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Abstract 
Nanomedicine is a potential strategy to improve the clinical applicability of active molecules 

through the formulation of drug delivery systems (DDSs). One of the main hurdles for 

developing DDSs lies in their potential toxicity. The aim of the present work was the 

development of biocompatible nanoparticles (NPs) for innovative applications of small 

therapeutic molecules. Lipid and polymer-based nanocarriers were designed to improve the 

therapeutical applicability of pentamidine (PTM) as repurposed anticancer drug, avoiding drug 

derivatization and exploiting the classical nanoprecipitation technique. However, 

manufacturing limitations opened the way to the development of innovative production 

processes. To address challenges in NP formulation, the microfluidic technology has been 

proposed for its advantages. Thus, a manufacturing translation study of poly(lactic-co-glycolic 

acid) (PLGA)-based NPs from conventional nanoprecipitation to the microfluidic process was 

set up, choosing a model drug, namely 991. Moreover, biological evaluation of 991-loaded NPs, 

as a potent activator of AMP-kinase protein involved in reducing inflammation and fibrosis in 

Duchenne muscular dystrophy, was assessed. Biological findings demonstrated a reduction in 

a pro-inflammatory cytokine in presence of drug in fibrotic macrophages cells. In vivo 

administration of loaded NPs resulted in a 10% of fibrosis reduction in muscular cells, 

suggesting an improvement of muscular homeostasis.  

In the last part of the project, stearoyl-L-carnitine (SC) was used to actively target polymer NPs 

toward muscular specific receptors, namely OCTN2. In vitro tests on C2C12 cell line 

demonstrated a higher expression of OCTN2 receptor on myotubes than myoblasts, occurring 

in increased NPs internalization. In the frame of drug repurposing, PTM has been efficiently 

encapsulated into SC-associated NPs to enhance drug delivery toward muscular cells.  

Overall, this thesis provided an extensive investigation of lipid and polymer-based DDSs to 

improve the therapeutic applicability of two small molecules and underlined the importance of 

the manufacturing technique for NP features. 
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Sommaire 

La nanomédecine est une stratégie efficace pour améliorer le potentiel clinique de molécules 

actives par la formulation de systèmes d'administration de médicaments (DDSs). L'un des 

principaux obstacles au développement de ces systèmes réside dans leur toxicité éventuelle. 

L'objectif de ce travail était de développer des nanoparticules (NPs) biocompatibles pour des 

applications innovantes de petites molécules thérapeutiques. Des NPs à base de lipides et de 

polymères ont été conçus pour améliorer le potentiel thérapeutique de la pentamidine (PTM) 

en tant que médicament anticancéreux, en exploitant la technique classique de 

nanoprécipitation. Cependant, les difficultés de fabrication ont ouvert la voie au développement 

d’un processus de production innovant. Pour relever les défis de la formulation des NPs, la 

technologie microfluidique a été proposée pour ses avantages. Ainsi, une étude de transposition 

de la nanoprécipitation classique au processus microfluidique pour la fabrication de NPs à base 

d’acide poly(lactique-co-glycolique) (PLGA) a été mise en place, en choisissant un médicament 

modèle, à savoir le 991. En outre, l'évaluation biologique des NPs chargées de 991, en tant 

qu'activateur puissant de la protéine AMP-kinase impliquée dans la réduction de l'inflammation 

et de la fibrose dans la dystrophie musculaire de Duchenne, a été évaluée. Les résultats 

biologiques ont démontré une réduction d'une cytokine pro-inflammatoire, en présence du 

médicament dans les cellules macrophages fibrotiques. L'administration in vivo de NPs 

chargées a entraîné une réduction de 10% de la fibrose dans les cellules musculaires, ce qui 

suggère une amélioration de l'homéostasie musculaire.  

Dans la dernière partie du projet, la stéaroyl-L-carnitine (SC) a été utilisée pour marquer les 

NPs polymériques et cibler activement des récepteurs musculaires spécifiques, à savoir 

OCTN2. Des tests in vitro sur la lignée cellulaire C2C12 ont démontré une plus grande 

expression du récepteur OCTN2 sur les myotubes que sur les myoblastes, ce qui a entraîné une 

plus grande internalisation des NPs. Dans le cadre du repositionnement de médicaments, le 

PTM a été efficacement encapsulé dans des NPs marquées avec de la SC pour améliorer 

l'administration de médicaments aux cellules musculaires.  

Dans l'ensemble, cette thèse a permis d’étudier de manière approfondie les DDS à base de 

lipides et de polymères pour améliorer l’efficacité thérapeutique de deux petites molécules et a 

également souligné l'importance de la technique de fabrication sur les caractéristiques des NPs. 
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Riassunto 

La nanomedicina è considerata una strategia per migliorare l'applicabilità clinica di molecole 

farmacologicamente attive attraverso la formulazione di sistemi di rilascio dei farmaci (DDSs). 

Uno dei principali ostacoli allo sviluppo dei DDSs risiede nella loro potenziale tossicità. Lo 

scopo del presente lavoro è stato lo sviluppo di nanoparticelle (NPs) biocompatibili per 

applicazioni innovative di diversi principi attivi. Nanoparticelle a base lipidica e polimerica 

sono state progettate per migliorare l'applicabilità della pentamidina (PTM) nella terapia 

antitumorale, evitando la derivatizzazione del farmaco e sfruttando la tecnica classica della 

nanoprecipitazione. Tuttavia, alcuni limiti formulativi delle NPs hanno reso necessario lo 

sviluppo di processi produttivi innovativi. A questo scopo la tecnologia della microfluidica è 

stata proposta per i suoi vantaggi: è stato quindi proposto uno studio di traslazione della 

produzione di NPs a base di acido poli(lattico-co-glicolico) (PLGA) dalla nanoprecipitazione 

convenzionale al processo microfluidico, incorporando un farmaco modello chiamato 991, 

potente attivatore della proteina AMP-chinasi coinvolta nella riduzione dell'infiammazione e 

della fibrosi nella distrofia muscolare di Duchenne. Successivamente, è stata effettuata una 

valutazione biologica delle NPs caricate con 991. I risultati hanno dimostrato una diminuzione 

di una specifica citochina pro-infiammatoria, in presenza di farmaco nelle cellule macrofagiche 

fibrotiche. La somministrazione in vivo di 991 incorporato nelle NPs ha determinato una 

riduzione del 10% della fibrosi nelle cellule muscolari, suggerendo un miglioramento 

dell'omeostasi muscolare.  

Nell'ultima parte del progetto la stearoil-L-carnitina (SC) è stata utilizzata per indirizzare 

attivamente le NPs polimeriche verso recettori muscolari specifici, in particolare OCTN2. I test 

in vitro sulla linea cellulare C2C12 hanno dimostrato una maggiore espressione del recettore 

OCTN2 nei miotubi rispetto ai mioblasti, con conseguente aumento dell'internalizzazione delle 

NPs. Sulla base di dati in letteratura riguardanti un possibile repurposing della PTM, questa 

molecola è stata incapsulata in modo efficiente in NPs associate a SC per migliorare la 

veicolazione di farmaci verso le cellule muscolari.  

Complessivamente, questo lavoro ha fornito un'analisi approfondita sui DDSs a base di lipidi e 

polimeri per migliorare l'applicabilità terapeutica di due diversi principi attivi, sottolineando 

l'importanza del processo produttivo per le caratteristiche delle NPs. 
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were loaded with DiD (red fluorescence) and cell membranes are counterstained with Cy3 

fluorophore (green fluorescence). Hoechst 33258 (blue fluorescence) staining depicts nuclei. 

(C, D) BMDMs were treated with free and loaded 991 (NPs 991-PLGA) for 6 h, and the 

phosphorylation of ACC (p-ACC) was quantified by immunoblotting (C-D). (C) Representative 

immunoblots showing p-ACC, total ACC, and β-actin as a loading control (NT, non-treated). 

(D) Quantification of the ratio of phosphorylated and total ACC protein. (E) TGFβ1 production 

of BMDMs incubated overnight with free drug, PLGA nanoparticles, and drug-loaded PLGA 

nanoparticles at a concentration of 10 μM. (F) Annexin V/DAPI staining of fibrotic BMDMs. 

The cells were incubated for 24 h with free 991 and 991-loaded nanoparticles at a concentration 

of 20 μM. Data are presented as means + SEM. **p<0.01, *** p<0.0005. 

Fig. 2 (A) Scheme of the experimental design. (B) Organ ex vivo biodistribution of DiD-loaded 

PLGA nanoparticles, at selected time points. (C) Quantification of mean fluorescence intensity 
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in fluorescent organs. (D) Quantification of mean fluorescence intensity in diaphragm. (E) 

Quantification of cells which internalized fluorescent-PLGA nanoparticles by FACS analysis 

in diaphragm cells. (F) Quantification of cells which internalized fluorescent-PLGA 

nanoparticles by FACS analysis in gastrocnemius cells. Data is shown as mean ± SEM (n =3). 

Fig. 3 991-PLGA nanoparticles treatment ameliorates dystrophic muscle phenotype. (A-F) 

D2.mdx mice were treated every other day for three weeks, and diaphragm and gastrocnemius 

were harvested. (A) Scheme of the experimental design. (B-C) FACS analysis of the surface 

marker CD45+ and CD64+ in gastrocnemius for sample treated with PLGA nanoparticles (B, 

left) and 991-PLGA nanoparticles (B, right). (C) Percentage of positive macrophages in 

gastrocnemius. (D-E) Muscle sections were immunostained for Coll1. (D) Representative 

images of Coll1 immunostained in the diaphragm. (E) Percentage of Coll1 area in the 

diaphragm. (F-G) Muscle mass normalized to mouse body weight for diaphragm (F) and (G) 

gastrocnemius.  

 

Chapter VI 

Fig. 1 Cellular uptake of SC-PLGA nanoparticles: functionalized nanoparticles bind to OCTN2 

receptor on cell membrane, forming a complex that is then internalized into the cell. 

Fig. 2 PTM-B release from 5% SC-nanoparticles as a function of time after incubation in PBS 

pH 7.4 at 37 °C. 

Fig. 3 C2C12 cell viability evaluated by MTT test after 2 h (A), 24 h (B), 24 h + 24 h recovery 

(C) treatment in presence of 5% SC-nanoparticles. Data are given as mean SEM, representative 

of three independent experiments. * p< 0.03 vs control (CTR) sample. 

Fig. 4 TEM analysis of 5% SC-nanoparticles uptake and intracellular fate. TEM images of a 

C2C12 myoblast incubated for 2 h with 5% SC-nanoparticles (A-B). Two nanoparticles 

(arrows) are entering the cell by endocytosis (A). A nanoparticle (arrow) is escaping an 

endosome (B). TEM images of a C2C12 myoblast incubated for 24 h with 5% SC-nanoparticles 

(C-E). Two nanoparticles (arrows) occur free in the cytosol (C). Three nanoparticles (arrows) 

occur inside secondary lysosomes (D-E). 

Fig. 5 Fluorescence microscopy micrographs of a myoblast (A) and a myotube (B) 

immunolabelled for OCTN2 (green); counterstaining with phalloidin (red). Note the high 

number of receptors in the myotube 

Fig. 6 (A) Confocal fluorescence microscopy analysis of myotubes that have been incubated 

with (A-a) untargeted nanoparticles and (A-b) 5% SC-conjugated PLGA nanoparticles. 

Nanoparticles are loaded with Nile Red (red fluorescence) and cells are counterstained with 



 

12 
 

phalloidin conjugated with Alexa488 (green fluorescence). Hoechst 33342 (blue fluorescence) 

staining depicts cell nuclei. (B) Morphometric analysis of C2C12 myoblasts for nanoparticles 

(NPs). 

 

Discussion 

Fig. 1 Schematic representation of self-assembled NPs by electrostatic interactions. 

Fig. 2 Comparative analysis of nanoprecipitation and microfluidic technique. 



 

13 
 

List of Tables 
State of the art 

Table 1 Examples of nanomedicines approved by FDA. 

Table 2 Polymer NP-based formulations currently on the market. 

 

Review– Nanotechnological approaches for pentamidine delivery 

Table 1 Commercially available products containing pentamidine isethionate. 

Table 2 Recapitulative table of the described nanosystems that encapsulate PTM. 

 

Review – Nanomedicine for gene delivery and drug repurposing in the treatment of 

muscular dystrophies 

Table 1 Therapeutic strategies for the treatment of MDs (DMD, Duchenne Muscular 

Dystrophy; DM, Myotonic Dystrophy; ASO: antisense oligonucleotide; CRISPR, clustered 

regularly interspaced short palindromic repeats). 

Table 2 Recapitulative table of the diverse described nanosystems tested in vivo for treating 

MDs (PEI, polyethylenimine; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid); 

PMMA, poly8methyl methacrylate); NIPAM, N-isopropylacrylamide; PEA, poly(ethylene 

adipate); PLys, poly(l-lysine); PPE-EA, poly(2-aminoethyl propylene phosphate); PAMAM-

OH, hydroxyl-terminated poly(amidoamine); DMPC, L-a-dimyristoylphosphatidylcholine; 

(C12(EO)23), poly-oxyethylene(23) lauryl ether; NPs, nanoparticles; ASO, antisense 

oligonucleotide; PMO, phosphorodiamidate morpholino oligomer; GA, glatiramer acetate; 

CRISPR, clustered regularly interspaced short palindromic repeats; I.M., intramuscular 

injection; I.V., intravenous injection; I.P., intraperitoneal). 

 

Chapter I 

Table 1 Details of box setting for each simulated system. 

Table 2 Physicochemical characteristics (mean diameter, PDI and zeta potential) of the 

nanoparticles with different SQ-COOH/PTM-B molar ratios (n=3). 

Table 3 EE and DL of SQ-COOH/PTM-B 3:1 and 4.5:1 nanoparticles (n=3). 

Table 4 Physicochemical characteristics (mean diameter, PDI and zeta potential) of SQ-

COOH/PTM-B 3:1 nanoparticles as a function of the Ve/Vw ratio (n=3). 

 

Chapter II 

Table 1 Physiochemical characteristics of liposomes and PLGA nanoparticles (NPs) (n=3). 



 

14 
 

Table 2 Cytotoxic activity (IC50) on human tumor cell line A2780 at 24, 48, and 72 h. The 

values are arithmetic means of 3 determinations (N=3; SD<10% for all values). 

 

Chapter III 

Table 1 Mean diameter,  potential and critical coagulation concentration (CCC) of PLGA 

nanoparticles prepared by two different techniques. 

 

Chapter IV 

Table 1 Selected experimental factors and their coded levels in the 23 full factorial design. 

Table 2 Physicochemical characterization of blank and loaded PLGA NPs prepared by 

nanoprecipitation (N) and microfluidic technique (M). Values are given as mean ± SD (n=3). 

NPs nanoparticles; PDI: polydispersity index. 

Table 3 Experimentation plan built according to a 23 full factorial design (runs 1 to 8) with two 

additional center points (runs 9 and 10) with the corresponding responses. 

Table 4 Physicochemical characterization of loaded-PLGA NPs prepared by microfluidic 

technique, before and after freeze-drying. 

 

Chapter VI 

Table 1 Physicochemical characteristics (mean diameter, PDI and zeta potential) of 

nanoparticles. 

 



 

15 
 

List of abbreviations 
AB: antibody 
Abs: absorbance 
ACC: acetyl-CoA-carboxylase 
AMPK: AMP-protein kinase 
ASO: antisense oligonucleotides 
BBB: blood brain barrier 
BMDMs: bone marrow derived macrophages 
BSA: bovine serum albumin 
CCC: critical coagulation concentration 
CFM: confocal microscopy 
CMC: critical micellar concentration 
Coll1: collagenase 1 
CSA: cross-sectional area 
CY: cyanine 
DAPI: 4′,6-diamidino-2-phenylindole 
DDS: drug delivery system 
DiD: 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt 
DL: drug loading 
DLS: dynamic light scattering 
DLVO theory: Derjaguin, Landau, Verwey and Overbeek theory 
DM1: Dystrophia Myotonica 1 
DMD: Duchenne muscular dystrophy 
DMEM: Dulbecco’s Modified Eagle Medium 
DMSO: dimethyl sulfoxide 
DoE: design of experiments 
ECM: extracellular matrix 
EDTA: ethylenediamine tetraacetic acid 
EE: encapsulation efficiency 
EGTA: ethylene glycol-bis(beta-aminoethyl ether)-N-tetraacetic acid 
ELISA: enzyme-linked immunosorbent assay 
EMA: European Medical Agency 
EPR: enhanced permeation and retention effect 
Ex: excitation  
FACS: fluorescence activated cell sorting 
FBS: fetal bovine serum 
FDA: Food and Drug Administration 
FITC: fluorescein-5-isothiocyanate 
FNP: flash nanoprecipitation 
FRR: flow rate ratio 
GA: glycolic acid 
GI: gastrointestinal track 
GMP: good manufacturing practice 
I.M.: intramuscular 
I.V.: intravenous injection 
LA: lactic acid 
LDL: low density lipoproteins 



 

16 
 

LDLR: low density lipoprotein receptor 
LNCs: lipid nanocapsules 
LNPs: lipid nanoparticles 
LP: lipoproteins 
LTBP4: latent-TGF-β-binding protein 
MD: molecular dynamics 
MTT: (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium 
NMD: neuromuscular diseases 
NPs: nanoparticles 
NT: untreated 
OCTN2: organic cation/carnitine transporter 
OD: optical density 
PBS: phosphate buffer saline 
PDI: polydispersity index 
PEG: poly(ethylene glycol) 
PLGA: poly(lactic-co-glycolic) acid 
PMSF: phenylmethanesulfonyl fluoride 
PTM: pentamidine 
PTM-B: pentamidine free base 
PVA: poly(vinyl alcohol) 
RBC: red blood cells 
S.C.: subcutaneous  
SC: stearoyl-L-carnitine  
SCR: scrambled siRNA 
SLC22: Solute Carrier Family 22  
SLNs: solid lipid nanoparticles 
SQ: squalene 
SQ-COOH: squalenic acid  
TA: tibialis anterior 
TEM: transmission electron microscopy 
TFA: trifluoracetic acid  
TFR: total flow rate 
TGFβ: transforming growth factor-beta 
TLC: thin layer chromatography 
UHPLC: ultra high performance liquid chromatography 



 

17 
 

Thesis overview 
Nanomedicine is a potential strategy to improve the clinical applicability of several active 

molecules through the formulation of nanosystems, namely drug delivery systems (DDSs). 

Over the last decades, DDSs have been extensively studied for designing more effective and 

safer treatments with significant applications against many pathologies, such as cancer, brain 

disorders, and immune diseases. One of the main hurdles for developing DDSs lies in their 

potential toxicity. On these bases, the aim of the present work was the development of 

biocompatible nanoparticles (NPs) for innovative applications of small therapeutic molecules. 

In particular, lipid and polymer-based nanocarriers were designed to improve the therapeutical 

applicability of pentamidine (PTM). PTM is an old antiprotozoal drug, whose repositioning for 

its anticancer activity and application in muscular dystrophy treatment has been recently 

proposed. Therefore, in the first part of this thesis, a squalene derivative (SQ-COOH) and 

poly(lactic-co-glycolic) acid (PLGA) were selected as biocompatible materials to efficiently 

encapsulate PTM free base (PTM-B), thus avoiding drug derivatisation. Electrostatic 

interactions between the positively charged amidine groups of PTM-B (pKa=12) and negatively 

charged lipid or polymer vehicle (pKa=4.5) occurred to stabilize the loaded nanosystems. For 

SQ-COOH-based NPs, the maximization of drug loading (DL) was achieved working at SQ-

COOH/PTM-B molar ratio 3:1 and 0.2 volume ratio (Vethanol/Vwater) during the preparation 

procedure. The formulation of PTM-B into polymer NPs led to system stabilization by 

electrostatic interactions between the drug and acid-terminated PLGA. Both nanosystems were 

designed to test the anticancer activity of PTM-B in vitro, confirming the internalization of NPs 

in cancer cell lines and the pH-depend drug release profile. Lipid and polymer-based 

nanocarriers were formulated by exploiting the classical nanoprecipitation technique. However, 

manufacturing limitations, such as batch-to-batch variability, control of NP physicochemical 

characteristics and the need to scale up the process, opened the research to the development of 

innovative production processes. To address these current challenges in NP formulation, 

microfluidic technology has been proposed for its advantages. Thus, in the second part of this 

thesis, a manufacturing translation study of PLGA NPs from conventional nanoprecipitation to 

the microfluidic process was set up, choosing a small benzimidazole molecule as the model 

drug, namely 991. By setting microfluidic parameters (e.g., total flow rate - TFR - and flow rate 

ratio - FRR) we obtained sub-100 nm NPs with high DL. NP translation was optimized with 

the aid of a design of experiments (DoE), which checked the influence of FRR, polymer and 

drug concentration in the organic phase on encapsulation efficiency and DL. Our findings 

demonstrated how FRR (1:5) plays a key role in improving the nanosystem drug content.  
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The third part of this project was focused on the biological evaluation of the 991-loaded NPs, 

as a potent activator of AMP-kinase (AMPK) protein involved in reducing inflammation and 

fibrosis in Duchenne muscular dystrophy (DMD). Biological findings demonstrated a reduction 

in transforming growth factor-β (TGFβ1) expression, a pro-inflammatory cytokine, in presence 

of free or loaded drug in fibrotic bone marrow-derived macrophages (BMDMs) cells. In vivo 

administration of loaded PLGA NPs resulted in a 10% of fibrosis reduction in muscular cells 

of the diaphragm and gastrocnemius, the most representative muscles in DMD mouse model. 

The preliminary in vivo results suggested an improvement of muscular homeostasis by 991-

loaded nanocarrier administration.  

The last part of the research project gave preliminary results to develop an active targeting 

strategy to increase muscular tropism. Stearoyl-L-carnitine (SC) was used to precisely target 

PLGA NPs toward muscular specific receptors, namely Na+- organic/cation transporter 2 

(OCTN2). Two different concentrations of SC (5% and 10% w/w) were assessed to find the 

balanced ligand density. In vitro tests on C2C12 cell line demonstrated a higher expression of 

OCTN2 receptor on myotubes than myoblasts, occurring in increased NPs internalization. In 

the frame of drug repurposing, PTM-B has been efficiently encapsulated into SC-associated 

PLGA NPs to enhance drug delivery toward muscular cells.  

Overall, this thesis provided an extensive investigation of lipid and polymer-based DDSs to 

improve the therapeutic applicability of two small molecules. The critical analysis of the 

manufacturing process underlined the importance of the technique and formulative parameters 

which might influence NP features. Moreover, these small molecules have been assessed for 

alternative applications, highlighting drug repositioning in cancer therapy and treatment of 

muscular diseases. 
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General introduction 
Controlled drug delivery technology has progressed over the last years as reflected by the 

exponential growing of publications and preclinical/clinical studies showing the importance of 

micro- and nano-carriers. Innovation has been developed by the formulation of systems that are 

able to deliver molecules of different nature (e.g. essential oil, drugs, antimicrobial molecules, 

etc.) and even target specific tissue [1–3]. These innovative systems may have a different nature 

including polymer, lipidic and inorganic structures and they are referred as drug delivery 

systems (DDSs) [4–6]. The application of DDSs to human health identifies a large and 

interesting field of study called nanomedicine. Nanomedicine gives the tools to overcome many 

drawbacks related to the therapeutic and pharmacological issues of many drug molecules. Mean 

advantages arise from the properties of technological carriers and the ability to encapsulate 

molecules, modulating their physicochemical characteristics [7]. In this frame, the use of 

nanoparticles (NPs), particularly lipidic and polymer NPs, proved to be a promising strategy to 

improve drugs administration and delivery in therapeutic approaches. By leveraging the 

mechanism of passive (endocytosis, extravasation into inflamed tissue, enhanced permeation 

and retention effect - EPR) or active targeting by the modification of the surface of DDSs 

(selective ligands, peptides, antibodies), a variety of nanocarriers have been developed. Among 

polymer DDSs, poly(lactic-co-glycolic acid) (PLGA) NPs are attractive candidates because of 

their biocompatibility and biodegradability, and their ability to encapsulate hydrophobic as well 

as hydrophilic molecules [8]. PLGA is considered one of the most successfully biodegradable 

polymers, approved by Food and Drug Administration (FDA) and European Medicine Agency 

(EMA) for human parental administration [9]. PLGA is able to spontaneously form NPs upon 

dispersion in an aqueous phase, resulting in a stable colloidal dispersion. The formulation of 

polymer NPs involves a large range of methods; among them, solvent displacement or 

nanoprecipitation is the simplest and most commonly used laboratory procedure [10,11].  

Despite several technological advances, some biological challenges, improvable drug loading, 

modulation of drug release, active targeting toward a precise site of action, and off-target 

effects, are still preventing these delivery strategies from complete application in clinics [12]. 

In this context, the application of nanomedicine is a key point in research activity due to the 

enormous advantages that a nanotechnological approach can provide.  
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I.1 Current state-of-art of nanotechnology applications 
Nanotechnology and nanoscience play a key role in the field of medicine, mainly due to the 

limitations affecting the conventional medical agents, older formulations and delivery systems. 

Nanomedicine is highly active field, which involves several production devices and systems 

with innovative properties and functions. The design of nanomaterials in nanometer size range 

for medical applications is aimed at the identification of a sort of shuttle that transports active 

substances (e.g., genetic materials, probes, small molecules) specifically to the intended target, 

reducing off-target effects and enhancing pharmacological activity, overcoming biological 

barriers. Over the years, pieces of evidence have confirmed the ability of several nanomedicines 

(both non-targeted and targeted) to improve active payload concentrations at the target site (e.g. 

tumor environment) [1,2], as well as to reduce toxicity [3] and enhance therapeutic efficacy 

compared with free drugs in preclinical studies [4]. Moreover, clinical studies in humans 

underlined the importance of nanotechnology in biomedicine for the diagnosis and therapy of 

many human diseases [5–7]. There are currently over 50 nanomedicine and nanotechnology-

based medical products approved for a variety of clinical indications (Tab. 1) [8]. When 

administered, the fate of DDSs in the human body can be modulated by changing their surface 

chemistry or their physicochemical features to improve the accumulation into the target tissues 

or avoid rapid clearance (Fig. 1). The possibility to personalize treatments and address the 

therapies needed to increase the promising shift within the nanomedicine field involving 

cardiovascular [9], autoimmune [10] and genetic and rare disorders [11]. 

Notably, in cancer therapy, the application of DDSs led to the commercialization of 

doxorubicin-loaded PEGylated liposomes in the treatment of solid tumors (Doxil®) [12]. 

Thanks to the EPR effect, liposomes easily accumulate into tumors, delivering doxorubicin and 

avoiding adverse effects and high doses. The development steps of the Doxil® formulation 

evidenced the importance of the cross-talk between physicochemical, nanotechnological and 

biological principles to reach a final commercialized product. Furthermore, the importance of 

nanotechnology to improve pharmacological efficacy compared to the free drug was achieved 

by Abraxane® (albumin-bound paclitaxel NPs). It showed its superior efficacy to conventional 

paclitaxel for the treatment of solid cancers [13]. The 2018 FDA and EMA approval of the first 

RNA interference NPs treatment (Onpattro®) defined a shift in the market of nucleic acid 

therapies [14]. Messenger RNA vaccines development for the Sars-CoV-2 has gained 

emergency use authorization by international agencies. Indeed, BioNTech/Pfizer and Moderna 

vaccines are based on lipidic DDSs able to deliver genetic material and stimulate immune 

response towards virus infection [15,16]. The development of lipid nanoparticles (LNPs) has 
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become the gold standard in the non-viral delivery of genetic material. The study of LNPs 

morphology and lipid composition has crucial application in the prevention and treatment of 

infectious diseases via LPN-mRNA vaccines [17,18], opening the possibilities for new 

approaches to diseases prevention.

However, challenges are involved in the clinical development of nanomedicines, making 

difficult their clinical applicability. The translation of nano-strategies from the research level 

into the market product faces several challenges, which include characterization of 

physicochemical properties, process and quality control, biocompatibility and nanotoxicity, 

scalability-related issues and improvement of production scale as well as reproducibility [19]. 

Although the constant research and application of nanotechnology in the treatment of human 

diseases increased the interest in overcoming the drawbacks related to nanotechnology 

application, the continuous advances in preclinical studies do not correspond to the 

implementation of universally standardized practice and regulatory guidelines to easily promote 

clinical translation [20,21].

Although some aspects of the critical points of nanomaterials need to be put into perspective, it 

is undoubted that the overall poor transferability of nanoparticulate concepts into clinical 

applications calls for fundamental improvement [22]. While numerous nanoparticulate systems 

have already reached marketability, it is also clear that the current nanomedicine research, 

therefore, needs to rethink implementations of nanocarriers development [23]. 

Fig. 1. Characteristics of DDSs that can be altered in intelligent design to tailor the platform to a specific 
application
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I.2 Polymer-based drug delivery systems
Many different DDSs have been developed for a large number of applications in human 

diseases. Among the most used nanosystems, polymer-based DDSs have dominated the 

nanomedicine field, due to their ability to modulate their properties by combining different 

materials in a wide variety of macromolecular architectures. They are usually referred to as NPs 

and considered solid and spherical structures, produced adopting natural or synthetic polymers 

that can be either lipophilic or hydrophilic [24–26]. Polymer NPs offer drug protection from 

degradation, increased water solubility for hydrophobic molecules and allow a targeted 

administration to specific organs or cells. They are easily internalized by cells, partly through 

fluid-phase pinocytosis and also through clathrin-mediated endocytosis [27]. Their surface is 

generally considered thicker, stronger, and more stable than other DDSs (e.g. liposomes), thus 

opening additional interest for clinical applications. The wide range of polymers used for their 

preparation identifies polymer NPs as excellent candidates for molecules of different natures. 

Moreover, polymer-based DDSs can be administered by different administration routes, being 

suitable for intravenous injection (i.v.) due to their size of around 100-200 nm.

I.2.1 Classification of polymer-based drug delivery systems

Recent advances in nanotechnology provided a wide range of polymers able to be formulated 

into nanoparticulate carriers for various active molecules. The most adopted polymer-based 

nanocarriers for drug delivery comprise polymer micelles, polymersomes, dendrimers and 

polymer NPs (Fig. 2).

Fig. 2. Polymer DDSs

Polymersomes are spherical nanostructures made up of amphiphilic block copolymers, in which 

a hydrophobic bilayer encloses an aqueous core. Thanks to their nature, polymersomes are 

considered the only type of polymer DDSs that can physically encapsulate in the same NPs 

hydrophilic drugs in their aqueous core and/or hydrophobic agents within their lamellar 

membranes [28]. This characteristic represents the most important advantage of using 
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polymersomes. Despite this, the scalability of the production processes is still challenging, as 

well as storage and sterilization methods limit their application [29]. 

Dendrimers are polymer-based macromolecules with highly branched three-dimensional 

architecture whose monomers can impact both the surface and internal properties. The 

dendrimer architecture is characterized by void space for molecular encapsulation, branching 

points and surfaces groups [30]. Poly(amidoamine) (PAMAM) dendrimers were the first 

reported dendrimers and are commercially available with different surface groups [31], a 

strategy to encapsulate molecules with different chemical natures. Despite their versatility and 

flexibility as DDSs, dendrimer-based therapies are not available on the market.  

Polymer micelles are considered a relevant part of polymer-based DDSs. They are obtained 

from surfactant or block copolymers that can self-assemble in water above their critical micellar 

concentration (CMC). Their hydrophilic part is exposed on the surface and in contact with 

aqueous phase. The formation of polymer micelles is thermodynamically driven and their 

disruption occurs once below their CMC [32]. 

Unlike micelles, polymer NPs require physical or chemical processes for their formulation, 

using natural or synthetic polymers as main components [33,34]. NPs can be easily coated on 

their surface to efficiently control their superficial and physicochemical features. Moreover, 

active targeting agents can be associated onto their surface to improve cellular uptake in target 

tissues. For example, surface functionalization by hyaluronic acid can enhance cellular uptake 

in CD-44 overexpressed tissues [35]. Among the polymers used for NPs formulation, 

biodegradable and biocompatible molecules are preferentially selected to limit the nanocarrier 

toxicity. Different chemical structures of polymers are used to guarantee the encapsulation of 

hydrophobic as well as hydrophilic drug molecules, making them the best candidates for drug 

delivery. The possibility of tuning their characteristics leads to increased colloidal stability and 

improved administration and storage [36]. 

I.2.2 Polymer nanosystems in the clinic 

Despite the plethora of different polymer nanosystems reported in the literature, only a few 

formulations reached the clinical phase and/or have been marketed (Tab. 2).  
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Table 2 Polymer NP-based formulations currently on clinical trials 

Product name Particle Drug Indication Clinical Trials  

BIND-014 PMSA targeted PEG-PLGA 
or PLA-PEG particle Docetaxel Prostate, metastatic, 

cervical or lung cancers 4 trials completed 

Genexol-PM® PEG-poly(D,L-lactide) Paclitaxel Head and neck or breast 
cancer 

1 trial completed  
2 new trials 

NC-600 4 
Nanoplatin 

Polyamino acid, PEG 
micellar nanoparticle Cisplatin 

Solid tumor, lung, 
biliary, pancreatic 

cancers 
3 new trials 

CriPec® mPEG-methacrylates 
micelles Docetaxel Solid tumors, ovarian 

cancer 
1 trial completed  

2 new trials 

CRLX101 Cyclodextrin-polyethylene 
glycol co-polymer Camptothecin 

Ovarian, renal cell, small 
cell lung or rectal 

cancers 
9 new trials 

 

Translation of polymer NPs into clinics is limited due to their recent discovery and 

development, compared to liposomal formulations [37]. More frequently, commercialized 

polymer nanomedicines refer to free drugs attached to a hydrophilic polymer to improve drug 

circulation or modify its chemical properties [38]. The most well-established polymer is 

poly(ethylene glycol) (PEG), which increases the molecule half-life (e.g. for antibodies, growth 

factors, etc.) in plasma thanks to its stealth effect [39]. Recently, the formulations of polymer 

NPs for clinical application are moving toward the study of hydrophobic or hydrophilic 

materials that facilitate the controlled release of the active molecule. This aim is achieved by 

using slowly degradable compounds that lead to a kinetically driven release of the drug. Among 

the different polymers, PLGA had significant success for drug encapsulation for its 

biocompatibility and biodegradability [40]. 

I.2.3 Poly(lactic-co-glycolic) acid (PLGA) 

PLGA is one of the most successfully used biodegradable polymers to develop a nanomedicine 

approach. PLGA hydrolysis leads to the production of biodegradable metabolites, lactic (LA) 

and glycolic acid (GA), easily metabolized into cells via the Krebs cycle, making PLGA a 

biocompatible polymer (Fig. 3). 
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Fig. 3. Schematic representation of PLGA NPs internalization in cells. Hydrolysis of PLGA leads to the formation 
of LA and GA, monomers constituting PLGA polymer

PLGA is approved by FDA and EMA for its low toxicity in medical applications and is suitable 

for human parental administration [41]. Chemically, PLGA, an aliphatic polyester co-polymer, 

is randomly constituted of LA and GA. The hydrolysis rate of PLGA can be modulated by 

changing the monomer ratio and/or molecular weight [42].

PLGA is able to spontaneously form NPs upon dispersion in an aqueous phase, achieving a 

colloidal dispersion [43]. The simple production methods of polymer NPs made PLGA a 

promising carrier for the nanotechnological approach. Hundreds of published articles and 

patents reported different applications of PLGA DDSs, such as NPs, microparticles, implants, 

nanogels [44–46]. Moreover, PLGA DDSs can load cargos of different chemical nature, 

ranging from small molecules to large proteins, hydrophilic to lipophilic drugs, as well as 

amphiphilic molecules [47–49]. Among the advantages of polymer nanosystems, PLGA-based 

carriers can protect the drug from degradation, sustain and control drug release, and modify 

cargo pharmacokinetics. A recent application of PLGA attracted the attention of the research 

community, concerning the role of LA in its pharmacological contribution. Lactate plays a key 

role as fuel for cells and as a chemical messenger [50]. For example, the effect of exogenous 

lactate was tested for wound healing. Studies reported the effect of lactate derived from PLGA 

NPs, which enhanced re-epithelialization, collagen deposition and angiogenesis [51]. Ongoing 

studies are devoted to evaluating the importance of lactate, released from PLGA NPs, in 

biological processes. New clinical potential applications and mechanisms related to PLGA 

polymer may be deeper investigated to understand the role of PLGA NPs, not only as DDSs. 
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I.3 Lipid-based drug delivery systems 
Lipid-based DDS is a wide-ranging designation for formulations containing a dissolved or 

suspended drug in lipid excipients. Lipid NPs are considered one of the most appealing delivery 

tools for genetic material and drug delivery. This class includes various subset structures, 

sharing a typical spherical organization of one lipidic bilayer surrounding at least one internal 

aqueous compartment. As polymer NPs, lipid nanocarriers have many advantages, such as 

formulation simplicity, biocompatibility, self-assembly properties and the ability of high drug 

encapsulation [52,53]. For these reasons, lipid-based NPs are the most common class of FDA-

approved nanomedicines together with more and more undergoing clinical trials [54]. Their 

composition includes phospholipids of several natures, which influence physicochemical 

properties and surface charge. After being administered, they are rapidly taken up by the 

reticuloendothelial system. For this reason, lipid-based DDSs include surface modification to 

increase their blood half-life and prolong circulation [55].  

I.3.1 Classification of lipid-based drug delivery systems 

Lipid-based nanosystems can be classified on the basis of their internal structure (Fig. 4). 

Among lipid DDSs, liposomes are the best known ones. Since their discovery, liposome-based 

DDSs have been exploited as biocompatible and simply modifiable nanosystems. Liposomes 

are composed of phospholipids, which can form unilamellar or multilamellar vesicular 

structures. Drug encapsulation strategy exploits their double chemical nature, allowing the 

aqueous core to contain the hydrophilic drugs and the phospholipid bilayer to localize lipophilic 

drugs [56]. Furthermore, the surface-modification process increases their blood circulation and 

tunes drug delivery [57]. 

Another remarkable subset of lipid-based DDSs is commonly referred to as lipid nanoparticles 

(LNPs). They are characterized by a liposome-like structure and are currently mostly used for 

genetic material delivery [58,59]. Ionizable phospholipids constitute the base structure of LNPs 

allowing the complexation with nucleic acid and exploiting their pH sensitivity to promote 

endosomal escape [60]. Another class owing to lipid nanocarriers is nanoemulsions. 

Nanoemulsions are thermodynamically unstable colloidal dispersions consisting of two 

immiscible liquids, with one of the liquids dispersed as small spherical droplets in another liquid 

(oil-in-water, O/W, or water-in-oil, W/O). Lipids/oils used in nanoemulsions are chosen by 

considering the solubility of the drug to encapsulate [61]. The term lipid-based nanocarrier also 

includes the solid lipid nanoparticles (SLNs) and lipid nanocapsules (LNCs). SLNs represent a 

colloidal dispersion of non-polar lipids such as triglycerides, fatty acids or phospholipids, which 
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are solid at room temperature as well as body temperature. An advantage of SLNs is the non-

toxic nature of nanocarrier itself, as they made up of safe excipients. There are different 

preparation methods which generally include the formation of an emulsion, followed by size-

reduction using methods such as homogenization and ultracentrifugation [62]. 

LNCs are vesicular nanocarriers constituted by an oily phase and an aqueous phase, stabilized 

by surfactants and a polymer shell. The polymer shell has a relevant impact on nanocarrier 

properties (e.g. surface charge, hydrophilicity). The preparation methods are based on two main 

steps: the formulation of a nanoemulsion and then, the formation of the polymer shell through 

different methods, which include interface polymerization or interfacial deposition. LNCs are 

very tempting due to their easiness of formulation, small size and high encapsulation efficiency 

of hydrophobic or amphiphilic drugs [63]. 

Fig. 4. Lipid DDSs

I.3.2 Lipid nanosystems in the clinic

The versatility of lipid-based nanosystems in terms of their composition, particle size and 

surface charge allows the marketing of several nanomedicines. Doxil® was the first liposome-

based therapeutic approach FDA-approved for cancer treatment (Tab. 1) [12] and over the years 

even more nano-therapeutics were clinically approved and marketed. Although the cancer 

nanomedicine field has exponentially grown in recent years and the vast majority of 

nanomedicines currently in preclinical and clinical trials target malignant tumors [64], the 

application of nanomedicine to noncancer conditions increased [65,66]. Indeed, a breakthrough 

in the development of pharmacologically acceptable lipid formulations was the advent of 

ionizable cationic lipids, guaranteeing the fusion process with endosomal membranes to nucleic 
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acid delivery. One prominent example is the recent approval of Onpattro®, the first gene-

silencing product using cationic lipids as carriers for siRNA in the treatment of hereditary 

transthyretin amyloidosis [67]. Similar compositions are still used for many mRNA-based 

vaccines, which can be used to enhance immune stimulation in the case of infectious diseases. 

mRNA-based COVID-19 vaccines (Comirnaty® and Spikevax®) are based on lipid NPs which 

underlined the flexibility and swiftness of the production of mRNA vaccines [68,69]. The 

efficacy of the nucleic acid delivery along with their simple synthesis, small size and serum 

stability have made lipid NPs a suitable platform for the delivery of genetic material [70]. 

I.3.3 Squalene 

Loading drugs into nanocarriers could require different approaches. Couvreur et al. have 

pioneered the exploitation of squalene, a metabolic precursor of cholesterol, as DDS [71]. 

Squalene has been chemically conjugated to compounds from several therapeutic classes to 

improve their biological applications [72–75]. The bioconjugation of squalene 

(squalenoylation) with drug molecules induces an auto-assembly in aqueous media to form NPs 

without adding surfactant or other co-formulants. Furthermore, squalene derivatives changed 

the delivery of therapeutic molecules safely and more efficiently. Thus, squalene and its 

modified subsets can be considered as bricks for the preparation of different lipid NPs. 

Moreover, it is a biomimetic carrier that interacts with low-density lipoproteins (LDL) [71], 

counting as an efficient indirect targeting agent towards cells that overexpress LDL receptor 

[76,77]. Finally, squalene and its conjugates are well tolerated after intravenous or oral 

administration [78]. A different strategy to exploit squalene derivatives to form lipid NPs will 

be a part of the subject of this thesis.  

I.4 Formulation methods 
Depending on the type of drug to be loaded and the chrematistics required for a selected 

administration route, diverse manufacturing processes can be selected for NPs production [79]. 

In particular, the classical methods for polymer NPs preparation include solvent evaporation 

emulsification, solvent diffusion, salting-out [80] and nanoprecipitation [81]. Each procedure 

counts an organic solution that dissolves the polymer and hydrophobic drugs and an aqueous 

or water phase. Organic solvents can generate toxicity problems, reducing in vitro and in vivo 

applications. Thus, solvent residues must be removed from the final suspension. 
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I.4.1 Nanoprecipitation 

The nanoprecipitation method, also called solvent displacement, was firstly developed by Fessi 

et al. [81]. It requires a water/buffer phase and a water-miscible solvent as the organic solution 

that can be easily eliminated from the final nanosuspension. This technique is based on the 

displacement of organic solvent from a lipophilic solution to an aqueous phase [82]. The most 

used solvents in nanoprecipitation process are ethanol, acetone and acetonitrile, which can be 

added to lyophobic excipients. Practically, the organic solution of the polymer and the 

hydrophobic drug is added dropwise into an aqueous phase, under moderate magnetic stirring, 

to promote drug encapsulation into the polymer matrix (Fig. 5). The fast spontaneous diffusion 

of the polymer solution into the water phase induces the instantaneous formation of NPs. The 

driving force of NPs constitution is the attempt of polymer solution to avoid contact with water 

molecules. Indeed, the mutual contact of water and solvent phases leads to interfacial turbulence 

which causes the insolubility of particle-matrix and the formation of NPs [83]. 

Nanoprecipitation is based on four steps, which include the generation of supersaturated spots, 

nucleation, growth and coagulation. Every single step could affect the physicochemical 

characteristics of NPs such as size, polydispersity and drug encapsulation. The supersaturation 

rate is the main step to determining NPs size, where a higher rate decreases particle diameter. 

Then, the nucleation step promotes the thermodynamical stability of the colloidal system until 

a critical point characterized by improved stability than NPs dissolution. Each nucleus starts to 

grow by surface deposition of solute molecules into the matrix. 

Although it was firstly proposed for polymer NPs [84], the manufacturing process was then 

adapted to formulate lipid NPs and polymer-hybrid NPs [85,86]. The solvent displacement 

technique was widely studied for the encapsulation of hydrophobic drugs that were dissolved 

in the organic miscible-water solvent. However, the encapsulation of hydrophilic drugs by 

nanoprecipitation was investigated [87]. Nanoprecipitation is widely considered as a simple, 

low-cost, environmentally friendly, quite reproducible technique, obtaining submicron particle 

sizes with narrow size distribution using low energy. Moreover, either nanocapsules or 

nanospheres can be produced by nanoprecipitation with good stability properties.  

Based on its feasibility, nanoprecipitation has important applications for pre-clinical and 

clinical studies. However, the employment of organic solvents during the NP preparation steps 

is considered a limit of this technique. Several methods are currently used to eliminate organic 

solvent residuals to obtain a suitable preparation for in vitro and in vivo tests [88]. 

The simplicity of the nanoprecipitation technique is the key point in the scaling-up process. Its 

success depends on the mixing way of the aqueous and organic phases. At lab-scale, the 
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procedure conditions can be easily controlled to obtain stable colloidal suspensions. However, 

the translation from batch to industrial production requires a large amount of both phases. On 

these bases, the scale-up process needs a critical investigation of industrial equipment to 

optimize formulation and operative parameters. Indeed, the feasibility of nanoprecipitation 

depends on the way the organic and aqueous phases are mixed. At lab-scale, the mixing rate is 

suitable for the small amounts of the two solutions (mL), reaching stable conditions for the 

whole process. However, the industrial scale needs a larger amount of both phases and 

continuous production, which do not guarantee stable conditions during the nanoprecipitation 

process: the continuous addition of the organic phase can lead to transient supersaturation due 

to solvent diffusion and therefore repeated nucleation. For this reason, nanosuspension in 

industrial production can be characterized by an increased polydispersity index [89]. To 

overcome the potential scale-up issues, an ultra-rapid one-step antisolvent precipitation process 

termed flash nanoprecipitation (FNP) has been developed for polymer NPs production [90]. 

Flash nanoprecipitation is a modified technique based on stimulating supersaturation conditions 

required, using a jet mixer to mix the two phases [91]. Such rapid mixing induces a 

homogeneous supersaturation state that initiates the precipitation process, reducing the size and 

polydispersity of NPs compared to the classical nanoprecipitation procedure [92]. FNP can be 

considered an advanced version of the simple nanoprecipitation process which could lead to 

more precise and reproductive nanosuspensions. Moreover, FNP is proposed as the first method 

that can be run at a laboratory scale with small amounts of the solution but that opens the 

opportunity for industrial scale-up [93].

Fig. 5. Nanoprecipitation schematic representation
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I.4.2 Microfluidic technique 

Conventional methods for NPs preparation regularly result in particles with a broad size 

polydispersity, leading to problems of reproducibility, biodistribution, encapsulation efficiency, 

drug loading and release profile. Recently, manufacturing developments addressed these issues 

improving NPs production. Microfluidic technique is a new field that deals with fluid contact 

at the micro- and nanoscale and has been exploited as a promising tool to boost the formulation 

of DDSs, based on the classical solvent displacement method [94,95]. The microfluidic 

approach takes advantage of the channel geometry and architecture of microfluidic devices, to 

generate a turbulent flow that guarantees high mixing efficiency, not possible using 

conventional methods [96]. Microfluidic devices include a network of microchannels, inlets to 

inject fluids, micropumps and outlets to remove fluids and are based on enhanced mixing and 

precise fluid control. Important formulation and operative parameters, such as total flow rate 

(TFR) and flow rate ratio (FRR), need a precise control to modulate NPs features. TFR is 

considered as the total speed of the two phases within the channels. Generally, polymer NPs 

are characterized by a size lower than 100 nm as higher the TFR and higher FRR, that is the 

ratio between aqueous and organic phases [97]. The speed of the mixing process in 

microchannels is generally faster than the nucleation step of NPs, leading to controlled size 

with a narrow polydispersity index [98,99]. Other variables that can influence the 

physicochemical characteristics of NPs include the composition of the mixing solutions, the 

polymer and drug concentration, the nature of organic solvents or surfactant concentration 

[100,101]. Furthermore, by tailoring the inner structure of microfluidic devices, the size, the 

payload and the release profile can be tuned [102]. Different mixing structures are 

commercialized for microfluidic-assisted NPs preparation. For example, the staggered herring-

bone micromixer contains patterned micro-ruts of different shapes and angles which generate a 

turbulent chaotic stirring in a very short time, 5-10 ms [103]. This device has been adopted for 

the formulation of polymer and lipid NPs to modulate size and encapsulation efficiency 

[100,104]. However, the multi-dimensional variables and the limitation on the size of the 

herring-bone features limit the achievement of the Good Manufacturing Practice (GMP) 

standards in terms of final product volume. To overcome these issues, an innovative 

microfluidic device has been projected, based on a toroidal mixer design (Fig. 6). The inner 

circular structure guarantees an efficient inner mixing process at high fluid speeds. This design 

induces a chaotic flow, increasing the number of chaotic vortices and centrifugal forces 

[105,106]. 
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The growing interest in microfluidic technologies led to the commercialization of a great variety 

of microfluidic devices with different shapes, inner architecture and geometry, to address the 

formulation of different DDSs (Fig. 6). Microfluidic process is able to answer the urgent need 

to scale up the NPs production, moving from a batch to an industrial level. Indeed, the constant 

continuous flow provides the same mixing quality during all the process, obtaining very 

reproducible NPs over time and limiting the batch-to-batch variability of classical methods 

[107]. As already mentioned, the possibility to control particle size changing FRR or TFR 

parameters is an important advantage of microfluidic technique compared to classical methods. 

Indeed, the particle smaller size improves the cellular uptake and therapeutic effectiveness 

[108]. The production of mRNA-based vaccines represents the most important application of 

the microfluidic process, exploiting its important advantages for a continuous and reproducible 

production of mRNA lipid NPs [109].

While microfluidic technologies have many advantages, one key disadvantage is the volumetric 

throughput. The very small dimension of microchannels limits the amount of volume 

production. This issue remains one of the main challenges for some microfluidic devices to be 

translated into large-scale production. To address this challenge and the large amount of time 

needed to produce a significant amount of NPs, new innovative devices have been engineered 

to operate in parallel [110].

Therefore, microfluidic offers new opportunities for the production of highly reproducible 

nanomedicines which guarantee the same critical quality across different productions. It 

provides a rapid and direct production of loaded DDSs and accurate control over synthetic 

conditions for a clinical translation. 

Fig. 6. Design of microfluidic devices for NPs formulation
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The main aim of this work was to design drug-loaded polymer and lipid nanosystems for 

biomedical applications of small molecules. Firstly, we assumed that the chemical 

characteristics of lipid and polymer NPs could be exploited to formulate loaded DDSs. Indeed, 

the structure of SQ derivatives and PLGA could allow the electrostatic interaction with 

positively charged drug molecules and/or the hydrophobic interaction for an efficient drug 

encapsulation avoiding a covalent linkage between the drug and the polymer. Such 

biocompatible and biodegradable nanoparticulate systems could increase drug stability and 

bioavailability, minimizing side effects. 

Secondly, we hypothesized that by embedding selected ligands able to specifically recognize 

receptors overexpressed by cells DDSs cellular uptake could be increased. After screening in 

literature possible targeting molecules, a small zwitterion compound has been selected for 

muscular active targeting.  

Therefore, the project was divided into different parts: i) formulation of drug-loaded SQ and 

PLGA NPs, selecting an old drug in the frame of drug repurposing for anticancer applications, 

ii) encapsulation of a novel therapeutic molecule able to act on pro-inflammatory macrophages 

involved in muscular diseases (MDs) physiopathology, iii) association of PLGA NPs to specific 

agents directed toward muscular cells.  

To reach this aim, specific objectives were: 

1. to prepare, optimize and physicochemically characterize pentamidine free base (PTM-B)-

loaded PLGA and SQ NPs and test the anticancer activity 

2. to prepare, optimize and physicochemically characterize 991-loaded PLGA NPs produced 

by the microfluidic technique 

3. to evaluate the in vitro activity of 991-loaded PLGA NPs on fibrotic bone marrow-derived 

macrophages (BMDMs) to reduce inflammation and fibrosis 

4. to study the in vivo biodistribution and activity of 991-loaded PLGA NPs after intravenous 

administration to MDs mouse model 

5. to associate a derivative of carnitine to PLGA NPs, thus allowing the targeting of carnitine 

receptor overexpressing muscular cells 

6. to evaluate the preferential uptake of actively targeted PLGA NPs by muscular cells. 

 

The manuscript is divided into two parts: a general overview of nanomedicine and its 

applications and an experimental section that is further divided into 6 chapters (Chapter I, II, 

III, IV, V and VI).  
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A bibliographical section included a general introduction about the main DDSs, their 

applications and manufacturing processes.  

Then, a description of PTM as a repurposed drug for different biological applications is 

highlighted by a published review in Pharmaceutics, doi: 10.3390/pharmaceutics13020278. 

Moreover, a focus on nanomedicine application in inflammatory status of muscular dystrophies 

is provided by a published review in Drug Delivery and Translational Research, doi: 

10.1007/s13346-022-01127-4 

Chapter I is dedicated to the formulation of lipid SQ NPs. The process of NPs preparation, 

optimization and physicochemical characterization is presented. A formulation study on the 

feasibility of SQ NPs obtained by electrostatic interactions is provided. On the bases of the 

chemical characteristics of the drug, PTM-B-loaded SQ NPs were prepared studying the 

influence of different formulation parameters on nanosuspension physicochemical properties 

(submitted original research article). 

Chapter II is dedicated to the formulation of PLGA NPs. The study of the preparation of 

polymer NPs, the optimization and physicochemical characterization is presented. A proof-of-

concept of the PTM-B anticancer activity is reported. The results of this part have been 

published in Journal of Pharmaceutical Sciences, doi: 10.1016/j.xphs.2019.11.011.  

Chapter III describes a physicochemical analysis of PLGA NPs colloidal stability in presence 

of different stabilizers and media (original research article in preparation). 

Chapter IV is devoted to the design and development of PLGA NPs for 5’-AMP-activated 

protein kinase (AMPK) activator molecule encapsulation. A small benzimidazole molecule, 

termed 991, has been selected as a model drug. The work presents the process of the 

conventional formulation method and the microfluidic manufacturing process. The 

optimization of translated formulation and physicochemical characterization is reported 

(original research article in preparation). 

Chapter V includes the in vitro evaluation of the 991-loaded nanosystem activity on BMDMs. 

The in vivo biodistribution of PLGA NPs in superior Duchenne muscular dystrophy (DMD) 

mouse model (D2.mdx) is described. Then, the activity of encapsulated 991 has been studied 

in vivo to evaluate the positive effect on fibrosis and inflammation that characterize mdx mouse 

model (original research article in preparation). 
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Chapter VI focuses on the design of PLGA NPs actively targeted towards muscular cells. To 

this aim, a derivative of L-carnitine has been added to NPs and a formulation study of has been 

set up to optimize the nanosystem. Results concerning the in vitro evaluation of preferential 

uptake of targeted NPs are presented.
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Drug-squalene bioconjugates have been exploited for their ability to self-assemble into 

nanoparticles (NPs) in water. The possibility to synthesize an acid derivative of squalene, 

namely squalenic acid (SQ-COOH), opened the possibility to formulate NPs without any 

covalent linkage between the drug and the squalene moiety. 

Main aim 

The aim of this chapter was the design of squalene NPs based on electrostatic interactions 

between SQ-COOH and pentamidine free base (PTM-B). Moreover, SQ-COOH was exploited 

as an indirect targeting agent toward cancer cells for its ability to bind to low density 

lipoproteins (LDL). 

Specific objectives 

 Prepare PTM-B-loaded SQ-COOH NPs using the nanoprecipitation technique; optimize 

the formulation process; physico-chemically characterize the system; asses the SQ-

COOH/PTM-B molar ratio to increase drug loading 

 Study the interaction of SQ-COOH and PTM-B molecules and how they stabilize the 

nanosuspension 

 Study the in vitro anticancer activity of PTM-B-loaded NPs in cancer cell lines with 

different expression of the receptor of LDL (LDLR) 

Highlights of the chapter 

 Squalene NPs were obtained without covalently linking the lipid to the drug. SQ-

COOH/PTM-B molar ratio was analyzed to increase drug loading and system stability. 

Organic/aqueous phase volume ratio was studied to improve physico-chemical 

properties of NPs and maximize drug loading 

 Molecular modelling analysis was performed to understand the molecules behavior at 

different molar ratios 

 In vitro release was studied at physiological pH 7.4 and pH 5.0, to highlight how 

electrostatic interactions affect the release profile 

 In vitro tests demonstrated the enhanced PTM-B anticancer activity in cell lines with 

higher expression of LDLR, due to the recognition of the squalene moiety by LDL and 

preferential uptake by LDLR 
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Abstract 

Pentamidine (PTM) is an aromatic diamidine approved for the treatment of parasitic infections 

that has been recently proposed for possible repositioning as an anticancer drug. To this aim, 

efforts have been made to improve its therapeutic efficacy and reduce associated adverse effects 

through both covalent derivatization and association with nanocarriers. In the attempt to 

encapsulate PTM into biocompatible nanoparticles with high drug loading while enhancing its 

selectivity toward cancer cells, we selected a squalene (SQ) derivative (1,1′,2-tris-

norsqualenoic acid, SQ-COOH) to prepare PTM-loaded self-assembling nanocarriers. Indeed, 

SQ and its derivatives have been shown to self-assemble into nanoparticles in aqueous media. 

Furthermore, SQ-bioconjugates strongly interact with low-density lipoproteins (LDL), thus 

favoring preferential accumulation in cells overexpressing the LDL receptor (LDLR). Hence, 

we report here the preparation of nanocarriers by ion-pairing between the negatively charged 

SQ-COOH and the positively charged PTM free base (PTM-B), which allowed us to avoid the 

covalent grafting of SQ to PTM. The nanoparticles were characterized and a molecular 

modelling study of the interaction between SQ-COOH and PTM-B confirmed the nanocarrier 

stability. Finally, the ability to indirectly target LDLR-overexpressing cancer cells was 

evaluated by in vitro cell viability assays and confirmed by LDLR silencing, serum privation 

and simvastatin treatment.  

 

Keywords: pentamidine; squalene; nanoparticles; molecular modelling; low-density 
lipoprotein receptor; cancer cells. 
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1. Introduction 

Pentamidine (PTM) is a diamine composed of two phenyl amidines groups linked by a five-

carbon methylene linker. Marketed in the form of two salts (isethionate and mesylate), it is 

administered via the intravenous and intramuscular routes, and via inhalation for treating 

systemic and cutaneous parasitic diseases, such as trypanosomiasis, leishmaniasis, 

Pneumocystis pneumonia (PCP) and to prevent PCP in high-risk, HIV-infected patients [1]. 

Thanks to its wide use in clinics, PTM is the most studied member of the diamidines to be 

repurposed for other therapeutic strategies, such as, among others, anticancer therapy [2]. 

Indeed, several studies have shown its in vitro and in vivo activity on a wide range of tumor 

types, including breast, melanoma, prostate, leukemia, and renal cancers, highlighting a 

multifactorial mechanism [3–11]. Although these studies open up interesting perspectives for 

the use of PTM as an antineoplastic drug, its assumption is accompanied by several side effects, 

such as hypo- and hyperglycemia [12–14], cardiotoxicity [15–17], pancreatic complications 

[18] and nephrotoxicity [19]. To overcome PTM therapy drawbacks while enhancing its 

bioavailability, different nanoformulations (polymeric, lipidic and inorganic) for anticancer 

therapy have been proposed [2]. In this context, to improve our previous approaches in terms 

of drug loading and nanocarrier biocompatibility [20–22], we associated PTM to a squalene 

(SQ) derivative to obtain biocompatible self-assembling nanoparticles. Indeed, SQ is a natural 

triterpene and a precursor of the synthesis of cholesterol that has been largely exploited to obtain 

SQ-drug conjugates able to self-assemble into nanoparticles in aqueous media without adding 

any surfactant [23–25]. This versatile approach has also been used without covalently linking 

the drug to the triterpene moiety: in this case, SQ derivatives have been physically associated 

to drugs through electrostatic interactions, thus avoiding drug derivatization [25,26]. 

Nanoencapsulation by ion-pairing is a widely used method based on the formation of 

hydrophobic complexes between charged hydrophilic drugs or dyes and a counterion; the 

complexes are then encapsulated into different lipophilic matrixes using techniques developed 

for poorly-water-soluble therapeutics [27,28]. In the case of SQ-based nanoparticles obtained 

by ion-pairing, the SQ moiety act as both the counterion and the nanocarrier matrix, thus 

avoiding complex composite formulations. Exploiting this strategy, in the present study we 

obtained SQ-based nanoparticles by ion-pairing PTM free base (PTM-B) to a negatively 

charged SQ derivative, namely 1,1′,2-tris-norsqualenoic acid (SQ-COOH) without any other 

excipient. Another advantage of this strategy consists in the ability of SQ to allow an indirect 

targeting to some type of cells. Indeed, previous studies demonstrated that SQ-based 
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nanoparticles strongly interact with low-density lipoproteins (LDL) in human blood thanks to 

the presence of the SQ moiety that is similar to cholesterol, the natural load of LDL; the 

nanoparticles are thus transported by LDL and indirectly targeted towards cells with high LDL 

receptor (LDLR) expression, which is not the case of free drugs [29,30]. The observed 

spontaneous interaction between drug-loaded SQ-nanoparticles and circulating LDL represents 

a promising approach in anticancer drug delivery, since fast proliferating tumor cells often 

overexpress LDLR [31,32]. As a further demonstration of the ability of SQ to act not only as 

the nanoparticle matrix, but also as an indirect targeting agent towards LDLR-overexpressing 

cancer cells, we prepared PTM-loaded SQ-based nanoparticles upon both electrostatic and 

hydrophobic interactions between the negatively charged SQ-COOH and the positively charged 

PTM-B. The nanoparticles have been physicochemically characterized and molecular dynamics 

simulations have been carried out to better explain the key role of the SQ-COOH/PTM-B molar 

ratio for the nanoparticle formation. Finally, the LDLR-mediated uptake of SQ-COOH/PTM 

nanoparticles was evaluated by studying the nanoparticle cytotoxicity on cancer cells lines with 

different LDL receptor levels in various conditions, i.e., in the presence and absence of serum, 

simvastatin, and by silencing the LDLR. 

2. Experimental Section 

2.1. Materials 

PTM isethionate (PTM-I) was purchased from Sigma-Aldrich (Milan, Italy). 1,1′,2-tris-

norsqualenoic acid (SQ-COOH) was synthetized as already described [33]. All the solvents 

used were of analytical grade and purchased from Carlo Erba Reagenti (Milan, Italy). Filtered 

MilliQ water (Millipore®, Italy) was used. Solvent evaporation was carried out using a rotating 

evaporator (Heidolph Laborota 400, Heidolph Instruments, Schwabach, Germany) equipped 

with a vacuum pump (Diaphragm Vacuum Pump DC-4). Lyophilization was performed with a 

LyoQuest-85® freeze drier (Azbil Telstar Technologies, Barcelona, Spain). 

2.2. Preparation and characterization of free base form of PTM 

Free base form of PTM (PTM-B) was obtained by adding to PTM-I dissolved in distilled water 

a 25% w/w NH4OH solution at 4 °C under magnetic stirring. The solution was then filtered. 

The white precipitate was washed three times with a diluted NH4OH solution (5% w/w) and 

dried under vacuum. The conversion of PTM-I into PTM-B was confirmed by mass 

spectrometry analysis using electrospray ionization or by atmospheric pressure chemical 
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ionization, in positive ion mode, on a Micromass ZQ spectrometer (Waters, Milan, Italy), as 

previously reported [21]. 

2.3. Preparation of PTM-B-nanoparticles 

PTM-B-loaded nanoparticles were prepared by the nanoprecipitation technique [34]. To this 

aim, SQ-COOH and PTM-B were dissolved in ethanol in different molar ratios (1:1, 2:1, 3:1, 

4:1, 4.5:1, 5:1, 6:1). Then, each organic solution was added drop-wise under stirring to MilliQ® 

water (volume ratio ethanol/water (Ve/Vw) 1:2). Nanoparticle formation occurred 

spontaneously without using any surfactant. After stirring for 15 minutes, the organic solvent 

was eliminated using the rotating evaporator to obtain an aqueous suspension of nanoparticles 

(total SQ-COOH/PTM-B concentration: 2 mg/mL). To investigate the influence of the volume 

ratio Ve/Vw, further tests were performed with the formulation SQ-COOH/PTM-B molar ratio 

3:1, for which SQ-COOH and PTM-B were dissolved in different volumes of ethanol (0.2, 0.3, 

0.5, 0.7 or 1 mL) and then each of them was added to 1 mL of water. To purify the nanoparticles 

from non-incorporated drug, PTM-loaded nanoparticles were dialyzed against MilliQ® water at 

4 °C (Spectra/Por® 3500 MWCO dialysis membrane, Spectrum, Huston, TX). Unloaded SQ-

COOH nanoparticles (i.e., without PTM-B) were prepared as well. The nanoparticle 

suspensions were then stored at 4 °C until further use. 

2.4. Characterization of PTM-B-nanoparticles 

The mean particle size and the polydispersity index (PDI) of the different nanoparticle samples 

were determined at 25 °C by quasi-elastic light scattering (QELS) using a nanosizer (Nanosizer 

Nano Z, Malvern Inst., Malvern, UK). The selected angle was 173° and the measurement was 

made after 1/10 dilution of the particulate suspensions in MilliQ® water. Each measurement 

was performed in triplicate. 

The particle surface charge of the formulations was investigated by zeta potential measurements 

at 25 °C using the Smoluchowski equation and the Nanosizer Nano Z after 1/10 dilution of the 

suspensions in MilliQ® water. Each value reported is the average of three measurements. 

The physical colloidal stability of the nanoparticles in storage conditions (4 °C) was monitored 

by measuring mean diameter, PDI and zeta potential by QELS at different time intervals for 28 

days. For the SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles, the drug content stability was 

also tested in storage conditions. 

The amount of incorporated PTM-B of the formulations was determined 

spectrophotometrically (DU 730 UV-vis spectrophotometer, Beckman Coulter, Brea, CA) at 
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264 nm using a calibration curve (Stella et al., 2020). To this aim, each suspension was 

lyophilized for 24 h; the product was then dissolved in methanol and the absorbance was 

measured at 264 nm. Each sample was analyzed in triplicate. The results were expressed as 

encapsulation efficiency (EE) (calculated as the ratio between the amount of entrapped drug 

and the initial amount used in the preparation of nanocarriers × 100) and drug loading (DL) 

(calculated as the ratio between the amount of entrapped PTM-B and the total nanocarrier 

weight × 100). 

SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles have also been freeze-dried adding 

trehalose 5% (w/w) as cryoprotectant after nanoparticles formation; then, mean size, PDI, zeta 

potential and EE of the freeze-dried nanoparticles after rehydration were evaluated by QELS 

and compared to those of nanoparticles before freeze-drying. 

2.5. Molecular modelling 

SQ-COOH and PTM-B were simulated in different proportions, as reported in Table 1. 

Table 1 Details of box settings for each simulated system. 

SQ-COOH/PTM-B in 
MD simulations 

N° SQ-COOH 
molecules 

N° PTM-B 
molecules 

N° water 
molecules BOX size (Å3) 

1:1 6 6 193713 125 
3:1 9 3 243963 135 
4:1 12 3 249429 135 
4.5:1 18 4 293790 140 

 

All simulations were set up according to the following protocol. 

System setup. SQ-COOH and PTM-B protonation state was calculated at pH 7, using the 

MoKa software [35]. The molecules were parametrized with the ab initio RESP charges fitting 

method implemented in the BiKi software suite [36,37]. SQ-COOH and PTM-B were randomly 

placed in a cubic box, which was then filled with TIP3P water molecules. Periodic boundary 

conditions (PBC) were set, and electrostatic and Van der Waals interactions were cut off at 11 

Å. Long range electrostatic effects were treated with the Particle-Mesh Ewald (PME) method. 

The system was minimized with 5000 steepest descent steps and subsequently heated up from 

0 to 300 K during three equilibration steps (0.1 ns each) in the NVT ensemble. The fourth 

equilibration step (1 ns) was performed in the NPT ensemble, coupling the system to the 

Parrinello-Rahman barostat and rescaling velocities for keeping the temperature at 300 K. The 

100 ns-long production was carried out in the NVT ensemble at 300 K. When necessary (i.e., 

the aggregates were still not stable), an extension of the simulation was performed. An 

additional replica was performed for systems 4:1 and 4.5:1.  



Chapter I 
 

 

106 
 

2.6. Cryogenic transmission electron microscopy (cryo-TEM) 

The morphology of SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles was visualized using 

cryo-TEM analysis. The diluted sample was dropped onto 300 Mesh holey carbon film 

(Quantifoil R2/1) and quench-frozen in liquid ethane using cryo-plunge workstation (made at 

LPS Orsay). The specimens were then mounted on a precooled Gatan 62 specimen holder, 

transferred in the microscope (Philips CM 120) and observed at an accelerating voltage of 120 

kV (Centre Technologique des Microstructures (CTμ), platform of the Université Claude 

Bernard Lyon 1, Villeurbanne, France). 

2.7. PTM-B release from nanoparticles 

In order to evaluate PTM-B release from the nanoparticles, SQ-COOH/PTM-B 3:1 (Ve/Vw 

0.2:1) suspension was incubated at 37 °C in 10 mM phosphate-buffered saline (PBS) buffer pH 

7.4 or in 100 mM acetate buffer pH 5. Aliquots (1 mL) were withdrawn at predetermined time 

intervals (0, 2, 4, 8, 16, 24 and 48 h) and, after purification by dialysis, the drug content was 

measured as previously described and compared with the initial value. 

2.8. Cell lines 

Human breast cancer MCF7 and MDA-MD-231 cells, human prostate cancer LNCap and PC-

3 cells, human hepatoma HepG2 cells were purchased from ATCC (Manassas, VA). All cell 

lines were authenticated by microsatellite analysis, using the PowerPlex kit (Promega 

Corporation, Madison, WI; last authentication: October 2022). Cells were maintained in the 

respective media containing 1% v/v penicillin-streptomycin, with or without 10% v/v fetal 

bovine serum (FBS), in a humidified atmosphere at 37 °C. 

2.9. Cholesterol synthesis 

Cells were labeled with 1 μCi/mL [3H]-acetate (3600 mCi/mmol; Amersham Bioscience, 

Piscataway, NJ) for 24 h. The synthesis of the radiolabeled cholesterol was determined after 

lipid extraction, separation by thin layer chromatography (TLC) and liquid scintillation 

counting [38]. Results were expressed as pmoles/mg protein, according to the relative 

calibration curve. 
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2.10. LDLR expression 

To measure the total amount of LDLR, cells were lysed in MLB buffer (Millipore, Burlington, 

MA), sonicated and centrifuged at 13,000×g for 10 min at 4 °C. Twenty μg cell lysates were 

subjected to 4-15% SDS-PAGE and probed with the following antibodies: anti-LDLR (clone 

EP1553Y, diluted 1:500; Abcam, Cambridge, CA); anti-β-tubulin (clone D10, diluted 1:1,000, 

Santa Cruz Biotechnology Inc., Santa Cruz, CA), followed by the secondary peroxidase-

conjugated antibodies (Bio-Rad). Proteins were detected by enhanced chemiluminescence 

(Bio-Rad). To measure the amount of surface LDLR, plasma-membrane associated proteins 

were isolated by a biotinylation assay [39]. The extracts were resolved by SDS-PAGE and 

probed with an anti-LDLR or an anti-pancadherin (mouse, clone CH-19; Santa Cruz 

Biotechnology Inc.) antibody. 

2.11. LDLR silencing 

2×105 cells, seeded in 0.25 ml FBS/antibiotic-free medium, were transfected either with a non-

targeting scrambled siRNA pool or with a siRNA pool targeting LDLR (target sequences: 

NM_000527.4; NM_001195798.1; NM_001195799.1; NM_001195800.1; ThermoScientific, 

Waltham, MA), as per manufacturer's protocol. The efficacy of silencing was verified by 

immunoblotting 48 h after the transfection. 

2.12. Cell viability  

Cell viability was measured by the ATPlite Luminescence Assay System (PerkinElmer, 

Waltham, MA), using the manufacturer’s instructions. To this aim, a PTM solution and a SQ-

COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticle suspension, after a previous incubation in culture 

medium containing FBS for 30 min at 37 °C to allow the interaction with serum, were incubated 

with cells for 24, 48, 72 h. The test was performed with cells maintained in medium both with 

or without 10% FBS. Results were expressed as percentage of viable cells relative to untreated 

cells, considered 100% viable.  

In a further experimental set, MCF-7, PC-3 and HepG2 cells were pre-treated with simvastatin 

to decrease the endogenous synthesis of cholesterol and increase the expression of LDLR for 

18 h (successively removed by washing with PBS) and then incubated with the PTM solution 

and SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles. 
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2.13. Statistical analysis 

All data in text and figures are presented as means ± SD. The results were analyzed by a one-

way analysis of variance (ANOVA), using Statistical Package for Social Science (SPSS) 

software (IBM SPSS Statistics v. 19). p < 0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Preparation and characterization of PTM-B-nanoparticles 

In this work, the less water-soluble free base form of PTM (PTM-B) was obtained from the 

isethionate salt to promote the association of the drug to a synthetic derivative of SQ (SQ-

COOH), forming biocompatible lipid nanocarriers in a single step by the nanoprecipitation 

technique. To this aim, since both the molecules are soluble in ethanol, they were pre-

solubilized in the same organic solvent and then added to the aqueous phase under magnetic 

stirring. The spontaneous self-assembly in water was due to the peculiar characteristics of SQ-

COOH, which is able to form nanoparticles in aqueous media, as many other SQ derivatives 

[24]. Moreover, in this case the association of PTM-B to SQ-COOH was ascribed to the 

formation of an ion-complex between the two compounds: indeed, at physiological pH (7.4) 

the two amidines residues of PTM-B (pKa=12) are positively charged, while SQ-COOH has a 

negatively charged carboxylic group (pKa=4.5) (Fig. 1). Thus, monodispersed PTM-B-loaded 

SQ-COOH nanoparticles were obtained by both ionic and hydrophobic interactions that 

together allowed the carrier stabilization without any surfactant. This approach has also been 

successfully used with a polyanionic drug, fondaparinux, which was formulated with two 

cationic squalenyl derivatives for oral administration in the anticoagulant therapy [26]. 

 

 

 

Fig. 1. Chemical structures of SQ-COOH (a) and PTM-B (b) at physiological pH 

 



Chapter I 
 

 

109 
 

The nanoparticle preparation was performed tuning the different experimental parameters. In 

particular, in a first set of experiments we used different molar ratios between SQ-COOH and 

PTM-B (from 1:1 to 6:1) that correspond to different charge ratios (from 0.5:1 to 3:1), taking 

into account that SQ-COOH has one negative charge and PTM-B has two positively charged 

groups (Tab. 2). For all the formulations we kept the same total concentration to avoid the 

influence of this parameter on the physicochemical characteristics of the particles.  

QELS analysis showed that, except for the molar ratios 1:1, corresponding to a positive global 

charge (for which the nanoparticles aggregated immediately after the mixing of ethanol and 

water) and 2:1, corresponding to a neutral global charge (for which the particle size was high 

and they were unstable during the first day of storage), the mean particle diameter for the 

different molar ratios was always lower than 200 nm (Tab. 2), suggesting that an excess of 

negative charges is necessary to stabilize the nanoparticles. Curiously, the nanocarriers with 

molar ratio 4:1 did not form and a precipitate was observed. Thus, we carried out a 

nanoprecipitation procedure with a 4.5:1 molar ratio; in this case nanoparticles were obtained. 

All the formulations were monodispersed (PDI<0.1) with a negative zeta potential, suggesting 

that part of the SQ-COOH carboxylic groups were disposed on the nanoparticle surface. 

Moreover, the zeta potential value slightly increased from -37 mV for unloaded carriers (molar 

ratio 1:0) to about -20 mV for PTM-B-containing nanoparticles (Tab. 2). Pure PTM-B (i.e., 

drug nanoprecipitated without SQ-COOH) gave a limpid solution. 

Over 4 weeks of storage at 4 °C, no precipitation and/or aggregation occurred for all the 

samples; nevertheless, the mean size, PDI and zeta potential were stable only for SQ-

COOH/PTM-B 3:1 molar ratio (less than 10% of change), while for pure SQ-COOH 

nanoparticles and other SQ-COOH/PTM molar ratios the mean diameter increased of 30%-50% 

during the storage. 
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Table 2 Physicochemical characteristics (mean diameter, polydispersity index (PDI) and zeta potential) of the 
nanoparticles with different SQ-COOH/PTM-B molar ratios (n=3). 

 

Molar ratio 

(SQ-COOH/PTM-B) 

Charge ratio 

(SQ-COOH/PTM-B) 

Mean diameter 

(nm ± SD) 
PDI 

Zeta potential 

(mV ± SD) 

1:0 1:0 167 ± 10 0.057 -36.9 ± 3.8 

1:1 0.5:1 --- --- --- 

2:1 1:1 373 ± 2 0.076 -22.2 ± 0.6 

3:1 1.5:1 188 ± 2 0.099 -23.6 ± 0.5 

4:1 2:1 --- --- --- 

4.5:1 2.25:1 189 ± 3 0.069 -26.5 ± 0.3 

5:1 2.5:1 196 ± 1 0.083 -25.6 ± 0.2 

6:1 3:1 200 ± 4 0.090 -18.2 ± 1.4 

 

All the formulations allowed a high drug EE (>75%); nevertheless, the values were different in 

terms of calculated DL, since it diminished when the SQ-COOH/PTM-B molar ratio increased 

(see Table 3 for the samples with the highest DL).  

 

Table 3 EE and DL of SQ-COOH/PTM-B 3:1 and 4.5:1 nanoparticles (n=3). 

Molar ratio 

(SQ-COOH/PTM-B) 

Charge ratio 

(SQ-COOH/PTM-B) 

Mean diameter 

(nm ± SD) 
EE (% ± SD) DL (% ± SD) 

3:1 1.5:1 188 ± 2 75 ± 12 17 ± 2 

4.5:1 2.25:1 189 ± 3 86 ± 7 14 ± 3 

 

It is noteworthy to mention that we previously encapsulated different forms of PTM into 

liposomes, inorganic and polymer nanoparticles for cancer treatment [20–22]; nevertheless, in 

the case of SQ-COOH/PTM-B nanoparticles, the low molecular weight of SQ-COOH and its 

low percentage in the formulations, in comparison to those of conventional particle constituents, 

allowed the DL to significantly increase. Furthermore, the ionic interactions between SQ-

COOH and PTM-B enabled the nanoparticles to stably encapsulate the drug. 

Thus, considering mean size, stability and DL, we selected the formulation SQ-COOH/PTM-B 

molar ratio 3:1 for further characterization tests. For this formulation, the variation of the 

volume ratio between the organic and aqueous phases was studied. As shown in Table 4, we 
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observed that increasing the Ve/Vw ratio, the nanoparticle mean diameter and PDI were higher, 

as reported for other SQ-based nanoparticles [26], while the zeta potential slightly diminished. 

Table 4 Physicochemical characteristics (mean diameter, polydispersity index (PDI) and zeta potential) of SQ-
COOH/PTM-B 3:1 nanoparticles as a function of the Ve/Vw ratio (n=3). 
 

Volume ratio 

(Ve/Vw) 

Mean diameter 

 (nm ± SD) 

PDI Zeta potential  

(mV ± SD) 

0.2 109 ± 1 0.063 -20.7 ± 1.080 

0.3 132 ± 2 0.080 -22.8 ± 1.270 

0.5 188 ± 2 0.099 -23.6 ± 0.493 

0.7 289 ± 5 0.168 -26.2 ± 2.850 

1 328 ± 12 0.221 -33.0 ± 1.190 

 

The physical stability of the nanoparticles prepared with the different Ve/Vw ratios was 

evaluated: results showed that only 0.2, 0.3 and 0.5 ratios allowed the mean diameter and PDI 

to remain stable (mean variation <10%). Moreover, the evaluation of drug encapsulation 

showed that the 0.2 Ve/Vw ratio has the highest EE and DL (EE: 82%; DL: 19%) and that the 

drug content was stable during storage (83% of the initial content).  

Taken together, these results justified our choice to use SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) 

nanoparticles, prepared with the lowest volume ratio, for further studies. In this case, the 

nanoparticle formation was obtained in the ‘Ouzo’ region at high water-to-ethanol volume ratio, 

leading to smaller and monodisperse nanocarriers [40]. This formulation was then tested in vitro 

and compared to the free drug. 

3.2. Molecular modelling 

To better explain why the SQ-COOH/PTM-B molar ratio was crucial for the formation of the 

nanoparticles, we performed plain molecular dynamics simulations with the aim of observing 

the behavior of SQ-COOH and PTM-B in solution, and the possible formation of nanoparticles, 

at 1:1, 3:1, 4:1 and 4.5:1 molar ratio (Table 1). Systems were built up as reported in the 

Experimental Section, placing in a water box the necessary number of molecules to maintain 

the aforementioned ratios, as indicated in the left labels of Figure 2. 

The simulation of 1:1 ratio highlighted a clear excess of PTM-B that cannot be completely 

incorporated in the aggregates, which present an overall positive charge. In contrast, the 4:1 
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system showed, in both replicas, the formation of a SQ-COOH aggregate, possibly destabilizing 

the nanoparticle formation.  

Lastly, the 3:1 and 4.5:1 ratio led to the formation of particle clusters in which no PTM-B excess 

and no SQ-COOH aggregates were recorded. In particular, stable aggregates emerging from 

3:1 and 4.5:1 simulations contained a negatively charged, hydrophobic SQ-COOH core, 

partially shielded from the solvent by PTM-B molecules. These observations might support the 

previously reported experimental, according to which only 3:1 and 4.5:1 allowed the formation 

of stable nanoparticles among the molar ratios evaluated by molecular modelling. 
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Fig. 2. Aggregation process of SQ-COOH (SQA) and PTM-B (PTM) molecules during MD simulations. Each 
row corresponds to a simulation, the number of SQ-COOH and PTM-B molecules is reported in brackets. Frames 
were extracted at the beginning (t = t0), at half (t = ½ t1) and at the end (t = t1) of the simulation time. Molecules 
are depicted as capped sticks, in cyan (PTM-B) and beige (SQ-COOH). Each aggregate is labelled according to 
the SQ-COOH/PTM-B ratio. 
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3.3. Cryogenic transmission electron microscopy (cryo-TEM) 

The morphology of SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles was investigated by 

cryo-TEM microscopy. The nanoparticles showed a homogeneous core and a spherical shape, 

confirming the diameter found by QELS analysis (Fig. 3). The SQ-COOH/PTM-B 3:1 (Ve/Vw 

0.2:1) nanoparticle morphology was found to be similar to the one of other SQ-based 

nanocarriers obtained without covalent binding between the drug and the lipid derivative [41]. 

 

 

Fig. 3. Cryo-TEM images of SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles. 

 

3.4. PTM-B release from nanoparticles 

To evaluate the PTM-B release from the SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles, 

the suspension was incubated for 48 h at 37 °C in PBS pH 7.4 or in acetate buffer pH 5 (Fig. 

4). At pH 7.4 the drug is stably associated to SQ-COOH and after 48 h only about 30% is 

released. Indeed, at this pH value, protonated amidine groups of PTM-B strongly interact with 

negatively charged SQ-COOH by ionic interaction. Since the endosomal and tumor 

environments are usually characterized by acidic pH [42], we evaluated the PTM-B release 

profile at pH 5.0. In these conditions, the formulation showed a pH-responsive behavior: after 

4 h, a complete release of PTM-B occurred. Indeed, at pH 5.0, the carboxylic groups of SQ-

COOH are partially protonated, disrupting their electrostatic interactions with amidine 

functions of PTM-B, thus enabling the drug release from nanoparticles. 
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Fig. 4. PTM-B release from SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles as a function of time in PBS pH 
7.4 or acetate buffer pH 5.0 at 37 °C. 

 

The SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) formulation was also characterized after freeze-

drying using trehalose (5% w/w) as cryoprotectant [43]: nanoparticles were easily resuspended, 

presenting a mean diameter around 150 nm, without important variation on zeta potential values 

and an encapsulation efficiency of 71%. The physiochemical characteristics were maintained 

in resuspended formulation stored over 28 days. 

3.5. In vitro cellular efficacy 

As a further step, we intended to test SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanocarriers activity 

on LDLR-expressing cancer cells. We screened the cytotoxic efficacy of nanoparticles in a 

panel of cell lines, characterized by undetectable (MCF7 cells), low (LNCap cells), medium 

(MDA-MB-231 and PC-3 cells) expression of LDLR, in whole cell lysate and on cell surface 

(Fig. 5), since SQ has been reported to bind to LDLR for its structural homology with 

cholesterol [44]. HepG2 cells were included as a cell line with high expression of LDLR (Fig. 

5). Since FBS in cell culture medium contained cholesterol-LDL that is physiologically taken 

up by cells [45], we compared the expression of LDLR in cells cultured with or without FBS. 

As expected, in cells with detectable levels of LDLR (MDA-MB-231, PC-3 and HepG2 cell 

lines), FBS-deprived cells increased the expression of LDLR in whole extracts, i.e., the amount 

of protein present within the cell lysate, and the LDLR associated with plasma-membrane, i.e., 

the active receptor on cell surface (Fig. 5). This trend is consequent to the lower uptake of 

exogenous cholesterol that forces cells to increase the transcription of LDLR [45]. Similarly, 

simvastatin, a strong inhibitor of the 3-β-hydroxy-3-β-methylglutaryl coenzyme reductase A, 

the pacemaker enzyme of the synthesis of cholesterol, up-regulates the levels of LDLR as a 



Chapter I

116

consequence of the reduced endogenous synthesis of cholesterol [46]. Accordingly, 

simvastatin-treated MDA-MB-231, PC-3 and HepG2 cells had increased levels of LDLR. Such 

increase was particularly pronounced in simvastatin-treated cells grown under FBS-deprivation 

(Fig. 5).

Fig. 5. Expression of LDLR in different cancer cell lines. Whole extracts and plasma-membrane associated extracts 
from breast cancer MCF7 and MDA-MB-231 cells, prostate cancer LNCap and PC-3 cells, hepatoma HepG2 cells, 
cultured 24 h in medium with (+) or without (-) 10% v/v FBS, with (+) or without (-) 10 μM simvastatin (SIM) 
were analyzed for the expression of LDLR. β-tubulin and pancadherin were used as control of equal protein 
loading. The figure is representative of 1 out of 3 experiments.

The FBS deprivation and simvastatin treatment, used in the same experimental conditions 

adopted for the measure of LDLR, increased and decreased the endogenous synthesis of 

cholesterol, respectively (Suppl. Fig. A.1). This experimental set suggests that the changes in 

LDLR were due to alterations of cholesterol homeostasis, as reported in most mammalian cells 

[45,46]. 
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Fig. A.1. Intracellular cholesterol after FBS deprivation and simvastatin treatment. Breast cancer MCF7 and MDA-
MB-231 cells, prostate cancer LNCap and PC-3 cells, hepatoma HepG2 cells, cultured 24 h in medium with (+) 
or without (-) 10% v/v FBS, with (+) or without (-) 10 μM simvastatin (SIM), were radiolabeled with 1 μCi/mL 
[3H]-acetate for 24 h. Then, lipids were extracted, separated by TLC and the amount of synthesized cholesterol 
was measured by liquid scintillation. Data are presented as means + SD. *p<0.05: SIM-treated vs. SIM-untreated 
cells; °p<0.05: FBS-deprived medium vs. FBS-containing medium. 

 

To evaluate the cytotoxicity of SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles, samples 

containing different concentrations of PTM-B were incubated with FBS-containing medium for 

30 minutes. Then, the suspensions were added to cell culture medium, with or without FBS. 

This pre-incubation has two aims: first, it favors the binding of nanoparticles to LDL present 

within FBS, increasing its potential to bind the LDLR. Second, it protects the nanocarriers that 

are unstable in the slightly acidic environment generated by cancer cells if unbound to 

lipoproteins. Indeed, SQ-COOH/PTM-B nanoparticles disaggregate and release PTM at pH 5.0 

(Fig. 4) [47]. The viability assays demonstrated that both PTM-B and SQ-COOH/PTM-B 

nanoparticles exerted a time- and dose-dependent cytotoxicity, as indicated by the reduced 

viable cells (Fig. 6). The cytotoxicity induced by SQ-COOH/PTM-B nanocarriers was superior 

to free PTM-B - in particular after 48 and 72 h - in the LDLR-expressing cell lines with this 

rank order: MDA-MB-231 < PC-3 < HepG2 cells. By contrast, there were no significant 

differences between PTM-B and SQ-COOH/PTM-B nanoparticles in the cell lines with 

undetectable/low levels of LDLR, i.e. MCF7 and LNCap cells. These results suggest that SQ-

COOH/PTM-B nanoparticles deliver a higher intracellular amount of PTM-B, with a LDLR-

triggered mechanism, e.g. by inducing a receptor-mediated endocytosis. Such toxicity was not 

due to SQ-COOH, because it was not toxic in all the cell lines at 10-5 M, i.e. the highest 

concentration tested (data not shown). Comparing the cell cultures with or without FBS, we 
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observed that - using the same concentration of SQ-COOH/PTM-B nanoparticles - the 

cytotoxicity in LDLR-expressing cell lines was higher in FBS-deprived medium (Fig. 6). 

Indeed, the LDL present within the FBS may occupy part of LDLR, preventing the binding of 

SQ-COOH/PTM-B nanoparticles, thus reducing the PTM-B uptake. Moreover, FBS is a source 

of exogenous cholesterol, that - as reported in Fig. 5 - prevents any increase in LDLR. By 

contrast, in FBS-deprived medium, SQ-COOH/PTM-B nanoparticles resulted more cytotoxic 

for at least two reasons. First, in the absence of FBS, the only LDL present during the 

cytotoxicity assay are those associated with the nanoparticles during the 30 minutes pre-

incubation. Second, cells are forced to increase LDLR on their surface and uptake SQ-

COOH/PTM-B nanoparticles, which mimic LDL cholesterol and/or are associated with LDL 

cholesterol, since they did not receive exogenous cholesterol from the culture medium. 
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Fig. 6. Dose- and time-dependent cytotoxicity of SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles. LDLR-
positive (MDA-MB-231, PC-3 and HepG2) and LDLR-negative (MCF7 and LNCap) cell lines were incubated for 
24, 48 or 72 h, in the absence (0) or in the presence of free PTM-B (PTM) or SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1)
nanoparticles (SQ-PTM-NP) at 10-7, 10-6, 10-5 M, in a medium with (+) or without (-) 10% v/v FBS. Before the 
incubation, SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles were maintained 30 minutes in complete medium 
containing 10% v/v FBS. Cell viability was measured in triplicates using a chemiluminescence-based assay. Data 
are presented as means + SD. *p<0.05: vs. the respective untreated (0) cells; °p<0.05: SQ-COOH/PTM-B 3:1 
(Ve/Vw 0.2:1) nanoparticles vs. PTM-B.
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Overall, we suggest that LDL are endogenous carriers of SQ-COOH/PTM-B nanoparticles in 

the systemic circulation, and the SQ moiety may be an indirect active targeting agent, able to 

increase the delivery of PTM-B toward LDLR-expressing cells compared to PTM-B alone, 

whose uptake is LDLR-independent.

In a second experimental set, we selected MCF7, PC-3 and HepG-2 cells, as example of with 

undetectable, medium and high levels of LDLR, respectively (Fig. 5). We pre-treated the cells 

with simvastatin for 24 h in order to increase – at least in PC-3 and HepG-2 cells - the expression 

of LDLR (Fig. 5); then, we added PTM-B or SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) 

nanoparticles for 72 h and we measured the cell viability. While we did not detect any 

differential toxicity between free PTM-B and SQ-COOH/PTM-B nanoparticles in MCF7, we 

observed that simvastatin significantly increased the cytotoxicity of SQ-COOH/PTM-B 

nanoparticles compared to free PTM-B in PC-3 and HepG-2 cells (Fig. 7). This can be due to 

the increase of LDLR expression induced by simvastatin that enhances the uptake of SQ-

COOH/PTM-B nanoparticles. Again, in FBS-deprived cells - characterized by a basally higher 

LDLR expression (Fig. 5) - the toxicity induced by SQ-COOH/PTM-B nanoparticles was 

stronger than in cells grown in FBS-containing medium (Fig. 7).

Fig. 7. Effects of simvastatin and FBS deprivation on the cytotoxicity of SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1)
nanoparticles. MCF7, PC-3 and HepG2 cell lines were incubated for 24 h in the absence or in the presence of 10 
μM simvastatin (SIM), then washed and cultured for 72 h, in the absence (0) or in the presence of free PTM-B 
(PTM) or SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles (SQ-PTM-NP) at 10-7, 10-6, 10-5 M, in a medium 
with (+) or without (-) 10% v/v FBS. Before the incubation, SQ-COOH/PTM-B nanoparticles were maintained 30 
minutes in complete medium containing 10% FBS. Cell viability was measured in triplicates using a 
chemiluminescence-based assay. Data are presented as means + SD. *p<0.05: vs. the respective untreated (0) cells; 
°p<0.05: SQ-COOH/PTM-B nanoparticles vs. PTM-B; #p<0.05: SIM-treated cells vs. SIM-untreated cells.



Chapter I

121

As further confirmation of the role of LDLR in the delivery of PTM-B carried by SQ-based 

nanoparticles, we silenced the receptor in HepG2 cells. Our silencing conditions strongly 

reduced LDLR expression in whole extracts and on cell surface, both in the presence or absence 

of FBS and/or simvastatin (Fig. 8A). Notably, in all the silenced cells, the cytotoxicity induced 

by SQ-COOH/PTM-B nanoparticles was significantly lower (Fig. 8B). This experimental set 

indicates that SQ-COOH/PTM-B nanoparticle uptake was dependent on the presence of LDLR.

Fig. 8. Effect of LDLR silencing on the cytotoxicity of SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles. HepG2 
cell line was treated with a non-targeting scrambled siRNA pool (scr) or with a siRNA pool targeting LDLR 
(siLDLR), in medium with (+) or without (-) 10% v/v FBS, in the absence or in the presence of 10 μM simvastatin 
(SIM) for the last 24 h. A. The expression of LDLR in whole extracts and plasma-membrane associated extracts 
was analyzed by immunoblotting 48 h after the transfection. β-tubulin and pancadherin were used as control of 
equal protein loading. The figure is representative of 1 out of 3 experiments. B. Cells treated as reported in A were 
cultured in the absence (0) or in the presence of SQ-COOH/PTM-B 3:1 (Ve/Vw 0.2:1) nanoparticles at 10-7, 10-6, 
10-5 M. After 72 h, cell viability was measured in triplicates using a chemiluminescence-based assay. Data are 
presented as means + SD. *p<0.05: vs. untreated (0) cells; °p<0.05: siLDR cells vs. scr cells.
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4. Conclusions 

Here we propose a new biocompatible nanoformulation of PTM-B based on the electrostatic 

interactions of the drug with a negatively charged SQ derivative, thus promoting a high DL and 

a pH-dependent drug release. Since the SQ moiety enables the association of the nanoparticles 

with LDL, PTM could be repurposed in this nanosystem as a drug that indirectly targets cancer 

cells overexpressing LDLR. To this aim, we have shown that pretreatment with simvastatin 

increases the exposure of LDLR, exploiting the physiological alterations in cholesterol 

homeostasis. Our work paves the way for an interesting new combinatorial treatment based on 

statin followed by SQ-COOH/PTM-B as promising strategies against those tumors, such as 

breast, prostate and liver cancers, with active cholesterol metabolism and high expression of 

LDLR. 
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Poly(lactic-co-glycolic) acid (PLGA) nanoparticles (NPs) are excellent candidates for drug 

encapsulation, owing to the easy preparation, biocompatibility, biodegradability and protection 

of drugs. 

Main aim 

The aim of this chapter was a proof of concept to develop lipid and polymer nanosystems to 

propose the clinical repositioning of an antiprotozoal drug molecule. 

Specific objectives 

 Formulate and optimize pentamidine free base (PTM-B)-loaded PLGA NPs 

 Comparisons with lipid-based drug delivery systems 

 Evaluation of the in vitro anticancer activity of PTM-B-loaded lipid and polymer 

nanocarries 

Highlights of the chapter 

 PLGA NPs are biocompatible and biodegradable carriers. Acid end-capped PLGA can 

interact with PTM-B exploiting its carboxylic groups, ionized at physiological pH 

 PTM-B is an old drug approved for its antiprotozoal activity that has anticancer activity 

which could allow its repositioning for new therapeutical applications. However, PTM-

B toxicity in vivo prevents its clinical applicability 

 Formulation of liposomes and NPs by electrostatic interactions allowed us to tune the 

NP release profile  

 In vitro tests showed an increased IC50 for encapsulated PTM-B compared to the free 

drug. This opened the way for designing electrostatically based nanosystems for PTM-

B encapsulation.  

 

The studies presented in this chapter have been published as a research article in the Journal of 

Pharmaceutical Sciences, doi: 10.1016/j.xphs.2019.11.011.  

The text is reproduced below.



Chapter II 
 

 

129 
 

 

 



Chapter II 
 

 

130 
 

 

 



Chapter II 
 

 

131 
 

 

 



Chapter II 
 

 

132 
 

 

 



Chapter II 
 

 

133 
 

 

 

 



Chapter II 
 

 

134 
 



 

135 
 

 

 

 

 

 

 

 

 

 

Chapter III 
  

Role of stabilizers in pharmaceutical formulations 
I. Andreana, B. Stella, D. Kryza, G. Lollo, Y. Chevalier 

(In preparation) 

 

 



Chapter III 
 

 

136 
 

Electrostatic stabilization is generally provided by particle surface charge and sufficiently high 

electrostatic repulsion prevents any kind of agglomeration. Formulation of PLGA NPs using 

acid end-capped PLGA leads to colloidal stability by the presence of dissociating carboxylic 

groups in water media. 

Main aim 

The aim of this chapter was to investigate the role of stabilizers in PLGA-based colloidal 

suspensions in water or complex media. 

Specific objectives 

 Formulation of PLGA NPs by nanoprecipitation and microfluidic technique 

 Evaluation of critical coagulation concentration (CCC) in water media by increasing 

electrolytes concentrations 

 Evaluation of colloidal stability in protein-containing media  

Highlights of the chapter 

 Influence of NPs size on colloidal stability. Acid-terminated PLGA NPs were prepared 

by nanoprecipitation and microfluidic technique to tune the particle size. 

 Coagulation regime in presence of different electrolyte concentrations was related to 

NP mean diameter. A faster destabilization rate occurred for sub-100 nm NPs. 

 The presence of albumin in complex media enhanced the stabilization of PLGA NPs. 

Stearic hindrance can be exploited by the adsorption of protein on particle surface.  
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Abstract 

In nanoparticulate engineering for drug delivery systems, the addition of stabilizers represents 

the most used strategy to improve the stability of nanosuspensions. However, the real usefulness 

of stabilizers may be questioned in the case of nanoparticles made of acid-terminated PLGA. 

Indeed, the ionizable carboxylic acid groups bring negative charges at the surface of 

nanoparticles that stabilize them through electrostatic repulsions. The purpose of the present 

work is to investigate the efficiency of such stabilization and infer the usefulness of an extra 

stabilization by polymeric stabilizers. Nanoparticles were prepared by nanoprecipitation 

technique and microfluidic process to assess nanoparticles characterized by different mean 

diameters. Evaluation of the destabilization of acid-terminated PLGA nanoparticles upon 

addition of electrolytes highlighted a regime of slow destabilization rate at salt concentrations 

below the critical coagulation concentration (CCC) and a fast coagulation regime above the 

CCC. Addition of dispersants improves the stabilization, but it is actually not required because 

the CCC is found higher than the salt concentration in physiological conditions. Moreover, the 

presence of serum albumin improves the colloidal stability, even without surface absorption of 

stabilizers. Acid-terminated PLGA nanoparticles can reach stability due to their interaction with 

albumin that creates itself a steric hindrance to stabilize the nanosuspension, making 

nanoparticles suitable for parental administration. In conclusion, this study draws attention to 

the role of stabilizers in the field of nanomedicine. 

 

Key words: PLGA, CCC, stabilizers, nanoparticles 
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1. Introduction 

Generally, the colloidal stability of nanosuspensions is determined by the sum of interaction 

forces on nanoparticle surfaces, such as van der Waals electrostatic forces. The combination of 

these interactions forms the basis of DLVO theory of colloidal stability [1]. The perfect 

combination of repulsive and attractive forces avoids reversible or even irreversible coagulation 

of nanoparticles. Electrostatic stabilization is generally provided by particle surface charge and 

sufficiently high electrostatic repulsion prevents any kind of agglomeration [2]. Poly(lactic-co-

glycolic) acid (PLGA) nanoparticles are commonly used as drug delivery systems due to their 

biodegradability and biocompatibility, drug protection, higher stability, tunable drug release, 

and higher drug safety that can be adjusted by controlling the characteristics of PLGA [3–6]. 

PLGA is usually commercialized with different end-capping. Formulation of PLGA 

nanoparticles using acid end-capped PLGA leads to colloidal stability by the presence of 

dissociating carboxylic groups in water media. Indeed, acid end-capped PLGA is electrically 

charged and used to obtain negatively charged nanoparticles for biomedical applications [7]. 

However, the colloidal stability of PLGA nanoparticles can be strongly affected by the 

composition of aqueous media. Destabilization of ester end-capped PLGA has been 

demonstrated in presence of high electrolyte solution concentrations in aqueous media [8]. The 

use of several molecules, called stabilizers, represents the main strategy to avoid nanoparticle 

aggregation. Thus, the ability of biocompatible macromolecules to adsorb on nanoparticle 

surface was studied to prevent flocculation or aggregation. It has been proved that the screen 

effect and surface hindrance properties of several macromolecules (i.e. poloxamer, poly(vinyl 

alcohol) (PVA)) can improve the stability of nanocarriers at storage conditions [9–11]. 

Santander-Ortega et al. demonstrated that Pluronic-coated PLGA nanoparticles have different 

stability patterns depending on the poloxamer coverage and the stability of nanosystems was 

governed by DLVO interactions at any stabilizer concentration [12]. However, the potential 

toxicity in vitro or in vivo of stabilizers is one of the main concerns in the nanomedicine field 

[13]. In this work, the influence of electrolyte concentration in aqueous media was assessed in 

presence or not of stabilizers for acid-terminated PLGA nanoparticles. Sodium chloride (NaCl) 

was used as a background electrolyte which adsorbed on nanoparticle surface, reducing 

negative surface charge and occurring in destabilization and consequently aggregation of 

nanosuspension. Turbidity study of coagulation kinetics was performed and the critical 

coagulation concentration (CCC) and stability factor W were specified. Moreover, we assessed 

the coagulation regime of PLGA nanoparticles prepared by classical nanoprecipitation 
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technique and microfluidic process, tuning the particle size [14]. In this way, we highlighted 

the correlation between nanoparticle size and coagulation regime. Indeed, sub-100 nm sized 

nanoparticles corresponded to a faster coagulation rate. 

Furthermore, the behavior of stabilizer-free PLGA nanoparticles was assessed in bovine serum 

albumin (BSA)-containing media to investigate the role of blood protein in colloidal stability 

[15]. The adsorption of albumin on PLGA surface determined increased colloidal stability of 

the nanosystem. It is noteworthy, since, in the nanomedicine field, drug delivery systems are 

used for parental administration of active molecules. In complex media, the presence of serum 

proteins can enhance the stability of PLGA nanoparticles even without the use of stabilizers 

during the formulation process, which results useless in acid end-capped PLGA nanoparticles. 

2. Materials and methods 

2.1. Materials 

PLGA 75:25 (Resomer® RG 752 H, Mw = 4-15 kDa, analytical grade), Pluronic F68, PVA (87-

89% hydrolyzed, Mw 13-23 kDa), BSA (>96%) and solvents were purchased from Sigma-

Aldrich® (St Quentin-Fallavier, France). 

2.2. Preparation of PLGA nanoparticles by the nanoprecipitation technique 

PLGA nanoparticles were prepared by nanoprecipitation technique [16]. Practically, 200 mg of 

PLGA were dissolved in 9.30 g of acetone. The organic solution was added to 100 mL of 

distilled water under magnetic stirring (600 rpm) and precipitation of nanoparticles occurred 

spontaneously. Then, the organic phase was evaporated by rotary evaporation under pressure 

at 40 °C. The complete evaporation was checked by measuring the mass loss. Nanoparticles 

were stored at 4 °C. 

2.3. Preparation of PLGA nanoparticles by microfluidic technique 

PLGA nanoparticles were produced using a benchtop NanoAssemblrTM (Precision 

NanoSystem, Inc., Vancouver, Canada). Disposable cartridges were employed together with 

the automated NanoAssemblrTM. For each preparation, a solution of 55 mg of PLGA 75:25 in 

5.5 mL acetonitrile was injected into the microfluidic device through one port of the 

NanoAssemblrTM instrument. The aqueous phase was simultaneously injected through the 

second port of the system so as to maintain a constant 1:2 organic:aqueous flow rate ratio and 

12 mL/min total flow rate. Nanoparticle products were gathered in a 15 mL Falcon tube. After 
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evaporation of acetonitrile under reduced pressure, an aqueous suspension of nanoparticles was 

obtained. It was diluted with water to 2 mg/mL final concentration. 

2.4. Physicochemical characterization of polymer nanoparticles 

The hydrodynamic diameter and polydispersity index (PDI) of the prepared nanoparticles were 

measured by dynamic light scattering (DLS) using a Zetasizer Nano-ZS (Malvern Panalytical, 

Malvern, UK). The scattering angle was 173° and the measurement was carried out at 25 °C 

after dilution of the suspension in Milli Q water. The zeta potential (ζ) of nanoparticles was 

determined by electrophoretic mobility measurements using the Nanosizer Nano-ZS. U-shaped 

tubes equipped with electrodes (DTS 1070) were filled with the suspensions after appropriate 

dilution. The electrophoretic mobility was converted into ζ potential from the Henry equation 

under the Smoluchowski approximation. 

2.5. Morphology of nanoparticles using transmission electron microscopy 

The morphology of nanoparticles prepared by microfluidic technique was evaluated by 

transmission electron microscopy (TEM) analysis. TEM was performed with a Philips CM120 

microscope at the Centre Technologique des Microstructures (CTμ) of the University Lyon 1 

(http://microscopies.univ-lyon1.fr/). The diluted samples (10 μL at 0.01% concentration) were 

dropped onto a 200 mesh carbon/formvar microscope grid, stained with a sodium 

silicotungstate aqueous solution, and slowly dried in open air. The dry samples were observed 

by TEM under 120 kV acceleration voltage. 

2.6. Colloidal stability assay 

The colloidal stability of PLGA nanoparticles was studied by time-resolved turbidity 

measurements [17]. Turbidity measurements were carried out using a UV-vis absorption 

spectrometer (UV-1800 from Shimadzu) in quartz cuvettes of optical path l=1 cm at a 

wavelength of 600 nm. The absorbance (optical density, OD) was converted into turbidity (  

expressed in cm−1) by . To study the influence of concentration of NaCl solutions 

(0.1-1 M) on the stability of PLGA nanoparticles with or without stabilizers, equal volumes 

(0.5 mL) of aqueous nanoparticles dispersions, and water or electrolyte solution of twice the 

target concentration were mixed in the measurement cuvette under fast magnetic stirring. The 

turbidity was recorded as a function of time, time of zero being the set as the moment when the 

salt solution was poured into the nanoparticle suspension. The effects of interparticle 
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interactions on the kinetics of aggregation of the colloidal suspension are expressed via the 

Fuchs stability ratio (W) [18], as presented in Section 2. The stability ratio, also namely Fuchs 

factor, defines the ratio of the total number of inter-particle collisions that results in the 

aggregating of colloidal dispersion. The rate of slow aggregation, which depends on the number 

of collisions, can be obtained by the following expression: 

 (1) 

where Kf and Ks are the fast and slow coagulation kinetic constants, respectively. I(t) is the 

variation of the total light scattered intensity with time. According to the aggregation model of 

Lips et al. [19], the initial slope of (t) for two different colloidal dispersions is proportional to 

the aggregation rate constant at equal concentrations, C, of the two colloidal suspensions. The 

rate of coagulation in a colloidal dispersion depends on the concentration of the dispersions by 

the expression: 

  (2) 

where F is an optical factor depending on the light scattering angle and the wavelength of the 

scattered light [20,21]. Information about the aggregation rate was obtained by plotting the 

turbidity versus time. To the slope of the curve, the critical coagulation concentration (CCC) 

was calculated. 

3. Results 

3.1. Characterization of nanoparticles 

PLGA nanoparticles of different sizes were prepared by the conventional nanoprecipitation 

process and an innovative microfluidic technique. To this end, PLGA was dissolved in either 

acetone or acetonitrile and then added into the aqueous phase, by manual addition or mixed in 

the microfluidic device. The mean particle diameter of nanoprecipitation-prepared PLGA 

nanoparticles was around 150 nm and ζ was -35 mV, depending on carboxylic groups of PLGA. 

Microfluidic process was set up to tune nanoparticle size. Indeed, a high total flow rate of 

12 mL/min yielded nanoparticles of sub-100 nm size, as already described in the literature [22]. 

Nanoparticles presented a smaller diameter around 90 nm, compared to the nanoprecipitated 

nanoparticles. The morphology of nanocarriers was investigated by TEM microscopy. The 

nanoparticles show a homogeneous core and a spherical shape, typical of PLGA nanoparticles 
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[23]. Moreover, TEM images showed nanoparticle mean diameter around 60 nm, confirming 

the sub-100 nm hydrodynamic diameter found by DLS analysis (Fig. 1). All information of 

sizes is given in Table 1. 

 

 

Fig. 1. TEM images of PLGA nanoparticles prepared by microfluidic procedure. 

 

Table 1 Mean diameter, zeta potential ( ) and critical coagulation concentration (CCC) of PLGA nanoparticles 
prepared by two different techniques. 

Nanoprecipitation Microfluidic 

Size (nm ± SEM)  (mV ± SEM) Size (nm ± SEM)   (mV ± SEM) 

150 ± 1 −35 ± 2 93 ± 1 −50 ± 2 

 

3.2. Colloidal stability of bare particles 

Sets of experiments were performed to determine different properties of PLGA nanoparticles 

prepared either by classical nanoprecipitation technique or microfluidic process. Colloidal 

stability as a function of the electrolyte concentration was assessed in the presence or not of 

stabilizers. For all the measurements, we kept the same concentration of 1 mg/mL PLGA to 

avoid the influence of this parameter on the colloidal behavior at measured pH of 6.56. 

The colloidal stability of the complexes was analyzed by the turbidity variation as a function of 

increased ionic strength, using NaCl from 0.1 to 1 M concentrations. The stability of PLGA 

nanoparticles was evaluated by calculating the Fuchs stability ratio W [24,25] versus the salt 

concentration that induces the aggregation process. When 1 mL of salt solution was added into 

1 mL of PLGA suspension, the turbidity varied because the concentration of nanoparticles (and 

salt) is reduced to its half during a very short mixing time (Fig. 2A,B). W is calculated from the 
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short time limiting slopes of the recorded curves of the turbidity against time . As the 

NaCl concentration increases, this slope increases and finally assumes a constant maximum 

value at high NaCl concentration, which corresponds to the fast coagulation regime. The plots 

of Log(W) against Log[NaCl] (Fig. 2C,D) clearly show the two regimes of slow and fast 

coagulation. The salt concentration at the crossover is defined as the CCC [26]. The 

experimental CCC were around 0.390 M and 0.220 M for the nanoprecipitated and the 

microfluidic-based nanoparticles, respectively. The higher CCC of the nanoprecipitated 

particles indicate a higher stability coming from electrostatic repulsions. The coagulation of 

colloidal particles is affected by their mean diameter (150 nm for the nanoprecipitated against 

90 nm for the microfluidic-based nanoparticles). Indeed, the surface charge density of 

nanoparticles is proportionally related to the volume-to-area ratio (V/A) of the nanoparticles. 

Each PLGA macromolecule has one negatively charged carboxylic group at one of its chain 

ends. Therefore, the charge of a PLGA particle is given by the number of contained PLGA 

macromolecules, that is, to the volume of the particle. The surface charge density is higher for 

larger particles (of radius R) because V/A = R/3 for spheres [27]. The higher CCC of larger 

nanoprecipitated nanoparticles is in accordance with their higher surface charge density. It is 

worth noticing that the CCC for both PLGA formulations were larger than that of physiological 

serum whose concentration of NaCl is 0.150 M. Therefore, electrostatic repulsions coming 

from the charged chain ends of PLGA are efficient enough for ensuring the colloidal stability 

in the framework of parenteral administration. The stability is good in pure water and it is in 

the slow coagulation regime in serum. 
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Fig. 2. Turbidity variation in function of salt additions at increasing concentrations of NaCl. (A) Nanoprecipitation 
and (B) microfluidic technique. (C-D) Stability ratio versus NaCl and CCC calculation. (C) Nanoprecipitation and 
(D) microfluidic technique. 
 

3.3. Colloidal stability of nanoparticles coated by PVA and Pluronic F68 

Coating the PLGA particle surface with a small amount of adsorbed polymeric stabilizer brings 

a supplementary steric stabilization [28]. PVA partially hydrolyzed and Pluronic F68 are two 

of the most commonly used dispersing agents for colloidal suspensions [29,30]. In this set of 

experiments, the colloidal stability in presence of stabilizers was evaluated in the way as for 

bare nanoparticles. For each preparation, PVA and Pluronic F68 were added after the 

preparation of PLGA nanoparticles at the commonly used 1% w/v concentration to improve the 

colloidal stability. No variation of turbidity was observed after the addition of NaCl at different 

concentrations (Fig. 3), confirming the stability of PLGA nanoparticles by steric hindrance of 

these dispersing agents. Moreover, DLS measurements did not detect any variation of the 

nanoparticle mean diameter after salt addition (data not shown), confirming the nanoparticle 

stability. Hence, a CCC could not be detected due to the absence of a clear slope in the plot of 

Log(W) against Log[NaCl]. Furthermore, the dense coating by adsorbed macromolecules led 

to a thicker layer on PLGA surface that decreased the  value from -35 mV for bare 
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nanoparticles to -20 mV for polymer-coated nanoparticles. This is due to the shift of the zero-

shear plane beyond the polymer layer. 

 

Fig. 3. Turbidity variation in function of salt addition in presence of Pluronic F68. Neither nanoparticles prepared 
by nanoprecipitation technique (A), nor nanoparticles prepared by microfluidic process (B) showed aggregation 
after salt addition. 

 

3.4. Stabilization by bovine serum albumin 

Upon parenteral administration in vivo, nanoparticles undergo interactions with serum proteins. 

The behavior of nanoparticles can be determined by the complex interplay between the charge 

state of nanoparticles and proteins [31]. In this context, colloidal stability tests were performed 

to assess the effect of serum proteins. Albumin is the most common protein found in human 

serum with a concentration ranging between 35 and 50 g/L. In the last set of experiments, we 

selected serum albumin at the maximum concentration of 50 g/L to evaluate colloidal stability 

after salt addition. The interactions between the carboxyl groups of PLGA and the protein 

amino acids caused adsorption of albumin to the nanoparticles, because albumin contains 

slightly positively charged amino acids that electrostatically interact with PLGA, stabilizing the 

nanosystem even by changing its conformation [32]. Although albumin undergoes 

conformational changes on PLGA surface, its adsorption led to a supplementary steric 

stabilization in the same way as the PVA or Pluronic F68 dispersing agents. Indeed, the salt-

induced destabilization experiments gave the same results (data not shown) as those with PVA 

or Pluronic F68. Albumin acts as a steric stabilizer of PLGA nanoparticles in the serum after 

parenteral injection. 
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4. Conclusions 

In this work, it has been demonstrated that the colloidal stability of acidic-terminated PLGA 

nanoparticles can be achieved without the addition of dispersing agents, even in the presence 

of moderately concentrated salt solutions, such as the blood serum. For pharmaceutical 

applications, PLGA nanoparticles can fit for parental administration with no need for 

supplementary stabilizer. Although the colloidal stability is influenced by the nanoparticles 

size, the two studied cases in the usual size range of PLGA nanoparticles were in the slow 

coagulation regime in salt solutions corresponding to physiological media. The presence of 

serum proteins leads to improved colloidal stability due to protein absorption on the particulate 

surface. To conclude, drug delivery systems based on negatively charged PLGA do not require 

the presence of exogenous stabilizers to improve the stability of the formulation. Indeed, PLGA 

suspensions are stable in pure water, once injected, the salt concentration in the blood shifts the 

suspension into the slow coagulation regime. At the same time, serum proteins (mainly 

albumin) adsorb at the surface of nanoparticles, thereby providing very efficient steric 

stabilization. 
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Polymer nanoparticles (NPs) have been widely studied for the delivery of several molecules 

(e.g. small molecules, proteins, antibodies). However, for their potential application as 

nanotechnological tools, preparation methods need to be improved.  

Main aim 

The aim of this chapter was the translation of PLGA NPs production from a classical method 

(nanoprecipitation) to the microfluidic technique. A complete characterization of PLGA 

formulations was carried out to study the process translation.  

Specific objectives 

 Prepare drug-loaded PLGA NPs using classical nanoprecipitation and microfluidic 

technique; physicochemically characterize the two systems 

 Asses formulation and process variables on transposed formulation 

 Study the influence of flow rate ratio (FRR), drug and polymer concentration to increase 

encapsulation efficiency and drug loading in microfluidic-prepared formulation 

Highlights of the chapter 

 Microfluidic technique is a promising tool to overcome the manufacturing limitations 

of classical preparation methods. It showed high reproducibility, controlled 

physicochemical properties of NPs and easy scale-up. 

 Microfluidic process can modulate the physicochemical characteristic of drug-loaded 

PLGA NPs 

 The elimination of organic solvent residual is a key point to increase drug encapsulation 

and release profile. Dialysis method allowed a complete elimination of unencapsulated 

drug, leading to a complete encapsulation of active molecule 

 A Design of Experiments (DoE) evaluated how FRR and polymer and drug 

concentration affect the encapsulation efficiency and drug loading of a hydrophobic 

model drug 
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Abstract

The possibility to control nanoparticle physicochemical properties, scale up the manufacturing 

process and reduce the batch-to-batch variability are important challenges for the development 

of nanoparticles. To address these issues, microfluidic has been recently proposed as an 

advanced production method that precisely controls nanoparticle properties by monitoring the 

diffusion/emulsification mechanism. Herein, poly(lactic-co-glycolic acid) copolymer (PLGA) 

nanoparticles have been used to study the manufacturing translation process from bulk mixing 

nanoprecipitation to the microfluidic method. As a model drug, a benzimidazole derivative was 

chosen and encapsulated into PLGA nanoparticles. Microfluidic-based manufacturing 

procedure yielded nanoparticles with a smaller size of 80 nm compared to 170 nm of batch 

production, and a polydispersity index below 0.2. Focus is given to the setting up of the 

microfluidic system and the conditions required to manufacture polymer nanoparticles. A 

Design of Experiments (DoE) was set up to describe the effects of process and formulation 

variables (polymer and drug concentration, flow rate ratio (FRR)) involved in the microfluidic

method on encapsulation efficiency and drug loading of the system to reduce drug loss. Then, 

a freeze-drying study has been performed to improve the long-term storage of microfluidic-

prepared PLGA nanoparticles, using trehalose as a cryoprotectant to retain nanoparticle 

physicochemical properties. In this work, we demonstrated that the translation from 

nanoprecipitation to microfluidic leads to comparable formulations without alteration of 

nanosystem properties. Moreover, the drug content can be improved by controlling formulation 

and process parameters involved in the microfluidic process.

Key words: PLGA, nanoprecipitation, microfluidic, hydrophobic drug, DoE

Graphical abstract



Chapter IV 
 

 

154 
 

1. Introduction 

Nanotechnologies in pharmaceutical fields have been developed to improve therapeutic 

applications of different water-insoluble drugs by enhancing their solubility and their protection 

against degradation, controlling drug release and overcoming pharmacokinetics issues [1–3]. 

Thus, several drug delivery strategies have been established by the design and synthesis of 

various biocompatible materials [4,5]. Among them, poly(lactic-co-glycolic acid) (PLGA) is 

an attractive material for biomedical uses thanks to its approval both by Food and Drug 

Administration (FDA) and European Medicines Agency (EMA) for human usage [6,7]. The 

application of PLGA has been widely studied for the delivery of small molecules [8], proteins 

and/or sub-structures [9], genetic materials [10,11] and imaging applications [12]. Despite its 

versatile role in the production of polymer nanoparticles (NPs) as drug delivery systems, the 

lack of reproducible and scalable processes limits the their clinical translation and commercial 

use [13,14]. Several methods of NP preparation influence the distribution of the drug into the 

polymer matrix and/or its absorption on the surface. Emulsification-solvent evaporation 

technique and nanoprecipitation are the most commonly used preparation techniques, chosen 

on the basis of the chemical characteristics of the drug molecule to encapsulate [6]. As literature 

reports, nanoprecipitation technique is described as a straightforward technique to entrap 

hydrophobic as well as hydrophilic compounds [14,15]. Nevertheless, for conventional 

production methods some drawbacks concerning batch-to-batch variability, scalability, and 

production in a continuous manner, make clinical translation of NPs challenging. Recently, to 

address the urgent need to standardize NP production, microfluidic technique has been used to 

produce NPs with well-controlled physicochemical properties [16]. The possibility to reach 

high reproducibility, easy scale-up of the process, continuous production and precisely 

controlled assembly enhanced the application of this technique [17,18]. The microfluidic-based 

procedure has been vastly applied for the production on a large scale of mRNA-loaded lipid 

NPs [19]. The Covid-19 pandemic highlighted the urgent need for a reproducible and 

conventional procedure to formulate NPs with more controlled physical properties than by bulk 

production methods [20,21]. Microfluidic-assisted nanoprecipitation requires devices useful to 

perform a very fast and controlled mixing of water phase and organic water-miscible solvents 

when injected in a sub-millimeter multilamination mixer [22]. Devices of different architectures 

have been developed for polymer and lipid delivery systems. Formulation and process 

parameters have to be adapted to modulate NP features, underlining the importance of these 

factors on NP manufacturing process. For example, the flow rate of each solution before being 

mixed is well tunable as a determinative factor in polymer NP size [23,24]. On these bases, in 
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our study we selected a small benzimidazole molecule as the model drug to compare the 

formulation of loaded-PLGA NPs by conventional bulk mixing nanoprecipitation technique 

and microfluidic process. The study aimed to translate the formulation from conventional 

method to a scalable process, evaluating all the variables involved in the process. In our 

investigation, to assess the influence of process parameters and formulation variables on drug-

loaded PLGA NPs, a design of experiments (DoE) was exploited. The effect of polymer and 

drug concentration, and process parameters has been studied to modulate the size and the 

encapsulation efficiency of the system. To obtain a dried form and eliminate the solvent 

residual, a freeze-drying study has been set up, using trehalose as a cryoprotectant to retain the 

size and polydispersity of nanosuspensions. 

2. Experimental section 

2.1 Materials  

PLGA 75:25 (Resomer® RG 752 H, Mw = 4-15 kDa) (analytical grade) and 378.3 g/mol D-(+)-

trehalose dehydrate (trehalose) used for the freeze-drying study were purchased by Sigma-

Aldrich® (St Quentin-Fallavier, France). Small benzimidazole derivative drug (molar mass, Mw 

= 431.87 g/mol) was ordered from Cliniscience® (Nanterre, France). SpectrumTM Spectra/PorTM 

Float-A-LyzerTM G2 Dialysis devices (MWCO = 3.5-5 kDa) were provided by Fisher Scientific 

(Illkirch, France). Sodium silicotungstate used for staining in TEM was supplied from Agar 

Scientific (Parsonage Lane, Stansted, UK). Milli Q water was obtained using a Milli Q 

Academic System (Merk Millipore®, St Quentin-Fallavier, France). 

2.2 Water solubility of model drug 

A saturated solution of the model drug in Milli Q water was prepared. The solution was stirred 

at 750 rpm for 3 h at room temperature (RT) and left overnight to reach equilibrium. Then, the 

sample was centrifuged (14000 rpm, 15 min, RT) and the supernatant was analyzed by ultra-

high-performance liquid chromatography (UHPLC).  

2.3 Preparation of polymer nanoparticles by nanoprecipitation 

Drug-loaded NPs were prepared by the nanoprecipitation technique [25]. Practically, to 6 mg 

of PLGA 75:25 dissolved in acetonitrile, an aliquot (200 μL) of a methanolic stock solution of 

drug molecule (5 mg/mL) was added until a total volume of 1 mL. This organic solution was 

then dropped into 2 mL of Milli Q water under magnetic stirring. Precipitation of NPs occurred 
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spontaneously. To remove the organic solvent and purify the NPs from the non-incorporated 

drug, drug-loaded NPs were dialyzed (SpectrumTM Spectra/PorTM Float-A-LyzerTM G2 Dialysis 

devices (MWCO = 3.5-5 kDa)) against Milli Q water at room temperature for 1 h. Unloaded 

NPs, without adding drug molecule, were prepared as well. The water suspension was then 

stored at 4 °C. 

2.4 Preparation of polymer nanoparticles by microfluidic technique 

Drug-loaded PLGA NPs were also obtained by microfluidic technique using benchtop 

NanoAssemblrTM (Precision NanoSystem, Inc., Vancouver, Canada). Disposable cartridges 

with dimensions of 6.6 × 5.5 × 0.8 cm (w x d x h) with a specific toroidal micromixer were 

employed together with the automated NanoAssemblrTM.  

Briefly, to 6 mg of PLGA 75:25 dissolved in acetonitrile, an aliquot (200 μL) of a methanolic 

stock solution of drug molecule (5 mg/mL) was added until a total volume of 1 mL. The organic 

phase comprised of the polymer/drug solution was simultaneously injected to the aqueous phase 

at a 1:2 organic:aqueous flow rate ratio (FRR) and 12 mL/min total flow rate (TFR). To remove 

the organic solvent and purify the NPs from the non-incorporated drug, drug-loaded NPs were 

dialyzed against Milli Q water at RT for 1 h. Unloaded NPs were prepared as well. The particles 

were then stored as colloidal suspensions at 4 °C. 

2.5 Physicochemical characterization of blank and loaded nanoparticles 

The hydrodynamic diameter, polydispersity index (PDI) and surface potential of the prepared 

particles were analyzed by dynamic light scattering (DLS) using a Zetasizer Nano-ZS (Malvern 

Panalytical, Malvern, UK). The angle was set at 173° and measurements were carried out at 25 

°C after dilution of the particulate suspension in Milli Q water. The surface charge of NPs was 

evaluated by zeta potential (ζ) measurements after appropriate dilution of the suspensions using 

the Nanosizer Nano Z. The physical stability of nanoparticle suspensions in the storage 

conditions (4 °C) was determined by evaluating at different interval times the mean diameter, 

the PDI and ζ . Each measurement was carried out in triplicate.  

2.6 Morphology of nanoparticles using transmission electron microscopy  

The morphology of NPs prepared by microfluidic technique was evaluated by transmission 

electron microscopy (TEM) analysis. TEM was performed with a Philips CM120 microscope 

at the Centre Technologique des Microstructures (CTμ) of the University Lyon 1 (Villeurbanne, 

France). The diluted samples (10 μL) were dropped onto a 200 mesh carbon/formavar 
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microscope grid (copper support coated with carbon), stained with a sodium silicotungstate 

aqueous solution, and slowly dried in the open air. The dry samples were observed by TEM 

under 120 kV acceleration voltage. 

2.7 Determination of encapsulation efficiency 

The amount of incorporated drug was determined by separating the non-encapsulated drug from 

loaded NPs by dialysis for 1 h against Milli Q water. The total amount of drug was determined 

from a fresh aliquot of organic phase used to formulate NPs. The encapsulation efficiency (EE) 

was calculated as follows (Eq. (1)): 

Eq. 1: 

 

where A is the amount of entrapped drug after NPs purification and B is the initial amount in 

the preparation of nanocarriers ×100. The drug loading (DL) was calculated as the ratio between 

the amount of entrapped drug and the total nanocarrier weight ×100. The amount of 

incorporated drug was determined by UHPLC. The nanosuspension was diluted with 

CH3CN/water mixture 50/50 v/v, acidified by 0.1% TFA, vortexed and filtered through 0.22 

μm Nylon filters (Agilent). The UHPLC system consisted of a quaternary pump (WatersTM, 

quaternary solvent manager-R), autosampler (WatersTM, sample manager FTN-R), and a 

multiple wavelength UV detector (Waters, 2998 PDA Detector). The data were processed using 

Empower 3 (WatersTM). The analytical column was a Cortecs C18 column (50 × 4.6 mm, 2.7 

μm; Waters) at 40 °C; the mobile phase consisted of waters 0.1% TFA (solvent A) and CH3CN 

0.1% TFA (solvent B) at a flow-rate of 0.5 mL/min with isocratic conditions: 40% A and 60% 

B. The column effluent was monitored at 254 nm. The quantification of the active molecule 

was done using calibration curves obtained with standard solution chromatographed in the same 

experimental conditions, with a concentration range of 0.25-200 μg/mL (R2>0.995). 

2.8 Nanoparticle optimization using a design of experiment (DoE) 

A 23 full factorial design was used to investigate the effect of three experimental factors (PLGA 

and drug concentrations, and FRR) and their interactions on NP physicochemical 

characteristics. For each factor was defined the experimental domain whose lower and upper 

limits correspond to the coded levels -1 and +1, respectively. The center point corresponds to 

the coded level 0. As reported in Table 1, the polymer concentration (X1) was varied from 5-10 
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mg/mL, FRR (X2) from 1:2-1:5 and drug amount (X3) from 0.7-1.4 mg/mL. The studied 

responses were the encapsulation efficiency (Y1) and the drug loading (Y2) as NP characteristics 

to be well-controlled. 

Table 1 Selected experimental factors and their coded levels in the 23 full factorial design 

Experimental factors Coded levels 
 - 1 0 + 1 
PLGA conc. (mg/mL) (X1) 5 7.5 10 
FRR (X2) 1:5 1:3.5 1:2 
Drug conc. (mg/mL) (X3) 0.7 1.1 1.4 

 
The full factorial design consists in 23 runs defined as every possible combination of +1 and −1 

levels selected in turn and allows calculating a synergistic model, as follows: 

            (Eq. 2) 

where  is the predicted response for experiment i, b0 is the intercept, the coefficients bi 

correspond to the main effects of the experimental factors (Xi) and the coefficients bij are the 

effects of the two-factor interactions.  

Two center points were also added in order to estimate the variance of the experimental error 

and to evaluate the predictive performance of the developed models. The corresponding 

experimentation plan is presented in Table 3. Multiple linear regression calculations, statistical 

analysis and response contour plots were performed with Umetrics MODDE 12.0 software 

(Umetrics, Umeå, Sweden). 

2.9 In vitro release study of drug-loaded nanoparticles 

To evaluate the drug release from the suspensions, the formulations were incubated at pH 7.4 

and 37 °C in phosphate-buffered saline (PBS) 10 mM, simulating physiological conditions. At 

different time points (0 min, 30 min, 1 h, 3 h, 5 h, 8 h, 24 h), 50 μL of each sample were 

collected and analyzed by UHPLC for drug quantification. The amount of released drug 

overtime was calculated from the difference between the initial total amount of the drug present 

in drug-loaded NPs and the amount of remaining drug in the dialysis bag at different time 

points. The experiments were performed for NPs prepared using both methods, in triplicate. 

The same experiment was performed by incubating the free drug in a dialysis bag in PBS at 37 

°C. 
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2.10 Freeze-drying of drug-loaded nanoparticles 

Microfluidic-prepared drug-loaded NPs were freeze-dried using the CRYONEXT pilot freeze 

dryer (Cryotec, Saint-Gély-du-Fesc, France). The suspension was prepared by diluting 1/5 with 

a solution of trehalose at a final concentration of 12% w/v. The freeze-drying process started 

reaching an initial cool temperature of -35 °C for 3 h. Then, the temperature of the shelf was 

increased to -20 °C for 10 h with a chamber pressure of 0.25 mBar to remove ice by sublimation 

(primary drying). Secondary drying was carried out for 5 h at 4 °C, with 0.1 mBar pressure. 

Finally, freeze-dried NPs were resuspended in 1 mL of Milli Q water and vortexed until 

complete dissolution of pellet. Size, PDI, ζ, encapsulation efficiency and storage physical 

stability at 4 °C of NPs were measured after resuspension. Also, morphological observations 

using TEM were performed. 

2.11 Determination and quantification of organic solvent residuals 

Considering two different methods to remove organic solvents, NPs were either dialyzed for 1 

h against Milli Q water (SpectrumTM Spectra/PorTM Float-A-LyzerTM G2 Dialysis devices 

(MWCO = 3.5-5 kDa)) or evaporated by rotary evaporation under reduced pressure (Rotavapor 

R-100, Buchi, Cornaredo, Italy). The quantifications of remaining acetonitrile were performed 

by 1H NMR analysis. 1H NMR spectra were recorded at the NMR technical facility “Centre 

Commun de RMN” of the University of Lyon on the liquid samples in 5 mm tubes with a liquid-

state high-resolution Bruker AVL300 NMR spectrometer operating at 300 MHz under 

quantitative analysis conditions. The FID was recorded during an acquisition time of 5.5 s after 

a 90° radiofrequency pulse (14 μs). A delay of 60 s was applied between each scan for ensuring 

full relaxation of the FID. 8 scans were accumulated with conventional phase cycling. 500 μL 

of an aqueous suspension of NPs were added to 500 μL of deuterium oxide (D2O) containing 

2% v/v of acetone used as internal standard. Quantification of acetonitrile residuals was done 

from the integral of the acetonitrile peak at 1.98 ppm and that of the acetone reference peak at 

2.15 ppm. The quantification of acetonitrile was performed on lyophilized samples as well. 

3. Results and Discussion 

3.1 Chemical properties of the drug molecule 

The selected model drug is a small benzimidazole derivative, completely insoluble in water 

having a LogP of 5.6 (predicted). The molecule behavior depends on the presence of a 

benzimidazole and another acidic group which are both ionized at physiological pH, giving 
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zwitterion characteristics to the molecule. It was soluble in acetonitrile with a predicted LogP 

of 0 and very soluble in methanol characterized by a predicted LogP of -0.5. Its solubility 

increased in methanol due to the enhanced number of hydrogen bond donors compared to 

acetonitrile. Thus, it has been selected as a model hydrophobic drug for efficiently 

encapsulation in polymer NPs to overcome pharmacokinetic and pharmacodynamics issues 

related to in vivo administration [26]. 

3.2 Physicochemical characterization of nanoparticles 

Particles were formulated via the nanoprecipitation method, using manual dropwise addition in 

bulk mixing and via automatized microfluidic technique. The polymer was dissolved in 

acetonitrile, the most common solvent used in nanoparticle formulation and tabulated in Class 

2 as reported by ICH Q3C “Impurities: guidelines for residual solvents” [27]. The drug 

molecule was solubilized in methanol obtaining an organic phase mixture miscible with water. 

The diffusion of the organic mixture into the water phase suddenly decreases the solubility of 

the polymer and, as a response to this change of hydrophobicity, it immediately self-assemblies 

to form NPs. In this process, the hydrophobic drug concentrated in the core of the polymer 

matrix and most of the carboxylic groups of PLGA were exposed on the surface, conferring a 

negative zeta potential to NPs [8]. Ideally, the nanoprecipitation process should be robust and 

reproducible to control NPs properties [28]. However, batch-to-batch reproducibility and 

difficulties in controlling operative parameters limit translation into clinics of drug delivery 

systems. Microfluidic is an automatized technique that offers precise and homogeneous mixing 

of the organic solution with the aqueous phase. In our setup to translate the formulation from a 

conventional production process to a more controlled technique, a toroidal micromixer was 

connected to the syringes pumps to facilitate hydrodynamic flow focusing (Fig. 1) [16]. 

 
Fig. 1. Schematic representation of the microfluidic micromixer 
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The particle size is related to the mixing of the organic and aqueous phases. Generally, faster 

mixing and lower locally amount of organic solvent yield smaller NPs [29]. To evaluate the 

formulation of size-tailored NPs and investigate the influence on other physicochemical 

characteristics (e.g., ζ, EE, DL and in vitro release), we compared the manual droplet addition 

in bulk mixing and microfluidic strategy. We formulated the NPs setting a total flow rate (TFR) 

of 12 mL/min and flow rate ratio (FRR) of 1:2 to obtain sub-100 nm NPs by microfluidics. The 

TFR is considered one of the microfluidic parameters to tune the size of PLGA NPs. Indeed, 

the high total combined speed at which the organic and aqueous phases are mixed together 

results in a faster mixing time which reduces the particle size [29,30]. To compare the 

microfluidic results with the nanoprecipitation method, we formulated PLGA NPs by manual 

addition of the organic phase into the aqueous phase under magnetic stirring. The results in 

Table 2 show the effect of the manufacturing technique on the physicochemical characteristics 

of nanocarriers. In the controlled-mixing process, we obtained particles in size of 70 or 81 nm, 

for blank and loaded NPs, respectively, with a slight diameter change in presence of the 

encapsulated drug. Via nanoprecipitation process, we achieved particles with a size above 150 

nm (Tab. 2).  

Table 2 Physicochemical characterization of blank and loaded PLGA NPs prepared by nanoprecipitation (N) and 
microfluidic technique (M). Values are given as mean ± SD (n=3). NPs nanoparticles; PDI: polydispersity index 

Formulation Size (nm ± SD) PDI Zeta Potential (mV ± SD) EE % ± SD DL% ± SD 

Blank N 147 ± 3 0.05 - 30.5 ± 0.4 / / 
Loaded N 169 ± 15 0.10 - 46.4 ± 7.4 85.0 ± 12.0 10.9 ± 0.4 
Blank M 70 ± 2 0.18 - 50.1 ± 1.9 / / 

Loaded M 81 ± 8 0.17 - 49.1 ± 10 75.1 ± 7.8 9.4 ± 1.0 

 

All the preformed formulations yielded monodispersed NPs with the polydispersity index (PDI) 

in the range of 0.05-0.18.  

The spontaneous encapsulation of the model drug occurred during the self-assembling of the 

particulate system, a classical approach to facilitate the administration in aqueous media of 

hydrophobic drugs [31]. During the formulation process, the organic solvent needs to be 

eliminated to avoid destabilization of the system and for in vitro and in vivo testing. Among the 

different methods for organic solvent elimination, which include rotary evaporation under 

pressure and ultracentrifugation, the dialysis method was exploited as an efficient strategy to 

both eliminate the organic solvent from nanosuspension and purify NPs from the unbound 

fraction of the drug. The solvent removal methods employed can influence the size and the 

distribution of the drug through the polymer matrix [32]. 
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Compared to other procedures, dialysis led to a slight increase in the PDI due to the slow 

removal of the solvents which could facilitate particle growth. However, the dialysis method 

was selected as the solvent removal technique for its advantages. Indeed, solvent exchange by 

dialysis is considered a slower process that occurs under equilibrium conditions. This gentle 

procedure resulted in structural relaxation of the polymer and consequently increased entrapped 

drug molecules. Results of EE and DL of NPs prepared via nanoprecipitation or by microfluidic 

process showed no significant variation in drug encapsulation (Tab. 2). The dialysis led to the 

elimination of organic solvents and improved the association of the drug, removing its 

unentrapped fraction, still solubilized in the organic phase. Therefore, the determined EE 

referred to the completely encapsulated drug into the polymer matrix. 
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Fig. 2. Release profile of drug-loaded PLGA NPs in PBS medium at 37 °C 

 

The effect of dialysis resulted in a controlled in vitro release, as reported in Fig. 2. Normally, 

the presence of molecules on the surface of NPs determine an initial burst release, characterized 

by a complete loss of the drug in a few hours [33]. Purification by dialysis eliminated the 

fraction of drug adsorbed on the polymer surface leading to a better-controlled drug release 

profile. Generally, a combination of diffusion and erosion of the polymer matrix leads to drug 

release from PLGA. Water adsorption by the PLGA occurs immediately, increasing porosity 

and consequently diffusion of release medium, regardless of NP size. PLGA undergoes 

degradation by hydrolysis and starts to release the encapsulated drug. In our case, the 

encapsulation of the drug into the polymer matrix allowed a sustained release of the drug over 

8 h in PBS at 37 °C (Fig. 2). After 6 h, 50% of the initial amount of drug was released from the 

polymer matrix and reached almost 100% after 24 h (Fig. 2). There are no important differences 
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in release kinetics for loaded nanosuspensions prepared using classical nanoprecipitation or 

microfluidic process.

To further characterize the nanocarrier prepared by the most reproducible microfluidic 

technique, a morphological study was performed by TEM microscopy. For blank and loaded 

NPs, the analysis confirmed the diameter found by DLS (Fig. 3). Moreover, the observed round 

shape was similar for both empty and loaded NPs, as already reported for PLGA-based 

nanosystems [34,35].

3.3 Design of experiments (DoE) for microfluidic translation

The translation from conventional bulk mixing nanoprecipitation technique to microfluidic was 

possible by controlling both formulation and process parameters which might affect NP

characteristics [36]. For this purpose, a DoE was set up starting from the nanoprecipitated 

formulation in order to optimize a more effective and easily scalable preparation technique for 

drug-loaded NPs. FRR, polymer and drug concentration are critical parameters in the 

microfluidic procedure and were investigated considering the resulting effect on the effective 

amount of hydrophobic drug loaded into PLGA NPs (EE and DL). Each suspension was 

formulated by a constant volume of organic phase at different polymer and drug concentrations 

and varying the volume of aqueous phase by using different FRR. All experimental results in 

terms of physicochemical characteristics are reported in Table 3.

Fig. 3. TEM images of (A-B) PLGA NPs and (C-D) loaded NPs prepared by microfluidic technique

A B

C D
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Table 3 Experimentation plan built according to a 23 full factorial design (runs 1 to 8) with two additional center 
points (runs 9 and 10) with the corresponding responses EE and DL 

Run PLGA 
(mg/mL)a (X1) 

FRR 
(v/v)b (X2) 

Drug 
(mg/mL)c (X3) 

Size  
(nm ± SD) 

PDI 
Zeta Potential 

(mV ± SD) 
EE% DL% 

1 5 1:5 0.7 148 ± 11 0.28 - 32.8 ± 4.2 100.0 8.9 
2 10 1:5 0.7 70 ± 1 0.20 - 43.8 ± 3.0 95.0 4.6 
3 5 1:2 0.7 85 ± 6 0.11 - 50.0 ± 3.7 50.3 6.1 
4 10 1:2 0.7 90 ± 1 0.07 - 50.5 ± 2.6 74.3 5.0 
5 5 1:5 1.4 148 ± 1 0.16 - 40.5 ± 0.5 78.1 18.3 
6 10 1:5 1.4 110 ± 3 0.21 - 47.1 ± 0.8 77.6 10.9 
7 5 1:2 1.4 136 ± 1 0.14 - 46.6 ± 0.1 75.0 13.6 
8 10 1:2 1.4 110 ± 1 0.04 - 43.8 ±2.5 86.4 9.5 
9 7.5 1:3.5 1.1 129 ± 4 0.25 - 43.4 ± 9.8 85.9 10.8 
10 7.5 1:3.5 1.1 128 ± 3 0.25 - 44.8 ± 0.2 92.5 11.3 

a polymer concentration in the organic phase 
b flow rate ratio (polymer-drug solution: aqueous phase) 
c drug concentration in the organic phase 
 

Compared to the conventional process, the microfluidic technique offers a more precise control 

over NP size during the formulation development. Working at a fixed TFR of 12 mL/min, we 

obtained NPs characterized by a mean diameter below 150 nm and PDI around 0.2 (Tab. 3), as 

reported in the literature for PLGA NPs working at high TFR (10-15 mL/min) [29,37]. The ζ 

of considered runs was ranged between -50 mV and -30 mV, suggesting that for hydrophobic 

drug-loaded PLGA NPs it is directly correlated to the presence of carboxylic groups on polymer 

chemical structure, regardless of modification of process parameters (Tab. 3) [38]. To reduce 

the waste of expensive drug molecules by maximizing the encapsulation into polymer 

nanosuspension, EE and DL were investigated by the means of a DoE. The experimental values 

of EE ranged from 50.3 up to 100% and DL evolved between 4.6 and 18.3% depending on the 

operating conditions (Tab. 3). The coefficients of Eq. 2 were determined for both EE and DL 

using least square linear regression (Tab. 4). The determination coefficients R2 indicated the 

satisfactory adequacy of the developed models. Moreover, the residual error value of each 

experiment was calculated as the difference between the experimental response and the 

response predicted by the model (data not shown). Since these residual errors are almost all 

contained within the range of 2*SDexp (Tab. 4), we can conclude that the developed models well 

explain each response. 

Thus, the validated models were used to visualize the surface responses as a bi-dimensional 

plot of two factors (PLGA (X1) and drug (X3) concentrations), while keeping the third one (FRR  

(X2)) constant (Fig. 4). In the case of EE, at a large volume of water compared to organic phase  
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(FRR 1:5), no significant influence of the polymer concentration was observed while the 

increase of drug concentration from 0.7 to 1.4 mg/mL led to a decrease of EE from 100% down 

to ~80%, probably due to high amount of drug compared to polymer amount. NPs reached a 

sort of limit of entrapment efficiency of the hydrophobic drug in a polymer matrix which 

determined a lower EE in presence of a high amount of polymer. 

At the intermediate FRR 1:3.5, EE was slightly influenced by both drug concentrations. The 

main difference compared to FRR 1:5 was a decrease of EE from 100% down to 80-85% for 

0.7 mg/mL of drug. At FRR 1:5, the larger amount of water compared to organic phase 

accelerated the solvent diffusion process and consequently allowed immediate NPs 

precipitation with higher amount of entrapped drug. At FRR 1:2 and 0.7 mg/mL of drug 

concentration, we observed a further decrease of EE that evolved between 55% and 70% as the 

polymer concentration ranged from 5 to 10 mg/mL. At FRR 1:2, corresponding to the lowest 

solvent diffusion rate, the amount of entrapped drug decreased. Moreover, EE was minimized 

at low polymer concentration since there was less polymer to entrap the active molecule. For 

1.4 mg/mL of drug, we observed a similar trend since EE increased from ~70% to 90% by 

increasing the polymer concentration. 

Concerning DL, Figure 4 shows similar results at FRR 1:5 and 1:3.5: the effect of drug amount 

on DL is more important than polymer concentration. 

As expected, DL increased with the drug concentration and by decreasing the polymer amount. 

DL was slightly more influenced by the drug amount than the polymer concentration. Regarding 

the effect of FRR on DL, we observed a decrease of the maximal DL from 16-18% obtained at 

FRR 1:3.5 and 1:5 down to 12% at FRR 1:2. Once again, this result may be explained by the 

fast solvent diffusion process at FRR 1:5 that limited the drug loss [36]. The DL maximization 

was obtained for high drug amounts and low polymer ones (i.e., 1.4 mg/mL drug and 5 mg/mL 

PLGA) but these operating conditions did not lead to optimal EE. EE was promoted at FRR 1:5 

for low drug amount and at FRR 1:2 for high concentrations of both drug and polymer. 

Thanks to these results, optimal operating conditions for the microfluidic process may be 

determined, but this needs to define specifications for a good compromise between EE, DL and 

the amount of wasted expensive drug. 
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Table 4 Coefficients of synergistic models (Eq. 2) for EE and DL with their corresponding R2 and the estimation 
of the experimental standard deviation SDexp 

Coefficients EE (%) (Y1) DL (%) (Y2) 
b0 80.8 9.7 
b1 3.9 -2. 1 
b2 -8.9 -1.1 
b3 0.1 3.5 
b12 5.5 0.8 
b13 9.8 -0.8 
b23 - -0.5 
R² 0.930 0.986 
SDexp*  5.4 % 0.8% 

*standard deviation of the experimental error determined from repeated runs (Degrees of Freedom=3) 
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Fig. 4. Contour 
plots of the response 
surface for EE and 
DL at FRR 1:5 (A), 
1:3.5 (B) and 1:2 
(C)
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3.4 Freeze-drying of loaded NPs 

The stability of colloidal suspensions was evaluated at the storage condition (4 °C). For NPs 

prepared via nanoprecipitation, no appreciable size and ζ change and no precipitation or 

aggregation were observed. In microfluidic prepared NPs, the presence of the drug impacted 

the stability of the system. To understand the destabilization process, NMR analysis was 

performed to evaluate the presence of remaining organic solvents which could have an impact 

on PLGA formulation [39]. After the preparation of polymer NPs, rotary evaporation under 

pressure and dialysis against water were performed to eliminate acetonitrile. 1H NMR spectra 

showed the presence of acetonitrile either using under-pressure evaporation or dialysis (data 

not shown). The fast destabilization of loaded systems could be partially ascribed to the 

presence of remaining acetonitrile. The effect was more evident in NPs prepared by 

microfluidic process, probably due to their smaller size (80 nm) to whom corresponded a faster 

degradation rate compared to nanoprecipitation-prepared NPs (170 nm) [40]. PLGA 

degradation and consequent destabilization of nanosystems can be ascribed to drug size or 

hydrophobicity, NP size and drug-polymer interactions [41]. During the formulation of the 

nanosuspension, organic solvents are required, but they must be eliminated (even the residual) 

for in vitro and in vivo testing. To guarantee a dry form of NPs with increased storage stability, 

a freeze-drying study was set up on NPs prepared by microfluidic technique. To not affect the 

physicochemical properties of NPs, trehalose 12% w/v was selected as a cryoprotectant agent, 

as already described for other polymer nanosystems [42]. Results shown in Tab. 5 demonstrate 

the retention of size, PDI, and ζ of lyophilized NPs after resuspension in Milli Q water. 

 
Table 5 Physicochemical characterization of loaded-PLGA NPs prepared by microfluidic technique, before and 
after freeze-drying 

Time Size (nm ± SD) PDI Zeta Potential (mV ± SD) Osmolarity 

Before freeze-drying 81 ± 8 0.165 -49.1 ± 10 - 
After freeze-drying 84 ± 18 0.190 -35.6 ± 2.9 0.286 

 

Moreover, stability over time after NP resuspension was evaluated over 28 days at storage 

conditions (Fig. 5A). After reconstitution in water, the size of loaded NPs was retained by a 

monodispersed population (PDI<0.2) (Tab. 5) and their rounded shape did not register 

significant changes (Fig. 5B). By UHPLC analysis, we determined a drug association efficiency 

of 84% after reconstitution. As shown in Figure 5, the freeze-drying process, in combination 

with the cryoprotectant effect of trehalose, offered increased NP stability compared to the not-

lyophilized formulation. The ζ was still negative and increased due to the presence of surface-
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adsorbed sugar in the system [43]. The value around –35 mV allowed obtaining stable NPs 

thanks to the repulsion forces still present on the shell of PLGA NPs. Moreover, the 1H NMR 

spectra demonstrated the complete elimination of acetonitrile after the freeze-drying process 

(data not shown). Lyophilization performed the double effect to increase the storage stability 

of loaded NPs and make the formulation suitable for in vitro and in vivo testing, by removing 

the organic solvent. 

Fig. 5. Characterization of drug-loaded NPs after freeze-drying. (A) Stability study (size, and PDI) upon 
resuspension of loaded freeze-dried NPs. (B) TEM images of freeze-dried loaded-PLGA NPs after resuspension

4. Conclusions

The reported results confirm the useful application of microfluidic technique in the preparation 

of hydrophobic drug-loaded PLGA NPs. The translation from conventional bulk mixing to 

microfluidic technique is a key point to achieve a more effective and easily scalable preparation 

method. Notably, drug-loaded PLGA NPs were successfully manufactured by NanoAssemblr 

device, reducing the preparation time, and yielding suitable NP physicochemical characteristics 

(size, EE and DL). Indeed, starting from nanoprecipitation parameters, including polymer 

concentration, organic phase content and aqueous/organic phase ratio, the translation into 

microfluidic resulted in NPs with sub-100 nm size. The organic solvent elimination methods 

were investigated to obtain monodispersed nanosuspension with high EE. Among the most 

common methods, the dialysis technique led to NPs with PDI<0.2 with complete elimination 

of unencapsulated or surface-adsorbed drug. Thus, the drug content referred to the molecules

efficiently encapsulated into the polymer matrix. In an effort to systematically investigate the 

impact on NP properties by changing the preparation methods, a DoE highlighted the crucial 

effect of polymer and drug concentrations, and FRR on NP features: in all the runs considered, 
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FRR set up at 1:5 enhanced the entrapment of the drug into polymer matrix at low drug 

concentration. However, the amount of drug improved EE and DL at FRR 1:2 up to a limit 

point which is characterized by the maximum entrapment capacity of PLGA NPs towards 

hydrophobic molecules. Microfluidic nanoprecipitation method has demonstrated to be a 

potential tool to ameliorate the size and EE of PLGA NPs loaded with a small hydrophobic 

model drug.  

We can conclude that the translation from the conventional nanoprecipitation method to the 

microfluidic technique for polymer NPs has an ameliorating effect on NP features. However, 

the optimization of translated formulation needs to consider all the formulation and process 

parameters involved in microfluidic nanoprecipitation method.  
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AMP-protein kinase (AMPK) is a new emerging therapeutic target in the treatment of muscular 

myopathies. Small molecules can efficiently activate AMPK to reduce the production of pro-

inflammatory and fibrosis mediators and positively affect the development of muscular 

dystrophies. 

Main aim 

The aim of this chapter was to exploit the nanotechnological strategy to overcome the drawback 

of in vivo administration of a potent AMPK activator molecule, called 991.  

Specific objectives 

 Test 991 efficacy in vitro and in vivo once loaded in PLGA-based nanoparticles (NPs) 

 Study the internalization of PLGA NPs in bone marrow derived macrophages 

(BMDMs) 

 Study the cellular viability for empty and loaded NPs on BMDMs 

 Study the retained activity of loaded 991  

 Study the in vivo pharmacokinetics and NPs uptake in diaphragm and gastrocnemius  

 Study the in vivo efficacy of 991-loaded PLGA NPs 

Highlights of the chapter 

 Encapsulation of 991 in biodegradable and biocompatible PLGA NPs is a promising 

strategy for in vivo delivery.  

 The internalization of PLGA NPs is very fast in BMDM without toxic effects. In vitro 

efficacy of 991, as potent activator of AMPK was retained. The evaluation of 

transforming growth factor- β (TGFβ1) expression confirmed a reduction in cells treated 

with 991, free or loaded in NPs. 

 The biodistribution of NPs after i.v. injection in a superior Duchenne muscular 

dystrophy mouse model (D2.mdx) showed a 10% uptake in diaphragm and 

gastrocnemius cells. 

 In vivo treatment of 991-loaded NPs over three weeks demonstrated a 10% fibrosis 

reduction in D2.mdx, suggesting promising results of 991 activity in vivo. 

 Nanomedicine strategy allowed the in vivo delivery of 991, without evident side effects 

on mice. 
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Abstract 

Muscular dystrophies, such as Duchenne muscular dystrophy (DMD), are caused by permanent 

muscle injuries leading to a chronic inflammation, with macrophages harboring an altered 

inflammatory profile that contributes to fibrosis establishment through secretion of the TGFβ1 

profibrotic cytokine. AMP-activated protein kinase (AMPK) is an attractive therapeutic target 

for treating chronic inflammation and fibrosis in DMD as we previously showed that its indirect 

activation reduces TGFβ1 secretion by macrophages and improves muscle homeostasis and 

muscle force in a mouse model of DMD. However, potent direct AMPK activators like 

compound 991 show strong adverse effects in vivo which prevent their use. Here, we 

encapsulated 991 into biodegradable poly(lactic-co-glycolic) acid (PLGA) nanoparticles to 

deliver it in vivo and overcome these toxicity issues. We demonstrate that 991-loaded PLGA 

nanoparticles retained drug activity on fibrotic bone marrow derived macrophages, by reducing 

the secretion of TGFβ1 and preserving cellular viability in vitro. In the D2-mdx pre-clinical 

DMD mouse model, sub-100 nm nanoparticles accessed the gastrocnemius and diaphragm 

muscles, the most affected muscles in DMD mouse model, after chronic intravenous injections. 

Muscles exhibited a decreased inflammation associated with fibrosis reduction and increase in 

muscle mass, indicative of muscle homeostasis improvement. Our results suggest that 

nanomedicine is an efficient strategy to achieve direct AMPK activator molecules 

administration in vivo, to prevent their adverse effect and ameliorate dystrophic muscle 

phenotype. 

Keywords: nanoparticles, macrophages, fibrosis, muscle homeostasis 
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1. Introduction 

Inflammation and fibrosis achieved important attention for their pathogenic role in several acute 

and chronic diseases, including cardiomyopathy, metabolic and autoimmune diseases, and 

genetic disorders [1,2]. The biological complexity of an inflamed and fibrotic environment 

made it difficult to develop anti-inflammatory therapies to improve tissue regeneration [3,4]. 

Therefore, the investigation of new approaches to reduce chronic inflammation and 

pathological fibrosis are of substantial interest to promote muscle homeostasis. Among several 

pathologies, Duchenne muscular dystrophy (DMD) is an X-linked genetic disorder, triggered 

by mutations in the dystrophin gene, in which inflammatory and fibrotic responses play a 

crucial role in disease progression [5]. Chronic inflammation contributes to persistent muscle 

damage and the progression of muscle weakness with high infiltration of immune cells. The 

first immune cells to invade the injured area are pro-inflammatory damage-associated 

macrophages which can establish fibrosis [6]. Existing data suggest that an appropriate balance 

of immune cells responses in dystrophic muscle is essential to ultimately restoring natural 

muscle physiology. Indeed, resolution of inflammation is characterized by phenotype changes 

of pro-inflammatory macrophages toward their anti-inflammatory phenotype. This process is 

promoted by different pathways, including the activation of AMP-protein kinase (AMPK) [7,8]. 

AMPK is a ubiquitously expressed serine/threonine kinase, considered a crucial protein in 

maintaining energy balance and homeostasis in skeletal muscles [9]. Activation of AMPK 

exhibited anti-inflammatory properties through the regulation of macrophages' inflammatory 

status, gaining much attention as a new therapeutic target. Since the discovery of AMPK as a 

druggable target, the effort to develop different compounds able to enhance protein activity, 

increased. Although the use of small molecules highlighted the importance of AMPK in the 

treatment of many human pathologies, challenges and drawbacks might limit their therapeutic 

applicability [10,11]. In dystrophic muscles, the activation of AMPK in immune cells, 

particularly in macrophages, causes the activation of the latent-TGF-β-binding protein (LTBP4) 

genetic pathway, which is a known modified gene in DMD patients. Consequently, kinase 

activation reduces the expression of LTBP4, reducing the amount of the pro-inflammatory 

cytokines transforming growth factor-β (TGFβ1) production, crucial for muscle regeneration 

[12]. AMPK activator molecules have already found application in the treatment of diabetes 

type II. For example, metformin can enhance the activation of AMPK and improve glucose 

uptake, even in skeletal muscles to ameliorate muscle contractility [13–15].  

In this frame, a potent activator AMPK molecule, namely 991 or EX229, was studied as a 

potential approach to reduce inflammation and associated fibrosis in a pre-clinical fibrotic mdx 
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mouse model [12,16,17]. However, in the literature, there is no information about the immediate 

side effects after intravenous (i.v.) injection of AMPK activator molecules. In the scientific 

community, it is known about the irreversible hemolytic effect and platelet aggregation after 

AMPK activator i.v. administration in mice. The growing interest in applying nanotechnology 

to therapeutic approaches is largely attributable to its uniquely appealing features for drug 

delivery, diagnosis, and imaging, synthetic vaccine development [18,19], and the treatment of 

muscular dystrophies [20]. Among the studied drug delivery systems, poly(lactic-co-glycolic) 

acid (PLGA), a biocompatible and biodegradable polymer, has attracted researchers for the 

ability to incorporate hydrophobic compounds [21]. In this study, we investigated 

nanomedicine as a possible strategy to administer an AMPK activator molecule in vivo. The 

working hypothesis was the use of PLGA nanoparticles to provide a huger concentration in the 

systemic circulation, avoiding its rapid clearance, increasing drug accumulation in inflamed 

tissues and reducing adverse effects [22]. The developed nanosystem is based on a 

biodegradable and biocompatible polymer whose metabolic monomers, lactic and glycolic acid, 

can be used by cells to maintain homeostasis [23,24]. PLGA is considered one of the most 

successfully biodegradable polymers and its features need to be considered in DMD treatment 

to prevent additional muscle degeneration of severely injured skeletal muscles [25]. 

In the present work, the ability of these nanoparticles to control inflammation and reduce 

fibrosis in the context of chronic inflammation was assessed. Their activity on fibrotic bone 

marrow derived macrophages (BMDMs) was investigated, by evaluating the ability of 991 to 

retain its activity even loaded into polymer nanocarriers. In vivo tests were then set up to 

evaluate a possible accumulation of biodegradable nanoparticles into dystrophic muscles, with 

a specific focus on gastrocnemius and diaphragm muscles, which are considered the most 

representative muscles of inflammation and fibrosis patterns in the pre-clinical mdx mouse 

model [26].  

2. Experimental section 

2.1 Materials  

PLGA 75:25 (Resomer® RG 752 H, Mw = 4-15 kDa) and solvents (analytical grade) were 

purchased by Sigma-Aldrich® (St Quentin-Fallavier, France). 991 (Mw = 431.87 g/mol) was 

ordered from Cliniscience® (Nanterre, France) and 1,1′-dioctadecyl-3,3,3′,3′-

tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) from Thermo Fisher 
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Scientific® (Waltham, Massachusetts, USA). SpectrumTM Spectra/PorTM Float-A-LyzerTM G2 

Dialysis devices (MWCO = 3.5-5 kDa) were provided by Fisher Scientific (Illkirch, France). 

For the biological tests, Dulbecco’s Modified Eagle Medium (DMEM), high glucose, Glutamax 

Supplement, pyruvate, was bought from Gibco® (Thermo Fisher Scientific®) and used for cell 

culture. Fetal bovine serum (FBS), penicillin/streptamycin and fungizone as DMEM 

supplements were supplied by Gibco®. TGF beta-1 Human/Mouse Uncoated ELISA Kit was 

supplied by Gibco®. Annexin V conjugated to Alexa Fluor 488 (ref A1, 1/20 dilution) was 

purchased by Molecular Probes (Eugene, Oregon). DAPI (1 μg/mL, ref 564907) was obtained 

from BD Biosciences (Grenoble, France). For immunostaining, cells were labeled with rabbit 

anti-laminin (ref. L9393, 1/200 dilution) from Sigma-Aldrich® and goat anti-type I collagen 

(ref 1310-01, 1/400 dilution) from Southern Biotech (Birmingham, Alabama, USA). For double 

immunolabeling, antibodies against F4/80 were purchased from Elabscience (France). Hoechst 

33342 (1 μg/mL, ref 14533) for nuclei staining was purchased from Sigma-Aldrich®. 

2.2 Nanoparticle preparation and characterization 

991-loaded PLGA nanoparticles were produced using a benchtop NanoAssemblrTM (Precision 

NanoSystem, Inc., Vancouver, Canada), as already described (Chapter IV).  

Briefly, for each preparation, to 6 mg of PLGA 75:25 dissolved in acetonitrile, an aliquot (200 

μL) of a methanolic stock solution of 991 (5 mg/mL) was added until a total volume of 1 mL. 

The organic phase comprised of the polymer/drug solution was injected into one port of the 

NanoAssemblrTM instrument. The aqueous phase was simultaneously injected into the second 

port of the system to maintain a 1:2 organic:aqueous flow rate ratio (FRR) and 12 mL/min total 

flow rate (TFR). To remove the organic solvent and purify the nanoparticles from the non-

incorporated drug, 991-loaded nanoparticles were dialyzed (SpectrumTM Spectra/PorTM Float-

A-LyzerTM G2 Dialysis devices (MWCO = 3.5-5 kDa)) against Milli Q water at room 

temperature for 1 h. Unloaded (i.e., without adding 991) and DiD-loaded nanoparticles were 

prepared as well. The particles were then stored at 4 °C. Quantification of encapsulated 991 

was determined by ultra high performance liquid chromatography (UHPLC) analysis, which 

has already been described (Chapter IV). 

2.3 Hemolysis test 

The hemolytic potential of free and encapsulated 991 was determined on erythrocytes. 10 mL 

of mice blood were taken and transferred into Vacutainer tubes. The blood was centrifuged 

(2229 rpm, 20 °C, 5 min) and the supernatant was discarded. The solid residue of erythrocytes 
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was redispersed with a sterile saline solution containing NaCl 150 mM and centrifuged three 

times; each time the supernatant was discarded and NaCl solution added. Then, the solid residue 

of erythrocytes was diluted with PBS (3% w/v) and stored at 4 °C. 150 μL of the erythrocyte 

stock dispersion was added to 150 μL of free 911 and loaded nanoparticle suspensions (50, 20 

and 10 μM), and incubated at 37 °C for 1 h. A dispersion of erythrocytes in PBS was prepared 

as negative control and a solution of Triton X-100 20% v/v as a positive control. After 

incubation, samples were centrifuged (2229 rpm, 20 °C, 5 min) to separate the red blood cells 

and the supernatant. The absorption of the supernatant was measured by UV spectroscopy (λ = 

570 nm). Results were set relative to negative control with 0% lysis (PBS) and positive control 

with 100% lysis (Triton X-100). The hemolytic percentage was calculated according to the 

equation (Eq. 1). 

Eq. 1 

 

 

2.4 In vitro studies on BMDMs 

2.4.1 Cell culture conditions 

Macrophages were derived from murine bone marrow precursors as previously described [7]. 

Briefly, total bone marrow was obtained by flushing the femur and tibiae from wild-type 

C57BL/6J mice with DMEM. Cells were cultured in DMEM containing 20% heat-inactivated 

FBS, 30% of L929 cell-line derived conditioned medium (European Collection of 

Authenticated Cell Cultures; enriched in CSF-1), 1% of penicillin/streptamycin and 1% of 

fungizone for 6-7 days. Cells were cultured at 37 °C in a humidified atmosphere 5% CO2. 

Macrophages were polarized toward 1 μg/mL of total protein lysate from fib-mdx mouse, in 

DMEM containing FBS 10% for at least 48 h. 

2.4.2 Cell viability study 

Fibrotic BMDMs treated with free 991, blank and 991-loaded nanoparticles (20 μM) for 24 h, 

were collected using cold PBS and suspended in PBS containing 1% FBS. After centrifugation, 

cells were resuspended in 1X binding buffer containing Annexin V-FITC and DAPI and 

incubated for 15 min at room temperature in the dark. Cells were then washed with 1X binding 

buffer. Staurosporine (2 μM) and cisplatin (50 μM) induced cells were used as positive controls. 

Cells were sorted using a FACSCanto II (BD Biosciences) apparatus. 
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2.4.3 Nanoparticles internalization by BMDMs 

1.8-2.0×105 BMDMs obtained as previously described were cultured on a round coverslip in a 

12-well plate. Cells were incubated with fluorescent PLGA nanoparticles at the final DiD 

concentration of 0.9 μg/mL for 2 h, 4 h and 24 h at 37 °C. As a control, untreated samples were 

used. After incubation, wells were washed with PBS three times for 5 min and fixed with 4% 

paraformaldehyde at 37 °C. Afterward, the cells were washed three times with PBS. 

Membranes were permeabilized with PBS 0.5% TritonX-100 and stained with 30 μL of a 

solution of primary antibody against F4/80 (ref E-AB.F0995A, 1/200 dilution) overnight at 4 

°C. 30 μL diluted secondary antibody in PBS (1/2000 dilution) was added and incubated 2 h at 

37 °C. The secondary antibody was coupled to Cy3 fluorophore. The nuclei were stained with 

Hoechst 33342. Samples were analyzed under a laser scanning confocal microscope (LEICA 

SP5 X) equipped with 2 lasers (405 nm/Diode laser and 470-670 nm/white laser), and the results 

were analyzed by Las X (Leica MICROSYSTEMS). 

2.4.4 Protein extractions and western blotting 

2×106 BMDMs were seeded in 6-well plates. The culture medium was replaced with DMEM 

without Phenol Red (Gibco®) supplemented with 10% charcoal-stripped FBS (Gibco®), and 

cells were treated with 10 and 20 μM of 991, PLGA nanoparticles and 991-loaded PLGA 

nanoparticles for 6 or 24 h. Proteins were isolated in lysis buffer containing 50 mM Tris-HCl 

(pH 7.5), 1 mM EDTA, 1 mM EGTA, 0.27 M sucrose, 1% Triton X-100, 20 mM glycerol-2-

phosphate disodium, 50 mM NaF, 0.5 mM PMSF, 2 mM benzamidine, 1 mM Na3VO4 and 1% 

phosphate inhibitor cocktail 3 (Sigma-Aldrich®; P0044) for 30 min on ice and centrifuged for 

10 min at 16.000 g to remove debris. Then, 10 μg of the protein was subjected to SDS-PAGE 

and transferred into a nitrocellulose membrane, which was probed with antibodies against 

acetyl-CoA carboxylase (ACC) (#3676S, 1:1000) and phosphorylated ACC (p-ACC; #3661S, 

1:1000) or β-actine (A5316, Sigma-Aldrich®; 1:2000). Blots were analyzed on a Chemidoc 

imager (Bio-Rad) using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo 

Fisher Scientific), and signal intensity was quantified using Image Lab Software (Bio-Rad). 

2.4.5 Quantification of TGFβ1 by ELISA kit 

1.5×105 BMDMs were seeded in 48-well plates and polarized as described above. Free 991, 

empty and loaded nanoparticles were incubated overnight at 10 μM concentration; cells were 

washed with PBS and cultured for 20 h in DMEM without FBS. The conditioned medium was 
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then harvested and centrifuged for 5 min at 2000 rpm. To quantify the total amount of TGFβ1, 

samples were subjected to heat denaturation followed by acidic treatment and neutralization 

according to the manufacturer’s instructions. The level of active TGFβ1 was determined by 

ELISA (TGF beta-1 Human/Mouse Uncoated ELISA Kit, Invitrogen). 

2.5 In vivo studies 

2.5.1 Animal preparation 

D2-mdx (D2.B10-Dmdmdx/J) mice were purchased from The Jackson Laboratory. They were 

bred and used according to French legislation. The protocols were approved by the ACCeS 

Ethical committee from Université Claude Bernard Lyon 1 (project n°APAFIS#33920-

2021092301268077v4). Experiments were conducted on males of 8-12 weeks of age. 

2.5.2 Organs biodistribution 

200 μL of fluorescent nanoparticles were administered to anesthetized mice by i.v. injection in 

the tail vein. At scheduled time points (30 min, 1 h, 24 h, 48 h, 72 h), anesthetized animals were 

fully imaged in a light-tight chamber where a controlled flow of 1.5% isoflurane in the air was 

administered to maintain anesthesia. Fluorescence images, as well as bright-field pictures of 

mice's whole body (ventral and prone view), were acquired via a back-thinned CCD-cooled 

camera ORCAIIBT-512G Deutschland GmbH (Herrsching am Ammersee, Germany) using a 

coloured glass long-pass RG 665 filter (Melles Griot, Voisins les Bretonneaux, France), which 

cuts off all excitation light. Optical excitation was carried out at 644 nm, and the emission 

wavelength was detected at 655 nm. At each time point, n = 3 mice for time point were 

sacrificed and tissues and organs (brain, heart, lungs, liver, kidney, spleen, GI, diaphragm, bone 

marrow, lymph nodes and muscles) were harvested for ex vivo imaging. Images were analyzed 

using the Wasabi software 1.5 (Hamamatsu Photonics Deutschland GmbH). 

2.5.3 Treatment efficacy 

Mice were randomly divided into three groups: 991-loaded PLGA nanoparticles, PLGA 

nanoparticles, and untreated (NT). Loaded and empty nanoparticles were administered one 

injection every other day (3.50 mg/kg of drug) during the 3 weeks. 

2.5.4 Isolation of all cell populations from muscles 

Diaphragm and gastrocnemius muscles were dissociated and digested in RPMI medium (Gibco 

#61870) containing 1 U/mL of Collagenase B (Gibco #17101015) for 1.5 h at 37°C with 
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agitation. Digested muscles were passed through a 30 m strainer (Myltenyi Biotec #130-098-

458), red blood cells were eliminated with ACK Lysing Buffer (Lonza #BP10-548E) and 

samples were incubated with anti-mouse FcR Blocking Reagent (Myltenyi Biotec #130-092-

575) for 20 min at 4 °C in PBS 2% FBS. Cells were then stained with anti-CD45 (PE-

(eBioscience #12-0451-82) or PE-Cy7-(eBioscience #25-0451-82)conjugated), anti-CD64 

(FITC-(Biolegend #139316) or Alexa Fluor 647-(Biolegend #139321)conjugated), anti-Ly6C 

(PE-conjugated, eBioscience #12-5932-82), anti-CD163 (PE-Cy7-conjugated, Biolegend 

#155319), anti-CD206 (FITC-conjugated, eBioscience # 53-2061-82) and anti-Folate Receptor 

 (APC-conjugated, Biolegend #153306) antibodies for 30 min at 4 °C in PBS 2% FBS. After 

dead cells labeling with DAPI solution (BD Biosciences #564907), samples were analyzed on 

a FACSCanto II (BD Biosciences) apparatus. Cross-sectional area (CSA) was determined on 

whole muscle sections labeled by anti-laminin antibody using the Open-CSAM program, as 

previously described [27].  

2.6 Data analysis 

For in vitro and in vivo analysis, the results are reported as mean ± standard error mean (SEM) 

of replicate experiments. Statistical analyses were performed using Student’s t test. P-value 

reported was considered as statistically significant for **p<0.01, highly significant for 

***p<0.0005. All graphs were prepared using GraphPad software.  

3. Results  

3.1 In vitro  

In the current study, we hypothesized that the nanoformulation of 991-loaded PLGA 

nanoparticles might serve as a potential strategy to overcome the side effects of the free drug 

during in vivo administration. In our previous work, we described the formulation and 

optimization of 991-loaded nanoparticles by microfluidic technique. 

The validation of the polymer nanosystem in vitro was investigated by culturing BMDMs 

rendered pro-fibrotic by treatment with fib-mdx muscle homogenates (Fig. 1A). The 

internalization of polymer nanoparticles was assessed by preparing fluorescence-labeled 

nanoparticles for confocal microscopy analysis. Our findings revealed a fast internalization as 

soon as 2h incubation time which lasted over 24 h (Fig. 1B). The internalization of polymer 

nanoparticles started very fast due to the biological nature of macrophages which are devoted 

to recognize external agents and phagocyte any external and “non-self” intruders [28,29]. 
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Fig. 1. (A) Scheme of the experimental design. (B) Intracellular uptake of PLGA nanoparticles in fibrotic BMDMs. 
Confocal fluorescence microscopy of BMDMs (I-VI) that have been incubated with nanoparticles for 2 h (I, II), 4 
h (III, IV) and 24 h (V, VI). PLGA nanoparticles were loaded with DiD (red fluorescence) and cell membranes 
are counterstained with Cy3 fluorophore (green fluorescence). Hoechst 33258 (blue fluorescence) staining depicts 
nuclei. (C, D) BMDMs were treated with free and loaded 991 (NPs 991-PLGA) for 6 h, and the phosphorylation 
of ACC (p-ACC) was quantified by immunoblotting (C-D). (C) Representative immunoblots showing p-ACC, 
total ACC, and β-actin as a loading control (NT, non-treated). (D) Quantification of the ratio of phosphorylated 
and total ACC protein. (E) TGFβ1 production of BMDMs incubated overnight with free drug, PLGA nanoparticles, 
and drug-loaded PLGA nanoparticles at a concentration of 10 μM. (F) Annexin V/DAPI staining of fibrotic 
BMDMs. The cells were incubated for 24 h with free 991 and 991-loaded nanoparticles at a concentration of 20 
μM. Data are presented as means + SEM. **p<0.01, *** p<0.0005 
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In an attempt to demonstrate that 991 encapsulation into nanoparticles did not alter drug 

properties, we evaluated the impact of 991-PLGA nanoparticles on phosphorylation of acetyl-

CoA carboxylase (ACC), a major target of AMPK. Similarly to the treatment with 991 alone 

(68.1% and 72.3% for 10 and 20 μM concentration, respectively), treatment of fibrotic BMDMs 

with 991-loaded nanoparticles induced the phosphorylation of ACC (58.5% and 61.5% for 10 

and 20 μM concentration, respectively) compared with untreated control (Fig. 1C-D), 

indicating AMPK activation. Next, we confirmed the retention of 991 activity once 

incorporated into the polymer matrix by assessing its capacity to inhibit TGFβ1 secretion on 

fibrotic BMDMs, as previously described [12]. Treatment of fibrotic BMDMs by 991-loaded 

PLGA nanoparticles reduced their TGFβ1 secretion (Fig. 1E, 65.0% as compared with PLGA) 

as efficiently as treatment by free 991 (Fig 1E, 67.8% as compared with NT). Importantly, these 

decrease in TGFβ1 secretion was not due to a cytotoxic effect of PLGA-991 nanoparticles. 

Indeed, incubation of BMDMs with empty and loaded nanoparticles induced no significant 

reduction in cell viability after 24 h treatment compared with untreated control (Fig. 1F). The 

presence of PLGA as unloaded and loaded nanoparticles significantly increased cellular 

viability as compared with NT sample. 

Furthermore, to preliminary characterize the behavior of loaded nanoparticles in vivo, 

hemolytic analysis was performed. The release of hemoglobin determined the membrane 

damage caused by the formulation assayed. The results showed that 991-loaded PLGA 

nanoparticles had no hemolytic effect at tested concentrations (10, 20 and 50 μM) when diluted 

with erythrocytes at 3% w/v, registering no detectable disturbance in the red blood cell 

membranes. Therefore, these results indicate that the encapsulation of 991 into polymer 

nanoparticles might counteract the hemolytic activity of free 991 even at high concentrations, 

providing a hemocompatible system. In vitro results evidenced fast nanoparticle internalization 

in pro-inflammatory macrophages, which phenotype can be switched toward anti-inflammatory 

cells by AMPK activation, preserving the activity of encapsulated 991. 991 loaded into PLGA 

nanoparticles showed biocompatibility and no toxic effects in vitro. Activation of AMPK 

cascade was induced after 991 release from polymer matrix, making 991 usable in vivo. 

3.2 Organs biodistribution 

Next, we evaluated the nanoparticulate system on the pre-clinical mouse model of DMD 

(D2.mdx), which exhibits strong inflammation, fibrosis and muscle alteration in the diaphragm 

and the gastrocnemius muscles [30,31]. To assess whether small-size PLGA nanoparticles, 

characterized by size below 100 nm, can accumulate in the diaphragm and skeletal muscles, 
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DiD-loaded nanoparticles were administered by i.v. injection to mice (Fig. 2A). At defined time 

points, all the organs and tissues were excised and imaged using IVIS® (Fig. 2B). The 

fluorescence intensity was quantified considering the areas of the whole organ. Our data 

confirmed that sub-100 nm nanoparticles administered by i.v. reached the main organs at a very 

shorter time point, meaning that they are immediately internalized and then re-distributed by 

blood circulation. In the liver, nanoparticle residence lasted over 72 h, but in the spleen and 

lung the fluorescence intensity decreased over time showing an initial uptake and then the 

complete elimination of nanosystem (Fig. 2C), as already reported for PLGA nanoparticles [32].  

Interestingly, fluorescence was also detected in the diaphragm (Fig. 2D). Flow cytometry 

analysis showed that up to 10% of the cells in the diaphragm internalized the nanosystem after 

30 min and 1 h (Fig. 2E). The nanosystem signal decreased over time until an elimination over 

72 h (<5%). Although no fluorescence was detected in the gastrocnemius muscle by imaging, 

flow cytometry showed that around 5% of the cells internalized the nanosystems (Fig. 2F).  

These results show that PLGA nanoparticles efficiently reach the diaphragm and gastrocnemius 

muscles in the D2.mdx pre-clinical model of DMD and represent a relevant strategy to deliver 

specific AMPK activators. 
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Fig. 2. (A) Scheme of the experimental design. (B) Organ ex vivo biodistribution of DiD-loaded PLGA 
nanoparticles, at selected time points. (C) Quantification of mean fluorescence intensity in fluorescent organs. (D) 
Quantification of mean fluorescence intensity in diaphragm. (E) Quantification of cells which internalized 
fluorescent-PLGA nanoparticles by FACS analysis in diaphragm cells. (F) Quantification of cells which 
internalized fluorescent-PLGA nanoparticles by FACS analysis in gastrocnemius cells. Data is shown as mean ± 
SEM (n =3). 

 

3.3 991-loaded nanoparticles treatment improves muscle homeostasis 

Finally, we used the D2.mdx mouse model to investigate the functional effect of loaded 

nanoparticles on dystrophic muscle homeostasis. To this aim, 991-loaded PLGA nanoparticles 

were chronically i.v. administered to mice for three weeks (Fig. 3A). In the first set of 

experiments, we evaluated the consequences of improvement in immune cell status by assessing 

the 991-PLGA nanoparticles treatment on dystrophic muscle features. 991 released from the 

polymer matrix was associated with a reduced macrophage infiltration in gastrocnemius 

compared to mice that received only the vehicle (Fig. 3B-C).  
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This effect was associated to a decrease in muscle fibrosis, as shown by a reduction in the area 

expressing collagen 1 (Coll1) in the diaphragm (Fig. 3D-E). Moreover, 991-loaded PLGA 

nanoparticles promoted muscle mass increasing of diaphragm and gastrocnemius in loaded 

nanoparticles-treated mice (Fig. 3F-G). This significant increase in muscle mass and reduced 

fibrosis are indicative of improved muscle homeostasis in D2.mdx mice after treatment with 

991-PLGA nanoparticles.  

Taken together, these results show that the modulation of inflammation and especially 

macrophages’ phenotype upon 991-loaded PLGA nanoparticles treatment is associated with 

reduced fibrosis in the diaphragm and increased muscle mass, leading to improved muscle 

homeostasis. 

 

 
Fig. 3. 991-PLGA nanoparticles treatment ameliorates dystrophic muscle phenotype. (A-F) D2.mdx mice were 
treated every other day for three weeks, and diaphragm and gastrocnemius were harvested. (A) Scheme of the 
experimental design. (B-C) FACS analysis of the surface marker CD45+ and CD64+ in gastrocnemius for sample 
treated with PLGA nanoparticles (B, left) and 991-PLGA nanoparticles (B, right). (C) Percentage of positive 
macrophages in gastrocnemius. (D-E) Muscle sections were immunostained for Coll1. (D) Representative images 
of Coll1 immunostained in the diaphragm. (E) Percentage of Coll1 area in the diaphragm. (F-G) Muscle mass 
normalized to mouse body weight for diaphragm (F) and (G) gastrocnemius.  
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4. Discussion  

The role of macrophages in fibrosis pattern is still not clear [33,34]. It has been demonstrated 

how macrophages infiltration is responsible for increased fibrosis in injured muscle [35,36]. 

These inflammatory macrophages produce high amount of pro-inflammatory cytokines, in 

particular TGFβ1 amount through the expression of the latent-TGF-β-binding protein (LTBP4) 

genetic pathway. LTBP4 has been demonstrated to be involved in the pathological features of 

DMD patients [37] and its expression was directly controlled by AMPK activation. 

Consequently, activation of AMPK can improve muscle homeostasis in dystrophic muscle. 

However, in vivo administration of AMPK activator molecules can be challenging for their off-

target effects [10]. In this study, encapsulation of 991 into PLGA nanoparticles has been 

proposed as potential strategy for using AMPK activator molecules in vivo. The effect of 991 

encapsulated into polymer nanoparticles was assessed in vitro and in vivo to improve muscle 

homeostasis in pre-clinical DMD mouse model. We showed that the 991 can be efficiently 

encapsulated into PLGA nanoparticles, preserving its activity on AMPK activation. Our results 

indicates activation of AMPK by reduction of TGFβ1 expression and activation of ACC in 

BMDMs by loaded nanoparticles, as already demonstrated in macrophages treated with free 

991 [12]. At the same concentration of free 991, loaded nanoparticles promoted the activation 

of AMPK and consequently skewing of pro-inflammatory macrophages toward their anti-

inflammatory phenotype. Encapsulation of the active molecule into drug delivery systems of 

different nature usually allows to preserve the pharmacological activity of drug, exerting its 

therapeutical efficacy [38]. The choice of specific nanocarriers is crucial to consider the 

delivery in dystrophic muscles. The potential toxic effect of nanoparticles was avoided by 

choosing PLGA to promote 991 activity in vitro and in vivo. PLGA is a biocompatible and 

biodegradable polymer, FDA-approved for humane usage [39] and widely used in 

nanomedicine field [40]. The effect of PLGA metabolites, in particular lactic acid, can 

positively participate in cell survival. Lactate has been recently investigated as fuel for cells 

and chemical messenger to enhance cellular viability [41,42]. The principal advantage of 

nanoparticles as drug carriers is their small size, which allows them to traverse biological 

barriers, enter various tissues and associate to specific cell populations. As already 

demonstrated for nanosystems of diverse natures, liver, spleen and lungs are the organs showing 

higher uptake [43]. For PLGA nanoparticles that have successfully delivered different 

therapeutic compounds, the biodistribution is usually affected by size [32]. Using IVIS and flow 

cytometry, 10% of sub-100 nanoparticles resulted in diaphragm after i.v. injection. The 
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discrepancy observed between IVIS analysis and flow cytometry in detecting nanoparticles into 

gastrocnemius can be likely due to the too low fluorescence intensity, hard to detect, compared 

to the most sensitive flow cytometry technique. Similar to tumor accumulation, the 

internalization of the nanoparticulate system by i.v. injection can reach around a 10-15% 

[44,45]. These results are useful to understand the ability of nanoparticles to be distributed by 

blood circulation. The alteration of vessel junctions and the enhanced permeation of vessels 

have demonstrated a higher accumulation of nanoparticles compared to physiological 

conditions, by the exploitation of the enhanced permeation and retention (EPR) effect [46]. By 

exploiting the inflammatory status of D2.mdx, we can enhance the permeation of blood vessels 

and increase the extravasation and then the accumulation of nanoparticles in inflamed tissues 

[47]. 

Here, incorporation of 991 into polymer nanoparticles allowed non-toxic distribution of the 

drug throughout the dystrophic muscles, providing a model to administer AMPK activator 

molecules in vivo. Formulation of colloidal nanosystems has been described to modulate 

inflammatory response in pre-clinical DMD mouse model, by providing anti-inflammatory 

cytokines and improving dystrophic muscle functions by intramuscular (i.m.) injection [48]. 

The more severe and chronic inflammatory and fibrosis nature of pre-clinical DMD mouse 

model suggests the need of a generalized delivery of nanoparticles to immediately target 

compromised organs and tissues, such as diaphragm, through i.v. administration [49].  

991-loaded PLGA nanoparticle treatment significantly reduced macrophages infiltration in 

gastrocnemius muscle in DMD mouse model. I.v. nanoparticles injection for 3 weeks increased 

muscle mass of diaphragm and gastrocnemius (Fig. 3F-G), and reduced fibrosis in the 

diaphragm (Fig. 3E). Our promising results on reduced macrophages infiltration and increased 

muscle mass are consistent with previous finding of AMPK activation in vivo by agonist 

molecules. Activation of AMPK in vivo has already demonstrated to improve histological signs 

of pathology and improve contractile function in the mdx mouse model of DMD [50].  

5. Conclusions 

Here we propose a new biocompatible formulation of an AMPK activator molecule to make 

991 usable in vivo. The study indicates that 991 encapsulated into polymer nanoparticles can 

be administered in vivo without evident toxic drug effects. The immune response mediated by 

pro-inflammatory macrophages can be shifted in chronically inflamed dystrophic muscle and 

ultimately promote improved muscle homeostasis. Although a huge number of unique 

mutations have been identified in muscular myopathies, chronic inflammation and fibrosis play 



Chapter V 
 

 

192 
 

a significant role in the pathogenesis of DMD patients [51]. This study suggests that modulation 

of inflammation may slow disease progression and improve dystrophic muscle phenotype 

through AMPK activation. 
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Active targeting strategies can enhance the accumulation of drugs in target tissues or organs. 

Drug delivery systems, and particularly polymer nanoparticles (NPs), can be surface-

functionalized by means of small molecules, proteins or antibodies to improve tropism toward 

specific therapeutic targets. 

Main aim 

The aim of this chapter was to exploit L-carnitine as an active targeting molecule to 

functionalize PLGA NPs and increase muscular tropism. 

Specific objectives 

 Formulation study to functionalize PLGA NPs with stearoyl-L-carnitine (SC) 

 Evaluation of different amounts of targeting agent for a suitable target density 

 In vitro evaluation of the uptake of targeted NPs 

 In vitro cytotoxicity study of conjugated NPs 

Highlights of the chapter 

 The design and optimization of SC-associated PLGA NPs has been presented. 5% and 

10% w/w of SC have been assessed to evaluate the most suitable target agent density 

on NP surface.  

 SC-associated NPs were formulated with a fluorescent probe to evaluate the uptake of 

by muscular cells. 

 Morphometric analysis was performed on C2C12 myotubes to number NPs in cells, 

showing preferential uptake of SC-associated NPs.  
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Abstract

Muscular dystrophies are a group of rare genetic pathologies encompassing a variety of clinical 

phenotypes and mechanisms of disease. Several compounds have been proposed to treat 

compromised muscles, but pharmacokinetics and pharmacodynamics problems could occur; to 

solve these issues, nanocarriers could be used to allow controlled and targeted drug release. 

Therefore, the aim of this study was to prepare actively targeted drug-loaded PLGA 

nanoparticles for the treatment of muscular pathologies. By taking advantage of the specific 

expression of Na+-coupled carnitine transporter (OCTN2) on muscular cells, nanoparticles have 

been actively targeted by associating them to an amphiphilic derivative of L-carnitine during 

nanoprecipitation. We obtained stable and monodispersed targeted nanoparticles; furthermore, 

pentamidine, an old drug repurposed for its positive effects on myotonic dystrophy type I, was 

incorporated into nanoparticles. Cell uptake studies have been performed on C2C12 myoblasts 

and myotubes by confocal microscopy and morphological analysis. The preliminary results 

showed an increased uptake for carnitine-nanoparticles if compared to nontargeted carriers, 

probably due to the interaction with OCTN2 receptor, preferentially expressed on myotubes.

Keywords: PLGA, L-carnitine, nanoparticles, active targeting, muscular cells

Graphical abstract



Chapter VI 
 

 

200 
 

1. Introduction 

For years, the enhanced permeation and retention (EPR) effect was the driven strategy for 

passive targeting, being largely studied for nanocarrier accumulation in tumor environment 

[1,2]. However, models used to study EPR effect often are not sufficiently accurate to describe 

the nanocarrier behavior in human body [3]. The active targeting approach is based on the 

identification of precise disease biomarkers to which specific ligands on nanocarrier surface are 

directed to increase organ or tissue tropism with great affinity and precision. Moreover, 

internalizing receptors can enhance nanocarrier uptake by cells [4]. 

Muscular dystrophies (MDs) are a group of chronic inherited genetic diseases which affect 

muscles, especially at skeletal level. Currently, no therapies are available to counteract their 

pathogenic causes and conventional treatments are based on glucocorticoids to mitigate 

symptoms [5]. Over the last years, drug delivery systems have been proposed for the treatment 

of MDs; however, in vivo delivery is challenging due to the presence of biological barriers: the 

complex architecture of skeletal muscle and its enveloping by extracellular matrix (ECM) made 

of fibrous-forming proteins are the main hurdles for drug delivery to skeletal muscles [6,7]. To 

restrict interactions with ECM, intravenous administration of nanocarriers appeared as a 

potential strategy to achieve muscle fibers by their dense blood capillary network. However, 

the treatment of MDs requires long-term administration, which makes biocompatibility and 

biodegradability of nanosystems important requirements. In this context, surface-engineered 

nanosystems have been designed to actively promote muscular targeting thanks to peptides 

anchored on nanocarrier surface [8,9]. In our work, we identified Na+-coupled organic 

cation/carnitine transporter (OCTN) as a potential target for drug delivery at muscular level 

[10,11]. OCTN receptors constitute a subfamily of solute carrier SLC22 family, whose 

differences in amminoacid composition define two main classes, namely OCTN1 and OCTN2 

receptors. Moreover, each member of SLC22 has differences in substrate affinity. In particular, 

OCTN2 has a high affinity for L-carnitine, which is a small zwitterion molecule synthetized 

endogenously by liver, kidney and brain [12]. L-Carnitine-associated polymer nanoparticles 

have been shown to be effective to increase drug delivery by oral administration: the insertion 

of a L-carnitine derivative, namely stearoyl-L-carnitine (SC), into the polymer matrix enhanced 

cellular uptake and intestinal absorption of drug molecules by OCTN2-mediated transport 

[13,14]. Furthermore, SC-conjugated PLGA nanoparticles have been described as novel 

potential tools for colon cancer cell-targeted drug delivery. Indeed, cancer cells express high 

levels of OCTN2 and ATB0,+ receptors, both having high affinity for L-carnitine [15]. The same 
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approach can be exploited to target the respiratory epithelium of human trachea and bronchi, 

since the identification of OCTN transporters can play a significant role in the delivery of 

therapeutics molecules by nanomedicine approach [16,17]. 

On these bases, we propose the formulation of drug-loaded SC-associated PLGA nanoparticles 

to target OCTN2 receptor expressed on muscular cells. We tested two amounts of SC to 

efficiently functionalize the nanoparticles, which were then characterized. Preliminary in vitro 

tests were assessed to evaluate the cell viability in presence of targeted nanoparticles; then, the 

analysis of cellular uptake was performed by transmission electron microscopy (TEM) and 

confocal microscopy using fluorescent nanoparticles. In the frame of the repurposing approach, 

pentamidine (PTM) has been encapsulated into targeted nanoparticles for its proposed activity 

in the treatment of myotonic dystrophy type I. 

2. Experimental section 

2.1. Materials 

PLGA 75:25 (Resomer® RG 752 H, Mw = 4-15 kDa) (analytical grade), SC, PVA (Mw=31-50 

kDa, 98-99% hydrolyzed) and PTM isethionate (PTM-I) were purchased from Sigma-Aldrich 

(Milan, Italy). All the solvents used were of analytical grade and purchased from Carlo Erba 

Reagenti (Milan, Italy). Solvent evaporation was carried out using a rotating evaporator 

(Heidolph Laborota 400, Heidolph Instruments, Schwabach, Germany) equipped with a 

vacuum pump (Diaphragm Vacuum Pump DC-4). Lyophilization was performed with a 

LyoQuest-85® freeze drier (Azbil Telstar Technologies, Barcelona, Spain). 

2.2. Preparation and characterization of free base form of PTM 

Free base from of PTM (PTM-B) was obtained by dissolving PTM-I in distilled water and 

adding a 25% w/w NH4OH solution at 4 °C. The obtained precipitate was filtered, washed with 

a 5% NH4OH solution and dried under vacuum overnight. The conversion of PTM-I into PTM-

B was confirmed by mass spectrometry analysis using electrospray ionization or by 

atmospheric pressure chemical ionization, in positive ion mode, on a Micromass ZQ 

spectrometer (Waters, Milan, Italy), as previously reported [18]. 

2.3. Preparation of SC-nanoparticles 

SC-associated PLGA nanoparticles were prepared by the nanoprecipitation technique [19]. 

Practically, for each preparation, to 5 mg of PLGA 75:25 dissolved in acetone, an aliquot of a 

methanolic stock solution of SC (1 mg/mL), corresponding to SC 5% or 10% w/w, was added 
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until a total volume of 1 mL. The organic solution was then dripped into 5 mL of a 0.2% w/w 

PVA solution in MilliQ water under magnetic stirring. Precipitation of nanoparticles occurred 

immediately. After solvent evaporation under reduced pressure, an aqueous nanoparticle 

suspension was obtained. PTM-B-loaded SC-associated nanoparticles were prepared as well, 

adding an aliquot of a methanolic stock solution of PTM-B (2.5 mg/mL) to the organic solution 

containing PLGA and SC, for a maximum of 30 μg/mL PTM-B concentration in the final 

nanoparticle suspension. To purify the nanoparticles from nonincorporated drug, PTM-B-

loaded SC-associated nanoparticles were extensively dialyzed against MilliQ water at 4 °C 

(Spectra/Por® 3500 MWCO dialysis membrane; Spectrum, Houston, TX). Unloaded and 

unconjugated nanoparticles, without PTM and/or SC, were prepared as well. Fluorescent 

nanoparticles were prepared adding 7 μg of a fluorescent probe (Nile Red)/mg of PLGA. The 

suspensions were then stored at 4 °C until further use. 

2.4. Characterization of SC-nanoparticles 

The mean hydrodynamic diameter and the polydispersity index (PDI) of all the nanoparticle 

samples were analyzed by dynamic light scattering (DLS) using a nanosizer (Zetasizer Nano Z, 

Malvern Inst., Malvern, UK). The selected angle was 173° and the measurements were carried 

out at 25 °C after dilution of the particulate suspensions in MilliQ® water. Each measurement 

was performed in triplicate. 

The surface charge of the nanoparticles was evaluated by zeta potential measurements at 25 °C 

after appropriate dilution in MilliQ® water of the suspensions, using the Smoluchowski 

equation and the Nanosizer Nano Z. Each reported value is the average of three measurements. 

The physical colloidal stability of the nanoparticle suspensions in the storage conditions (4 °C) 

was monitored by evaluating at different interval times for 4 weeks mean diameter, PDI and 

zeta potential by DLS. Each measurement was carried out in triplicate. 

The amount of incorporated PTM-B was determined spectrophotometrically (DU 730 UV-vis 

spectrophotometer, Beckman Coulter, Brea, CA) at 264 nm using a calibration curve. To this 

aim, each suspension was lyophilized for 24 h; then, the product was dissolved in 

dichloromethane. To the solution, methanol was added followed by centrifugation (6000 rpm 

for 15 min) to separate the precipitated polymer. The supernatants were then measured at 264 

nm [20]. The concentration of the polymer in the suspension was based on dry weight analysis. 

Each sample was analyzed in triplicate. The results were expressed as encapsulation efficiency 

(EE) (calculated as the ratio between the amount of entrapped drug and the initial amount used 
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in the preparation of nanocarriers × 100) and drug loading (DL) (calculated as the ratio between 

the amount of entrapped PTM-B and the total nanocarrier weight × 100). 

2.5. PTM-B release from nanoparticles 

To evaluate the PTM-B release from 5% SC-nanoparticles, the suspension was incubated at 37 

°C in 10 mM phosphate-buffered saline (PBS) buffer pH 7.4. Aliquots (1 mL) were withdrawn 

at predetermined time intervals (0, 1, 2, 4, 6, 8, 16, and 24 h) and, after purification by dialysis, 

the drug content was measured as previously described and compared with the initial value. 

2.6. Cell culture and treatment 

C2C12 myoblasts (an immortalized murine cell line purchased from ECACC 91031101) were 

cultured in 75 cm²-plastic flasks using Dulbecco’s modified Eagle medium (DMEM), 

supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (w/v) glutamine, 0.5% (v/v) 

amphotericin B, 100 units/mL of penicillin-streptomycin (Gibco, Thermo Fisher Scientific, 

Waltham, MA, USA) and incubated at 37 °C with 5% CO2. Cells were trypsinized in 0.05% 

EDTA in PBS and seeded in flat-bottom 96-well plates (3×103 cells/well) for MTT assay. 

Twenty-four hours after seeding, the cells were treated with 5% SC-nanoparticles for increasing 

times (2 h, 24 h, 24 h + 24 h recovery) and then processed for MTT assay. For the differentiation 

into myotubes, myoblasts were seeded (8×103 cells/well) onto glass-coverslips (12-mm 

diameter) in 24-multiwell plates. When cells were grown at confluence, differentiation medium 

(supplemented with 2% horse serum) was added for 7 days. The myotubes were processed for 

immunofluorescence analysis. 

2.7. Cell viability tests  

The MTT assay was used to assess the cytotoxicity of 5% SC-nanoparticles on myoblasts. To 

this aim, cells were seeded in flat-bottom 96-multiwell plates at the density of 3×103 cells/well. 

Then, cells were treated with different nanocarrier concentrations (from 47.35 to 284.14 μg/mL 

of PLGA) for 2 h, 24 h and 24 h + 24 h of recovery, selected based on their PTM-B entrapment 

capacity. At each incubation time, the medium was replaced by 100 μl of 0.5 mg/mL MTT 

solution (Thiazolyl Blue Tetrazolium Bromide, Sigma-Aldrich) (0.5 mg/mL in medium) and 

incubated for 4 h at 37 °C in a cell incubator. Then, MTT solution was removed and formazan 

crystals were dissolved in 100 μl of dimethyl sulfoxide (DMSO). The absorbance was measured 

at 570 nm using a ChroMate 4300 ELISA microplate reader (Awareness Technology Inc., Palm 

City, FL, USA). Experiments were performed in triplicate. Statistical comparisons between 
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control and experimental conditions were made by the Mann-Whitney pairwise test and 

significant difference was set at p ≤ 0.05. 

2.8. Immunofluorescence and transmission electron microscopy (TEM) analysis 

Myotubes were fixed for fluorescence microscopy with 4% (v/v) paraformaldehyde in PBS pH 

7.4 for 30 min at room temperature. Cells were then permeabilized in PBS containing 0.05% 

Tween 20 and 0.1% bovine serum albumin (BSA), and incubated with rabbit polyclonal 

antibody direct against Solute Carrier Family 22 Member 5 (Abcam ab180757) diluted 1:200, 

for 1 h at room temperature. Cells were washed with PBS and incubated with the secondary 

antibody (Alexafluor 488) diluted 1:200 in PBS, for 1 h at room temperature. After washing, 

cells were incubated with Phalloidin-Atto 594 (Sigma-Aldrich) diluted 1:50 in PBS, for 1 h at 

room temperature. Finally, cells were washed and mounted in 1:1 mixture of glycerol:PBS. For 

confocal microscopy (CFM), a Leica TCS SP5 AOBS system (Leica Microsystems Italia, 

Buccinasco, Italy) was used.  

For TEM, myoblasts were incubated for 2 and 24 h with the 5% SC-nanoparticles at the same 

concentration used for MTT analysis (91.71 μg/mL). Then, cells were fixed with 2.5% (v/v) 

glutaraldehyde and 2% (v/v) paraformaldehyde in 0.1 M PBS pH 7.4 at 4 °C for 2 h, postfixed 

with 1% OsO4 at room temperature for 1 h, dehydrated with acetone and embedded in Epon. 

Ultrathin sections were observed unstained or after weak staining with uranyl acetate 

replacement stain (Electron Microscopy Science) (UAR-EMS). Observations were made in a 

Philips Morgagni TEM (FEI Company Italia Srl, Milan, Italy), operating at 80 kV and equipped 

with a Megaview II camera for digital image acquisition. 

2.9. Nanoparticle distribution in myoblasts 

For CFM, myoblasts were incubated for 2 and 24 h with Nile Red-labeled PLGA nanoparticles 

at concentrations found to be noncytotoxic by cell viability. At each incubation time, cells were 

fixed with 4% (v/v) paraformaldehyde in PBS pH 7.4, for 30 min at room temperature. To 

visualize the intracellular distribution of fluorescent nanocarriers, the cells were washed in PBS, 

incubated with either 0.1% Trypan blue (Gibco, Milan, Italy) or Phalloidin-Atto 594 or 

Phalloidin-Atto 488 (Sigma-Aldrich) diluted 1:20 in PBS, stained for DNA with Hoechst 33342 

(1 μg/mL in PBS), rinsed in PBS, and finally mounted in 1:1 mixture of glycerol:PBS. To 

investigate nanocarrier uptake, live myoblasts were preincubated with either PKH26 Red 

Fluorescent Cell Linker or PKH67 Green Fluorescent Cell Linker (Sigma-Aldrich) to stain the 

plasma membrane, then incubated with the fluorescently labeled PLGA nanoparticles for 30 
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min (this short time is necessary to label early endosomes only [21]) and finally fixed and 

processed for CFM, as described above. This procedure allowed detecting possible co-

localization of the fluorescence signals of the internalized vesicles and nanoparticles, 

irrespective of the type of the occurring endocytic process (e.g., clathrin-mediated endocytosis, 

caveolin-mediated endocytosis, lipid-raft mediated endocytosis, phagocytosis, macro-

pinocytosis), since cell internalization of nanoparticles depends on several factors and the 

mechanisms may be multiple [22–24]. For CFM, a Leica TCS SP5 AOBS system (Leica 

Microsystems Italia) was used: for fluorescence excitation, a diode laser at 405 nm for Hoechst 

33342 and a He/Ne laser at 543 nm for Trypan blue, Nile Red were employed. Z-stack of 1 μm 

step sized images (1024 × 1024-pixel format) was collected. 

3. Results and Discussion 

3.1. Preparation and characterization of SC-nanoparticles  

In this work, L-carnitine was exploited as an active targeting agent to increase nanoparticle 

muscular tropism and improve the therapeutical treatment of MDs. To promote the association 

to PLGA nanoparticles, we have chosen a commercial L-carnitine derivative, SC, in which the 

hydroxyl group of L-carnitine has been functionalized by a stearoyl moiety; during nanoparticle 

formulation, the SC long fatty chain anchors to PLGA matrix by hydrophobic interactions and 

exposes hydrophilic L-carnitine on nanoparticle surface (Fig. 1) [25]. A similar approach has 

been used to prepare functionalized nanoparticles by solvent extraction/evaporation to increase 

drug oral delivery by carnitine receptor-mediated uptake [14]. In this work, as a repurposed 

drug for potential applications in muscular dystrophy treatment by active targeting [26], PTM-

B was encapsulated into SC-nanoparticles. The incorporation was allowed by the electrostatic 

interactions between the positively charged PTM-B and the negatively charged PLGA, as 

previously reported [20]. 
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Fig. 1. Cellular uptake of SC-PLGA nanoparticles: functionalized nanoparticles bind to OCTN2 receptor on cell 
membrane, forming a complex that is then internalized into the cell.

All the nanoparticles were prepared by nanoprecipitation. However, the composite formulation 

required the presence of PVA in the aqueous phase as a stabilizer. In particular, different 

concentrations (from 0.1 to 1% w/v) of PVA were assessed to obtain stable nanoparticles, 

limiting, at the same time, PVA toxicity in vitro. Finally, a nontoxic 0.2% PVA concentration 

was used [27].

Nanoparticles were formulated at 5% and 10% SC to investigate the effect of ligand percentage 

on nanoparticle characteristics. As reported in Table 1, the nanoparticle mean diameter tends to 

diminish with the increase of SC percentage, probably as a consequence of the amphiphilic 

character of SC during nanoparticle formation. On the contrary, the incorporation of PTM-B 

into functionalized nanoparticles causes mean size and PDI to increase: this effect can be due 

to the more complex composition of the systems. Concerning the zeta potential, for SC-

associated and PTM-B-loaded nanoparticles it is higher than that of blank nanocarriers. Indeed, 

the charged functional groups of SC and PTM-B interact with PLGA and modify the surface 

charge of the nanoparticles.

Table 1 Physicochemical characteristics (mean diameter, PDI and zeta potential) of nanoparticles.

Nanoparticle 
composition

Mean diameter
(nm ± S.D.) PDI Zeta potential

(mV ± S.D.)
PLGA 94 ± 1 0.170 -39.2 ± 1.8

5% SC-PLGA 82 ± 1 0.198 -23.7 ± 1.1
10% SC-PLGA 73 ± 1 0.184 -29.6 ± 1.0

5% SC-PTM-B-PLGA 98 ± 11 0.399 -18.4 ± 2.4
10% SC-PTM-B-PLGA 128 ± 10 0.222 -28.8 ± 3.3
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After 4-week storage at 4 °C, no precipitation and/or aggregation occurred for 5% and 10% 

empty SC-nanoparticles. On the contrary, for PTM-B-loaded nanosystems, the mean particle 

size, PDI and zeta potential values were stable only for 5% SC-nanoparticles. On these bases, 

we selected the lower SC percentage for further EE and drug release tests. 

5% SC-PTM-B-PLGA nanoparticles showed an EE of 65%, which was lower than that of 

untargeted nanoparticles (about 90%); this result is probably due to the interaction of the 

stearoyl chain of SC with the polymer matrix and the competition with PTM-B incorporation. 

To evaluate PTM-B release from 5% SC-nanoparticles, the suspension was incubated for 24 h 

at 37 °C in PBS pH 7.4. At physiological pH, the drug is stably associated to the polymer matrix 

thanks to electrostatic interactions, as already demonstrated [20]: indeed, after 24 h, only 60% 

of PTM-B is released in these conditions (Fig. 2). 

0 10 20
0

20

40

60

80

100

Time (h)

%
PT

M
-B

re
le

as
e

 

Fig. 2. PTM-B release from 5% SC-nanoparticles as a function of time after incubation in PBS pH 7.4 at 37 °C. 
 

3.2. In vitro tests 

C2C12 myoblasts were cultured and incubated for 2 h, 24 h and 24 h + 24 h of recovery with 

5% SC-nanoparticles to evaluate cellular viability. The nanoparticle concentrations were 47.35, 

94.71, and 284.14 μg/mL. Unconjugated nanoparticles were used as control at the same 

concentrations. 

Cellular viability was similar in control samples and in samples exposed to any nanocarrier 

concentration after 2 h of incubation (Fig. 3A). Conversely, cell population viability decreased 

after 24 h in a dose-dependent manner (from 86% for lowest concentration to 62% for higher 

concentration) (Fig. 3B). A further step of experiments was performed at a longer incubation 

time of 24 h, followed by 24 h of recovery in culture medium. The cell viability showed similar 

values in control samples and in samples exposed to the lowest concentrations of 5% SC-
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nanoparticles, while the highest concentration tested induced a decrease of 24% of cellular 

viability (Fig. 3C). Since PLGA is a biodegradable and biocompatible polymer without toxic 

effects in vitro and in vivo [28], the reduced cellular viability can be related to the presence of 

SC.

Fig. 3. C2C12 cell viability evaluated by MTT test after 2 h (A), 24 h (B), 24 h + 24 h recovery (C) treatment in 
presence of 5% SC-nanoparticles. Data are given as mean SEM, representative of three independent experiments. 
* p< 0.03 vs control (CTR) sample.

TEM analysis, performed to shed light on nanoparticle interaction with cells, confirmed the 

uptake of 5% SC-nanoparticles within the myoblasts (Fig. 4) at 2 h- and 24 h-incubation time. 

At TEM, nanoparticles showed a regular roundish shape and a moderate electron density. After 

2 h of incubation, SC-nanoparticles entered the myoblasts by endocytosis (Fig. 4A) and a 

nanoparticle exhibited endosomal escape (Fig. 4B). After 24 h-incubation, nanoparticles were 

found free in the cytosol (Fig. 4C) and some residual bodies containing roundish moderately 

electro-dense structures accumulated in the cytoplasm and occurred in secondary lysosomes 

(Fig. 4D-E). Nanoparticles were never found inside the nucleus nor contacting cytoplasmatic 

organelles. No cell alteration or suffering occurred in myoblasts at any incubation time. The 

experimental evidence of TEM indicates that 5% SC-nanoparticles enter the myoblasts mostly 

by classical endocytosis or OCTN2-mediated endocytosis [14,29]. Consistent with observations 

on PLGA nanoparticle cell uptake [30], TEM confirmed that, in the myoblasts, nanoparticles, 
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after endocytosis, follow the endolytic pathway, always remaining outside the nucleus. 

However, their rapidly escape from endosomes, as already described for other polymer 

nanoparticles [31,32], and occur free in the cytosol. The large number of residual bodies can be 

ascribed to enzymatic degradation of nanoparticles. Moreover, C2C12 cells, treated with the 

nanocarrier concentration 94.71 μg/mL, did not show any sign of cell stress, thus confirming 

the biocompatibility of the nanosystem.

Fig. 4. TEM analysis of 5% SC-nanoparticles uptake and intracellular fate. TEM images of a C2C12 myoblast 
incubated for 2 h with 5% SC-nanoparticles (A-B). Two nanoparticles (arrows) are entering the cell by endocytosis 
(A). A nanoparticle (arrow) is escaping an endosome (B). TEM images of a C2C12 myoblast incubated for 24 h 
with 5% SC-nanoparticles (C-E). Two nanoparticles (arrows) occur free in the cytosol (C). Three nanoparticles 
(arrows) occur inside secondary lysosomes (D-E).

3.3. Cellular internalization

OCTN receptors belong to the larger family of solute carriers which are ubiquitously expressed 

in human body. OCTN2 is a sub-set of OCTN receptors and it is considered the principal plasma 

membrane carnitine transporter [12,33]. To detect the presence of OCTN2 receptor in 

myoblasts and myotubes to gain further insights into the possible role of the transporter, 

myoblasts and myotubes were labeled with the anti-OCTN2 antibody and evaluated by 

immunofluorescence. The presence of OCTN2 receptors was observed either on myoblasts or 

in myotubes. However, the high number of receptors is highlighted in the myotube (Fig. 5). 
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Fig. 5. Fluorescence microscopy micrographs of a myoblast (A) and a myotube (B) immunolabelled for OCTN2 
(green); counterstaining with phalloidin (red). Note the high number of receptors in the myotube.

To visualize the cell internalization, Nile Red-loaded nanoparticles were prepared. Then, 

C2C12 myoblasts and myotubes were incubated 24 h in presence of fluorescent nanoparticles 

(5% SC-associated or untargeted). Confocal microscopy analysis did not show significant 

difference in nanoparticle uptake between SC-associated and untargeted nanoparticles, either 

in myoblasts or in myotubes (Fig. 6A).

Fig. 6. (A) Confocal fluorescence microscopy analysis of myotubes that have been incubated with (A-a) untargeted 
nanoparticles and (A-b) 5% SC-conjugated PLGA nanoparticles. Nanoparticles are loaded with Nile Red (red 
fluorescence) and cells are counterstained with phalloidin conjugated with Alexa488 (green fluorescence). Hoechst 
33342 (blue fluorescence) staining depicts cell nuclei. (B) Morphometric analysis of C2C12 myoblasts for 
nanoparticles (NPs).

Morphometric analysis was performed to number nanoparticles in each cell. Only in myotubes, 

5% SC-nanoparticles resulted better internalized compared to untargeted nanoparticles (Fig. 

6B). Probably, the enhanced uptake effect for targeted nanoparticles can be ascribed to an 

increased expression of OCTN2 receptors in myotubes than in myoblasts (Fig. 5). 
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4. Conclusions 

To our knowledge, our preliminary results demonstrate for the first time that the association of 

L-carnitine to PLGA nanoparticles could allow nanosystem muscular tropism via the OCTN2 

receptor-mediated endocytosis. Furthermore, we demonstrated that the cell differentiation stage 

affects the receptor expression and possibly influences the nanoparticle uptake. Finally, the 

developed nanosystems showed high biocompatibility to muscle cells, making these SC-

nanoparticles potential candidates for delivering therapeutic agents against muscular 

pathologies. 
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The present Ph.D. thesis has been co-tutored by the department of Drug Science and 

Technology, University of Turin, and the Laboratoire d’Automatique, de Génie des Procédés 

et de Génie Pharmaceutique, Université Claude Bernard Lyon 1. The research project is based 

on nanotechnological approaches for the formulation of active molecules to enhance their 

therapeutic applicability. 

Over the years, the number of publications concerning nanomedicine importantly increased, 

due to its benefits [1]. Administration of potentially toxic compounds, molecule protection from 

degradation and drug rapid clearance are important challenges that nanomedicine strategy can 

overcome [2,3]. Indeed, the nanotechnological approach was highlighted as a powerful tool to 

ameliorate the therapeutic index and the chemical properties of drug molecules. For example, 

nanomedicine reached significant advances in antitumor therapy to limit the non-specific 

toxicity of anticancer agents [4,5]. Moreover, the innovative development of nanotechnology-

enabled vaccines based on lipid nanoparticles (NPs) for mRNA delivery enhanced the 

importance of nanotechnological strategies in clinical applications [6]. However, limitations in 

production processes and difficulties to achieve the Good Manufacturing Practices (GMP) 

standards in terms of final product limit the translation from bench to the clinics of 

nanomedicine-based therapies [7]. 

In this research work, we exploited nanomedicine to design and characterize drug delivery 

systems (DDSs) for improving the pharmacokinetics and pharmacodynamics properties of old 

and new therapeutic compounds, repurposing their therapeutical applications. In particular, the 

aim of the present research has been the development of lipid and polymer colloidal carriers as 

DDSs for studying biomedical applications. 

NPs, which include nanospheres and nanocapsules, are defined as colloidal DDSs characterized 

by a sub-micrometer size and chemically constituted by natural or synthetic polymers [8]. 

Compared to liposomes or inorganic nanocarriers, polymer sub-structures confer higher 

physical stability and tunable release profile to NPs [9]. Moreover, the surface of polymeric 

NPs can be easily modified to adapt the nanosystem to the therapeutic needs (e.g. PEGylation, 

active targeting agents) [10–12]. 

In this context, squalene (SQ) and poly(lactic-co-glycolic) acid (PLGA) have been selected as 

materials to develop biocompatible and biodegradable nanocarriers. SQ and PLGA-based NPs 

offer tremendous opportunities to design and obtain nanosystems with adaptable properties 

through simple preparation processes and versatility. Moreover, the consolidated experience 

with SQ and PLGA NPs from Italian and French labs was the driving force in the choice of this 

class of biocompatible nanosystems [13,14]. 
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SQ and PLGA nanosystems were designed to efficiently encapsulate pentamidine (PTM), an 

antiprotozoal drug that recently has been repurposed for alternative applications [15,16]. 

Recently, its new clinical repositioning required technological approaches to improve its 

therapeutic efficacy and overcome off-target effects [17–19]. Indeed, PTM has been repurposed 

for its positive effects on cancer pathologies, muscular dystrophies, and brain disorders 

[16,20,21]. Furthermore, PTM anticancer activity was already tested in a collaborative study 

between the University of Turin and University of Lyon, resulted in an original scientific paper 

[22]. 

In this project, we first decided to assess nanocarriers of different nature for PTM delivery as 

anticancer molecule. In literature, several techniques have been reported as easy methods for 

the preparation of NPs. However, solvent displacement (nanoprecipitation) is considered the 

most suitable technique for lab-scale preparation. Indeed, nanoprecipitation has been adopted 

as an incorporation strategy both for lipophilic, and sometimes, hydrophilic compounds, which 

can be more challenging [23]. The choice of PLGA and a SQ derivative, as NP building 

polymers, was based on their chemical features. PLGA is a co-polymer of lactic and glycolic 

acids, which are biocompatible monomers for the human body [24]. On the same bases, SQ is 

an endogenous compound involved in cholesterol biosynthesis [25]. Moreover, both polymers 

can spontaneously self-assembly to form NPs and electrostatically interact with PTM free base 

(PTM-B) that is characterized by two amidine groups (pKa=12), positively charged at 

physiological pH (Fig. 1). In this contest, formulative studies of PTM-B-loaded NPs have been 

previously set up exploiting drug chemical structure: nanocomplexes of polyarginine and 

hyaluronic acid or functionalized-mesoporous silica NPs were described to efficiently interact 

with the positively charged amidine groups of PTM-B [22,26]. On the same bases, we proposed 

lipidic NPs to exploit the electrostatic and hydrophobic interactions between PTM-B and 

squalenic acid (SQ-COOH) [27]. As already described by P. Couvreur et al., formulation of SQ 

NPs is supported by the behavior of SQ derivatives to self-assembly and from NPs in aqueous 

media [28]. In this work, we evaluated different molar and charge ratios between SQ-COOH 

and PTM-B to significantly increase the drug loading (DL) of the nanosystems. A molecular 

modeling study showed the interactions among PTM-B and SQ-COOH molecules, considering 

the three SQ-COOH/PTM-B molar ratios (3:1, 4:1, 4.5:1) having the highest DL. SQ-

COOH/PTM-B 3:1 and 4.5 are characterized by the same size of about 190 nm and a negative 

zeta potential (- 26 mV), which confers colloidal stability. Further experiments were performed 

on SQ-COOH/PTM-B 3:1 formulation which is characterized by the highest DL (17.5%) and 

colloidal stability. Investigations on organic/aqueous phases ratio (Ve/Vw) led to NPs with a 
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lower mean diameter (109 nm), PDI below 0.1 and increased drug loading (19%) (0.2:1 Ve/Vw). 

Moreover, as for other nanosystems based on ionic interactions, SQ-COOH/PTM-B NPs have 

a pH-responsive drug release [29]. Indeed, at pH 7.4 the ionizable groups of PTM-B and SQ-

COOH are charged, occurring in strong ionic interactions that limit drug release. However, in 

the endosomal or tumor microenvironment (pH 5.0) [30], the balance between the positive 

charges of PTM-B and the negative charge of SQ-COOH is altered, enhancing PTM-B release. 

Moreover, since SQ has been reported to bind low-density lipoprotein receptor (LDLR) for its 

structural homology with cholesterol [31], cancer cells with different expressions of LDLR 

were selected to evaluate PTM-B anticancer activity and test the hypothesis of SQ as an indirect 

targeting agent (Fig. 1). Results showed that the anticancer activity of loaded NPs improved 

with increasing LDLR expression. 

On the whole, the advantages of our system lay in: i) the possibility to electrostatically combine 

a biocompatible drug delivery system and the active molecule by the simple nanoprecipitation 

technique; ii) the pH-dependent release profile exploiting ionization of carboxylic and amidine 

groups; iii) the indirect targeting activity of a SQ derivative toward cells expressing LDLR.  

The following step was to translate the nanotechnological formulation of PTM-B-loaded lipid 

NPs to polymer-based nanocarriers. A comparison between lipid and polymer systems was 

proposed by the formulative study of PLGA NPs for PTM-B encapsulation. We selected a 

PLGA acid-terminated (pKa=4.5) to which we associated PTM-B by ionic interactions. 

Nanosystems based on ionic forces highlighted the feasibility of these formulations that are 

based on strong interactions without any covalent linkage [32]. Indeed, establishment of ionic 

interactions between PLGA and PTM-B leads to a decrease in mean size from 135 nm for empty 

PLGA NPs to 120 nm for loaded nanosystems, with EE above 80%. Since numerous researches 

have demonstrated the possibility to modify PLGA NP surface [33–35], we prepared PEG2000-

functionalized NPs to increase the hydrophilicity of the surface by using a mixture of PLGA: 

PLGA-PEG2000 (1:2 w/w ratio), still maintaining a high EE (above 85%). Overall, the 

formulation process exploited the chemical properties of the polymers and the drug. Once again, 

the nanoprecipitation method has proven to be a simple preparation procedure, economically 

beneficial and environmentally friendly (thanks to the low amount of energy and time required). 

Moreover, the mutual stabilization between PLGA and PTM-B allowed us to avoid surfactant 

agents in the formulation. In vitro tests on human ovarian carcinoma cells (A2780) 

demonstrated that PTM-B retained its anticancer activity, even if delayed due to the gradual 

release from the NPs (Fig. 1).  
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The two mentioned formulative studies highlighted the interest in a positively charged small 

molecule, such as PTM-B, for the design of nano-sized carriers. Indeed, PTM-B chemical 

characteristics open the possibility to nanotechnological approaches exploiting a variety of 

nanocarriers that can overcome PTM-B-related issues and thus allowing its repurposing in the 

treatment of rare muscular diseases and brain disorders [36,37].

Fig. 1. Schematic representation of self-assembled NPs by electrostatic interactions

Although nanoprecipitation is considered the most simple and reproducible manufacturing 

process at lab-scale [38,39], scaling-up can be challenging. Thus, the second part of the work 

was focused on the translation study of PLGA formulation from the classical nanoprecipitation 

method to the microfluidic technique, evaluating the impact of formulative and operative 

parameters on nanosuspension (Fig. 2). We chose a hydrophobic model drug, called 991, to 

assess the microfluidic technique as a potential scalable process. The driving force of 991 

choice was its importance in the treatment of inflammation in muscular diseases. However, in 

vivo administration of 991 is limited by its significant side effects. In collaboration with the 

Institut NeuroMyoGéné in Lyon, we developed 991-loaded PLGA NPs to challenge in vivo side 

effects of free 991 administration. Loaded PLGA NPs were prepared either by 

nanoprecipitation or microfluidic technique to determine the effects of process and operative 

parameters on the final formulation. By the nanoprecipitation technique, the hydrodynamic 

diameter increased from 147 nm for empty NPs to 170 nm after drug encapsulation. NP mean 

diameter was monodispersed (PDI<0.1) and the zeta potential was below -40 mV. To directly 

transpose it into microfluidic technique, flow rate ratio (FRR) (organic:aqueous phase) 

remained 1:2 and total flow rate (TFR) was set up to 12 mL/min. It has been reported that TFR 
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affects the size of the NPs, with a high TFR corresponding to smaller nanocarriers [40]. 

Microfluidic-prepared NPs showed a size of 80 nm compared to 170 nm for nanoprecipitation. 

The zeta potential of all preparations was highly negative. Encapsulation efficiency (EE) and 

DL were quite similar for both the manufacturing processes: EE was 75% and 85% for the 

microfluidic and nanoprecipitation process, respectively, and DL was around 9-10% for both 

the techniques. Even the drug release profile was comparable between the two formulations: 

indeed, a complete release of the drug was achieved over 24 h, without a burst release of , as 

usually reported for PLGA NPs [41]. 

The most important difference between the NPs prepared by nanoprecipitation and 

microfluidics was their stability at storage conditions. For the latter technique, the smaller size 

of loaded NPs determined a faster degradation and the destabilization of the system. Indeed, 

the determination of critical coagulation concentration (CCC) for NPs characterized by a size 

below 100 nm was lower compared to nanoprecipitated NPs, whose destabilization rate was 

slower. The importance of formulation and process parameters can be investigated by design 

of experiment (DoE) [42]. We set up a DoE to reduce drug loss and evaluate the importance of 

drug and polymer concentration and FRR used. At fixed FRR of 1:5, no significant influence 

of polymer concentration was evidenced on EE. We hypothesized a sort of limit of polymer 

matrix to encapsulate hydrophobic drugs. Conversely, at higher FRR the effect of polymer 

concentration was important, probably related to the higher polymer solubility in the high 

solvent content solution and longer time mixing between aqueous phase and organic solvents 

[43]. Indeed, EE and DL maximized at high drug amount and low polymer concentration, 

concluding that they are extensively influenced by FRR. With amphiphilic molecules, 

important changes in solvent polarity and viscosity drive the nucleation steps which determine 

the EE and drug loss. 

In an effort to systematically unveil the interplay among formulation and process variables on 

translated drug-loaded PLGA NPs, we can conclude that drug loss can be controlled by playing 

with FRR which determined a significant effect on EE and DL. The aforementioned formulation 

study showed the possibility to formulate drug-loaded PLGA NPs via either nanoprecipitation 

or microfluidic technique. In particular, we evaluated the issues related to formulative 

translation toward microfluidic production and the effects over NPs stability. Finally, we 

applied DoE to determine the effects of microfluidic formulation and process parameters on EE 

and DL. The findings of the comparative study here reported can be helpful for the future design 

of drug-loaded nanosystems by nanoprecipitation and/or microfluidic process.  
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Fig. 2. Comparative analysis of nanoprecipitation and microfluidic technique

Further in vitro and in vivo studies aimed at assessing the biological activity of the formulation 

obtained by the microfluidic technique. Indeed, 991 belongs to a class of compounds which 

attracted the attention for the activity as AMPK activators [44]. AMPK is considered an 

interesting therapeutic target to enhance glucose uptake and regulate numerous metabolic 

pathways, maintaining cellular energy homeostasis [45]. It also emerged as a target to 

ameliorate inflammation and fibrosis in muscular cells by a negative regulation of transforming 

growth factor beta (TGFβ1) production [46]. However, in vivo delivery of AMPK activator 

molecules is challenging due to significant side effects. PLGA NPs were easily and fast 

internalized by fibrotic bone marrow-derived macrophages (BMDMs), the most relevant 

immune cells in Duchenne muscular dystrophy (DMD), giving promises to the internalization 

of loaded NPs. The fast uptake was due to the macrophages' nature as cells devoted to recognize 

and phagocyte external and ‘’non-self’’ intruders [47]. The ability of PLGA NPs to efficiently 

encapsulate 991 gave interesting perspective for an in vivo delivery. Indeed, the 

biocompatibility and biodegradability of PLGA is crucial in perspective to treat muscular 

tissues already damaged. Furthermore, viability results on BMDMs showed no significant toxic 

effect on living cells, but a slight increase in the percentage of living cells resulted in the 

presence of PLGA. This effect is probably due to PLGA degradation and increased lactic acid 

content, considered as fuel for living cells [48]. By these results, the effect on inhibition of 

TGFβ1 production was confirmed by its quantification in samples treated with free 991 and 
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encapsulated drug. Taken together, in vitro results gave promises for an in vivo administration. 

In inflamed tissues, as DMD affected muscles, the anatomical features of blood vessels are 

altered in presence of inflammatory mediators. The tight junctions become more permeable 

leading to easy extravasation of nanosystems, on the same concept as the well-known enhanced 

permeation and retention (EPR) effect exploited for tumor targeting [49]. On these bases, 

preliminary in vivo studies were carried out in a superior DMD mouse model (D2.mdx) [50]. 

In the new crossed mouse model, the diaphragm is the most representative organ for its 

inflammatory and fibrosis pattern, which affects its strength more than in gastrocnemius or 

tibialis anterior (TA) muscles, the main affected organs [51]. Biodistribution analysis of 

fluorescent NPs administered by intravenous injection (i.v.) resulted in high NPs accumulation 

in liver, spleen and lungs, as already described for polymer nanocarriers [52]. However, by 

FACS and fluorescence analysis, we demonstrated that 10% of diaphragm and gastrocnemius 

cells internalized NPs after 1 h injection, as promising results for distribution in muscles. 

Moreover, our system can be exploited to reach all muscular cells after i.v. injection. The 

therapeutical potential of loaded NPs can be maximized in inflamed tissues, exploiting the EPR 

effect. Following the preliminary biodistribution data, an efficacy study was assessed on 

D2.mdx mice to evaluate the feasibility of in vivo administration of encapsulated 991 and the 

consequent effectiveness on muscular fibrosis. At the end of the treatment, all mice were still 

alive and diaphragm and gastrocnemius were analyzed for pro- and anti-inflammatory markers, 

showing a reduction of pro-inflammatory immune cells in gastrocnemius. Moreover, mice 

treated with loaded 991 showed a 10% of fibrosis reduction in the diaphragm, compared to 

empty NPs administration. The fibrosis improvement paves the way for an in vivo 

administration of AMPK activators, confirming that nanotechnological approach can overcome 

the toxicity issues of AMPK activator molecules. The findings of this first study can be helpful 

to investigate different nanocarriers as tools to encapsulate AMPK activator molecules and 

promote their in vivo delivery. A screening of several nanosystems could ameliorate the 

targeting toward macrophages and reduce inflammation and fibrosis in DMD models.  

Given the difficulties to develop therapeutic approaches for muscular diseases, active targeting 

strategies could improve nanocarrier uptake by target cells [53,54]. Thus, in the third part of 

the research project, preliminary results were collected about the surface functionalization of 

PLGA NPs by an active targeting agent to increase the nanomedicine tropism toward muscle 

cells. In the context of muscular targeting, L-carnitine, a small zwitterion molecule, has been 

selected as a potential targeting agent to increase muscular tropism [55]. Skeletal muscle has a 

complex organization of structures and sub-structures, which makes drug delivery hard and 
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complex. It is composed of long cylindrical post-mitotic multinucleated myofibers, rounded by 

connective tissue [56]. To gain skeletal muscle selectivity, some recognition elements are 

required. We hypothesized to improve NPs muscular tropism by L-carnitine binding to OCTN2 

receptors on muscular cells [57]. To this aim, PLGA NPs were functionalized with a lipophilic 

derivative of L-carnitine, stearoyl-L-carnitine (SC), in different amounts to achieve an 

appropriate density on NPs surface [58]. Unfortunately, the presence of SC on NPs determined 

a lower in vitro myoblasts viability at longer incubation times. Then, the detection of OCTN2 

receptor was assessed on myoblasts and myotubes, confirming its presence in multinucleate 

cells. Demonstration of SC-NPs internalization in myoblasts by TEM images confirmed the 

ability of PLGA NPs to enter cells by classical or OCTN2-mediated endocytosis, as previously 

demonstrated for SC-conjugated NPs across the blood brain barriers or intestinal barriers 

[59,60]. Moreover, PTM-B can be efficiently encapsulated into SC-PLGA NPs and repurposed 

to improve delivery in muscular dystrophy transfected cells. Indeed, PTM has potential effect 

in the treatment of myotonic dystrophy type I (DM1). DM1 is characterized by splicing defect 

on DMPK gene, leading to accumulation of expanded RNA-protein aggregates, namely 

primarily nuclear foci. Research studies demonstrated the potential activity of PTM in reducing 

the accumulation of nuclear foci and improving physiopathology of DM1 [61]. These 

preliminary results need further investigations to uncover the possibilities of these formulations. 

To conclude, active targeting of muscular cells by surface-modified nanocarriers can be a 

powerful tool to improve muscular uptake, challenging its biological complex structure by 

enhancing the permeation and therapeutic efficacy of drug. 
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In this thesis work, we proposed formulative studies of active molecules for different 

therapeutic applications; lipid and polymer nanocarriers were chosen as the building blocks to 

encapsulate these therapeutic compounds. Drug repurposing strategy was the driving force for 

selecting therapeutical candidates to ameliorate their pharmacokinetics issues.  

In the first part, nanosystems based on biocompatible squalenic acid (SQ-COOH) and PLGA 

were formulated with pentamidine free base (PTM-B) to reduce its toxic effects in vitro and in 

vivo. We presented two formulation studies based on the molecular structure of PLGA and SQ-

COOH, which exploited their negatively charged groups to incorporate PTM-B through ionic 

interactions with its positively charged amidine groups. A comprehensive characterization of 

the nanosystems was described. For both the formulations, the preliminary studies performed 

in vitro suggested that encapsulated PTM-B can display anticancer activity. Moreover, SQ-

COOH has been assessed as a possible indirect targeting agent: cancer cells with high 

expression of low-density lipoprotein receptor (LDLR) showed enhanced PTM-B activity. 

Thus, we confirmed that squalene can efficiently interact with LDL and indirectly improve drug 

uptake. Future tests will be devoted to evaluate the cellular trafficking of SQ-COOH/PTM-B 

nanoparticles thanks to the association of a fluorescent dye. The first part of the work also 

showed that nanoparticles based on ionizable groups could offer pH-responsive release that can 

be exploited to improve drug accumulation in an acidic environment, such as the tumor 

interstitium. In these studies, the nanoprecipitation technique, a simple and environment-

friendly procedure, found easy applicability to formulate nanocarriers based on electrostatic 

interactions. This is an important advantage for a future scale-up of these formulations, which 

have all the pre-requisites for translation in the microfluidic technique.  

The second part of the work, aimed to design PLGA nanoparticles for the encapsulation of a 

novel hydrophobic drug, highlighted the importance of the microfluidic technique and the 

problems related to transposing polymer nanocarrier formulation from conventional 

nanoprecipitation technique to high-controlled microfluidic process. In this frame, we prepared 

drug-loaded PLGA nanoparticles by both techniques and evaluated the process and formulative 

parameters to improve encapsulation efficiency and drug loading. Although microfluidic 

technique offers the possibility to tune the physicochemical characteristics of polymer 

nanoparticles, the translation process is hard to achieve and many variables need to be 

considered. Nevertheless, this technique allowed a small benzimidazole drug, namely 991, 

interesting in the treatment of Duchenne muscular dystrophy, to be efficiently encapsulated, 

preventing its in vivo toxic effects. The system was cytocompatible with bone marrow-derived 

macrophages and had a positive impact on reducing inflammatory and fibrosis mediators in 
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biological tests. In vivo, we were able to administer 991 without visible toxic effects on D2.mdx 

mice, promoting a 10% reduction of muscular fibrosis. Further studies will be devoted to 

confirm the fibrosis reduction in diaphragm and gastrocnemius in a large number of animals. 

Moreover, the encapsulation of 991 into polymer nanocarriers paves the way to the 

encapsulation of AMPK activator molecules into nanosystems of different nature. 

The third part of the thesis describes preliminary results to promote an active targeting strategy 

toward muscular cells. To this aim, PLGA nanoparticles were functionalized with stearoyl-L-

carnitine to exploit specific uptake mediated by OCTN2 receptors. Further tests will be focused 

on the characterization of the internalization process to confirm a preferential uptake in 

presence of the active targeting agent. 

The findings of this work can serve the domain from different perspectives. From a 

technological point of view, they offer a better understanding of the formulation process for 

polymer-based nanocarriers obtained by either nanoprecipitation or microfluidic technique, 

highlighting the importance of a rational design to obtain nanocarriers with appropriate 

physicochemical and morphological characteristics. Indeed, although the two techniques are 

based on the same principle, changing the process can modify the nanoparticle features. 

Moreover, the encapsulation of hydrophobic drugs, either by electrostatic interactions or via 

hydrophobic forces, is a difficult process that requires formulative considerations in terms of 

organic solvents, volume ratio and molecular proportions. From a biological point of view, we 

showed that our biodegradable and biocompatible drug delivery systems might improve the 

efficacy of the tested active molecules. Further investigations are highly recommended to 

uncover the possibilities of these formulations. Finally, the drug-repurposing strategy offers the 

possibility to re-collocate old or new drugs in the treatment of different rare pathologies that 

often do not have a cure. 

In conclusion, considering the multidisciplinary aspect of the research, the combination of 

technical and scientific skills and tools available to each group resulted to be crucial for the 

realization of the project itself and for obtaining the expected scientific results. The 

collaboration through the co-tutored Ph.D. thesis allowed the involved research groups to 

enhance and strengthen the synergy of skills perfectly complementary and guarantees for 

further developments in the formulation and active targeting of repurposed drugs. 
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Des problèmes de pharmacocinétique et de pharmacodynamique peuvent entraver les 

applications cliniques de plusieurs molécules actives. La nanomédecine propose une stratégie 

potentielle pour pallier aux inconvénients de certains médicaments et améliorer leur utilisation 

thérapeutique en utilisant des systèmes d'administration de médicaments (DDSs). Les DDSs 

ont été largement étudiés pour la conception de traitements plus efficaces et plus sûrs, avec des 

applications importantes, notamment dans le domaine du cancer [1,2], et maladies immunitaires 

[3]. L'un des principaux obstacles au développement des DDSs réside dans leur éventuelle 

toxicité. Sur cette base, l’acide poly(lactique-co-glycolique) (PLGA) et les dérivés du squalène 

sont des composants biodégradables et biocompatibles capables de s'auto-assembler pour 

former des nanoparticules (NPs). Plusieurs méthodes de préparation des NPs sont décrites dans 

la littérature [4]. La méthode de nanoprécipitation est un processus simple en une seule étape, 

principalement utilisée pour l’encapsulation de molécules hydrophobes [5]. Une solution 

organique du polymère et molécule active est ajoutée goutte à goutte à la phase aqueuse, qui 

peut être de l'eau ou un tampon aqueux. Ainsi, le NPs se forment immédiatement. Cependant, 

cette méthode présente un certain nombre d'inconvénients pour la production de NPs, tels que 

la variabilité entre différents échantillons, le manque de contrôle précis sur les caractéristiques 

des NPs à obtenir et la difficulté de produire de grands volumes. Ces questions ont accru l'intérêt 

de la recherche scientifique pour le développement de méthodes de production nouvelles et 

innovantes. Au cours de ces dernières années, les dispositifs à micro-échelle ont été optimisés 

pour produire des NPs avec un meilleur contrôle des caractéristiques chimiques et physiques 

du système [6]. Ce travail de thèse comprend la formulation de DDSs à base de polymères et 

lipides pour améliorer la pharmacocinétique et la pharmacodynamique de molécules d'intérêt 

thérapeutique. Une étude comparative est présentée pour souligner l'importance des paramètres 

et des variables du processus dans la détermination des caractéristiques physico-chimiques des 

NPs. Deux molécules actives ont été étudiées dans ce travail et ont été sélectionnées en tenant 

compte de leur possible repositionnement dans des applications cliniques (drug repurposing).  

La première partie de ce travail de thèse décrit une stratégie de formulation pour incorporer la 

base libre de la pentamidine (PTM-B) dans des NPs d’un dérivé du squalène, notamment l’acide 

squalénique (SQ-COOH), qui a été choisi en raison de sa structure chimique caractéristique, 

présentant un acide carboxylique terminal (pKa=4,5) chargé négativement au pH 

physiologique. Les dérivés du squalène ont la capacité de s'auto-assembler pour former des 

suspensions colloïdales en milieu aqueux [7]. La PTM-B, qui possède deux groupes amidine 

chargés positivement (pKa=12), est capable d’établir des liaisons ioniques avec le groupe 

carboxylique du SQ-COOH pour former une suspension colloïdale stable. Dans cette partie du 
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travail, il a été possible d'optimiser la capacité de charge du système, appelée charge 

médicamenteuse (DL). Les NPs ont été préparées en utilisant la technique de nanoprécipitation 

[8], en évaluant l'impact des variables de formulation, telles que le rapport molaire SQ-

COOH/PTM-B et le rapport des volumes des phases organique et aqueuse, sur les 

caractéristiques du système. Une étude de dynamisme moléculaire a permis de décrire 

l'interaction entre la PTM-B et le SQ-COOH à différents rapports molaires SQ-COOH/PTM-B 

(3:1, 4:1 et 4,5:1). Étant donné que pour les différents rapports molaires considérés les 

différences en termes de caractéristiques physico-chimiques étaient négligeables, le rapport 

molaire SQ-COOH/PTM-B 3:1 a été sélectionné pour maximiser la DL de la formulation. 

L'effet du rapport entre le volume de la phase organique et le volume de la phase aqueuse 

(Ve/Va) utilisé pour la formulation des NPs a été étudié et mis en relation avec le diamètre 

moyen et la DL des nanoparticules. En travaillant à un Ve/Va de 0,2:1, les NPs présentaient un 

diamètre moyen d'environ 110 nm et une DL maximale de 19%. Il a été démontré 

précédemment que les dérivés du squalène sous forme de NPs s'associent in vivo aux 

lipoprotéines de basse densité (LDL) par analogie avec le cholestérol, dont le squalène est un 

intermédiaire endogène de la synthèse [9]. Ce phénomène permet au dérivé du squalène de 

cibler indirectement le récepteur des LDL (LDLR), qui est surexprimé à la surface de certaines 

cellules cancéreuses. Sur cette base, des essais in vitro ont été réalisés sur des lignées de cellules 

cancéreuses présentant différents degrés d'expression du récepteur, démontrant l'internalisation 

des NPs par le LDLR. Toujours sur la base d'interactions électrostatiques, la PTM-B a été 

incorporée dans des NPs de PLGA. La formulation a été optimisée en testant différents types 

de PLGA (50:50 et 75:25, ratio acide lactique/acide glycolique) et différentes quantités de 

PTM-B. Les suspensions colloïdales ont été caractérisées par un diamètre moyen de 120 nm et 

un potentiel zêta négatif d'environ -25 mV. L'efficacité d'encapsulation (EE) du médicament 

dans la matrice polymère par le biais d'interactions électrostatiques était élevée et supérieure à 

80%. Les méthodes classiques de formulation des NPs, notamment la nanoprécipitation, 

peuvent poser des problèmes lors de la production à grande échelle, car le processus de 

translation peut entraîner des modifications des propriétés du nanosystème [10]. Pour surmonter 

ces inconvénients, la technologie microfluidique est utilisée pour produire des DDSs et mieux 

contrôler les caractéristiques chimiques et physiques de la suspension colloïdale [11,12]. Afin 

d’étudier l’impact des variables de processus et de formulation pour la production à grande 

échelle de NPs polymériques, une étude comparative entre la méthode de production classique 

et la microfluidique a été optimisée. Un dérivé de benzimidazole, appelée 991, a été choisie 

comme médicament modèle dans la formulation de NPs de PLGA pour la nanoprécipitation et 
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la microfluidique. Les paramètres de total flow rate (TFR) et de flow rate ratio (FRR) corrélés 

au processus de microfluidique ont été étudiés pour transposer la synthèse des NPs en 

microfluidique. En travaillant à un TFR de 12 mL/min et à un FRR de 1:2 (rapport phase 

organique/phase aqueuse), il a été constaté que les NPs chargées de 991 avaient un diamètre 

moyen d'environ 80 nm, comparé aux 170 nm obtenus par nanoprécipitation. Une fois dialysé 

pour éliminer la fraction de médicament non incorporée, l'EE et la DL des formulations ont été 

étudiées. Les formulations ont montré une EE similaire entre 75% et 85%, respectivement pour 

celles produites par microfluidique et celles obtenues par nanoprécipitation, correspondant à 9-

10% de DL. La purification par dialyse a permis d'obtenir des NPs dans lesquelles le 

médicament est efficacement incorporé dans la matrice polymère, ce qui a également été 

confirmé par l'absence de libération soudaine dans des conditions physiologiques (PBS, pH 

7,4). Cependant, les NPs préparées par microfluidique ont montré une moindre stabilité à 4 °C 

que celles préparées par nanoprécipitation classique. Probablement, le diamètre moyen 

inférieur à 100 nm entraine une concentration critique de coagulation (CCC) plus faible et donc 

une déstabilisation plus rapide. La formulation a été convertie en forme solide par 

lyophilisation, en utilisant 12% p/v de tréhalose comme cryoprotecteur. Après lyophilisation, 

les NPs remises en suspension ont conservé leur diamètre moyen initial d'environ 80 nm. Le 

passage de la technique classique de nanoprécipitation à la microfluidique peut entraîner une 

modification des caractéristiques de la formulation, ce qui constitue un inconvénient majeur. 

Par conséquent, le processus de translation microfluidique des NPs a été optimisé à l'aide d'un 

plan d'expériences (DoE), permettant d'évaluer l'influence du FRR, de la concentration du 

polymère et du médicament dans la phase organique sur EE et DL. L’EE et la DL ont été 

maximisées pour une concentration élevée de médicament et une faible concentration de 

polymère, ce qui permet de conclure que ces deux valeurs sont largement influencées par le 

FRR. Les résultats de l'étude comparative sont utiles pour la conception future de nanosystèmes 

chargés de médicaments afin de passer de la méthode de production classique au processus 

microfluidique. La troisième partie de ce projet était l'évaluation biologique des NPs chargées. 

Le 991 est un puissant activateur de l'AMP-protéine kinase (AMPK), qui participe à la réduction 

de l'inflammation et de la fibrose dans la Dystrophie Musculaire de Duchenne (DMD). 

L'activation de l'AMPK entraîne une régulation négative du facteur de croissance transformant-

β (TGFβ1), une cytokine pro-inflammatoire [13]. Cependant, l’utilisation clinique du 991 est 

entravée par ses effets secondaires importants. Des macrophages fibrotiques dérivés de la 

moelle osseuse (BMDM) ont été utilisés pour évaluer l'activation de l'AMPK et, par conséquent, 

la réduction du TGFβ1. Les résultats ont montré que les NPs sont rapidement internalisées par 
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les macrophages et ont entraîné à une réduction du TGFβ1 en présence de 991, à la fois sous 

forme de médicament libre et chargé dans les NPs de PLGA. L'évaluation du comportement du 

système in vivo a été la dernière étude de l'évaluation biologique. Nous nous sommes concentrés 

sur l'absorption des NPs de PLGA au niveau du diaphragme car il est considéré comme l'organe 

le plus représentatif pour son profil inflammatoire et fibrotique [14]. Des études préliminaires 

ont évalué le profil pharmacocinétique des NPs après administration intraveineuse (i.v.) dans 

un modèle supérieur de DMD (D2.mdx). Après 1 h, une 10% des cellules dans le diaphragme 

et le muscle gastrocnémien avaient internalisés des NPs. En outre, des NPs chargées de 991 ont 

été injectées par voie i.v. pour évaluer la réduction de la fibrose chez les souris D2.mdx. Après 

trois semaines de traitement, une réduction de 10% de la fibrose a été obtenue dans ce modèle 

animal, un résultat prometteur pour l'amélioration de l'homéostasie musculaire in vivo. La 

dernière partie du projet explique le développement préliminaire d'une stratégie de ciblage actif 

pour augmenter le tropisme musculaire de NPs. Compte tenu de la présence de récepteurs 

spécifiques sur les cellules musculaires, en particulier le transporteur organique/cationique Na+ 

2 (OCTN2) [15], la L-carnitine a été utilisée pour cibler sur les cellules musculaires. L'agent de 

ciblage est dérivé de la fonctionnalisation de la L-carnitine par l'acide stéarique pour obtenir la 

stéaroyl-L-carnitine (SC). La SC a été choisi car l'acide stéarique peut interagir efficacement 

avec la matrice polymère et exposer la carnitine à la surface des NPs. Deux concentrations 

différentes de SC (5% et 10% p/p) ont été évaluées pour trouver la densité équilibrée du ligand 

[16]. Les nanoparticules étaient caractérisées par un diamètre moyen inférieur à 100 nm pour 

les deux pourcentages de SC testés, et un potentiel zêta négatif autour de -20 mV. La viabilité 

cellulaire a été évaluée sur des myoblastes de la lignée cellulaire C2C12 traités avec des NPs 

conjuguées à 5% de SC. Après 2 h d’incubation aucun changement n’a été observé dans les 

échantillons traités avec des NPs marquées par SC par rapport au contrôle. Cependant, après 24 

heures d'incubation et plus, la viabilité cellulaire a diminué de manière significative. 

L'expression du récepteur OCTN2 sur les myoblastes et les myotubes a été évaluée par 

immunomarquage en microscopie confocale. Les myotubes ont montré une présence plus 

élevée du récepteur OCTN2, par rapport aux myoblastes. Ces données préliminaires démontrent 

la possibilité de développer une stratégie de ciblage active et d'améliorer le tropisme musculaire 

sans effets de véhicule toxiques. Globalement, ce projet de thèse a démontré les applications 

potentielles des systèmes d'administration de médicaments dans divers domaines biologiques. 

Du point de vue de la formulation, la nanoprécipitation représente le procédé de fabrication de 

nanoparticules polymères le plus simple et le plus respectueux de l'environnement, facilement 

transposable en microfluidique. 
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Alcuni aspetti di farmacocinetica e farmacodinamica limitano l’applicazione clinica di 

numerose molecole terapeutiche. La nanomedicina si propone come una possibile strategia per 

migliorare l’efficacia terapeutica di sostanze farmacologicamente attive. Il termine 

“nanomedicina” si riferisce alla formulazione di nanosistemi, chiamati generalmente sistemi di 

rilascio di farmaci (drug delivery systems – DDSs). I DDSs sono stati largamente studiati per 

sviluppare approcci terapeutici più efficaci, con notevoli risultati nel trattamento dei tumori 

[1,2] e di malattie autoimmuni [3]. Uno dei maggiori problemi che si riscontra nella 

formulazione di sistemi di rilascio di farmaci è la possibile tossicità del veicolo. In questo 

contesto, l’acido poli(lattico-co-glicolico) (PLGA) e i derivati squalenici, come l’acido 

squalenico (SQ-COOH), sono tra i candidati per formulare dei DDSs, grazie alla loro 

biocompatibilità e biodegradabilità. In presenza di un mezzo acquoso, questi materiali hanno la 

capacità di auto-assemblarsi per formare delle nanoparticelle (NPs) dell’ordine dei nanometri. 

La preparazione delle NPs può avvenire mediante diversi metodi [4]. Il metodo della 

nanoprecipitazione è considerato un processo semplice, che viene prevalentemente utilizzato 

per incorporare farmaci idrofobici in matrici polimeriche [5]. Una soluzione organica di 

polimero e molecola terapeuticamente attiva viene aggiunta goccia a goccia nella fase acquosa, 

costituita da acqua oppure tampone acquoso. In questo modo le NPs si formano 

istantaneamente. Tuttavia, esistono diversi svantaggi nell’utilizzo di questo metodo per la 

produzione di NPs, come la variabilità tra campioni diversi, la mancanza di un preciso controllo 

sulle caratteristiche delle NPs e la difficoltà di una produzione in grandi volumi. Queste 

problematiche hanno rivolto l’interesse della ricerca scientifica allo sviluppo di innovativi 

metodi di produzione. Negli ultimi anni sono stati ottimizzati dei dispositivi su microscala per 

produrre NPs con un maggiore controllo delle caratteristiche chimico-fisiche del sistema [6]. 

Questo lavoro di tesi descrive la formulazione di DDSs a base di polimeri e lipidi per migliorare 

l’efficacia e diminuire la tossicità di molecole ad interesse terapeutico. Viene inoltre presentato 

uno studio comparativo che sottolinea l’importanza dei parametri e delle variabili di processo 

nel determinare le caratteristiche chimico-fisiche delle NPs. Le due molecole attive presentate 

in questo lavoro sono state selezionate considerando il loro possibile riposizionamento nelle 

applicazioni cliniche (drug repurposing).  

La prima parte della tesi descrive una strategia formulativa per incorporare la pentamidina base 

libera (PTM-B) in NPs squaleniche. Lo SQ-COOH è stato selezionato come veicolo per la sua 

struttura chimica, che presenta un acido carbossilico terminale (pKa=4,5), carico negativamente 

a pH fisiologico. Inoltre, come molti derivati squalenici, anche lo SQ-COOH ha la capacità di 

auto-assemblarsi per formare delle sospensioni colloidali in mezzo acquoso [7]. La PTM-B 



 

242 
 

presenta due gruppi amidinici carichi positivamente (pKa=12), che instaurano dei legami ionici 

con il gruppo carbossilico dello SQ-COOH, formando una sospensione colloidale stabile. In 

questa parte di lavoro è stato possibile ottimizzare la capacità di carico del sistema, definita 

drug loading (DL). Le NPs sono state preparate con la tecnica della nanoprecipitazione [8], 

valutando l’impatto delle variabili formulative, come il rapporto molare SQ-COOH/PTM-B e 

il rapporto tra i volumi della fase organica e della fase acquosa, sulle caratteristiche del sistema. 

Uno studio di dinamica molecolare ha inoltre permesso di descrivere l’interazione tra PTM-B 

e SQ-COOH a differenti rapporti molari di SQ-COOH/PTM-B (3:1, 4:1 e 4,5:1). Dal momento 

che per i vari rapporti molari considerati le differenze chimico-fisiche delle NPs risultavano 

trascurabili, è stato selezionato il rapporto molare SQ-COOH/PTM-B 3:1 per massimizzare il 

DL della formulazione. L’effetto del rapporto tra i volumi di fase organica e fase acquosa 

(Ve/Va) utilizzato per la formulazione delle NPs è stato studiato in relazione al diametro medio 

e al DL. Con un Ve/Va di 0,2:1 le NPs presentano un diametro medio di circa 110 nm e un DL 

massimo del 19%. E’ stato precedentemente dimostrato che i derivati squalenici sotto forma di 

NPs si associano in vivo alle lipoproteine a bassa densità (LDL) per analogia con il colesterolo, 

della cui sintesi lo squalene è intermedio endogeno [9]. Questo fenomeno consente un 

direzionamento indiretto da parte del derivato squalenico verso il recettore delle LDL (LDLR), 

che è overespresso sulla superficie di alcune cellule tumorali. Su queste basi, i test in vitro sono 

stati condotti su linee cellulari tumorali con diversi gradi di espressione del LDLR, dimostrando 

un’internalizzazione delle NPs mediata dallo stesso recettore. Basandosi sulle interazioni 

elettrostatiche tra farmaco e polimero, la PTM-B è stata incorporata anche in NPs di PLGA. La 

formulazione è stata ottimizzata testando diversi tipi di PLGA (50:50 e 75:25, rapporto acido 

lattico: acido glicolico) e diverse quantità di PTM-B: le sospensioni colloidali hanno mostrato 

un diametro medio di 120 nm e un potenziale zeta negativo di circa -25 mV. L’efficacia di 

incorporazione (EE) del farmaco nella matrice polimerica è risultata elevata e superiore 

all’80%. I metodi classici di formulazione delle NPs, tra cui la nanoprecipitazione, presentano 

delle difficoltà nella produzione su larga scala, poiché il processo di traslazione può determinare 

il cambiamento delle proprietà del nanosistema [10]. Per superare questi inconvenienti, nella 

formulazione di NPs è stata proposta la tecnologia della microfluidica, che permette di 

controllare meglio le caratteristiche chimico-fisiche della sospensione colloidale [11,12]. Con 

lo scopo di studiare l’impatto delle variabili di processo per una produzione su larga scala di 

NPs polimeriche, è stato effettuato uno studio comparativo tra la metodica classica di 

produzione e la microfluidica. Un derivato benzimidazolico, chiamato 991, è stato selezionato 

come farmaco idrofobico modello nella formulazione di NPs di PLGA mediante 
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nanoprecipitazione e microfluidica. Per traslare la preparazione delle NPs in microfluidica, 

sono stati impostati i parametri di total flow rate (TFR) and flow rate ratio (FRR): lavorando a 

TFR 12 mL/min e FRR 1:2 (rapporto fase organica/fase acquosa), le NPs caricate con 991 

hanno mostrato un diametro medio di circa 80 nm, minore rispetto ai 170 nm ottenuti per 

nanoprecipitazione. Le preparazioni sono state dializzate per eliminare la frazione non 

incorporata di farmaco e determinare così l’EE e il DL. L’EE è risultata essere compresa tra 

75% e 85%, rispettivamente per quelle prodotte in microfluidica e quelle ottenute mediante 

nanoprecipitazione, cui corrisponde un DL di 9-10%. La purificazione ha permesso di ottenere 

delle NPs in cui il farmaco è efficacemente incorporato nella matrice polimerica, confermato 

anche dal mancato burst release in 4 h in condizioni fisiologiche (PBS, pH 7,4). Tuttavia, le 

NPs preparate per microfluidica hanno dimostrato una minore stabilità a 4 °C rispetto a quelle 

preparate con la nanoprecipitazione classica. Probabilmente, il diametro medio inferiore ai 100 

nm determina una minore concentrazione di coagulazione critica (CCC) e pertanto una 

destabilizzazione più rapida. La formulazione è stata convertita in forma solida mediante 

processo di liofilizzazione, utilizzando trealosio al 12% p/v come crioprotettore. Dopo 

liofilizzazione, le NPs risospese hanno mantenuto il loro iniziale diametro medio di circa 80 

nm. Come detto, il passaggio dalla tecnica convenzionale di nanoprecipitazione alla 

microfluidica può determinare una modifica delle caratteristiche della formulazione. Pertanto, 

il processo di translazione in microfluidica delle NPs è stato ottimizzato utilizzando un disegno 

sperimentale (DoE), che permette di valutare l'influenza di FRR e della concentrazione sia del 

polimero sia di farmaco nella fase organica sull'EE e DL. EE e DL sono stati massimizzati per 

un'alta concentrazione di farmaco e una bassa concentrazione di polimero, portando alla 

conclusione che entrambi i valori sono largamente influenzati dall'FRR. I risultati dello studio 

comparativo sono utili per la progettazione futura di nanosistemi contenenti farmaci, passando 

dal metodo di produzione classico al processo di microfluidica. 

La terza parte di questo progetto ha riguardato la valutazione biologica delle NPs-991. Il 991 è 

un potente attivatore della AMP-proteina chinasi (AMPK), coinvolta nella riduzione di 

infiammazione e fibrosi nella distrofia muscolare di Duchenne (DMD). L'attivazione di AMPK 

si traduce in una minore produzione del fattore di crescita trasformante-β (TGFβ1), una 

citochina pro-infiammatoria [13]. Tuttavia, l'applicabilità clinica del 991 è impedita dai suoi 

significativi effetti collaterali. I macrofagi fibrotici derivati dal midollo osseo (BMDMs) sono 

stati utilizzati per valutare l'attivazione di AMPK e, di conseguenza, la riduzione di TGFβ1. Si 

è osservato che le NPs vengono velocemente internalizzate dai macrofagi e portano ad una 

riduzione del TGFβ1 in presenza del 991, sia come farmaco libero sia caricato nelle NPs di 



 

244 
 

PLGA. La valutazione del comportamento del sistema in vivo è stato l'ultimo studio della 

valutazione biologica. Ci siamo concentrati sull'assorbimento di NPs di PLGA da parte del 

diaframma, considerato l'organo più rappresentativo per il suo modello infiammatorio e 

fibrotico [14]. Studi preliminari hanno permesso di valutare il profilo farmacocinetico delle NPs 

dopo la somministrazione endovenosa (i.v.) in un modello superiore di DMD (D2.mdx). Dopo 

1 h è stato registrato un assorbimento del 10% delle NPs nel diaframma e nel muscolo 

gastrocnemio. Successivamente le NPs contenenti 991 sono state iniettate per i.v. per valutare 

la riduzione della fibrosi nei topi D2.mdx. Dopo tre settimane di trattamento è stata osservata 

una riduzione del 10% della fibrosi nel modello animale, un risultato promettente per il 

miglioramento dell'omeostasi muscolare in vivo. 

L'ultima parte della tesi descrive lo sviluppo preliminare di una strategia di direzionamento 

attivo per aumentare il tropismo muscolare delle NPs. Data la presenza di recettori specifici 

sulle cellule muscolari, in particolare il trasportatore organico/cationico Na+ 2 (OCTN2) [15], 

abbiamo selezionato la L-carnitina per direzionare le NPs di PLGA verso le cellule muscolari. 

A questo scopo è stata utilizzata la stearoil-L-carnitina (SC), in cui l’agente di targeting è stato 

legato all’acido stearico per favorire l’associazione con la matrice polimerica ed esporre la L-

carnitina sulla superficie delle NPs. Due diverse concentrazioni di SC (5% e 10% p/p) sono 

state testate per ottimizzare la densità del ligando [16]. Le NPs risultano essere caratterizzate 

da un diametro medio inferiore a 100 nm per entrambe le percentuali di SC e da un potenziale 

zeta negativo intorno a -20 mV. La vitalità cellulare è stata valutata per le NPs con il 5% di SC 

sui mioblasti della linea cellulare C2C12. Un tempo di incubazione di 2 ore non ha mostrato 

alcuna variazione di vitalità nei campioni trattati con NPs direzionate rispetto al controllo. 

Tuttavia, dopo 24 ore di incubazione la vitalità delle cellule è diminuita significativamente. 

L'espressione del recettore OCTN2 su mioblasti e miotubi è stata valutata mediante microscopia 

confocale utilizzando un anticorpo anti-OCTN2. I miotubi hanno mostrato una maggiore 

espressione del recettore OCTN2 rispetto ai mioblasti. Questi dati preliminari dimostrano la 

possibilità di sviluppare una strategia di direzionamento attivo e migliorare il tropismo 

muscolare. 

In conclusione, questo progetto di tesi ha confermato le potenziali applicazioni dei sistemi di 

drug delivery in diversi campi terapeutici. Da un punto di vista formulativo, lo studio ha 

permesso di valutare l’utilizzo della nanoprecipitazione in diverse condizioni sperimentali, 

confermandone l’utilità nella preparazione di NPs polimeriche e la sua applicabilità in 

microfluidica. 
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1. CRS Italy Chapter Annual Workshop “Advances in Drug Delivery and Biomaterials: facts 

and vision”, Padova, 18th-20th October 2018 

2. Formulation Days 2019, Lyon, Université Claude Bernard Lyon1, 10th-11th January 2019 

3. 13th Annual Meeting A.It.U.N., Castelraimondo, 13th-14th June 2019 

4. Summer School 2019 ‘Emergence and Organization of Life’, Bardonecchia, 20th-21th June 

2019 

5. 46th Annual Meeting & Exposition of the Controlled Release Society”, Valencia, 21st-24th 

July 2019 

6. Seminar “Organic Carbonates in chlorine-free chemistry: state of the art and future 

perspective”, Torino, 1st February 2019 

7. Seminar “Functionalized Polymeric Platform for drug Delivery: Versatile Synthesis and 

Miniaturized Formulation”, Torino, 5th February 2019 

8. 19th Advanced School in Pharmaceutical Technology, Soverato (CZ),09th- 12th September 

2019 

9. 2° SCI-Convegno Nazionale della Divisione di Tecnologia Farmaceutica, Soverato 

(CZ),12th- 13th September 2019 

10. CRS Italy Chapter Annual Workshop “Steering the Clinical Translation of Delivery 

Systems for Drugs and Health Products”, Catania, 7th-9th November 2019 

11. School of Nanomedicine, Trieste, 11th-13th December 2019 

12. MI-TO: a journey between nanomedicine and drug management, Milano-Torino, 13th- 14th 

February 2020 

13. Virtual Annual Meeting: 2020 Vision for Global Impact, Controlled Release Society, Las 

Vegas, June 29th- July 2nd, 2020 

14. 25th journée EDISS, Lyon, 12th November 2020 

15. CRS BeNeLux & France Local Chapter, Virtual Local Chapter Meeting, 4th March 2021  

16. Journées des Jeunes Chercheuses et Chercheurs, LAGEPP, Lyon, 28th June and 2nd July 

2021  

17. CRS Virtual Annual Meeting, Controlled Release Society, 25th -29th July 2021 

18. SFNano, Angers, 6th-8th December 2021 

19. European Symposium of Controlled Drug Delivery (ESCDD), Egmond aan Zee, The 

Netherlands, 12th – 15th April 2022 
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