoperfusion that is part of a flow of events that involve cellular damage, oxidative stress and
vasoconstriction [19]. It is important to clarify that oxygen delivery, in particular to the outer renal
part that is farthest from the descending vasa recta, is poor even under normal physiologic conditions
[14,18,19]. The break of the balance between oxygen supply and its consumption induced by the CM
makes more severe the medullary hypoxia [16]. In fact, this latter lead to the formation of reactive
oxygen species (ROS) while a reduction of the vasodilator nitric oxide (NO) production and an
increase of the response to vasoconstrictor angiotensin II is induced [14,16,18]. The decrease in NO is
due to two reasons: (a) ROS interact with NO and lead to the formation of more powerful oxidant
peroxynitrite that is more detrimental [14,16,18]; (b) the loss of endothelial cell viability due to CM
[18]. In fact, endothelial cells are the first to come in contact with the contrast agents that exert a
direct cytotoxic effect mainly due to the release of free iodine and leads to cell apoptosis and death
[14,16,18,19]. Contrast media properties such as ionicity and viscosity and patient pathophysiological
conditions such as diabetes influence the entity of the damage [16]. In addition, ROS contribute to
cause endothelial cells injury and the produced damage may also release endothelin leading to
vasoconstriction and makes the hypoxia worse [14,16,18].

Another organ that can be affected by the injection of the CM is the thyroid. World Health
Organization recommends a daily iodine dose of 150 ug (for nonpregnant and adult human beings),

whereas iodinated CM contain iodine amount by far higher than recommended [20]. In particular,
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when an exposure to high amount of iodine occurs (i.e. contrast medium injection), a reduction in
thyroid hormones production can be observed (Wolff-Chaikoff effect) [21]. For most individuals this
phenomenon is only transient, and the recovery completes in less than 10 days after CM injection.
Anyway, some vulnerable patients might not recover from this effect, getting an iodine-induced
hypothyroidism [21]. Some cases of lodine-induced hyperthyroidism have also been reported,
especially in those patients with risk factors including nontoxic or diffuse nodular goiter, latent
Grave disease and long-standing iodine deficiency [21]. While the outbreak of such metabolic
disorders is clearly ascribable to the impact of iodine, to date the biological phenomenology related
to their triggering remains not completely understood.

Among all iodinated CM, Iodixanol maybe represents the best choice for its physicochemical
properties [22]. Iodixanol (Visipaque®, Chemical formula: CssHuleNeOis) is a dimeric iso-osmolal
non-ionic hydrophilic contrast medium (iodine content 49.1%, Mw: 1550.20) [23,24]. It is provided in
solution where iodine concentration is 270 or 320 mg per ml that means, considering the whole
Iodixanol molecule, 550 or 625 mg per ml, respectively [23]. Since Iodixanol is hypotonic to blood,
sodium and calcium chloride are added to obtain an injectable isotonic solution (at 37 °C osmolality:
290 mOsm/kg water, viscosity 11.4 mPa*s, density: 1.303 g/ml) [24]. Visipaque® is used for several
diagnostic techniques such as angiocardiography, peripheral arteriography (both conventional
radiography and digital subtraction angiography), cerebral arteriography, contrast-enhanced
computed tomography of the head and body, etc [23,25,26]. Approximately 80 % of the administered
dose is excreted unmetabolized through glomerular filtration within 4 hours after intravenous
injection [24]. Thanks to its physical properties, the diagnostic efficacy is similar to other iodinated
CAs but a lower toxicity has been observed. This latter is mainly related to the iodinated molecule
and its hydrophilic behaviour in addition to the cation content of the injectable formulation that led
to chemotoxic effects. In fact, pharmacodynamic studies indicate that Iodixanol has fewer
cardiovascular effects, causes less renal damage and is associated with similar or smaller changes to
the blood-brain barrier and neurological function when compared with non-dimeric non-ionic
contrast media [23-28]. A crucial limitation is the rapid clearance through kidneys due to their
relatively small size that allow only short imaging times in addition to a non-specific biodistribution
[11,24]. The solution to overcome these problems can be found in the development of the so-called
“blood pool contrast agents”[29]. The latter can be mainly classified as organic (lipidic or polymeric)
or inorganic nanocarriers [10,11,29-31]. In 1999, Torchilin and al. formulated micelles with an

iodinated hydrophobic core: methoxypoly(ethylene glycol) (hydrophilic) and poly(e,N-
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(triiodiobenzoyl))-L-lysine (hydrophobic) have been used to prepare an amphiphilic molecules
(MPEGiodolysine) that assembled into micellar structures with a size around 80 nm and iodine
content of 33.8%. They observed that, after intravenous injection in rats (170 mg I/’kg BW), the
micellar agent produced an enhancement in the visualization of aorta and heart sustained up to 3
hours after dose injection [32]. Trubetskoy et al. reached an even better result by using same micelles:
with an injection dose of 250 mg I/Kg BW in rabbits the visualization of the vasculature was
sustained up to 24 [33]. Beside the formulation of micelles, other researchers report the production
of liposomes for CM encapsulation. In fact, Mukundan at al. formulated Iodixanol-loaded
liposomes, and used polyethylene glycol (PEG) to modify their surface, bringing stealth properties
to nanocarriers. They successfully encapsulated up to 105 mg I/ml, which allowed performing very
accurate images of the heart vasculature in mice up to two hours [34]. In addition, many works are
dedicated to inorganic compounds such as gold nanoparticles because of its good X-ray attenuation
behaviour (2.7 times higher than iodine) and its simple surface modification with polymer (e.g. PEG)
for a prolongation of their permanence in the blood [30]. A commercially available example is
“ExiTron Nano”, that consists in an injectable solution of PEGylated alkaline rare earth inorganic
nanoparticles sizing around 110 nm. It is widely used for microCT imaging on animals, and
particularly in mice it offers a good blood contrast imaging with a half-life up to 3 hours [35].
Recently, an interesting work has been proposed by Hainfeld et al. in which they propose a
PEGylated iodine nanoparticles (INPs) contrast agent with a hydraulic diameter of 20 nm. These
INPs have the ability of staying in the blood flow up to 40 hours and being 50% cleared from the
liver in six months in mice. Also, a good tolerance (4 g I’kg BW) was shown after intravenous
injection [36].

As it can be understood from literature, both organic and inorganic nanocarriers can undergo size
and surface modifications in order to increase the circulation time in the bloodstream. Firstly, a
sufficiently high size prevents glomerular filtration and/or their diffusion through the vascular
endothelium. However, on the other side, a size higher than 200 nm induce a rapid uptake by the
reticuloendothelial system (RES) and, consequently, their elimination from the bloodstream [30].
Secondly, surface modifications allow to delay the recognition and the subsequent opsonization
leading to long-circulation properties. Another advantage of these nanovectors is their ability to
simultaneously encapsulate drugs and contrast agents, allowing their usage in multimodal and/or
theranostic applications [37,38]. All the reported works bring a strong amelioration to CM circulation

time, making possible the visualization of blood vessels even hours after the injection. However,
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neither organic nor inorganic nanovectors are intended to face the problem of metabolic thyroid
disorders or nephrotoxicity. Especially, long circulating inorganic nanoparticles are mainly obtained
by assembling single molecules of CM. Consequently, the body tissues are exposed to these
molecules and to potential toxicity. On the other hand, organic micelles could suffer from instability
in blood, since, once injected, they experience a strong dilution and their whole structure could
undergo cleavage [29]. Although micelles and liposomes could exhibit an instability or leaky
behaviour in bloodstream, organic nanovectors seem to be promising, since they can incorporate
iodinated molecules. In other words, they provide a protecting cage to it, thus preventing the tissues
from CM exposition. Furthermore, among all works reporting the formulation of organic carriers,
polymeric nanocarriers have been scarcely tested for long circulation in bloodstream. Lastly, no
authors report the test of biopolymeric nanoparticles as carrier for iodinated CM throughout the
blood circulation.

Among several nanocarriers, PLGA is one of the most known copolymers having a great suitability
to be used as nanocarrier to deliver drugs throughout the body [39,40]. This strong interest in PLGA
copolymer is due to its biocompatibility, mechanical properties, versatility and loading capability
[39-43]. Several strategies are available to prepare PLGA nanovectors such as double emulsion,
coacervation and nanoprecipitation [39,40,43]. In particular, this latter involves the use of two
miscible solvents, one in which the solute is dissolved called “solvent” and the other one called “non-
solvent”[44]. The mixing of the two phases gives rise to a thermodynamic instability determining
the precipitation of polymer as nanoparticles in order to reach the equilibrium through three
distinguishable steps: nucleation, growth and aggregation [41,44,45]. However, a precise control on
the nanoprecipitation process is required to obtain tunable physical and chemical properties
depending on the specific application. From this point of view, microfluidics represents a useful tool
to finely control the mixing process through the manipulation of small amounts of fluids thanks to
the ensured laminar flow condition (Re < 100) [45,46]. Other benefits of the microfluidic technique
are a higher encapsulation efficiency, a high throughput and its easy scalability. In particular, the
hydrodynamic flow focusing (HFF), implemented in the microfluidic chip, has proven to be suitable
to finely control the mixing on a small length scale leading to uniform and small nanoparticles (NPs)
[41,45-47]. It can be described as a central stream, composed of the polymeric solution with the
possible addition of a drug and/or a contrast agent, squeezed between two adjacent side flows, the
so called “non-solvent phase”. For example, Karnik et al. produced PLGA-PEG nanoparticles in a

flow-focusing geometry by exploiting the physical principle of nanoprecipitation and showing how
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the control of the flow rates, the geometrical properties of the chip and the miscibility between the
solvent and the non-solvent phase are fundamental to evaluate the mixing time (tmix) between fluids

and so the obtained NPs properties [48].

2.2 Aim of the Chapter II
In this Chapter, the goal is to develop an innovative nanocarrier with long circulating properties

encapsulating an iodinated contrast agent. A microfluidic approach is proposed to have a better
manipulation of the nanoprecipitation process and, consequently, of the nanoparticle’s properties.
The loaded nanovector is intended to overcome the limitations of commonly used contrast media
by acting on their pharmacokinetics. We aim to demonstrate how the presence of the polymer matrix
influences, not only the imaging signal, but also the intrinsic viscosity and the toxicity of the contrast
agent. To achieve this purpose, PLGA is chosen for its biocompatibility, mechanical properties,
versatility and loading capability. In particular, taking advantage of this latter property, it could be
possible to reach the mM amount of contrast medium required for CT analysis. Moreover, acting on
the physicochemical properties of the nanovector, it could be possible to lengthen the permanence
of the contrast medium in the bloodstream by reducing the renal clearance and consequently the
administration dosage. Moreover, the blood flow could be slowed down acting on the viscosity of

the solution through a modulation of the local concentration of the nanovector.

2.3 Materials and Methods

2.3.1 Materials
Resomer RG 504H Poly(lactic-co-glycolic) acid 50:50 (45 kDa) has been purchased from Evonik

(Essen, Germany) and used to produce nanoparticles. Poly(lactide-co-glycolic)(85:15)-poly(ethylene
glycol)-carboxylic acid (5-13 kDa) has been purchased from Sigma Aldrich (St. Louis, MO, USA) to
produce micelles. ATTO633 BioReagent (Aex: 633 nm; Aem: 657 nm; molecular weight: 652 g/mol),
suitable for fluorescence has been purchased by Sigma Aldrich (St. Louis, MO, USA). Gd-DTPA (Mw:
547.57 Da; Sigma-Aldrich, St. Louis, MO, USA) has been used to prove the multimodal imaging
ability of the nanocarrier. Iodixanol CT-contrast agent (Mw: 1550.18 g/mol; chemical formula:
CssHulsNeO1s) has been bought by Sigma Aldrich (St. Louis, MO, USA) while VISIPAQUE 320 (GE
Healthcare, Chicago, IL, USA; bottle of 200 mL; 290 mOsmol/kg water; 26.6 and 11.8 cP at 25 and 37
°respectively; 1.369 and 1.356 g/mL at 25 and 37 °C, respectively) has been kindly gifted by Italian
National Research Council - Institute of Clinical Physiology (CNR-IFC). Sodium dodecyl sulfate
(SDS Molecular biology grade, HLB=40) has been obtained by AppliChem GmbH (Darmstadt,
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Hessen, Germany). Acetone (Carlo Erba Reagents, Milan, Italy ; purity > 99,8%, chemical formula:
CH3COCHS3,) has been used to prepare polymeric solution while Milli-Q water (Milli-Q Plus, Q-
POD®, Merck KGaA, Darmstadt, Germany) from the preparation of stock solutions to the dialysis

of the sample.

2.3.2 Microfluidic platform
The microfluidic setup has been the same used for the production of CS-HA NPs as described in the

previous Chapter. The only differences can be found in the volume syringes (2.5 instead of 5 mL)

and the collection method (vial filled with 2 mL of water).

2.3.3 Production of PLGA nanoparticles
Poly(lactide-co-glycolic) acid is a hydrophobic copolymer poorly soluble in water and freely soluble

in most of organic solvents. For NPs production, PLGA has been dissolved in acetone and a
solubility study has been made to assess its solubility in this solvent. Acetone amount has been
added with a step of 1 mL into a beaker containing 25 mg of PLGA. After this assessment,
preliminary studies to explore the physical phenomenon of nanoprecipitation within the
microfluidic channels at different PLGA concentrations, ranging from 1 to 25 mg/mL, and different
flow rates have been performed. In particular, as shown in Figure II-1, the polymer solution has been
injected in the middle channel (middle flow rate, MFR) while water in the side ones (side flow rate,

SFR).

Side channel

Water - [

Middle channel

Polymeric solution -

Side channel

Water - (1

Figure II-1. Representation of the hydrodynamic flow focusing within the chip. Polymer solution is pushed in

the middle channel while both side channels are injected with water. An image of the hydrodynamic flow

focusing visualized through a stereomicroscope is also provided.
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Successively, a feasibility study has been conducted to identify the best process conditions in terms
of high throughput and NPs size. Starting from the results obtained in the previous study, PLGA
concentrations equal to 1 mg/mL has firstly been tested at different flow rates: SFR ranging from 1
puL/min to 10 uL/min (1; 3; 5; 7; 10 puL/min) and MFR from 1 pL/min to 5 pL/min (1; 2.5; 5 uL/min).
In particular, MFR has been fixed at one of listed values and all the combinations with SFR have
been tested. After the identification of optimal flow rates conditions at [PLGA]=1 mg/mL, these latter

have been performed at other two polymer concentrations, 3 mg/mL and 5 mg/mL.

2.3.4 Production of ATTO633-loaded PLGA nanoparticles
ATTO633 dye has been used to evaluate the potential encapsulation efficiency of PLGA

nanoparticles. In particular, keeping constant the PLGA concentration, ATTO633 has been added in
the polymer solution at four different concentrations (0.01,0.05,0.1,0.15 mg/mL) according to the

previously shown scheme (Figure II-1).

2.3.5 Production of Iodixanol-loaded PLGA nanoparticles
As starting point, a Iodixanol solubility study has been performed keeping the solution in stirring

(150 rpm) at the constant temperature of 25 °C. In fact, due to the high hydrophilic behaviour of
Iodixanol, its solubility in acetone is really low. For this reason, water has been added stepwise (20
uL at time) to the polymer solution up to the complete Iodixanol solubilization in order to obtain a
water-acetone mixture whose ratio is still able to simultaneously solubilize PLGA and Iodixanol. It
has been found out that a water content higher than 10 % of the total solvent volume leads to the
PLGA precipitation. In particular, an acetone-water ratio equal to 92%-8% allows to solubilize
Iodixanol and PLGA up to 2 and 1 mg/mL respectively. However, before introducing Iodixanol in
the microfluidic process, the influence of the water in the polymer solution on the nanoprecipitation
process and, consequently, on the NPs properties, has been tested. In particular, middle channel has
been injected with an acetone (92%) -water (8%) co-solvent at [PLGA] =1 mg/mL according to the
result of the above-mentioned solubility study.

The PLGA-Iodixanol stock solution has been obtained as follows: PLGA in acetone (1 mg/mL) and
Iodixanol in water (1.57 to 2.15 mg/mL) solutions are prepared separately. Successively, this latter is
added dropwise keeping the solution in stirring (150 rpm). A first set of trials have been carried out
introducing Iodixanol in the polymer solution as previously described and successively, in order to

maximize its content within NPs and reach the minimum required amount to perform CT analysis,
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other trials have been performed replacing the water within side channels with a diluted aqueous

VISIPAQUE solution (dilution factor: 1:3; Iodixanol content: 217.33 mg/mL).

2.3.6 Nanoparticles morphological characterization
The size distribution and polydispersity index (PDI) of NPs have been analyzed through the

Dynamic Light Scattering (DLS) technique (Malvern Panalytical Ltd, Malvern, UK) using 1 mL for
each trial. Three measurements, each one of 15 scans, with an equilibration time of 120 s at the fixed
temperature of 25 °C, have been carried out on samples.

Moreover, morphology of PLGA NPs has been assessed through Scanning FElectron microscope
analysis (SEM, Ultraplus Field Emission, Carl Zeiss, Oberkochen, Germany). After collection and
dialysis in water, samples are filtered on membrane of 50 nm pore size and then coated with 7 nm

Au.

2.3.7 ATTO633 encapsulation efficiency estimation and cellular uptake
To evaluate ATTO633 amount within NPs, Spectrofluorometer analyses (EnSpire Multimode Plate

Reader, PerkinElmer Inc, Waltham, MA, USA) have been performed. In particular, the obtained

value is then used to compute the NPs encapsulation efficiency as follows:

EE (%) — Measured ATT0633 concentration " 100 (1)

Theoretical ATT0633 concentration

Moreover, the non-loaded NPs suspension, at the same flow rate conditions of ATTO633-loaded
one, has been analyzed through the spectrofluorometer as a “blank” to assess how strongly the
polymer matrix could interfere during measurements on ATTO633-loaded particles due to a
possible screening effect of the polymer nanovector on the encapsulated fluorophore. For this
reason, a NPs digestion protocol has been developed. In detail, a proper amount of collection is
firstly diluted in acetone to allow the digestion of NPs and, consequently, the release of encapsulated
ATTO633 and then in water. Finally, the encapsulation efficiency is computed using the previous
formula. A preliminary cellular uptake and localization experiment has also been performed using
ATTO633-loaded polymeric NPs. U87 Human glioblastoma tumoral cells have been employed and
let in contact with NPs. In detail, cells have been seeded at a density of 5x104 cells/well in 8 slide p-
well glass bottom (IBIDI® GMBH). After 24h, medium supplied with ATTO633-loaded NPs (50
ug/mL) has been added and incubated for 4h. To stain cell nucleus and lysosomes, Hoechst 33342
(0.5 uM) and Lysotracker green (0.1 uM) have been added to the culture medium and incubated for
15 min. Live cells have been observed at Leica Microsystems TCS SP5 Laser Scanning Confocal

Microscope (Leica Microsystems, Wetzlar, Germany) equipped with an incubator to keep the
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temperature at 37°C and CO: levels at 5%, with a 60x oil objective. Hoechst 33342, Lysotracker and
ATTO633-loaded NPs have been excited with a 405-diode laser, 488 nm Argon laser and HeNe 633

nm laser, respectively.

2.3.8 Iodixanol encapsulated amount and in vitro CT
Varian Cary® 100, 300 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) has

been used to quantify the Iodixanol amount within NPs looking at the characteristic peak of the
molecule at 246 nm.

The evaluation of attenuation values has been performed in collaboration with the University
Hospital of Pisa. Each sample has been loaded in a 1 mL eppendorf tube and scanned using a

multidetector row CT (LightSpeed VCT 64, GE Healthcare, Milwaukee, WI, USA).

2.3.9 ATTO633 and Iodixanol release study
ATTO633 or Iodixanol PLGA NDPs have been loaded in a membrane with a cut-off of 10kDa and

placed in a graduated cylinder filled with 10 mL of water. The system has been stirred at 300 rpm

and 1 mL of the external phase have been collected at established time points up to 24 hours.

2.3.10 Rheological behaviour of Iodixanol-loaded NPs

To evaluate the viscosity of Iodixanol-loaded NPs solution, rheological analysis (TA Instruments,
New Castle, DE, USA) has been performed at 25 and 37 °C in a shear rate range from 1 to 1000 s

using a cone-plate geometry of 25 mm.

2.4 Results

2.4.1 Exploration of the PLGA nanoprecipitation phenomenon in microfluidics
Taken in consideration the really high PLGA solubility in acetone, some preliminary studies on the

microfluidic platform have been carried out at polymer concentration of 25 mg/mL and 15 mg/mL.
Neither the former nor the latter has been suitable for the microfluidic platform since a strong
polymer precipitation causes the microchannels obstruction in a moment. Therefore, other trials
have been carried out at lower polymer concentration of 5 mg/mL. Although a blockage of channels
does not occur immediately, a strong precipitation is still present at the junction and through the
outlet channel. This phenomenon translates in short-lasting trials while longer trials has been finally
obtained at PLGA concentration of 1 mg/mL. For this reason, once the polymer concentration has
been set at this last value, several flow rates conditions have been explored. All the obtained NPs
have shown a very low standard deviation that has been confirmed by SEM analysis (see Figure II-

S1 in Appendix B). The trend of particles size can be recognized in the following Figure II-2a.
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Figure II-2. (a) NPs size trend at three different MFR values and [PLGA]=1 mg/mL when SFR grows; (b)
hydrodynamic flow focusing images captures through stereomicroscope for: A) SFR-MFR 1-5 ul/min; B) SER-
MER 3-5 pl/min; C) SFR-MFR 5-5 pl/min

At MFR= 1 yL/min the NPs mean size grows for SFR values higher than 3 puL/min and also the
standard deviation becomes wider. At MFR equal to 2.5 and 5 pL/min a decreasing trend is visible
with a constant small standard deviation in size for this latter MFR condition. A possible explanation
for this different trend can be found in the affinity, miscibility and diffusion rate change between
water and acetone which affect the final NPs size. In particular, the motion of the anti-solvent (water)
toward the solvent (acetone) and vice versa is influenced by the fluid flow rate within channels.
Therefore, for a certain value of MFR, increasing the SFR the mixing between solvent and anti-
solvent is faster leading to promote nucleation over growth and agglomeration and resulting is
smaller NPs. A visual representation of this phenomenon is visible in Figure II-2b looking at the
hydrodynamic flow focusing width and edges. In fact, for example, at value of SFR=1 uL/min, the
flow focusing edges are not well visible, because the two SFR are not able to squeeze the MFR and
therefore, a no proper mixing happens leading to bigger NPs. Instead, increasing the SFR value, the
hydrodynamic flow focusing is narrower with well-defined edges representing the optimal mutual
diffusion between water and acetone. Taking into account the result obtained, three flow rates
conditions have been identified as optimal in terms of production volume, process duration, flow

focusing stability and quality of product in terms of NPs shape and size uniformity: MFR=5 uL/min,
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and SFR values of 1,3 and 5 uL/min. Successively, these conditions have been tested with other two
higher polymer concentrations, 3 mg/mL and 5 mg/mL in order to highlight the influence of polymer
concentration on the nanoprecipitation process . As it is shown in Figure II-3, the polymer
concentration results to play a role on NPs dimension: the higher the polymer concentration, the
larger the particle size (see Figure II-S52 and II-S3 in Appendix B for SEM analysis and size

distribution curves comparison).
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Figure II-3. NPs size trend at three different PLGA concentrations at best conditions SFR-MFR 1-5 pL/min, 3-
5 pL/min and 5-5 pL/min. A role of the polymer concentration on NPs size is identified whereas standard

deviation still remains low.

Although the high throughput is still present at higher PLGA concentrations, the microfluidic
process to produce nanocarriers is more difficult to stabilize and the polymer precipitation results
to be more consistent at the junction of chip and outlet channel compared to trials carried out at
[PLGAJ=1 mg/mL. In fact, the high polymer concentration promotes the collision between nuclei
leading to the formation of bigger NPs. Therefore, the PLGA concentration equal to 1 mg/mL has
been chosen as gold standard whereas the three optimal SFR-MFR combinations have been also

tested in the next implementations of the process before making a decision.

2.4.2 ATTO633 to evaluate PLGA encapsulation efficiency
ATTO633 loaded NPs have been produced with the three best conditions found out in the previous

study at [PLGA] = 1 mg/mL. Except for [ATTO633] = 0.01 mg/mL, the ATTO633 encapsulation
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efficiency has been evaluated before and after NPs digestion according to the protocol described in
the Method section. The variability of the EE depending on the presence of PLGA matrix is shown

in Figure II-4.
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Figure II-4. Encapsulation efficiency values for ATTO633 concentrations of 0.05, 0.1 and 0.15 mg/mL at

different SFR (1-3-5 pL/min) and same MFR (5 pL/min) before and after digestion protocol.

For what concern non-digested NPs, the encapsulation efficiency values range from 18 % to 77 %,
showing a general trend: the lower the ATTO633 concentration the higher the encapsulation
efficiency. Successively, the digestion protocol has been performed to release the encapsulated dye.
From Figure II-4, it is possible to notice that digested NPs have encapsulation efficiencies generally
higher than those reported in the case of non-digested samples. In addition, the condition
[ATTO633] =0.05 mg/mL returns an encapsulation efficiency slightly above the hundred percent
(108%), suggesting that something wrong is happened during the measurement or the NPs digestion
protocol.

Successively, the ATTO633 release profile from PLGA NPs has been evaluated. In detail, the
condition used to perform this study has been the one which previously showed the higher
ATTO633 concentration encapsulation efficiency (JATTO633] =0.05 mg/mL, SFR-MFR 3-5 puL/min).
As reported in Figure II-5, after 23h, the 84% of the encapsulated ATTO633 has been released
showing an initial burst, probably due to a no well-performed dialysis, followed by a second tract

ascribable to the adsorption of the dye on the NPs surface and then the release of the ATTO633.
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Figure II-5. Release profile of ATTO633 from PLGA NPs

ATTO633-loaded NPs have also been put in contact with human glioblastoma cells to evaluate their
internalization. As shown in Figure II-6, it is worth noting that, after 4 hours, NPs enter into the cells
but not inside lysosomes, confirming that NPs are still not degraded. In addition, no cell death has

been reported proving the nanocarriers safety.

Figure II-6. Live imaging of cellular uptake where the blue, green and red colours correspond to cellular

nuclei, lysosome and NPs, respectively.
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2.4.3 Multimodal imaging ability of the PLGA nanovector

To understand if the nanocarrier can be potentially used for multimodal imaging applications, water
in both side channel has been replaced by a Gd-DTPA aqueous solution of 1 mg /mL. According to
the previous results, PLGA nanocarriers show a high encapsulation efficiency: 69% and 58% for
ATTO633 and Gd-DTPA, respectively. Furthermore, the Hydrodenticity concept, largely explained
in Chapter I, has been explored. The loaded gadolinium amount has been evaluated by ICP-MS
measurement (see Method section in Chapter I) and then compared to the same concentration of
free contrast agent in terms of Ti. In this case, no enhancement in the longitudinal relaxation rate has
been obtained, as shown in the following figure, probably due to the hydrophobic behaviour of the

polymer that interfere with the water-gadolinium interaction.
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Figure II-7. Relaxation time curves for ATTO633 and Gd-DTPA-loaded NPs in water compared to free water

and to the corresponding free Gd-DTPA in water.

2.4.4 Encapsulation of the iodinated contrast agent

As described in the Method section, the acetone 92% - water 8% proportion ensures the Iodixanol
solubilization up to almost 2 mg/mL and the PLGA dissolution up to 1 mg/mL. However, the
presence of water, although in a small amount, can influence the mutual diffusion of solvent through
the nonsolvent phase and vice versa during the microfluidic process. This translates in a different
tmixand particles sizes. Therefore, the water influence has been evaluated by producing PLGA NPs
with the above-mentioned acetone-water co-solvent ratio at the SFR-MFR gold standard conditions

previously reported. As shown in Figure II-8a, the presence of water slightly influences the
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nanoprecipitation process leading to a reduction of NPs size in all three conditions due to a faster

mutual diffusion between middle and side streams (shorter Tmix).
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Figure II-8. (a) NPs size trend after the introduction of 10 % water in the solvent compared to 100 % acetone;

(b) NPs size trend after the introduction of Iodixanol in the process.

After this assessment, best conditions returned from the nanoparticles production feasibility study
have been used to produce Iodixanol-loaded PLGA NPs. As shown in Figure II-8b, the presence of
Iodixanol, encapsulated or not, slightly affects NPs size at SFR condition equal to 1 and 3 uL/min

while a more pronounced difference exists at 5 uL/min (SEM images are reported in Figure I1-54 of
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the Appendix B). Moreover, NPs show a high size stability in water at both 25 and 37 °C whether

empty or Iodixanol-loaded as illustrated below in Figure II-9.
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Figure II-9. Empty and lodixanol-loaded NPs size stability study up to 12h at 25 and 37 °C performed through

DLS measurements

Despite the good NPs size and stability, UV-Vis measurements have returned a too much low
Iodixanol content to be used in clinical practice. For this reason, the first strategy has been to achieve
a higher Iodixanol-loaded NPs concentration. Two different methods have been used to get this
result: Optima™ MAX-XP Benchtop Ultracentrifuge (Beckman Coulter, Brea, CA, USA; MLA-80
Fixed Angle Rotor (26 Angle); 50000 rpm, 15 min and 18 °C) and Thermo Scientific™ SL
16R Centrifuge (Thermo Fischer Scientific, Waltham, MA, USA; 7000 rpm, 10 min and 20 °C;
Corning® Spin-X® UF 20 mL Centrifugal Concentrator, 50,000 MWCO Membrane). Although both
methods have led to comparable results, a value in the range of pg/mL has still been detected.

This means that Iodixanol amount within NPs has to be highly increased in order to reach a clinically
relevant CT image contrast. For this reason, taking in consideration the high loading capability of
PLGA NPs, the contrast agent concentration in the microfluidic process has been significantly
increased replacing water with a diluted VISIPAQUE 320 solution as described in the Method
section. No significant differences in the nanoprecipitation process and final NPs size have been
detected. A Nanoparticle Tracking Analysis (NanoSight NS300, Malvern Panalytical Ltd, Malvern,

UK) has reported a mean size of 70.3 1.2 nm and a concentration of 1.33e*!! + 1.15e*10 particles/mL.
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Using this strategy, a considerable boost in the encapsulated Iodixanol amount has been achieved
reaching concentrations in the range of 15-20 mg/mL, suitable for CT analysis.

At this point, as previously made for ATTO633, the release profile of lodixanol has been evaluated
up to 24 hours as shown in Figure II-10.
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Figure II-10. Iodixanol release profile from PLGA Nps up to 24 hours

As visible in the graph, at 24 hours about 73% of the encapsulated Iodixanol has been released from
NPs following a profile that is quite comparable with that of ATTO633. In particular, in both cases,
most of the release happens between 2 and 8 hours.

Iodixanol-loaded NPs have been then tested through CT analysis in order to understand how the
polymer matrix around the contrast agent can influence its attenuation, expressed in Hounsfield
Units (HU). Therefore, to make a comparison with free Iodixanol HU values, a calibration curve has
firstly been built up. The HU values have been measured for empty NPs and Iodixanol-loaded NPs

at two different concentrations (9 and 18 mg/mL) as shown in Figure II-11.
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Figure II-11. In vitro evaluation of lodixanol-loaded NPs attenuation by CT measurements

The HU value of empty NPs has resulted to be higher than water ([Iodixanol]=0 mg/mL)
demonstrating that the polymer network acts on the attenuation of X-rays. However, moving to
Iodixanol-loaded NPs, results have shown HU values lower than the corresponding free Iodixanol
concentrations probably due to the presence of the polymer matrix that hinder the attenuation

power of the Iodixanol loaded within NPs.

2.4.4.1 Preliminary in vitro toxicity analysis
Successively, an MTT assay has been performed on U87 cells with the aim to compare Iodixanol

influence on the cellular activity when it is encapsulated or not within NPs (information about the
protocol have been presented in the method section of Chapter I). In details, taking in consideration
the iodine that is responsible for attenuation during CT measurements, a high iodine concentration
has been tested as reported in Figure II-12. Despite a clear difference between free and loaded
Iodixanol has not been found out, the high payload seems to apply a mechanical stress on cells
influencing their metabolic activity drastically reducing their growth and reproduction due to the

environmental change (see Figure II-S5).
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Figure II-12. MTT assay performed to study the cell metabolic activity when put in contact with free and

loaded Iodixanol at the concentrations of 7.2 mgl/mL.

2.4.4.2 Preliminary results of in vitro rheological behaviour of Iodixanol-loaded NPs
Blood analogues are emerging as a powerful tool to overcome the ethical, economical and safety

issues related to human blood. However, several Newtonian and non-Newtonian models can be
found in literature due to the difficulty to exactly mimic the rheological behave of blood [49-52]. The
selected analog fluid developed by Carneiro et al. is based on an aqueous solution of 4% SDS (w/w)
in which PDMS microparticles of ~7 pm are suspended to simulate the plasma and red blood cells,
respectively [51]. Preliminary results show that Iodixanol-loaded NPs, despite the really high
concentration, do not lead to an increment of the total viscosity when they are integrated within the
SDS solution, even when the concentration of this latter is higher. Instead, it is worth to notice that

a synergic effect with free Iodixanol can be recognized.
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Figure II-13. Rheological measurement of free and loaded Iodixanol in a blood analogue fluid

2.4.5 Preliminary study on PLGA-PEG micelles production
PLGA nanocarriers, due to their hydrophobicity, would be rapidly intercepted by RES as soon as

they are injected into the blood flow, determining their elimination by liver and spleen [53,54].
Surface modifications allow to delay the recognition and the subsequent opsonization leading to
long-circulation properties. The most common strategy is the PEGylation, namely the surface
modification with the hydrophilic polymer poly (ethylene glycol) (PEG) [29,30,55]. In fact, PEG acts
by increasing the hydrophilicity of particles, preventing them from the binding of plasma proteins,
and by changing their apparent charge (making them neutral). The PEG ability to increase
circulation time depends on its incorporated amount and its chains length [29]. Therefore,
PEGylation seems to be the easiest and most versatile strategy to achieve a longer circulation time
[39,40,42,43,54,56]. To obtain a PLGA-based nanocarrier with a PEG corona, two possible ways can be
taken in consideration: in the first case already structured PLGA nanoparticles are chemically
modified linking PEG onto the surface while , in the other case, PLGA-PEG block copolymers are
used to prepare polymeric micelles made of a PLGA hydrophobic core and a PEG hydrophilic
ring[54]. The second choice has been taken in consideration.

PLGA-PEG block copolymer is an amphiphilic polymer with PLGA being strongly hydrophobic and
PEG being hydrophilic. For this reason, a solubility study has been carried out to assess the suitable
acetone-water ratio to solubilize the copolymer and to be consequently used into the microfluidic

process. Firstly, PLGA-PEG has been dissolved in acetone in order to achieve the PLGA block
54



solubility. Then, water has been added step by step (20 pl at time) until the complete solubilization
of PEG part of block copolymer preventing, at the same time, the precipitation of the PLGA. The
water percentage able to completely solubilize the PEG portion has been quantified as around 2% of
total co-solvent volume. This represents the lower limit of water content in co-solvent composition
that solubilizes PLGA-PEG amphiphilic copolymer. Moreover, as the water amount increases, the
PLGA part solubility in co-solvent decreases until its precipitation occurs. For this reason, a further
investigation has been made to find out the upper limit of water content that still solubilizes the co-
polymer, preventing the PLGA precipitation. This value, found out to be 10 %, is identifiable since
the solution becomes cloudy due to PLGA insolubility. In other words, the water percentage range
in which PLGA-PEG block copolymer is easily solubilized is 2%-10%.

The polymer solution has been dissolved in acetone (94%) and water (6%) co-solvent in order to be
in the middle of the previously found range, so avoiding a possible precipitation of one of the two
copolymer parts. Several flow rates conditions have been tested included those identified as best
ones in the PLGA NPs feasibility study. Although the study needs to be deepened, the production
of micelles seems not to be as abundant as for NPs. In Figure 1I-14, the relationship between flow
rate conditions and size variation is summarized. Unlike for the NPs production, the micellization

still does not offer a clear size trend.
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Figure II-14. PLGA-PEG micelles size trend at fixed SER value and different MFR
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2.5 Conclusion
A nanoprecipitation process has been implemented in a custom-made microfluidic platform to

produce PLGA nanovectors with the aim to lengthen the delivery of a CT angiography contrast
agent in the bloodstream. The effect of flow rates and polymer concentration on the nanoparticles
formation has been explored resulting in a high throughput and a great size homogeneity. The well-
known high loading capability of PLGA nanovector has been confirmed by the encapsulation of
ATTO633 dye, alone or in combination with Gd-DTPA. Finally, lodixanol has been successfully
encapsulated within nanoparticles reaching concentrations in the mg range that are required for in
vivo clinical use. Furthermore, preliminary data on lodixanol-loaded NPs cytoxicity, X-rays
attenuation and rheological behaviour have been also provided. In particular, for both Iodixanol and
ATTO633, the polymer matrix has shown to interfere on the signal intensity if compared to free dye

or iodinated contrast agent.
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CHAPTER III — THE POTENTIAL OF ARTIFICIAL NEURAL
NETWORKS FOR THE OPTIMAL DESIGN OF PARTICLES

Abstract

The morphological, structural and functional properties of particles play a key role in their in vivo
fate and therapeutic and/or imaging ability. For this reason, these latter need to be finely designed
through the use of more sophisticated production methods, such as microfluidics, that allow to
handle process parameters and directly influence the vector properties. However, this is a
challenging task to achieve since multiple variables come into play requiring very expensive
experimental campaign, in terms of material and time, before reaching the optimal design of the
particle. The wide range of applicability of Artificial intelligence (AI) can help to drastically reduce
the number of trials leading to understand the input-output relationship of the production process
and predict several properties of the particle. Thanks to a supervised learning approach, different
Artificial Neural Networks (ANNs) have been trained to predict nanoparticles final size during the
microfluidic production of nanoparticles, allowing to give a deep insight of the influence of process
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parameters, or to classify the microfluidic regime during the droplet generation of microparticles.
Moreover, an additional ANN has been build up to conduct a preliminary study on the interaction
between a hyaluronic acid hydrogel and an MRI contrast agent in a bulk system in order to

understand how its imaging ability can be influenced by the presence of the polymer matrix.

3.1 Introduction

Artificial intelligence (Al) is an area of computer science concerning with building software capable
of carrying out tasks similar to those that the human brain routinely performs [1]. In particular,
Artificial Neural Networks (ANNSs) learn from experience starting from appropriate examples just
as human brain do, without following a set of predefined computational rules. Therefore, ANN
architecture is inspired by biological neurons to simulate the way in which they process information
[2-4]. In fact, each neuron has many dendrites that carry information into the cell body and an axon
which transmits the signal through synapse to the next neuron. The power of the human brain lies
in the full interconnection between more than 100 billion neurons which receive and send impulses.
Similarly, the ANN is composed by artificial neurons connected among them by coefficients named
weights. Each incoming signal is adjusted by multiplying it by the relative weight. Their sum is then
passed through a transfer function, typically a sigmoid one, to produce the output for that neuron
[2,5,6]. Obviously, the network has at most a few hundred neurons but is able to process extensive
amounts of data and make accurate predictions. ANNSs differ from each other by their learning rules,
by the transfer function and by the connection formula. For example, the absence or presence of
feedback connections allows to distinguish between feedforward and feedback networks [2]. In this
latter case, the output of each neuron depends on the weighted sum of input signals and also on its
previous state. About the learning rules, the most used is the backpropagation in which the weights
are continuously adjusted by training the network to map a set of input data until the prediction
error, defined as the difference between the predicted and target value, is minimized [7]. In this
regard, it is important to provide the network with a sufficient number of training data. In fact, a
short training does not allow to reach a certain level of accuracy while, on the other side, if it is too
long, the network is overtrained becoming excessively specific for that cluster of data [2,7]. Two are
the possible training approach based on the kind of data available and the scope of the study:
unsupervised learning and supervised learning [2]. In the first one, the model receives unlabeled

data and tries to extract features and patterns on its own. Instead, in the other case, the algorithm
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learns from the previous experience in order to help the algorithm to evaluate its accuracy on

training data.

Hidden layer

Input layer Output layer

Input 1

H
bm

Figure III-1. Example of a feedforward network with multiple layers.

The feedforward supervised network with backpropagation learning rule is one of the most used
ANN [5-8]. As shown in Figure III-1, the general structure of an ANN is made up of three parts:
input, hidden and output layers [2]. The first layer receives input data that are then delivered to the
hidden layer/s. Here, the core of the process takes place. The number of hidden layers and their
neurons depends on the nature and the complexity of the problem. Then, the output layer shows
the final result of the process performed by the previous layers. While the optimum number of
hidden layers and neurons have to be decided upstream through a trial-and-error approach, the
weights of each connection are evaluated starting from a training set of data. In fact, as previously
explained, in order to find the best relation between input and output, connection weights and biases
are continuously adjusted trying to get closer to the experimental outcome [3].

Neural networks can be used to classify inputs into categories (pattern recognition, supervised
learning), to find a model that provide the best fit of inputs data (regression analysis, supervised
learning) and to group data by similarity (clustering, unsupervised learning).

Therefore, thanks to their adaptability to different problems and goals, ANN have proved to be a
powerful tool in several fields including the pharmaceutical and nanotechnology research [2,4,9-14].
In fact, to reach the desired morphological, structural and functional properties of the nanovector,
many variables have to be considered and handled. However, the control of nanovector properties

such as size, shape and charge, together with the encapsulation efficiency and loading degree of
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drugs and/or imaging agents, is essential since they influence the nano-biointeractions and,
consequently, the therapeutic and diagnostic efficacy. Among nanoparticles characteristics, size is
crucial to overcome biological barriers and reach the specific target site. In fact, delivery aspects,
including blood circulation half-life, opsonisation, targeting cellular uptake and tumor permeability
are all influenced by nanoparticle size [15-18]. Therefore, when nanostructures are designed for a
specific application, NPs size needs to be accurately chosen. Recently, several works have taken
advantage of ANNSs to predict NPs size and find the optimal process conditions.

In 2011, Asadi et al. developed an ANN model to understand which process parameter influenced
the most the size of PLA-PEG-PLA nanoparticles produced by nanoprecipitation under different
conditions [19]. Successively, Youshia et al. built a predictive model to estimate the size and the
polydispersity index of polymeric nanoparticles (ethyl cellulose and PLGA of different molecular
weights) produced by emulsification solvent evaporation method identifying PVA concentration as
the main influential parameter on the final output [20]. Instead, the effect of PEG chain length,
chitosan/PEG ratio and pH of solution on NPs size and zeta potential was studied by Bozuyuk et al.
using ANN and predicted results were confirmed through experimental characterization [21].
Recently, Maleki et al. took advantage of ANN to find the optimized formulation to produce mPEG-
PLGA nanoparticles with an ideal size for the simultaneous delivery of etoposide and paclitaxel [22].
To obtain the desired nanoparticles size, the optimization, the control and the reproducibility of the
adopted production methods are crucial. Microfluidics offers several advantages to finely tune and
precisely control nanoparticles size and other properties [23-28]. However, the number of parameters
to handle goes up leading to huge experimental campaigns to find the optimal process conditions
due to the nonlinear nature of the relationships between input and output parameters of the
microfluidic process. ANN models can help to predict one or more outputs allowing to save time
and effort. Recently, several works have developed ANNSs to predict different parameters involved
in the production of nanoparticles by microfluidics. Ali et al. in 2009 created an ANN to identify the
factor that influenced the most the prednisolone nanoparticles size produced by nanoprecipitation
in a microfluidic device [29]. They found out that the antisolvent flow rate play a key role in the
supersaturation phenomenon by promoting the nucleation rate to the detriment of growth at higher
value leading to smaller particles size. Instead, Aghajani and co-workers developed ANN models
to study different nanoprecipitation process in the same microfluidic reactor for distinct purposes:
the polydispersity index and the stability of an acetaminophen suspension and the size of stable 27

nanoparticles [5,6,8]. In all three cases, the microfluidic parameters and the presence of surfactant
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had a direct or inverse relation on the final output. Very recently, Damiati et al. developed ANN
predictive models for PLGA droplet and particle sizes produced in three diverse microfluidic
systems, both individually and in sequential combination, demonstrating a really accurate
prediction [30].

3.2 Aim of the Chapter III

In this Chapter, the aim is to take advantage of machine learning to investigate the influence of
different process parameters on the final outcome in a microfluidic system. Starting from the
experimental data obtained in the previous Chapters, two different artificial neural networks are
developed to find a relationship between input parameters and the obtained size with the goal to
modulate the process and get the desired nanoparticles dimension. In fact, the building of the
network allows to obtain information about the trend on the size also for input values not
experimentally explored. Furthermore, we intend to pursue a similar goal to explore a microdroplet
generation process performed for two different hyaluronic acid molecular weights through an
analysis of the obtained flow regimes since they can lead to different microparticles size. In addition,
another aim is the preliminary study of the interaction between HA-DVS hydrogel and GD-DTPA
solutions to deeply explore, through the use of an ANN, the Hydrodenticty effect.

3.3 Materials and Methods
3.3.1 Materials

For the production of polymer microparticles, Hyaluronic Acid (HA) with two different molecular
weights (50 and 250kDa) has been purchased from CreativePEGWorks (Chapel Hill, NC, USA).
Divinyl sulfone (DVS) (contains <650 p.p.m. hydroquinone as inhibitor; purity 97%; density 1.117
g/mL at 25_C (lit.), molecular formula C4H602S, Mw = 118.15 Da) and sodium hydroxide NaOH
(ACS reagent, 297.0%, Mw = 40.00 Da), purchased from Merck KGaA (Darmstadt, Germany)., has
been used to perform the crosslinking reaction of polymer chains.To prepare the continuous phase,
Mineral oil (density 0.84 g/ml at 25°C ) and non-ionic surfactant Span80 (molecular formula
C24H4406; density 0.986 g/ml at 25 °C; HLB 4.3 (lipophilic); viscosity 1000-2000 mPa*s at 20°C) have
been purchased from Merck KGaA (Darmstadt, Germany). Acetone (CHROMASOLYV, for
HLPC, 299.8%; the molecular formula: CH;COCHj3), used for device cleaning, has been obtained
from Merck KGaA (Darmstadt, Germany) as well as the water used for synthesis and

characterization purified by distillation, deionization and reverse osmosis (Milli-Q Plus, Q-POD®).
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Materials used for the production of CS-HA and PLGA NPs have been presented in Chapter 1 and
2, respectively, while in the case of crosslinked HA hydrogel — Gd solution, they have been reported
in the Material section of the work published by Ponsiglione et al. [31].

3.3.2 Methods

3.3.2.1 Microfluidic strategies for the synthesis of nano and microparticles
In the case of PLGA and CS-HA NPs, reactions have been carried out within the main body of a

custom-made quartz glass microfluidic chip, designed to promote the hydrodynamic flow focusing
thanks to a junction angle of 135° between the middle channel and each one of the two side channels.
Details about the microfluidic platform and the production processes are reported in the Method
section of Chapter 1 and 2 for CS-HA and PLGA NPs, respectively.

Instead, for the production of HA uPs, an innovative microfluidic platform has been used to produce
droplets with a really high size monodispersity. The Telos® System (Dolomite Microfluidics,
Blacktrace Holding Ltd brand, Royston, UK) is an ideal product for the scale-up of the process since
up to 10 modules can be assembled and work in parallel. Each Telos® module is provided with a
valves system that allows to interrupt or not its own input streams. Thanks to a clamp mechanism,
each module holds a microfluidic chip of 7 junctions. This means that a full system setup is able to
carry out 70 droplet generation processes in parallel enabling the daily production of litres of
droplets or particles. In this case, two modules have been used to perform the process, each one
provided with a Telos® 2 Reagent Chip SC with channel dimension of 100 pm. To push reagent
solutions, Mitos Pressure Pumps (Dolomite Microfluidics, Blacktrace Holding Ltd brand, Royston,
UK) flow rate (uL/min) or pressure (mbar) has been set thanks to the Flow Control Centre
software and flow sensors that allow a continuous conversion according to the density and
viscosity of fluids in the software library. In particular, pressure has been managed for the
known Mineral Oil while flow rate has been chosen for the polymer solution. Finally, a system
of FEP tubing links each pump with the Telos® System and permits droplets collection.

By keeping constant the oily continuous phase at values of 600, 700, 800 and 900 mbar, the flow rate
of the dispersed phase has been varied in a wide range to observe changes in the obtained
microfluidic regime. In particular, every 10 minutes, the flow rate of the polymer phase has been
increased of 2 uL/min. However, due to the high polymer concentration used to carry out the
process (1 and 2.5 %w/v for the HA 250 and 50 kDa, respectively), the pressure of the dispersed
phase has been continuously monitored. In fact, to keep constant the flow rate, abnormal
pressure values have been reached when a channel blockage occurs. In the flow focusing
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configuration, different dripping sub-regimes have been observed as result of surface tension,

viscous and inertial forces until co-flow as shown in Figure III-2.
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Figure III-2. Schematic representation and relative image of the different observed microfluidic droplet

generation regimes.

3.3.2.2 Biopolymer matrices to study the interaction with Gd-DTPA

Data about the longitudinal relaxation rate of Gd-DTPA in a crosslinked or non-crosslinked HA
hydrogel at different conditions have been taken from the Supplementary material of the study
conducted by Ponsiglione et al. (see Method and Result section for details about the preparation of
samples and the performed measurements) [31]. In addition, further data have been created by

linear interpolation with the aim to increase the variability of the input data.

3.3.2.3 Artificial neural networks
ANN have been implemented using MATLAB R2020a software. A multilayer feedforward-back

propagation neural network has been used for all the four microfluidic processes described above
in order to model the complex input-output relationships. The adopted ANN architecture consists

of three separate layers, an input layer, one hidden layer and an output layer as showed in Figure

III-3.
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Figure III-3. Scheme of Artificial Neural Networks architectures used to resolve regression (PLGA and CS-
HA NPs, HA Hydrogel — Gd solution) and classification problem (HA uPs), each one with its own input and

output parameters.

The optimum number of neurons in the hidden layer has been selected through a trial-and-error
approach. The Levenberg-Marquardt algorithm has been chosen as training function to optimize the
Mean Squared Error (MSE). Experimental samples have been divided into three groups: the
“training subset” (70% of the samples) to train the network in order to establish the input—output
relationships trying to match experimental data; the “validation subset” (15% of the samples) to stop
overtraining during the learning process; the “test subset” (15% of the samples) to evaluate the
trained network predictability. The number of input variables are chosen among the main process
variables (microfluidic and polymer/contrast agent concentrations parameters) that experimentally
have influenced the final output (see Figure III-3). According to the problem, the number of outputs
has been different: one neuron for regression where the final goal is the NPs size or the longitudinal
relaxation rate prediction while eight neurons for classification, one for each response class, where
the target variables are the microfluidic regime.

Obviously, the representation of the result is different depending on the problem. In the case of
regression, an example of the expected result is showed below (Figure I1I-4). The experimental and
predicted NPs sizes are reported on the x and y axis respectively. The blue line represents the fitting
of the data predicted by the ANN with the experimental ones while the dashed lines their perfect

corre spondence .

67



900

800

700

Predicted Size (nm)
o (4)] [+
[=] [ o
o o o

w
[=]
o

v
(=]
o

100

100 200 300 400 500 600 700 800 900
Experimental Size (nm)

Figure III-4. Example of regression analysis plot between predicted and experimental data

The predictive capability of the two trained regression model has been evaluated by computing the
squared correlation coefficient, the determination coefficient R? and the root-mean-square-error
(RMSE). This has been done both for each subset (training, test and validation) and the whole

dataset. In particular, the R? and the RMSE are calculated using the following equations[7,19]:

1 2
RMSE = 151, (- 3,) )
2 _ g _ ZEaliew)
R =15 o9 @

where yi are the experimentally observed values, yp are the predicted values by the ANN and y is
the mean of the variable. The closer to 1 is the R?, the better is the predictability of the model.

In addition, the impact of input variables on the output is determined calculating the contribution
of i-th input data to k-th output (Ci), which represents the relative importance of input data

according to the weightings of the ANN model, using the following equation[7,19]:

Cie = |X; aij x by 3)

where ajj are the weightings of connecting links between i-th input neuron and j-th hidden neuron,

while bjx are the weightings of connecting links between j-th hidden neuron and k-th output.
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Finally, a semi-quantitative method is adopted to get insight into interactions between the input
variables and the output of the microfluidic processes [19,29,32]. Thanks to the use of 3D-graph
obtained from the optimized ANN, it is possible to have on overview of how the output changes
depending on two input variables, while keeping the remaining inputs constant.

In the case of classification of microfluidic regimes, the confusion matrix describes the performance
of the ANN in terms of identification of the correct class (see Figure III-5). Along the diagonal the
number of true positives for each class are reported while the other cells represent the classification
errors. The x and y percentages stand for the correct and incorrect classification, respectively. These
latter are referred to the predicted classes moving along rows while to the experimental classes along
columns. Lastly, in the corner of the matrix, xT returns the total percentage of correct classification

of input data while yT the percentage of misclassification.

TARGET CLASS

A B

True Positive

True Positive

PREDICTED CLASS
w

X % XT %
v % vT %

Figure III-5. General aspect of confusion matrix as result of ANN classification

3.4 Results
3.4.1 Regression to predict NPs size

3.4.1.1 Prediction of PLGA NPs size
Table III-S1 in Appendix C shows the experimental NPs size measured by DLS technique, the

predicted size and error values calculated by the ANN model for the PLGA NPs. A total number of
30 trials have been used to build up the ANN model (20 for train and 5 for both test and validation).

The correlation relationship between the target and predicted data is analysed in Figure III-6.
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Figure III-6. Experimental versus predicted PLGA NPs size and regression for all data set.
The best predictive model has given R and RMSE values of 0.93368 and 7.95979, 0.94631 and
12.40957, and 0.95582 and 13.84081 for training, validation, and test data, respectively. The overall R
for the model is 0.9086 with a RMSE of 9.99165, representing a measure of the quality of the trained
network and of its high predictability. The prediction error has been also analyzed to find possible

trends based on PLGA concentration.
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Figure III-7. Prediction error plot at different in the estimation of PLGA NPs size FR? based on polymer

concentration
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As shown in Figure III-7, the predicted size diverges of +30 nm at most from the experimental data
for all data set. The prediction error is even lower than 10 nm for FR? <2 when PLGA concentration
is equal to 1 mg /mL.

Once the weights of neuron connections have been established by the model, it is possible to estimate
the relative importance of each input parameter on the NPs size using the formula indicated in the
method section (see Figure III-8). The highest influence of the side flow rate on the final outcome is
validated by the Karnik and co-workers” theory[25]. In fact, the supersaturation rate and the mixing
time within the microfluidic chip are strongly dependent on this parameter. For example, increasing
the side flow rate value, the supersaturation level is quickly reached and the mixing time is faster

leading to promote nucleation to the detriment of growth resulting in smaller NPs.
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Figure III-8. Relative importance of the three input parameters on the outcome predicted by the PLGA ANN.

In order to evaluate the effect of the flow rates on the NPs size, 3D graphs have been plotted by
varying middle and side flow rates and keeping constant the PLGA concentration at the three

experimentally tested values (1, 3 and 5 mg/mL).
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Figure III-9. ANN simulations of the influence of middle and side flow rates at different PLGA concentrations.

According to the Figure III-9, results shown that higher size are obtained when the polymer
concentration grows. Moreover, a threshold that moves to higher side flow rate values by increasing
PLGA concentration comes out in the NPs size trend. In the following plots, the experimental and
predicted values are added to the previous graph to show how much the values diverge from the

curves of the ANN model.
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Figure III-10. 3D curves of the predicted size at different PLGA concentration compared to experimental and

predicted values.

3.4.1.2 Prediction of CS - HA NPs size
Table III-S2 tabulates the NPs size measured by DLS technique and the predicted size and the error

values estimated by the ANN for the CS-HA NPs. Looking at predicted values, it is possible to notice
that, despite the great variability of the experimental NPs size, the ANN model sometimes predicts
the same size. The explanation lies in the relative value of input parameters since, although identical
or similar to each other, has led to experimentally different NPs size. Therefore, the ANN is able to
predict only one value for that input values combination highlighting a not proper control of the
NPs production process or not well performed size measurements. This aspect is reflected on the

correlation between experimental and predicted NPs size as shown in the following figure.
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Figure III-11. Experimental versus predicted CS-HA NPs size and regression for all data set.
The best predictive model has given R and RMSE values of 0.74861 and 67.69205, 0.82774 and
43.89277, and 0.95675 and 44.732 for training, validation, and test data, respectively while the overall
R fis 0.74524 with a RMSE of 61.46874.
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Figure III-12. Prediction error of the ANN in the estimation of CS-HA NPs size at different FR? based on HA,

CS or TPP concentrations

The prediction error has been plotted based on HA, CS or TPP concentration in order to find possible
trends. The error values are lower at FR? = 0.5, identified as the experimental optimal condition,
independently from polymers or crosslinker concentration point of view. However, there is a lack
in the variability of input data that does not allow to highlight a clear explainable trend. Therefore,
the same analysis has been carried out on data divided in the two operational regimes, High and

Low, as explained in the Chapter 1 and showed in Figure III-13.
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Figure III-13. Prediction error of the ANN in the estimation of CS-HA NPs size at different FR? based on HA,

CS or TPP concentrations in the two operational regimes.

Even in this case, no trend in the prediction error has been found and the consideration previously
done are still valid. About the influence of each input parameter on the predicted NPs size, there is

an almost equal contribution of polymers and crosslinker concentrations as shown in Figure III-14.
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Figure III-14. Relative importance of the four input parameters on the outcome predicted by the CS-HA ANN.
The slightly higher value of hyaluronic acid importance can be related to the formation of the
hydrophilic coating of the NPs that influence the water supply and consequently the NPs
size.Finally, the prediction of NPs size trend has been represented through the use of 3D graphs in
Figure III-15. It is worth to notice that a greater effect on NPs size occurs increasing HA concentration
both for different and same CS concentration. Moreover, it seems that the TPP and FR? influence on

NPs size decrease by reducing CS concentration in particular at HA value of 0.008 %w/v.
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Figure III-15. ANN simulations of the influence of FR? and TPP concentration at different CS and HA
concentrations

3.4.1.3 Models comparison
The overall R? and the RMSE of the two implemented ANN models are reported in the following

table.

Table III-1. Comparison of the determination coefficient (R?) and RMSE in both models.

PLGA NPs CS-HA NPs
R 0.9086 0.7424
R? 0.8255 0.55
RMSE 9.9917 61.47

The lower values of R and R? and the higher value of RMSE of CS-HA NPs relies on the variability
of input data as previously discussed by looking at the distribution of prediction error. Instead, the

ANN model of PLGA NPs seem to estimate quite well the size remaining in a narrow range of error.
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3.4.2 Regression to predict gadolinium relaxation rate in a HA crosslinked hydrogel
In the Table III-S3 the relaxation rates obtained by benchtop relaxometer measurements are listed

together with the predicted values and the prediction errors. As visible in Figure III-16, the

correlation between experimental and predicted values is really high.
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Figure III-16. Experimental versus predicted relaxation rate and regression for all data set.

In fact, the best predictive model has given R and RMSE values of 0.99122 and 0.036224, 0.99586 and
0.03138, and 0.9832 and 0.046698 for training, validation, and test data, respectively. The overall R
for the model is 0.99095 with a RMSE of 0.037316 demonstrating the high prediction accuracy of the
network. The prediction error has been analyzed based on DVS concentration. As shown in Figure
I1I-17, the relaxation rate diverges of +0.12 s at most from the experimental data for all data set but

a trend has not been found.
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Figure III-17. Prediction error of the ANN in the estimation of the relaxation rate at different HA and Gd

concentrations based on DVS concentration

In the following figure, the relative importance of each input parameter on the predicted relaxation
rate has been displayed. The obtained result can be explained by looking at the Solomon-
Bloembergen Morgan (SBM) theory and the Hydrodenticity concept [33-37]. In fact, according to the
first thesis, the interaction between the contrast agent and water molecules lead to strongly increase
the longitudinal relaxation rate. In addition, the presence of a hydrophilic polymer such as HA and
the crosslinking degree affect the water molecules” dynamics and in particular the SBM correlation
times as explained by the Hydrodenticty effect [31]. Therefore, the improved relaxation rate is the
result of an increased residence lifetime of water molecules within the crosslinked polymer matrix,

a restricted molecular tumbling, and a resulting faster exchange rate with metal ions.
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Figure III-18. Relative importance of the four input parameters on the outcome predicted by the CS-HA ANN.
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Finally, the ANN has been used to simulate the trend of the relaxation rate at Gd concentration

values of 0, 0.1 and 0.2 mM to varying HA and DVS conditions (Figure III-19).

[Gd]= 0 mM [Gd]= 0.1 mM [Gd]= 0.2 mM

Predicted Relaxation Rate (s
Predicted Relaxation Rate (s™1)
Predicted Relaxation Rate (s

DVS(%wiv) o 0 HA(Swiv) OVS(3wiv) 0 o HA[S%wiv)

Figure III-19. ANN simulations of the influence of HA and DVS concentration at different Gd concentrations

As expected, the longitudinal relaxation values grow with the Gd concentration while a different
dependence from HA and DVS concentrations comes out, in particular at Gd values different from
zero. In fact, the relaxation rate seems to grow with the increase of HA concentration. However, the
DVS concentration negatively affect the relaxation rate. This predicted behaviour could be due to a
too high crosslink degree of the hydrogel that involves the reduction of the total volume leading to
expel water from the polymer matrix. The result is an increment of the free bulk water that less easily

enters in the hydrogel and interacts with Gd causing a slight reduction of the total relaxation rate.

3.4.3 Prediction of microfluidic regimes
Confusion matrices in Figure III-20a and c show the result of the prediction of the different dripping

microfluidic regimes (A to G) up to the transition to the hydrodynamic flow focusing (FF) for the

HA with a molecular weight of 50 and 250 kDa, respectively.
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Figure III-20. Confusion matrix representing the classfication of the dripping regimes by ANN compared to
the experimental obtained ones for (a) HA 50 kDa and (c) HA 250 kDA; Identification of the misclassification
points at different mineral oil pressure and polymer solution flow rates based on the specific regime for (b)

HA 50 kDa and (d) HA 250 kDa.

Looking at the lower right corner of the first matrix, the total misclassification error is 25.4 % while
the 74.6 % of data are correctly predicted. In the case of HA 250 KDa, the percentages are more or
less the same: 73.3 % of regimes correspond to the experimental ones and 26.7 % are differently
predicted. In particular, Figure III-20b and d show the Mineral Oil pressure — HA flow rate
combinations of data that are correctly or no predicted for both molecular weights.
Successively, another attempt has been done with the same ANN models by grouping microfluidics
regime based on the layer of microparticles that are formed within the output channel during their
production. In particular, data have been divided in three groups: Monolayer (A, B, C), Bilayer (D,
E, F, G) and Flow Focusing (FF).
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Figure III-21. Confusion matrix and individuation of the points misclassified by the ANN after the grouping
of similar regimes for HA 50 kDa ( (a) and (b)) and HA 250 kDa ((c) and (d)).

As shown in Figure III-21, the misclassification error is drastically reduced in both cases since the
range of prediction of each category is larger. However, in four cases, three for HA 50 kDa and one
for HA 250 kDa, experimentally observed flow focusing have been predicted as Bilayer. This result
most likely suggests that the high polymer concentration used to carried out both processes has
resulted in a partial obstruction of the channel influencing the real fluidodynamics and so leading

to an inaccurate categorization.

3.5 Conclusion
Four feedforward supervised ANNs have been developed to perform different tasks and get

important information about processes and their operational parameters. Firstly, CS-HA and PLGA
nanoparticles’ size has been predicted starting from data collected in previous Chapters. The
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nonlinear relationship between input and output has been analysed exploring the influence of each
parameter on the final outcome and the predicted size trend by ANN. The two systems have shown
a different correlation between predicted and experimental data highlighting the importance of a
required variability of input data. Then, a droplet generation process for the production of polymer
microparticles has been studied with the aim to understand if the observed regime corresponds to
the real one. In fact, thanks to the use of ANN, it has been possible to understand that the high
polymer concentrations used in the process for long time has influenced the fluidodynamics within
the microfluidic chip leading to no correct droplet generation regimes. Finally, the behaviour of Gd-
DTPA in a crosslinked HA hydrogel has been studied to quantify the impact of polymer matrix

properties on the longitudinal relaxation rate of the contrast agent.
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MAIN CONCLUSION AND FUTURE PERSPECTIVE

In the present work, different polymer - contrast agent systems in a nanostructured form have been
analyzed to understand how the physicochemical properties of the polymer matrix can impact on
the imaging ability. In fact, an optimal design of the nanovector allows to reach the specific target
and obtain information and/or treat diseases with cellular and molecular precision overcoming the
main limitations of clinically used contrast agents. In particular, the control of nanovector properties
such as size, shape and charge, together with the encapsulation efficiency and loading degree of
drugs and/or imaging agents lead to improve the nano-biointeractions enhancing the diagnostic and
therapeutic performances. To achieve this goal, microfluidics has been chosen as a tool to finely tune
morphological, structural and functional properties of the nanovectors in a controllable and
reproducible manner.

In the Chapter I, a microfluidic hydrodynamic flow focusing approach to produce nanoparticles by
ionotropic gelation of chitosan and sodium tripolyphosphate, followed by complex coacervation
between chitosan and hyaluronic acid has been presented. The proposed microfluidic approach
allows to modulate the size of nanoparticles and their morphologies and structures by varying
process parameters. In fact, the variation of the involved parameters (flow rates, polymer
concentrations, polymer weight ratio and crosslinking degree) has demonstrated to influence the
ionotropic gelation reaction resulting in the formation of several architectures such as coprecipitates
or different core-shell nanostructures. In particular, the distinction between the High and Low flow
rate regime has highlighted the influence of the 7,,;, on the formation of the nanoarchitectures. In
fact, low flow rates allow the formation of the core-shell nanostructure and, through a fine handling
of the CS:HA weight ratio, the change in the core and shell dimensions. Compared to batch
processing, the implemented microfluidic process has required lower polymer concentrations
leading to control and optimize the interaction among the chosen compounds at molecular level.
This fine control over the nanoarchitecture has also proven to affect the functional properties of the
nanocarrier. In fact, it also be possible to take advantage of the properties of the hydrogel matrix to
obtain a relaxivity boost of the encapsulated gadolinium-based contrast agent for Magnetic
Resonance Imaging as explained by the Hydrodenticity concept. In detail, the presence of the
hydrophilic polymer matrix affects the water molecular dynamic and influences the characteristic
correlation times of the Solomon-Bloembergen-Morgan (SBM) theory leading to the enhancement of

the relaxivity of the Gd-DTPA. In addition, the opportunity to tune the nanoparticles architecture
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by changing microfluidic parameters and, consequently, the chitosan - hyaluronic acid ratio, allows
the control of the gadolinium-based contrast agent hydration and the modulation of its relaxometric
properties. In particular, the presence of the double polymer network crosslinked by TPP leads to
an increment of the water molecules lifetime (t)) and a reduction of both rotational 7z and
translational diffusional 7 correlation times. According to the SBM and Hwang and Freed theories
for the inner and outer spheres, respectively, the result is an enhancement of the total relaxivity.
Finally, the simultaneous encapsulation of ATTO488 dye for Optical Imaging has highlighted the
possibility to use this nanocarrier as a promising multimodal imaging probe.

In the Chapter II, a nanoprecipitation process for the production of PLGA-based contrast agent for
Computed Tomography Angiography (CTA) has been developed. Here too, a microfluidic
hydrodynamic flow focusing has been used to take advantage of the tunability of the process
parameters that this technique offers. In fact, this method has demonstrated to be highly efficient in
terms of throughput and nanoparticles” size homogeneity. The mixing of PLGA and water within
the microfluidic channels causes a fast nanoprecipitation phenomenon leading to the formation of a
remarkable number of NPs. The influence of flow rates and polymer concentration on the
nanoprecipitation process has been deeply studied to find the optimal condition for the production
of these nanovectors. In particular, the 7,,;, is extremely important in the determination of NPs size:
the shorter the mixing time, the smaller the particles. The explanation lays in the diffusion process
within the microfluidic channels. In fact, a small 7,,;,, means that extraction of solvent and its
diffusion into non-solvent phase is faster, determining the formation of small nanoparticles that are
kinetically locked and more homogeneous in size since the mixing occurs faster than the aggregation
phenomenon (T, < Tqgg)- By changing the flow rate conditions, the hydrodynamic flow focusing
width can be modulated consequently affecting the diffusional path of solvent molecules toward the
non-solvent phase. In fact, moving to higher side flow rate values, the flow focusing becomes
narrower, the diffusional path decreases and a shorter 7,,;, is reached, resulting in smaller NPs. An
additional proof is represented by the introduction of the small amount of water in the solvent
composition before the introduction of Iodixanol in the process. In fact, the co-solvent improves the
affinity with the non-solvent phase affecting the diffusivity parameter of the 7,,;,. The result is a
faster mixing that leads, comparing the same flow rates conditions, to smaller NPs. Moreover, from
the fluidodynamic point of view, the polymer concentration is another parameter influencing the
final NPs size. In fact, the slightly higher viscosity of the polymer solution affects the 7,,;, and

consequently promotes the formation of bigger nuclei. Obviously, the local polymer concentration
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is dependent on the flow rate conditions confirming the strong versatility of the microfluidic
platform in modulating the nanoprecipitation process and, consequently, the NPs size. In addition,
different contrast agents have been encapsulated within the polymer matrix to confirm the PLGA
well-known encapsulation efficiency and loading capability and study the influence of the polymer
matrix on the imaging signal. Firstly, ATTO633 dye, suitable for Optical Imaging, has been
encapsulated alone or in combination with Gd-DTPA showing a negative influence on the imaging
signal. In fact, despite the high encapsulation efficiency for both contrast agents, the polymer matrix
has revealed to reduce the fluorescence signal while in the case of Gd-DTPA longitudinal relaxation
rate, the Hydrodenticity has not been observed probably due to the prevalent hydrophobic nature of
the PLGA. Successively, the widely used CTA contrast agent Iodixanol, sold with the trade name of
VISIPAQUE, has been successfully encapsulated in clinically relevant amount within nanoparticles.
In particular, even in this case, the polymer matrix seems to partially reduce the attenuation power
of Iodixanol compared to the free contrast agent, result confirmed by the in vitro analysis performed
on the empty nanocarrier. Moreover, preliminary data on the cytotoxicity and rheological in vitro
behaviour of the loaded-nanocarrier, together with a first attempt of a micellization process of a
PLGA-PEG copolymer to confer to the nanovector long circulation properties, have been presented.
In the last Chapter, machine learning has been proposed as method to explore multivariate processes
where there is no linear relation between the operational parameters and the final outcome. In
particular, Artificial Neural Networks (ANNSs) has been used to analyze the influence of process
parameters on the nanoparticles and microparticles” size as result of a microfluidic production. In
fact, despite the several advantages offered by microfluidics to finely tune and precisely control
particles morphological, structural, and functional properties, the number of involved variables
increases. Initially, ANN models have been built up for the two processes described in the previous
Chapters starting from the data collected during the experimental campaign. The trained networks
have allowed us to quantify the influence of polymer concentrations and microfluidic flow rates on
the nanoparticles size and predict the trend of this latter for no explored process parameters
conditions. However, in particular in the case of chitosan-hyaluronic acid nanoparticles, the
correlation coefficient has brought to light a lack in the variability of process parameters and relative
experimentally obtained size that affects the predictability of the neural network. Successively, a
different ANN has been used to classify the dripping regimes obtained during the droplet
generation of hyaluronic acid microparticles of two different polymer molecular weights. The model

has highlighted the presence of not well observed regimes in particular at high flow rates of the
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polymer flow rates due to deposition in the microfluidic channels that have altered the correct
fluidodynamics. Finally, a regression analysis has been also performed on data taken from a
previous published work of our group regarding the influence of a hyaluronic acid matrix,
crosslinked by DVS reaction, on the longitudinal relaxation rate of Gd-DTPA in a bulk system.
Results obtained about the influence of input parameters on the outcome has demonstrated to find
a clear explanation through the Solomon-Bloembergen-Morgan theory and the Hydrodenticity
concept.

In summary, the interaction between clinically used contrast agents and polymer nanostructures has
been studied with the aim to take advantage of the physicochemical properties of this latter to obtain
an improvement of the performances of contrast agents. In fact, it has been noted that the choice of
the suitable polymer is essential to obtain the desired effect on the imaging ability of the contrast
agent. For example, comparing the simultaneous encapsulation of Gd-DTPA and a dye for both CS-
HA and PLGA nanosystems, a different behaviour has been observed for the MRI contrast agent. In
particular, the PLGA allows to reach a remarkable encapsulation efficiency while the hydrophilic
property of CS and HA plays a key role in the enhancement of the longitudinal relaxivity acting on
the characteristic correlation times. In this way, despite a different Gd-DTPA loaded amount has
been loaded within the two nanosystems, they show comparable results in terms of relaxation times.
In addition, the tunability of the morphological and structural properties of the nanoparticles offers
a further advantage. In particular, microfluidics has been demonstrated, in both cases, to be the
optimal choice to finely handle the physicochemical features of the nanovectors. Indeed, thanks to
the modulation of process parameters, it has been possible to control the interaction between
compounds, affecting the 7,,,;, at the chip junction and, consequently, the nanoparticles formation
phenomena at molecular level. The tuning of the morphological and structural features of the
nanovector allows to influence and modulate the fundamental parameters that are at the base of the
imaging signal generation leading to an enhancement of the contrast ability without chemically
modify the contrast agent itself. As support to the performed experimental campaigns, the used
machine learning approach has allowed us to get important information about the influence of
process parameters on the final outcome in order to understand how rightly modulate the
operational conditions and quickly achieve the optimal design of the nanovector avoiding time and
material waste.

In conclusion, the present work has demonstrated the possibility to tune the performances of

clinically used contrast agents without involving any chemical modifications but simply acting on
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the physicochemical properties of a polymer nanovector. In addition, the presence of the
surrounding polymer matrix could be used to decorate its surface with ligands of different type to
overcome several biological barriers and reach the molecular target to obtain functional and
morphological information. In fact, as demonstrated for both nanocarriers, these nanovectors could
also pave the wave for the development of new probes as support to multimodal imaging techniques
such as PET/CT or PET/MRI that actually require the administration of a contrast agent for each
diagnostic modality. However, to finely tune the physicochemical properties of the nanovectors and
obtain the desired imaging boost, I believe that an in-depth study of the interaction mechanisms
between several polymer and imaging agents at molecular level has to be faced. In fact, only through
a better comprehension of the thermodynamic phenomena that arising from the interplay of contrast
agents and polymer chains, it could be possible to handle the functional properties of the
nanovectors. The developed microfluidic approach represents the perfect strategy to explore and
tune the morphological and structural properties of the polymer nanovectors when one or more
contrast agents are encapsulated thanks to its high efficiency and scalability. Starting from the study
of bulk systems and then moving towards nanostructured ones, I suppose that some parameters
may be found to build one or more mathematical expression able to predict the imaging ability of
the nanovector. Obviously, this requires a wide experimental campaign involving as many polymers
and contrast agents as possible trying to generalize the relation. From this point of view, the use of
machine learning could help to accelerate the process allowing to reduce the number of required
trials and extract hidden and nonlinear relation between the specific contrast agent and the polymer
network features. Moreover, a further step could be also addressed to the study of the interactions
in a biological environment since this latter influence the imaging ability of the contrast agent and

the fate of the nanovector.
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APPENDIX

A. CHAPTER 1 SUPPLEMENTARY MATERIAL

Identification of the optimal flow rate ratio condition

The best conditions of the flow rate ratio have been selected as those allowing reproducibility of the
results, high nanoparticles throughput and stability of the flow focusing. In the following Figure I-

S1, representative images of the different conditions tested are shown.

FR? =0.2

FR?=0.4

FR? =0.5

Figure I-S1. Representative SEM images of flow rate ratio conditions tested.

As from Figure I-51, FR? = 0.5 is selected as the optimal condition leading to numerous and

reproducible nanoparticles.
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Effect of the concentration of the polymers at FR? = 0.5 and constant polymer ratio
Experiment carried out at C5=0.2 %w/v , CS:HA=6.25 and FR?=0.5 is showed in the following figure.

Figure I-S2. Representative SEM image of CS 0.2 %w/v at CS:HA=6.25 and FR?=0.5.

Macroaggregates and unreacted materials are obtained in this case instead of nanoparticles,

therefore the size was not measurable.

Effect of the polymer ratio at FR?= 0.5
The following figure displays SEM images related to different CS:HA ratios at High and Low flow

rate regimes at constant FR?= 0.5.

CS:HA = 1.56 CS:HA =3.12 CS:HA =6.25

Low flow rate regime

High flow rate regime

Figure I-S3. Representative SEM images of different CS:HA ratios at FR?=0.5.
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All the conditions have proved to be suitable to produce NPs except for the conditions related to the

lower right SEM image where no NPs are obtained.

Effect of Flow rate ratio at TPP = 0.003% and 0.012%
To understand the influence of the crosslinker, two TPP concentrations (0.003 and 0.012 % w/v) have

been compared keeping fixed the concentrations of the two polymers (HA = 0.002 % w/v and CS =
0.00625 % w/v). The size of the obtained NPs has been plotted (Figure I-54a) as a function of the flow

rate ratio (from 0.05 to 0.4) and corresponding representative SEM images have been provided

(Figure I-S4b)
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Figure I-54. (a) NPs size as a function of FR? (0.05, 0.2 and 0.4) at two TPP concentration (0.012 or 0.003% w/v);
(b) SEM images of NPs at two TPP concentrations and two different flow rates.

Figure I-S4a shows that TPP concentration interferes in coprecipitation process. At TPP = 0.003%,
size and polydispersity are very similar regardless the flow rate ratio. On the contrary, at TPP =
0.012% and FR? = 0.2, NPs are more polydisperse, while, at FR? = 0.4 and 0.05, they lead to
coprecipitates with size and polydispersity comparable to the one obtained at TPP = 0.003%. SEM
images in Figure I-54b confirm that morphologies are influenced by the flow rates, with size and

polydispersity growing proportionally with FR? and TPP.
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Operational Regimes and obtained morphologies

Representative architectures at different FR? and CS/HA polymer ratio.
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Figure I-S5. Visual plot displaying morphology of NPs at Low flow rate regime as a function of FR? and CS:HA

ratio. Average diameter and its standard deviation are given in brackets for each trial displayed.
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Figure I-S6. Visual plot displaying morphology of NPs at High flow rate regime as a function of FR? and CS:HA

ratio. Average diameter and its standard deviation are given in brackets for each trial displayed.
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B. CHAPTER 2 SUPPLEMENTARY MATERIAL

Effect of flow rates and polymer concentration on PLGA nanoprecipitation process

Middle flow rate (MFR)

Side flow rate (SFR)
S pL/min

7 pL/min

10 uL/min

Figure II-S1. SEM representative images of each tested SFR-MFR combination at [PLGA] =1 mg/mL.
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SFR-MFR (pL/min)
1-5 3-5 5-5

1 pm

PLGA concentration
3 mg/mL

S mg/mL

Figure II-S2. Representative SEM images for the three optimal conditions identified at [PLGA]=1 mg/mL
and replicated for higher polymer concentrations, 3 and 5 mg/mL.
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Figure II-S3. NPs size distribution curves obtained by DLS measurements for the three optimal SFR-MFR
process conditions carried out at three different PLGA concentration.

(a) 5-5 pL/min; (b) 3-5 pL/min; (¢) 1-5 pL/min.
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Effect of iodine concentration on cells metabolic activity

3.6 mgl/mL

7.2 mgl/mL

Figure I1-S5. Microscope images of cells put in contact with two different Iodixanol-loaded NPs concentrations
at 24 and 48h taking in consideration the iodine content.
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C. CHAPTER 3 SUPPLEMENTARY MATERIAL

Table III-S1. Experimental and predicted size data in training, test, and validation subset for PLGA NPs.

Experimental PLGA NPs size
(nm)

132
129.4
137.9
96.2
105.1
113.6
92.43
81.48
90.31

113.2
105.1
114.8
99.99

145.7
120
148
104

108.9

160.3
116.9
80.77
124
114.4

Predicted PLGA NPs size
(nm)

132.4083
130.4638
116.2921
116.2921
107.7716
107.7716
86.0245
89.63775
91.98817
127.9849
71.72674
87.63342
139.2777
128.9081
154.2642
136.4615
117.7725
107.7716
104.841
99.76157

132.4083
114.6103
125.1517
109.4754
112.3989

130.4638
113.6086
86.89906
119.6255
114.7253

Error
(nm)

-0.40828
-1.0638
21.60789
-20.0921
-2.67158
5.828423
6.405499
-8.15775
-1.67817
0.015148
2.273258
-6.63342
-3.27766
6.091873
2.735828
-3.46154
-4.57248
-2.67158
9.958976
0.228431

13.29172
5.389738
22.84833
-5.47537
-3.49895

29.8362

3.291375
-6.12906
4.374537
-0.32527
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Table III-S2. Experimental and predicted size data in training, test, and validation subset for CS-HA NPs.

Experimental CS-HA NPs size
(nm)

109.3552
103.4298
143.6529
338.7194
48.62738
198.8089
87.20773
99.28705
152.7837
228.2035
235.2309
56.21853
187.4289
70.1
44.95
56.59
90.21
183.21
471.8588
106.8366
170.9188

191.1187
45.87
123.75

68.73385

157.8832

138.0404
53.99061
38.5681
178.6345
150.3314

Predicted CS-HA NPs size
(nm)

162.6477
162.6477
162.6477
162.6477
119.4828
119.4828
119.4828
119.4828
119.4828
162.6477
162.6477
162.6477
119.0948
59.16127
118.5357
119.0948
162.6477
118.5357
465.7601
98.91078
181.5029

157.7094
118.5357
119.0948
118.5357
130.7818

162.6477
131.7375
98.91078
181.5029
181.5029

Error
(nm)

-53.2926
-59.2179
-18.9948
176.0717
-70.8554
79.32608
-32.275
-20.1957
33.3009
65.55576
72.58312
-106.429
68.33411
10.93873
-73.5857
-62.5048
-72.4377
64.67426
6.09863
7.925786
-10.5841

33.40927
-72.6657
4.655232
-49.8019
27.10141

-24.6073
-77.7469
-60.3427
-2.86832
-31.1714
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Table III-S3. Experimental and predicted relaxation rate in training, test, and validation subset for DVS-
crosslinked HA Hydrogel.

Experi}nental Pred?cled Error Experi!'nenlal Pred_icled Error Experi_menlal Pred‘ided Error
Relaxation Rate Rel Rate (1) Rel Rate Rel Rate 1) Relaxation Rate Relaxation Rate s
(s7) (s) (s) (s) (s) (s7)
e

0.88 0.886791 -0.00679 0.265 0.301747 -0.03675 0.3165 0.322562 -0.00606
0.264 0.306105 -0.04211 0.309 0.324844 -0.01584 0.32375 0.326565 -0.00282
0.372 0.374631 -0.00263 0.345 0.34808 -0.00308 0.33825 0.334269 0.003981
0.434 0.429339 0.004661 0.373 0.371427 0.001573 0.35275 0.341731 0.011019
0.463 0.459452 0.003548 0.398 0.394964 0.003036 0.465 0.454892 0.010108
0.496 0.491191 0.004809 0.445 0.418835 0.026165 0.4725 0.462575 0.009925
0.588 0.592288 -0.00429 0.548 0.494147 0.053853 0.48 0.469598 0.010402
0.685 0.692261 -0.00726 0.594 0.548826 0.045174 0.495 0.482142 0.012858
0.754 0.754374 -0.00037 0.755 0.703814 0.051186 0.5025 0.487849 0.014651
0.909 0.896036 0.012964 1.071 1.043905 0.027095 0.51 0.493277 0.016723
0.342 0.369471 -0.02747 0.301 0.337801 -0.0368 0.525 0.503511 0.021489
0.348 0.397363 -0.04936 0.313 0.361944 -0.04894 0.5325 0.508399 0.024101
0.381 0.427553 -0.04655 0.342 0.386347 -0.04435 0.9525 0.968255 -0.01576
0.449 0.46013 -0.01113 0.403 0.411134 -0.00813 0.97675 0.994693 -0.01794
0.436 0.495101 -0.0591 0.549 0.489668 0.059332 1.001 1.018384 -0.01738
0.599 0.612431 -0.01343 0.547 0.547344 -0.00034 1.02525 1.039465 -0.01421
0.702 0.696649 0.005351 0.595 0.610526 -0.01553 1.0495 1.058148 -0.00865
0.722 0.821477 -0.09948 0.699 0.716568 -0.01757 1.07375 1.074687 -0.00094
0.805 0.899707 -0.09471 0.786 0.7946 -0.0086 1.098 1.089353 0.008647
0.315 0.318873 -0.00387 1.043 0.920957 0.122043 112225 1.102408 0.019842
0.339 0.346187 -0.00719 1.126 1.235289 -0.10929 1.1465 1.114101 0.032399
0.384 0.375238 0.008762 0.6355 0.642839 -0.00734 0.89612 0.888106 0.008014
0.392 0.390294 0.001706 0.65925 0.664145 -0.0049 0.91884 0.904666 0.014174
0.4 0.405631 -0.00563 0.683 0.683064 -6.40E-05 0.94156 0.898356 0.043204
0.45 0.43693 0.01307 0.70675 0.699848 0.006902 0.46312 0.449315 0.013805
0.505 0.500745 0.004255 0.7305 0.714768 0.015732 0.47964 0.467131 0.012509
0.503 0.532766 -0.02977 0.75425 0.728086 0.026164 0.36642 0.323439 0.042981
0.599 0.596585 0.002415 0.80175 0.750878 0.050872 0.36864 0.320414 0.048226
0.757 0.755026 0.001974 0.8255 0.760768 0.064732 0.37308 0.304146 0.068934
0.904 0.907204 -0.0032 0.84925 0.769887 0.079363 0.37752 0.304105 0.073415
0.331 0.330458 0.000542 1.0128 1.008157 0.004643 0.33537 0.3217 0.01367
0.382 0.423844 -0.04184 1.082 1.076507 0.005493 0.34422 0.301561 0.042659
0.445 0.458089 -0.01309 1.1512 1.134942 0.016258 0.30338 0.319969 -0.01659
0.51 0.493277 0.016723 1.1858 1.160004 0.025796 0.30506 0.316596 -0.01154
0.485 0.529146 -0.04415 1.2204 1.182364 0.038036 0.30842 0.299635 0.008785
0.59 0.677942 -0.08794 1.2896 1.219758 0.069842

0.797 0.8786 -0.0816 0.30925 0.318415 -0.00916

0.528 0.463498 0.064502 1.098 1.089353 0.008647 0.4875 0.476086 0.011414
0.209 0.327263 -0.01826 0.675 0.638817 0.036183 0.5175 0.498483 0.019017
0.347 0.350067 -0.00307 0.468 0.462598 0.005402 1.17075 1.124652 0.046098
0.351 0.412164 -0.06116 0.9782 0.971361 0.006839 0.88476 0.885069 -0.00031
0.493 0.468737 0.024263 1.1166 1.107094 0.009506 0.45486 0.436056 0.018804
0.301 0.359656 -0.05866 1.255 1.202203 0.052797 0.33714 0.3185 0.01864
0.36 0.390902 -0.0309 0.302 0.314079 -0.01208 0.34068 0.30188 0.0388
0.61 0.602455 0.007545 0.3455 0.338021 0.007479

0.485 0.440536 0.044464 0.273 0.293585 -0.02059 0.778 0.740048 0.037952
0.388 0.387603 0.000397 0.678 0.691865 -0.01386 1.0474 1.043396 0.004004
0.398 0.401045 -0.00304 0.701 0.796279 -0.09528 0.2875 0.304617 -0.01712
0.562 0.524224 0.037776 0.452 0.443212 0.008788 0.29475 0.309502 -0.01475
0.273 0.34374 -0.07074 0.845 0.806638 0.038362 0.331 0.330458 0.000542
0.51 0.532348 -0.02235 0.971 0.876669 0.094331 0.49616 0.460387 0.035773
0.512 0.571599 -0.0596 0.402 0.436485 -0.03448 0.31178 0.29903 0.01275
1.075 1.070077 0.004923 0.896 1.009682 -0.11368
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Publications Along Three Years
e Smeraldo A., Netti P.A., Torino E., “New Strategies in the Design of Paramagnetic CAs. Contrast

Media Mol Imaging” 2020, 2020, 4327479. d0i:10.1155/2020/4327479

e Smeraldo A., Ponsiglione A.M., Netti P.A., Torino E., “Tuning of Hydrogel Architectures by
Ionotropic  Gelation in Microfluidics: Beyond Batch Processing to Multimodal
Diagnostics. Biomedicines” 2021, 9, 1551. doi: 10.3390/biomedicines9111551

e Smeraldo A., Ponsiglione A.M., Russo M., Netti P.A., Torino E., “Artificial Neural Networks
(ANN) to impact on the design of nanostructures obtained through microfluidics” — Under
preparation

e Smeraldo A., Ponsiglione A.M., Bevilacqua P., Netti P.A., Torino E., “A systematic review on
advances in brain PET-MRI diagnostics” — Under preparation

e Smeraldo A., Bortone O., Netti P.A., Torino E., “A new microfluidic approach to design iodinated-

PLGA nanosystems”- Under preparation

Collaborations

- Institute of Clinical Physiology (CNR-IFC) and University Hospital of Pisa

Phd Schools and Programs

- Training School “NMR relaxometry data analysis: theory and software”, Department of Physics,
University of Pavia from 18/02/2019 - 22/02/2019 (Awarded grant)

Aim of the school: Discussion about the state of the art of current software to use for data elaboration and
analysis and possibilities to improve the available software. The training school included some teaching and
hands-on sessions on use of some relaxometry software and how to apply these to get the most out of
relaxometry data.

- Summer School “Innovation in chronic disease intervention” (euVENTION), Marsilius Arkaden,
Ruprecht Karl University of Heidelberg, Heidelberg, 21/07/2019 — 02/08/2019 (Awarded grant)

Aim of the school: etWVENTION's overall goal is to provide graduates, PhD students and young professionals
the opportunity to improve prevention and treatment options for people who are at risk or suffer from chronic
disease. euVENTION guides you through the whole process of product or service from the theoretical
challenge to business development and creating the prototype.

- XL Annual School of Bioengineering: “Biofabrication: an integrated bioengineering approach for the
automated fabrication of biological structures for clinical and research applications”, 13/09/2021 - 16/09/2021,

Aula Magna, Casa della Gioventl universitaria, Universita di Padova, Bressanone (Virtual Attendance)
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Aim of the school: the XL Annual GNB School aims at providing Ph.D students with interdisciplinary
knowledge and hand-on-training from experts belonging to the Italian bioengineering community, as well as
international scientists and industrial leaders. New knowledge and critical discussion with eminent scientists
and industrial leaders will contribute to inspire the new generation of young researchers in committing

towards continuous advances in biofabrication technologies.

Communications to Congress and Conferences

Oral presentation at the “Applied Nanotechnology and Nanoscience International Conference 2021” with the
article title “Tunable hydrogel nanostructures by microfluidics to control Hydrodenticity effect for multimodal

imaging applications” held online from 24/03/2021 to 26/03/2021.

Other Activities

HydroBlink is a spin-off project of the CRIB - Interdepartmental Research Center on
Blink Biomaterials of the University of Naples "Federico II', and the company LIGI Tecnologie
Medicali from Taranto (Italy), specialized in refractive surgery products. The aim is the

production of a new microparticles-based collyrium that supports the natural corneal re-epithelialization

process and allows a better recovery of vision for patients undergoing refractive and ocular surgery.

European Accelerator Programs

EIT Jumpstarter: Naples, 17-18th May 2019 organized by EIT Health
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EIT Slim Project: 4-month course including workshops in Naples, Delft and Madrid
National Accelerator Programs
Biolnltaly Investment Forum & Intesa Sanpaolo Start-up Initiative (awarded as best presentation in Naples

during the national roadshow)

Enkﬂ\/bd Enkimed is a spin-off project of the Scuola Medica Ospedaliera della Campania, Azienda
Ospedaliera “A. Cardarelli” of Naples and University of Naples “Federico II”. The offered product consists in
a cannulation device for extracorporeal circulation to achieve antegrade flow in aortic arch and thoraco-
abdominal aorta by femoral cannulation to avoid Deep Hypothermic Circulatory Arrest during cardio-

pulmonary bypass operations thus reducing the occurrence of possible side effects.

National Accelerator Programs

Start Cup Campania 2021 (awarded with the 3¢ place and participation to the following national phase —

Premio Nazionale dell'Innovazione (PNI))
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